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A lithographic apparatus comprising an illumination system for providing a beam of radiation, a support
structure for supporting patterning device, the patterning device serving to impart the radiation beam with
a pattern in its cross-section, a substrate table for holding a substrate, a projection system for projecting
the patterned radiation beam onto a target portion of the substrate, and a detector configured to measure
a property of the beam of radiation, the detector comprising first and second luminescent uniaxial crystals
each having an optic axis, the optic axis of the first uniaxial crystal being arranged such that it is
substantially perpendicular to the optic axis of the second uniaxial crystal.

Deze publicatie komt overeen met de oorspronkelijk ingediende stukken.
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Lithographic Apparatus and Method

FIELD
The present invention relates to a lithographic apparatus, a device manufacturing method

and a detector.

BACKGROUND

A lithographic apparatus is a machine that applies a desired pattern onto a target portion of a
substrate. Lithographic apparatus can be used, for example, in the manufacture of
integrated circuits (ICs). In that circumstance, a patterning device, which is alternatively
referred to as a mask or a reticle, may be used to generate a circuit pattern corresponding to
an individual layer of the IC, and this pattern can be imaged onto a target portion (e.g.
comprising part of, one or several dies) on a substrate (e.g. a silicon wafer) that has a layer
of radiation-sensitive material (resist). In general, a single substrate will contain a network of
adjacent target portions that are successively exposed. Known lithographic apparatus
include so-called steppers, in which each target portion is irradiated by exposing an entire
pattern onto the target portion in one go, and so-called scanners, in which each target
portion is irradiated by scanning the pattern through the beam in a given direction (the
“scanning”-direction) while synchronously scanning the substrate parallel or anti parallel to
this direction.

Lithographic apparatus use a radiation beam to project the pattern from the patterning
device onto the substrate. Properties of the radiation beam may be controlled by the
lithographic apparatus. The properties may be adjusted, for example depending upon the
type of pattern to be projected onto the substrate. Known lithographic apparatus modify the
polarization of the radiation beam. Lithographic apparatus comprise various detectors for
measuring properties of the radiation beam. For example, a lithographic apparatus may
have a detector used to measure the intensity of the radiation beam. Known detectors
comprise luminescent crystals, the luminescence of which can be measured using a
photodiode or any other suitable intensity sensor.

As mentioned above, the polarization of the radiation beam (and hence radiation incident on
the detector) can be changed, depending on the type of pattern to be projected onto the
substrate. This change in polarization of radiation incident on the detector can cause the
absorption, and therefore also the luminescence efficiency, of the luminescent crystals to be
altered. This change in luminescence efficiency may not be instantaneous, but may instead
include some delay. In the case where there is a delay in the change of the luminescence
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efficiency, the response of the detector may have a polarization dependent variation which
includes both static and transient components. The transient components of the response
variation of the detector will reduce the signal stability of the detector, and this may in turn
reduce the imaging performance of the lithographic apparatus. In addition, due to the static
components of the response variation, the detector may be sensitive to unintentional drifts in
the polarization of the incident radiation. This may introduce an error into the intensity
measured by the detector.

It is desirable to provide, for example, a lithographic apparatus which comprises a detector
which obviates or mitigates one or more of the problems of the prior art, whether identified
herein or elsewhere.

SUMMARY

According to an aspect of the invention, there is provided a lithographic apparatus
comprising an illumination system for providing a beam of radiation, a support structure for
supporting patterning device, the patterning device serving to impart the radiation beam with
a pattern in its cross-section, a substrate table for holding a substrate, a projection system
for projecting the patterned radiation beam onto a target portion of the substrate, and a
detector configured to measure a property of the beam of radiation, the detector comprising
first and second luminescent uniaxial crystals each having an optic axis, the optic axis of the
second uniaxial crystal being arranged such that it is substantially perpendicular to the optic
axis of the first uniaxial crystal.

