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57) A pellicle suitable for use with a patterning device for a lithographic apparatus. The pellicle comprising at least one 
breakage region which is configured to preferentially break, during normal use in a lithographic apparatus, prior to 
breakage of remaining regions of the pellicle. At least one breakage region comprises a region of the pellicle which 
has a reduced thickness when compared to surrounding regions of the pellicle.
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Dit octrooi is verleend ongeacht het bijgevoegde resultaat van het onderzoek naar de stand van de 
techniek en schriftelijke opinie. Het octrooischrift wijkt af van de oorspronkelijk ingediende stukken. 
Alle ingediende stukken kunnen bij Octrooicentrum Nederland worden ingezien.
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PELLICLE AND PELLICLE ASSEMBLY

FIELD

[0001] The present invention relates to a pellicle and a pellicle assembly. A pellicle

assembly may comprise a pellicle and a frame for supporting the pellicle. A pellicle may be 

suitable for use with a patterning device for a lithographic apparatus. The present invention 

has particular, but not exclusive, use in connection with EUV lithographic apparatus and 

EUV lithographic tools.

BACKGROUND

[0002] A lithographic apparatus is a machine constructed to apply a desired pattern

onto a substrate. A lithographic apparatus can be used, for example, in the manufacture of 

integrated circuits (ICs). A lithographic apparatus may for example project a pattern from a 

patterning device (e.g., a mask) onto a layer of radiation-sensitive material (resist) provided 

on a substrate.

[0003] The wavelength of radiation used by a lithographic apparatus to project a

pattern onto a substrate determines the minimum size of features that can be formed on that 

substrate. A lithographic apparatus that uses EUV radiation, being electromagnetic radiation 

having a wavelength within the range 4-20 nm, may be used to form smaller features on a 

substrate than a conventional lithographic apparatus (which may for example use 

electromagnetic radiation with a wavelength of 193 nm).

[0004] A pattern may be imparted to a radiation beam in a lithographic apparatus

using a patterning device. A patterning device may be protected from particle contamination 

by a pellicle. The pellicle may be supported by a pellicle frame.

[0005] The use of pellicles in lithography is well-known and well-established. A

typical pellicle in a DUV lithographic apparatus is a membrane which is located away from 

the patterning device and is out of the focal plane of a lithographic apparatus in use. Because 

the pellicle is out of the focal plane of the lithographic apparatus, contamination particles 

which land on the pellicle are out of focus in the lithographic apparatus. Consequently, 

images of the contamination particles are not projected onto the substrate. If the pellicle were 

not present, then a contamination particle which landed on the patterning device would be 

projected onto the substrate and would introduce a defect into the projected pattern.
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[0006] It may be desirable to use a pellicle in an EUV lithographic apparatus. EUV

lithography differs from DUV lithography in that it is typically performed in a vacuum and 

the patterning device is typically reflective rather than being transmissive.

[0007] It may be desirable to provide a pellicle and a pellicle assembly which

overcome or mitigate a problem associated with the prior art. Embodiments of the invention 

which is described herein may have use in an EUV lithographic apparatus. Embodiments of 

the invention may also have use in a DUV lithographic apparatus or another form of 

lithographic apparatus.

SUMMARY

[0008] According to a first aspect of the invention there is provided a pellicle

suitable for use with a patterning device for a lithographic apparatus, the pellicle comprising 

at least one breakage region which is configured to preferentially break, during normal use in 

a lithographic apparatus, prior to breakage of remaining regions of the pellicle.

[0009] Including a breakage region in the pellicle advantageously allows a position

on the pellicle which breaks first to be pre-determined. A breakage region of a pellicle may 

be structurally weaker than surrounding portions of the pellicle. A breakage region may be 

configured such that the pellicle breaks in a controlled manner which limits contamination of 

the surrounding environment with any pellicle debris. Additionally or alternatively a 

breakage region provides a region of the pellicle which can be monitored for signs of 

impending failure of the pellicle. Breakage of the breakage region may indicate that the 

remainder of the pellicle will soon fail and, when detected, may be acted upon to remove the 

pellicle from operation.

[0010] The at least one breakage region may comprise a region of the pellicle which

has a reduced thickness when compared to surrounding regions of the pellicle.

[0011] The at least one breakage region may comprise a region of the pellicle which

has been exposed to radiation so as to structurally weaken the breakage region when 

compared to the remaining regions of the pellicle.

[0012] The at least one breakage region may comprise a region of the pellicle in

which one or more holes and/or cracks are formed.

[0013] The at least one breakage region may comprise a region of the pellicle which

has been exposed to a substance configured to structurally weaken the breakage region when 

compared to the remaining regions of the pellicle.
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[0014] The pellicle may further comprise a reinforced region positioned adjacent a

breakage region, wherein the reinforced region has an increased thickness when compared to 

the remaining regions of the pellicle.

[0015] The reinforced region may trace out a curved shape on the pellicle.

[0016] The at least one breakage region may comprise a fracture line which is

configured to preferentially break prior to breakage of remaining regions of the pellicle so as 

to form a crack in the pellicle along the fracture line.

[0017] The pellicle may further comprise a sensor configured to monitor the at least

one breakage region and detect breakage of the at least on breakage region.

[0018] According to a second aspect of the invention there is provided a pellicle

assembly comprising: a pellicle according to the first aspect; and a frame configured to 

support the pellicle; wherein the pellicle comprising a perimeter portion which is supported 

by the frame and an unsupported portion which is enclosed by the perimeter portion.

[0019] A fracture line may extend between sections of the perimeter portion of the

pellicle which is supported by the frame.

[0020] The fracture line may enclose a portion of the pellicle which is positioned at

an edge of the unsupported portion.

[0021] Part of a reinforced portion of the pellicle may contact the frame.

[0022] The increased thickness of a reinforced portion causes the reinforced portion

to be heated to higher temperatures than other portions of the pellicle. Contact between the 

reinforced portion of the pellicle and the frame provides a thermal connection between the 

reinforced portion and the frame which allows conductance of heat out of the pellicle and into 

the frame.

[0023] The at least one breakage region may form part of the perimeter portion of

the pellicle which is supported by the frame.

[0024] According to a third aspect of the invention there is provided a pellicle

assembly suitable for use with a patterning device for a lithographic apparatus, the pellicle 

assembly comprising: a frame configured to support a pellicle; and a pellicle attached to the 

frame, wherein the pellicle comprises at least a first layer having a first tension and a second 

layer having a second tension wherein the first tension is higher than the second tension such 

that in the event of breakage of the pellicle the difference between the first and second 

tensions causes the pellicle to roll up.
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[0025] A pellicle which rolls up on itself when it breaks advantageously contains any

pellicle debris within itself. This reduces contamination of the surrounding environment with 

pellicle debris.

[0026] The pellicle may further comprise at least one breakage region which is

configured to preferentially break, during normal use in a lithographic apparatus, prior to 

breakage of remaining regions of the pellicle, the at least one breakage region being 

positioned such that breakage of the pellicle at the at least one breakage region ensures that 

the pellicle rolls up.

[0027] According to a fourth aspect of the invention there is provided a pellicle

suitable for use with a patterning device for a lithographic apparatus, the pellicle comprising: 

at least one electrically conductive layer; and a plurality of electrical contacts at which an 

electrical connection to the electrically conductive layer can be established, thereby allowing 

the electrical resistance of the electrically conductive layer between contacts to be measured.

[0028] According to a fifth aspect of the invention there is provided a pellicle failure

detection apparatus comprising: a pellicle according to the fourth aspect; and a sensor 

connected to at least two of the electrical contacts on the pellicle, the sensor being configured 

to measure the resistance between the electrical contacts.

[0029] The electrically conductive layer in the pellicle may be configured to emit

thermal energy from the pellicle so as to regulate the temperature of the pellicle. Over time 

the electrically conductive layer may become oxidized. Oxidation of the electrically 

conductive layer causes a reduction in the emissivity of the layer and thus a reduction in the 

efficiency with which thermal energy is emitted from the pellicle. Oxidation of the 

electrically conductive layer also increases the electrical resistance of the layer. The sensor 

may detect an increase in the electrical resistance of the electrically conductive layer which is 

indicative of oxidation of the layer and a reduction in the emissivity of the layer. If the 

electrical resistance of the electrically conductive layer increases above a threshold amount 

then the pellicle may no longer be suitable for use and the pellicle may be replaced.

[0030] An increase in the electrical resistance of the electrically conductive layer

may additionally or alternatively be indicative of a crack in the pellicle. Monitoring the 

resistance of the electrically conductive layer with the sensor may therefore allow a crack in 

the pellicle to be identified.

[0031] According to a sixth aspect of the invention there is provided a pellicle failure

detection apparatus comprising a sensor assembly arranged to detect a change in a property 
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associated with a pellicle situated on a pellicle frame, wherein a change in the property 

associated with the pellicle is indicative of damage to the pellicle.

[0032] The sensor assembly may be configured to detect a change in optical

transmission or optical reflection of radiation by the pellicle.

[0033] The sensor assembly may comprise: a radiation source configured to couple a

radiation beam into the pellicle such that radiation is transmitted along the pellicle; and a 

radiation sensor configured to receive radiation which is reflected back through the pellicle or 

to receive radiation which is transmitted through the pellicle, a change in the reflected or 

transmitted radiation received by the sensor being indicative of damage to the pellicle.

[0034] The sensor assembly may be configured to detect a change in acoustic

transmission or acoustic reflection of sound waves by the pellicle.

[0035] The sensor assembly may comprise: a transducer configured to generate

sound waves in the pellicle; and a sensor configured to receive sound waves reflected back 

through the pellicle or to receive sound waves transmitted through the pellicle, a change in 

the reflected or transmitted sound waves received by the sensor being indicative of damage to 

the pellicle.

[0036] The sensor assembly may comprise a stress sensor configured to measure a

stress to which a pellicle is subjected.

[0037] The sensor may comprise a strain gauge configured to measure the strain

which a pellicle undergoes.

[0038] According to a seventh aspect of the invention there is provide a pellicle

suitable for use with a patterning device for a lithographic apparatus, the pellicle comprising: 

a first layer having a first ductility; a second layer having a second ductility; and a third layer 

having a third ductility, wherein the third layer is situated in between the first and second 

layers and wherein the third ductility is less than the first ductility and less than the second 

ductility.

[0039] The third layer has a ductility which is less than the ductility of the first and

second layers. The third layer is therefore relatively brittle when compared to the first and 

second layers. When the pellicle is placed under a tensile stress, the third layer will break 

before the first and second layers break. Breakage of the third layer causes energy to be 

dissipated prior to critical breakage of the pellicle. The first and second layers may undergo 

further strain after breakage of the third layer leading to further dissipation of energy. Since 

the third layer is situated in between the first and second layers, broken pieces of the third 
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layer will be advantageously contained by the first and second layers and will not therefore 

contaminate the surrounding environment.

[0040] According to an eighth aspect of the invention there is provided a debris

mitigation apparatus comprising a debris steering device arranged close to a pellicle for a 

lithographic apparatus, the debris steering device being configured to direct debris resulting 

from breakage of the pellicle in a preferred direction.

[0041] The debris mitigation apparatus further comprises a sensor configured to

monitor a pellicle and detect breakage of the pellicle, wherein the debris steering device is 

configured to react to a detection of breakage of the pellicle and direct debris resulting from 

breakage of the pellicle in a preferred direction.

[0042] The debris steering device may comprise: an enclosed chamber positioned

close to the pellicle wherein the inside of the chamber is held at a pressure which is lower 

than the pressure at which the pellicle is held; and an actuator configured to open the chamber 

in reaction to a detection of breakage of the pellicle thereby causing the debris resulting from 

the broken pellicle to be sucked into the chamber.

[0043] The debris steering device may comprise: an enclosed chamber positioned

close to the pellicle wherein the inside of the chamber is held at a pressure which is higher 

than the pressure at which the pellicle is held; and an actuator configured to open the chamber 

in reaction to a detection of breakage of the pellicle thereby causing the debris resulting from 

the broken pellicle to be blown away from the chamber and in a preferential direction.

[0044] The debris steering device may comprise an electrically charged surface

positioned close to the pellicle such that in the event of breakage of the pellicle debris from 

the pellicle is directed towards the electrically charged surface by electrostatic attraction.

[0045] According to a ninth aspect of the invention there is provided a debris

mitigation apparatus comprising: a sensor configured to monitor a pellicle held by a frame 

and detect damage to the pellicle; and a tension controlling device configured to react to 

detection of damage to the pellicle and reduce the tension in the pellicle, thereby limiting 

further damage to the pellicle.

[0046] The tension controlling device may comprise a plurality of actuators

configured to compress a frame on which the pellicle is held, thereby reducing the tension in 

the pellicle which held by the frame.

[0047] The tension controlling device may comprise a temperature controlling

device configured to increase the temperature of the pellicle, thereby reducing the tension in 

the pellicle.



7

5

10

15

20

25

30

[0048] The temperature controlling device may be configured to increase the

temperature of the pellicle by resistive heating.

[0049] The temperature controlling device may comprise a radiation source

configured to illuminate all or part of the pellicle so as to increase the temperature of the 

pellicle.

[0050] According to a tenth aspect of the invention there is provided a pellicle frame

configured to support a pellicle around a perimeter portion of the pellicle so as to enclose a 

suspended region of the pellicle, wherein the pellicle frame comprises: a first pair of side 

portions positioned at opposite edges of the suspended region of the pellicle and extending 

along the edges of the suspended region of the pellicle in a first direction; and a second pair 

of side portions positioned at opposite edges of the suspended region of the pellicle and 

extending along the edges of the suspended region of the pellicle in a second direction, which 

is substantially perpendicular to the first direction; wherein the first pair of side portions are 

configured to have a compliance in the second direction which is greater than a compliance 

of the second pair of side portions in the first direction such that a pellicle supported by the 

pellicle frame has an initial tension in the second direction which is less than an initial tension 

of the pellicle in the first direction.

[0051] Tire first pair of side portions may each have thicknesses in the second

direction which are less than thicknesses of the second pair of side portions in the first 

direction.

[0052] The first pair of side portions may each include slits which extend in the first

direction along the first pair of side portions.

[0053] According to a twelfth aspect of the invention there is provided a pellicle

failure detection apparatus comprising: a radiation source configured to illuminate, with a 

radiation beam, a portion of a pellicle arranged to protect a patterning device; a sensor 

arranged to detect a portion of the radiation beam reflected from the pellicle; and a controller 

in communication with the sensor and configured to detect failure of the pellicle from the 

detection of reflected radiation made by the sensor.

[0054] The pellicle failure detection apparatus may advantageously be used to

remotely monitor for failure of a pellicle. The radiation source may be separate to a radiation 

source provided in a lithographic apparatus and which is used for the purposes of performing 

lithographic exposures. The radiation source may, for example, comprise a laser. The 

radiation source may emit a radiation beam having a wavelength which is longer than 

wavelengths associated with ultra-violet radiation.
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[0055] The radiation source may be configured such that the radiation beam is

incident on the pellicle at a non-normal angle of incidence.

[0056] By illuminating a pellicle with radiation at a non-normal angle of incidence,

the position of reflected radiation depends on whether the radiation has been reflected from 

the pellicle or the patterning device, which is situated behind the pellicle. Radiation which is 

reflected from the pellicle may therefore be distinguished from radiation which is reflected 

from the patterning device (on the basis of the position of the reflected radiation). Radiation 

which is reflected from the pellicle may therefore be measured independently of radiation 

which is reflected from the patterning device. Such a measurement may allow failure of the 

pellicle to be detected from measurements of the radiation reflected form the pellicle.

[0057] The sensor may be arranged to detect diffuse reflection of the radiation beam

from the pellicle.

[0058] The sensor may be arranged to detect specular reflection of the radiation

beam from the pellicle.

[0059] The controller may be configured to detect failure of the pellicle when a

measure, made by the sensor, of the intensity of the portion of the radiation beam reflected 

from the pellicle falls below a threshold value.

[0060] Tire sensor may be further configured to detect a portion of the radiation

beam reflected from the patterning device, the portion of the radiation beam reflected from 

the patterning device being incident on the sensor at a different position to the portion of the 

radiation beam reflected from the pellicle.

[0061] The sensor may comprise a first sensor region configured to detect radiation

reflected from the pellicle and a second sensor region configured to detect radiation reflected 

from the patterning device.

[0062] According to a thirteenth aspect of the invention there is provided a pellicle

failure detection apparatus comprising: a radiation source configured to illuminate, with a 

radiation beam, a portion of a patterning device protecting by a pellicle, wherein the radiation 

beam is transmitted through the pellicle; a sensor apparatus arranged to receive and measure 

at least a portion of the radiation beam transmitted through the pellicle a controller in 

communication with the sensor apparatus and configured to detect failure of the pellicle when 

a measure of the intensity of the radiation received by the sensor apparatus increases.

[0063] The radiation source may, for example, emit EUV radiation. The radiation

source may form part of a lithographic apparatus and may otherwise be used for the purpose 

of performing lithographic exposures. The radiation provided by the radiation source may be 
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directed to be incident on the patterning device by one or more other components which may 

be considered to form an illumination system.

[0064] The patterning device may include a reflective fiducial and the sensor

apparatus may be configured to measure a portion of the radiation beam which is reflected 

from the fiducial.

[0065] The sensor apparatus and the controller may be further configured to

determine an alignment of a feature formed in the portion of the radiation beam reflected 

from the fiducial.

[0066] The sensor apparatus and the controller may be further configured to

determine wavefront aberrations in the portion of the radiation beam reflected from the 

fiducial.

[0067] According to a fourteenth aspect of the invention there is provided a pellicle

suitable for use with a patterning device for a lithographic apparatus, the pellicle comprising 

a plurality of termination features, wherein the termination features are configured such that, 

in the event that a crack in the pellicle, having a crack tip, propagates into the termination 

feature, the crack tip experiences a decrease in a stress at the crack tip.

[0068] The termination features may advantageously terminate the propagation of

the crack through the pellicle. This may prevent the crack from damaging further portions of 

the pellicle and may prevent complete failure of the pellicle (i.e. the crack extending across 

substantially the whole pellicle). By terminating a crack using a termination feature, the 

creation of pellicle debris may be reduced. The termination features therefore 

advantageously reduce contamination of surrounding compounds with pellicle debris in the 

event of failure of the pellicle.

[0069] The termination features may be configured such when the pellicle is placed

under tension the resulting stress in the termination features is less than the resulting stress in 

regions of the pellicle outside of the termination features.

[0070] The termination features may be arranged in a substantially regular pattern.

[0071] The termination features may comprise holes formed in the pellicle.

[0072] The holes may be substantially circular holes.

[0073] The holes may have a lateral dimension which is greater than about 10

nanometres.

[0074] The lateral dimension may, for example, be a radius of a hole.

[0075] The holes may have a lateral dimension which is greater than about 20

nanometres.
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[0076] The termination features may comprise doped regions of the pellicle which

are doped with a doping material.

[0077] In some embodiments, a doping material may be a p-type dopant. In some

embodiments, a doping material may be an s-type dopant.

[0078] In some embodiments the pellicle may comprise silicon (e.g. a polysilicon

film). In such embodiments the doping material may be a p-type dopant such as a dopant 

comprising one or more of boron, aluminum, nitrogen, gallium and/or indium. Additionally 

or alternatively, the doping material may be an n-type dopant such as a dopant comprising 

phosphorus, arsenic, antimony, bismuth and/or lithium.

[0079] In some embodiments the pellicle may comprise graphene. In such

embodiments the doping material may comprise one or more of boron, nitrogen, titanium, 

chromium, platinum, cobalt, indium and/or sulfur. Additionally or alternatively the doping 

material may comprise one or more of organic molecules, acids, bases and/or halides. In 

some embodiments the doping material may comprise a transition metal such as copper, 

nickel, ruthenium, molybdenum and/or platinum.

[0080] The doping material may comprise boron.

[0081] The doped regions may be substantially circular.

[0082] Tire termination features may comprise a plurality of stripes of doped regions

which are doped with a doping material.

[0083] The stripes of doped regions may be arranged substantially parallel to each

other.

[0084] The doped regions may have a lateral dimension of greater than about 10

nanometres.

[0085] The doped regions may have a lateral dimension which is greater than about

20 nanometres.

[0086] The pellicle may include a termination feature comprising a border portion of

the pellicle which is doped with a doping material, wherein the border portion is arranged 

around the perimeter of a suspended region of the pellicle, the suspended region being a 

region which is configured to be suspended across a pellicle frame.

[0087] According to a fifteenth aspect of the invention there is provided a load stage

for a lithographic apparatus, the load stage comprising: a chamber configured to receive a 

patterning device protected by a pellicle; a sensor apparatus configured to measure the 

position of at least a portion of the pellicle situated in the chamber; and a pressure changing 

apparatus configured to change the pressure inside the chamber, wherein the pressure 
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changing apparatus is configured to control the rate at which the pressure inside the chamber 

is changed in response to the measurements of the positions of at least a portion of the 

pellicle.

[0088] The pressure changing apparatus may be configured to reduce the rate at

which the pressure inside the chamber is changed in response to measurements indicating that 

the position of the pellicle lies outside a desired range of the position of the pellicle.

[0089] The desired range of the position of the pellicle may lie between a minimum

distance from a patterning device and a maximum distance from the patterning device.

[0090] The sensor apparatus may comprise a radiation source configured to

illuminate at least a portion of a pellicle with radiation and a radiation sensor arranged to 

receive and measure radiation reflected from the pellicle.

