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LITHOGRAPHIC APPARATUS AND DETECTOR APPARATUS

Inventor(s): IVAN SERGEJEVITSJ NIKOLAEV
MARTIJN GERARD DOMINIQUE WEHRENS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of US provisional application 61/172,904
which was filed on 27 April 2009, and which is incorporated herein in its entirety by

reference.

FIELD

[0002] The present invention relates to a lithographic apparatus and to a detector

apparatus which may form part of a lithographic apparatus.

BACKGROUND

[0003] A lithographic apparatus is a machine that applies a desired pattern onto a
substrate, usually onto a target portion of the substrate. A lithographic apparatus can be
used, for example, in the manufacture of integrated circuits (ICs). In that instance, a
patterning device, which is alternatively referred to as a mask or a reticle, may be used to
generate a circuit pattern to be formed on an individual layer of the IC. This pattern can
be transferred onto a target portion (e.g., comprising part of, one, or several dies) on a
substrate (e.g., a silicon wafer). Transfer of the pattern is typically via imaging onto a
layer of radiation-sensitive material (resist) provided on the substrate. In general, a single
substrate will contain a network of adjacent target portions that are successively
patterned. Imaging of the pattern onto the substrate is performed by a projection system,
which may comprise a plurality of lenses or mirrors.

[0004] Lithography is widely recognized as one of the key steps in the manufacture of
ICs and other devices and/or structures. However, as the dimensions of features made
using lithography become smaller, lithography is becoming a more critical factor for
enabling miniature IC or other devices and/or structures to be manufactured.

[0005] A theoretical estimate of the limits of pattern printing can be given by the

Rayleigh criterion for resolution as shown in equation (1):
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[0006] where A is the wavelength of the radiation used, NAps is the numerical aperture of

the projection system used to print the pattern, k; is a process dependent adjustment
factor, also called the Rayleigh constant, and CD is the feature size (or critical dimension)
of the printed feature. It follows from equation (1) that reduction of the minimum
printable size of features can be obtained in three ways: by shortening the exposure
wavelength A, by increasing the numerical aperture NAps or by decreasing the value of
k1.

[0007] In order to shorten the exposure wavelength and, thus, reduce the minimum
printable size, it has been proposed to use an extreme ultraviolet (EUV) radiation source
in a lithographic apparatus. EUV radiation sources are configured to output a radiation
wavelength of around 13.5nm. Thus, EUV radiation sources may constitute a significant
step toward achieving printing of small features.

[0008] It is conventional to monitor the optical performance of parts of a lithographic
apparatus in order to ensure that the accuracy with which patterns are projected onto
substrates remains high. For example, an imaging detector may be located in a substrate
table of the lithographic apparatus, and may be used to monitor aberrations present in a
projection system of the lithographic apparatus. In a conventional (non-EUV)
lithographic apparatus, the imaging detector may comprise a CCD array that has been
provided with a layer of a scintillation material, e.g., Gd,0,S:Tb (known as P43). The
scintillation material converts radiation at, for example, about 248nm or 193nm into
visible radiation at, for example, about 550 nm (or some other suitable wavelength). The
visible radiation is then detected by the CCD array.

[0009] While it is possible to detect EUV radiation in the same way (using a CCD array
provided with a scintillation material layer), the efficiency and/or accuracy with which

the EUV is detected may be poor.

SUMMARY

[0010] It is desirable to provide a detector apparatus capable of detecting EUV radiation
with improved efficiency and/or accuracy compared with at least some previous

detectors.
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[0011] According to first embodiment of the present invention. there is provided a
detector apparatus comprising a detector provided with a layer of scintillation material, a
layer of spacer material provided on the scintillation material, and a spectral purity filter
layer provided on the spacer material.

[0012] According to a second embodiment of the present invention there is provided a
detection method comprising directing EUV radiation through a spectral purity filter
layer, through a spacer material layer provided beneath the spectral purity filter layer, and
onto a layer of scintillation material, then using a detector to detect scintillation radiation
emitted by the scintillation material.

[0013] Further features and advantages of the invention, as well as the structure and
operation of various embodiments of the invention, are described in detail below with
reference to the accompanying drawings. It is noted that the invention is not limited to
the specific embodiments described herein. Such embodiments are presented herein for
illustrative purposes only. Additional embodiments will be apparent to persons skilled in

the relevant art(s) based on the teachings contained herein.

BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES

[0014] The accompanying drawings, which are incorporated herein and form part of the
specification, illustrate the present invention and, together with the description, further
serve to explain the principles of the invention and to enable a person skilled in the
relevant art(s) to make and use the invention.

[0015] Figure 1 schematically depicts a lithographic apparatus, according to an

embodiment of the invention.