According to a second aspect of the present invention there is provided a method comprising
providing a beam of radiation using an illumination system, using a patterning device to
impart the radiation beam with a pattern in its cross-section, and projecting the patterned
radiation beam onto a target portion of a substrate, wherein the method further comprises
using a detector to measure a property of the beam of radiation, the detector comprising first
and second luminescent uniaxial crystals each having an optic axis, the optic axis of the
second uniaxial crystal being arranged such that it is substantially perpendicular to the optic
axis of the first uniaxial crystal.

According to a third aspect of the invention there is provided a detector configured to
measure a property of a beam of radiation, the detector comprising first and second
luminescent uniaxial crystals each having an optic axis, the optic axis of the second uniaxial
crystal being arranged such that it is substantially perpendicular to the optic axis of the first
uniaxial crystal.
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BRIEF DESCRIPTION OF THE DRAWINGS
Embodiments of the invention will now be described, by way of example only, with

reference to the accompanying schematic drawings in which corresponding reference
symbols indicate corresponding parts, and in which:

- Figure 1 schematically shows a lithographic apparatus according to an embodiment
of the invention;

- Figure 2 is a plot showing a typical response variation of a prior art detector;

- Figure 3 is a plot showing a typical transient curve of the response of a prior art
detector;

- Figure 4 shows a schematic end elevation of a crystal arrangement which forms part
of a detector in accordance with an embodiment of the present invention;

- Figure 5 shows a schematic side elevation of the crystal arrangement shown in
Figure 4;

- Figure 6 is a plot showing the response variation of a detector in accordance with an
embodiment of the present invention; and

- Figure 7 is a plot showing the relative difference between the intensity of radiation
polarized in the x direction and radiation polarized in the y direction for a detector in
accordance with an embodiment of the present invention.

DETAILED DESCRIPTION
Although specific reference may be made in this text to the use of lithographic apparatus in

the manufacture of ICs, it should be understood that the lithographic apparatus described
herein may have other applications, such as the manufacture of integrated optical systems,
guidance and detection patterns for magnetic domain memories, liquid-crystal displays
(LCDs), thin film magnetic heads, etc. The skilled artisan will appreciate that, in the context
of such alternative applications, any use of the terms “wafer” or “die” herein may be
considered as synonymous with the more general terms “substrate” or “target portion”,
respectively. The substrate referred to herein may be processed, before or after exposure,
in for example a track (a tool that typically applies a layer of resist to a substrate and
develops the exposed resist) or a metrology or inspection tool. Where applicable, the
disclosure herein may be applied to such and other substrate processing tools. Further, the
substrate may be processed more than once, for example in order to create a multi-layer IC,
S0 that the term substrate used herein may also refer to a substrate that already contains
multiple processed layers.
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The terms “radiation” and “beam” used herein encompass all types of electromagnetic
radiation, including ultraviolet (UV) radiation (e.g. having a wavelength of 365, 248, 193, 157
or 126 nm) and extreme ultra-violet (EUV) radiation (e.g. having a wavelength in the range of
5-20 nm), as well as particle beams, such as ion beams or electron beams.

The term “patterning device” used herein should be broadly interpreted as referring to a
device that can be used to impart a radiation beam with a pattern in its cross-section such as
to create a pattern in a target portion of the substrate. It should be noted that the pattern
imparted to the radiation beam may not exactly correspond to the desired pattern in the
target portion of the substrate. Generally, the pattern imparted to the radiation beam will
correspond to a particular functional layer in a device being created in the target portion,
such as an integrated circuit.

A patterning device may be transmissive or reflective. Examples of patterning device
include masks, programmable mirror arrays, and programmable LCD panels. Masks are
well known in lithography, and include mask types such as binary, alternating phase-shift,
and attenuated phase-shift, as well as various hybrid mask types. An example of a
programmable mirror array employs a matrix arrangement of small mirrors, each of which
can be individually tilted so as to reflect an incoming radiation beam in different directions; in
this manner, the reflected beam is patterned.

The support structure holds the patterning device. It holds the patterning device in a way
depending on the orientation of the patterning device, the design of the lithographic
apparatus, and other conditions, such as for example whether or not the patterning device is
held in a vacuum environment. The support can use mechanical clamping, vacuum, or other
clamping techniques, for example electrostatic clamping under vacuum conditions. The
support structure may be a frame or a table, for example, which may be fixed or movable as
required and which may ensure that the patterning device is at a desired position, for
example with respect to the projection system. Any use of the terms “reticle” or “mask”
herein may be considered synonymous with the more general term “patterning device”.

