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PARTICLE DETECTION DEVICE, LITHOGRAPHIC APPARATUS
AND DEVICE MANUFACTURING METHOD

FIELD OF THE INVENTION
[0001] The present invention relates to a particle detection device, a lithographic apparatus

including a particle detection device and a device manufacturing method.

BACKGROUND OF THE INVENTION
[0002] A lithographic apparatus is a machine that applies a desired pattern onto a target
portion of a substrate. Lithographic apparatus can be used, for example, in the manufacture
of integrated circuits (ICs). In that circumstance, a patterning device, such as a mask, 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. including part of, one or several dies) ona
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. Conventional lithographic apparatus include so-called steppers, in
which each target portion is irradiated by exposing an entire pattern onto the target portion
at once, and so-called scanners, in which each target portion is irradiated by scanning the
pattern through the projection beam in a given direction (the “scanning”-direction) while
synchronously scanning the substrate parallel or anti-parallel to this direction.
(0003] The imaging of the pattern including small structures, possibly protected by a.
pellicle, is very sensitive to dust and other contamination of the patterning device and
substrate. Therefore, before imaging, the patterning device (and/or the pellicle protecting
the small structures thereof) and substrate are tested for contamination, in particular for
particles. In conventional lithographic apparatus, a particle detection system directs a beam
of radiation, in particular (but not necessarily) monochrome radiation, i.e. radiation having
substantially one wavelength, on a surface of an object, for example, but not limited to, the
patterning device or the substrate. The object and/or the beam move in order to scan the
surface of the object. When the beam of radiation engages the surface of the object, the

radiation is partially reflected according to physical laws of reflection (an exit angle is
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identical to an angle of incidence with respect to a fictitious line perpendicular to the
surface (the normal)). Another part of the incident radiation may enter the object, such as
the patterning device or substrate, and is refracted. In both cases, the beam is
anisotropically redirected. When the beam of radiation engages a contaminating particle,
the radiation is scattered, i.e. reflected isotropically.

[0004] A radiation detector is positioned with respect to the surface and the beam of
radiation such that radiation reflected on the surface is not incident on the detector, but a
part of the radiation scattered, i.e. being reflected in substantially every direction, by a
particle or other contamination is incident on the detector. Thus, the detector receives
radiation only when the beam of radiation is scattered by a particle or other contamination.
[0005] A part of the radiation incident on the surface of the object enters the object and is
refracted, as above mentioned. Inside the object, the beam may be refracted and/or
diffracted by the chrome pattern and/or reflected one or more times. Depending on a
number of parameters, such as the material, the size, the geometry, and the like, a part of
the radiation that entered the object will leave the object again in the direction of the
detector. In that case, the detector detects radiation not being scattered by a particle. As a
result a detection circuit receiving a signal from the detector determines that a particle is
present, although no particle is actually present. Such a detected, but not actually present
particle will hereinafter be referred to as a ghost particle.

[0006] In other conventional systems for detecting particles, a microscope may be used.
Such systems use a microscope to scan the surface and may perform a detailed analysis of
any detected particle. However, such systems are expensive and less suitable for mere in-

line detection of particles.

SUMMARY OF THE INVENTION
[0007] Embodiments of the invention include a simple and cost-effective particle detection
system for in-line detection of particles on a surface of an object, which system is capable
of discriminating between a signal from a particle and an erroneous signal, i.e. a ghost
particle signal. Radiation from a ghost particle may be spatially, or otherwise, resolved

from radiation from an actual particle.
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[0008] According to an embodiment of the invention, there is provided a particle detection
system- configured to detect a particle on a surface of an object, the system including a first
radiation source configured to generate a beam of radiation having a first wavelength, the
beam being directed at a detection area at the surface of the object; a radiation detector
system configured to output at least two detector signals corresponding to an intensity of
radiation received from the detection area being incident on the detector system; a
detection circuit configured to determine from the at least two detector signals whether a
particle is present on the surface of the object; wherein the detection circuit is configured to
compare the at least two detector signals with a predetermined threshold level, and to
indicate that a particle is present on the surface of the object, when each of the at least two
detector signals has a level above the threshold level.
[0009] The particle detection system according to embodiments of the present invention is
capable of discriminating between isotropic and non-isotropic radiation. As mentioned
above, radiation scattered by a particle is isotropic radiation. Radiation coming from the
radiation source and being refracted, reflected and diffracted internally of the object and
thereafter being incident on the detector system is anisotropic as will be explained below in
relation to the drawings.
[0010] Starting with a beam of light directed at a detection area at the surface of the object,
isotropicly redirected radiation may be distinguished from anisotropicly redirected, i.e.
scattered, radiation, since anisotropic radiation has a predetermined cross-section, i.e. a
limited cross-section, for example a circle, rectangle or any other shape. Such a limited
beam results in a corresponding limited spot, when incident on a surface, such as the
surface of a detector or any other surface in the trajectory of the beam of radiation.
Isotropicly scattered radiation, on the contrary, does not result in such a limited spot.
Isotropicly scattered radiation is directed in virtually any direction. Thus, the isotropic part
of the radiation incident on the detector system may be distinguished from an anisotropic
part by evaluating whether any concentrated light spot is present in the beam of radiation.
The discrimination based on the distribution and location of radiation on a surface of the
detector system will hereinafter be referred to as spatial discrimination.

[0011] The radiation incident on the detector system may be detected such, that at least

3
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two signals are generated, for example using more than one signal from one detector or one
signal from each of more detectors, from which it may be deduced whether the incident
radiation includes isotropicly redirected and/or anisotropicly redirected radiation.
Generating at least two signals from the radiation on the detector system is performed such
that spatial information may be derived from the combination of the at least two signals. A
detection circuit may determine whether the incident radiation originates from a particle or
from a ghost particle by e.g. spatially resolving radiation from a ghost particle and
radiation from an actual particle.

[0012] A cross-sectional shape of the beam of radiation coming from the radiation source
may be round (a circle) or may have any other shape, a line for example. The radiation
having a first wavelength may be monochrome radiation, but may also include radiation
having a wavelength in a certain range. In particular, when only one radiation source is
used, even white light, i.e. radiation including many wavelengths in the visible range, may
be used.

[0013] The radiation detector system may include a simple radiation sensitive device or it
may be a one or two-dimensional radiation-sensitive device such as a 1D (linear) or 2D
(planar) CCD-element or one or two-dimensional radiation-sensitive photo diode (PSD).
[0034] The particle detection system may be configured to determine a size of a detected
particle based on the detector signals. As mentioned above, the detector system may
comprise a detector device comprising an array of detector pixel elements (e.g. a 2D
(planar) CCD-element), each detector signal of the plurality of detector signals
corresponding to an intensity of radiation incident on at least one detector pixel element,
thereby providing a particle image of a detected particle, the image comprising an array of
image pixels, wherein the detection circuit is configured to:

- detect whether a detected particle is small or large based on the particle image;

- determine the size of a small particle based on the radiation intensity incident on at

least one detector pixel element; and
- determine the size of a large particle based on image features of the particle image.
[0015] According to an embodiment of the invention, there is provided a lithographic

apparatus including an illumination system configured to condition a beam of radiation; a

4
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support structure configured to support a patterning device, the patterning device serving to
impart the beam of radiation with a pattern in its cross-section; a substrate table configured
to hold a substrate; a particle detection system configured to verify that substantially no

particles are present on a surface of the patterning device or the substrate; and a projection