[0016] Figure 2 is a more detailed schematic illustration of the lithographic apparatus of
Figure 1.
[0017] Figures 3 and 5 show schematic cross-sectional views of detector apparatus

according to embodiments of the invention.

[0018] Figures 4a-4b illustrates with graphs the emission quantum yield of a scintillator
material as a function of distance from a top surface or interface with a spectral purity
filter, the absorption of EUV radiation by the scintillator material, and the absorption of
EUYV radiation by silicon nitride.
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[0019] The features and advantages of the present invention will become more apparent
from the detailed description set forth below when taken in conjunction with the
drawings, in which like reference characters identify corresponding elements throughout.
In the drawings, like reference numbers generally indicate identical, functionally similar,
and/or structurally similar elements. The drawing in which an element first appears is

indicated by the leftmost digit(s) in the corresponding reference number.

DETAILED DESCRIPTION

[0020] This specification discloses one or more embodiments that incorporate the
features of this invention. The disclosed embodiment(s) merely exemplify the invention.
The scope of the invention is not limited to the disclosed embodiment(s). The invention
is defined by the claims appended hereto.

[0021] The embodiment(s) described, and references in the specification to "one
embodiment"”, "an embodiment”, "an example embodiment", etc., indicate that the
embodiment(s) described may include a particular feature, structure, or characteristic, but
every embodiment may not necessarily include the particular feature, structure, or
characteristic. Moreover, such phrases are not necessarily referring to the same
embodiment. Further, when a particular feature, structure, or characteristic is described in
connection with an embodiment, it is understood that it is within the knowledge of one
skilled in the art to effect such feature, structure, or characteristic in connection with other
embodiments whether or not explicitly described.

[0022] Embodiments of the invention may be implemented in hardware, firmware,
software, or any combination therecof. Embodiments of the invention may also be
implemented as instructions stored on a machine-readable medium, which may be read
and executed by one or more processors. A machine-readable medium may include any
mechanism for storing or transmitting information in a form readable by a machine (e.g.,
a computing device). For example, a machine-readable medium may include read only
memory (ROM); random access memory (RAM); magnetic disk storage media; optical
storage media; flash memory devices; electrical, optical, acoustical or other forms of
propagated signals (e.g., carrier waves, infrared signals, digital signals, etc.), and others.
Further, firmware, software, routines, instructions may be described herein as performing

certain actions. However, it should be appreciated that such descriptions are merely for
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convenience and that such actions in fact result from computing devices, processors,
controllers, or other devices executing the firmware, software, routines, instructions, etc.

[0023] Before describing such embodiments in more detail, however, it is instructive to
present an example environment in which embodiments of the present invention may be
implemented.

[0024] Figure 1 schematically depicts a lithographic apparatus 2 which embodies the
invention. The apparatus 2 comprises an illumination system (illuminator) IL configured
to condition a radiation beam B (e.g., extreme ultraviolet (EUV) radiation); a support
structure (e.g., a mask table) MT constructed to support a patterning device (e.g., a mask)
MA and connected to a first positioner PM configured to accurately position the
patterning device in accordance with certain parameters; a substrate table (e.g., a wafer
table) WT constructed to hold a substrate (e.g., a resist coated wafer) W and connected to
a second positioner PW configured to accurately position the substrate in accordance with
certain parameters; and a projection system (e.g., a reflective projection lens system) PS
configured to project a pattern imparted to the radiation beam B by patterning device MA
onto a target portion C (e.g., comprising one or more dies) of the substrate W.

[0025] The illumination system may include various types of optical components, such as
refractive, reflective, magnetic, electromagnetic, electrostatic or other types of optical
components, or any combination thereof, for directing, shaping, or controlling radiation.
In most EUV lithographic apparatus, the illumination system is predominantly formed
from reflective optical components.

[0026] The support structure supports, i.c., bears the weight of, the patterning device. It
holds the patterning device in a manner that depends on the orientation of the patterning
device, the design of the lithographic apparatus 2, and other conditions, such as for
example whether or not the patterning device is held in a vacuum environment. The
support structure can use mechanical, vacuum, electrostatic or other clamping techniques
to hold the patterning device. The support structure may be a frame or a table, for
example, which may be fixed or movable as required. The support structure may ensure
that the patterning device is at a desired position, for example with respect to the
projection system. Any use of the terms “reticle” or “mask™ herein may be considered

synonymous with the more general term “patterning device.”
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[0027] The term “patterning device” used herein should be broadly interpreted as
referring to any device that can be used to impart a radiation beam with a pattern in its
cross-section such as to create a pattern in a target portion of the substrate. It should be
noted that the pattern imparted to the radiation beam may not exactly correspond to the
desired pattern in the target portion of the substrate, for example if the pattern includes
phase-shifting features or so called assist features. Generally, the pattern imparted to the
radiation beam will correspond to a particular functional layer in a device being created in
the target portion, such as an integrated circuit.