The term “projection system” used herein should be broadly interpreted as encompassing
various types of projection system, including refractive optical systems, reflective optical
systems, and catadioptric optical systems, as appropriate for example for the exposure
radiation being used, or for other factors such as the use of an immersion fluid or the use of
a vacuum. Any use of the term “projection lens” herein may be considered as synonymous
with the more general term “projection system”.
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The illumination system may also encompass various types of optical components, including
refractive, reflective, and catadioptric optical components for directing, shaping, or controlling
the beam of radiation, and such components may also be referred to below, collectively or
singularly, as a “lens”.

The lithographic apparatus may be of a type having two (dual stage) or more substrate
tables (and/or two or more support structures). In such “multiple stage” machines the
additional tables may be used in parallel, or preparatory steps may be carried out on one or
more tables while one or more other tables are being used for exposure.

The lithographic apparatus may also be of a type wherein the substrate is immersed in a
liquid having a relatively high refractive index, e.g. water, so as to fill a space between the
final element of the projection system and the substrate. Immersion techniques are well
known in the art for increasing the numerical aperture of projection systems.

Figure 1 schematically depicts a lithographic apparatus according to a particular
embodiment of the invention. The apparatus comprises:

- an illumination system (illuminator) IL to condition a beam PB of radiation (e.g. UV
radiation or deep ultraviolet (DUV) radiation).

- a support structure (e.g. a mask table) MT to support a patterning device (e.g. a
mask) MA and connected to first positioning device PM to accurately position the patterning
device with respect to item PL;

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

- a projection system (e.g. a refractive projection lens) PL configured to image a
pattern imparted to the radiation beam PB by patterning device MA onto a target portion C
(e.g. comprising one or more dies) of the substrate W.

As here depicted, the apparatus is of a transmissive type (e.g. employing a transmissive
mask). Alternatively, the apparatus may be of a reflective type (e.g. employing a
programmable mirror array of a type as referred to above).

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

The illuminator IL may comprise adjusting means AM for adjusting the angular intensity
distribution of the beam. Generally, at least the outer and/or inner radial extent (commonly
referred to as c-outer and c-inner, respectively) of the intensity distribution in a pupil plane of
the illuminator can be adjusted. In addition, the illuminator IL generally comprises various
other components, such as an integrator IN and a condenser CO. The illuminator provides a
conditioned beam of radiation PB, having a desired uniformity and intensity distribution in its
Cross section.

The radiation beam PB is incident on the patterning device (e.g. mask) MA, which is held on
the support structure MT. Having traversed the patterning device MA, the beam PB passes
through the lens PL, which focuses the beam onto a target portion C of the substrate W.
With the aid of the second positioning device PW and position sensor IF (e.g. an
interferometric device), 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. Similarly, the first positioning
device PM and another position sensor (which is not explicitly depicted in Figure 1) can be
used to accurately position the patterning device MA with respect to the path of the beam
PB, e.g. after mechanical retrieval from a mask library, or during a scan. In general,
movement of the object tables MT and WT will be realized with the aid of a long-stroke
module (coarse positioning) and a short-stroke module (fine positioning), which form part of
the positioning device PM and PW. However, in the case of a stepper (as opposed to a
scanner) the support structure MT may be connected to a short stroke actuator only, or may
be fixed. Patterning device MA and substrate W may be aligned using patterning device
alignment marks M1, M2 and substrate alignment marks P1, P2.