[0091] The radiation source may be configured to illuminate the pellicle at a non

normal angle of incidence and wherein the radiation sensor is configured to measure the 

position at which reflected radiation is incident on the radiation sensor.

[0092] The sensor apparatus may comprise a confocal imaging sensor.

[0093] The sensor apparatus may be positioned outside of the chamber and the

chamber may include a window configured to allow radiation to propagate into and out of the 

chamber.

[0094] The pressure changing apparatus may be configured to pump the chamber to

vacuum pressure conditions when loading a patterning device into the lithographic apparatus.

[0095] The pressure changing apparatus may be configured to vent the chamber to

atmospheric pressure conditions when unloading a patterning device from a lithographic 

apparatus.

[0096] The load stage may further comprise a controller configured to record a

change in the position of the pellicle as a function of pressure inside the chamber.

[0097] The controller may be further configured to detect fatigue of the pellicle from

the recorded change in the position of the pellicle as a function of pressure inside the 

chamber.

[0098] According to a sixteenth aspect of the invention there is provided a method of

treating a pellicle, the method comprising: heating at least a portion of the pellicle to a 

temperature greater than a ductile to brittle transition temperature of the pellicle; and placing 

the pellicle under tension, wherein the tension in the pellicle is sufficient to cause plastic 

deformation of at least a portion of the heated portion of the pellicle.
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[0099] Heating at least a portion of the pellicle may comprise locally heating only

some portions of the pellicle.

[00100] Heating at least a portion of the pellicle may comprise heating a pellicle

frame to which the pellicle is attached.

[00101] Heating at least a portion of the pellicle may comprise illuminating at least a

portion of the pellicle with radiation.

[00102] Heating at least a portion of the pellicle may comprise illuminating at least a

portion of the pellicle with a laser beam.

[00103] Placing the pellicle under tension may comprise suspending the pellicle

across a pellicle frame.

[00104] Placing the pellicle under tension further comprises creating a pressure

difference across the pellicle.

[00105] According to a seventeenth aspect of the invention there is provided a pellicle

assembly suitable for use with a patterning device for a lithographic apparatus, the pellicle 

assembly comprising: a frame configured to support a pellicle; a pellicle attached to the 

frame, wherein the pellicle comprises at least one electrically conductive layer; and a current 

source connected across the at least one electrically conductive layer and configured to 

generate an electrical current through the at least one electrically conductive layer, wherein 

the current source is configured to generate a current which heats the pellicle through 

resistive heating such that the temperature of the pellicle is greater than a threshold 

temperature.

[00106] The threshold temperature may be about 120 degrees Celsius.

[00107] The current source may be configured to generate a substantially continuous

current through the at least one electrically conductive layer.

[00108] According to an eighteenth aspect of the invention there is provided a pellicle

assembly suitable for use with a patterning device for a lithographic apparatus, the pellicle 

assembly comprising: a frame configured to support a pellicle; a pellicle attached to the 

frame; and a tension controlling apparatus configured to adjust the tension in the pellicle.

[00109] The tension controlling apparatus may comprise at least one heater

configured to heat a components of the pellicle assembly, wherein heating the component of 

the pellicle assembly causes an increase in the tension in the pellicle.

[00110] The at least one heater may be configured to heat at least a portion of the

pellicle frame. A heater may be provided on each side of the pellicle frame.
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[00111] The pellicle frame may comprise a first layer having a first Young’s modulus

and a first coefficient of thermal expansion and a second layer having a second Young’s 

modulus greater than the first Young’s modulus and a second coefficient of thermal 

expansion greater than the first coefficient of thermal expansion, wherein the second layer is 

arranged closer to the pellicle than the first layer.

[00112] The at least one heater may be configured to heat at least a portion of the

pellicle.

[00113] The pellicle may comprise a first layer having a first Young’s modulus and a

first coefficient of thermal expansion and a second layer having a second Young’s modulus 

greater than the first Young’s modulus and a second coefficient of thermal expansion greater 

than the first coefficient of thermal expansion, wherein the first layer is arranged closer to the 

pellicle frame than the second layer.

[00114] The pellicle may include at least one region in which the thickness of the

pellicle is greater than the thickness of the remainder of the pellicle.

[00115] The at least one region may be proximate to the edge of the pellicle.

[00116] In the at least one region, the thickness of the second layer may be greater

than the thickness of the second layer in the remainder of the pellicle.

[00117] Tire at least one heater may be configured to locally heat the at least one

region of the pellicle having a thickness which is greater than the thickness of the remainder 

of the pellicle.

[00118] The heater may be configured to heat at least one component of the pellicle

assembly through resistive heating.

[00119] The tension controlling apparatus may comprise at least one actuator

configured to apply a force to the pellicle frame so as to stretch the pellicle frame and 

increase the tension in the pellicle.

[00120] According to a nineteenth aspect of the invention, there is provided a method

of strengthening a pellicle comprising temporarily subjecting the pellicle to tension.

[00121] The pellicle may be subjected to tension for less titan a second.

[00122] The tension may be applied as a shock load.

[00123] Features of different aspects of the invention may be combined with features

of other aspects of the invention.
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BRIEF DESCRIPTION OF THE DRAWINGS

[00124] Embodiments of the invention will now be described, by way of example

only, with reference to the accompanying schematic drawings, in which:

Figure 1 is a schematic illustration of a lithographic system comprising a 

lithographic apparatus and a radiation source;

Figure 2 is a schematic illustration of a patterning device and a pellicle 

assembly;

Figure 3 is a schematic illustration of a pellicle according to an embodiment of 

the invention;

Figures 4A-4D are schematic illustrations of stages of a process for forming a 

pellicle according to an embodiment of the invention;

Figure 5 is a schematic illustration of a pellicle assembly and a patterning 

device;

Figure 6 is a schematic illustration of a pellicle assembly according to an 

embodiment of the invention;

Figure 7 is a schematic illustration of a portion of the pellicle assembly of 

Figure 6 after a pellicle of the pellicle assembly has broken;

Figure 8 is a schematic illustration of a portion of a pellicle assembly 

according to an alternative embodiment of the invention;

Figure 9 is a schematic illustration of a pellicle assembly according to a 

further alternative embodiment of the invention;

Figure 10 is a schematic illustration of a pellicle assembly according to a still 

further alternative embodiment of the invention;

Figure 11 is a schematic illustration of a pellicle assembly according to a still 

further alternative embodiment of the invention;

Figures 12A-12D are schematic illustrations of a pellicle failure detection 

apparatuses according to embodiments of the invention;

Figure 13A is a schematic illustration of a pellicle according to an 

embodiment of the invention and Figure 13B is a representation of a stress-strain curve 

which the pellicle of Figure 13A may undergo;

Figure 14 is a schematic illustration of a debris mitigation apparatus according 

to an embodiment of the invention;
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Figure 16 is a schematic illustration of a debris mitigation apparatus according 

to an further alternative embodiment of the invention;

Figures 17A and 17B are schematic illustrations of pellicle frames according 

to embodiments of the invention;

Figure 18 is a schematic illustration of a pellicle failure detection apparatus 

according to an embodiment of the invention;

Figure 19 is a schematic illustration of a patterning device and pellicle 

assembly situated inside a protective casing and being monitored by a pellicle failure 

detection apparatus according to an embodiment of the invention:

Figure 20 is a schematic illustration of a lithographic apparatus including a 

pellicle failure detection apparatus according to an embodiment of the invention;

Figure 21 is a schematic illustration of a pellicle according to an embodiment 

of the invention, the pellicle including termination features;

Figure 22 is a schematic illustration of a crack in a pellicle;

Figure 23 is a schematic representation of a stress of at a tip of a crack in a 

pellicle as a function of the length of the crack;

Figures 24A and 24B are schematic illustrations of stages of propagation of a 

crack in the pellicle;

Figure 25 is a schematic illustration of a pellicle according to an embodiment 

of the invention, the pellicle including termination features in the form of stripes of 

doped regions;

Figure 26 is a schematic illustration of a pellicle assembly including a pellicle 

having a doped border portion;

Figure 27 is a schematic illustration of a pellicle assembly including heaters 

configured to heat a pellicle frame;

Figures 28A and 28B are schematic illustrations of portions of a pellicle 

assembly before and after a portion of a pellicle frame has been heated;

Figures 29A and 29B are schematic illustrations of a pellicle assembly before 

and after a pellicle has been heated; and

Figure 30 is a schematic illustration of a pellicle assembly according to an 

alternative embodiment after a pellicle has been heated.
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DETAILED DESCRIPTION

[00125] Figure 1 shows a lithographic system including a pellicle assembly 15

according to one embodiment of the invention. The lithographic system comprises a 

radiation source SO and a lithographic apparatus LA. The radiation source SO is configured 

to generate an extreme ultraviolet (EUV) radiation beam B. The lithographic apparatus LA 

comprises an illumination system IL, a support structure MT configured to support a 

patterning device MA. a projection system PS and a substrate table WT configured to support 

a substrate W. The illumination system IL is configured to condition the radiation beam B 

before it is incident upon the patterning device MA. The projection system is configured to 

project the radiation beam B (now patterned by the patterning device MA) onto the substrate 

W. The substrate W may include previously formed patterns. Where this is the case, the 

lithographic apparatus aligns the patterned radiation beam B with a pattern previously formed 

on the substrate W.

[00126] The radiation source SO, illumination system IL, and projection system PS

may all be constructed and arranged such that they can be isolated from the external 

environment. A gas at a pressure below atmospheric pressure (e.g. hydrogen) may be 

provided in the radiation source SO. A vacuum may be provided in the illumination system 

IL and/or the projection system PS. A small amount of gas (e.g. hydrogen) at a pressure well 

below atmospheric pressure may be provided in the illumination system IL and/or the 

projection system PS.

[00127] The radiation source SO shown in Figure 1 is of a type that may be referred

to as a laser produced plasma (LPP) source. A laser 1, which may for example be a CO2 

laser, is arranged to deposit energy via a laser beam 2 into a fuel, such as tin (Sn) that is 

provided from a fuel emitter 3. Although tin is referred to in the following description, any 

suitable fuel may be used. The fuel may for example be in liquid form, and may for example 

be a metal or alloy. The fuel emitter 3 may comprise a nozzle configured to direct tin, for 

example, in the form of droplets, along a trajectory towards a plasma formation region 4. 

The laser beam 2 is incident upon the tin at the plasma formation region 4. The deposition of 

laser energy into the tin creates a plasma 7 at the plasma formation region 4. Radiation, 

including EUV radiation, is emitted front the plasma 7 during de-excitation and 

recombination of ions of the plasma.

[00128] The EUV radiation is collected and focused by a near normal incidence

radiation collector 5 (sometimes referred to more generally as a normal incidence radiation 
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collector). The collector 5 may have a multilayer structure that is arranged to reflect EUV 

radiation (e.g. EUV radiation having a desired wavelength such as 13.5 nm). The collector 5 

may have an elliptical configuration, having two ellipse focal points. A first focal point may 

be at the plasma formation region 4, and a second focal point may be at an intermediate focus 

6, as discussed below.

[00129] In other embodiments of a laser produced plasma (LPP) source the collector 5

may be a so-called grazing incidence collector that is configured to receive EUV radiation at 

grazing incidence angles and focus the EUV radiation at an intermediate focus. A grazing 

incidence collector may, for example, be a nested collector, comprising a plurality of grazing 

incidence reflectors. The grazing incidence reflectors may be disposed axially symmetrically 

around an optical axis O.

[00130] The radiation source SO may include one or more contamination traps (not

shown). For example, a contamination trap may be located between the plasma formation 

region 4 and the radiation collector 5. The contamination trap may for example be a rotating 

foil trap, or may be any other suitable form of contamination trap.

[00131] The laser 1 may be separated from the radiation source SO. Where this is the

case, the laser beam 2 may be passed from the laser 1 to the radiation source SO with the aid 

of a beam delivery system (not shown) comprising, for example, suitable directing mirrors 

and/or a beam expander, and/or other optics. The laser 1 and the radiation source SO may 

together be considered to be a radiation system.

[00132] Radiation that is reflected by the collector 5 forms a radiation beam B. The

radiation beam B is focused at point 6 to form an image of the plasma formation region 4, 

which acts as a virtual radiation source for the illumination system IL. The point 6 at which 

the radiation beam B is focused may be referred to as the intermediate focus. The radiation 

source SO is arranged such that the intermediate focus 6 is located at or near to an opening 8 

in an enclosing structure 9 of the radiation source,

[00133] The radiation beam B passes from the radiation source SO into the

illumination system IL, which is configured to condition the radiation beam. The 

illumination system IL may include a facetted field mirror device 10 and a facetted pupil 

mirror device 11, The faceted field mirror device 10 and faceted pupil mirror device 11 

together provide the radiation beam B with a desired cross-sectional shape and a desired 

angular distribution. The radiation beam B passes from the illumination system IL and is 

incident upon the patterning device MA held by the support structure MT. The patterning 

device MA is protected by a pellicle 19, which is held in place by a pellicle frame 17. The 
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pellicle 19 and the pellicle frame 17 together form a pellicle assembly 15. The patterning 

device MA (which may for example be a mask) reflects and patterns the radiation beam B. 

The illumination system IL may include other mirrors or devices in addition to or instead of 

the faceted field mirror device 10 and faceted pupil mirror device 11.

[00134] Following reflection from the patterning device MA the patterned radiation

beam B enters the projection system PS. The projection system comprises a plurality of 

mirrors that are configured to project the radiation beam B onto a substrate W held by the 

substrate table WT. The projection system PS may apply a reduction factor to the radiation 

beam, forming an image with features that are smaller than corresponding features on the 

patterning device MA. A reduction factor of 4 may for example be applied. Although the 

projection system PS has two mirrors in Figure 1, the projection system may include any 

number of mirrors (e.g. six mirrors).

[00135] The lithographic apparatus may, for example, be used in a scan mode,

wherein the support structure (e.g. mask table) MT and the substrate table WT are scanned 

synchronously while a pattern imparted to the radiation beam is projected onto a substrate W 

(i.e. a dynamic exposure). The velocity and direction of the substrate table WT relative to the 

support structure (e.g. mask table) MT may be determined by the demagnification and image 

reversal characteristics of the projection system PS. The patterned radiation beam that is 

incident upon the substrate W may comprise a band of radiation. The band of radiation may 

be referred to as an exposure slit. During a scanning exposure, the movement of the substrate 

table WT and the support structure MT may be such that the exposure slit travels over an 

exposure field of the substrate W.

[00136] The radiation source SO and/or the lithographic apparatus that is shown in

Figure 1 may include components that are not illustrated. For example, a spectral filter may 

be provided in the radiation source SO. The spectral filter may be substantially transmissive 

for EUV radiation but substantially blocking for other wavelengths of radiation such as 

infrared radiation.

[00137] In other embodiments of a lithographic system the radiation source SO may

take other forms. For example, in alternative embodiments the radiation source SO may 

comprise one or more free electron lasers. The one or more free electron lasers may be 

configured to emit EUV radiation that may be provided to one or more lithographic 

apparatus.

[00138] As was described briefly above, the pellicle assembly 15 includes a pellicle

19 that is provided adjacent to the patterning device MA. The pellicle 19 is provided in the 
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path of the radiation beam B such that radiation beam B passes through the pellicle 19 both as 

it approaches the patterning device MA from the illumination system IL and as it is reflected 

by the patterning device MA towards the projection system PS. The pellicle 19 comprises a 

thin film that is substantially transparent to EUV radiation (although it will absorb a small 

amount of EUV radiation). The pellicle 19 acts to protect the patterning device MA from 

particle contamination. The pellicle 19 may be herein referred to as an EUV transparent 

pellicle.

[00139] Whilst efforts may be made to maintain a clean environment inside the

lithographic apparatus LA, particles may still be present inside the lithographic apparatus LA. 

In the absence of a pellicle 19, particles may be deposited onto the patterning device MA. 

Particles on the patterning device MA may disadvantageously affect the pattern that is 

imparted to the radiation beam B and the pattern that is transferred to the substrate W. The 

pellicle 19 advantageously provides a barrier between the patterning device MA and the 

environment in the lithographic apparatus LA in order to prevent particles from being 

deposited on the patterning device MA.

[00140] The pellicle 19 is positioned at a distance from the patterning device MA that

is sufficient that any particles that are incident upon the surface of the pellicle 19 are not in 

the focal plane of the radiation beam B. This separation between the pellicle 19 and the 

patterning device MA, acts to reduce the extent to which any particles on the surface of the 

pellicle 19 impart a pattern to the radiation beam B. It will be appreciated that where a 

particle is present in the beam of radiation B, but at a position that is not in a focal plane of 

the beam of radiation B (i.e., not at the surface of the patterning device MA), then any image 

of the particle will not be in focus at the surface of the substrate W. In some embodiments, 

the separation between the pellicle 19 and the patterning device MA may, for example, be 

between 2 mm and 3mm (e.g. around 2.5 mm).

[00141] Figure 2 is a schematic illustration of the pellicle assembly 15 and the

patterning device MA in cross-section and in more detail. The patterning device MA has a 

patterned surface 24. The pellicle frame 17 supports the pellicle 19 around a perimeter 

portion of the pellicle 19. The pellicle frame 17 may include an attachment mechanism 22 

configured to allow the pellicle frame to be removably attachable to the patterning device 

MA (i.e. to allow the pellicle frame to be attachable to and detachable from the patterning 

device MA). The attachment mechanism 22 is configured to engage with an attachment 

feature (not shown) provided on the patterning device MA. The attachment feature may, for 

example, be a protrusion which extends from the patterning device MA. The attachment 
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mechanism 22 may, for example, comprise a locking member which engages with the 

protrusion and secures the pellicle frame 17 to the patterning device MA.

[00142] A plurality of attachment mechanisms and associated attachment features

may be provided. The attachment mechanisms may be distributed around the pellicle frame 

17 (e.g. two on one side of the frame and two on an opposite side of the frame). Associated 

attachment features may be distributed around the perimeter of the patterning device MA.

[00143] A contamination particle 26 is schematically shown in Figure 2. The

contamination particle 26 was incident upon the pellicle 19 and is held by the pellicle 19. 

The pellicle 19 holds the contamination particle sufficiently far from the patterned surface 24 

of the mask MA that it is not imaged onto substrates by the lithographic apparatus LA.

[00144] A pellicle assembly according to an embodiment of the invention may allow

a mask pattern (on the patterning device) to be provided which remains substantially defect 

free during use (the mask pattern is protected from contamination by the pellicle). In some 

embodiments a separation may be provided between the pellicle frame and the mask (e.g. in 

the form of slits) which allow some gas to flow into and out of the space between the pellicle 

and the mask. This allows pumping down and venting of the mask assembly to be performed 

without damaging the pellicle 19.

[00145] Figure 3 is a schematic illustration of the pellicle 19 in cross-section and in

more detail. The pellicle 19 comprises a thin membrane formed from a plurality of layers 

31a-31d. In the embodiment which is shown in Figure 3, the pellicle comprises four layers 

31a-3 Id. However, in other embodiments a pellicle 19 may comprise more than or fewer 

than four layers. For ease of illustration the thicknesses of the layers 31a-31d which are 

shown in Figure 3 are exaggerated with respect to the width of the pellicle 19. The layers 

31a-31d which are shown in Figure 3 are not therefore a scale representation of the layers 

31a-31d.

[00146] The pellicle 19 comprises a main film layer 31c. The main film layer may

have a thickness which is greater than the thickness of each of the other layers 31a, 31b, 3 Id 

which form the pellicle 19 (as is represented schematically in Figure 3). The main film layer 

31c may comprise a material such as polysilicon (pSi) film. Polysilicon (pSi) film is 

substantially transparent to EUV radiation and is therefore suitable for use in an EUV 

lithographic apparatus. The main film layer 31c may have a thickness which is of the order 

of approximately 40 nm.

[00147] The main film layer 31c may alternatively be fonned from some other

material which is substantially transparent to EUV radiation, for example graphene, silicene, 
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etc. References made herein to a pellicle or layer of a pellicle which is substantially 

transparent to EUV radiation are intended to mean that the pellicle or layer of a pellicle 

transmits at least 65% of incident EUV radiation, preferably at least 80% and more preferably 

at least 90% of incident EUV radiation.

100148] The pellicle 19 further comprises a first capping layer 31b and a second

capping layer 31d. The first and second capping layers 31b, 31d are situated either side of 

the main film layer 31c so as to encapsulate the main film layer 31c. The capping layers 31b, 

3 Id serve to protect the main film layer 31c from substances to which the pellicle 19 may be 

exposed and which may cause damage to the main film layer 31c if brought into contact with 

the main film layer 31c. For example, the capping layers 31b, 31d may serve to protect the 

main film layer 31c from exposure to hydrogen radicals, plasma and traces of oxygen which 

may cause damage to the main film layer 31c if brought into contact with the main film layer 

31c. The capping layers 31b, 31d may therefore serve to reduce any damage which is caused 

to the pellicle 19 due to exposure to damaging substances. The first 31b and/or the second 

capping layer 31c may, for example, have thicknesses which are approximately of the order 

of 5 nm. For example, the first 31b and/or the second capping layer 31c may have 

thicknesses which are greater than approximately 3 nm. The thicknesses of the first 31b 

and/or the second capping layer 31c may be less than approximately 7 nm.