[0028] Examples of patterning devices include masks and programmable mirror arrays.
Masks are well known in lithography, and typically, in an EUV lithographic apparatus,
would be reflective. 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. The tilted mirrors impart a pattern in a
radiation beam which is reflected by the mirror matrix.

[0029] The term “projection system” used herein should be broadly interpreted as
encompassing any type of projection system. Usually, in a EUV lithographic apparatus
the optical elements will be reflective. However, other types of optical element may be
used. The optical elements may be in a vacuum. Any use of the term “projection lens”
herein may be considered as synonymous with the more general term “projection
system”.

[0030] As here depicted, the apparatus 2 is of a reflective type (e.g., employing a
reflective mask).

[0031] The lithographic apparatus may be of a type having two (dual stage) or more
substrate tables (and/or two or more mask tables). In such “multiple stage” machines the
additional tables may be used in parallel, or preparatory steps may be carried out on one
or more tables while one or more other tables are being used for exposure.

[0032] Referring to Figure 1, the illuminator IL receives a radiation beam from a
radiation emission point by means of the collector assembly/radiation source SO. The
source and the lithographic apparatus may be separate entities. In such cases, the
collector assembly is not considered to form part of the lithographic apparatus and the
radiation beam is passed from the collector assembly SO to the illuminator IL with the aid

of a beam delivery system comprising, for example, suitable directing mirrors and/or a
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beam expander. In other cases the source may be an integral part of the lithographic
apparatus. The collector assembly SO including the radiation generator and the
illuminator IL, together with the beam delivery system if required, may be referred to as a
radiation system.

[0033] The illuminator IL may comprise an adjuster for adjusting the angular intensity
distribution of the radiation beam. Generally, at least the outer and/or inner radial extent
(commonly referred to as c-outer and o-inner, respectively) of the intensity distribution in
a pupil plane of the illuminator can be adjusted. In addition, the illuminator IL may
comprise various other components, such as an integrator and a condenser. The
illuminator IL may be used to condition the radiation beam B to have a desired uniformity
and intensity distribution in its cross-section.

[0034] The radiation beam B is incident on the patterning device (e.g., mask MA), which
is held on the support structure (e.g., mask table MT), and is patterned by the patterning
device. Having been reflected by the mask MA, the radiation beam B passes through the
projection system PS, which focuses the beam onto a target portion C of the substrate W.
With the aid of the second positioner PW, and position sensor IF2 (e.g., an interferometric
device, linear encoder or capacitive sensor), the substrate table WT can be moved
accurately, e.g., so as to position different target portions C in the path of the radiation
beam B. Similarly, the first positioner PM and another position sensor IF1 can be used to
accurately position the mask MA with respect to the path of the radiation beam B, e.g.,
after mechanical retrieval from a mask library, or during a scan. In general, movement of
the mask table MT may be realized with the aid of a long-stroke module (coarse
positioning) and a short-stroke module (fine positioning), which form part of the first
positioner PM. Similarly, movement of the substrate table WT may be realized using a
long-stroke module and a short-stroke module, which form part of the second positioner
PW. In the case of a stepper (as opposed to a scanner) the mask table MT may be
connected to a short-stroke actuator only, or may be fixed. Mask MA and substrate W
may be aligned using mask alignment marks M1, M2 and substrate alignment marks P1,
P2. Although the substrate alignment marks as illustrated occupy dedicated target
portions, they may be located in spaces between target portions (these are known as
scribe-lane alignment marks). Similarly, in situations in which more than one die is

provided on the mask MA, the mask alignment marks may be located between the dies.
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[0035] A detector apparatus D according to an embodiment of the invention, is provided
in the substrate table WT. The detector apparatus is described further below.
[0036] The depicted apparatus 2 could be used in at least one of the following modes:

1. In step mode, the mask table MT and the substrate table WT are kept
essentially stationary, while an entire pattern imparted to the radiation beam is projected
onto a target portion C at one time (i.¢., a single static exposure). The substrate table WT
is then shifted in the plane of the substrate 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.

2. In scan mode, the mask table MT and the substrate table WT are scanned
synchronously while a pattern imparted to the radiation beam is projected onto a target
portion C (i.e., a single dynamic exposure). The velocity and direction of the substrate
table WT relative to the mask table MT may be determined by the (de-)magnification and
image reversal characteristics of the projection system PS. In scan mode, the maximum
size of the exposure 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 mask table MT is kept essentially stationary holding
a programmable patterning device, and the substrate table WT is moved or scanned while
a pattern imparted to the radiation beam is projected onto a target portion C. In this
mode, generally a pulsed radiation source is employed and the programmable patterning
device is updated as required after each movement of the substrate table WT or in
between successive radiation pulses during a scan. This mode of operation can be readily
applied to maskless lithography that utilizes programmable patterning device, such as a
programmable mirror array of a type as referred to above.