The depicted apparatus can be used in the following preferred modes:

1. In step mode, the support structure MT and the substrate table WT are kept
essentially stationary, while an entire pattern imparted to the beam PB is projected onto a
target portion C in one go (i.e. a single static exposure). The substrate table WT is then
shifted in the X and/or Y direction so that a different target portion C can be exposed. In
step mode, the maximum size of the exposure field limits the size of the target portion C
imaged in a single static exposure.
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2. In scan mode, the support structure MT and the substrate table WT are scanned
synchronously while a pattern imparted to the beam PB is projected onto a target portion C
(i.e. a single dynamic exposure). The velocity and direction of the substrate table WT
relative to the support structure MT is determined by the (de-)magnification and image
reversal characteristics of the projection system PL. In scan mode, the maximum size of the
exposure field limits the width (in the non-scanning direction) of the target portion in a single
dynamic exposure, whereas the length of the scanning motion determines the height (in the
scanning direction) of the target portion.

3. In another mode, the support structure 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 beam PB is projected onto a target portion C. In this mode, generally
a pulsed radiation source is employed and the programmable patterning device is updated
as required after each movement of the substrate table WT or in between successive
radiation pulses during a scan. This mode of operation can be readily applied to maskless
lithography that utilizes programmable patterning device, such as a programmable mirror
array of a type as referred to above.

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

The lithographic apparatus further comprises an intensity detector ID which is used to
measure the intensity of the radiation beam PB.

Prior art intensity detectors comprise luminescent crystals, the luminescence of which can

be measured using a photodiode or any other suitable intensity sensor.

The luminescent crystals may be crystals which exhibit birefringent properties, i.e. having
different optical properties for different polarizations of radiation. The birefringent nature of
the crystals means that as radiation travels through them components of the radiation with
different polarizations may become out of phase with one another, and selective absorption
of components of the radiation with different polarizations may occur.

One type of crystal which exhibits birefringent properties is a uniaxial crystal. Uniaxial
crystals generally have a tetragonal, hexagonal or trigonal structure and have a single optic
axis about which the atoms of the uniaxial crystal are arranged symmetrically. Radiation
traveling through a uniaxial crystal parallel to its optic axis will experience a symmetric
structure and will hence behave in an isotropic manner. However, radiation traveling
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through a uniaxial crystal in a direction which is not parallel to the optic axis will encounter an
asymmetric structure and will hence behave in an anisotropic manner and experience
birefringence.

An example of a luminescent uniaxial crystal is an a-cut Sapphire crystal. In an a-cut crystal
the optic axis (OA) of the crystal is in same plane as the E-field vector of incident radiation.
In other words, if the a-cut crystal is configured for incident radiation to be incident
perpendicular to its surface, the optic axis of the a-cut crystal will be parallel to its surface.

Properties of the radiation beam PB may be controlled by the lithographic apparatus. The
properties may be adjusted, for example depending upon the type of pattern to be projected
onto the substrate. One such property of the radiation beam PB which can be adjusted is
the polarization of the radiation beam. In some known lithographic apparatus the
polarization of the radiation beam PB can be changed between two states which are
perpendicular to one another. When such a change in polarization occurs in radiation
incident on an intensity detector formed from luminescent crystals, the luminescence
efficiency of the luminescent crystals may change. This change in luminescence efficiency
may not be instantaneous, but may instead include some delay. In the case where there is a
delay in the change of the luminescence efficiency, the response of the detector may have a
polarization dependent variation which includes both static and transient components. The
transient components of the response variation of the detector will reduce the signal stability
of the detector, and this may in turn reduce the imaging performance of the lithographic
apparatus. In addition, due to the static components of the response variation, the detector
may be sensitive to unintentional drifts in the polarization of the incident radiation. This may
introduce an error into the intensity measured by the detector.

Figure 2 shows a typical detector response variation of a known detector as a function of
angle between the E-field vector of incident radiation and the OA of the crystal, using a
Sapphire crystal and DUV radiation with a wavelength of 193 nm. The angle A° is shown on
the horizontal axis, and the detector response S is shown on the vertical axis. It can be seen
that the response variation is periodic. The figure also shows the relative detector response
before transient saturation (dashed line) and after transient saturation (solid line).

