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LITHOGRAPHIC PROJECTION APPARATUS

AND A DEVICE MANUFACTURING METHOD

USING SUCH LITHOGRAPHIC PROJECTION
APPARATUS

FIELD OF THE INVENTION

This invention relates to lithographic projection apparatus
and a device manufacturing method using such lithographic
projection apparatus.

BACKGROUND OF THE INVENTION

The invention finds application, for example, in the field of
lithographic projection apparatus incorporating a radiation
system for supplying a projection beam of radiation, a support
structure for supporting a patterning device, which serves to
pattern the projection beam according to a desired pattern, a
substrate table for holding a substrate; and a projection sys-
tem for projecting the patterned beam onto a target portion of
the substrate.

The term “patterning device” as employed here should be
broadly interpreted as referring to devices and structures that
can be used to endow an incoming radiation beam with a
patterned cross-section, corresponding to a pattern that is to
be created in a target portion of the substrate; the term “light
valve” can also be used in this context. Generally, the pattern
will correspond to a particular functional layer in a device
being created in the target portion, such as an integrated
circuit or other device (see below). Examples of such pattern-
ing devices include:

A mask. The concept of a mask is well known in lithogra-
phy, and it includes mask types such as binary, alternat-
ing phase-shift, and attenuated phase-shift, as well as
various hybrid mask types. Placement of such a mask in
the radiation beam causes selective transmission (in the
case of a transmission mask) or reflection (in the case of
a reflective mask) of the radiation impinging on the
mask, according to the pattern on the mask. Inthe case of
a mask, the support structure will generally be a mask
table, which ensures that the mask can be held at a
desired position in the incoming radiation beam, and that
it can be moved relative to the beam if so desired.

A programmable mirror array. One example of such a
device is a matrix-addressable surface having a visco-
elastic 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 non-diffracted light. Using an
appropriate filter, the non-diffracted light can be filtered
out of the reflected beam, leaving only the diffracted
light behind; in this manner, the beam becomes pat-
terned according to the addressing pattern of the matrix-
addressable surface. An alternative embodiment of a
programmable mirror array employs a matrix arrange-
ment of tiny mirrors, each of which can be individually
tilted about an axis by applying a suitable localized
electric field, or by employing one or more piezoelectric
actuators. Once again, the mirrors are matrix-address-
able, such that addressed mirrors will reflect an incom-
ing radiation beam in a different direction to unad-
dressed mirrors; in this manner, the reflected beam is
patterned according to the addressing pattern of the
matrix-addressable mirrors. The required matrix
addressing can be performed using suitable electronic
circuitry. In both of the situations described here above,
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the patterning device can comprise one or more pro-
grammable mirror arrays. More information on mirror
arrays as here referred to can be gleaned, for example,
from U.S. Pat. No. 5,296,891 and U.S. Pat. No. 5,523,
193, and from WO 98/38597 and WO 98/33096, which
are incorporated herein by reference. In the case of a
programmable mirror array, the support structure may
be embodied as a frame or table; for example, which may
be fixed or movable as required.

A programmable LCD array. An example of such a con-
struction is given in U.S. Pat. No. 5,229,872, which is
incorporated herein by reference. As above, the support
structure in this case may be embodied as a frame or
table, for example, which may be fixed or movable as
required.

For simplicity, parts of the rest of this specification are
directed specifically to examples involving a mask and mask
table; however, the general principles discussed in such
instances should be seen in the broader context of the pattern-
ing device as set forth above.

Lithographic projection apparatus can be used, for
example, in the manufacture of integrated circuits (ICs). In
such a case, the patterning device may generate a circuit
pattern corresponding to an individual layer of the IC, and this
pattern can be imaged onto a target portion (e.g. comprising
one or more dies) on a substrate (silicon wafer) that has been
coated with a layer of radiation-sensitive material (resist). In
general, a single wafer will contain a whole network of adja-
cent target portions that are successively irradiated via the
projection system, one at a time. In current apparatus,
employing patterning by a mask on a mask table, a distinction
can be made between two different types of machine. In one
type of lithographic projection apparatus, each target portion
is irradiated by exposing the entire mask pattern onto the
target portion in one go; such an apparatus is commonly
referred to as a wafer stepper or step-and-repeat apparatus. In
an alternative apparatus, commonly referred to as a step-and-
scan apparatus, each target portion is irradiated by progres-
sively scanning the mask pattern under the projection beam in
a given reference direction (the “scanning” direction) while
synchronously scanning the substrate table parallel or anti-
parallel to this direction; since, in general, the projection
system will have a magnification factor M (generally <1), the
speed V at which the substrate table is scanned will be a factor
M times that at which the mask table is scanned. More infor-
mation on such lithographic devices is disclosed in U.S. Pat.
No. 6,046,792, the contents of which are incorporated herein
by reference.

In a manufacturing process using a lithographic projection
apparatus, a pattern (e.g. in a mask) is imaged onto a substrate
that is at least partially covered by a layer of radiation-sensi-
tive material (resist). Prior to this imaging step, the substrate
may undergo various procedures, such as priming, resist coat-
ing and a soft bake. After exposure, the substrate may be
subjected to other procedures, such as a post-exposure bake
(PEB), development, a hard bake and measurement/inspec-
tion of the imaged features. This combination of processing
steps is used as a basis for patterning of a single layer of the
device which is for example an integrated circuit (IC). Such a
patterned layer may then undergo various processes, such as
etching, ion-implantation (doping), metallization, oxidation,
chemical-mechanical polishing, etc., all of which are
intended to finish off an individual layer. If several layers are
required, then the whole procedure, or a variant thereof, will
have to be repeated for each new layer. Eventually, an array of
devices will be produced on the substrate (wafer). These
devices are then separated from one another by a technique
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such as dicing or sawing, so that the individual devices can be
mounted on a carrier, connected to pins, etc. Further infor-
mation regarding such processing can be obtained, for
example, from “Microchip Fabrication: A Practical Guide to
Semiconductor Processing”, Third Edition, by Peter van
Zant, McGraw Hill Publishing Co., 1997, ISBN 0-07-
067250-4, incorporated herein by reference.

For simplicity, the projection system may hereinafter be
referred to as the “lens”. However, this term should be broadly
interpreted as encompassing various types of projection sys-
tem, including refractive optics, reflective optics, and cata-
dioptric systems, for example. The radiation system may also
include components operating according to any of these
design types for directing, shaping or controlling the projec-
tion beam of radiation, and such components may also be
referred to below, collectively or singularly, as a “lens”.

Furthermore, the lithographic apparatus may be of a type
having two or more substrate tables (and/or two or more mask
tables). In such “multiple stage” devices the additional tables
may be used in parallel, or preparatory steps may be carried
out on one or more tables while one or more other tables are
being used for exposures. Dual stage lithographic apparatus is
described, for example, in U.S. Pat. No. 5,969,441 and WO
98/40791, the contents of both of which are incorporated
herein by reference.

Although specific reference may be made in this specifi-
cation to the use of the apparatus according to the invention in
the manufacture of integrated circuits, it should be explicitly
understood that such an apparatus has many other possible
applications. For example, it may be employed in the manu-
facture of integrated optical systems, guidance and detection
patterns for magnetic domain memories, liquid-crystal dis-
play panels, thin-film magnetic heads, etc. The person skilled
in the art will appreciate that, in the context of such alternative
applications, any use of the terms “wafer” or “die” in this text
should be considered as being replaced by the more general
terms “substrate” and “target portion”, respectively. Gener-
ally, throughout the specification, any use of the term “mask”
should be considered as encompassing within its scope the
use of the term “reticle”

In the present document, the terms “radiation” and “pro-
jection beam” are used to encompass all types of electromag-
netic radiation, including ultraviolet (UV) radiation (e.g. with
a wavelength of 365, 248, 193, 157 or 126 nm) and extreme
ultra-violet (EUV) radiation (e.g. having a wavelength in the
range 5-20 nm).

The phenomenon of lens heating can occur in the projec-
tion system of a lithographic projection apparatus. The pro-
jection lens becomes slightly heated by the projection beam
radiation during exposures. As a result of this heating, refrac-
tive index changes occur, and a certain expansion of lens
elements occurs, causing subtle changes in the geometric
form of those elements, with an attendant change in their
optical properties. This can result in the occurrence of new
lens aberrations, or a change in existing aberrations. Because
the occurrence of these aberration changes depends on such
matters as the particular lens geometry, lens material, projec-
tion wavelength, light source power, target portion, wafer-
reflectivity, size, and so on, the accuracy with which the
effects of such lens heating can be predicted can be limited,
especially in the absence of any measurement and compen-
sating mechanism.

Lens heating has always occurred to some extent in litho-
graphic projection apparatus. However, with the trend to inte-
grating an ever-increasing number of electronic components,
and thus smaller features, in an IC, and to increase the manu-
facturing throughput, shorter wavelength radiation, such as
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EUYV radiation has been used, as well as high-power radiation
sources, such as 3-6 kW Mercury-arc lamps and excimer
lasers with a power of 10 to 20 W, which together with the
reduction in feature size have made lens heating a more
serious problem. The problem is generally worse in scanners
than in steppers because, in a stepper, substantially the whole
(circular) cross-section of each lens element is irradiated,
whereas, in a scanner, generally only a slit-shaped portion of
the lens elements is irradiated; consequently, the effect in a
scanner is far more differential than in a stepper, even if the
lens aberrations in the scan direction are averaged out in the
scanner, thereby resulting in the occurrence of new lens aber-
rations.