. system configured to project the patterned beam onto a target portion of the substrate,

wherein the particle detection system includes a detection circuit, which is configured to
compare at least two detector signals with a predetermined threshold level, and to indicate
that a particle is present on the surface of the object, when each of the at least two detector
signals has a level above the threshold level.
[0016] According to a further embodiment of the invention, there is provided a device
manufacturing method including providing a substrate; providing a beam of radiation using
an illumination system; using a patterning device to impart the projection beam with a
pattern in its cross-section; projecting the patterned beam of radiation onto a target portion
of the substrate; and verifying that substantially no particles are present on a surface of the
patterning device or the substrate using a particle detection system, wherein the particle
detection system includes a detection circuit, which is configured to compare at least two
detector signals with a predetermined threshold level, and to indicate that a particle is
present on the surface of the object, when each of the at least two detector signals has a
level above the threshold level.
{0017] A device manufacturing method including projecting a patterned beam of radiation
onto a target portion of a substrate; and detecting a particle on a surface of an object, the
detecting including providing a beam of radiation directed at a detection area at the surface
of the object, detecting the beam of radiation scattered by a particle; outputting a plurality
of signals corresponding to an intensity of the detected beam of radiation, and comparing
the plurality of signals with a predetermined threshold level to determine whether a particie
is present on the surface of the object.
[0018] A particle detection system configured to detect a particle on a surface of an object,
in accordance with an embodiment of the invention includes a first radiation source
configured to generate a beam of radiation having a first wavelength, the beam of radiation

being directed to the surface of the object; a radiation detector system configured to output

5



e e s B s e e e e T e e e e e e B O e A B O e B e B B e B e B

(32) JP 2006-126205 A 2006.5.18

a plurality of detector signals corresponding to an intensity of radiation incident on the
detector system; and a detection circuit coupled to the radiation detector system and
configured to determine from the plurality of detector signals whether a particle is present
on the surface of the object; wherein the detection circuit is configured to compare the
plurality of detector signals with a predetermined threshold level, and to indicate that a
particle is present on the surface of the object, when the plurality of detector signals has a
level above the threshold level.

(0019] A particle detection system configured to detect a particle on a surface of an object,
in accordance with an embodiment of the invention comprises a radiation source
configured to generate a beam of radiation, the beam of radiation being directed to the
surface of the object; a radiation detector system configured to output at least a first
detector signal corresponding to an intensity of radiation incident on the detector system;
and a detection circuit coupled to the radiation detector system and configured to determine
from the at least one detector signal whether a particle is present on the surface of the
object. The radiation detector system comprises a radiation detector device for generating
the first detector signal in response to radiation incident on at least one predetermined part
of the radiation detector device; and a radiation blocking assembly for preventing radiation
not originating from within a detection range around the surface of the object from being
incident on the predetermined part of the detector device. Thus, the radiation from a ghost
particle and radiation from an actual particle is spatially resolved in a plane of the detector
of the detector system. As a result, the detector signal is only dependent on radiation
originating from scattering by a particle on the surface of the object.

[0020] In the above embodiment, the radiation detector system may be configured to
further output at least a second detector signal for indicating whether radiation is incident
on the detector device outside said at least one predetermined part of the detector device.
Thus, a second signal may be indicative for the presence of radiation originating from a
ghost particle.

[0021] 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
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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 typicaily 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 muliti-layer IC,
so that the term substrate used herein may also refer to a substrate that already contains
muitiple processed layers.
[0022] 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
wﬁvelength in the range of 5-20 nm), as well as particle beams, such as ion beams or
electron beams.
[0023] The term “patterning device” used herein should be broadly interpreted as referring
to a device that can be used to impart a beam of radiation 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 beam of radiation may not exactly correspond to the desired pattern
in the target portion of the substrate. Generally, the pattern imparted to the beam of
radiation will correspond to a particular functional layer in a device being created in the
target portion, such as an integrated circuit.
[0024] Patterning devices may be transmissive or reflective. Examples of patterning
devices include masks, programmable mirror arrays, and programmable LCD panels.
Masks are well known in lithography, and include mask types such as binary, alternating
phase-shift, and attenuated phase-shift, as well as various hybrid mask types. An example
of a programmable mirror array employs a matrix arrangement of small mirrors, each of
which can be individually tilted so as to reflect an incoming radiation beam in different

directions; in this manner, the reflected beam is patterned. In each example of patterning
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device, the support structure may be a frame or 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 “mask” or
“mask” herein may be considered synonymous with the more general term “patterning
device”.

[0025] 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 “lens” herein may be considered as
synonymous with the more general term “projection system”. |

[0026] The illumination system may also encompass various types of optical components,
including refractive, reflective, and catadioptric optical components for directing, shaping,
or controlling the projection beam of radiation, and such components may also be referred
to below, collectively or singularly, as a “lens”.

[0027] 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.

(0028] 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 liquids may also be
applied to other spaces in the lithographic apparatus, for example, between the mask and
the first element of the projection system. Immersion techniques are well known in the art

for increasing the numerical aperture of projection systems.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] Embodiments of the invention will now be described, by way of example only, with
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reference to the accompanying schematic drawings in which corresponding reference
symbols indicate corresponding parts, and in which:

(0030] Figure 1 depicts a lithographic apparatus according to an embodiment of the
invention;

[0031] Figure 2 schematically illustrates redirection of a beam of radiation on an object or
on a particle;

(0032] Figure 3 schematically illustrates a beam of radiation leaving an object being
detected by a detector system;

[0033) Figure 4 schematically illustrates how a beam of radiation may internally be
refracted, diffracted and/or reflected before leaving the object in the direction of a detector
system;

(0034] Figure 5 schematically illustrates how a beam of radiation may internally and
externally be refracted, diffracted and/or reflected before leaving the object in the direction
of a detector system;

[0035] Figures 6A -%&’schematically illustrate a conventional diaphragm configured to
prevent a first order diffraction pattern being incident on the detector system;

[0036] Figures 7A - 7C schematically illustrate a diaphragm according to an embodiment
of the present invention;

[0037] Figure 8 schematically illustrates a particle detection system including two
radiation sources and two radiation detector devices;

10038] Figure 9 is a circuit diagram of a detection circuit according to an embodiment of
the present invention; and

[0039] Figures 10A and 10C are a schematical side view of an embodiment of a particle
detection system having a radiation blocking assembly;

[0040] Figures 10B and 10D are a schematical top view of the embodiment of Figures 10A
and 10C, respectively; and

[0041] Figure 10E. schematically shows a detector plane of a detector device of the

embodiment of Figures 10A - 10D.

DETAILED DESCRIPTION OF THE INVENTION
9
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[0042) Figure 1 schematically depicts a lithographic apparatus according to an
embodiment of the invention. The apparatus includes an illumination system (illuminator)
IL configured to provide a beam PB of radiation (e.g. UV radiation), and a first support
structure (e.g. a mask table) MT configured to support a patterning device (e.g. a mask)
MA and connected to a first positioning device PM configured to accurately position the
patterning device with respect to the projection system, item PL (“lens”). The apparatus
also includes a substrate table (e.g. a wafer table) WT configured to hold a substrate (e.g. a
resist-coated wafer) W and connected to a second positioning device PW configured to
accurately position the substrate with respect to the projection system, item PL (“lens™);the
projection system (e.g. a refractive projection lens) PL being configured to image a pattern
imparted to the beam of radiation PB by the patterning device MA onto a target portion C
(e.g. including one or more dies) of the substrate W.
[0043] 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).
[0044] 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 apparatus and the radiation beam is passed from the source SO to the
illuminator IL with the aid of a beam delivery system BD including 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.
{0045] The illuminator IL may include an adjusting device AM configured to adjust the
angular intensity distribution of the beam. Generally, at least the outer and/or inner radial
extent (commonly referred to as -outer and o-inner, respectively) of the intensity
distribution in a pupil plane of the illuminator can be adjusted. In addition, the illuminator

IL generally includes various other components, such as an integrator IN and a condenser
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CO. The illuminator provides a conditioned beam of radiation, referred to as the beam of
radiation PB, having a desired uniformity and intensity distribution in its cross-section.
[0046] The beam of radiation PB is incident on the mask MA, which is held on the mask
table MT. Having traversed the mask MA, the beam of radiation 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
portioné 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 mask 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 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.

[0047] The depicted apparatus can be used in the following modes:

[0048] Step mode: the mask table MT and the substrate table WT are kept essentially
stationary, while an entire pattern imparted to the beam of radiation is projected onto a
target portion C at once (i.e. a single static exposure). The substrate table WT is then
shifted in the X and/or Y direction so that a different target portion C can be exposed. In
step mode, the maximum size of the exposure field limits the size of the target portion C
imaged in a single static exposure.