[00149] The pellicle 19 further comprises an emissive layer 31a. The emissive layer

may be formed from a material which has a relatively high thermal emissivity. For example, 

the emissive layer 31a may be formed from a metal (e.g. a transition metal such as 

ruthenium). In some embodiments the emissive layer 31a may be formed from graphene. 

The emissive layer 31a may in some embodiments of the invention be electrically conductive 

and may alternatively be referred to as an electrically conductive layer. An emissive layer 

31a which is electrically conductive may allow electrical connections to be made to the 

emissive layer 31a, for example in order to measure the electrical resistance of the emissive 

layer 31a.

[00150] During use of a pellicle 19 in a lithographic apparatus LA, the pellicle is

exposed to radiation (e.g. EUV radiation). Whilst the pellicle 19 is configured to be 

substantially transparent to the radiation (e.g. EUV radiation) to which it is exposed, some 

radiation is absorbed by the pellicle which acts to heat the pellicle. It is desirable that the 

temperature of the pellicle does not reach a temperature at which damage may be caused to 

the pellicle. The relatively high thermal emissivity of the emissive layer 31a promotes 

emission of thermal energy from the pellicle 19, thereby regulating the temperature of the 
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pellicle 19. The emissive layer 31a may allow the pellicle 19 to be exposed to radiation of 

increased power (relative to a pellicle which does not include an emissive layer) without the 

temperature of the pellicle 19 exceeding a temperature at which significant damage to the 

pellicle 19 may be caused.

[00151] The layers 31 a-31 d of the pellicle 19 may be formed by a deposition process.

For example, a first layer may be deposited onto a substrate and the remaining layers may be 

sequentially deposited on top of the first layer. A suitable deposition process by which the 

layers may be deposited may be a chemical vapor deposition (CVD) process.

[00152] Figure 4 schematically shows a method of manufacturing a pellicle assembly

15. Referring first to Figure 4A a pellicle 19 is formed on a substrate 50 (e.g. a silicon 

wafer). For example, chemical vapour deposition (CVD) may be used to deposit layers (e.g. 

the layers 31 a-3 Id described above with reference to Figure 3) on to the substrate 50. A 

rectangular area of the substrate 50 is then etched away, leaving behind the pellicle 19 being 

supported around a perimeter portion 55 of the pellicle 19 by the remaining substrate 50.

[00153] The presence of the substrate 50 around the perimeter portion 55 of the

pellicle 19 is advantageous because it provides a rigid frame which preserves tautness of the 

pellicle 19. That is the pellicle 19 is stretched by the rigid frame such that there is a tension 

in the pellicle 19. The pellicle 19 is taut when it is created due to the manner in which it is 

formed (e.g. during a CVD process). If the substrate 50 did not provide a rigid frame to 

support the pellicle 19, and instead a frame with flexibility was provided, then the tension in 

the pellicle 19 would bend the frame inwards. As a result of this inward bending the tension 

in the pellicle 19 would be lost. The remaining steps of the method allow the outer portion of 

the substrate 50 to be removed without tension in the pellicle 19 being lost. If tension in the 

pellicle 19 were to be lost then uncontrolled sagging of the pellicle 19 would occur and 

wrinkles would be seen in the pellicle 19.

[00154] A portion of the pellicle which is supported by the substrate 50 which extends

around the outer edge of the membrane of the pellicle 19 may be referred to as a perimeter 

portion 55 of the pellicle. An outer edge of the perimeter portion 55 is indicated by a dashed 

line. An inner edge of the perimeter portion 55 is defined by the inner extent of the substrate 

50 supporting the pellicle 19 and is shown with a solid line in Figure 4A.

[00155] Figure 4B schematically illustrates covers which may be clamped to the

substrate 50. The drawing on the left hand side of Figure 4B shows a top side cover 54 and 

the substrate 50 viewed from above. The drawing on the right hand side of Figure 4B shows 

the top side cover 54, the substrate 50 and other components viewed in cross-section. The 
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top side cover 54 is pressed against the substrate 50 on the side of the pellicle 19 which will 

be furthest from a patterning device MA in use.

[00156] The dashed line on the right hand side of Figure 4B indicates the location of

the the pellicle 19. hi this embodiment the pellicle 19 is situated at the bottom side of the 

substrate 50. This is because the etch that was used to remove the rectangular area of the 

substrate 50 was applied to the top side of the wafer. In such an embodiment there is a 

clearance between the pellicle 19 and the top side cover 54. The top side cover 54 may 

therefore have a flat inner surface. In an alternative embodiment the pellicle 19 is at the top 

side of the substrate 50 (the etch was applied to the bottom side of the substrate). In such an 

embodiment there is no clearance between the pellicle 19 and the top side cover 54, and the 

top side cover will therefore include a recess to accommodate sagging of the pellicle.

[00157] A pellicle frame 17 and a bottom side cover 56 are provided on the opposite

side of the substrate 50. The pellicle frame 17 is fixed to the perimeter portion 55 of the 

pellicle 19. The frame 17 is sufficiently rigid that it is capable of resisting inward bending 

and thus can preserve the tension of the pellicle 19. The frame 17 may be fixed to the 

perimeter portion 55 using glue or any other suitable means. The bottom side cover 56 is 

pressed against the substrate 50 and covers both the bottom side of the pellicle 19 and the 

frame 17. The portions of the pellicle 19 which is not in contact with the frame 17 may be 

referred to as an unsupported portion.

[00158] From Figure 4B it may be seen that the top side cover 54 covers the pellicle

19 on the top side, and the bottom side cover 56 covers the pellicle 19 on the bottom side. 

Thus, between them the covers 54, 56 form a sealed enclosure which contains the pellicle 19 

attached to the pellicle frame 17. The top side cover 54 and the bottom side cover 56 and 

frame 17 are fitted to the substrate 50 in clean conditions in order to minimize the possibility 

of contamination being introduced into the environment of the pellicle 19 when they are 

attached to the substrate 50. Indeed, the entire process of fabricating the pellicle 19 and then 

fitting the frame 17 and covers 54, 56 may be performed in clean conditions.

[00159] As schematically depicted in Figure 4C, a cutting tool (e.g. a milling

machine) is used to trim away parts of the substrate 50 which extend beyond the bottom side 

cover 56, In Figure 4C the right hand portion of the substrate 50 has already been removed. 

The top portion of the substrate 50 is about to be removed by cutting in the direction 

indicated by the arrow 60. Other portions of the substrate 50 will then be removed. Because 

the pellicle 19 is contained within a sealed environment this cutting away of the substrate 50 

does not risk introducing contamination onto the pellicle 19.
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[00160] Once the edges of the substrate 50 have been trimmed away, the remaining

assembly is a pellicle transport assembly 62 as shown in Figure 4D. The pellicle transport 

assembly 62 comprises a pellicle membrane 19, a portion of a substrate 50, a pellicle frame 

17, a top side cover 54 and a bottom side cover 56. The pellicle transport assembly 62 holds 

the pellicle 19 in a sealed environment into which contamination cannot enter. The frame 17 

supports the pellicle and maintains the tension in the pellicle 19.

[00161] The steps described and illustrated in connection with Figure 4 provide a

pellicle transport assembly 62 which maintains tension in the pellicle and prevents pellicle 

contamination. The pellicle transport assembly 62 may, for example, be manufactured at a 

single location. This is advantageous compared with, for example, manufacturing a pellicle 

at a first manufacturing location and then transporting that pellicle to a second location to be 

fitted on to a supporting frame (contamination might be introduced during transportation to 

the second location).

[00162] The pellicle transport assembly 62 may, for example, be shipped from the

pellicle manufacturing location to a mask shop where the pellicle is fitted to a patterning 

device MA (e.g. a mask) for use by a lithographic apparatus. The pellicle 19 and the pellicle 

frame 17 may be removed the remainder of the pellicle transport assembly 62 and may be 

attached to patterning device MA. The rigidity of the pellicle frame 17 maintains the tension 

in the pellicle 19 and holds the pellicle 19 taut when positioned in proximity to the patterning 

device MA (as can be seen, for example, in Figure 2).

[00163] As was described above with reference to Figure 4, the pellicle 19 is formed

such that there is tension in the pellicle 19. The tension in each layer of the pellicle 19 is 

established during the deposition of the layers onto the substrate 50 and is maintained by the 

pellicle frame 17 which is subsequently attached to the pellicle 19. The tension in each layer 

of the pellicle 19 may, for example, be determined by properties of the deposition process. 

For example, the temperature and/or the pressure at which deposition (e.g. by CVD) of a 

layer of the pellicle 19 is carried out may determine the tension in the deposited layer. The 

tension in each layer may therefore be controlled by controlling one or more properties (e.g. 

temperature and/or pressure) of a deposition process by which the layer is deposited.

[00164] The tension in each layer of the pellicle 19 also depends on the composition

of the layer with respect to a material on which the layer is deposited. For example, a layer 

comprising ruthenium which is deposited on a polysilicon layer will have a different tension 

to a layer comprising ruthenium which is deposited on a silicon nitride layer under the same 

deposition conditions (e.g. the temperature and pressure at which the deposition is 
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performed). The tension in each layer of a pellicle 19 may therefore additionally or 

alternatively be controlled by selecting the materials which form different layers of the 

pellicle 19.

[00165] During use in a lithographic apparatus LA a pellicle 19 may be subjected to

forces and/or conditions which cause wear to the pellicle 19 and may result in damage to the 

pellicle 19. For example, a pellicle 19 and/or the pellicle frame 17 may undergo changes in 

temperature (e.g. due to exposure to radiation) which causes expansion and/or contraction of 

the pellicle 19 and/or the pellicle frame 17. Expansion and/or contraction of the pellicle 19 

and/or the pellicle frame may place additional stress on the pellicle 19 and may lead to wear 

and ultimately damage to the pellicle 19.

[00166] A pellicle 19 may also be exposed to substances and/or conditions which may

chemically alter the pellicle 19. For example, over time an emissive layer 31a of a pellicle 19 

may undergo oxidation. Oxidation of an emissive layer 31a may reduce the emissivity of the 

emissive layer 31a and may reduce the effectiveness with which the emissive layer 31a 

regulates the temperature of the pellicle 19, thereby leading to further damage to the pellicle

19. In a lithographic apparatus LA the pellicle 19 may be exposed to substances such as 

hydrogen radicals which may chemically alter the pellicle 19 and structurally weaken the 

pellicle 19.

[00167] During the lifetime of a pellicle 19, the pellicle 19 may be subjected to

pressure changes. For example, a pellicle 19 may experience atmospheric pressure 

conditions outside of a lithographic apparatus LA and may be pumped down to vacuum 

pressure conditions for use in a lithographic apparatus LA. Changes in pressure conditions 

which a pellicle 19 experiences may lead to the pellicle 19 experiencing differences in 

pressure across the pellicle 19. Pressure differences across a pellicle 19 may apply additional 

stress to the pellicle 19 and may act to bend the pellicle 19 towards or away from a patterning 

device MA.

[00168] The processes described above and/or other processes not described herein

will over time weaken a pellicle 19 until the pellicle 19 breaks. For example, one or more 

cracks may form in a pellicle 19 which may rupture the pellicle 19. A broken pellicle may 

break into several pieces. Broken pieces of pellicle may contaminate the surrounding 

environment. For example, a broken pellicle may contaminate a patterning device MA and 

may render the patterning device unusable.

[00169] In order to limit contamination caused by a broken pellicle 19 it may be

desirable to monitor a pellicle 19 in order to detect that a pellicle 19 may be close to breaking 
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and/or detect that a pellicle 19 has broken. Actions may then be taken to remove the pellicle 

19 from use and/or to mitigate any potential contamination which may be caused by the 

pellicle 19. Additionally or alternatively it may be desirable to configure a pellicle 19 such 

that when the pellicle 19 does break it does so in a controlled manner which results in little or 

no contamination.

[00170] Embodiments of the invention which are contemplated herein include

features of a pellicle 19 and/or a pellicle frame which allow for detection of imminent 

breakage of a pellicle and/or breakage of a pellicle 19. Embodiments are also contemplated 

in which a pellicle 19 is configured to break in a controlled manner. Further embodiments 

include apparatus configured to mitigate contamination which results from a broken pellicle 

19.

[00171] Figure 5 is a schematic illustration of a pellicle assembly 15 including a

pellicle 19 and a pellicle frame 17, which is attached to a patterning device MA. The pellicle 

55 includes a perimeter portion 55 which is attached to the frame 17. The patterning device 

MA includes a patterned region 71 on which a pattern to be transferred to a substrate W is 

formed. An exposure field 73 of the patterning device MA is exposed to radiation (e.g. EUV 

radiation) during a lithographic exposure. The exposure field 73 may be exposed to radiation 

by scanning an exposure slit 75 of radiation across the exposure field 73. The exposure slit 

may be scanned in a y-direction (which may be referred to as a scanning direction) as 

indicated in Figure with a double-headed arrow 77. An x-direction perpendicular to the y- 

direction is also indicated in Figure 5. The x-direction may be referred to as a non-scanning 

direction. The exposure slit 75 may be scanned over the exposure field 73 through movement 

of the patterning device MA relative to the exposure slit 75.

[00172] As can be seen in Figure 5, the pellicle 19 includes a region 79 which lies

within the exposure field 73 but which does not overlie the patterned region 71. This region 

79 of the pellicle 19 is therefore subjected to the same conditions (including heating by 

exposure to radiation) as the pellicle 19 which overlies the patterned region 71. However, the 

modification to this region 79 of the pellicle 19 will not affect the radiation which is incident 

on the patterned region 71 or the patterned radiation beam which is reflected from the 

patterned region 71. The region 79 of the pellicle 19 which lies within the exposure field 73 

but which does not overlie the patterned region 71 may be referred to as an available region 

79. Modifications to the available region 79 of the pellicle 19 may be made without affecting 

the radiation which is incident on the patterned region 71 or the patterned radiation beam 

which is reflected from the patterned region 71. Modifications which may be made to the 
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pellicle 19 in the available region 79 may include features which may be monitored for signs 

that the pellicle 19 may be about to fail. Modifications which may be made to the pellicle 19 

in the available region 79 may include features which cause the pellicle 19 to break in a 

controlled manner.

[00173] The patterning device MA may additionally include markers (e.g. fiducials)

81. The markers 81 may, for example, be used for alignment measurements in order to 

determine the alignment of the patterning device MA. The markers 81 may lie within the 

available region 79 of the pellicle. It may be desirable for any modifications to the pellicle 19 

in the available region 81 to not interfere with any alignment measurements which use the 

markers 81.

[00174] Figure 6 is a schematic illustration of a pellicle assembly 15 and a patterning

device MA in which the pellicle 19 of the pellicle assembly 15 includes a breakage region 83. 

Many of the features of the pellicle assembly 15 and the patterning device MA of Figure 6 

are identical to the pellicle assembly 15 and the patterning device MA which were described 

above with reference to Figure 5 and will not be described in further detail here. For ease of 

illustration some of the features w'hich are shown in Figure 5 are omitted from Figure 6 (for 

example the exposure slit 75 and the markers 81 are not shown in Figure 6).

[00175] The breakage region 83 of the pellicle 19 is situated within the available area

79 and does not therefore affect the radiation which is incident on the patterned region 71 or 

the patterned radiation beam which is reflected from the patterned region 71. The breakage 

region 83 is configured to preferentially break, during normal use of the pellicle 19 in a 

lithographic apparatus LA, prior to breakage of remaining regions of the pellicle. The 

breakage region 83 may, for example, comprise a region of the pellicle 19 which has a 

reduced thickness when compared with surrounding regions of the pellicle 19. For example, 

during manufacture of the pellicle 19 less material may be deposited in the breakage region 

83 such that the thickness of the breakage region 83 is less than the thickness of surrounding 

regions of the pellicle 19. The breakage region 83 will therefore be structurally weaker than 

surrounding regions of the pellicle 19 and will preferentially break prior to breakage of the 

remaining regions of the pellicle 19.

[00176] Additionally or alternatively the breakage region 83 may comprise a region

of the pellicle 19 which has been exposed to different conditions to the remainder of the 

pellicle 19. The different conditions to which the breakage region has been exposed cause the 

breakage region 83 to be structurally weaker than surrounding regions of the pellicle 19. For 

example, prior to use of the pellicle 19 in a lithographic apparatus LA, the breakage region 83 
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may be exposed to radiation to which the remainder of the pellicle 19 is not exposed. That is, 

radiation (e.g. EUV radiation) which acts to structurally weaken the pellicle 19 may be used 

to selectively expose the breakage region 83, whereas the remainder of the pellicle 19 may 

not be exposed to the radiation. The breakage region 83 will therefore be structurally weaker 

than surrounding regions of the pellicle 19 and will preferentially break prior to breakage of 

the remaining regions of the pellicle 19.

[00177] In some embodiments, the breakage region 83 may comprise a region of the

pellicle 19 which has been exposed to different substances to the substances to which the 

remainder of the pellicle is exposed. For example, prior to use of the pellicle 19 in a 

lithographic apparatus LA, the breakage region 83 may be exposed to a substance which is 

configured to structurally weaken the breakage region when compared to the remainder of the 

pellicle 19. The breakage region 83 may, for example, be exposed to hydrogen radicals 

which may act to chemically alter the breakage region 83 so as to structurally weaken the 

breakage region 83. The breakage region 83 will therefore preferentially break prior to 

breakage of the remaining regions of the pellicle 19.

[00178] Additionally or alternatively the breakage region 83 may comprise a region

of the pellicle 19 in which one or more holes and/or cracks are deliberately formed in the 

pellicle 19 prior to use of the pellicle 19 in a lithographic apparatus. One or more holes 

and/or cracks in the pellicle 19 will cause the breakage region 83 to be structurally weaker 

than surrounding regions of the pellicle 19. The breakage region 83 will therefore 

preferentially break prior to breakage of tire remaining regions of the pellicle 19.

[00179] Once the breakage region 83 has broken, the breakage in the pellicle 19 may

propagate to other regions of the pellicle 19. For example, the pellicle 19 may fracture along 

fracture lines 85 such that a crack in the pellicle 19 is formed along the fracture line 85. In 

some embodiments, the fracture lines 85 may be configured to be structurally weaker than 

surrounding regions of the pellicle 19 and may comprise further examples of breakage 

regions as was described above. The fracture lines 85 may therefore have any of the features 

described above with reference to the breakage region 83 and/or may be formed using any of 

the methods described above with reference to the breakage region 83.

[00180] Alternatively, the fracture lines 85 may be configured to be structurally

stronger than surrounding regions of the pellicle 19. For example, the fracture lines may 

comprise reinforced regions of the pellicle which have a greater thickness than surrounding 

regions of the pellicle 19. If the pellicle 19 breaks at the breakage region 83, then cracks in 

the pellicle will be prevented from propagating across the pellicle 19 by the reinforced 
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fracture line 85. In general, cracks tend to follow the weakest available path. Providing 

reinforced fracture lines 85, therefore causes the cracks to follow a path which lies in between 

the fracture lines 85 and the frame 17.

[00181] In embodiments in which a pellicle 19 includes a reinforced region and a

breakage region 83, it may be desirable to position the breakage region 83 in between the 

reinforced region and the frame 17. Consequently, cracks in the pellicle 19 which form as a 

result of breakage of the breakage region 83 will be confined to regions of the pellicle 19 

which lie in between the frame 17 and the reinforced region.

[00182] In other embodiments, the fracture lines 85 may not be configured to be

structurally stronger or weaker than surrounding regions of the pellicle 19 and may naturally 

form as a consequence of the pellicle breaking at the breakage region 83. The breakage 

region 83 may be positioned such that subsequent breakage of the pellicle 19 occurs in 

preferential locations, such as along the fracture lines 85.

[00183] In some embodiments the pellicle 19 may be configured to cause the pellicle

19 to roll up in a controlled manner after breakage. For example, as the pellicle 19 breaks 

along the fracture lines 85, the pellicle 19 may roll up on itself in a controlled manner. Figure 

7 is a schematic illustration of a pellicle 19 after the pellicle 19 has rolled up on itself. Also 

shown in Figure 7 is a portion of a pellicle frame 17 to which a section of the perimeter 

portion 55 of the pellicle 19 remains attached. In the arrangement which is shown in Figure 7 

the majority of the pellicle remains intact and attached to the pellicle frame 17. The broken 

pellicle 19 is contained within a small area and the pellicle 19 is prevented front contacting 

the patterning device MA. Breakage of the pellicle 19 has therefore resulted in little or no 

contamination of the surrounding environment. The patterning device MA may remain 

operational and may be used again. In such a case the broken pellicle 19 may simply be 

removed from the patterning device MA and replaced with a new pellicle 19.

[00184] A pellicle 19 may be configured to roll up on itself by introducing different

tensions in different layers of the pellicle 19. For example, a pellicle may comprise at least a 

first layer having a first tension and a second layer having a second tension. The first tension 

may be higher than the second tension. The difference in tension between the first and 

second layer may cause the first layer to pull on the second layer in the event of breakage of 

the pellicle, such that the pellicle 19 rolls up on itself as shown in Figure 7. In the 

embodiment which is shown in Figure 7 the first layer of the pellicle having the higher 

tension is situated further from the pellicle frame 17 than the second layer of the pellicle 19 

having the lower tension. This causes the pellicle to roll up on the opposite side of the 
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pellicle to the side on which the patterning device MA is situated. This may advantageously 

avoid the pellicle 19 from contacting the patterning device MA as it rolls up.