The change in the optical properties of the elements of the
projection system due to such lens heating naturally affects
the image that is projected, principally by causing a change in
the image parameters, of which magnification is particularly
important for the XY-plane, and focus is particularly impor-
tant for the Z-plane. However this lens heating effect can be
calibrated and compensated for very well, e.g. by adjusting
the positions of the lens elements to effect a compensating
change in magnification or other image parameters of the
projection system, for example as disclosed in EP 1164436A
or U.S. Pat. No. 6,563,564, the contents of both of which are
incorporated herein by reference. The lens heating effects
depend on the lens properties, which are calibrated when the
apparatus is constructed and may be recalibrated periodically
thereafter, and various parameters of the exposures carried
out, such as mask transmission, dose, illumination settings,
field size and substrate reflectivity.

When performing imaging in a lithographic projection
apparatus, despite the great care with which the projection
system is designed and the very high accuracy with which the
system is manufactured and controlled during operation, the
image can still be subject to aberrations, which can cause
offsets in the image parameters for example, distortion (i.e. a
non-uniform image displacement in the target portion at the
image plane: the XY-plane), lateral image shift (i.e. a uniform
image displacement in the target portion at the image plane),
image rotation, and focal plane deformation (i.e. a non-uni-
form image displacement in the Z-direction, for instance,
field curvature). It should be noted that, in general, image
parameter offsets are not necessarily uniform, and can vary as
a function of position in the image field. Distortion and focal
plane deformation can lead to overlay and focus errors, for
example overlay errors between different mask structures,
and line-width errors. As the size of features to be imaged
decreases, these errors can become intolerable.

Consequently, it is desirable to provide compensation
(such as adjustment of the projection system and/or substrate)
to correct for, or at least attempt to minimize, these errors.
This presents the problems of first measuring the errors and
then calculating appropriate compensation. Previously, align-
ment systems were used to measure the displacements in the
image field of alignment marks. However, alignment marks
typically consist of relatively large features (of the order of a
few microns), causing them to be very sensitive to specific
aberrations of the projection system. The alignment marks are
unrepresentative of the actual features being imaged, and
because the imaging errors depend inter alia on feature size,
the displacements measured and compensations calculated
did not necessarily optimize the image for the desired fea-
tures.

Another problem occurs when, for instance, because of
residual manufacturing errors, the projection system features
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an asymmetric variation of aberration over the field. These
variations may be such that at the edge of the field the aber-
ration becomes intolerable.

A further problem occurs when using phase-shift masks
(PSM’s). Conventionally, the phase shift in such masks has to
be precisely 180 degrees. The control of the phase is critical;
deviation from 180 degrees is detrimental. PSM’s, which are
expensive to make, must be carefully inspected, and any
masks with substantial deviation in phase shift from 180
degrees will generally be rejected. This leads to increased
mask prices.

A further problem occurs with the increasing requirements
imposed on the control of critical dimension (CD). The criti-
cal dimension is the smallest width of a line or the smallest
space between two lines permitted in the fabrication of a
device. In particular the control of the uniformity of CD, the
so-called CD uniformity, is of importance. In lithography,
efforts to achieve better line width control and CD uniformity
have recently led to the definition and study of particular error
types occurring in features, as obtained upon exposure and
processing. For instance, such image error types are an asym-
metric distribution of CD over a target portion, an asymmetry
of CD with respect to defocus (which results in a tilt of
Bossung curves), asymmetries of CD within a feature com-
prising a plurality of bars (commonly referred to as Left-
Right asymmetry), asymmetries of CD within a feature com-
prising either two or five bars (commonly known as [.1-1.2
and L1-L5, respectively), differences of CD between patterns
that are substantially directed along two mutually orthogonal
directions (for instance the so-called H-V lithographic error),
and for instance a variation of CD within a feature, along a
bar, commonly known as C-D. Just as the aberrations men-
tioned above, these errors are generally non-uniform over the
field. For simplicity we will hereafter refer to any of these
error types, including the errors such as, for example, distor-
tion, lateral image shift, image rotation, and focal plane defor-
mation, as lithographic errors, i.e. feature-deficiencies of rel-
evance for the lithographer.

Lithographic errors are caused by specific properties of the
lithographic projection apparatus. For instance, the aberra-
tion of the projection system, or imperfections of the pattern-
ing devices and imperfections of patterns generated by the
patterning devices, or imperfections of the projection beam
may cause lithographic errors. However, also nominal prop-
erties (i.e. properties as designed) of the lithographic projec-
tion apparatus may cause unwanted lithographic errors. For
instance, residual lens aberrations which are part of the nomi-
nal design may cause lithographic errors. For reference here-
after, we will refer to any such properties that may cause
lithographic errors as “properties”.

As mentioned above, the image of a pattern can be subject
to aberrations of the projection system. A resulting variation
of CD (for example, within a target portion) can be measured
and subsequently be mapped to an effective aberration con-
dition of the projection system which could produce said
measured CD variation. A compensation can then be pro-
vided to the lithographic projection system such as to improve
CD uniformity. Such a CD-control method is described in
U.S. Pat. No. 6,115,108, incorporated herein by reference,
and comprises imaging a plurality of test patterns at each field
point of a plurality of field points, a subsequent processing of
the exposed substrate, and a subsequent CD measurement for
each of the imaged and processed test patterns. Consequently,
the method is time consuming and not suitable for in-situ CD
control. With increasing demands on throughput (i.e. the
number of substrates that can be processed in a unit of time)
as well as CD uniformity, the control, compensation and
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balancing of lithographic errors must be improved, and
hence, there is the problem of furthering appropriate control
of properties.

U.S. Pat. No. 6,563,564 (P-0190) discloses a lens heating
model by which projection system aberrations due to the lens
heating effect can be corrected for by way of image parameter
offset control signals that serve to adjust the image param-
eters of the projection system to compensate for the calcu-
lated change in the aberration effect due to such lens heating.
In this case the change in the aberration effect with time is
determined on the basis of a stored set of predetermined
parameters corresponding to the selected aberration effect,
these parameters can be obtained by a calibration step. The
image parameter offsets may comprise focus drift, field cur-
vature, magnification drift, third-order distortion, and com-
binations thereof. However, the required ideal compensation
will depend on the particular application (the particular pat-
tern, illumination mode, etc.), and the number of parameters
that can be adjusted is generally not high enough to cancel out
every aberration completely, so that the determination of the
compensation to apply in a particular case will always be a
compromise, the particular compromise to be chosen depend-
ing on the required application. Because the conventional lens
heating model does not take into account the particular appli-
cation, it follows that the calculated compensation will not be
optimal for every particular application.

EP 1251402A1 (P-0244) discloses an arrangement for
compensating for projection system aberrations on the basis
of the relationship between properties of the substrate, the
layer of radiation sensitive material on the substrate, projec-
tion beam, the patterning device and the projection system,
and the lithographic errors causing anomalies in the projected
image. A control system determines a merit function which
weighs and sums the lithographic errors, and calculates a
compensation to apply to at least one of the substrate, the
projection beam, the patterning device and the projection
system to optimize the merit function. Although the use of
such a merit function enables compensation to be applied in
such a manner as to reach a reasonable compromise in terms
of optimization of the image, it is found that, since such
optimization is intended to provide the best compromise in
terms of imaging quality over the whole of the image, the
image quality in parts of the image or in particular applica-
tions may be relatively low.

A control system may be provided for compensating for the
effect of changes in a property of lithographic projection
apparatus with time, such as the change in magnification of
the projection system due to lens heating, in which a control
signal is generated according to a predicted change in the
property with time, a comparator compares a value based on
the predicted change to a threshold, and generates a trigger
signal when the value is greater than the threshold value, and
the alignment system performs an alignment in response to
the trigger signal. Such an arrangement triggers a so-called
“realignment” when the predictive correction becomes larger
than the desired maximum. This system therefore predicts the
heating effects that will occur in performing a series of expo-
sures and applies appropriate corrections in advance of the
exposures being made when the corresponding threshold
value is exceeded. This technique ensures that realignments
occur only when errors are out of certain ranges, and avoids
unnecessary realignments, thus avoiding loss of throughput
in the exposure process. In certain applications errors in the
predictive correction may result in unnecessary additional
alignment steps and loss of throughput, since the optimal time
for realignment is not calculated on the basis of the particular
application. This could mean in practice that the imaging
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performance is worse than expected in a particular series of
exposures, due to the realignment being triggered too late for
the particular application; or the throughput is less than
expected, due to the realignment being effected sooner than
required in the series of exposures.

SUMMARY OF THE INVENTION

It is an object of the present invention to effect adjustments
to the projection system of lithographic projection apparatus
to compensate for the effect of lens aberrations in such a
manner as to provide optimal image quality for a particular
application, that is for a particular combination of mask (for
example the product pattern) and illumination mode.