[0037] Combinations and/or variations on the above described modes of use or entirely
different modes of use may also be employed.

[0038] Figure 2 shows an embodiment of the lithographic apparatus 2 of Figure 1 in more
detail, but still in schematic form, including a collector assembly/radiation source SO, an
illuminator IL (sometimes referred to as an illumination system), and the projection

system PS.
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[0039] The source SO comprises a radiation generator and a collector assembly which
focuses radiation into a virtual source point collection focus 18 at an entrance aperture 20
in the illuminator IL. A beam of radiation 21 is reflected in the illuminator IL via first
and second reflectors 22, 24 onto a reticle or mask MA positioned on reticle or mask table
MT. A patterned beam of radiation 26 is formed which is imaged in projection system PS
via first and second reflective elements 28, 30 onto a substrate W held on a substrate table
WT.

[0040] A detector apparatus D according to an embodiment of the invention is provided
in the substrate table WT. The detector apparatus D may comprise an imaging detector
used to monitor aberrations present in the projection system PS. Monitoring for
aberrations may be achieved for example by providing a grating above the detector
apparatus D, providing an equivalent grating on the reticle MA, and then monitoring an
image detected by the detector apparatus at different positions of the substrate table WT.

[0041] It will be appreciated that more or fewer elements than shown in Figure 2 may
generally be present in the collector assembly/radiation source SO, illumination system
IL, and projection system PS. For instance, in some embodiments the lithographic
apparatus 2 may also comprise one or more transmissive or reflective spectral purity
filters. More or less reflective elements may be present in the lithographic apparatus.

[0042] Figure 3 shows schematically in cross section the detector apparatus D, according
to an embodiment of the present invention. The detector apparatus D comprises an
imaging detector 40, a layer of scintillation material 41, a spacer material layer 42 and a
spectral purity filter layer 43. The scintillation layer 41 is provided on top of the imaging
detector 40, the spacer material layer 42 is provided on top of the scintillation layer, and
the spectral purity filter layer 43 is provided on top of the spacer material layer 42.

[0043] The imaging detector 40 may for example be a CCD array. The CCD array may
have a detection surface which measures 12mm x 12mm. The scintillation material 41
may for example be Gd,0,S:Tb (known as P43 and available for example from Applied
Scintillation Technologies of Harlow, United Kingdom, or from Proxitronic Imaging
GmbH of Bensheim, Germany). The layer of scintillation material may for example be
about 10 um thick. The spacer material 42 may for example be silicon nitride (SiN, non-
stoichiometric). The thickness of the spacer material is discussed further below. The

spectral purity filter layer 43 may for example be a zirconium layer. The zirconium layer
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may be sufficiently thick that it provides effective filtering of deep ultraviolet (DUV) and
visible radiation, but may be sufficiently thin that it does not absorb too much extreme
ultraviolet radiation (EUV). The zirconium layer may for example be about 50 nm thick.

[0044] An additional layer (not pictured) may be provided between the P43 layer 41 and
the CCD array 40. The additional layer, which may be glass, may facilitate connection of
the P43 layer 41 to the CCD array 40 (it may be difficult to directly bond the P43 layer 41
onto the CCD array 40). Glue may be provided between the CCD array 40 and the
additional layer, and may be provided between the additional layer and the P43 layer 41.
The additional layer may for example be a so called faceplate formed from Schott
Standard 47A glass with EMA, available from Schott AG of Mainz, Germany.

[0045] Figure 3 shows radiation being incident upon the zirconium layer 43. In addition
to extreme ultraviolet (EUV) radiation, deep ultraviolet (DUV) and visible radiation are
also incident upon the zirconium layer. This is because the source SO (see Figures 1 and
2), which is used to generate the EUV radiation, may generate radiation over a wide range
of wavelengths, including EUV, DUV and visible. The amount of DUV and visible
radiation generated by the source SO may be greater than the amount of EUV radiation
generated by the source. Therefore, substantial amounts of DUV and visible radiation
may be incident upon the detector apparatus D in addition to EUV radiation.

[0046] It is desirable to filter out non-EUV radiation, such as DUV and visible radiation,
before detection by the CCD array 40. This helps to ensure that the image detected by the
CCD array is an image of the EUV radiation that has passed through the projection
system PS, and not radiation of other wavelengths, which has passed through the
projection system. Projection system aberrations may affect EUV and non-EUV radiation
differently. Since it is EUV radiation, which will be used to project a pattern onto the
substrate during operation of the lithographic apparatus, it is desirable to detect the effect
of the projection system aberrations on the EUV radiation only. In other words, the
optical properties of the projection system may be different for EUV radiation and for
non-EUV radiation, and it is desirable to detect those properties for EUV radiation only.