Figure 2 shows that static signal variation resulting from a phase shift of 90 degrees can be
as large as approximately 40% of the average signal. A phase shift of 90 degrees is
equivalent to the polarization state switching from linear x-polarised incident radiation to
linear y-polarised incident radiation. The figure also shows that the magnitude of the signal
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variation (relative to the average detector response) is greater after transient saturation as
opposed to before transient saturation. Figure 2 further shows that the difference in detector
response due to transient effects (indicated by arrows M) scales with the static response
variation. The greater the difference between the detector response at a given angle and
the average detector response, the greater the difference between the response of the
detector at that angle before transient saturation and after transient saturation.

Figure 3 shows a typical transient curve of the response of a known detector comprising a
Sapphire crystal and using DUV radiation with wavelength of 193 nm, when changing from a
first polarization state of incident radiation to a second polarization state of incident radiation
which has a 90 degree phase difference from the first polarization state. The number of
pulses N is shown on the horizontal axis, and the relative intensity | as detected by the
detector is shown on the vertical axis. For example, the change in polarization states may
be between linear x-polarised incident radiation and linear y-polarised incident radiation and
vice-versa. The shown transient is a downward curve, the response of the detector
decreasing with further exposure to the second polarization state. It will be appreciated that
(depending on what the first and second polarization state are) the transient may be an
upward curve instead of a downward curve.

Figure 3 shows that the transient saturation time (i.e. the time it takes for the detector
response to reach a steady state after the change in polarization states) is considerable,
requiring in excess of 10000 DUV pulses. In the case of the transient shown in figure 3,
each pulse has a length of 150ns and the pulse rate is 6kHz. At this pulse rate, 10000 pulses
is equivalent to a time of about 1.7 seconds. It is common for a lithographic apparatus to be
operated in a manner such that there is insufficient time for the transient effect to dissipate
(e.g. projection of a pattern onto a substrate continues immediately after a change of
polarization states). In this case, whilst the transient effect dissipates, the output of the
detector may be inaccurate or may have a systematic deviation. These inaccuracies or
deviations may be sufficiently large that operation of the lithographic apparatus to a desired
accuracy is not possible. In an alternative approach, a lithographic apparatus may be
operated such that the transient effect is given time to dissipate before a measurement is
made. However, the time required for the transient effect to dissipate may be a time limiting
step of the operation of the lithographic apparatus, thereby reducing the throughput of the
lithographic apparatus.

Figures 4 and 5 show a crystal arrangement 10 which forms part of a detector in accordance
with an embodiment of the present invention. The detector according to the present



10

15

20

25

30

35

10

invention operates by measuring the luminescence of the crystal arrangement using a
photodiode or any other suitable intensity sensor. Figure 4 shows an end-on view of the
crystal arrangement 10, whereas figure 5 shows a side view of the crystal arrangement 10.
The crystal arrangement 10 comprises two similar luminescent uniaxial a-cut crystals 12, 14.
The first crystal 12 has an optic axis, the direction of which is indicated by OA,. The second
crystal 14 is adjacent the first crystal 12. The second crystal 14 has an optic axis, the
direction of which is indicated by OA,, which is perpendicular to the optic axis of the first
crystal 12.

Figure 6 shows detector response variation as a function of angle between the E-field vector
of incident radiation and the OA of the first crystal 12, for the first crystal 12 (dashed line), for
the second crystal 14 (solid line), and for the sum of both the first crystal 12 and second
crystal 14 (dot-dashed line). The angle A is shown on the horizontal axis, and the detector
response S is shown on the vertical axis. Because the detector response of the first crystal
12 is out of phase with the detector response of the second crystal 14 by 90 degrees, and
because the magnitude of the detector response for both the first and second crystals 12, 14
is equal, the detector response for the sum of both the first crystal 12 and second crystal 14
is invariant with respect to the angle between the E-field vector of incident radiation and the
OA of either crystal. In other words, the contribution to response variation due to the first
crystal 12 exactly compensates the contribution to response variation due to the second
crystal 14, resulting in a stable response over the whole angular range. Although figure 6
shows the detector response variation as a function of angle between the E-field vector of
incident radiation and the OA of the first crystal 12, the same effect will be observed as a
function of angle between the E-field vector of incident radiation and any direction in the
plane of the E-field vector.