According to the present invention there is provided litho-
graphic projection apparatus including a radiation system for
providing a beam of radiation, a support structure for sup-
porting a patterning device for imparting a pattern to the
projection beam, a substrate table for holding a substrate, a
projection system for projecting the patterned beam onto a
target portion of the substrate so as to produce an image of the
patterning device on the target portion, a predictive system for
predicting changes in projection system aberrations with time
with respect to measured aberration values, a modelling sys-
tem for determining the application-specific effect of said
predicted projection system aberration changes on certain
parameters of the image of a selected patterning device to be
used in the apparatus for producing a specific required pat-
terned beam, a control system for generating a control signal
specific to the required patterned beam according to said
predicted projection system aberration changes and their
application-specific effect on certain parameters of the image,
and an adjustment system for carrying out imaging adjust-
ments in dependence on the control signal to compensate for
the application-specific effect of said predicted projection
system aberration changes on the image of the selected pat-
terning device.

In this specification the term “application” is used to
denote the combination of the patterning device (the mask)
and the illumination mode. In this regard the patterning
device may be a conventional mask or reticle or a phase shift
mask (PSM) and may be characterized by the feature size, the
orientation, the density, etc. of the pattern to be produced on
the product by the patterning device), and the illumination
mode may be characterized by the numerical aperture (NA),
the sigma inner/outer, the diffractive optical elements
(DOE’s), etc.

This enables the aberrations to be compensated for, with
precedence being given to those aberrations that are of most
significance to the particular application (the particular pat-
tern, illumination mode, etc.) in preference to aberrations that
are of lesser significance in relation to that particular appli-
cation. The appropriate adjustments to compensate for the
aberrations that are appropriate to the particular application
can then be determined and applied in such a mannerto cancel
out the effect of the aberrations optimally for the given appli-
cation. For example, when the product pattern or part of the
product pattern to be lithographically exposed has only hori-
zontal lines as the features that require to be accurately
defined by the lithographic exposure, such an arrangement
will ensure that the effect of the aberrations of the projection
system will be cancelled out optimally only for such horizon-
tal lines and not for vertical lines. The fact that, in this
example, the effect of the aberrations so far as hypothetical
vertical lines are concerned is not compensated for optimally
is immaterial since no such vertical lines require to be defined
accurately in the product or the relevant part of the product.
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The adjustment system can be constituted by any suitable
compensation scheme for compensating for the effect of the
aberration changes. Methods of compensating for aberrations
suitable for use with lithographic projection apparatus are, for
instance, adjustments to fine position (an X-, Y-, and Z- trans-
lation, and a rotation about the X-, Y-, and Z-axis) of the
holder for holding the patterning device, similar fine position-
ing of the substrate table, movements or deformation of opti-
cal elements (in particular, fine positioning using an X-, Y-,
and Z- translation/rotation of optical elements of the projec-
tion system), and, for instance, methods and devices that
change the energy of the radiation impinging on the target
portion. However, suitable compensations are not limited to
such examples; for instance, methods of changing the wave-
length of the radiation beam, changes to the imaged pattern,
changing the index of refraction of gas-filled spaces traversed
by the projection beam, and changing the spatial distribution
of'the intensity of the radiation beam may also serve to effect
the required compensation.

The adjustment system may be adapted to adjust at least a
selected one of: the position of the support structure along the
optical axis of the projection system, the rotational orienta-
tion of the support structure, the position of the substrate table
along said optical axis, the rotational orientation of the sub-
strate table, the position along said optical axis of one or more
movable lens elements comprised in said projection system,
the degree of decentering with respect to said optical axis of
one or more movable lens elements comprised in said projec-
tion system, the central wavelength of the projection beam, or
saddle-like deformation of one or more lens elements com-
prised in said projection system using edge actuators.

In one implementation of the invention the predictive sys-
tem is arranged to determine the predicted projection system
aberration changes with time on the basis of a lens heating
model that predicts changes in at least one aberration value
with time as a result of lens heating or cooling. Using an
appropriate lens heating model it is possible for appropriate
aberration offsets to be predicted in advance so that these
aberration offsets can be used to determine the offsets in
image parameters which can be used to calculate and thus
apply appropriate (optimized with respect to a defined merit
function) adjustments for the given application.

In another implementation of the invention the modelling
system is arranged to determine the application-specific
effect of said projection system aberration changes on the
basis of data indicative of the selected patterning device and
the illumination mode of the projection system.

The control system may use information on the aberrations
of'the projection system to adapt the settings of the projection
system in such a way that certain distortions of the image are
counteracted optimally. Both low-order aberrations, which
cause image distortion effects that are independent of the
optical path in the lens system to form the image, and high-
order lens aberrations, which relate to distortion effects that
depend on the optical path actually used in the lens system,
can be corrected by such an arrangement.

The control system may be arranged to generate a control
signal which preferentially compensates predicted changes in
features ofthe image in one direction in the plane of the image
as compared with predicted changes in features of the image
in another direction in the plane of the image, in accordance
with the known sensitivities of the selected patterning device
to projection system aberrations in the two directions.

Furthermore the control system may be arranged to gener-
ate a control signal which preferentially compensates pre-
dicted changes in features of the image in the direction normal
to the plane of the image, in accordance with the known



US 7,403,264 B2

9

sensitivities of the selected patterning device to projection
system aberrations in said direction. The control signal can be
generated in accordance with a defined merit function deter-
mining the relative weightings to be given to the effects of
projection system aberrations on different parameters of the
image, and in a particular embodiment, in accordance with a
user-defined specification.

The control system may be arranged to generate a control
signal on the basis of known correspondence between
changes in imaging adjustments ofthe adjustment system and
the aberration changes being compensated for by such imag-
ing adjustments. Additionally the control system may be
arranged to generate a trigger signal to trigger measurement
by a measurement system and adjustment by the adjustment
system in response to such measurement when the predicted
change in the image parameters with time is greater than a
threshold value.

One embodiment of the invention further includes overlay
metrology feedback device for correcting for a shift in a
metrology overlay target for a current layer measured with
respect to the metrology overlay target for a previous layer, as
a result of said predicted projection system aberration
changes and the imaging adjustments effected to compensate
for the application-specific effect of said predicted projection
system aberration changes with respect to measured aberra-
tion values on certain parameters of the image, on the basis of
an optimisation procedure providing for the changes in the
aberrations to which the image is most sensitive to be com-
pensated for according to a defined merit-function.

Another embodiment of the invention further includes a
wafer alignment system for compensating for the effect of a
shift in a respective wafer alignment mark provided for the
alignment of each layer of successive layers of images to be
applied to the target portion, as a result of said predicted
projection system aberration changes and the imaging adjust-
ments effected to compensate for the application-specific
effect of said predicted projection system aberration changes
with respect to measured aberration values on certain param-
eters of the image, on the basis of an optimisation procedure
providing for the changes in the aberrations to which the
image is most sensitive to be compensated for according to a
defined merit-function.

Another embodiment of the invention further includes a
mask alignment system for compensating for the effect of a
shift in an image of a mask alignment mark provided for the
alignment of the patterning device relative to the target por-
tion, as a result of said predicted projection system aberration
changes and the imaging adjustments effected to compensate
for the application-specific effect of said predicted projection
system aberration changes with respect to measured aberra-
tion values on certain parameters of the image, on the basis of
an optimisation procedure providing for the changes in the
aberrations to which the image is most sensitive to be com-
pensated for according to a defined merit-function.

In one embodiment, the control system incorporates a
realignment controller for re-measuring at least one aberra-
tion value when the predicted effect on one or more image
parameters with time is greater than a corresponding (e.g.
user-defined) threshold value. The use of thresholds for the
lithographic parameters means that appropriate realignments
are made only when these thresholds are exceeded, so that the
effect on throughput is minimised whilst still keeping good
imaging performance.

In a development of the invention the adjustment system is
arranged to carry out imaging adjustments over successive
scan positions during scanning exposure of the substrate to
allow for variations in the scanned image over the extent of
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the substrate in order to optimise the image as a function of
scan position. This enables the optimal projection system
adjustments to be varied as a function of the scan position
(e.g. the'Y-position of the scanner) during an exposure scan so
as to enable the image quality to be optimised over the whole
of'the scan to compensate for variations in the image structure
(for example horizontal lines in a first part of the product
scanned and vertical lines in a subsequent part of the product
scanned) in the scan direction.

The invention further provides a device manufacturing
method using lithographic projection apparatus, the method
including providing a substrate having a target portion for
receiving an image, selecting a patterning device in accor-
dance with a required patterning application, using a projec-
tion system to project a selected beam of radiation onto the
patterning device to produce a specific required patterned
beam providing an image of the patterning device on the
target portion, predicting changes in projection system aber-
rations with time with respect to measured aberration values,
determining the application-specific effect of said predicted
projection system aberration changes on certain parameters
of'the image of the selected patterning device to be used in the
apparatus for producing the specific required patterned beam,
generating a control signal specific to the required patterned
beam according to said predicted projection system aberra-
tion changes and their application-specific effect on certain
parameters of the image, and carrying out imaging adjust-
ments in dependence on the control signal to compensate for
the application-specific effect of said predicted changes in the
aberrations on the image of the selected patterning device.