[0047] The zirconium layer 43 filters out most of the DUV and visible radiation, allowing
predominantly EUV radiation to pass to the silicon nitride layer 42. The filtering ratio
provided by the zirconium layer 43 will depend upon its thickness. For example, an

about 50 nm layer of zirconium may provide a filtering ratio of 1 (EUV) : 0.2 (DUV): 0.1
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(visible), and an about 100 nm layer of zirconium may provide a filtering ratio of 1
(EUV) : 0.04(DUV) : 0.02(visible). In other words, the amount of EUV radiation that is
transmitted by the filter may for example be 5 to 20 times greater than the amount of
DUV and visible radiation that is transmitted by the filter (assuming that equal amounts
of EUV, DUV and visible radiation are incident upon the filter).

[0048] Following transmission by the zirconium layer 43, the EUV radiation passes into
the silicon nitride layer 42. The EUV radiation suffers some absorption as it passes
through the silicon nitride layer 42 (e.g., around 20%), but is otherwise unchanged. The
EUV radiation is then incident upon the P43 layer 41.

[0049] The P43 layer 41 converts photons of the EUV radiation, via scintillation, into
photons at a visible wavelength, such as about 550 nm. The 550 nm photons are then
detected by the CCD array 40. In this way, the CCD array 40 provides imaging detection
of the EUV radiation. This allows the CCD array to be used to monitor the effect of
aberrations in the projection system PS on EUV radiation which passes through the
projection system.

[0050] The presence of the silicon nitride layer 42 between the zirconium layer 43 and
the P43 layer 41 improves the efficiency of the conversion of EUV photons to about 550
nm photons (compared with the conversion efficiency that would be seen if the zirconium
layer 43 were to be provided directly on top of the P43 layer 41). If the zirconium layer
43 were to be provided directly on top of the P43 layer, then this would lead to substantial
quenching of the P43 scintillation, which would lead to a marked reduction of the number
of photons converted from EUV to about 550 nm.

[0051] As is explained further below, EUV radiation is strongly absorbed by P43. This
strong absorption of the EUV radiation is typical for most materials, including the known
EUYV scintillators. This means that the majority of conversion of EUV photons into 550
nm photons occurs in the first 50 nm (approximately) of the P43 layer. Consequently, if a
zirconium layer 43 were to be provided directly on top of the P43 layer, then the majority
of photon conversions would take place within about 50 nm of the zirconium layer.
However, photon conversions, which take place close to the zirconium layer are quenched
by the zirconium. The quenching arises from the energy of excited atoms in the P43

being non-radiatively transferred to the zirconium layer and then dissipating within the
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zirconium. Thus, providing the zirconium directly on top of the P43 causes the number of
photons converted from EUV to 550 nm to be reduced substantially.

[0052] In this example, providing the silicon nitride layer 42 between the P43 layer 41
and the zirconium layer 43, separates the P43 from the zirconium, and thereby provides a
substantial reduction of the scintillation quenching caused by the zirconium.

[0053] In one example, identifying that quenching takes place at the surface of the P43
due to the presence of zirconium, and preventing that quenching by providing a layer of
silicon nitride between the P43 and the zirconium, provides a substantial advance.

[0054] In one example, using the layer of silicon nitride to separate the zirconium from
the P43 is advantageous compared with, for example, leaving empty space between the
zirconium and the P43, since it prevents contamination from building up between the
zirconium and the P43. If an empty space were to be provided, then it would be difficult
to prevent contamination from accumulating in that space. For example, carbon might
grow on surfaces which surround the space. In addition, it would be difficult to remove
the contamination once it had accumulated. In particular, the zirconium layer would be
thin and would be susceptible to damage during cleaning.

[0055] In one example, if a sealed space were to be provided between the zirconium and
the P43, problems would be likely to arise from pressure changes during evacuation of
gas from the lithographic apparatus (a vacuum is established in the lithographic apparatus
before it is used for lithography). In particular, the zirconium layer would be likely to
rupture.

[0056] Figure 4a is a graph which shows, based on theoretical calculations, the effect on
the emission quantum yield of scintillator atoms of the P43 layer, which arises from
providing different materials at an outer surface of the P43 layer, according to an
embodiment of the present invention. The graph shows the quantum yield of the P43 as a
function of distance (in nm) from the outer surface of the P43 (the outer surface is
referred to in the graph as the interface). In the calculations used for the examples shown
in Figure 4a, quantum yield variations were calculated assuming that the quantum yield of
the P43 away from the outer surface of the P43 is about 10%. Although this value was
chosen for the calculations, the invention may be used for other values of the quantum
yield. It was also assumed that the orientations of transition dipole moments of the

scintillator atoms in the P43 were randomly distributed. The quenching mentioned further
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above was taken into account when calculating the quantum yield of the P43 in the
presence of zirconium.