[0049} Scan mode: the mask tabie MT and the substrate table WT are scanned
synchronously while a pattern imparted to the beam of radiation 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 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
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single dynamic exposure, whereas the length of the scanning motion determines the height
(in the scanning direction) of the target portion.

[0050] 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 beam of radiation 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.

[0051] Combinations and/or variations on the above-described modes of use or entirely
different modes of use may also be employed.

[0052) To show the principle of particle detection by incident radiation and how artifacts
may oceur, it is illustrated in Figures 2 - 5 how isotropic, i.e. by a particle or other
contamination scattered, and non-isotropic, €.g. diffracted or reflected, radiation may be
incident on a detector system.

[0053] Figure 2 shows an object 2 such as a lithographic mask or substrate. Referring to
the left-hand side of Figure 2, a beam 4A hits the surface of the object 2. At the location
where the beam 4A hits the surface, the normal 6, i.¢. a line perpendicular to the surface, is
indicated. A reflection beam 8 may be reflected according to physical laws known to the
person skilled in the art (an exit angle is the same as the angle of incidence with respect to
the normal 6). The incident beam 4A may partially be refracted, indicated by a refraction
beam 10. Depending on a refraction index of the material of object 2 and on the refraction
index of the medium through which the radiation beam 4A travels, the refracted beam 10 is
bent towards or away from the normal 6. The amount of radiation being refracted and/or
reflected depends on the material of object 2, a surface coating of the object 2 and/or on the
angle of incidence, among others.

[0054] A detector system 12 detects radiation coming from the location of incidence of the
radiation beam 4A, and being directed towards the detector system 12, indicated by a

detection cone 14. As is seen from the left-hand side of Figure 2, an incident beam 4A is
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anisotropicly reflected as a reflection beam 8 and/or anisotropicly refracted as a refraction
beam 10. Thus, in this case, no radiation is incident on the detector and the detector may
output a signal having a noise and/or bias level, but not having a significant particle
detection level.

[0055] Now referring to the right-hand side of Figure 2, a beam of radiation 4B is incident
on a contaminating particle 16 present on the surface of object 2. A part of the incident
radiation may be absorbed by the particle 16. Another part may be reflected. Due to the
surface shape of the surface of the particle 16, the incident radiation is scattered, i.e.
isotropicly reflected. Isotropicly reflected radiation, indicated by arrows 18 is directed in
substantially every direction. Therefore, a part of the reflected radiation 18 lies within the
detection cone 14 of the detector system 12. Thus, the detector system 12 detects radiation
and outputs a signal corresponding to the detected radiation having a level above the
particle detection level, i.e. a threshold level.

[0056} In Figure 3, an incident beam of radiation 4 is indicated to hit the surface of the
object 2. From the location of incidence, a beam of radiation 19 lies within a detection
cone 14 of detector system 12 and is incident on the detector system 12. The beam 19 may
be radiation having been scattered by a contaminating particle, the detection circuit thus
correctly detecting the particle.

[0057] However, a beam 20 coming from inside the object 2, as a result of diffraction,
refraction and /or reflection as will be explained her_einafter, may leave the object 2 and be
refracted such that the beam 19 results. So, if a beam 20 comes from inside the object 2
having such an angle with respect to the normal that its refracted beam 19 lies within the
detection cone 14, the detector system 12 detects radiation which was not scattered by a
contaminating particle. A detection circuit receiving a signal from the detector system 12
however determines that the signal is above a predetermined threshold level and
erroneously indicates that a particle is present. Such a detected, but not actually present
particle is herein referred to as a ghost particle.

[0058] As will be explained in detail below in relation to Figures 4 and 5, an important
contributor to the detection of ghost particles is a diffraction pattern. When the object

includes a pattern, for example a reflective chrome pattern at a surface, at which surface an

13



e e s B s e e e e T e e e e e e B O e A B O e B e B B e B e B

(40) JP 2006-126205 A 2006.5.18

entered radiation beam internally diffracts, a diffraction pattern may result. The diffraction
pattern may internally reflect and refract and then exit the object such that at least a part of
the diffraction pattern will be incident on the detector. Such a diffraction pattern is an
anisotropic contribution to the radiation incident on the detector.

[0059] A diffraction pattern may include a number of orders, i.e. a zero order pattern, a
first order pattern and higher order patterns. A shape, orientation and spacing of the orders
of the diffraction pattern is dependent on the shape, orientation and spatial frequency of the
diffracting pattern. If a diffracting pattern has a two-dimensional periodic structure, the
related diffraction pattern will also be two-dimensional. The energy (intensity) in the
diffracted orders depends among others on a duty cycle of the pattern (i.e. a spatial
characteristic of the pattern) and on height differences in the pattern. The direction of the
diffraction pattern determines whether none, one or more orders of the diffraction pattern
may reach the detector system.

[0060] A part of a diffraction pattern may be blocked by a diaphragm before the part of the
diffraction pattern is incident on the detector. Possibly, another part of the diffraction
pattern, such as a second and higher order diffraction pattern may still pass the diaphragm.
According to an embodiment of the present invention, the anisotropic radiation will be
discriminated from the isotropic radiation, since an isotropic contribution to the radiation
will be incident on both parts of the detector despite of the presence of such a diaphragm.
Hence, it may be determined whether there is an isotropic contribution to the radiation by
verifying that each signal from each part of the detector has a substantially same (if a
center of the detector device and the beam of radiation are aligned) level higher than a
predetermined threshold or noise level.

[0061] The above-described diaphragm splits the detector device in two parts. Despite the
presence of the diaphragm, seme anisotropic radiation may be incident on the detector
device. Moreover, anisotropic radiation may be partly incident on a first part of the
detector system and partly incident on a second part of the detector system, thereby
generating a substantially same signal level from each detector part. According to a further
embodiment of the present invention a second diaphragm prevents such incidence by

covering an area between parts of the detector system. Thereto, the width of said
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diaphragm may be equal to or larger than the expected width of the incident beam of

radiation. These embodiments are further elucidated below in relation to Figures 6A - 6D

and 7A - 7C.
[0062] In Figure 4, it is illustrated how a beam may originate from inside the object 2. The
illustrated object 2 is a mask. On one surface, the mask 2 includes a mask pattern 22,
which is made, for example, of chromium. An opposite surface of the mask 2 is scanned
for particles. There is no particle actually present in the case illustrated in Figure 4.
[0063] A beam 4 is directed at and incident on the surface to be scanned. A part of the
incident radiation may be reflected (not shown) and another part may be absorbed and
refracted. An absorbed and refracted beam 10 travels through the mask 2. At the opposite
surface, the refracted beam 10 hits the mask pattern 22. The mask pattern 22 is a periodic
pattern. Due to the periodicity the radiation is diffracted. A diffracted beam 24 travels
through the mask 2 and is reflected at the surface of incidence. Subsequent internal
reflections at other surfaces may occur, indicated by reflected beams 26. Eventually, an
internally reflected beam 26 may approach the location of incidence of the beam 4 such
that it leaves the mask 2 and is refracted towards the detector system 12 as indicated by the
beam 19. Thus, a ghost particle is detected.
[0064] In Figure 5, again, a refracted beam 19 coming from inside the mask 2 is incident
on the detector system 12, but due to another series of reflections, refractions, and/or
diffractions compared to the case illustrated in Figure 4. In the case illustrated in Figure 5,
an incident beam 4 enters the mask 2 and is refracted as refracted beam 10. Given the angle
of incidence and the surface conditions, the refracted beam 10 is diffracted or refracted at
the opposite surface and leaves the mask 2 as diffracted beam 28. if the diffracted beam 28
is reflected at a surface 32 of another object, such as a pellicle, a reflected beam 26 may hit
the surface of the mask 2 again.
[0065] The reflected beam 26 is diffracted by periodic mask pattern 22 and enters the mask
2 as a diffracted beam 30. The indicated diffracted beam 30 leaves the mask 2 such that it
is refracted towards the detector system 12 and is detected. Similar to Figure 4, a ghost
particle is detected by a detection circuit, although no particle is present.