Because the magnitude of the response of a detector according to the invention is
substantially invariant with respect to the E-field vector of the radiation incident on the
detector, if the polarization of the radiation incident on the detector is changed then the
response of the detector will remain substantially constant. For this reason, any transient
response of the detector due to a change in the polarization of the radiation incident on the
detector is also substantially eliminated. Furthermore, the response of the detector (due to
its invariance with respect to the E-field vector) is also substantially insensitive to any
involuntary drift in polarization of the radiation incident on the detector compared to a single
a-cut crystal (as is present in the prior art).
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The enhanced signal stability of the detector may result in improved imaging by the
lithographic apparatus. For example, enhancing the stability of the intensity detector ID (see
figure 1) may allow the intensity of the radiation beam PB to be controlled more accurately,
thereby allowing more accurate control of the critical dimension of patterns projected onto
the substrate W.

The use of a detector according to the present invention provides advantages compared with
a possible alternative approach of using a detector which comprises a single crystal and a
polarizing cube. First, polarizing cubes tend to be relatively expensive, especially when
designed to be used at DUV wavelengths. Secondly, the use of a polarizing cube results in
at least 50% signal loss, and hence the signal to noise ratio of any such signal is reduced.
Thirdly, if the polarising cube and crystal are misaligned, this may result in signal loss which
is significantly greater than 50%.

The detector response shown in figure 6 is the ideal case, corresponding to equal intensity
of the DUV radiation beam in both crystals 12, 14 and exact arrangement of the OA of the
first crystal 12 perpendicular to the OA of the second crystal 14. In some embodiments of
the invention the detector response may be less ideal. For example, each crystal may
absorb some DUV radiation, with the consequence that the intensity in the first and second
crystals may be different. Moreover Fresnel reflection losses may occur at the surface of the
first crystal 12 closest to the second crystal 14 and at the surface of the second crystal 14
closest to the first crystal 12.

If the detector is arranged so that the radiation beam propagates through the first crystal 12
and then through the second crystal 14, then the effects described above will result in a
lower intensity of the radiation beam within the second crystal 14 of the crystal arrangement
10 (compared to the intensity of the radiation beam within the first crystal 12 of the crystal
arrangement 10). If the intensity of the radiation beam within the first crystal 12 is greater
than the intensity of the radiation beam in the second crystal 14 (and assuming that the first
and second crystals are of equal thickness) then the contribution to the detector response
variation due to the second crystal 14 will not exactly compensate the contribution to the
detector response variation due to the first crystal 12. This will result in a fluctuating
response which is dependant on the E-field vector of the incident radiation.

However, by means of tuning the thickness of the second crystal 14 relative to that of the
first crystal 12, these effects can be compensated for. For example, it is possible to increase
the thickness of the second crystal 14 (thereby increasing the distance through which
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incident radiation has to travel through the second crystal 14) so as to increase the detector
response variation due to the second crystal 14. The greater the thickness of the second
crystal 14, the greater the interaction of the radiation beam with the second crystal 14 as it
travels through it, and hence the greater the contribution to the detector response variation
due to the second crystal 14. In this way, the thickness of the second crystal 14 can be
configured such that its contribution to the detector response variation is increased by an
amount equivalent to the decrease which would otherwise be caused by the decrease in the
intensity of the radiation beam within the second crystal 14.

The detector response variation is reduced by increasing the contribution to the detector
response of the second crystal, by an amount which compensates for the reduction in the
intensity of the radiation beam within the second crystal (due to absorption losses in the first
crystal and/or Fresnel reflection losses at surfaces of both crystals). Thus, it is possible to
make the contribution to the detector response variation of the second crystal compensate
for the contribution to the detector response variation of the first crystal, thereby giving a
substantially uniform net detector response.