[0057] In a first example, represented by a solid line V, there is no material at the surface
of the P43, merely a vacuum. As can be seen from Figure 4a, the quantum yield at the
surface (interface) of the P43 is suppressed to a limited degree (around 30% of the value
in the bulk of P43), and then rises to a peak around 80 nm from the surface. The quantum
yield appears to oscillate with a period of roughly 150 nanometers, the magnitude of the
oscillation decreasing with distance from the surface.

[0058] In a second example, represented by a dashed line Z, a layer of zirconium is
provided at the surface of the P43. The presence of the zirconium causes the quantum
yield to drop to zero at the surface of the P43. It is believed that the emission quenching
occurs due to the fact that the zirconium is a metal, and thus has free electrons that can
absorb the energy of excited scintillator atoms. The quantum yield climbs gradually to a
steady value within around 75nm of the interface. However, as is described below in
relation to Figure 4b, the majority of the EUV radiation which is incident upon the P43
will be absorbed within the first about 50 nm of the P43. Therefore, the poor quantum
yield in the first about 50 nm of the P43 (in the presence of zirconium) causes a
substantial reduction in the performance of the P43.

[0059] In a third example, represented by a dotted line S, a layer of silicon nitride is
provided at the surface of the P43. The presence of the silicon nitride gives rise to a high
quantum yield at the surface of the P43. The quantum yield remains high, and climbs
slightly as the distance from the surface increases. Providing the silicon nitride at the P43
surface thus provides good quantum yield in the P43 at locations close to the surface of
the P43. Indeed, it can be seen that the quantum yield within the first 30 nm or so of the
P43 is higher when the silicon nitride is present than when the P43 is in a vacuum.

[0060] Figure 4b is a graph which shows the decay of normalized EUYV radiation
intensity as a function of distance, measured in nm, inside P43 (shown as a solid line).
The intensity of the EUV radiation in the P43 can be seen to drop off very rapidly, with
around 60% of the intensity being lost within the first about 50mn of the P43 material.
This strong absorption of EUV in P43 is the reason why the majority of scintillations

caused by EUV occur in the first 50 nm of the P43.



WO 2010/124910 PCT/EP2010/053742
14

[0061] The decay of normalized EUV radiation intensity as a function of distance,
measured in nm, inside silicon nitride is shown in Figure 4b as a dashed line. The
intensity of EUV radiation in the silicon nitride reduces relatively slowly, in a nearly
linear manner over distances of interest (e.g., 0 - 100 nm). This relatively low absorption
of EUV by silicon nitride is a reason why this material is used in the above described
embodiment of the invention.

[0062] Figures 4a and 4b may be used to selected an appropriate thickness for the silicon
nitride layer 42 of the detector apparatus D. A thicker silicon nitride layer 42 provides
stronger separation of the P43 layer 41 from the zirconium layer 43, and reduces the
quenching effect of the zirconium. However, a thinner silicon nitride layer 42 absorbs less
EUYV, thus allowing more EUV to be incident upon the P43. A balance may be struck
between these two requirements. In embodiments in which a spacer layer 42 is formed
from a material other than silicon nitride, an appropriate thickness for the material may be
selected in a similar manner.

[0063] Referring to Figure 4a, separating the zirconium from the P43 by about 50 nm will
provide a recovery of the quantum yield (back to more than about 90% of the bulk
quantum yield). Referring to Figure 4b, using about 50 nm of silicon nitride to provide
that separation will reduce the intensity of the EUV radiation incident upon the P43 by
around 25%.

[0064] Any other thickness of silicon nitride layer 42 may be used, for example by
selecting an appropriate thickness with reference to Figures 4a and 4b. For example, the
silicon nitride layer 42 may be between about 50 and 100 nm thick.

[0065] As mentioned further above, the silicon nitride layer 42 is transparent to visible
radiation. Since the P43 layer emits photons in the visible spectrum (e.g. at 550 nm),
scintillation photons which are emitted by the P43 layer may travel through the silicon
nitride layer 42 without suffering significant absorption. Consequently, a portion of
scintillation photons which are emitted by the P43 layer 41 away from the CCD array 40
will be reflected back towards the CCD array by the zirconium layer 43, and will
therefore be incident upon the CCD array. This will increase the intensity of radiation
which is incident upon the CCD array 40.