[0066] In the above description in relation to Figures 3, 4 and 5, it should be noted that
15
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reflection, refraction and diffraction are anisotropic. The resulting redirected radiation is
included in one or more beams as opposed to scattered, isotropic radiation being redirected
in substantially every direction. The multiple diffracted beams are known as (diffraction)
orders.

[0067] The cross sections of the beams in a diffraction pattern are dependent on the shape
of the cross-section of the incident beam of radiation. When, for instance, the incident
beam is a single round beam of radiation, the diffraction pattern will be a series of single
round beams.

[0068] Further, it is noted that Figures 2 - 5 are for illustrative purpose only, since many
other light trajectories are possible. For example, although not shown in Figures 2 - 5,
radiation coming from other directions than from inside the illustrated cone 14 may be
incident on the detector system 12, and thus resulting in the detection of a ghost particle.
Other series of reflections, refractions and/or diffractions may result in radiation being
directed at the detector system such that a detection of a ghost particle could result.

[0069] In Figure 6A, a surface of a detector system 12 is indicated. The detector system 12
detects radiation incident on the surface and outputs a corresponding signal. A first
diffraction pattern 40 including three spots (n™, (n+1)™ and (n+2)™ order) is partially
incident on the detector surface 12. Thus, the detector system 12 detects radiation and
outputs a signal corresponding to the intensity of the detected radiation. Since the
diffraction pattern 40 is not radiation scattered by a particle, a detection circuit receiving
the signal erronecusly determines the presence of a particle. To prevent detection of a
ghost particle, a diaphragm as shown in Figure 6B may be used. Such a diaphragm may be
positioned between the surface being scanned and the detector.

[0070] Now referring to Figure 6B, a strip-shaped diaphragm 34 may be used to block the
first diffraction pattern 40. An isotropic reflection, resulting from scattering by a particle is
also partially blocked by the strip-shaped diaphragm 34, however, another part of the
isotropic radiation is not blocked and is incident on the detector system 12. Thus, the
detector system 12 only detects isotropic scattered radiation and the output signal only
results from a present particle.

[0071] It is understood that instead of using the strip-shaped diaphragm 34 in front of a
16
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detector system 12, a diaphragm 35, as illustrated in Figure 6C, may be employed similarly.
A diaphragm opening 37 lets radiation pass. The strip 34 is positioned in the diaphragm
opening 37 and blocks the first diffraction pattern 40.

[0072] In Figure 6D, not only a first diffraction pattern 40 is shown, also a second
diffraction pattern 42 including a number of spots is shown. The second diffraction pattern
42 may result from another part of the mask pattern 22 (see Figures 4 and 5) or may result
from other characteristics of the diffracting pattern. The strip-shaped diaphragm 34 blocks
the first diffraction pattern 40, but the second diffraction pattern 42 passes the diaphragm
and reaches the detector system 12. Thus, it is still possible that a ghost particle is detected,
since a second diffraction pattern 42 may lead to a signal indicating the presence of a
particle.

[0073] In Figures 7A - 7C, a cross-shaped diaphragm comprising a vertical diaphragm 34
and a horizontal diaphragm 36 is shown. Like in Figure 6D, the vertical diaphragm 34
blocks the (not shown) first diffraction pattern. The second diffraction pattern 42 may have
a number of positions. The width of the diaphragms 34, 36 is selected such that the width is
larger than the width of the spots of the diffraction pattern 42.

[0074] In Figure 7A, the second diffraction pattern 42 is blocked by the horizontal
diaphragm 36. Thus, no diffracted beam is incident on the detector system 12. In Figure 7B
however, the second diffraction pattern 42 is not blocked, but passes the diaphragm 34, 36,
at least partially, and diffracted radiation is incident on the detector system 12. The same
applies to the situation shown in Figure 7C, in which situation the diffraction pattern 42
passes on an opposite side of the horizontal diaphragm 36 compared to the situation
illustrated in Figure 7B.

[0075] When the situation shown in Figure 7A occurs, no ghost particle is detected, since
no diffracted radiation is incident on the detector 12. Only isotropic, scattered radiation
may be detected. In Figures 7B and 7C, the anisotropic diffracted radiation 42 is incident
on only one half of the detector system 12: the lower half or the upper half, respectively.
Consequently, the other half of the detector system 12 only detects scattered radiation,
which is also detected by the other half of the detector system 12 apart from the diffracted

radiation. Thus, if two signals corresponding to radiation detected on a corresponding half
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of the detector system 12, are output by the detector system 12 and diffracted radiation is
present, one signal has a higher level than the other due to the contribution of the
anisotropic diffracted radiation.

[0076] Three situations may occur:

L. Both non-isotropic (diffracted, refracted, reflected) radiation and isotropic

(scattered) radiation is incident on the detector system 12;

2. Only isotropic (scattered) radiation is incident on the detector; or
3. Only non-isotropic (diffracted, refracted, and/or reflected) is incident on the
detector.

[0077} In the first situation, both signals have a level higher than a predetermined noise
(threshold) level, indicating that at least isotropic radiation was incident on the detector
system 12, and a detection circuit may determine that a particle is present. In the second
situation, both halves of the detector output a substantially same signal level, which
indicates the presence of only a particle, without a ghost particle contribution. In the third
situation, only one of the signals has a level above the noise (threshold) level, indicating
that the detected radiation is due to diffraction, refraction and/or reflection, but not to
scattering by a particle. A detection circuit may determine that no particle is present.

10078] Another embodiment of the present invention does not depend on spatial
discrimination but depends on wavelength related discrimination. As mentioned above, an
important contributor to the detection of ghost particles is a diffraction pattern. However,
the diffraction patterns are dependent on the wavelength of the incident radiation being
diffracted. Using two, or even more radiation sources having each their own specific
wavelength, different diffraction patterns are generated. Using a detector for each
wavelength, the diffraction pattern for each wavelength is detected by the respective
detectors. The choice of wavelength is made such that it is highly improbable that different
diffraction patterns, and also other internal reflections and refractions, of the radiation
beams of different wavelengths will all reach the corresponding detectors. Thus, similar to
the detection method of the above described embodiment, it may be determined whether
there is an isotropic contribution to the detected radiation by verifying that each signal

from each detector has a level higher than a noise level.
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[0079] It is noted that the first and second detector may physically be represented by one
detector of which the detected signal may be split into a number of contributions coming
from the different beams of radiation having different waveiengths. The number of
contributions may be determined after simultaneous detection of the number of beams, or
the number of contributions may be determined one after another, for example using
pulsed radiation sources.

10080] Figure 8 illustrates the above-mentioned embodiment of the present invention,
wherein two radiation sources 38A and 38B output two beams of radiation 4A and 4B
having different wavelengths. The wavelengths are selected such that it is unlikely that
possibly resulting diffraction patterns overlap in their trajectory towards the corresponding
detectors. An optical device 44A combines the two radiation beams 4A and 4B and the
combined beam is directed at the surface of the object to be scanned. The combined beam
may pass through other optical devices 46A and may hit a particle 16, or not.

[0081] After being scattered, reflected, refracted and/or diffracted, radiation may travel
through a number of optical devices 46B, if present. Then, an optical device 44B splits the
radiation into radiation having wavelengths in the range corresponding to beam 4A and
radiation having wavelengths in the range corresponding to beam 4B to route the radiation
to its corresponding detector 12A or 12B.

[0082] The beams 4A and 4B have different wavelengths as mentioned above. Each beam
4 may be a beam of monochrome radiation or including radiation having wavelengths
within a certain range of wavelengths. The wavelengths may be different to ascertain that
the beams will have different diffraction patterns, since the diffraction patterns are
dependent on the wavelength of the incident radiation. When incident radiation beams 4A
and 4B enter the object (thus they do not hit a particle), they may be diffracted, reflected
and/or refracted such that a part of the incident radiation leaves the object in the direction
of a detector 12A or 12B, respectively. Since their diffraction patterns are different due to
their different wavelengths, it is virtually impossible that both detectors 12A and 12B
receive such anisotropic radiation simultaneously. Thus, if radiation from the beams 4A
and/or 4B is diffracted, reflected and/or refracted, only one of the respective detectors 12A

and 12B may output a signal having a level above a predetermined threshold level, and
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therefore it is determined that no particle is present.