Another aspect of an embodiment of the invention provides
a data carrier incorporating a computer program for control-
ling a device manufacturing method using lithographic pro-
jection apparatus, the apparatus including a radiation system
for providing a projection beam of radiation, a support struc-
ture for supporting patterning device for imparting a pattern
to the projection beam, a substrate table for holding a sub-
strate, and an adjustable projection system for projecting the
patterned beam onto a target portion of the substrate so as to
produce an image of the patterning device on the target por-
tion, the computer program being arranged to effect a method
including predicting changes in projection system aberra-
tions with time with respect to measured aberration values,
determining the application-specific effect of said predicted
projection system aberration changes on certain parameters
of'the image of the selected patterning device to be used in the
apparatus for producing the specific required patterned beam,
generating a control signal specific to the required patterned
beam according to said predicted projection system aberra-
tion changes and their application-specific effect on certain
parameters of the image; and carrying out imaging adjust-
ments in dependence on the control signal to compensate for
the application-specific effect of said predicted changes in the
aberrations on the image of the selected patterning device.

BRIEF DESCRIPTION OF THE DRAWINGS

An embodiment of the invention will now be described, by
way of example only, with reference to the accompanying
drawings, in which:

FIG. 1 depicts lithographic projection apparatus for carry-
ing the invention into effect;

FIGS. 2 is an explanatory diagram showing the coupling
between a lens heating model and an IQEA model;

FIGS. 3 and 3a are explanatory diagram illustrating two
practical implementations of the invention; and
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FIGS. 4 and 5 are flow charts of the control steps to be
carried out in implementing particular embodiments in a
computer system.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

FIG. 1 schematically depicts lithographic projection appa-
ratus comprising at least one marker structure in accordance
with an embodiment of the invention. The apparatus com-
prises:

an illumination system IL for providing a projection beam
PB of radiation (e.g. UV or EUV radiation). In this
particular case, the radiation system also comprises a
radiation source SO;

afirst support structure MT (e.g. a mask table) for support-
ing a patterning device, MA (e.g. a mask) and connected
to first positioner (not shown) for accurately positioning
the patterning device with respect to item PL;

a second support structure WT (e.g. a wafer table) for
holding a substrate, W (e.g. a resist-coated silicon wafer)
and connected to second positioner PW for accurately
positioning the substrate with respect to item PL; and

aprojection system PL (e.g. areflective projection lens) for
imaging a pattern imported to the projection beam PB by
patterning device MA onto a target portion C (e.g. com-
prising one or more dies) of the substrate W.

The projection system PL is provided with an actuating
device AD for adapting the optical settings of the system. The
operation of adapting the optical settings will be explained
hereinafter in more detail.

As depicted here, the apparatus is of a transmissive type
(i.e. has a transmissive mask). However the apparatus may
alternatively be of a reflective type (with a reflective mask).
Alternatively the apparatus may employ another kind of pat-
terning device, such as a programmable mirror array of a type
as referred to above.

The source SO (e.g. a mercury lamp or an excimer laser)
produces a beam of radiation. This beam is fed into an illu-
mination system (illuminator) IL, either directly or after hav-
ing traversed a beam conditioner, such as a beam expander
Ex, for example. The illumination system I[. may comprise
adjustable optical element AM for setting the outer and/or
inner radial extent (commonly referred to as o-outer and
o-inner, respectively) of the intensity distribution of the beam
PB. In addition, it will generally comprise various other com-
ponents, such as an integrator IN and a condenser CO. In this
way, the beam PB impinging on the mask MA has a desired
uniformity and intensity distribution in its cross-section.

It should be noted with regard to FIG. 1 that the source SO
may be within the housing of the lithographic projection
apparatus (as is often the case when the source SO is a mer-
cury lamp, for example), but that the source SO may also be
remote from the lithographic projection apparatus, the beam
which it produces being led into the apparatus (e.g. with the
aid of suitable directing mirrors). This latter scenario is often
the case when the source SO is an excimer laser. The present
invention is applicable to both of these scenarios.

The beam PB is incident on the mask MA, which is held on
the mask table MT. Having traversed the mask MA, the beam
PB passes through the lens PL, which focuses the beam PB
onto a target portion C of the substrate W. With the aid of the
second positioner PW and interferometer IF, the substrate
table WT can be moved accurately, e.g. so as to position
different target portions C in the path of the beam PB. Simi-
larly, the first positioner (acting on the mask table MT) can be
used to accurately position the mask MA with respect to the
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path of the beam PB, e.g. after mechanical retrieval of the
mask MA from a mask library, or during a scan. In general,
movement of the object tables MT, WT will be realised with
the aid of a long-stroke module (coarse positioning) and a
short-stroke module (fine positioning), which are not explic-
itly shown in FIG. 1. However, in the case of a wafer stepper
(as opposed to a step-and-scan apparatus) the mask table MT
may just be connected to a short stroke actuator, or may be
fixed. Mask MA and substrate W may be aligned using mask
alignment marks M1, M2 and substrate alignment marks P1,
P2.

The depicted apparatus can be used in two difterent modes:

1. In step mode, the mask table MT and the substrate table
WT are kept essentially stationary, and an entire pattern
imported to the beam PB is projected in one go (i.e. a single
“flash”) onto a target portion C. The substrate table WT is then
shifted in the X and/or Y directions so that a different target
portion C can be irradiated by the beam PB.

2. In scan mode, essentially the same scenario applies,
except that a given target portion C is not exposed in a single
“flash”. Instead, the mask table MT is movable in a given
direction (the so-called “scan direction”, e.g. the Y-direction)
with a speed v, so that the projection beam PB is caused to
scan over a mask image; concurrently, the substrate table WT
is simultaneously moved in the same or opposite direction at
aspeed V=M v, in which M is the magnification of the lens PL.
(typically, M=V or %). In this manner, a relatively large
target portion C can be exposed, without having to compro-
mise on resolution.

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

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

In a non-illustrated variant embodiment the substrate table
is replaced by a twin-stage arrangement comprising two sub-
strate tables to which the wafers are supplied so that, whilst
one of the wafers is being exposed in one or other of the
different modes described above, another of the wafers is
being subjected to the necessary measurements to be carried
out prior to exposure, with a view to decreasing the amount of
time that each wafer is within the exposure zone and thus
increasing the throughput of the apparatus.

The interferometer typically can comprise a light source,
such as a laser (not shown), and one or more interferometers
for determining some information (e.g. position, alignment,
etc.) regarding an object to be measured, such as a substrate or
a stage. In FIG. 1, a single interferometer IF is schematically
depicted by way of example. The light source (laser) produces
a metrology beam MB which is routed to the interferometer
IF by one or more beam manipulators. In the case where more
than one interferometer is present, the metrology beam is
shared between them, by using optics that split the metrology
beam into separate beams for the different interferometers.

A substrate alignment system MS for alignment of a sub-
strate on the table WT with a mask on the mask table MT, is
schematically shown at an exemplary location close to the
table WT, and comprises at least one light source which
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generates a light beam aimed at a marker structure on the
substrate W and at least one sensor device which detects an
optical signal from that marker structure. It is to be noted that
the location of the substrate alignment system MS depends on
design conditions which may vary with the actual type of
lithographic projection apparatus.

Furthermore the lithographic projection apparatus com-
prises an electronic control system in the form of a computer
arrangement which is capable of controlling and adjusting
machine parameters during execution of a series of imaging
and exposure steps during processing of a lot of wafers using
a common mask. The computer arrangement as used in an
embodiment of the invention comprises a host processor con-
nected to memory units which store instructions and data, one
or more reading units for reading CD ROM’s for example,
input devices such as a keyboard and a mouse, and output
devices such as a monitor and a printer. An input/output (1/O)
device is also connected to the lithographic projection appa-
ratus for handling control signals transmitted to and received
from actuators and sensors, which take part in controlling of
the projection system PL in accordance with the present
invention.

As explained previously, when the projection beam radia-
tion PB passes through the projection lens system PL, part of
it is absorbed in lens elements and coating materials. This
partial absorption causes global and local temperature and
refractive index changes in the lens elements. This results in
changes in the optical performance of the lens, which can be
characterized as lens aberration. The overall aberration can be
decomposed into a number of different types of aberration,
such as spherical aberration, astigmatism and so on. The
overall aberration is the sum of these different aberrations,
each with a particular magnitude given by a coefficient. Aber-
ration results in a deformation in the wave front and different
types of aberration represent different functions by which the
wave front is deformed. These functions may take the form of
the product of a polynomial in the radial position r and an
angular function in sine or cosine of m6, where r and 6 are
polar coordinates and m is an integer. One such functional
expansion is the Zernike expansion in which each Zernike
polynomial represents a different type of aberration and the
contribution of each aberration is given by a Zernike coeffi-
cient, as will be described in more detail below.

Particular types of aberration, such as focus drift and aber-
rations with even values of m (or m=0) in the angular func-
tions dependent on m6, can be compensated for by way of
image parameters for effecting adjustment of the apparatus in
such a manner as to displace the projected image in the
vertical (z) direction. Other aberrations, such as coma, and
aberrations with an odd value of m can be compensated for by
way of image parameters for effecting adjustment of the
apparatus in such a manner as to produce a lateral shift in the
image position in the horizontal plane (the x,y-plane).