[00185] In alternative embodiments, the first layer of the pellicle having the higher

tension may be situated closer to the pellicle frame 17 than the second layer of the pellicle 19 

having the lower tension. This may cause the pellicle 19 to roll up on the same side of the 

pellicle 19 as the side on which the patterning device MA is situated.

[00186] A radius r of a rolled up pellicle 19 (as is labeled in Figure 7) depends at least

in part on the difference in tension between the first and second layers. In general, the larger 

the difference between the tension in the first layer and the tension in the second layer, the 

smaller the radius r of a resulting rolled up pellicle 19.

[00187] As was explained above with reference to Figure 3 a pellicle 19 may include

more than two layers. A pellicle 19 may be configured to roll up on itself if any two layers of 

the pellicle are provided with different tensions in the layers. In some embodiments all of the 

layers which form a pellicle may be provided with different tensions.

[00188] As was explained above, the tension in each of the layers of a pellicle may be

determined by properties of a deposition process (e.g. a CVD) by which each of the layers are 

formed. In order to provide layers having different tensions, different layers may be 

deposited using different properties of the deposition process. For example, a first layer may 

be deposited using a first temperature and a first pressure and a second layer may be 

deposited using a temperature and/or a pressure which is different to the first temperature and 

first pressure. The first layer is therefore provided with a different tension to the tension of 

the second layer. Additionally or alternatively, the materials which are used to form different 

layers of a pellicle 19 may be selected in order to provide layers having different tensions in 

them.

[00189] In embodiments in which a pellicle 19 is configured to roll up on itself the

pellicle 19 may include at least one breakage region 83. The breakage region 83 may be 

positioned so as to ensure that when the breakage region 83 breaks the pellicle 19 is caused to 

roll up on itself. For example the breakage region 83 which is shown in Figure 6 is located at 

a position which may ensure that breakage of the breakage region 83 causes the pellicle to 

roll up on itself. As was described above, the fracture lines 85 may also constitute breakage 

regions along which the pellicle 19 preferentially breaks. Breakage of the pellicle along the 

fracture lines 85 may ensure that the pellicle rolls up on itself in a controlled manner.

[00190] In the embodiment which is shown in Figure 6, at least one breakage point 83

is provided which causes the pellicle 19 to break in a controlled manner which reduces any 
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contamination of the surrounding environment with debris generated during breakage of the 

pellicle 19. In some embodiments a breakage region 83 may be configured such that 

breakage of the breakage region 83 does not cause critical failure of the whole pellicle. In 

such embodiments the breakage region 83 may be monitored and breakage of the breakage 

point 83 may be detected. Detection of breakage of the breakage region 83 may indicate that 

the remainder of the pellicle is close to breaking and consequently the pellicle 19 may be 

removed from operation prior to critical failure of the whole pellicle (which may cause 

contamination of the surrounding environment).

[00191] Figure 8 is a schematic illustration of a portion of a pellicle assembly 15

comprising a pellicle 19 held by a pellicle frame 17. The pellicle assembly 15 may include 

any of the features described herein with reference to other embodiments. The pellicle 19 

includes an available region 79 which lies within an exposure field 73 but which does not 

overlie a patterned region of a patterning device MA (not shown in Figure 8). The pellicle 19 

further includes a breakage region 83. The breakage region 83 comprises a portion of the 

pellicle 19 which is configured to preferentially break, during normal use, prior to breakage 

of remaining regions of the pellicle 19. At least part of the breakage region 83 is situated 

within the available region 79 of the pellicle 19. The breakage region 83 may be structurally 

weakened relative to surrounding portions of the pellicle 19. The breakage region 83 of 

Figure 8 may be similar to the breakage regions described above with reference to Figure 6 

and may include any of the features of other breakage regions described herein. The 

breakage region 83 of Figure 8 may be formed using any of the methods for formation of a 

breakage regions which are described herein.

[00192] The pellicle 19 further comprises a reinforced region 87 positioned adjacent

to the breakage region 83. The reinforced region has an increased thickness when compared 

to the remaining regions of the pellicle 19. The reinforced region 87 is therefore structurally 

stronger than the breakage region 83 and is configured to resist further breakage of the 

pellicle 19 in the event that the breakage region 83 breaks. The breakage region 83 may, for 

example, break along a fracture line 85 which borders the reinforced region 87.

[00193] In the embodiment which is shown in Figure 8 the reinforced region 87 traces

out a curved shaped on the pellicle 19. This may improve the strength of the reinforced 

region 87 and may enable the reinforced region 87 to resist further breakage of the pellicle 

19. The reinforced region 87 and the fracture line 85 extend between sections of the 

perimeter portion 55 of the pellicle 19 w'hich is supported by the frame 17. The fracture line 

85 and the reinforced region 87 enclose a portion of the pellicle 19 which is positioned at the 
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edge of the unsupported portion of the pellicle 19 (the portion which is not in contact with the 

frame 17). The region of the pellicle 19 which is broken is therefore a small contained region 

and little or no debris is created with the rest of the pellicle remaining intact.

[00194] During normal use, the breakage region is exposed to similar forces and

conditions to the rest of the pellicle 19. In the event that the breakage region 83 breaks this 

may indicate that other regions of the pellicle are close to breaking. The breakage region 83 

may be monitored and if it is detected that the breakage region 83 is broken then the pellicle 

may be taken out of operation and replaced. Advantageously the pellicle is taken out of 

operation prior to critical failure of the pellicle. This may avoid generation of significant 

debris and contamination of the surrounding environment.

[00195] The breakage region 83 may be monitored using any form of sensor which is

configured to detect breakage of the breakage region 83. For example, the breakage region 

may be illuminated with radiation and the reflection and/or transmission of radiation from the 

breakage region may be detected. A change in the reflectivity or transmission of the 

breakage region may indicate that the breakage region 83 is broken.

[00196] At least part of the breakage region 83 receives radiation (e.g. EUV radiation)

during a lithographic exposure process and some radiation reflected from the patterning 

device MA which is subsequently incident on a substrate W will pass through the breakage 

region. If the breakage region breaks the transmission of the breakage region 83 will change. 

This may be detected by a change in intensity of radiation at the substrate W in a region of 

the substrate which receives radiation which has passed through the substrate W. Such a 

change in intensity may be detected and may indicate that the breakage region 83 has broken. 

A change in radiation intensity at a substrate W may be detected directly. Alternatively a 

change in radiation intensity at the substrate W may be detected by monitoring the substrate 

W after exposure to radiation. The substrate W may be provided with a photoresist which 

undergoes a state change upon exposure to radiation. Changes in the intensity of radiation to 

which the photoresist is exposed will be detectable in the photoresist and may indicate 

breakage of the breakage region 83. Regions of the substrate W which receive radiation 

which has passed through the breakage region 83 are outside a region of the substrate W in 

which patterned features are formed (since the breakage region 83 is situated outside of the 

patterned region of the pattering device MA). Breakage of the breakage region will not 

therefore affect a pattern which is formed in the substrate.

[00197] In some embodiments, a breakage region 83 (or another feature of a pellicle

described herein) may be positioned outside of an image field which represents portions of 
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the patterning device which are imaged onto a substrate W. A breakage region 83 (or another 

feature of a pellicle described herein) may not therefore influence the radiation to which a 

substrate W is exposed.

[00198] In some embodiments, a pellicle may include a plurality of breakage regions

83 similar to the breakage region 83 of Figure 8. The plurality of breakage regions 83 may 

each be monitored in order to detect breakage of the breakage regions.

[00199] As was described above, the reinforced region 87 has an increased thickness

when compared to the remaining regions of the pellicle 19. The increased thickness of the 

pellicle 19 may cause the reinforced region 87 to be heated to higher temperatures than other 

portions of the pellicle (e.g. due to an increased absorption of radiation). The reinforce 

region 87 is in contact with the frame 17 so as to provide a thermal connection between the 

reinforced region 87 and the frame. Heat from the reinforced region 87 may therefore be 

conducted to the frame 17 which may act as a heat sink and regulate the temperature of the 

reinforced region 87.

[00200] In the embodiments describe above with reference to Figures 5-8, at least

breakage region 83 is provided in an available region 79 of the pellicle 19 which lies within 

an exposure field 73 but which does not overlie a patterned region of a patterning device MA. 

In some embodiments a pellicle frame 17 may be positioned at least partially within the 

exposure 73 such that at least part of the perimeter portion 55 of the pellicle receives 

exposure radiation. This may allow one or more breakage regions 83 or other modifications 

to the pellicle to be situated in the perimeter portion 55 of the pellicle 19, where it is 

supported by the frame 17.

[00201] Figure 9 is a schematic illustration of a pellicle assembly 15 and a patterning

device MA in part of a pellicle frame 17 is situated within an exposure field 73. The 

embodiment which is shown in Figure 9 has many of the same features as the embodiment 

shown in Figure 5. The same reference numerals are used to denote equivalent features in 

Figures 5 and 9 and many of these features are not described again in detail with reference to 

Figure 9.

[00202] In the embodiment which is shown in Figure 9, the pellicle frame 17 includes

a portion which lies inside the exposure field 73 and therefore receives radiation (e.g. EUV 

radiation) during a lithographic exposure process. The available portion 79 of the pellicle 19 

which lies within an exposure field 73 but which does not overlie a patterned region of a 

patterning device MA therefore includes part of the perimeter portion 55 which is supported 

by the frame 17. This allows one or more breakage regions 83 to be situated in the perimeter 
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portion 55 which is supported by the frame 17. A plurality of breakage regions 83 which are 

situated in the perimeter portion of the pellicle 19 are shown in Figure 9.

[00203] Since the breakage regions 83 which are shown in Figure 9 are supported by

the frame 17, breakage of the breakage regions will have little effect on the unsupported 

region of the pellicle 19 which is not in contact with the frame 17. The remainder of the 

pellicle 19 may therefore advantageously remain intact, thereby avoiding the generation of 

significant amounts of debris.

[00204] Similarly to was described above with reference to Figure 8, the breakage

regions 83 may be monitored in order to detect breakage of a breakage region. In the event 

that the breakage region 83 breaks this may indicate that other regions of the pellicle 19 are 

close to breaking. If it is detected that a breakage region 83 is broken then the pellicle 19 

may be taken out of operation and replaced. Advantageously the pellicle is taken out of 

operation prior to critical failure of the pellicle 19. This may avoid generation of significant 

debris and contamination of the surrounding environment.

[00205] In the embodiment of Figure 9 there is less space available on the patterning

device MA which is not occupied by the pellicle frame 17, for example, when compared to 

the embodiment of Figure 5. This may provide limited or no available space on the 

patterning device MA in which markers 81 may be provided. In the embodiment of Figure 9, 

windows 82 are provided in the pellicle frame 17 such that markers 81 on the patterning 

device MA may be viewed through the windows 82. This allows access to the markers 81, 

for example, during alignment of the patterning device MA.

[00206] As was described above with reference to Figure 3, a pellicle 19 may include

at least one layer which is electrically conductive. For example, a pellicle 19 may include an 

emissive layer 31a which may also be electrically conductive. An electrically conductive 

layer in a pellicle 19 may, for example, be formed from a metal (e.g. a transition metal such 

as ruthenium). Alternatively an electrically conductive layer in a pellicle 19 may be formed 

from graphene.

[00207] Electrical conductivity in a pellicle 19 may allow the electrical resistance of

parts of the pellicle 19 to be monitored. As was mentioned above, an emissive layer 31a in a 

pellicle may over time undergo chemical changes. For example, an emissive layer 31a in a 

pellicle 19 may become oxidized. Oxidation of an emissive layer 31a may reduce the 

emissivity of the emissive layer 31a and may reduce the effectiveness with which the 

emissive layer 31a regulates the temperature of the pellicle 19. Oxidation of an emissive 
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layer 31a may therefore increase the likelihood of damage to the pellicle 19 caused by 

overheating of the pellicle 19.

[00208] Oxidation of an emissive layer 31a will also cause the electrical resistance of

the emissive layer 31a to increase. Oxidation of an emissive layer 31a may therefore be 

detected by monitoring the electrical resistance of all or part of a pellicle 19. A pellicle 19 

may, for example, include electrical contacts which allow electrical connections to be made 

to an electrically conducting layer (e.g. an emissive layer 31a) of the pellicle 19. Electrical 

connections which are established with the electrically conducting layer allows the resistance 

through the electrically conducting layer and between the electrical contacts to be measured. 

An increase in the measured resistance may be indicative of oxidation of the electrically 

conducting layer (e.g. an emissive layer 31a). If the measured resistance exceeds a threshold 

value then the pellicle 19 may be taken out of operation in order to avoid failure of the 

pellicle 19 due to overheating.

[00209] Electrical contacts on the pellicle may, for example, be situated on a

perimeter portion 55 of the pellicle 19 which is supported by a frame 17. Figure 10 is a 

schematic illustration of a portion of a pellicle assembly 15 comprising a pellicle frame 17 

and a pellicle 19 which is supported by the pellicle frame 17 at a perimeter portion 55 of the 

pellicle 19. The pellicle 19 includes electrical contacts 89 which allow electrical connections 

with an electrically conductive layer of the pellicle 19 to be established. The electrical 

contacts 89 are situated in the perimeter portion 55 of the pellicle 19. The perimeter portion 

55 of the pellicle 19 is directly supported by the frame 17 and thus any damage to the 

perimeter portion 55 of the pellicle (which may, for example, result from the electrical 

connections with the pellicle) is less likely to cause damage to the unsupported portion of the 

pellicle 19 which is not in contact with the frame 17.

[00210] A sensor 91 is connected between two electrical contacts 89 and is configured

to measure the resistance between the electrical contacts. The sensor 91 may be any form of 

sensor which is capable of measuring the resistance between two contact points.

[00211] The electrical contacts 89 are situated in an available region 79 of the pellicle

19 which lies within an exposure field 73 but which does not overlie a patterned region of a 

patterning device MA (not shown in Figure 10). The region of the pellicle 19 which lies 

between the electrical contacts 89 will therefore be subjected to similar conditions to the 

unsupported portion of the pellicle 19. Oxidation of the region of the pellicle 19 which lies 

between the electrical contacts 89 which causes an increase in the resistance which is 

measured by the sensor 91 may therefore be indicative of oxidation of other regions of the 
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pellicle 19. As was explained above, if the resistance which is measured by the sensor 91 

exceeds a threshold value then the pellicle 19 may be taken out of operation in order to avoid 

failure of the pellicle 19 due to overheating.

[00212] The electrical resistance of a pellicle 19 may additionally or alternatively be

monitored in order to detect cracks in the pellicle 19. In some instances one or more cracks 

may form in a pellicle 19 which do not cause critical failure of the pellicle 19. A cracked 

pellicle 19 may indicate that critical failure of the pellicle 19 is imminent. It is therefore 

desirable to detect a crack in a pellicle 19 before critical failure of the pellicle 19 occurs such 

that the pellicle 19 may be removed from operation prior to the critical failure (thereby 

mitigating generation of significant amounts of debris and contamination of the surrounding 

environment).

[00213] Cracks in a pellicle 19 may be detected by measuring the electrical resistance

across the pellicle 19. Figure 11 is a schematic illustration of a pellicle assembly 15 

comprising a pellicle 19 and a pellicle frame 17 which supports a perimeter portion 55 of the 

pellicle. The pellicle 19 includes electrical contacts 89 which allow electrical connections 

with an electrically conductive layer of the pellicle 19 to be established. In the embodiment 

of Figure 11, the electrical contacts 89 are situated in the perimeter portion 55 of the pellicle 

19.

[00214] Sensors 91 are connected between respective pairs of electrical contacts 89

and are configured to measure the electrical resistance through the pellicle 19 and between 

the electrical contacts 89. Increases in the resistance which are measured by one or more of 

the sensors 91 may indicate that a crack has formed in the pellicle 19. In the event that an 

increase in the resistance which is measured by one or more of the sensors 91 is detected, the 

pellicle 19 may be taken out of operation in order to avoid further damage to the pellicle 19 

and risk critical failure of the pellicle 19.

[00215] In the embodiment which is shown in Figure 11, four electrical contacts 89

and two sensors 91 are shown. However, it will be appreciated that in other embodiments a 

pellicle 19 may include fewer than or more than four electrical contacts 89. In some 

embodiments several electrical contacts 89 may be distributed around the perimeter portion 

55 of the pellicle and the resistance of a number of different electrical paths across the 

pellicle may be measured using a plurality of sensors 91. This may allow cracks which form 

at any position on the pellicle 19 to be detected.

[00216] In some embodiments, electrical pathways between electrical contacts 89

may be electrically isolated from other parts of the pellicle 19. For example, the pellicle 19 
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may include an electrically conductive path between two electrical contacts 89, where the 

electrically conductive path is electrically isolated from other regions of the pellicle 19 (e.g. 

due to an absence of electrically conductive material in the other regions). In such 

embodiments an electrical potential may be applied to specific regions of the pellicle 19 as 

opposed to subjecting the entire pellicle 19 to an electrical potential. Any current which 

flows along an isolated electrical pathway may be measured in order to derive the electrical 

resistance of the pathway. Any changes in the resistance of the pathway may indicate 

damage to the pellicle and/or the potential for imminent failure of the pellicle 19.

[00217] In some embodiments a pellicle assembly may include a sensor assembly

configured to detect a change in a property associated with the pellicle 19. A change in the 

property associated with the pellicle 19 may be indicative of damage to the pellicle 19. For 

example a sensor assembly may be configured to detect a change in the transmission or 

reflectivity of the pellicle to radiation and/or acoustic waves. In the event that a pellicle is 

damaged, for example, due to a crack forming in the pellicle, the reflectivity of a damaged 

region may increase. Detection of an increase in the reflectivity of a pellicle may therefore 

be indicative of damage to the pellicle 19.

[00218] Figures 12A-12D are schematic illustrations of elements of pellicle failure

detection apparatuses according to embodiments of the invention. Figure 12A shows a 

portion of a pellicle assembly 15 and components of an embodiment of a sensor assembly. 

The pellicle assembly 15 comprises a frame 17 and a pellicle 19 which is supported by the 

frame around a perimeter portion 55 of the pellicle 19. The pellicle frame 17 is attached to a 

patterning device MA. The pellicle failure detection apparatus comprises a sensor assembly 

comprising a radiation source 93 and a radiation sensor (not shown in Figure 12A). The 

radiation source 93 is configured to emit a radiation beam 97 which is input into a waveguide 

98. The waveguide 98 is connected to the pellicle 19 and is configured to couple the 

radiation beam 97 into the pellicle 19 such that the radiation beam 97 is transmitted through 

the pellicle 19. The pellicle 19 acts as a waveguide and supports transmission of the radiation 

beam 97 along the pellicle 19.

[00219] Figure 12B shows a portion of a pellicle assembly 15 and components of an

alternative embodiment of a sensor assembly. The embodiment which is shown in Figure 

12B includes a transducer 94 (e.g. a piezoelectric transducer) which is situated in contact with 

the pellicle 19. The transducer 94 excites acoustic waves 96 in the pellicle 19 which are 

transmitted along the pellicle 19.
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[00220] Figure 12C schematically depicts the propagation of waves through a pellicle

19 held by a frame 17 around a perimeter portion 55 of the pellicle 19. A waveform is input 

into the pellicle 19 at an input point 100. Wavefronts are represented in Figure 12C with 

lines 102. The waves may be electromagnetic waves (e.g. when a radiation beam is coupled 

into the pellicle 19 as shown in Figure 12A) or may be acoustic waves (e.g. when a 

transducer generates acoustic waves in the pellicle as shown in Figure 12B). The pellicle 19 

acts as a waveguide and supports propagation of the waves across the pellicle 19. The waves 

propagate in a direction which is substantially parallel with surfaces of the pellicle 19.

[00221] In some embodiments, the transmission and/or the reflection of waves by the

pellicle 19 may be measured. For example a sensor may be positioned close to the input 

point 100 and may measure waves which are reflected back towards the input point. The 

sensor may, for example, measure a return time in between a waveform being input into the 

pellicle 19 and a corresponding reflection being measured by the sensor. In the case of an 

undamaged pellicle 19, waves may be reflected at the frame 17 on the opposite side of the 

pellicle 19 to the input point 100 (as is shown in Figure 12C).

[00222] Figure 12D show's a pellicle 19 which has developed a crack 104. The crack

104 serves to reflect waves which are incident upon it, thereby providing a source of 

reflection which is closer to the input point 100 than the frame 17 at the opposite end of the 

pellicle 19. The crack 104 in the pellicle 19 may therefore lead to a reduction in the return 

time in between a waveform being input into the pellicle 19 and a corresponding reflection 

being measured by a sensor. A change in a signal which is detected by a sensor may 

therefore be indicative of damage to the pellicle 19. In some embodiments, one or more 

sensors may be arranged to detect the intensity of waves which are transmitted and/or 

reflected by the pellicle 19. A change in the intensity of waves which are transmitted and/or 

reflected by the pellicle 19 may be indicative of damage to the pellicle 19.

[00223] In some embodiments a sensor assembly which may form part of a pellicle

failure detection apparatus may comprise a sensor configured to measure a stress to which the 

pellicle 19 is subjected. For example, a stress sensor may be situated on a perimeter portion 

55 of a pellicle 19 which is supported by a pellicle frame 17. A stress sensor may be 

configured to measure compressive stress to which a pellicle 19 is subjected. Additionally or 

alternatively a stress sensor may be configured to measure a tensile stress to which a pellicle 

19 is subjected.