[0083] When the beams 4A and 4B hit a particle 16, both beams 4A and 4B are being
scattered and from both beams 4A and 4B a part of the radiation is scattered/reflected in
the direction of their respective detectors 12A and 12B. Thus, when a particle is present,
both detectors 12A and 12B receive an amount of radiation and output a signal
corresponding to the received amount of radiation having a level above a predetermined
noise level, and therefore it is determined that a particle is present. It is noted that, in this
embodiment, the first and second detector may physically be represented by one detector
of which the detected signal may be split into a number of contributions coming from the
different beams of radiation having different wavelengths as mentioned above.

[0084] If a particle is present and anisotropicly redirects radiation, and if isotropicly
redirected radiation is also incident on one of the detectors, both detectors output a signal
having a level above the threshold level. However, one signal has a level representing
anisotropicly and isotropicly redirected radiation and another signal has a level
representing only anisotropicly redirected radiation. Despite the difference in signal level,
the contaminating particle is detected, since both signals have a level above the threshold
level, and therefore it is determined that a particle is present. Due to the choice of
wavelengths, it is unlikely that both wavelengths will result in an isotropic (ghost) signal in
their corresponding detector, and thus reliably discriminating a particle signal from a ghost
signal.

[0085] In each of the above-mentioned embodiments of the present invention, two or more
independent signals are verified to have a level higher than a threshold level. If all levels
are higher than the threshold level, the detector circuit determines that a particle is present
on the surface, since it is thus detected that isotropic light is incident on the detector.
Therefore, in an embodiment of the present invention as illustrated in Figure 9, the
detection circuit includes a number of comparators configured to compare a corresponding
number of input signals with a threshold level, each comparator outputting a logical
comparator signal; an AND-operator configured to receive each logical comparator signal
and to output a logical TRUE signal when each logical comparator signal represents TRUE.

Thus, when a particle is present on the surface, the detection circuit outputs a logical
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TRUE.

[0686} Figure 9 illustrates a detectipn circuit for use with the above-described
embodiments of the present invention to determine whether a particle is present on a
surface, or not. By verifying that a number of signals (in the shown embodiment of the
detection circuit two signals) have a level above a threshold level representing a
predetermined noise level, it is determined whether a particle is present. The exemplary
circuit illustrated in Figure 9 is a digital circuit. The circuit may however as well be an
analogue circuit.

[0087] Referring to Figure 9, a first detector system 12A outputs a signal to an amplifier
50A. The output of the amplifier S0A is input in an analog-to-digital converter 52A. The
amplifier S0A is however not an essential component of the detection circuit, since the
output of the detector system 12A may be directly input in the analog-to-digital converter
52A. An output of the analog-to-digital converter 52A is fed to a comparator 54A as a first
input and a threshold signal 56A representing a predetermined noise level is input in the
comparator 54A as a second input. The comparator 54A compares the input signals and
outputs a logical comparison signal 58A. The logical comparison signal 58A is input as a
first input in an AND-operator 60.

[0088] The above described branch of the detection circuit may be present any number of
times. In the embodiment shown in Figure 9, there is a second branch including detector
system 12B, amplifier 50B, analog-to-digital converter 52B, comparator 54B, threshold
signal 56B and logical comparison signal 58B, which signal 58B is also input in AND-
operator 60. Similarly, any number of identical branches may be present in the detection
circuit. The AND-operator 60 then has a corresponding number of inputs. A logical AND-
operator output 62 represents a logical value indicating whether a particle is present, or not.
[0089] The detected amount of scattered radiation is a measure of a size of a detected
particle. Therefore, the detection circuit may be adapted not only to indicate whether a
particle is present, but also to indicate an estimate of the size of the particle. The logical
AND-operator output 62 however only indicates whether a particle is present, since the
logical value can only represent TRUE' or 'FALSE'. To indicate a size, the signal value of

one or both of the detectors should be preserved and presented at an output of the detection
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circuit, if a particle is detected. The detection circuit shown in Figure 9 is configured to
output the size if a particle is detected, and to output a NULL-signal, if no particle is
detected.
[0090] Thereto, the detection circuit is provided with an ADD-operator 66, which adds the
output of each analog-to-digital converter, in the illustrated embodiment converters 52A
and 52B. If more branches are present in the circuit, the ADD-operator 66 has a
corresponding number of inputs and adds all input signals. From an output of the ADD-
operator 66, an ADD-operator output signal 68 is fed to an MUL-operator 70 multiplying
input signals. Beside the ADD-operator output signal 68, the logical AND-operator signal
62 is input in the MUL-operator 70. The MUL-operator output 72 represents the size of a
particle if detected, and NULL if no particle is detected, as will be explained below.
[0091] A person skilled in the art will from the below description readily understand how
the detection circuit functions. It will be appreciated that the circuit may be extended to
any number of detector signals. Detectors 12A and 12B output a signal representing the
amount of radiation received by the detector system 12A and 12B, respectively. The
outputs may be amplified by amplifiers 5S0A and 50B, respectively, and may be digitized
by analog-to-digital converters 52A and 52B, respectively. Alternatively, digital signals
S1 and S2 may be processed using an algorithm implemented in software. In software,
more complex algorithms may easily be programmed and used, for example. The detection
circuit may be analog as well and therefore the converters 52A and 52B may be omitted.
(0092] The output of the converters 52A and 52B are thus still representing the signal
value of the output of the detectors 12A and 12B, respectively. The output of the
converters 52A and 52B are input in the respective comparators 54A and 54B that compare
the signal value with a respective threshold value 56A and 56B to determine whether the
detector outputs have a level above the threshold. The threshold value 56A, 56B represents
a predetermined noise level. If the detector output lies under the noise level, the detector
system 12A, 12B did not receive a certain minimum amount of radiation and the output
may be assumed to be no more than noise. The comparator 54A, 54B outputs a logical
signal 58A, 58B representing 'TRUE' (1"} if the detector output is higher than the threshold
value 56A, 56B, and representing "FALSE' ('0") if the detector output is lower than the
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threshold value 56A, 56B.
[0093} If both comparators 54A and 54B output a logical TRUE ('1'), the AND-operator 60
receives only signals 58A, 58B representing TRUE and therefore outputs a logical TRUE
('1"). If one or none of the inputs 58A, 58B represents FALSE ('0"), the output 62 of the
AND-operator 60 represents FALSE ('0").
10094] The ADD-operator 66 adds the detector outputs independent from whether a
particle is detected, or not. Adding the detector outputs is particularly suited for the
embodiment described in relation to the embodiment of Figure 7, since in that embodiment
the received amount of radiation is divided over two halves of the detector and is output as
two separate signals. The two separate signals added together then represents the total
received amount of radiation. The two detectors 12A and 12B shown in Figure 9 should in
that case be interpreted as two halves of one detector. Thus, the ADD-operator output
signal 68 represents a total received amount of radiation.
[0095] In an embodiment of the invention, the detection circuit may be configured to
determine a size of a detected particle based on the detector signal. The level of the
detector signal represents an intensity of the detected radiation incident on the detector.
The intensity of the incident radiation is a measure for the size of the detected particle.
[0096] The ADD-operator output signal 68 is input in the MUL-operator 70. The MUL-
operator 70 further receives a logical TRUE ('1") or FALSE ('0") when a particle is present
and when a particle is not present, respectively. Thus, when a particle is present, the MUL-
operator 70 multiplies the ADD-operator output signal 68 and the logical TRUE ('1")
resulting in an output signal 72 having the same signal value as the ADD-operator output
signal 68. The ADD-operator output signal 68 represents the amount of radiation received
by the detectors 12A and 12B, and thus is a measure of the size of a detected particle. The
output 72 of the MUL-operator 70 therefore represents the size of a detected particle, since,
if no particle is detected, the ADD-operator output signal 68 is multiplied by 0 (FALSE')
and would represent NULL.
{0097] When receiving more than one signal, one from each part of a detector as described
above in relation to one or more embodiments of the present invention, or one or more

signals from more than one detector, each separate signal or a combination of two or more
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signals may be used to determine the particle size. A suitable combination may be, for
example, the sum of two signals coming from one detector, thus reconstructing the
intensity of radiation incident on the whole detector.