The best-focus (BF) position, i.e. z-position of the image,
can be measured using the actual lithographic projection
apparatus. The best-focus position is the z-position with
maximum contrast, for example the position as defined by the
maximum of a sixth-order polynomial fit to the contrast-
versus-position curve as the position is moved from defocus,
through focus and on to defocus. The best-focus can be deter-
mined experimentally using known techniques, such as the
technique known as “FOCAL” (described below); alterna-
tively, one may directly measure the aerial image, for example
by using a transmission image sensor (TIS) (described below)
or commercial focus monitor.

FOCAL is an acronym for focus calibration by using align-
ment. It is a best-focus measurement technique for com-
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pletely determining information about the focal plane using
the alignment system of the lithographic apparatus. A special,
asymmetrically segmented alignment mark is imaged
through focus on to a resist coated wafer. The position of this
imaged mark (latent or developed) can be measured by the
alignment system. Due to the asymmetric segmentation, the
position measured by the alignment system will depend on
the defocus used during exposure, thus allowing determina-
tion of the best-focus position. By distributing these marks
over the whole image field and using different orientation for
the segmentation, the complete focal plane for several struc-
ture orientations can be measured. This technique is
described in more detail in U.S. Pat. No. 5,674,650 incorpo-
rated herein by reference.

One or more transmission image sensors (TIS) can be used
to determine the lateral position and best focus position (i.e.
horizontal and vertical position) of the projected image from
the mask under the projection lens. A transmission image
sensor (TIS) is inset into a physical reference surface associ-
ated with the substrate table (WT). To determine the position
of the focal plane, the projection lens projects into space an
image of a pattern provided on the mask MA (or on a mask
table fiducial plate) and having contrasting light and dark
regions. The substrate stage is then scanned horizontally (in
one or possibly two directions, e.g. the x and y directions) and
vertically so that the aperture of the TIS passes through the
space where the aerial image is expected to be. As the TIS
aperture passes through the light and dark portions of the
image of the TIS pattern, the output of the photodetector will
fluctuate (a Moiré effect). The vertical level at which the rate
of change of amplitude of the photodetector output is highest
indicates the level at which the image of TIS pattern has the
greatest contrast and hence indicates the plane of optimum
focus. The x, y-positions of the TIS aperture at which the rate
of change of amplitude of the photodetector output during
said horizontal scan is highest, are indicative of the aerial
lateral position of the image. An example of a TIS detection
arrangement of this type is described in greater detail in U.S.
Pat. No. 4,540,277 incorporated herein by reference.

The measurement of other imaging parameters is described
in U.S. Pat. No. 6,563,564.

Other techniques can also be used to analyze the image. For
example, a so-called ILIAS sensing arrangement as described
in WO 01/63233 may be used.

From these measurements of the image position, it is pos-
sible to obtain the Zernike coefficients of the different forms
of aberration. This is explained more fully in, for example,
European Patent Application No. EP 1128217A2 incorpo-
rated herein by reference.

The lens heating effect is also in general dependent on
parameters such as the illumination setting, mask transmis-
sion, mask structure, field size and shape, light intensity,
wafer reflectivity and wafer layout, so it is difficult to calcu-
late from first principles and is generally empirical. The lens
heating effect also varies dynamically with time, and so, in
order to correct for this lens heating effect, the present
embodiment employs a model of the effects of lens heating
based on previous measurements, optionally calibrates and
fine tunes the model using intermittent measurements, and
makes adjustments to the lithographic projection apparatus to
keep the lithographic parameters within their respective tol-
erances.

Considering the aberration effect known as focus drift
caused by lens heating, the model employed in this first
embodiment is as follows.

Ft)=4,(1-e VN Y4d,(1-e7V2)
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Thus the drift F as a function of time t, i.e. the change in
best focus position in the z-direction relative to its position at
t-0, is described by two exponential functions and this has
been found to be a good model. Each of the exponential
functions has a time-constant, T, and T, respectively, and each
has an amplitude, A, and A, respectively. The values of the
amplitudes and time constants depend on at least a subset of
the parameters of illumination setting, mask transmission,
mask structure, field size and shape, radiation intensity, wafer
reflectivity and wafer layout. The model of this embodiment
further assumes a linear dependency of the amplitudes on
some of these parameters, and particularly those proportional
to the power incident on the lens, such as the light intensity,
field size, mask transmission factor and wafer reflectivity,
such that the amplitudes may be written as:

A T.SIW, 4
A1, T, S.LW, 4

where I is the exposure light intensity (W/m?), S is the field
size or masking area at wafer level (m?), T, is the mask
transmission factor, W, , is the wafer reflectivity (a pure
fraction or percentage), and p, , are so-called scaling factors,
which are phenomenological and depend on all the other
parameters that affect lens heating but that are not specifically
included.

In this way, a lens heating database is built up which stores
the image parameter values needed to correct for lens heating,
and which in this embodiment consists of two time constants
(T, and T,) and two scaling factors (i, and p,). A set of these
image parameters can be stored for each mask and illumina-
tion setting of interest.

The technique has been described above in terms of focus
drift purely as an example of one type of image parameter.
Sets of image parameters can also be built up and stored in the
database that characterize the change in different aberrations,
such as astigmatism and coma, as a function of lens heating
(time). The aberrations may depend strongly on the particular
mask structure being exposed, and therefore fine tuning mea-
surements can be made using a particular mask to obtain
values of these image parameters for different aberrations
prior to exposing a particular lot of wafers using that mask.
Any mask-specific mask heating effects can also be included
in the model.

Having obtained and installed a database of parameters
defining the lens heating effect, software is used in a feed
forward technique to predict the necessary correction that
needs to be made to overcome the effects on image param-
eters of the aberrations calculated according to the model.
This is done for every exposure, and physical adjustments to
compensate for the calculated image parameter offsets that
need to be corrected can be made immediately before each
exposure.

To compensate for variations in heating effects between
different masks and at different illumination settings for
which fine-tuned parameters have not necessarily been
obtained, occasional measurements can also be made inter-
mittently during a lot to dynamically adjust the model. New
optimum time constant and/or scaling factor parameters can
be calculated after each new measurement by a fit based on for
instance a minimization of the residue R. Also, when per-
forming exposures at settings for which parameter values are
not available, interpolation or extrapolation from known
parameters can be used to give a best estimate for the param-
eter values to be used for the new setting.

At a particular time, a calculation for each type of aberra-
tion effect will give the predicted additional amount of that
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aberration effect resulting from lens heating, over and above
any intrinsic aberration effect, i.e. the default value for the
lens. The correction to make to the lithographic projection
apparatus in terms of adjustments to be made to the apparatus
by way of adjustment signals to further compensate for the
lens heating effect depends on each particular type of aberra-
tion or image parameter as follows:

Focus drift—adjust substrate table height

Field curvature—shift one or more movable lens elements

along the optical axis

Magnification drift—shift one or more movable lens ele-

ments along the optical axis and adjust axial position of
mask along the optical axis

Third-order distortion—adjust axial position of mask

along the optical axis and shift one or more movable lens
elements along the optical axis

Spherical aberration—shift one or more movable lens ele-

ments along the optical axis

Comatic aberration—shift the central wavelength of the

exposure radiation and adjust the degree of decentering
with respect to the optical axis of one or more movable
lens elements.

It should be noted that the relationships between the aber-
rations and the required adjustments to the lithographic pro-
jection apparatus may differ for different types of lens.

The correction can be performed automatically by the
machine, based on tabulated or calculated image parameter
values relating the magnitude of the aberration effect to the
size of the mechanical adjustment necessary. Saddle-like
deformation of one or more lens elements to correct for par-
ticular aberrations is described, for example, in WO 99/67683
incorporated herein by reference.

The contribution of each aberration effect will depend on
the mask being exposed and the illumination setting. There-
fore it will not always be necessary to make adjustments for
all of these aberration effects for every exposure or lot of
exposures.

The projection system PL is provided with an actuating
device AD which is capable of adapting the optical settings of
the projection system by way of adjustment signals supplied
to the optical elements within the projection system PL in
accordance with the calculated image parameters. The actu-
ating device AD is provided with input and output ports for
exchanging control signals with the computer arrangement.

The computer arrangement is used to manipulate data
using a combination of a lens heating model 10 and an IQEA
model 11 (where IQEA denotes image quality effects of
aberrations), as shown in the data flow diagram of FIG. 2. The
lens heating model (which may be, for example, as described
in U.S. Pat. No. 6,563,564) is a dynamic model which pre-
dicts changes in the aberrations, that is the aberration offset
data, with time due to heating of the lens, and which receives
as input data indicative of the particular application, such as
the product pattern, the illumination mode, etc., as well as
data indicative of the exposure history, that is the data indica-
tive of the timestamp, dose, image size, reticle transmission,
etc. of each of the exposures that have previously been carried
out in the lot, and the current time. The lens heating model
provides aberration offset output signals (expressed in Zerni-
kes). The IQEA model also receives data indicative of the
particular application(product pattern, illumination mode)
and the user-defined lithographic specification, as well as
aberration offset data indicative of the predicted aberration
changes from the lens heating model, and provides output
signals indicative of the image parameter offsets, such as
distortions in the X-Y plane, deviations in the Z plane, and
offsets in other image parameters, e.g. astigmatism. Such
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image parameter offset output signals effect the required
adjustments to compensate for the aberrations of most rel-
evance to the particular application, such adjustments being
effected by way of adjustment signals supplied to one or more
lenses of the projection system, and/or other adjustable parts
of'the apparatus, such as the substrate table, depending on the
aberrations to be compensated for to optimize the overlay and
imaging performance of the lithographic projection appara-
tus. Such image parameter offset output signals will vary with
time by virtue of the fact that the aberration values outputted
by the lens heating model will vary with time, and may serve
to adjust for distortions in the XY-plane, deviations in the
Z-plane normal to the XY-plane, or to adjust for offsets in
more general imaging parameters, e.g. on-axis astigmatism.
Other image parameter output signals may serve to adjust the
CD or L1L2 for example.