It may be possible to use crystals which have different absorption coefficients to ensure that
the detector response variation of the second crystal compensates for the contribution to the
detector response variation of the first crystal. For example, the second crystal could be
manufactured with a greater absorption coefficient than the first. In this way, by increasing
the absorption coefficient of the second crystal, the second crystal 14 will interact with the
radiation beam more strongly than the first crystal 12 for a given distance that the radiation
travels through each crystal. For a given thickness of the second crystal 14, the absorption
coefficient of the second crystal 14 can be configured such that its contribution to the
detector response variation is increased by an amount equivalent to the decrease in its
contribution to the detector response variation caused by the decrease in the intensity of the
radiation beam within the second crystal 14 compared to the intensity of the radiation beam
within the first crystal. One possible way of altering the absorption coefficient of a material is
to dope it (or alter its dopant characteristics if the material is already doped). It may also be
possible to obtain a second crystal with a greater absorption coefficient than the first, by
selecting both the first and second crystals from a single crystal growth process, and
choosing the crystals from their relative positions in a crystal rod.

Another way in which the performance of a crystal arrangement according to the present
invention may be reduced is where the alignment of the first and second crystals 12, 14 is
such that their OAs are not exactly perpendicular to one another. Figure 7 shows the
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relative difference between the intensity of radiation polarized in the x direction and radiation
polarized in the y direction as a function of the angle between the x direction of the incident
radiation and the average OA direction of the first and second crystals 12, 14 (i.e. the
direction which bisects the OA of the first crystal and the OA of the second crystal). The
horizontal axis shows the angle A and the vertical axis shows the relative intensity difference
I. The angle between the OA of the first crystal 12 and the OA of the second crystal 14 in
the case shown in figure 7 is 92 degrees (i.e. the first and second crystals are misaligned by
2 degrees). Figure 7 shows a case where the first crystal acts like a full wave retarder (solid
line) and a case where the first crystal acts like a half wave retarder (dashed line). Figure 7
shows that when the OA of the crystals is aligned with a polarization state, the intensity
difference approaches zero, independent of phase retardation. Assuming a crystal
arrangement misalignment accuracy of +/-5 degrees the intensity difference between the
different polarizations of radiation may be as low as 1%. It follows that a slight misalignment
of the first crystal relative to the second crystal (i.e. less than 5 degrees, or less than 2
degrees) does not significantly adversely affect the response of a detector according to the
present invention. Thus, the angle between the OA of the first crystal and the OA of the
second crystal may be in the range of about 85° to 952, may be in the range of about 88° to
92°, and may be 90°. Since there is a degree of tolerance relating to the relative alignment
of the first and second crystals, a detector according to the present invention may be easier
and cheaper to fabricate than would be the case if there was no tolerance.

In some embodiments of the invention the first and second crystals may be in optical
contact. For example the first and second crystals may be touching each other, and may be
fixed to one another. In other embodiments of the invention the first crystal and second
crystal may not be in optical contact, and may for example be separated by a gap. The
provision of such a gap may be advantageous as it may improve the stability of the detector.
For example, if the first and second crystals are fixed to one another, it is possible that over
time they may delaminate. When the crystals are separated by a gap, they are not fixed to
on another and therefore they cannot delaminate. Furthermore, if the first and second
crystals are separate to one another then the crystals 12, 14 can be rotated independently of
one another, thereby allowing adjustment of the relative alignment of their optic axes. For
example, one of the crystals may be rotatably mounted and the other may be fixed.
Alternatively, both crystals may be rotatably mounted.

The first and second crystals may be separated by a medium which is absorbent of the
radiation beam. In this case, it will be appreciated that the characteristics (e.g. thickness and
absorption coefficient) of the second crystal can be configured as discussed above so as to
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compensate its contribution to the variation in the response of the detector due to the
decrease in the intensity of the radiation beam in the second crystal relative to the first
crystal (as a result of absorption of the radiation beam by the absorbent medium).

Additionally, if the intensity of the radiation beam within the second crystal 14 is diminished
as a result of absorption of the radiation beam that occurs between the first crystal 12 and
second crystal 14 (say, if the first and second crystals are separated by an absorbing
medium) then this diminished intensity of radiation beam within the second crystal 14 can be
compensated for in the same manner as described above.

Although in the described embodiments use of the detector has been illustrated in
combination with DUV radiation, it will be appreciated that it is within the scope of the
invention to use an equivalent detector in conjunction with any appropriate wavelength of

radiation beam of the lithographic apparatus.