[0098] Light incident on a detector may include both isotropically and anisotropically
redirected light, i.e. light redirected by a particle and light representing a ghost particle.
Thus, both signals may have a level higher than the threshold level, while a first signal may
have a substantially higher level than a second signal. In such a case, the first signal is
generated due to both the isotropic contribution and the anisotropic contribution to the
incident light. The second signal only represents the isotropic contribution, i.. the
radiation resulting from scattering by a particle. Therefore, in an embodiment of the
detection circuit, the signal having the lowest level may be used for determining the
particle size.

[0099] Instead of using the ADD-operator 66, it will be appreciated that any other circuitry
may be employed to output a signal representing a size of a particle. For example, it may
be considered that if both detectors 12A and 12B output a high signal, one of them may
have received not only scattered isotropic radiation, but also non-isotropic radiation.
Therefore, one signal may be substantially higher than the other. In such a case, it is
considered to use only the lower signal, since it is assumed that the lower signal represents
only scattered radiation and may thus be more representative for the size of the scattering
particle. A person skilled in the art readily understands how a circuit may be built using
logical operators or analogue circuitry, which circuit selects the lower signal and outputs
the signal to the MUL-operator 70 shown in Figure 9.

{0100] In order to detect reticle contamination and to measure size of contaminant particles,
internal or external reticle inspection systems may be used. These systems may contain a
digital camera or a scanner to obtain a two-dimensional image of (or part of) the surface of
the reticle.

[0101] Estimating the size of particles which are smaller than the resolution (pixel size or
spot size of the scanning beam) of the two-dimensional imaging system can be done by
measuring the maximum reflected signal intensity (pixel intensity) when the particle is

exposed with light and by comparing it with the amount of light reflected by standard latex
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spheres of known dimensions.

[0102] It is also possible to extract particle features from the two-dimensional bitmap, like
shape and size. These two-dimensional bitmaps can be used to estimate the size of |
particles that are larger than the resolution of the two-dimensional imaging system. This
method can be referred to as Image feature method. This method is generally accurate only
for particles that are significantly larger than the resolution of the two-dimensional imaging
system. In a practical embodiment, the latter may be about 70 um.

[0103] Although the latex equivalent sphere (LES) reflection method works well for
contaminant particles that are smaller than the resolution of the two-dimensional imaging
system, this method may not be desirable for larger particles because it may result in
unrealistic estimates, basically classifying those particles as being too small. The range of
latex spheres used in the reflection method is generally limited to from 10 to 100 pm.
[0104] Since particles are detected on the top surface of the reticle and/or on the bottom
surface of the pellicle (hard or soft), particles may always be at an out-of-focus position
with respect to the pattern on the reticle, which implies that small particles are not as
relevant as large particles since they have less impact on imaging. Therefore, the
contamination detection method of choice should also correctly estimate the size of
particles larger than about 60 pm.

[0105] In an embodiment of the invention, a new method for detecting particles on an
object is presented. First, a two-dimensional image of the reticle is obtained. This two-
dimensional image contains particle reflection intensities. Then, individual particles are
located by scanning this image for clusters of connected pixels with an intensity above a
certain threshold. The size of each pixel cluster may be determined according to the image
feature method but if this size is less than a predefined value, then the latex equivalent
sphere reflection method may be used instead. The particle size according to the image
feature method is extracted from the image by determining, in an embodiment of the
invention, the width and height of a rectangular bounding box including all cluster pixels.
Alternatively, the number of cluster pixels, the diagonal of the bounding box, or the
maximum distance between 2 cluster pixels can be used, for example. It will be

appreciated that a particle may be strongly asymmetric (e.g. the width of the bounding box
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is much larger than its height) in which case the image feature method may be used.

[0106] It will be appreciated that the resulting method may be capable of detecting both
small and large particles, where the range is in practice only limited by the size of the two-
dimensional image.

[0107] Another embodiment of the present invention depends on spatial discrimination on
the surface of the detector device. Referring to Figures 10A and 10B, illustrating this
embodiment of the present invention, a radiation blocking assembly 130 is positioned in a
radiation trajectory 120 (optical axis) from the surface 102A of an object 102 to a radiation
detector device 112. The radiation blocking assembly 130 comprises a lens 131 and a
diaphragm 132. A contaminating particle 116 is present on the surface 102A of the object
102. A beam of radiation 110 is incident on the particle 116. A resulting scattered beam of
radiation redirected by the particle 116 is shown as cone 114 propagating towards the
detector device 112.

[0108] The lens 131 is configured to focus radiation coming from a radiation source in a
plane of the surface 102A of the object 102 in a plane of the detector device 112. Thus, the
beam of radiation 114 scattered by the particle 116 is focused onto the detector device 112.
The diaphragm 132, however, blocks a part of the radiation incident on the lens 131. A part
of the radiation of cone 114 passes the diaphragm 132 and is still being focused on detector
device 112. An effect resulting from the diaphragm 132 for the image of the contaminating
particle 116 is a loss of radiation intensity on the detector device 112.

[0109] Now referring to Figures 10C and 10D, further illustrating the above-mentioned
embodiment, the diaphragm 132 is positioned in a radiation trajectory 120 (optical axis)
from the surface 102A of an object 102 to the radiation detector device 112.

[0110] In Figures 10C and 10D, no contaminating particle is present on the surface 102A
of the object 102. A beam of radiation (not shown) is incident on the surface 102A. The
beam has been refracted into the object 102 and is in the object 102 reflected and possibly
diffracted at a pattern surface 102B. A resulting beam of diffracted radiation inside cone
118 is shown as beam 119. The cone 118 may be regarded as an assembly of possible
anisotropic beams of radiation coming from a ghost particle 122 and directed toward lens

131.
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{0111] The diaphragm 132 blocks a part of the isotropic radiation directed toward the lens
131. The part of the radiation of cone 114 passing the diaphragm 132 is being focused on
the detector device 112. The effect resulting from the diaphragm 132 for the image of the
particle 116A is a loss of radiation intensity on the detector device 112.
[0112] When an anisotropic beam is generated in the pattern surface 102B then the point
where this beam leaves surface 102B can be regarded as the location of a ghost particie
122. Due to refraction at surface 102A the ghost beam will have a different direction when
it leaves object 102, and it will seam that the ghost beam has its origin in the virtual ghost
particle 122A as drawn in Figure 10C. If the beam reaches lens 131 it will be located inside
cone 118. Regarding an anisotropic beam coming from the ghost particle 122 inside cone
118 there are two possibilities: either the beam is blocked by diaphragm 132 or the beam
(partly) passes diaphragm 132, is incident on the lens 131 and is focused in point 117.
Point 117 is the image of ghost particle 122 made by lens 131. Because ghost particle
122A is located further away from lens 131 than particle 116, the image in point 117 is
located at some distance in front of the image of particle 116 on the detector device 112
according to the laws of optical imaging. After passing the point 117 the radiation from
ghost particle 122 propagates further towards the detector device 112 and results in a spot
in area 112B or 112C of detector device 112, outside area 112A.
[0113] In Figure 10E the areas 112A, 112B and 112C are depicted on a larger drawing
scale. Area 112A can be described as a shadow of diaphragm 132 made by all possible
beams in cone 118 that come from particle 122, focused in point 117. Hence, no radiation
resulting from a ghost particle 122 is present in a part 112A of the detector device 112. The
part 112A of the detector device 112 may be referred to hereinafter as a no-ghost detection
part 112A of the detector device 112. Therefore in the situation drawn in Figure 10A to
10D signals from area 112A are only related to particle 116 and not to ghost particle 122.
[0114] However, in exceptional cases, through double diffraction on two-dimensional
patterns, a ghost particle may appear to lie out of the plane of drawing 10C; in such a case
a ghost particle may enter area 112A, and 112B or 112C. To prevent an incorrect
determination of the presence of a particle, in an embodiment, signals from area 112B or

112C related to ghost particle 122 may be employed. An image 133 of particle 116 on
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detector device 112 (Figure 10E) is within area 112A. Therefore, signals from area 112B
or 112C are only related to a ghost particle 122 and not to an actual particle 116. Signals
from area 112B or 112C can be used to warn for the presence of a ghost particle 122. This
is useful for the above-described situation of a ghost particle located out of the plane of
drawing 10C where a signal from area 112A could be misinterpreted as a signal from a
particle 116 while the signal actually is related to a ghost particle. Thus, the signals from
area 112B or 112C enable to correct a misinterpretation.