In a further implementation, as shown in the data flow
diagram of FIG. 3, the lens heating model 10 and the IQEA
model 11 are combined with.a lens model 12 and optimizer
13. The lens model 12 (not to be confused with the lens
heating model 10) provides an indication of the setting of the
various lens adjustment elements that will give optimal litho-
graphic performance for the particular lens arrangement used
as will be described in more detail below, and can be used
together with the IQEA model (and the predicted aberration
offsets from the lens heating model) to optimize the overlay
and imaging performance of the lithographic apparatus dur-
ing exposure of a lot of wafers. To this end the predicted
image parameter offsets (overlay, focus, etcfrom the IQEA
model 11 are supplied to the optimizer 13 which determines
the adjustment signals for which the remaining offsets in the
image parameters will be minimized according to the user-
defined lithographic specification (which will include for
example the relative weighting to be allotted to overlay errors
and focus errors and will determine to what extent the maxi-
mum allowed value for the overlay error (dX) over the slit for
example will be counted in the merit function indicating
optimal image quality as compared with the maximum
allowed value for the focus error (dF) over the slit). The
parameters of the lens model 12 are calibrated off-line.

During an optimization phase the adjustment signals are
supplied by the optimizer 13 to the lens model 12 which
determines the aberrations that would be induced in the lens
if such adjustment signals were supplied to the lens. These
induced aberrations are supplied to an adder 14 along with the
predicted aberrations offsets from the lens heating model 10
and any measured aberration values; such that only the
remaining aberrations are fed back to the IQEA model 11.
The measured aberration values are supplied as a result of the
previously described measurements at the start of the lot, and
the aberration offsets with respect to the last measured values
are predicted by the lens heating model 10. Following such
optimization of the image parameters, the resultant adjust-
ment signals are supplied to the lens 15 or other adjustable
element to effect the necessary compensating adjustments
prior to exposure of the wafers.

FIG. 3a is a diagram of a modification of such an imple-
mentation in which a combination 17 of a lens model and a
linearised IQEA model is provided to enable optimization of
the adjustment signals in accordance with the user-defined
lithographic specification to be implemented in one run
(rather than separate runs having to be carried out for each of
the image parameters to be optimized). The linearised IQEA
model is derived from the IQEA model 11 as described in
more detail below with reference to two possible methods for
combining the lens model and a linearised IQEA model. In
this case the optimised adjustment signals are supplied
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directly to the lens 15 or other adjustable element to effect the
necessary compensating adjustments prior to exposure of the
wafers, without it being necessary to feed back induced aber-
ration values corresponding to the adjustment signals in the
manner previously described.

The overall aberration can be decomposed into a number of
different types of aberration, such as spherical aberration,
astigmatism and so on. The overall aberration is the sum of
these different aberrations, each with a particular magnitude
given by a coeflicient. Aberration results in a deformation in
the wave front and different types of aberration represent
different functions by which the wave front is deformed.
These functions may take the form of the product of a poly-
nomial in the radial position r and an angular function in sine
or cosine of m6, where r and 6 are polar coordinates and m is
an integer. One such functional expansion is the Zernike
expansion in which each Zernike polynomial represents a
different type of aberration and the contribution of each aber-
ration is given by a Zernike coefficient:

N

Wip, 9)=Z Zn: At RL(p)- 19

n=0 r=—n

M

step 2

where

W is the phase distribution in the pupil plane, as function of
position in the pupil [nm]

A,, , is the aberration or Zernike coefficient [nm]

R, is a polynomial of order n, and dependent on 1.

p is the radius in the pupil plane [units of NA]

0 is the angle in the pupil [rad]

n is the power of p (0=n=N)

N is the order of the pupil expansion

1 is the order of 0 (n+1=even and —-n=1=n)

The aberration coefficient A,, | is usually written as Zernike
coefficient 7,

An,l:ai'zia 2

where

a, is a scaling factor

iisn4n+1+1

The aberrations and thus also the Zernike coefficients are a
function of the position in the image plane: Z,=7,(X.,Y). How-
ever, in a scanner the aberrations in the y-direction are aver-
aged out during the scanned exposure, so that Z,(X.,Y)
becomes Z, (X) (which is usually just referred to as Z,(X)).

The function of the aberrations (Zernike coefficient) across
the image plane can in turn be described by a simple series
expansion:

3

where Z,(X) is described as the sum of a constant term
(with coefficient Z, ), a linear term (with coefficient Z, ,),
etc. and a remaining term or residuals (Z, ,..).

The linear and third order terms of the low order odd
aberrations (Z, |, Z, ,) are referred to as the magnification
and third order distortion. However, there are also for instance
linear terms of higher order odd aberrations (eg. Z, , orcoma
tilt) which have a magnification effect (but depending on the
exposed image, illumination setting and mask type). The
second order of the lower order even aberration (Z, ,) is
usually referred to as the field curvature.

Thelens model is used to calculate the lens settings (adjust-
able lens element positions and tilts) that give optimal litho-
graphic performance. For instance the lens of one particular

Z{X)=Z;_otZ; ' X+Z; 5 'X2+Zi,3 X3+ZiJes X,
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system is able to adjust the following parameters: Z, |,7Z, 5,
Z, 575 5, Z913 0 Z1a_1:Zis o

The following equations represent a simplified example of
the lens model:

75 |=AXE1+B*E2+C*E3
Z; | =D*E1+F*E2+G*E3
Zo_o=H*E1+K*E2+N*E3

Z14_1=P*E1+Q*E2+R*E3 @

or in matrix notation:

(5)
A B C
_ D F G _
Zy=|Za |=| 0 e w | E2|=M-E
Zy o E3
P QO R
Zia_y

where M is the dependencies matrix and E is the lens
element vector

A simulator uses the IQEA model to determine, from the
characteristics of the product features and the illumination
settings used, the so-called sensitivities (S,) for the different
aberration coefficients (Z,) and these sensitivities constitute
the linearised IQEA_model. This is done by using commer-
cial packages, such as Prolith, Solid-C or Lithocruiser (from
ASMIL Masktools), that are able to calculate the projected
aerial image based on the characteristics of the feature, the
illumination setting, and the lens type and aberrations. From
the aerial image the relevant lithographic errors can be cal-
culated, such as X-displacement (the distribution of X- and
Y-displacement errors being usually referred to as distortion),
Z-displacement (called defocus and the distribution of Z-dis-
placement errors being usually referred as focal plane devia-
tion), C-D difference (critical dimension difference for brick-
wall features), left-right asymmetry, H-V litho errors, etc. The
sensitivities are calculated by dividing the calculated error by
the amount of aberration put into the simulator. This is done
for all the relevant lithographic errors and aberrations (ex-
pressed in Zernikes).

By multiplying the calculated sensitivities by the aberra-
tions of the lens, the lithographic errors of the system are
obtained across the image field (scanner slit). For example, an
overlay error is the X-distortion (dx), and the X-distortion of
a certain feature exposed with a certain illumination setting
becomes:

dx(X) = Z Zi(X)-S: (i=2,7,10, 14, 19, 23, 26, 30 and 34). ©)

And the defocus (dF) across the slit (for a vertical feature)
becomes:

dF(X) = Z Zi(X)-S: (i=4,5,9,12,16,17, 21, 25,28, 32 and 36). (7

Depending on the user defined lithographic specification,
other lithographic errors also need to be taken into account. In
general most lithographic errors can be written as:
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E(X):Z Z:(X)-S; (i=2,3,...36). ®

If the lens model is used without also applying the IQEA
model, all the aberrations (in this example 722 1, Z7 1,
79 0and 714 1) are optimised at the same time. Because
there are less lens elements to adjust than there are parameters
to optimise, the total system may be placed in the optimum
state but the individual image parameters may not be optimal
for the particular application. Furthermore the optimal state
for all tunable parameters together might not give the optimal
performance.

By combining the IQEA model with the lens model, it is
possible to make the correction-method much more flexible
and powerful (it can be optimised for the appropriate appli-
cations).

Two possible methods for combining the lens model and
the IQEA model are discussed below: The simplest method
for combining the two models is by applying the calculated
sensitivities (S;) from the IQEA model in the lens model:

Zoy = )
A-S, B-S C-S
Z Zo 1S, : : e
: D-S;, F-S; G-S _
zZ =l -5 |= E2|=M"E
' H-So K-Sg N-So
Z Zo_0-So E3
- PS4 Q-S4 R-Su
Ziy Zya_1-S14

If for example S,,=0, the equations become exactly solv-
able. However, even if none of the sensitivities is zero, the
highest sensitivities will get more weight in the final solution,
resulting in an state of the system which is optimal for the
particular application.