[0066] Although increasing the intensity of radiation incident upon the CCD array 40

might be considered to be advantageous, the contrast of the image seen by the CCD array
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may be reduced. This is because the image may be blurred by radiation arriving back at
the P43 layer 41 at a location which differs from the location from which the radiation
was emitted. Referring to Figure 5, EUV radiation 50 is incident at a location A on the
P43 layer 41. Radiation 51 is emitted from location A on the P43 layer 41 and travels
upwards at an angle through the silicon nitride layer 42 and towards the zirconium layer
43. The zirconium layer 43 reflects the radiation 52, which travels downwards at an
angle towards location B on the P43 layer 41. Location B is some distance away from
location A. In an image detected by the CCD array 40 it appears that EUV radiation has
been incident at location B on the P43 layer 41. Radiation which is reflected via the
zirconium layer in the manner shown in Figure 5 thus blurs the image detected by the
CCD array 40.

[0067] A spacer layer material which may be used instead of silicon nitride, and which
does not suffer from the above disadvantage, is silicon. Silicon is substantially
transparent to EUV radiation, but absorbs radiation in the visible spectrum. Thus,
referring again to Figure 5, the radiation 51 which is emitted from location A on the P43
layer 41 is absorbed by the silicon layer 42, and is not reflected back to the P43 layer at
location B (or is reflected back at a significantly lower intensity). Since the radiation 51
is absorbed, blurring of the image due to reflected radiation is avoided (or is reduced).

[0068] When silicon is used as the spacer material layer 42 rather than silicon nitride, the
total intensity of radiation received at the CCD array 40 is reduced. It might be
considered counter intuitive to reduce the intensity of radiation received at the CCD array
40. However, for the reasons explained above, an improvement of the quality of the
image seen at the CCD array may be provided. This improvement of image quality may
be more beneficial than the loss of intensity of radiation, such that a net benefit arises
from the use of silicon as the spacer material layer 42 rather than silicon nitride.

[0069] The silicon layer 42 preferentially absorbs radiation which is emitted from the P43
layer 41 at shallow angles, compared to for example radiation which is emitted
perpendicularly from the P43 layer. In this context, the term ‘shallow angles’ is intended
to refer to angles which are measured relative to the plane of the interface between the
P43 layer 41 and the silicon layer 42. This is because the distance which is travelled by
radiation emitted at shallow angles is significantly longer than the distance which is

travelled by the radiation emitted perpendicularly. Since the radiation travels a longer
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distance through the silicon layer 42, it will be absorbed more completely by the silicon
layer than radiation which is emitted perpendicularly from the P43 layer. Thus, the
silicon layer 42 naturally suppresses radiation which strays furthest from a point of origin
on the P43 layer 41, thereby improving the contrast of the image seen by the CCD array
40.

[0070] A further advantage of forming the spacer material layer 42 from silicon is that the
relatively high refractive index of silicon (n=5.2), compared with the refractive index of
silicon nitride (n=2.1), is such that visible radiation emitted from the P43 layer 41 at
shallower angles will travel into the silicon spacer layer and will be absorbed.

[0071] A further advantage of the use of silicon as the spacer layer material 42 is that it is
highly absorbing of DUV radiation. The zirconium layer 43 and the silicon layer 42 thus
act as a combined filter which transmits EUV and filters out other wavelengths with an
efficiency which may be greater than that which would be achieved using zirconium only
or silicon only.

[0072] Although the above described example refers to the use of silicon as the spacer
layer material, other materials with similar properties may be used. The spacer layer may
for example be formed from other materials which absorb visible radiation and which are
substantially transparent to EUV radiation.

[0073] Silicon nitride and silicon may be considered to be examples of spacer materials.
The spacer material may be any suitable material. A spacer material may be selected
which does not significantly quench the emission of the photons by the scintillator
material. A spacer material may be selected which provides a degree of transparency to
EUV radiation (e.g., which transmits a substantial portion of incident EUV radiation).

[0074] The degree to which the spacer material absorbs EUV radiation may be a relevant
consideration. The spacer material may for example absorb less than about 50% of EUV
radiation within about 50 nm of the material, less than about 40% of EUV radiation
within about 50 nm of the material, and may absorb less than about 25% of EUV
radiation within about 50 nm of the material.

[0075] The absorption of EUV radiation in a given material may be expressed as an
attenuation length (the length taken for the intensity to drop by a factor of 1/exp). Silicon
nitride (SiN, non-stoichiometric) has an attenuation length of about 193 nm. Another

possible spacer material is silicon dioxide (S102), which has an attenuation length of
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about 135 nm. Silicon nitride provides the advantage that it has a low EUV absorbance
(compared with some other commercially available optically transparent inorganic
materials).

[0076] The spacer material may for example be an organic material which has low
density and which is stable in the presence of EUV radiation. The spacer material may
for example be polypropylene (attenuation length is about 400 nm), Parylene-N,C
(attenuation length is about 320 nm, 300 nm), polycarbonate (attenuation length is about
220 nm) or PMMA (attenuation length is about 190 nm), provided that these materials
exhibit sufficient stability in the presence of EUV radiation.