[00224] A suitable stress sensor may, for example, include a micro-bridge stress

sensor comprising a thin bridge extending between two elements. In the event that the micro-
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bridge is subjected to compressive stress, the thin bridge may buckle or break under the 

stress, thereby providing an indication of the stress to which a pellicle 19, on which the stress 

sensor is situated, is subjected.

[00225] In some embodiments a suitable stress sensor may, for example, include one

or more Guckel rings. A Guckel ring comprises a ring shaped structure and one or more 

beams extending across the ring shaped structure. A Guckel ring is configured to convert a 

tensile stress into a compressive stress. In the event that the Guckel ring is subjected to a 

tensile stress one or more of the beams extending across the ring may buckle under the stress, 

thereby providing an indication of the stress to which a pellicle 19, on which the Guckel ring 

is situated, is subjected.

[00226] In some embodiments more than one stress sensor may be situated on a

pellicle 19. Different stress sensors which are situated on the pellicle 19 may be configured 

to measure stress in different positions, stress acting in different directions and/or stress of 

different magnitudes.

[00227] A pellicle 19 which is subjected to high levels of stress may be damaged by

the stress. Positioning one or more stress sensors on the pellicle 19 may allow the stress to 

which the pellicle 19 is subjected to be monitored. In the event that the stress to which the 

pellicle 19 is subjected is large enough that damage to the pellicle 19 is likely, the pellicle 19 

may be taken out of operation in order to avoid damage and critical failure of the pellicle 19.

[00228] Additionally or alternatively one or more strain gauges may be positioned on

a pellicle 19. For example, one or more strain gauges may be positioned on a perimeter 

portion 55 of a pellicle 19. The one or more strain gauges may monitor a strain which the 

pellicle undergoes. In the event that the strain which the pellicle 19 undergoes is large 

enough that damage to die pellicle 19 is likely, the pellicle 19 may be taken out of operation 

in order to avoid damage and critical failure of the pellicle 19.

[00229] In some embodiments a pellicle 19 may be configured to contain debris

within itself in the event of breakage of part of the pellicle 19. Figure 13A is a schematic 

illustration of a pellicle 19 according to an embodiment of the invention shown in cross

section. The pellicle 19 comprises a first layer 101, a second layer 103 and a third layer 105. 

As is shown in Figure 13A, the third layer 105 is situated between the first 101 and the 

second layer 103. The first layer 101 has a first ductility, the second layer 103 has a second 

ductility and the third layer 105 has a third ductility. The third ductility is less than the first 

ductility and less than the second ductility.
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[00230] Ductility is a measure of a material· s ability to plastically deform under

stress. For example, when a material is subjected to a tensile stress, the material will deform 

under the tensile stress so as to be stretched. Ductility is a measure of how much plastic 

deformation/elongation a material undergoes before it breaks. For example, a material 

having a relatively high ductility will undergo a large deformation before the material breaks. 

A material having a lower ductility is less susceptible to being deformed under tensile stress 

and may undergo only a small amount of deformation before breaking,

[00231] In the embodiment which is shown in Figure 13A each of the three layers

101, 103, 105 of the pellicle 19 will be subjected to the same stress during use. The third 

layer 105 has a lower ductility than the ductility of the first and second layers 101, 103 and is 

therefore relatively brittle when compared to the first and second layers 101, 103.

[00232] Figure 13B is a schematic illustration of a stress-strain curve which may be

experienced by the pellicle shown in Figure 13A. When all of the layers 101, 103, 105 are 

intact, the strain which the pellicle 19 undergoes is determined by the total stiffness of the 

pellicle 19, which is dominated by the stiffest layer of the pellicle. The stiffest layer of the 

pellicle 19 is the third layer 105. Under an initial stress, the strain of the pellicle 19 therefore 

approximately follows the stress strain curve of the third layer 105 (denoted 105 in Figure 

3B). At a first critical strain 108, the third layer 105 is broken. Breakage of the third layer 

leads to a dissipation of energy in the pellicle 19, for example, due to the formation of cracks 

in the third layer 105 and/or the generation of sound waves etc.

[00233] After the third layer 105 breaks the stress-strain curve of the pellicle 19 as a

whole follows the stress-strain curve of the first and second layers 101, 103 combined 

(denoted 101, 103 in Figure 13B). Since the first and second layers 101. 103 have higher 

ductility’s than the third layer 105. the first and second layers 101. 103 etui undergo further 

deformation after the third layer 105 has broken. The further deformation of the first and 

second layers 101, 103 after breakage of the third layer 105 further dissipates potential 

energy in the pellicle 19 prior to critical fracture of the pellicle 19.

[00234] At a second critical strain 110 the first and second layers 101, 103 break and

critical fracture of the pellicle 19 occurs. As was explained above, the strain which the first 

and second layers 101. 103 undergo after the third layer 105 has broken serves to dissipate 

potential energy. There is therefore less potential energy available when the first and second 

layers 101, 103 break and critical fracture of the pellicle 19 occurs. Consequently the energy 

which is dissipated during the critical fracture is reduced. The presence of the first and 

second layer 101, 103 having relatively high ductility’s serves to increase the amount of 
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energy which can be dissipated by the pellicle 19 prior to catastrophic failure of the pellicle 

19.

[00235] As was explained above with reference to Figure 13B, in the event that the

pellicle 19 is subjected to a stress which is sufficiently large to break the third layer 105, the 

third relatively brittle layer 105 will break prior to the first and second 101, 103 relatively 

ductile layers (due to the lower ductility of the third layer 105). As is shown in Figure 13A 

the third layer 105 is situated between the first and second layers 101, 103. When the third 

layer 105 breaks, broken pieces of the third layer are therefore contained by the first and 

second layers 101, 103. Broken pieces of the third layer 105 will not therefore contaminate 

the surrounding environment and the pellicle 19 may be cleanly removed and/or replaced 

without causing substantial contamination. After the third layer 105 has broken, the first and 

second layers 101, 103 may still be able to withstand additional stress (due to their relatively 

high ductility’s) and may safely contain the broken third layer 105.

[00236] The first and second relatively high ductility layers 101, 103 may form

capping layers as were described above with reference to Figure 3. The first and second 

layers 101, 103 may, for example, be formed from a metal and/or an alloy. For example, the 

first and second layers 101, 103 may, for example, comprise a titanium, niobium and/or 

zirconium alloy.

[00237] In some embodiments, a pellicle 19 may include more than three layers. For

example, in addition to the three layers described above with reference to Figure 13A a 

pellicle 19 may also comprise an emissive layer (e.g. an emissive layer similar to the 

emissive layer 31a described with reference to Figure 3). In general a pellicle 19 which acts 

to contain pellicle debris within itself may comprise any number of layers, where at least one 

of the layers has a ductility which is lower than the ductility’s of two other layers which are 

situated either side of the low ductility layer. Relatively high ductility layers (i.e. the first and 

second ductility layers 101, 103) need not be directly in contact with a relatively low ductility 

layer (i.e. the third ductility layer 105). That is, one or more intermediate layers may be 

positioned in between the layers. In such an embodiment the third relatively low ductility 

layer is still considered to be situated between the first and second relatively high ductility 

layers even if there is no direct contact between the layers.

[00238] Figure 14 is a schematic illustration of a debris mitigation device 107

according to an embodiment of the invention. The debris mitigation device 107 is situated 

close to a pellicle 19. In the embodiment w'hich is shown in Figure 14, the debris mitigation 

device 107 is situated adjacent to a pellicle assembly 15 comprising a pellicle frame 17 and a 
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pellicle, which is held by the pellicle frame 17 around a perimeter portion 55 of the pellicle 

19. The debris mitigation device 107 comprises a debris steering device configured to direct 

debris resulting from breakage of the pellicle 19 in a preferred direction. In the embodiment 

which is shown in Figure 14, the debris mitigation device 107 further comprises a sensor 112 

configured to monitor the pellicle 19 and detect breakage of the pellicle 19. The debris 

steering device is configured to react to a detection of breakage of the pellicle 19 (as detected 

by the sensor 112) and direct debris resulting from the breakage of the pellicle in a preferred 

direction.

[00239] In the embodiment which is shown in Figure 14, the debris steering device

comprises an enclosed chamber 109 and actuator 111. The inside of the chamber 109 is held 

at a pressure which is lower than the pressure at which the pellicle 19 is held. For example, 

the inside of the chamber 109 may be pumped down to a very low' pressure by using a 

vacuum pump. The actuator 111 is configured to open the chamber 109 in reaction to a 

detection of breakage of the pellicle 19. For example, upon detection of breakage of the 

pellicle 19 by the sensor 112, the sensor 112 may send a signal 113 to the actuator 111. The 

actuator 111 responds to the signal 113 by opening the chamber 109. The actuator 111 may, 

for example, open a door (not shown) in the chamber 109 so as to expose the inside of the 

chamber 109. The lower initial pressure inside the chamber 109 will cause material to be 

sucked into the chamber 109 when the chamber 109 is opened by the actuator 111. For 

example, the broken pellicle 19 may be sucked into the chamber 109, thereby directing the 

debris from the broken pellicle 19 into the chamber 109 (which may be considered to be an 

example of a preferred direction). The debris may be safely contained within the chamber 

109 and may avoid contamination of the surrounding environment (for example 

contamination of the patterning device MA).

[00240] In some embodiments, a debris mitigation device may comprise more than

one chamber 109. For example a plurality of chambers 109 may be positioned around a 

pellicle 19, each chamber 109 having an actuator configured to open the chamber 109 upon 

detection of breakage of the pellicle 109.

[00241] The sensor 112 may be any sensor which is capable of detecting breakage of

the pellicle 109. For example, the sensor 112 may comprise any of the sensors described 

above in connection other embodiments of the invention. In general, any sensing method 

whether described herein or otherw'ise may be used to detect breakage of the pellicle 19.

[00242] In alternative embodiments, a chamber 109 which is situated close to a

pellicle 19 (as is shown in Figure 14) may be held at a pressure which is higher than the 
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pressure at which the pellicle 19 is heid. For example, a vacuum pumping mechanism may 

be configured to pump down the environment in which the pellicle 19 is held to a pressure 

which is lower than the pressure inside the chamber 109. In the event that the sensor 112 

detects breakage of the pellicle 109 and the actuator 111 opens the chamber 109, the pressure 

difference will cause gas to be blown out of the chamber 109. Consequently, debris resulting 

from the broken pellicle 19 is blown away from the chamber 109 and in a preferred direction. 

For example, the debris may be blow' away from a patterning device MA and may reduce any 

contamination of the patterning device MA.

[00243] Figure 15 is a schematic illustration of a debris mitigation device 107’

according to an alternative embodiment of the invention. The debris mitigation device 107’ 

is situated close to a pellicle 19. In the embodiment which is shown in Figure 15, the debris 

mitigation device 107 is situated adjacent to a pellicle assembly 15 comprising a pellicle 

frame 17 and a pellicle, which is held by the pellicle frame 17 around a perimeter portion 55 

of the pellicle 19. The debris mitigation device 107’ comprises a debris steering device 

configured to direct debris resulting from breakage of the pellicle 19 in a preferred direction. 

The debris steering device comprises an electrically charged surface 115 positioned close to 

the pellicle 19. The electrically charged surface 115 may, for example, comprise a charged 

plate. The electrically charged surface may, for example, be charged using a voltage source 

117. In the event of breakage of the pellicle 19, debris from the pellicle is directed towards 

the electrically charged surface by electrostatic attraction. Directing the pellicle debris 

towards the charge surface 115 advantageously reduces contamination of other components 

(e.g. a patterning device MA).

[00244] In some embodiments, an electrically charged surface 115 may be used in

conjunction with a sensor (e.g. the sensor 112) configured to detect breakage of the pellicle 

19. For example, the surface 115 may only be charged (e.g. by turning on the voltage source 

117) in response to detection of breakage of the pellicle 19 by the sensor.

[00245] Figure 16 is a schematic illustration of a debris mitigation device 121

according to an embodiment of the invention. The debris mitigation device 121 comprises a 

sensor 123 configured to monitor a pellicle 19 held by a frame 17 and detect damage to the 

pellicle 19. For example, the sensor may be configured to detect the formation of one or 

more cracks in the pellicle 19. Additionally or alternatively the sensor may be configured to 

detect breakage of one or more breakage regions which may be included in the pellicle 19. In 

general any sensing method whether described herein or otherwise may be used to detect 

damage to the pellicle 19.
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[00246] The debris mitigation device 121 further comprises a tension controlling

device configured to react to detection (by the sensor 123) of damage to the pellicle 19 and 

reduce the tension in the pellicle, thereby limiting further damage to the pellicle 19.

[00247] In the embodiment which is shown in Figure 16, the tension controlling

device takes the form of a plurality of actuators 125 configured to compress the frame 17 on 

which the pellicle 19 is held. The actuators may, for example, respond to a signal 126 sent 

from the sensor 123 to the actuators 125 upon detection of damage to the pellicle 19. The 

actuators 125 compress the frame 17 by applying opposite forces on two sides of the frame 

17 as indicated by arrows in Figure 16. Compressing the frame 17 as shown in Figure 16, 

slightly reduces a distance 127 between opposite sections of a perimeter portion 55 of the 

pellicle 19 which is held by the frame 17, thereby reducing a tension in an unsupported 

portion of the pellicle 19 (which is suspended between opposite parts of the frame 17).

[00248] Reducing the tension in the pellicle 19, reduces the stress to which the

pellicle 19 is subjected and reduces the likelihood of further damage and critical failure of the 

pellicle 19. This may allow the pellicle 19 to be removed from operation and/or replaced 

prior to critical failure of the pellicle 19.

[00249] In other embodiments, the tension controlling device may lake other forms.

For example, the tension controlling de\dce may comprise a temperature controlling device 

which is configured to increase the temperature of the pellicle 19 in response to detection of 

damage to the pellicle 19. Increasing the temperature of the pellicle 19 will cause the pellicle 

19 to expand, thereby reducing the tension in the pellicle 19.

[00250] The temperature controlling device may, for example, be configured to

increase the temperature of the pellicle 19 by resistive heating. For example, an electrical 

current may be passed through a resistive element which is positioned in contact with the 

pellicle 19. The resistance in the resistive element causes heating of the element which may 

cause transfer of thermal energy to the pellicle 19, thereby increasing the temperature of the 

pellicle 19. Additionally or alternatively, an electrical current may be passed through the 

pellicle 19 itself and the resistance of the pellicle 19 will cause the pellicle 19 to be heated 

directly.

[00251] In other embodiments, the temperature controlling device may comprise a

radiation source configured to illuminate the all or part of the pellicle 19. The pellicle 19 

may absorb a fraction of the illuminating radiation, thereby causing the pellicle 19 to be 

heated by the radiation.
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[00252] In some embodiments, measures other than those which have been described

above may be taken in order to reduce contamination of components of a lithographic 

apparatus. For example, in some embodiments one or more shutters may be positioned in 

proximity to a pellicle 19. The one or more shutters may be configured to shut in response to 

a detection of breakage of a pellicle 19. The one or more shutters may act to restrict regions 

of a lithographic apparatus LA to which debris from a broken pellicle 19 is allowed reach 

thereby, limiting the extent of contamination of the lithographic apparatus LA.

[00253] A lithographic apparatus may include masking blades situated close to a

patterning device MA. The mask blades may, for example, be used to restrict the spatial 

extent of radiation which is incident on the patterning device MA. In some embodiments the 

masking blades may be configured to close together in response to a detection of breakage of 

a pellicle 19. This may prevent debris resulting from a broken pellicle 19 from passing into 

the illumination system IL and may therefore advantageously prevent contamination of the 

illumination system IL.

[00254] Some embodiments may include apparatus which is configured to

deliberately break a pellicle in a controlled manner. For example, in the event that damage to 

a pellicle 19 is detected the pellicle 19 may be broken in a controlled manner so as to avoid 

an uncontrolled critical fracture of the pellicle 19 which may produce significant amounts of 

debris. In some embodiments one or more actuators may be provided which may break a 

pellicle in a controlled manner. In other embodiments one or more radiation sources operable 

to form cracks in a pellicle may be provided. For example, one or more lasers may be 

arranged to illuminate a pellicle with a high power laser beam which may cause fracture the 

pellicle. A laser beam may be moved across a pellicle in a controlled manner so as to form a 

controlled crack in the pellicle.

[00255] As was described above with reference to Figure 5, during use in a

lithographic apparatus LA, a pellicle 19 may be exposed to a slit of radiation 75 which is 

scanned across the pellicle 19 in a scanning direction (which is conventionally denoted as the 

y-direction). Exposure to radiation may cause local heating of the pellicle 19 which may 

reduce the tension in the pellicle 19. As will be appreciated, for example, from Figure 5, the 

exposure slit of radiation 75 has different dimensions in the x and y-directions.

[00256] In particular the dimension of the exposure slit 75 is greater in the x-direction

then in the y-direction. Consequently a large section of the width of the pellicle in the x- 

direction is heated by the radiation in the slit 75 and expands, thereby reducing the tension in 

the x-direction. In comparison, at a given position of the exposure slit 75 on the pellicle 19, 
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only a small portion of the width of the pellicle 19 in the y-direction is heated by radiation in 

the exposure slit. Consequently a reduction in tension in the pellicle 19 in the y-direction is 

smaller than a reduction in tension in the pellicle 19 in the x-direction. It may be desirable to 

provide a mechanism for compensating for the difference in tension reduction in the x and y- 

directions such that the pellicle 19 has approximately the same tension in the x and y- 

directions.

[00257] Figures 17a and 17b are schematic illustrations of alternative embodiments of

a pellicle frame 17. Each of the embodiments of pellicle frames 17 shown in Figures 17a and 

17b are configured to have different compliances in the x and y-directions. Each of the 

pellicle frames 17 shown in Figures 17a and 17b are configured to support a pellicle 19 

around a perimeter portion 55 of the pellicle 19. The pellicle frames 17 enclose a suspended 

(or unsupported) region 131 of the pellicle. The pellicle frames 17 comprise a first pair of 

side portions 133a, 133b positioned at opposite ends of the suspended region 131 of the 

pellicle 19 and extending along the edges of the suspended region 131 of the pellicle 19 in the 

x-direction (which may be referred to as a first direction). The pellicle frames 17 further 

comprise a second pair of side portions 135a, 135b positioned at opposite ends of the 

suspended region 131 of the pellicle 19 and extending along the edges of the suspended 

region 131 of the pellicle 19 in the y-direction (which may be referred to as a second 

direction).

[00258] The first pair of side portions 133a, 133b are configured to have a compliance

in the y-direction which is greater than a compliance of the second pair of side portions 135a, 

135b in the x-direction. The greater compliance of the frame 17 in the y-direction means that 

the pellicle 19 which is supported by the pellicle frame 17 has an initial tension in the y- 

direction which is less than the initial tension of the pellicle in the x-direction. The initial 

tension may be considered to be a tension in the pellicle 19 prior to use of the pellicle in a 

lithographic apparatus LA. Equivalently, the initial tension in the pellicle 19 may be 

considered to be the tension in the pellicle 19 when the pellicle 19 as at thermal equilibrium 

(i.e. all regions of the pellicle 19 are at substantially the same temperature).

[00259] As was explained above, during exposure of the pellicle 19 to an exposure slit 

of radiation, the pellicle 19 may be heated differently in different directions. In particular a 

reduction in the tension of the pellicle in the x-direction due to heating may be greater than a 

reduction in the tension of the pellicle in the y-direction due to heating. Since the initial 

tension is greater in the x-direction than in the y-direction, after heating of the pellicle by 
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exposure to an exposure slit of radiation, the pellicle 19 may advantageously have a tension 

in the x-direction which is approximately equal to the tension in the y-direction.

[00260] In both of the embodiments which are shown in Figures 17a and 17b the first

pair of side portions 133a, 133b of the pellicle frame have thicknesses in the y-direction 

which are less than the thicknesses of the second pair of side portions 135a, 135b in the x- 

direction. Consequently the compliance of the frame 17 in the y-direction is greater than the 

compliance of the frame 17 in the x-direction. In the embodiment which is shown in Figure 

17b, the thicknesses of the first pair of side portions 133a, 133b is reduced relative to the 

thicknesses of the second pair of side portions 135a, 135b by forming slits 137 in the first pair 

of side portions 133a, 133b. The slits 137 extend in the x-direction along the first pair of side 

portions 133a, 133b. The thicknesses of the first pair of side-portions 133a are taken to be 

the total thicknesses excluding the slits 137 since the constitute portions of the frame 17 in 

which no material is present.

[00261] In an embodiment it is advantageous to monitor the pellicle presence and its

integrity. A pellicle integrity detector may be operated based upon reflection of an optical 

beam (radiation beam 142) from a sensed surface. The pellicle integrity is monitored by 

detection of radiation beam 142 reflected from the pellicle surface. A beam transmitter and a 

receiver may be placed such as to allow the reflected beam to reach the receiver. The receiver 

will sense a signal when a pellicle membrane is present and no signal when it is not present or 

it is not intact (i.e. for a broken pellicle).

[00262] In embodiments described in Figures 18 and 19, the signal at a receiver

sensor is sensitive to the distance of the pellicle from a transmitter. When the pellicle 

membrane moves up or down, the amplitude and position of the reflected radiation beam 142 

will vary on the receiver. The receiver preferably is sensitive to either or both of these 

parameters, to allow- monitoring of the pellicle membrane dynamic response to any external 

factors such as ambient pressure variations and vibrations. For example, position sensitive 

detectors can be used as receivers which are sensitive to the position of the reflected radiation 

beam 142.