It will also be appreciated that the first and second crystals may be made of any appropriate
luminescent uniaxial material. The invention is particularly relevant to luminescent uniaxial
materials which exhibit transience in their luminescence response due to a change in the
polarisation of incident radiation they are exposed to.

It will further be appreciated that although in the described lithographic apparatus the
detector is used to detect the intensity of the radiation beam, an equivalent detector may be
used to detect other properties of the radiation beam.

Although the detector has been described in the context of a lithographic apparatus, it may
be used in connection with other types of apparatus.

While specific embodiments of the invention have been described above, it will be
appreciated that the invention may be practiced otherwise than as described. The
description is not intended to limit the invention. Other aspects of the invention are set out as
in the following numbered clauses:

1. A lithographic apparatus comprising:

- an illumination system for providing a beam of radiation;

- a support structure for supporting patterning device, the patterning device serving to
impart the radiation beam with a pattern in its cross-section;

- a substrate table for holding a substrate;
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- a projection system for projecting the patterned radiation beam onto a target portion
of the substrate; and

- a detector configured to measure a property of the beam of radiation, the detector
comprising first and second luminescent uniaxial crystals each having an optic axis, the optic
axis of the second uniaxial crystal being arranged such that it is substantially perpendicular
to the optic axis of the first uniaxial crystal.

2. A lithographic apparatus according to clause 1, wherein the detector is configured to
measure the intensity of the beam of radiation.

3. A lithographic apparatus according to any preceding clause, wherein the illumination
system is configured to change the polarization of the beam of radiation between at least two
different polarization states.

4, A lithographic apparatus according to any preceding clause, wherein the wavelength
of the beam of radiation is deep ultraviolet (DUV).

5. A lithographic apparatus according to any preceding clause, wherein the first and
second uniaxial crystals are adjacent one another.

6. A lithographic apparatus according to any preceding clause, wherein the first and/or
second uniaxial crystals comprise Sapphire.

7. A lithographic apparatus according to any preceding clause, wherein the detector is
orientated such that the beam of radiation propagates through the first crystal and then
through the second crystal; and wherein the second uniaxial crystal is configured to
compensate for radiation loss which occurs when the beam of radiation passes through the
first uniaxial crystal and/or from the first uniaxial crystal to the second uniaxial crystal.

8. A lithographic apparatus according to clause 7, wherein the second uniaxial crystal is
the same material as the first uniaxial crystal; and wherein the second uniaxial crystal is
configured such that its thickness in the direction of propagation of the beam of radiation is
greater than thickness in the direction of propagation of the beam of radiation of the first
uniaxial crystal.
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9. A lithographic apparatus according to clause 7, wherein the second uniaxial crystal is
configured such that its absorption coefficient is greater than the absorption coefficient of the
first uniaxial crystal.

10. A lithographic apparatus according to any preceding clause, wherein the first and
second uniaxial crystals are in optical contact.

11. A lithographic apparatus according to any of clauses 1 to 9, wherein the first and

second uniaxial crystals are not in optical contact.

12. A lithographic apparatus according to any preceding clause, whereby one of the
uniaxial crystals is rotatably mounted.

13. A device manufacturing method comprising providing a beam of radiation using an
illumination system, using a patterning device to impart the radiation beam with a pattern in
its cross-section, and projecting the patterned radiation beam onto a target portion of a
substrate;

wherein the method further comprises using a detector to measure a property of the
beam of radiation, the detector comprising first and second luminescent uniaxial crystals
each having an optic axis, the optic axis of the second uniaxial crystal being arranged such
that it is substantially perpendicular to the optic axis of the first uniaxial crystal.

14. A detector configured to measure a property of a beam of radiation, the detector
comprising first and second luminescent uniaxial crystals each having an optic axis, the optic
axis of the first uniaxial crystal being arranged such that it is substantially perpendicular to
the optic axis of the second uniaxial crystal.
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CONCLUSIE

1. Een lithografieinrichting omvattende:

een belichtinginrichting ingericht voor het leveren van een stralingsbundel;

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

een substraattafel geconstrueerd om een substraat te dragen; en

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