[0077] The above attenuation lengths are based on theoretical predictions from a website
of the Lawrence Berkeley National Laboratory (http://henke.lbl.gov/optical constants).

[0078] P43 may be considered to be one example of a scintillator material. The
scintillator may however be any suitable material. For example, the scintillator may be
YAG:Ce, or any other scintillator which converts EUV to radiation at a more casily
detectable wavelength (e.g., a visible wavelength).

[0079] Zirconium may be considered to be one example of a spectral purity filter (i.e., a
filter which filters out unwanted wavelengths). The spectral purity filter may however be
any suitable material. For example, the spectral purity filter may be a metal. The metal
may for example be a pure metal, or a composite such as zirconium with silicon and or
nitrides. The spectral purity filter may comprise layers of different materials.

[0080] It is not essential that the detector 40 is a CCD array. The detector may be any
detector which detects photons converted by the scintillator. The detector may for
example be an imaging detector, for example a micro-array of photomultiplier tubes. The
detector may for example be a non-imaging detector, for example a photodiode.

[0081] In the above description, the term EUV is intended to refer to extreme ultraviolet
radiation. Although extreme ultraviolet radiation in a lithographic apparatus is often
centered around 13.5nm, the term extreme ultraviolet radiation may encompass other
wavelengths (e.g., wavelengths in the range 5-20 nm).

[0082] Although specific reference may be made in this text to the use of lithographic
apparatus in the manufacture of integrated circuits, 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



WO 2010/124910 PCT/EP2010/053742
18

domain memories, flat-panel displays, liquid-crystal displays (LCDs), thin film magnetic

heads, etc.

Conclusion

[0083] It is to be appreciated that the Detailed Description section, and not the Summary
and Abstract sections, is intended to be used to interpret the claims. The Summary and
Abstract sections may set forth one or more but not all exemplary embodiments of the
present invention as contemplated by the inventor(s), and thus, are not intended to limit
the present invention and the appended claims in any way.

[0084] The present invention has been described above with the aid of functional building
blocks illustrating the implementation of specified functions and relationships thereof.
The boundaries of these functional building blocks have been arbitrarily defined herein
for the convenience of the description. Alternate boundaries can be defined so long as the
specified functions and relationships thereof are appropriately performed.

[0085] The foregoing description of the specific embodiments will so fully reveal the
general nature of the invention that others can, by applying knowledge within the skill of
the art, readily modify and/or adapt for various applications such specific embodiments,
without undue experimentation, without departing from the general concept of the present
invention. Therefore, such adaptations and modifications are intended to be within the
meaning and range of equivalents of the disclosed embodiments, based on the teaching
and guidance presented herein. It is to be understood that the phraseology or terminology
herein is for the purpose of description and not of limitation, such that the terminology or
phraseology of the present specification is to be interpreted by the skilled artisan in light
of the teachings and guidance.

[0086] The breadth and scope of the present invention should not be limited by any of the
above-described exemplary embodiments, but should be defined only in accordance with

the following claims and their equivalents.
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What Is Claimed Is:
1. A detector apparatus comprising a detector provided with a layer of scintillation

material, a layer of spacer material provided on the scintillation material, and a spectral purity

filter layer provided on the spacer material.

2. The apparatus of claim 1, wherein the spacer material layer is at least 20 nm thick.
3. The apparatus of claim 2, wherein the spacer material layer is at least 50 nm thick.
4. The apparatus of claim 1, wherein the spacer material absorbs less than 50% of

EUV radiation within 50nm of the material.

5. The apparatus of claim 4, wherein the spacer material absorbs less than 50% of
EUV radiation within 100nm of the material.

6. The apparatus of claim 1, wherein the spacer material is substantially transparent
at a wavelength of scintillation emission of the scintillation material.

7. The apparatus of claim 1, wherein the spacer material is silicon, silicon nitride, or

silicon dioxide.

8. The apparatus of claim 1, wherein the spectral purity filter layer is zirconium or
chromium.

9. The apparatus of claim 1, wherein the scintillation material is Gd202S:Tb or
YAG:Ce.

10.  The apparatus of claim 1, wherein the detector is an imaging detector.

11.  The apparatus of claim 10, wherein the imaging detector is a CCD array.

12. A lithographic apparatus comprising:

a substrate table constructed to hold a substrate; and

a projection system configured to project a patterned radiation beam onto a target portion
of the substrate;

wherein the lithographic apparatus further comprises a detector apparatus according to
claim 1.

13.  The lithographic apparatus of claim 12, wherein the detector apparatus is provided
in the substrate table of the lithographic apparatus.

14. A detection method comprising directing EUV radiation through a spectral purity
filter layer, through a spacer material layer provided beneath the spectral purity filter layer, and
onto a layer of scintillation material, then using a detector to detect scintillation radiation emitted

by the scintillation material.
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