[00263] A frame presence detector may also be desirable and can be operated based

upon the reflected radiation beam 142. Multiple optical beam frame detectors may be used to 

detect the frame state, its presence, getting unglued or distorted, or any thermal effects from 

EUV radiation which may be deforming the frame.

[00264] Both the pellicle membrane and the pellicle frame detector may therefore

comprise a radiation beam transmitter and a receiver. A radiation beam 142 may- be provided 
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by a single laser diode or an array of diode. It can however be provided by any other radiation 

beam sources. Fiber optics may be used to remote the transmitter and receiver. The radiation 

beam 142 is selected to have a wavelength that provides good reflection coefficient from the 

pellicle material, for the reticle material and for the pellicle (and mask) protective casing 

cover surfaces. It is also desirable to have little absorption of the beam in the pellicle in order 

to prevent undesired thermal effects. Although the detectors mentioned above are described 

to operate based on reflection of optical (radiation) beams, this is for illustration purpose 

only. Transmitted beams of other types, such as based on sound waves or any other feasible 

detectors may be used for this purpose.

[00265] The above mentioned detectors may use a bundle of mixed optical fibers

having different receiving fiber numeric apertures (NA). Having different NA’s allows for 

reflectivity compensation, which makes detection insensitive to the reflectivity changes in the 

sensed surface.

[00266] Detectors using an optical (radiation) beam approach will detect the pellicle

motion and its motion frequency. The resonance frequency is for example indicative of the 

pellicle state. Any changes in the motion frequency may indicate changes related to an 

imminent pellicle failure, thermal effects or changes/degrading of the pellicle from use, etc. 

Both normal incidence and non-normal incidence beam scan may be used for such purpose. 

An optimal incidence angle may allow for fewer detectors in a smaller space. The status of 

the pellicle membrane may be measured at an initial moment and then monitored to detect 

any changes over time.

[00267] An array of optical transmitters/receivers (e.g. laser diodes, one or two

dimensional arrays) may be used to detect multiple regions of the pellicle. The radiation 

beams may be angled differently for each transmitter to effectively check multiple regions 

from a small footprint. Examples of transmitter/detector pair configurations may be three 

sensors in a line, five or nine sensors forming a cross-shaped configuration, or a 3x3 array of 

sensors, with at least one frame sensor at the edge and at least one pellicle sensor in the center 

of the array.

[00268] A scanning beam concept may also be used to scan the pellicle surface for

detecting changes in its integrity. This would require having a radiation beam with capability 

of rotation in ID or 2D space (for example integrated with a rotating stage).

[00269] Pellicle and frame detection devices may be located in various positions

inside and outside the lithographic apparatus or other devices (e.g. carriage casing, reticle 

inspection tools, etc) to detect the pellicle state during storage, transportation etc. The pellicle 
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integrity may also be monitored during reticle inspection, for example during the use 

of scatterometric instruments used to detect particle contamination on the reticle through the 

pellicle.

[00270] Figure 18 is a schematic illustration of a pellicle failure detection apparatus

140 according to an embodiment of the invention. The pellicle failure detection apparatus 

140 comprises a radiation source 141 and a radiation sensor 143. The radiation source 141 is 

configured to emit a radiation beam 142. The radiation sensor 143 is arranged to receive and 

detect reflections of the radiation beam 142.

[00271] Also shown in Figure 18 is a patterning device MA and a pellicle assembly

15. The pellicle assembly 15 comprises a pellicle 19 and a pellicle frame 17 which holds the 

pellicle 19 in place so as to protect the patterning device MA from particle contamination. 

The radiation source 141 is arranged so as to illuminate a portion of the pellicle 19 and the 

patterning device MA (through the pellicle 19) with the radiation beam 142. The radiation 

sensor 143 is arranged to receive and measure reflections of the radiation beam 142 from the 

pellicle 19 and the patterning device MA. The radiation sensor is configured to illuminate a 

portion of the pellicle 19 at a non-normal angle of incidence. That is, the angle of incidence Θ 

of the radiation beam 142 at the pellicle 19 is greater than zero. In general, the pellicle 19 is 

approximately parallel with a patterned surface 24 of the patterning device MA. The angle of 

incidence with which the radiation beam 142 is incident on the patterned surface 24 of the 

patterning device MA is therefore generally approximately equal to the angle of incidence Θ 

of the radiation beam 142 on the pellicle 19.

[00272] Due to the non-normal angle of incidence θ of the radiation beam 142 at the

pellicle 19 and at the patterned surface 24, the position of a reflected beam 142a which is 

reflected from the pellicle 19 is different to the position of a reflected beam 142b which is 

reflected from the patterning device MA. The reflected beam 142a from the pellicle 19 is 

therefore incident on the radiation sensor 143 at a different position to the position of the 

reflective beam 142b from the patterning device MA. The radiation sensor 143 may be 

configured to determine the position at which radiation is incident upon it. The radiation 

sensor 143 may therefore be capable of differentiating between radiation which is reflected 

from the pellicle 19 and radiation which is reflected from the patterning device MA.

[00273] The pellicle detection apparatus 140 further comprises a controller 145 in

communication with the sensor 143. The controller 145 is configured to detect failure of the 

pellicle from the detection of reflected radiation made by the sensor. For example, in the 

absence of a substantial reflection of radiation from the pellicle 19, the controller 145 may 
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deduce that no pellicle 19 is present or that the pellicle 19 has broken (and is not therefore 

present in the optical path of the radiation beam 142). In some embodiments, the controller 

may be configured to detect failures of the pellicle when a measure of the intensity of the 

portion 142a of the radiation beam 142 which is reflected from the pellicle 19 falls below a 

threshold value. The measure of the intensity of the reflected portion 142a is made by the 

sensor 143 and may, for example, comprise the power and/or intensity of reflected radiation 

incident on the sensor 143.

[00274] In the embodiment which is shown in Figure 18, the radiation sensor 143

comprises a first detector region 143a and a second detector region 143b. The first detector 

region is positioned to receive radiation 142a reflected from the pellicle 19 and the second 

detector region 143b is positioned to receive radiation 142b reflected from the patterning 

device MA.

[00275] If the first detector region 143a detects a substantial reflection from the

pellicle 19 (e.g. radiation is measured having an intensity or power above a threshold amount) 

then the controller 145 may determine that the pellicle 19 is in place and has not failed. If the 

first detector region 143a does not detect a substantial reflection from the pellicle (e.g. an 

intensity or power measured at the first detector region 143a is below a threshold amount) 

then the controller 145 may determine that no pellicle is present or that the pellicle is broken 

(and is not therefore present in the optical path of the radiation beam 142).

[00276] In order to provide a comparison to radiation measured at the first detector

region 143a, radiation may also be measured at the second detector region 143b. Radiation 

measured at the second detector region 143b may, for example, be used to verify the presence 

of the patterning device MA and/or to verify that the patterning device MA and/or the pellicle 

are correctly aligned in order to detect the presence or absence of a pellicle 19. For example, 

if no substantial reflection of radiation from the patterning device MA is measured at the 

second detector region 143b, then this may indicate that the pellicle failure detection 

apparatus 140 is not correctly positioned and/or aligned in order to detect the presence or 

absence of a pellicle.

[00277] In the event that the pellicle failure detection apparatus 140 is correctly

positioned and aligned in order to detect the presence or absence of a pellicle 19 and the 

pellicle were to break, then the power and/or intensity of radiation measured at the second 

detector region 143b may reduce. When a pellicle 19 is present in the optical path of the 

radiation 142b reflected from the patterned surface 24 then a portion of the radiation may be 

absorbed by the pellicle 19 (as well as being reflected by the pellicle 19), thereby reducing 
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the power of radiation incident on the second detector region 143b. For example, 

approximately 10-20% of EUV radiation incident on a pellicle 19 may be absorbed by the 

pellicle on each passage through the pellicle 19. In the event that the pellicle 19 breaks and is 

no longer present in the optical path of the radiation beam 142, radiation will no longer be 

absorbed by the pellicle 19. The power of radiation incident on the second detector region 

143b will therefore increase. In some embodiments, the controller 145 may use a reduction 

in power of radiation incident on the second detector region 143b to detect that the pellicle 19 

has failed.

[00278] In the embodiment shown in Figure 18, the radiation sensor 143 comprises a

first sensor region 143a configured to detect radiation 142a reflected from the pellicle 19 and 

a second detector region 143b configured to detect radiation 142b reflected from the 

patterning device MA. In other embodiments, the radiation sensor 143 may take other forms. 

For example, in some embodiments the second detector region 143b may be omitted. In such 

embodiments, measurements made by a first detector region 142a may alone be used to 

determine whether or not a pellicle 19 is present or has failed.

[00279] In general any sensor may be used which is arranged to detect a portion 142a

of the radiation beam 142 which is reflected from the pellicle 19. As is shown in the 

embodiment of Figure 18, the sensor 143 may be further configured to detect a portion 142b 

of the radiation beam 142, which is reflected from the patterning device MA. Since the 

radiation beam is incident on the pellicle at a non-normal angle of incidence, the portion 142b 

of the radiation beam 142 which is reflected from the patterning device MA is incident on the 

sensor 143 at a different position to the portion 142a of the radiation beam 142 reflected from 

the patterning device MA.

[00280] As has been described above a pellicle 19 is placed on a pellicle frame 17

such that there is an initial tension in the pellicle 19. In the event that the pellicle 19 breaks, 

the initial tension in the pellicle may cause the pellicle to be removed from substantially the 

entire region bounded by the pellicle frame 17. For example, after breakage the pellicle 19 

may roll up on itself and/or become disconnected from the frame 17. Breakage of the pellicle 

19 may therefore be detected by monitoring the pellicle 19 at any position on the pellicle 19. 

In some embodiments a single pellicle failure detection apparatus may be used to determine 

failure of the pellicle 19 at any position on the pellicle 19. In other embodiments a plurality 

of pellicle failure detection apparatuses may be provided to monitor different portions of the 

pellicle 19.
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[00281] In the embodiment which is shown in Figure 18, the controller 145 is shown

as being a separate component to the sensor 143. In other embodiments the controller 145 

may form part of the sensor 143 or may form part of another component.

[00282] In the embodiment which is shown in Figure 18, the sensor 143 is arranged to

detect specular reflections of the radiation beam 142 from the pellicle 19. Accordingly, the 

radiation source 141 is arranged to illuminate the pellicle 19 at a non-normal angle of 

incidence such that specular reflection 142a from the pellicle 19 is in a different position to 

specular reflection from the patterning device MA.

[00283] In some embodiments, a sensor 143 may be arranged to detect diffuse

reflection from the pellicle 19. Similarly to the methods described above, detection of diffuse 

reflection may be used to detect whether or not the pellicle 19 has failed. In such 

embodiments, the radiation source 141 may be arranged to illuminate the pellicle 19 at a non

normal angle of incidence or may be arranged to illuminate the pellicle at normal incidence. 

The angular profile of diffuse reflection from the pellicle 19 may be different to the angular 

profile of diffuse reflection from the patterning device. Consequently, measurements of 

diffuse reflection may be used to differentiate reflections from the pellicle 19 from reflections 

from the patterning device MA, in embodiments in which the radiation source SO illuminates 

the pellicle 19 at a normal angle of incidence.

[00284] A pellicle failure detection apparatus 140 (such as the pellicle detection

apparatus described above with reference to Figure 18) may be used at any stage of a process 

for handling and using a patterning device MA protected by a pellicle 19. For example, a 

pellicle failure detection apparatus 140 may be used in a load lock stage of a lithographic 

apparatus. A load lock stage may be used to transfer a patterning device MA protected by a 

pellicle 19 into or out of a lithographic apparatus. For example, a patterning device MA may 

be brought from atmospheric pressure conditions outside of the lithographic apparatus and 

placed inside a load lock. The load lock may be pumped down to vacuum pressure 

conditions with the patterning device MA inside the load lock, in preparation for use of the 

patterning device MA inside the lithographic apparatus. The patterning device MA may then 

be transferred from the load lock into the lithographic apparatus for use in a lithographic 

process.

[00285] In some embodiments a pellicle failure detection apparatus 140 may be

located in a load lock stage of a lithographic apparatus. The pellicle failure detection 

apparatus 140 may be used to check a pellicle prior to a patterning device MA and pellicle 

being loaded into the lithographic apparatus for use. If the pellicle failure detection apparatus 
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140 detects that a pellicle has failed then the patterning device MA may not be loaded into 

the lithographic apparatus and may not be used in the lithographic apparatus. Checking a 

pellicle prior to loading a patterning device MA into a lithographic apparatus may prevent a 

broken pellicle from entering a lithographic apparatus. Advantageously this may prevent 

pellicle debris from entering a lithographic apparatus and contaminating the lithographic 

apparatus.

[00286] A patterning device MA and a pellicle 19 protecting the patterning device

MA, may be transported in a protective pod (which may be referred to as a reticle pod). For 

example, a patterning device may be loaded into a lithographic apparatus (e.g. through a load 

lock) whilst situated inside a protective casing. The patterning device MA may then be 

removed from the protective casing for use in a lithographic process. The protective casing 

may, for example, comprise inner and outer compartments which may be referred to as inner 

and outer pods, the inner pod being situated within the outer pod.

[00287] Figure 19 is a schematic illustration of a portion of a protective casing 147 in

which a patterning device MA and a pellicle assembly 15 are situated. The pellicle assembly 

15 comprises a pellicle 19 and a pellicle frame 17. Also shown in Figure 19 is a pellicle 

failure detection apparatus 140 which may be used to monitor the pellicle 19 for failure 

whilst the patterning device MA and the pellicle assembly are situated inside the protective 

casing 147. In order to facilitate monitoring of the pellicle 19, whilst it is situated inside the 

protective casing 147, the protective casing 147 is provided with a first transparent window' 

149a. The first transparent window 149a transmits at least a portion of the radiation beam 

142 and the reflected portions 142a, 142b of the radiation beam 142.

[00288] In the embodiment which is shown in Figure 19, the protective casing 147 is

further provided with a second transparent window' 149b. The second transparent window' 

149b may be used to monitor a further aspect of the pellicle assembly 15 and/or the 

patterning device MA. For example, in the embodiment which is shown in Figure 19 a 

monitoring device 240 is situated to monitor for the presence of a pellicle frame 17.

[00289] The monitoring device 240 uses a similar principle to the pellicle failure

detection apparatus 140 and comprises a radiation source 241 and a radiation sensor 243. 

The radiation source is configured to illuminate the pellicle frame 17 at a non-normal angle 

of incidence with a radiation beam 242. The radiation sensor 243 is configured to receive 

and measure a portion 242a of the radiation beam 242 w'hich is reflected from the pellicle 

frame 17. The radiation sensor 243 may determine whether or not a pellicle frame 17 is 

present based upon measurements of reflected radiation 242a made by the sensor 243. For 
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example, if the power or intensity of radiation which is measured by the radiation sensor 243 

exceeds a threshold value then it may be determined that a pellicle frame 17 is present. If the 

power or intensity of radiation which is measured by the radiation sensor 243 is below a 

threshold value then it may be determined that no pellicle frame 17 is present.

100290] The monitoring device 240 may be used to distinguish between patterning

devices MA which are intended to be protected by a pellicle and patterning devices MA 

which are not intended to be protected by a pellicle. For example, if the monitoring device 

240 determines that a pellicle frame 17 is present on a patterning device, it may be deduced 

that the patterning device is intended to be protected by a pellicle. If the monitoring device 

240 determines that there is no pellicle frame 17 in place then it may be deduced that the 

patterning device MA is not intended to be protected by a pellicle. As was described above, 

the pellicle failure detection apparatus 140 may determine whether an intact pellicle 19 is 

protecting the patterning device MA.

[00291] In some embodiments, whether or not a patterning device is intended to be

protected by a pellicle may be detected by other means. For example, a protective casing 147 

in which a patterning device MA is situated may differ depending on whether or not the 

patterning device is intended to be protected by a pellicle. One or more features of the 

protective casing may therefore be monitored in order to determine whether or not the 

patterning device MA is intended to be protected by a pellicle. For example, in some 

embodiments a protective casing 147 which is designed for use with a patterning device MA 

which is to be protected by a pellicle 19. may include a recess for accommodating a pellicle 

frame 17 and a pellicle 19. A protective casing 147 which is designed for use with a 

patterning device MA, which is not to be protected by a pellicle 19 may not include a recess 

for accommodating a pellicle frame 17 and a pellicle. In such embodiments a monitoring 

device 240 may be configured to detect the presence or absence of a recess in a protective 

casing 147. The presence or absence of a recess in the protective casing 147 may indicate 

whether the protective casing is transporting a patterning device MA which is intended to be 

protected by a pellicle 19 or a patterning device MA which is not intended to be protected by 

a pellicle 19.

[00292] Whilst the use of a pellicle failure detection apparatus 140 and/or a

monitoring device 240 have been described above in a load lock stage, a pellicle failure 

detection apparatus 140 and/or a monitoring device may be used at other locations. For 

example, they may be used in a patterning device MA handling stage of a lithographic 

apparatus at which a patterning device MA is prepared for use in a lithographic process. In 
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some embodiments a plurality of pellicle failure detection apparatuses 140 and/or monitoring 

devices 240 may be used at a plurality of different locations.

[00293] Embodiments have been described above in which a pellicle failure detection

apparatus is used to detect failure of a pellicle. In some embodiments, an optical apparatus 

may be used to measure the position of one or more regions of the pellicle during a time at 

which the pellicle is subjected to a pressure difference. As was described above, a patterning 

device and a pellicle may be pumped down to vacuum pressure conditions (e.g. in a load lock 

stage) as part of a process of loading a patterning device into a lithographic apparatus. A 

patterning device and a pellicle may be subjected to increases in pressure as part of a process 

of unloading a patterning device from a lithographic apparatus. For example, a patterning 

device may be positioned in a load lock stage which is vented to atmospheric pressure prior 

to the patterning device being unloaded from the load lock stage.

[00294] As a patterning device and a pellicle are subjected to changing pressure

conditions, a pressure difference may occur across the pellicle. For example, the pressure in 

the volume in between the patterning device and the pellicle may change at a slower rate than 

the pressure outside of this volume, thereby resulting in a pressure difference across the 

pellicle. A pressure difference across a pellicle may exert a force on the pellicle which acts to 

bend the pellicle. For example, the pellicle may be bent towards the patterning device or may 

be bent away from the patterning device. Bending of the pellicle may result in damage to the 

pellicle and/or breakage of the pellicle. For example, the pellicle may be bent to such an 

extent that it comes into contact with the patterning device and/or a protective casing in 

which the patterning device and pellicle may be contained (such as the protective casing 147 

which is shown in Figure 19). Contact between the pellicle and another component may 

cause damage to the pellicle and may cause the pellicle to break.

[00295] In order to avoid damage to a pellicle, the rate at which pressure conditions

are changed (e.g. during a pump-down or vent procedure) may be limited so as to ensure that 

any pressure difference across the pellicle is kept within safe thresholds, at which the pellicle 

is not damaged. This may be achieved, for example, by measuring the position of one or 

more regions of the pellicle during any pressure changes and adjusting the rate at which the 

pressure is changed in response to the measurements. For example, the position of a 

substantially central portion of the pellicle may be measured. If it is detected that the central 

portion of the pellicle is too close to the patterning device and/or too far away from the 

patterning device, then the rate of change of the pressure to which the patterning device is 

subjected may be reduced. If the position of the pellicle is detected to be well within safe 
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limits (i.e. not too close to the patterning device or too far from the patterning device) then 

the rate of change of pressure may be increased so as to decrease the time required to 

complete a pump-down and/or venting procedure.

[00296] In general, a lithographic apparatus may be provided with a load stage for a

lithographic apparatus, the load stage comprising a chamber configured to receive a 

patterning device protected by a pellicle, a sensor apparatus configured to measure the 

position of at least a portion of a pellicle situated in the chamber and a pressure changing 

apparatus configured to change the pressure inside the chamber. The pressure changing 

apparatus may be configured to control the rate at which the pressure inside the chamber is 

changed in response to the measurements of the positions of at least a portion of the pellicle. 

The pressure changing apparatus may, for example, be configured to reduce the rate at which 

the pressure inside the chamber is changed in response to measurements indicating that the 

position of the pellicle lies outside a desired range of the position of the pellicle. The desired 

range of the position of the pellicle may for example, lie between a minimum distance from a 

patterning device and a maximum distance from the patterning device. That is if the pellicle 

gets too close to the patterning device or too far away from the patterning device, then the 

rate of pressure change may be decreased.

[00297] Controlling the rate of change of pressure to which a patterning device and

pellicle are subjected in response to measurements of the position of the pellicle, may 

advantageously allow the time required for a pump-down and/or venting procedure to be 

reduced, whilst simultaneously ensuring that the rate of change pressure is kept within safe 

limits.

[00298] In alternative embodiments, the rate of pressure change which a patterning

device and pellicle may be subjected to during a pump-down and/or venting procedure may 

be modelled. For example, the response of a pellicle during a pump-down and/or venting 

procedure may be modelled at a number of different rates of pressure change. This may 

allow safe rates of pressure change, which do not cause damage to the pellicle, to be 

determined. For example, a maximum rate of pressure change to which a patterning device 

and pellicle may be subjected without causing damage to the pellicle may be determined by 

modelling.