The second method for combining the two models is to
optimise the system to one or more lithographic performance
indicators. In one possible example the system is optimised
for the performance indicator X-distortion (dx) in which case
the IQEA model equation for this indicator can be written in
the following manner:

dx(X)= ), Zi(X)-5; (19

=3 Gio+Zia X +Zip(XD)-S;
i

=D 7S X Y T+ 7 el X)) S,
i i
=(ZL 12+ 21057+ Z1a1S)- X +

D TS X+ ) (o Zi (X))
r i

=(Z, 1*Sa+7Z7 1-S7+Zy4 1-S14)- X +residuals

wherei=2,7,10, 14,19, 23,26,30and 34 and r=10, 19, 23,
26, 30 and 34

If the expressions for the lens adjustments are used for the
three linear aberration terms (Z, ,,Z, ,,Z,, ,)in this equa-
tion, it becomes:
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dx(X)=(Zy_ 1Sy +7Z7_1-S7+ Z14_1-S14)- X +residuals (11

=(A-El+B-E2+C-E3)-5 +
(D-El+F-E2+G-E3)-S7 +

+(P-El+ Q-E2+ R-E3)-S4 +residuals

This equation constitutes the integrated lens model equa-
tion which needs to be solved. In reality there will be more
lithographic errors that have to be optimised at the same time,
making the solution more complex. For instance, if there is a
requirement to optimise the defocus (dF), the second equation
to be solved becomes:

dF(X) = Zt‘),o - Sy + residuals 12

=(H=+El+K=+E2+ N % E3)-Sy +residuals

In this case both dx and dF need to become minimized by
adjusting the lens elements.

In cases where there are an excess number of degrees of
freedom, it is sensible to use this to make individual adjust-
able aberrations as small as possible, in order to make the
general performance of the system as good as possible.

The computer arrangement is capable of controlling and
adjusting the settings of the projection system, as shown by
the flow chart of FIG. 4, in such a way that, during each
exposure in a sequence of multiple die exposures of a lot of
wafers, the changes in the aberrations due to lens heating
which the particular application is most sensitive to are com-
pensated for optimally for the exposure of each successive die
of'each wafer. Therefore, at the start of the exposure of the lot
of wafers as indicated by the start lot box 20, a lot correction
procedure 21 is performed in which, prior to the sequence of
exposures of the lot, the aberrations of the image are mea-
sured, for example, by the ILIAS or TIS technique to provide
measured aberration data 22. The resulting aberration values
are supplied to the IQEA model as described in more detail
below. The lens heating model is then used in a processing
step 23 to predict the aberration offset data 24 due to lens
heating for each successive exposure, the lens heating model
receiving data indicative of the exposure history (e.g. the
number of earlier exposures in the lot, and their time stamps).
Such aberration offset prediction is performed for each suc-
cessive exposure in the lot on the basis of predicted changes in
the aberrations with respect to the last lot correction in
advance of actual exposure.

In a processing step 25 an IQEA model receives measured
aberration data 22 and the aberration offset data 24, as well as
the application data 26, that is the data indicative of the
particular application, such as the illumination mode (e.g.
numerical aperture, sigma inner and outer), the features to be
defined in the product with high accuracy (e.g. feature size,
density), the dose of radiation to be applied during the expo-
sure, the mask transmission, etc., and data 28 indicative of the
user defined lithographic specification defining the sensitivi-
ties of different features to different aberration types. The
IQEA model together with an appropriate optimiser deter-
mines from this data the modeled image parameter offsets, for
adjustment of the appropriate settings, such as overlay values
(X-Y adjustment), focus values (Z adjustment), for optimis-
ing the imaging performance for each exposure as will be
described below. The appropriate die on the wafer is then
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exposed with these settings in a processing step 30, and it is
determined at 31 whether or not the last die of the image has
been exposed, and a control signal transmitted to initiate the
processing step 23 for the next die of the image where appro-
priate. In the event that all the dies of the image have been
exposed, it is determined at 32 whether or not the last image
of the wafer has been exposed, and a control signal transmit-
ted to initiate the series of processing steps 23 for the next
image where appropriate. In the event that all the images of
the wafer have been exposed, it is determined at 33 whether or
not the last wafer of the lot has been exposed, and a control
signal transmitted to signal the end of the exposure of the lot
of wafers, as indicated at 34.

In a variant of this embodiment a realignment procedure is
performed in which the positions of four alignment markers
on the mask are detected, and, in the event that one or more of
the image parameter offsets exceeds a threshold, some of the
image parameters, such as the magnification for example, are
remeasured with the result that these particular image param-
eters will be measured more frequently than just once at the
startofalot. Since such realignment is done on markers on the
mask, which are separate from the product pattern, care must
be taken to ensure that the remaining aberrations do not
adversely affect measurement of the markers during such
realignment. In this regard the IQEA model can be used to
predict the image parameter offsets that are of most relevance
to the detection of the markers on the mask in order to enable
the corresponding aberrations to be compensated for so that
they do not adversely affect measurement of the markers
during the realignment. Whilst it is advantageous to incorpo-
rate such a realignment procedure in the control and adjust-
ment of the settings of the projection system, it should be
appreciated that the use of such a procedure is optional and
that effective control and adjustment of the projection system
settings is also possible in the absence of any realignment
procedure.

FIG. 5 is a flow chart of an alternative method for control-
ling and adjusting the settings of the projection system, with
the differences over the flow chart of FIG. 3 being shown in
bold In this case a lens heating feedback system is provided in
which the predicted aberration offset data 24 and application
data 26 are inputted into the IQEA model in a processing step
35 so that, prior to the exposure of a further image on a wafer
or a further wafer, the predicted image parameter offsets are
compared at 36 to threshold data held at 36. In the event that
one or more of the image parameter offset values exceeds the
corresponding threshold value, a feedback control signal is
supplied to cause the aberrations of the image to be remea-
sured in a further measurement step, so that such newly mea-
sured aberration values are used in determination of the total
aberration values to be used in the calculation of the image
parameter offsets for controlling the optimal lens settings for
the exposure of the next image or wafer, in place of the
previously measured aberration values. The exposure of each
image on each wafer is controlled in similar manner with the
optimal lens settings being adjusted for each image where
necessary to take account of further heating of the lens, and
realignment (by remeasurement of the aberrations) occurring
only when necessary as determined by the predicted image
parameter offsets exceeding the threshold values.

In this manner the imaging and overlay performance of the
apparatus is optimized for the particular application and to
compensate for the effect of lens heating whilst ensuring that
realignment, and the consequent decrease in throughput,
occurs only when necessary. This is achieved by controlling
the applied corrections according to the application and par-
ticularly in dependence on the features of the critical struc-
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tures of the product, such as the gates of transistors in the front
end layer of a wafer for example.

The procedure for these computations will be explained in
more detail below. As a first step the lens aberrations mea-
sured for the projection system need to be described, for
example in terms of Zernike coefficients.

A linear estimation computation model is used that imple-
ments an adaptation of projection system settings based on a
linear combination of the sensitivities of the image to distor-
tion with respect to all of the Zernike coefficients. Basically,
a distortion of an ideal pattern feature with a given ideal
centroid position will relatively shift the centroid position.
For the different types of distortion as defined by the Zernike
coefficients, the sensitivities of a given pattern feature to
distortion will differ, but can be calculated based on a distor-
tion map depending on a “co-ordinate by co-ordinate” or “slit
co-ordinate” based approach.

Furthermore, the sensitivity to a given distortion type var-
ies with the shape of the (basic) pattern feature to be imaged.
Therefore the linear estimation computation model computes
(for example in an off-line mode) the aberration induced
distortion parameters for a variety of pattern features (varia-
tion of shape and size) in combination with the local lens
aberrations of the projection system. Also, the illumination
mode and mask type (i.e. the pupil plane filling) is taken into
account.

Using the linear estimation computation model the distor-
tion (dx, dy) on a co-ordinate (X, y) is described by:

= Y. LS
i=7,10,14,...
dle = Y ZLxy-S

i=8,11,15,..

where Z, is a Zernike coefficient of i order, S, is a sensitivity
coefficient for a given Zernike coefficient Z,, with the x-dis-
tortion and the y-distortion each being described by a series of
Zernike coefficients. The Zernike coefficients depend on the
X, y coordinate. The sensitivities S, basically depend on the
pattern, and the illumination mode.

The results of the computations of these equations are
stored in the memory of the computer arrangement 8 in one or
more databases as imaging correction data. The imaging cor-
rection data can be determined for any given combination of
pattern feature type and size, and pupil plane filling. The one
or more databases may hold imaging correction data as a
function of each of such combinations.

During the lithographic processing run, the imaging cor-
rection data is retrieved from the memory. The projection
system settings are adapted in accordance with a combination
of pattern distortion parameters, namely the type and size of
the pattern feature to be imaged, the actual lens aberrations
co-ordinate and the actual pupil plane filling for that pattern
feature. The imaging correction data (based on the combina-
tion of actual pattern distortion parameters) can be made
available from the database through information in the job
data file for the processing run to an on-line adaptation pro-
cedure. The on-line adaptation procedure adapts, by way of
1/0 device 31, the projection system settings during the pro-
cessing run in accordance with the imaging correction param-
eters for abberation induced distortion as given by equations.