[0115] The size of the no-ghost detection part 112A is dependent on the distance of the
ghost particle 122 and a focal point of the lens 131. The focal point of the lens 131 is
selected such that the radiation scattered by a contaminating particle 116 is focused on a
part 112A of the detector device 112. The size of the no-ghost detection part 112A depends,
inter alia, on the focal point of the lens 131, a distance between the detector device 112 and
the point 117 and a size of the diaphragm 132.

[0116] It is noted that a person skilled in the art may combine the embodiment as
illustrated in Figs. 10A to 10E, and described above, with the embodiment as described in
relation to Figs. 6 - 9 without using any inventive skills. For example, the diaphragfn 132
may have a shape as shown in Fig. 6A - 6D or Fig. 7A - 7C. In such an embodiment, a
width of the diaphragm 132 may be, in side view and/or in top view, substantially equal to
a width of the lens 131.

[0117] While the invention has been described and illustrated in its preferred embodiments,
it should be understood that departures may be made therefrom within the scope of the
invention, which is not limited to the details disclosed herein.

[0118] As required, detailed embodiments of the present invention are disclosed herein;
however, it is to be understood that the disclosed embodiments are merely exemplary of
the invention, which can be embodied in various forms. Therefore, specific structural and
functional details disclosed herein are not to be interpreted as limiting, but merely as a
basis for the claims and as a representative basis for teaching one skilied in the art to
variously employ the present invention in virtually any appropriately detailed structure.
Further, the terms and phrases used herein are not intended to be limiting; but rather, to

provide an understandable description of the invention.
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[0119] The terms "a" or "an", as used herein, are defined as one or more than one. The
term plurality, as used herein, is defined as two or more than two. The term another, as
used herein, is defined as at least a second or more. The terms including and/or having, as
used herein, are defined as comprising (i.e., open language). The term coupled, as used

herein, is defined as connected, although not necessarily directly, and not necessarily

mechanically.
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WHAT IS CLAIMED IS:

1. A particle detection system configured to detect a particle on a surface of an
object, the system comprising:

- a first radiation source configured to generate a beam of radiation having a first
wavelength, the beam of radiation being directed to a detection area at the surface of
the object;

- a radiation detector system configured to output a plurality of detector signals
corresponding to an intensity of radiation received from the detection area incident
on the radiation detector system; and

- a detection circuit coupled to the radiation detector system and configured to
determine from the plurality of detector signals whether a particle is present on the
surface of the object;

wherein presence of a particle is determined by resolving a signal from a

ghost particle relative to a signal from the particle.

2. The particle detection system of claim 1, wherein the detection circuit is
configured to compare each of the plurality of detector signals with a predetermined
threshold level, and to indicate that a particle is present on the surface of the object, when
each of said plurality of detector signals has a level above said threshold level.

3. The particle detection system of claim 2, further comprising a cross-shaped
diaphragm positioned between the surface of the object and the radiation detector system,
wherein the radiation detector system comprises a detector device, said detector system
being configured to output a first detector signal corresponding to the intensity of radiation
incident on a first part of the detector system, and to output a second detector signal

corresponding to the intensity of radiation incident on a second part of the detector system.

4. The particle detection system of claim 2, further comprising a second
radiation source configured to generate a beam of radiation having a second wavelength,
the beam of radiation being directed to the surface of the object, wherein the detector

system comprises a first detector device configured to output a first detector signal
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corresponding to an intensity of radiation having the first wavelength and being incident on
the first detector, and a second detector device configured to output a second detector
signal corresponding to an intensity of radiation having the second wavelength and being

incident on the second detector device.

5. The particle detection system of claim 2, wherein the detector system
comprises (1) a first detector subsystem, the first detector subsystem being configured to
output a first detector signal corresponding to the intensity of radiation incident on a first
part of the first detector subsystem, and to output a second detector signal corresponding to
the intensity of radiation incident on a second part of the first detector subsystem, and (2) a
second detector subsystem, the second detector subsystem being configured to output a
third detector signal corresponding to the intensity of radiation incident on a first part of
the second detector subsystem, and to output a fourth detector signal corresponding to the
intensity of radiation incident on a second part of the second detector subsystem; and
wherein the system further comprises a cross-shaped diaphragm positioned between the
surface of the object and each detector.

6. The particle detection system of claim 2, wherein the detection circuit
comprises (1) a plurality of comparators configured to compare a corresponding plurality
of input detector signals with a threshold level, each of the plurality of comparators
outputting a logical comparator signal, and (2) an AND-operator configured to receive
each logical comparator signal and to output a logical TRUE signal when each of the
plurality of input signals is greater than the threshold level.

7. The particle detection system of claim 2, wherein the detection circuit is

further configured to determine a size of a detected particle based on the detector signal.
8. The particle detection system of claim 7, wherein the size of the detected
particle is determined based on one detector signal or a combination of at least two detector

signals.

9. The particle detection system of claim 7, wherein the radiation detector

&
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system comprises a detector device comprising an array of detector pixel elements, each

detector signal of the plurality of detector signals corresponding to an intensity of radiation

incident on at least one detector pixel element, thereby providing a particle image of a

detected particle, the image comprising a number of image pixels, wherein the detection

circuit is configured to:

- detect whether a detected particle is small or large based on the particle image;

- determine the size of a small particle based on the radiation intensity incident on at
least one detector pixel element; and

- determine the size of a large particle based on image features of the particle image.

10.  The particle detection system of claim 9, wherein the detection circuit is
configured to detect that a particle is small if a total number of image pixels relating to the

detected particle is smaller than a predetermined number of pixels.

11.  The particle detection system of claim 4, wherein a size of the particle is
determined based on the signal from the first detector, the signal from the second detector

or a combination of the signals from the first and the second detector.

12.  The particle detection system of claim 1, wherein the radiation detector
system comprises:

- a radiation detector device for generating the first detector signal in response to
radiation incident on at least one predetermined part of the radiation detector device;
and )

- a radiation blocking assembly for preventing radiation not originating from the
detection area around the surface of the object from being incident on the

predetermined part of the radiation detector device.

13.  The particle detection system of claim 12, wherein the radiation blocking
assembly comprises:
a detector lens for focussing radiation originating from the detection area on
the at least one predetermined part of the radiation detector device;

a blocking device for preventing radiation not originating from the detection

9
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area from being directed by the detector lens onto the predetermined part of the detector

device.

14.  The particle detection system of claim 12, wherein the radiation detector
system is configured to further output at least a second detector signal for indicating
whether radiation is incident on the radiation detector device outside said at least one

predetermined part of the radiation detector device for detecting a ghost particle signal.

15.  The particle detection system of claim 12, wherein the detection circuit is

further configured to determine a size of a detected particle based on the detector signal.

16.  The particle detection system of claim 15, wherein the detector system
comprises a detector device comprising an array of detector pixel elements, each detector
signal of the plurality of detector signals corresponding to an intensity of radiation incident
on at least one of said detector pixel elements, the plurality of detector signals thereby
providing a particle image of a detected particle, the image comprising a number of image
pixels, wherein the detection circuit is configured to:

- detect whether a detected particle is small or large based on the particle image;
- determine the size of a small particle based on the radiation intensity incident on at
least one detector pixel element; and

- determine the size of a large particle based on image features of the particle image.