[00299] However, modelling results may have associated uncertainties and may not

accurately predict the behavior of a pellicle. For example, mechanical properties of a pellicle 

may be different for different pellicles and in practice may be different to mechanical 

properties which are input to a model. The behavior of a pellicle may therefore vary from 
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modelling results. In order to account for modelling uncertainties, the rate of pressure change 

which is used in practice may be substantially less than a maximum safe rate of pressure 

change determined using a modelling process. That is, the rate of pressure change which is 

used in a pump-down and/or venting process may be reduced below a theoretically safe rate 

of pressure change (as determined as a result of a modelling process) in order to reduce the 

risk of causing damage to the pellicle.

[00300] One consequence of modelling uncertainties may therefore be that a rate of

pressure change which is used in practice may be substantially below a maximum rate of 

pressure change which could be used without causing damage to a pellicle. As a result, an 

amount of time taken to perform a pump-down and/or venting process may be increased. 

Consequently, the rate at which patterning devices are loaded into and removed from a 

lithographic apparatus is reduced, which may reduce a throughput of the lithographic 

apparatus.

[00301] As was described above, in some embodiments a rate of pressure change

which a patterning device and pellicle are subjected to may be controlled in response to 

measurements of the position of the pellicle. By controlling a rate of pressure change in 

response to measurements of the pellicle (as opposed to modelling results) the rate of 

pressure change may be increased without risking damage to the pellicle. That is, the rate of 

pressure change which is used when relying on real-time measurements may greater than 

when relying on modelling results. Consequently, patterning devices may be loaded into 

and/or out of a lithographic apparatus at a faster rate by controlling a pump-down and/or 

venting process in response to measurements of the pellicle. This may advantageously allow 

for an increase in the throughput of the lithographic apparatus.

[00302] Pump-down and/or venting procedures may be carried out whilst a patterning

device and pellicle are situated inside a protective casing (e.g. the protective casing 147 

which is shown in Figure 19). As was described above with reference to Figure 19, the 

protective casing 147 may include one or more transparent windows 149a, 149b.

[00303] A transparent window 149a, 149b in the protective casing may allow for

optical measurements of a pellicle in order to determine the position of the pellicle. For 

example, a sensor similar to the pellicle failure detection apparatus 140 shown in Figure 19 

may be used to determine the position of a region of the pellicle 19. The pellicle failure 

detection apparatus 140 shown in Figure 19 includes a radiation source 141, a radiation 

sensor 143 and a controller 145. The radiation source 141 illuminates a portion of a pellicle 

19 with a radiation beam 142 at a non-normal angle of incidence. Consequently the position 
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of a portion 142a of the radiation beam 142 which is reflected from the pellicle 19 depends 

on the position of the illuminated portion of the pellicle 19. For example, if the illuminated 

portion of the pellicle 19 moves towards or away from the patterning device MA, then the 

position at which the reflected portion 142a is incident on the radiation sensor 143 may 

change.

[00304] The radiation sensor 143 may be operable to detect the position at which a

reflected portion 142a is incident on the radiation sensor 143. For example, the radiation 

sensor 143 may comprise a plurality of different detector regions located at different 

positions on the radiation sensor 143. The plurality of detector regions may, for example, be 

arranged as an array of detector regions (e.g. a CCD array or a CMOS array). The controller 

145 may receive measurements made by the radiation sensor 143 and may determine, from 

the measurements, the position of the reflected portion 142a on the radiation sensor 143. The 

controller 145 may further determine the position of the illuminated portion of the pellicle 

from the measurements. For example, the controller 145 may determine the distance of the 

illuminated portion of the pellicle 19 from the patterning device MA.

[00305] The radiation sensor 143 may additionally measure reflections of the

radiation beam 142 from the transparent window 149a and/or the patterning device. The 

position of reflections from the transparent window 149a and/or the patterning device, on the 

radiation sensor 143 may serve as a reference measurement against which the position of 

reflections from the pellicle may be compared. For example, by comparing the positions of 

reflections from the pellicle to the positions of reflections from the transparent window 149a 

and/or the patterning device MA, the distance of the pellicle from the transparent window 

149a and/or the patterning device MA may be determined,

[00306] In some embodiments a confocal imaging sensor may be used to determine

the position of a portion of the pellicle. A confocal imaging sensor may include a radiation 

source configured to form a continuum of monochromatic images along an optical axis of the 

confocal imaging sensor. Reflections of the emitted radiation are imaged through a pin-hole. 

A sensor may determine the wavelength of the imaged reflected radiation, where the 

wavelength depends on the location along the optical axis at which the imaged radiation is 

reflected. The wavelength of the imaged radiation is therefore indicative of the position of a 

reflective surface such as a pellicle. Using this principle a confocal imaging sensor may be 

used to measure the position of an illuminated region of a pellicle.

[00307] In some embodiments, a confocal imaging sensor may be used to

simultaneously determine the position of a plurality of reflecting surfaces. For example, a 
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confocal imaging sensor may be used to determine the position of a transparent window 149a 

and/or a patterning device MA, whilst simultaneously determining the position of an 

illuminated portion of a pellicle. The determined position of the pellicle may, for example, 

be compared with a determined position of a patterning device and/or a transparent window 

so as to determine the distance of the pellicle from the transparent window and/or the 

patterning device MA. Other methods may be used to simultaneously measure the position 

of the pellicle and the position of a patterning device and/or a transparent window. For 

example, triangulation may be employed to simultaneously measure the position of the 

pellicle together with the position of the patterning device and/or the transparent window. 

The positions may be monitored simultaneously in the manner set out above in connection 

with Figure 19.

[00308] As was described above, measurements of a position of a portion of a pellicle

may be used to control a rate of pressure change which the pellicle is subjected to. The 

portion of the pellicle which is measured may, for example, be a substantially central portion 

of the pellicle. In some embodiments, the position of a plurality of portions of a pellicle may 

be measured (e.g. using multiple sensors). In some embodiments an optical sensor may be 

used to measure the position of a portion of the pellicle (for example, a sensor of the type 

described above with reference to Figure 19). In general, any form of sensor may be used to 

measure the position of one or more portions of a pellicle.

[00309] The number of sensors in Figures 18 and 19 and their locations are shown for

illustration purposes only. Additional sensors and locations with appropriate selection of 

wavelengths can be used with added functionality as desired or needed.

[00310] In some embodiments measurements of the position of one or more portions

of a pellicle may additionally or alternatively be used as an indication of fatigue of a pellicle. 

For example, changes in position of a pellicle as a function of pressure may be measured 

during a plurality of different pump-down and/or venting procedures. If the position of the 

pellicle as a function of pressure is significantly different for different pump-down and/or 

venting procedures then this may be an indication that the mechanical properties of the 

pellicle have changed. This may, for example, be indicative of fatigue of the pellicle and 

may be used as a warning that a pellicle may be susceptible to further damage and breakage. 

Such a pellicle may subsequently be taken out of use to avoid further damage to the pellicle.

[00311] In some embodiments failure of a pellicle 19 may be detected through

measurements of radiation which propagates through a pellicle 19. Such measurements may 

already be taken in a lithographic apparatus for other purposes. For example, measurements 
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of radiation which has propagated through a pellicle 19 may be taken for alignment purposes 

and/or to measure wavefront aberrations. Figure 20 is a schematic illustration of a 

lithographic apparatus LA which may be used to measure an alignment of components and/or 

wavefront aberrations. The lithographic apparatus LA which is shown in Figure 20 is similar 

to the lithographic apparatus LA which is shown in Figure 1. The same reference numerals 

are used in Figure 20 to denote the same features described above with reference to Figure 1. 

These features will not be described in any more detail with reference to Figure 20.

[00312] In the embodiment which is shown in Figure 20, the patterning device MA

includes a fiducial 150. The fiducial 150 may be similar to the markers 81 shown in Figure 5. 

The fiducial 150 may pattern a portion of the radiation beam B for the purposes of 

measurement. For example, the fiducial 150 may comprise a reflective diffraction grating, 

which when illuminated with the radiation beam B leads to the formation of a plurality of 

diffraction orders. In other embodiments, the fiducial 150 may not form part of the 

patterning device MA but may be positioned adjacent to the patterning device MA (e.g. on 

the support structure MT). Radiation which is reflected from the fiducial 150 passes through 

the pellicle 19.

[00313] Also shown in Figure 20 is a sensor apparatus 151. The sensor apparatus

151 is configured to measure one or more properties of the radiation beam B which is output 

from the projection system PS. The sensor apparatus 151 may, for example, measure one or 

more properties of radiation which is reflected from the fiducial 150 (e.g. diffraction orders 

formed at the fiducial). Measurements made by the sensor apparatus 151 may be used to 

determine an alignment of the substrate table WT relative to the alignment of the patterning 

device MA and/or the support structure MT. For example, the sensor apparatus 151 may be 

used to determine the position of one or more features in the radiation beam B (e.g. one or 

more diffraction orders), which are formed by the fiducial 150. This may allow the 

alignment of the sensor apparatus 151 relative to the fiducial 150 to be determined.

[00314] In some embodiments a fiducial 150 and a sensor apparatus 151 may

additionally or alternatively be used to determine wavefront aberrations which are introduced 

by the projection system PS. For example, the sensor apparatus 151 may be configured to 

perform sheering interferometry measurements. In such embodiments, the sensor apparatus 

151 may comprise a transmissive diffraction grating and a radiation sensor disposed behind 

the transmissive diffraction grating. The radiation sensor may be configured to measure an 

interaction between diffraction orders formed at the fiducial 150 and diffraction orders 

formed at the transmissive diffraction grating at the sensor apparatus 151. The fiducial 150 
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and/or the sensor apparatus 151 may be moved relative to each other. For example, the 

sensor apparatus 151 may be stepped relative to the radiation beam B and measurements 

made at each stepping position. Measurements made by the sensor apparatus 151 may be 

fitted to a set of polynomials, such as the Zernike polynomials. Such a set of polynomials 

may characterize wavefront aberrations which are introduced by the projection system PS and 

may be used to adjust the projection system (e.g. to reduce the wavefront aberrations which 

are introduced by the projection system PS).

[00315] As was described above, measurements used to determine an alignment of

components and/or wavefront aberrations may include measuring radiation which is 

transmitted through a pellicle 19. As was further described above, a pellicle 19 may absorb 

and/or reflect a portion of the radiation which is incident upon it. For example, 

approximately 10% of the power of an EUV radiation beam B may be absorbed by a pellicle 

19 each time it passes through the pellicle 19. Since the radiation beam B passes through the 

pellicle 19 twice before reaching the radiation sensor 151, approximately 20% of the power 

of the EUV radiation beam B may be absorbed by the pellicle 19. Consequently the intensity 

of radiation which is measured by the sensor apparatus 151 is reduced by the presence of a 

pellicle 19, In the event that the pellicle 19 were to break, then the pellicle 19 may be 

removed from the optical path of the radiation beam B. For example, the pellicle 19 may 

break into pieces and/or roll up such that it is no longer held across the patterning device MA 

by the pellicle frame 17, If the pellicle 19 is removed from the optical path of the radiation 

beam B then the intensity of radiation which reaches the sensor apparatus 151 will increase. 

Finis may be detected by an increase in the signal measured by the sensor apparatus 151. 

Such an increase may be used to detect failure of the pellicle 19.

[00316] In the embodiment which is shown in Figure 20, the lithographic apparatus

LA is further provided with a controller 153 in communication with the sensor apparatus 151. 

The controller 153 may receive a signal from the sensor apparatus 151 which is indicative of 

a measure of the intensity of radiation which is measured by the sensor apparatus 151. The 

controller 153 may detect an increase in the measure of the intensity of the radiation 

measured by the sensor apparatus 151 and may determine from the detected increase that the 

pellicle 19 has failed. The controller 153 may, for example, issue a signal and/or an alarm 

which indicates that failure of the pellicle 19 has been detected.

[00317] In the embodiment which is shown in Figure 20, the radiation source SO, the

sensor apparatus 151 and the controller 153 may be considered to form an example of a 

pellicle failure detection apparatus. The radiation source SO is configured to illuminate, with 
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a radiation beam B, a portion of a patterning device MA protecting by a pellicle 19. The 

radiation beam B is transmitted through the pellicle 19. The sensor apparatus 151 is arranged 

to receive and measure at least a portion of the radiation beam B transmitted through the 

pellicle 19. The controller 153 is in communication with the sensor apparatus 151 and is 

configured to detect failure of the pellicle 19 when a measure of the intensity of the radiation 

received by the sensor apparatus increases. The measure of the intensity of the radiation may, 

for example, be the power of the radiation.

[00318] Embodiments have been described above in which breakage of a pellicle is

controlled and/or detected. In the above described embodiments it is generally assumed that 

if a pellicle begins to break then a crack in the pellicle will continue to propagate across the 

pellicle. However, in some embodiments a pellicle may include features configured to limit 

the propagation of a crack in a pellicle. Figure 21 is a schematic illustration of a pellicle 19, 

which includes a plurality of termination features 301. For ease of illustration the termination 

features 301 are illustrated as being relatively large compared to the size of the pellicle 19. In 

practice the termination features 301 may be smaller than shown in Figure 21, relative to the 

size of the pellicle 19. The pellicle 19 may additionally comprise more termination features 

301 than are shown in Figure 21.

[00319] Tire termination features 301 may be configured such that when the pellicle

19 is placed under tension (e.g. when suspended across a pellicle frame), the resulting stress 

in the termination features is less than the resulting stress in regions of the pellicle outside of 

the termination features. As will be explained in further detail below, the termination 

features may 301, for example, comprise holes in the pellicle 19 (which therefore have no 

stress inside the termination features themselves). Alternatively, the termination features 

may comprise regions of the pellicle which are doped with a doping material.

[00320] Figure 22 is a schematic illustration of a crack 303 formed in a pellicle 19. 

The crack 303 has a length a. The crack 303 has a tip 305 having a radius R. References 

herein to the crack tip 305 should be interpreted to refer to a region of the material of the 

pellicle which borders an end of the crack 303, as is indicated by the thick line labelled 305 in 

Figure 22. References herein to stress at the crack tip should be interpreted to mean the stress 

experienced by the region of the material of the pellicle which borders an end of the crack 

303.

[00321] When a crack 303 is first formed in a pellicle 19, the crack will continue to

grow if the following condition is satisfied:



63

[00322]

[00323] where σ is the stress at a tip of the crack, a is the length of the crack and KIC

5

10

15

20

25

30

is the critical stress intensity factor or toughness of the pellicle material. The expression on 

the left hand side of the condition given in (1) is approximately equivalent to a stress intensity 

factor KI at the tip of the crack. The critical stress intensity factor KIC is a constant property 

of the material of the pellicle.

[00324] The stress σ in the pellicle material at the tip of the crack is typically initially 

(i.e. when the crack first forms) of the order of the stress caused by the pre-tension which the 

pellicle is placed under when it is attached to a pellicle frame. As a crack begins to propagate 

through a conventional pellicle, the stress σ at the crack tip typically does not decrease. 

Instead the stress σ at the crack tip increases with increasing crack length a. As a result, the 

condition in (1) will continue to be satisfied and the crack will continue to propagate until it 

reaches an edge of a suspended region of the pellicle 19 (i.e. until the crack reaches the 

pellicle frame).

[00325] In the embodiment of a pellicle which is shown in Figure 21, the pellicle 19

includes termination features 301. The termination features 301 are configured such that in 

the event that a crack tip 305 propagates into the termination feature, the crack tip 

experiences a decrease in a stress σ at the crack tip. The decrease in the stress σ al the crack 

tip may decrease by an amount which is large enough such that the condition given in (1) no 

longer holds true. Consequently propagation of the crack may be terminated and the crack 

will no longer continue to grow.

[00326] Figure 23 is a schematic representation of the stress σ at a crack tip, as a

function of crack length a as a crack propagates towards and into a termination feature 301. 

The stress which is shown in Figure 22 is the von Mises stress given in Newtons per meters 

squared. As the crack grows, the radius R of the crack tip remains substantially constant, 

whereas the length a of the crack increases. Consequently the ratio a/R of the crack length a 

to the radius R of the crack tip increases and as a result the stress σ at the crack tip also 

increases with increasing crack length a.

[00327] An initial increase in the stress σ with increasing crack length a can be seen in

Figure 22. As the crack approaches a termination feature 301. the rate of increase of the 

stress σ increases until it tends to infinity. This is because in a region immediately 

surrounding a termination feature 301, the stress may be higher than in the remainder of the 

pellicle 19 and higher than in the termination feature 301 itself. A high stress region 
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surrounding a termination feature may cause the crack to be drawn into the termination 

feature 301.

[00328] A termination feature 301 may have a radius which is greater than the radius

R of the crack tip. As the crack enters the termination feature 301 the radius of the crack tip 

R becomes the radius of the termination feature 301 and therefore increases. Consequently 

the ratio a/R decreases and so too does the stress σ at the crack tip. A large decrease in the 

stress σ can be seen in Figure 23 at a crack length a of greater than about 0.985 x 10-7 m. 

The decrease in the stress σ means that the condition in (1) is no longer satisfied and the 

propagation of the crack is therefore terminated in the termination feature 301. In this way 

the crack is prevented from propagating further and the size of the crack is limited before it 

propagates across the entire pellicle 19.

[00329] As was described above a radius of the termination features 301 may be

greater than a radius R of a propagating crack tip. A crack tip propagating through a pellicle 

19 may have a radius R of the order of about 1-10 nanometers. The termination features 301 

may therefore have a radius which is greater than about 10 nanometers. In some 

embodiments a radius of the termination features 301 may be larger than this, for example, 

the radius may be greater than about 20 nanometers, greater than about 50 nanometers or 

even greater than about 100 nanometers. A termination feature 301 having a radius which is 

greater than a radius R of a propagating crack tip advantageously ensures that as the crack tip 

enters the termination feature 301, the ratio a/R decreases, leading to a corresponding 

decrease in the stress σ at the crack tip.

[00330] In the embodiment which is shown in Figure 21, the termination features 301

are each substantially circular. In other embodiments, the termination features 301 may have 

shapes other than substantially circular shapes. In general, the termination features 301 may 

have a lateral dimension, which is larger than the radius R of a crack tip. The lateral 

dimension may, for example, be a radius. The lateral dimension may be a width of the 

termination features 301. The lateral dimension may be greater than about 10 nanometers, 

greater than about 20 nanometers, greater than about 50 nanometers or even greater than 

about 100 nanometers.

[00331] As is shown in the embodiment of Figure 21, the termination features 301

may be arranged in a substantially regular pattern. That is, a separation between adjacent 

termination features 301 may be substantially the same for several different adjacent sets of 

termination features 301. Arranging the termination features 301 in a substantially regular 

pattern may advantageously increase the likelihood of a crack propagating between two
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termination features and therefore being terminated at both of its ends before reaching the 

edge of the pellicle 19. This may serve to limit the extent of the crack and may 

advantageously prevent the crack from generating significant amounts of debris, which may 

lead to contamination. The termination features 301 therefore advantageously reduce 

contamination of surrounding components which may result from failure of the pellicle 19. 

[00332] In some embodiments, some or all of the termination features 301 may

comprise holes in the pellicle 19. The holes may, for example, be substantially circular holes. 

Circular holes are a relatively stable discontinuity in a material and may therefore reduce the 

changes of causing failure of the pellicle 19 themselves (when compared to holes having 

other shapes). Generally a hole in a pellicle 19 causes a stress in the region of the pellicle 19 

bordering the hole which is greater than a stress elsewhere in the pellicle 19. For example, 

the stress in the region of the pellicle 19 bordering the hole may be of the order of twice the 

stress elsewhere in the pellicle 19. However, the stress in the region of the pellicle 19 

bordering a hole is typically less than the stress σ at a propagating crack tip.

[00333] Figure 24A is a schematic illustration of a crack 303 which is propagating

towards a termination feature 301 comprising a hole in the pellicle 19. Before the crack 303 

reaches the termination feature 301, the crack 303 has a crack tip 305 having a radius R 

which is smaller than a radius of the termination feature 301. The stress σ at the crack tip is 

large enough that the condition in (1) is satisfied and the crack tip continues to propagate 

through the pellicle 19.

[00334] Figure 24B is a schematic illustration of the crack 303 after it has reached the

termination feature 305. Once the crack tip 305 enters the termination region 305, the radius 

R of the crack tip 305 becomes the radius of the termination feature 301 and the stress σ at 

the crack tip becomes the stress in the region of the pellicle 19 bordering the termination 

feature 301. As was described above, the stress in the region of the pellicle 19 bordering the 

termination feature 301 is typically larger than elsewhere in the pellicle (e.g. twice the stress 

elsewhere in the pellicle) but is typically smaller than the stress at a crack tip 305 when the 

crack tip 305 is propagating towards a termination feature 301 (as shown in Figure 24A). 

Upon entering the termination feature, the stress σ at the crack tip therefore decreases, as was 

described above with reference to Figure 22, and the propagation of the crack 303 is 

terminated.

[00335] In embodiments, which include termination features 301 comprising holes in

the pellicle 19, the diameter of the holes (or other lateral dimension of the holes) may be 

smaller than a size of contamination particles which the pellicle 19 is configured to prevent 
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from coming into contact with a patterning device MA. Termination features 301 comprising 

holes in the pellicle 19 may, for example, be formed by isotropically etching layers of the 

pellicle 19 so as to form holes in the pellicle 19. The size and/or shape of the holes may be 

controlled by controlling the etching process.