Again, during the lithographic processing run, the combi-
nation of actual imaging correction parameters can be made
available from the database through information in the job
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data file for the processing run to an on-line adaptation pro-
cedure. The on-line adaptation procedure adapts the projec-
tion system settings during the processing run in accordance
with the imaging correction parameters for abberation
induced distortion as given by the equations sets.

The correction of the aerial image for pattern abberation
induced distortion and the on-line adaptation procedure are
carried out by the computer arrangement. The computations
are performed by the processor, data relating to correction
parameters for the projection system being stored in the
memory units of the computer arrangement. The processor
determines the imaging correction parameters and instructs
the I/O device to transmit imaging correction signals to the
actuating device AD of the projection system which com-
prises sensors and actuators for correcting the pattern abbera-
tion induced distortion during the processing run.

Reference has already been made above to the use of one or
more transmission image sensors (TIS) mounted within a
physical reference surface associated with the substrate table
(WT) which may be used to determine the position of one or
more marks on the mask (or reticle), as described in U.S. Pat.
No. 4,540,277, in order to adjust the mask alignment (over-
lay). Advanced process control (APC) systems are commonly
used to ensure good overlay. After exposure of a lot, the
overlay is measured on a few wafers from the lot using a
so-called overlay metrology tool, and the measured overlay
metrology data is sent to the APC system. The APC system
then calculates overlay corrections, based on exposure and
processing history, and these corrections are used to adjust the
scanner to minimize the overlay error. This is also known as
an overlay metrology feedback loop.

However, because of the distortion of the TIS and/or over-
lay marks due to the lens aberrations remaining after com-
pensation for the specific product application, significant
X-Y alignment errors may still exist, and, if adjustments are
done to minimize the errors on the TIS and/or overlay marks,
these may be inappropriate to optimise the imaging perfor-
mance during exposure of the product (or conversely to pro-
vide accurate alignment in the event that adjustments are done
to minimize the product exposure errors).

Accordingly the IQEA model may be adapted to determine
the appropriate corrections and permitted distortions for the
different features (that is the product features, the TIS mask
marks, the overlay metrology targets and the wafer alignment
marks). Furthermore, since the different features are used at
different points in the total lithographic control loop, it is
important that the required error correction data is supplied to
the right location.

In such an arrangement the IQEA model is disposed in a
loop with a simulator to calculate the sensitivities of the
different features. These sensitivities are input into the com-
bined linearised-IQEA-model/lens model that calculates the
optimal lens settings for the product features. These lens
settings are then sent to a lens driver for making the necessary
lens adjustments. Furthermore, TIS mask (or reticle) mark
offsets calculated by this model are sent to a metrology driver
that is able to correct for these offsets so that the right mask
alignment parameters will be calculated in an unbiased way.
The TIS mark offsets are used to correct the measured TIS
positions prior to exposure of the wafers in order to ensure
that the positions of the product features are correctly repre-
sented. The offsets of the exposed overlay metrology targets
and the non-zero wafer alignment marks provided by the
model, which data needs to be used at a different time and
location, are sent to the APC system. The metrology offsets
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are used to calculate the offset of the overlay metrology
feedback and are accordingly supplied to the system that is
going to expose the same layer. The wafer alignment mark
offsets are supplied to the system that is going to expose the
next layer in a feed forward arrangement.

In the case of a lens heating situation the data handling
becomes more complex since all the corrections and offsets
depend on the aberration drift of the system under the influ-
ence of the lens heating, and accordingly the shifts of all the
different features (that is the product features, the TIS mask
marks, overlay metrology targets and wafer alignment marks)
due to such lens heating must be taken account of in the
calculations. A typical sequence of calculations in this case
for determining the X-Y positions of the product and the
positions of the TIS, (off-line) overlay metrology and align-
ment features for each exposed die is as follows:

1. Just before exposure calculate the shifts in the X-Y
positions of the TIS marks, the overlay metrology target and
the alignment marks with respect to product position

2. Correct the measured TIS mark positions with the cal-
culated offsets prior to exposure of the particular die on the
wafer

3. Repeat for other dies and wafers, the lens heating caus-
ing the actual aberrations to change and the positions of the
TIS marks, the overlay metrology target and the alignment
marks to shift with respect to the product position

4. Store the shifts for overlay metrology target positions in
the APC-system, so that the APC feedback loop can be opti-
mised for product overlay (the overlay on some wafers being
measured). It should be noted that, when the overlay metrol-
ogy tool measures an overlay, this will always be a difference
in the shifts for the two layers, and the shifts for both layers
need to be taken account of in determination of the metrology
overlay target. For example, in the case of a box-in-box-
structure, it will be necessary to take into account a shift for
the inner-box (this shift having been determined when expos-
ing this inner-box, because it was exposed with image adjust-
ments optimised for the product) and a different shift for the
outer box (this shift also having been determined already) in
order to get the best possible estimate of the true overlay.

5. When exposing the next layer on each wafer, correct the
measured alignment mark positions with the calculated off-
sets before the exposure.

The invention claimed is:

1. Lithographic projection apparatus comprising:

asupport structure configured to hold a patterning device to
impart a selected pattern to a beam of radiation;

a substrate table configured to hold a substrate;

a projection system configured to project the patterned
beam onto a target portion of the substrate to form an
image;

a predictive system configured to predict changes in pro-
jection system aberrations with time with respect to
measured aberration values;

a modelling system configured to determine an applica-
tion-specific effect of said predicted projection system
aberration changes on at least one parameter of the
image for the selected pattern;

a control system configured to generate a control signal
specific to the selected pattern according to said pre-
dicted projection system aberration changes and their
application-specific effect on the at least one parameter
of'the image; and

an image adjusting system, responsive to the control signal,
to compensate for the application-specific effect of said
predicted projection system aberration changes on the
image.
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2. Lithographic projection apparatus according to claim 1,
wherein the control system is arranged to generate a control
signal which preferentially compensates predicted changes in
features of the image in one of two directions in the plane of
the image in accordance with known sensitivities of the
selected pattern to projection system aberrations in the two
directions.

3. Lithographic projection apparatus according to claim 1,
wherein the control system is arranged to generate a control
signal which preferentially compensates predicted changes in
features of the image in a direction normal to a plane of the
image, in accordance with known sensitivities of the selected
pattern to projection system aberrations in said direction.

4. Lithographic projection apparatus according to claim 1,
wherein the control system is arranged to generate a control
signal which further depends on a defined merit function
determining relative weightings to be given to the effects of
projection system aberrations on the at least one parameter of
the image.

5. Lithographic projection apparatus according to claim 1,
wherein the predictive system is configured to predict the
changes on the basis of a lens heating model that predicts
changes in at least one aberration value with time as a result of
lens heating or cooling.

6. Lithographic projection apparatus according to claim 1,
wherein the modelling system is arranged to determine the
application-specific effect of said projection system aberra-
tion changes on the basis of data indicative of the selected
pattern and an illumination mode setting of the projection
system.

7. Lithographic projection apparatus according to claim 1,
wherein the control system is arranged to generate a control
signal which depends on known correspondence between
changes in imaging adjustments ofthe adjustment system and
the aberration changes.

8. Lithographic projection apparatus according to claim 1,
further including an overlay metrology feedback system con-
structed and arranged to correct for a shift in a metrology
overlay target for a current layer measured with respect to a
metrology overlay target for a previous layer, said shift result-
ing from said predicted projection system aberration changes
and the image adjusting system, on the basis of an optimiza-
tion procedure providing for the changes in the aberrations to
which the image is most sensitive to be compensated for
according to a defined merit-function.

9. Lithographic projection apparatus according to claim 1,
further including an alignment system constructed and
arranged to compensate for effects of a shift in a respective
wafer alignment mark provided for the alignment of each
layer of successive layers of images to be applied to the target
portion, said shift resulting from said predicted projection
system aberration changes and said image adjusting system,
on the basis of an optimisation procedure providing for the
changes in the aberrations to which the image is most sensi-
tive to be compensated for according to a defined merit-
function.

10. Lithographic projection apparatus according to claim
1, including an alignment system constructed and arranged to
compensate for effects of a shift in a respective mask align-
ment mark provided for the alignment of each layer of suc-
cessive layers of images to be applied to the target portion,
said shift resulting from said predicted projection system
aberration changes and said image adjusting system, on the
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basis of an optimisation procedure providing for the changes
in the aberrations to which the image is most sensitive to be
compensated for according to a defined merit-function.

11. Lithographic projection apparatus according to claim
1, wherein the control system incorporates a measuring sys-
tem constructed and arranged to re-measure at least one aber-
ration value when the modelled effect on the at least one
image parameter with time is greater than a corresponding
threshold value.
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12. Lithographic projection apparatus according to claim
1, wherein the image adjusting system is further arranged to
carry out imaging adjustments over successive scan positions
during scanning exposure of the substrate to allow for varia-
tions in the scanned image over the extent of the substrate in
order to optimise the image as a function of scan position.