17.  The particle detection system of claim 16, wherein the detection circuit is
configured to detect that a particle is small if a total number of image pixels relating to the

detected particle is smaller than a predetermined number of pixels.

18. A lithographic apparatus comprising:
an illumination system configured to condition a beam of radiation;
a support structure configured to support a patterning device, the patterning
device serving to impart the beam of radiation with a pattern in its cross-section;
a substrate table configured to hold a substrate;

a projection system configured to project the patterned beam onto a target

a
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portion of the substrate, and
a particle detection system configured to detect a particle in a detection area
at a surface of an object, wherein presence of a particle is determined by spatially resolving

a signal from a ghost particle from a signal from the particle.

19.  The lithographic apparatus of claim 18, wherein said particle detection
system comprises a detection circuit configured to compare a plurality of detector signals
with a predetermined threshold level, and to indicate that a particle is present on the
surface of the object, when said plurality of detector signals has a level above said
threshold level.

20.  The lithographic apparatus of claim 19, the particle detection system further
comprising a cross-shaped diaphragm positioned between the surface of the object and the
detector system, wherein the radiation detector system comprises a detector, said detector
being configured to output a first detector signal corresponding to the intensity of radiation
incident on a first part of the detector, and to output a second detector signal corresponding

to the intensity of radiation incident on a second part of the detector.

21.  The lithographic apparatus of claim 19, the particle detection system further
comprising a second radiation source configured to generate a beam of radiation having a
second wavelength, the beam of radiation being directed to the surface of the object,
wherein the detector system comprises a first detector configured to output a first detector
signal corresponding to an intensity of radiation having the first wavelength and being
incident on the first detector, and a second detector configured to output a second detector
signal corresponding to an intensity of radiation having the second wavelength and being

incident on the second detector.

22.  The lithographic apparatus of claim 19, wherein the detector system of the
particle detection system comprises (1) a first detector, the first detector being configured
to output a first detector signal corresponding to the intensity of radiation incident on a first
part of the first detector, and to output a second detector signal corresponding to the

intensity of radiation incident on a second part of the first detector, and (2) a second

Nl
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detector, the second detector being configured to output a third detector signal
corresponding to the intensity of radiation incident on a first part of the second detector,
and to output a fourth detector signal corresponding to the intensity of radiation incident on
a second part of the second detector; and wherein the system further comprises a cross-

shaped diaphragm positioned between the surface of the object and each detector.

23.  The lithographic apparatus of claim 19, wherein the detection circuit of the
particle detection system comprises (1) a plurality of comparators configured to compare a
corresponding plurality of input detector signals with a threshold level, each of the
plurality of comparators outputting a logical comparator signal, and (2) an AND-operator
configured to receive each logical comparator signal and to output a logical TRUE signal
when each of the plurality of input signals is greater than the threshold level.

24.  The lithographic apparatus of claim 18, wherein the detection circuit is
further configured to determine a size of a detected particle based on the detector signal.

25.  The lithographic apparatus of claim 24, wherein the size of the detected

particle is determined based on one detector signal or a combination of at least two detector

signals.

26.  The lithographic apparatus of claim 24, wherein the detector system
comprises a detector device comprising an array of detector pixel elements, each detector
signal of the plurality of detector signals corresponding to an intensity of radiation incident
on at least one detector pixel element, thereby providing a particle image of a detected
particle, the image comprising a number of image pixels, wherein the detection circuit is
configured to:

- detect whether a detected particle is small or large based on the particle image;
- determine the size of a small particle based on the radiation intensity incident on at
least one detector pixel element; and

- determine the size of a large particle based on image features of the particle image.

27.  The lithographic apparatus of claim 26, wherein the detection circuit is

e
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configured to detect that a particle is small if a total number of image pixels relating to the

detected particle is smaller than a predetermined number of pixels.

28.  The lithographic apparatus of claim 21, wherein a size of the particle is
determined based on the signal from the first detector, the signal from the second detector

or a combination of the signals from the first and the second detector.

29.  The lithographic apparatus of claim 18, wherein said object is the substrate

or the patterning device.

30.  The lithographic apparatus of claim 18, the particle detection system
comprising:
- aradiation detector device for generating a first detector signal in
response to radiation incident on at least one predetermined part of the
radiation detector device; and
- aradiation blocking assembly for preventing radiation not originating
from the detection area around the surface of the object from being incident

on the predetermined part of the radiation detector device.

31.  The particle detection system of claim 30, wherein the radiation blocking
assembly comprises:
a detector lens for focussing radiation originating from the detection area on
the at least one predetermined part of the radiation detector device;
a blocking device for preventing radiation not originating from the detection
area from being directed by the detector lens onto the predetermined part of the detector

device.

32, The particle detection system of claim 31, wherein the radiation detector
system is configured to further output at least a second detector signal for indicating
whether radiation is incident on the detector device outside said at least one predetermined

part of the detector device for detecting a ghost particle signal.
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33. A device manufacturing method comprising:
projecting a patterned beam of radiation onto a target portion of a substrate,
and
detecting a particle on a surface of an object with a particle detection system,
wherein said particle detection system comprises a detection circuit, which
is configured to compare a plurality of detector signals with a predetermined threshold
level, and to indicate that the particle is present on the surface of the object, when said

plurality of detector signals has a level above said threshold level.

34.  The device manufacturing method of claim 33, wherein said object is the

substrate or a patterning device used to pattern the beam of radiation.

35. A device manufacturing method comprising:

projecting a patterned beam of radiation onto a target portion of a substrate,

and
detecting a particle on a surface of an object with a particle detection system,
wherein the particle detection system comprises:

- aradiation detector device for generating the first detector signal in
response to radiation incident on at least one predetermined part of the radiation detector
device; and

- aradiation blocking assembly for preventing radiation not originating
from a detection range around the surface of the object from being incident on the

predetermined part of the detector device.

36.  The device manufacturing method of claim 35 wherein said object is the

substrate or a patterning device used to pattern the beam of radiation.

37. A device manufacturing method comprising:
projecting a patterned beam of radiation onto a target portion of a substrate,
and
detecting a particle on a surface of an object, said detecting including:

providing a beam of radiation onto the surface of said object,

&
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detecting the beam of radiation redirected by said particle and/or said
object;

outputting a plurality of signals corresponding to an intensity of the
detected beam of radiation , and

comparing the plurality of signals with a predetermtned threshold

level to determine whether a particle is present on the surface of said object.

38. A device manufacturing method comprising:

projecting a patterned beam of radiation onto a target portion of a substrate,

and
detecting a particle on a surface of an object, said deiecfing including:
providing a beam of radiation onto the surface of said object,
detecting the beam of radiation redirected by said particle and/or said
object;

directing a beam of radiation originating from within a detection
range around the surface of the object on a predetermined part of a radiation detection
device,

preventing radiation not originating from within a detection range
around the surface of the object from being incident on the predetermined part of a
radiation detection device and

determining whether a particle is present on the surface of said object
based on a detector signal corresponding to an intensity of the detected beam of radiation

incident on the predetermined part of the radiation detection device.
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ABSTRACT

To enable differentiation between a particle and a ghost particle, a detector system is
presented, wherein radiation from a ghost particle is resolved from radiation from an actual
particle. In a first embodiment, the detector system outputs at least two detector signals
corresponding to intensities of radiation being incident on different parts of the detector
system. In a second embodiment, the detector system outputs at least two detector signals
corresponding to intensities of radiation with different wavelengths being incident on the
detector system. In the first and second embodiments, if radiation is received from a ghost
particle, not each of the at least two detector signals has a level above a predetermined
threshold level, whereas radiation received from a particle results in the signals having
substantially a same level above a threshold level.

In a third embodiment, the detector system comprises a radiation detector device for
generating the first detector signal in response to radiation incident on at least one
predetermined part of the radiation detector device; and a radiation blocking assembly for
preventing radiation not originating from a particle from being incident on the

predetermined part of the detector device.
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