[00336] In some embodiments, some or all of the termination features 301 may

comprise doped regions of the pellicle 19. Doped regions of the pellicle 19 are doped with a 

doping material. For example, a doping material such as boron may be used to dope regions 

of the pellicle. In some embodiments, a doping material other than boron may be used. In 

some embodiments, a doping material may be a p-type dopant. Additionally or alternatively 

a doping material may be an s-type dopant.

[00337] In some embodiments the pellicle may comprise silicon (e.g. a polysilicon

film). In such embodiments the doping material may be a p-type dopant such as a dopant 

comprising one or more of boron, aluminum, nitrogen, gallium and/or indium. Additionally 

or alternatively, the doping material may be an n-type dopant such as a dopant comprising 

phosphorus, arsenic, antimony, bismuth and/or lithium.

[00338] In some embodiments the pellicle may comprise graphene. In such

embodiments the doping material may comprise one or more of boron, nitrogen, titanium, 

chromium, platinum, cobalt, indium and/or sulfur. Additionally or alternatively the doping 

material may comprise one or more of organic molecules, acids, bases and/or halides. In 

some embodiments the doping material may comprise a transition metal such as copper, 

nickel, ruthenium, molybdenum and/or platinum.

[00339] Doped regions of the pellicle 19 may experience less stress than other non

doped regions of the pellicle. For example, when a pellicle 19 including doped regions is 

placed under tension (e.g. when it is suspended across a pellicle frame), the resulting stress in 

the doped regions may be lower than the resulting stress in regions of the pellicle 19 outside 

of the doped regions. In some embodiments doping regions of the pellicle 19 may lead to 

compressive stresses being introduced in the pellicle 19.

[00340] Since the stress in doped regions of the pellicle 19 is less than the other non

doped regions of the pellicle, in the event that a tip of a propagating crack enters a doped 

region, the stress σ at the crack tip decreases as it enters the doped region. The decrease in 

stress σ at the crack tip may be sufficient such that the condition in (1) above is no longer 

satisfied. Consequently the propagation of the crack will be terminated in the doped region.

[00341] Regions of the pellicle may be selectively doped, for example, by first

applying a mask to the pellicle 19. The mask may cover regions of the pellicle 19 other than 
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regions to be doped such that only the regions to be doped are left exposed. The exposed 

regions may then be doped with a doping material. After the doping has been performed, the 

mask may be removed to expose the pellicle 19 including the doped regions. Since only 

portions of the pellicle 19 are doped, the mechanical properties of the pellicle 19 as a whole 

are substantially unaffected by the doped regions.

[00342] In some embodiments the doped regions may have a substantially circular

shape. The mechanical properties of substantially circular doped regions may have 

similarities with the mechanical properties discussed above with reference to holes formed in 

a pellicle 19. By forming termination regions by doping, the doping process may be 

controlled in order to control the mechanical properties (e.g the stress distribution which 

results from tensioning the pellicle) of the termination regions.

[00343] In some embodiments, doped regions may be formed in a manner other than a

regular pattern of circularly shaped doped regions. Figure 25 is a schematic illustration of a 

pellicle 19 including doped regions 301 in the form of a plurality of stripes of doped regions. 

In the embodiment of Figure 25 the stripes extend across the entire extent of the pellicle 19 in 

the x-direction, which is shown in Figure 25. In the embodiment of Figure 25 the stripes of 

doped regions are substantially parallel to each other. By aligning the doped regions such 

that they are approximately or substantially parallel to each other, any crack which begins to 

propagate with a component in a direction perpendicular to the stripes (i.e. in the y-direction 

shown in Figure 25) will reach a doped region 301 and will be terminated in the doped region 

301. Furthermore, the stress distribution across the pellicle 19, which is caused by the striped 

doped regions 301 means that, in general, cracks will only develop and propagate in 

approximately the y-direction (or at least with a larger component in the y-direction than in 

the x-direction). The striped doped regions arranged as they are shown in Figure 25 may 

therefore ensure that substantially all cracks which form in the pellicle, enter a doped region 

301.

[00344] The stripes of doped regions 301 may have a lateral dimension which is

greater than a radius R of a crack tip, which is terminated by the doped regions 301. The 

lateral dimension may be a width (in the y-direction shown in Figure 25) of a doped region 

301. The width of the doped regions 301 may, for example, be greater than about 10 

nanometers, greater than about 20 nanometers, greater than about 50 nanometers or even 

greater than about 100 nanometers.

[00345] In some embodiments, a doped region may be provided around a perimeter

of a suspended region of the pellicle. Figure 26 is a schematic illustration of an embodiment 
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of a pellicle assembly, including a doped region provided around a perimeter of a suspended 

region of a pellicle. The pellicle assembly includes a pellicle 19 and a pellicle frame 17. The 

pellicle 19 is held by the pellicle frame 17. The pellicle frame 17 encloses a suspended (or 

unsupported) region 131 of the pellicle 19. The suspended region 131 of the pellicle 19 

includes a border portion 311 arranged around the perimeter of the suspended region 131 of 

the pellicle 19. In the embodiment of Figure 26, the border portion 311 is doped with a 

doping material (e.g. boron). As was described above, a doped region of a pellicle may 

experience less stress than other regions of the pellicle 19 outside of the doped region. The 

border portion may function as a termination feature, similar to the termination features 

described above.

[00346] Providing a doped region in the form of a border portion 311 may

advantageously allow' the stress in different directions across the pellicle to be controlled by 

controlling the doping of the border portion 311. For example, different amounts of dopant 

material may be provided at different positions on the border portion 311 in order to control 

the stress across the pellicle in the x and y-directions shown in Figure 26.

[00347] In some embodiments different forms of termination feature as described

above with reference to Figures 21-27 may be combined in a single embodiment. For 

example, in some embodiments a doped border portion as shown in Figure 26 may be 

combined with other termination features such as a pattern of circular doped regions and/or 

holes in the pellicle. In general, any of the different forms of termination feature described 

herein may be combined in a single embodiment.

[00348] In some embodiments, a pellicle may be subjected to a treatment process in

order to increase the toughness of the pellicle prior to use of the pellicle. For example, all or 

part of a pellicle may be heated to a temperature which is greater than a Ductile to Brittle 

Transition Temperature (DBTT) of the pellicle, whilst being held at tension. As will be 

described in further detail below, heating all or part of a pellicle to a temperature which is 

greater than its DBTT whilst being held at tension may cause some regions of the pellicle to 

undergo plastic deformation. The plastic deformation may introduce compressive stress in 

regions in which defects are present in the pellicle. As has been described above, the 

presence of compressive stress in a pellicle may slow down or halt crack propagation through 

the pellicle.

[00349] As was described above, a pellicle may be formed from a plurality of layers

of different materials. For example, a number of different layers may be deposited on top of 

each other in order to form a pellicle. During the manufacturing of a pellicle one or more 
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layers may be deposited with defects in the layer due to imperfections in the deposition 

process. Defects in one or more layer may result in locally weak regions of the pellicle. 

Additionally or alternatively small cracks (e.g. having a size of the order of a few 

nanometers) may form in one or more layers of a pellicle. Such defects in a pellicle may 

cause local stress concentrations in the pellicle which may at a later point cause the pellicle to 

fatigue and/or fail. It may therefore be desirable to strengthen such defect regions of a 

pellicle in order to reduce the chances of causing pellicle failure.

[00350] In some situations a ductile material may be strengthened by temporarily

subjecting it to tension. The tension may result in a prolonged toughened state which has a 

greater resistance to crack growth in the material. For example, if a ductile pellicle including 

a small crack is held at tension the bulk of the material may undergo elastic deformation. 

However, in a region proximate to a tip of the crack, the pellicle may undergo plastic 

deformation, which may result in compressive stress being introduced at the tip of the crack. 

The compressive stress at the tip of the crack may slow down or prevent further propagation 

of the crack and thus may strengthen the pellicle against further damage. The resilience of 

the pellicle to fatigue will therefore be increased. This resilience of the pellicle to fatigue 

remains after the tension has been removed. The tension may for example be applied briefly, 

e.g. for less than a second. The tension may for example be applied as a shock load.

[00351] In general, a pellicle is formed of at least some layers which are relatively

brittle. A pellicle at its normal operating temperature may not therefore exhibit sufficient 

ductility for the introduction of compressive stresses as described above. A pellicle may 

therefore first be heated to a temperature which is greater than the DBTT of the pellicle 

before subjecting the pellicle to a tension. Heating the pellicle to a temperature in excess of 

the DBTT increases the ductility of the pellicle. Whilst the pellicle has an increased ductility, 

the pellicle may be subjected to a high tension so as to cause regions of the pellicle in 

proximity to defects in the pellicle to undergo plastic deformation. As was described above, 

the plastic deformation may introduce regions of compressive stress to the pellicle which may 

toughen the pellicle against further crack growth.

[00352] Plastic deformation of regions of the pellicle should be kept to less than a

critical plastic deformation. That is, the pellicle should not be subjected to tensions which 

cause stresses at crack tips in the pellicle to exceed the tensile strength of the pellicle. This 

ensures that plastic deformation occurs at the crack tips but that the cracks do not propagate 

through the pellicle.
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[00353] Once the pellicle has been heated to a temperature which is greater than the

DBTT of the pellicle, a tension may be applied to the pellicle, for example, by subjected the 

pellicle to a pressure difference across the pellicle. As was described above, a pressure 

difference may be established across the pellicle, if a patterning device and a pellicle are 

subjected to changing pressure conditions. For example, the pressure in the volume in 

between the patterning device and the pellicle may change at a slower rate than the pressure 

outside of this volume, thereby resulting in a pressure difference across the pellicle. A 

pressure difference across a pellicle may exert a force on the pellicle which acts to bend the 

pellicle. For example, the pellicle may be bent towards the patterning device or may be bent 

away from the patterning device. A force acting to bend the pellicle may increase the tension 

in the pellicle. As was described above, an increase in the tension in the pellicle whilst the 

temperature of the pellicle is greater than the DBTT may cause plastic deformation of regions 

of the pellicle. The plastic deformation may serve to introduce compressive stresses in the 

pellicle.

[00354] In some embodiments, a pellicle may be heated to a high enough temperature

that the tension in a pellicle supported by a pellicle frame is sufficient to cause plastic 

deformation in some regions of the pellicle. In such embodiments it may not therefore be 

necessary to further increase the tension in the pellicle (e.g. by introducing a pressure 

difference across the pellicle). However, increasing the temperature of the entire pellicle to 

such an extent that no further increase in the tension is necessary to cause plastic deformation 

may serve to disadvantageously decrease the tension in the pellicle as a whole. Such heating 

may therefore be performed locally and may only be performed on limited regions of the 

pellicle.

[00355] In some embodiments, the comers of a suspended portion of the pellicle may

be local!}- heated in order to reduce stress in the comers of the pellicle. Corners of suspended 

portions of the pellicle, where the pellicle meets a pellicle frame may typically be locations at 

which relatively high stress concentrations occur. By locally heating the comers to a 

temperature which is greater than a DBTT of the pellicle creep may occur in the corner 

regions. The creep may serve to locally reduce the stress in the pellicle in the heated regions. 

[00356] A pellicle may be locally heated, for example, by illuminating one or more

portions of the pellicle with radiation. For example, a laser may be used to illuminate one or 

more portions of a pellicle with a laser beam in order to heat the illuminated regions. 

Additionally or alternatively a pellicle may be locally heated by heating a pellicle frame 

which holds the pellicle in place. Heating the pellicle frame will cause regions of the pellicle
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in contact with or close to the pellicle frame to be heated. This may include comers of a 

suspended region of the pellicle. The remainder of the pellicle may undergo only limited or 

no heating and may remain below the DBTT of the pellicle. Consequently the tension of the 

pellicle as a whole will not be reduced.

[00357] As was described above, one or more regions of a pellicle may be heated to a

temperature which is greater than a DBTT of the pellicle. Heating of the pellicle may be 

performed such that the temperature of the pellicle does not exceed the melting point of the 

pellicle. For example, a pellicle comprising polysilicon materials may be heated to a 

temperature of about 1000°C or more.

[00358] In some embodiments, a pellicle may be continuously heated whilst in

operation in a lithographic apparatus. For example, a pellicle may be continuously heated 

such that the temperature of the pellicle remains above a threshold temperature. During 

lithographic exposures, each portion of a pellicle may be periodically exposed to radiation 

(e.g. EUV radiation) as radiation is scanned over a patterning device. A pellicle may absorb 

a portion of the radiation which is incident upon it, thereby causing the temperature of the 

pellicle to increase. Due to the cyclic nature with which a pellicle is exposed to radiation, the 

temperature of the pellicle may undergo cyclical heating. That is, the pellicle is heated 

during exposure to radiation and cools down in between being exposed to radiation.

[00359] In a lithographic apparatus the environment in which a pattering device and

pellicle is typically pumped to vacuum pressure conditions. However, the environment may 

still include some gases such as water vapor. Some water vapor may condense on to a 

pellicle leading to the presence of water on the pellicle. Water in contact with a pellicle may 

lead to oxidation of the pellicle. Oxygen has a low transmissivity to EUV radiation. 

Oxidation of a pellicle therefore leads to a decrease in the transmissivity of the pellicle at 

EUV wavelengths.

[00360] Water may only condense on a pellicle at times at which the pellicle drops

below a threshold temperature. For example, water may condense onto a pellicle which 

undergoes cyclic heating at times when the pellicle is not exposed to radiation (and is heated 

by the radiation). At times at which the pellicle is exposed to radiation the temperature of the 

pellicle may be sufficient to prevent substantial condensation of water on to the pellicle. 

Condensation of water onto a pellicle may therefore be reduced and/or prevented by heating 

the pellicle in between exposures to radiation, such that the temperature of the pellicle does 

not drop to a temperature at which substantial condensation of water may occur. For 

example, a pellicle may be continuously heated whilst in use such that the temperature of the 
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pellicle does not drop below a threshold temperature. The threshold temperature may be a 

temperature at which no substantial condensation of water onto the pellicle occurs. The 

threshold temperature may, for example, be about 120°C.

[00361] Reducing and/or preventing condensation of water onto a pellicle by heating

of the pellicle reduces oxidation of the pellicle (due to the lack of presence of water on the 

pellicle). Reducing oxidation of the pellicle advantageously reduces any reduction in EUV 

transmissivity of the pellicle due to oxidation.

[00362] A pellicle may be heated, for example, through resistive heating. As was

described above, a pellicle may include at least one layer which is electrically conductive. 

Electrical connections may be made to the one or more electrically conductive layers and an 

electrical current passed through an electrically conductive layer such that resistive heating of 

the layer occurs.

[00363] In general, heating a pellicle may reduce the lifetime of the pellicle (e.g. due

to causing fatigue of the pellicle). However, resistive heating of a pellicle so as to reduce 

oxidation of the pellicle may cause the pellicle to absorb a relatively low amount of power 

when compared to the power absorbed due to exposure to EUV radiation. For example, in 

some embodiments, a pellicle may absorb approximately 4 W cm-2 due to exposure to EUV 

radiation. By comparison resistive heating of a pellicle to ensure that the pellicle remains 

above a threshold temperature of approximately 120°C may only lead to power absorption of 

about 0.1 W cm-2. Resistive heating may therefore contribute a relatively small amount of 

additional absorbed power and may not significantly increase fatigue of the pellicle.

[00364] As was described above, a pellicle may be heated through resistive heating.

In order to heat a pellicle a current source may be provide as part of a pellicle assembly. 

According to some embodiments of the invention a pellicle assembly may comprise, a frame 

configured to support a pellicle and a pellicle attached to the frame, wherein the pellicle 

comprises at least one electrically conductive layer. The pellicle assembly may further 

comprise a current source connected across the at least one electrically conductive layer and 

configured to generate an electrical current through the at least one electrically conductive 

layer. The current source may be configured to generate a current which heats the pellicle 

through resistive heating such that the temperature of the pellicle is greater than a threshold 

temperature. The threshold temperature may be about 120 degrees Celsius or more. The 

current source may be configured to generate a substantially continuous current through the 

at least one electrically conductive layer.
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[00365] It will be appreciated that an electrical current required to heat a pellicle to a

threshold temperature may be different for different materials. For example, a current 

required to heat a pellicle to a threshold temperature may depend on the resistivity of the 

conducting material of the pellicle and on the thermal mass of the pellicle. A current required 

to heat a given pellicle to a threshold temperature may be easily computed and/or established 

through experimentation by a person having ordinary skill in the art.

[00366] As has been described in detail above a pellicle is typically placed on a

pellicle frame such that the pellicle is held at an initial tension. The initial tension in the 

pellicle serves to reduce bending and deflection of the pellicle, when a pressure difference is 

established across the pellicle. For example, during loading and unloading of patterning 

devices from a lithographic apparatus a patterning device and pellicle may be exposed to 

changing pressure conditions. Changing pressure conditions may lead to a pressure 

difference being established across the pellicle. Holding the pellicle at an initial tension 

reduces bending and deflection of the pellicle which is caused by the pressure difference. For 

example, it may be desirable to place a pellicle under an initial tension such that the pellicle 

does not deflect by more than about 500 pm when subjected to pressure differences of up to 

about 2 Pascals. A high initial tension in the pellicle may therefor result in advantageous 

effects when a pellicle is subjected to changing pressure conditions (e.g. during loading 

and/or unloading of patterning devices from a lithographic apparatus).

[00367] During a lithographic exposure process, the pressure to which a pellicle is

exposed may be substantially constant. The pressure on either side of the pellicle may 

therefore be substantially the same and no substantial pressure difference may exist across the 

pellicle. There may therefore be a reduced requirement to place a pellicle under tension 

whilst undergoing a lithographic exposure process.

[00368] During a lithographic exposure process a given portion of the pellicle may be

subjected to cyclical heating as EUV radiation is scanned across the pellicle. Cyclical 

heating of portions of the pellicle causes an increase in the stress in some portions of the 

pellicle and a decrease in the stress in other portions of the pellicle. Changes in the stress in 

the pellicle due to cyclic heating have been shown to cause fatigue in the pellicle. That is the 

tensile strength of the pellicle decreases with time. The rate at which a pellicle fatigues 

increases with increasing initial tension in the pellicle. The initial tension in the pellicle may 

therefore serve to increase the rate at which pellicle fatigue occurs and decrease the lifetime 

of the pellicle. A high initial tension in the pellicle may therefore result in disadvantageous 

effects during a lithographic exposure process.
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[00369] As was described above a relatively high initial tension in a pellicle may be

advantageous during loading and/or unloading of a patterning device but may be 

disadvantageous during lithographic exposures. Methods and apparatus are therefore 

proposed which serve to increase and/or decrease the tension in the pellicle. This allows e 

tension to be controlled based upon the situation of the pellicle. For example, the tension in 

the pellicle may be increased prior to loading and/or unloading a pellicle into a lithographic 

apparatus. The tension in the pellicle may be decreased prior to exposing the pellicle to EUV 

radiation during a lithographic exposure process.

[00370] Figure 27 is a schematic illustration of a pellicle assembly 15 configured to

adjust the tension in a pellicle. The pellicle assembly 15 includes a pellicle 19 and a pellicle 

frame 17 configured to support the pellicle 19. The pellicle assembly 15 further comprises 

heaters 501. The heaters 501 are configured to heat the pellicle frame 17. The heaters may, 

for example, be configured to heat the pellicle frame 17 through resistive heating. The 

heaters 501 which are shown in Figure 27 are thin film resistive heaters 501 positioned on the 

pellicle frame 17. Heating the pellicle frame 17 will cause the pellicle frame to expand, 

thereby stretching the frame and stretching the pellicle 19 across the frame 17. Stretching the 

pellicle 19 serves to increase the tension in the pellicle 19.

[00371] In the embodiment which is shown in Figure 27, heaters 501 are only

positioned on two opposite sides of the pellicle frame 17. The heaters 501 are thus only 

configured to increase the tension in the pellicle 19 in the y-direction which is shown in 

Figure 27. As is shown in Figure 27, the pellicle 19 is longer in the y-direction than in the x- 

direction. The tension in the y-direction may therefore be the dominant factor in determining 

how much the pellicle deflects when subjected to a pressure difference. In other 

embodiments, heaters 501 may be arranged on other sides of the pellicle frame 17. For 

example, heaters 501 may also be arranged to stretch the pellicle 19 in the x-direction.

[00372] In an embodiment (not depicted) a heater may be provided on each side of the

pellicle frame 17. When a heater is provided on each side of the pellicle frame are used the 

pellicle expands isotropically. This is advantageous because it may reduce stress in the 

pellicle 19.

[00373] In some embodiments, a pellicle 19 may be placed on the pellicle frame 17 at

an initial tension which is less than a desired tension for loading and unloading a patterning 

device into a lithographic apparatus. Prior to loading a patterning device into a lithographic 

apparatus the heaters 501 may be switched on so as to heat the pellicle frame 17 and increase 

the tension in the pellicle 19. The tension in the pellicle 19 may, for example, be increased to 
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a tension which resists deflection and bending of the pellicle when a pressure difference is 

established across the pellicle 19. The patterning device and the pellicle assembly 15 may 

then be pumped down to vacuum pressure conditions and loaded into a lithographic 

apparatus.

[00374] After having been loaded into a lithographic apparatus, the heaters 501 may

be switched off and the pellicle frame 17 allowed to cool down. As the pellicle frame 17 

cools down the tension in the pellicle 19 decreases. The patterning device and the pellicle 

may then be exposed to EUV radiation as part of a lithographic exposure process. Since the 

tension in the pellicle was reduced prior to exposure to EUV radiation the fatigue which 

results from exposure to EUV radiation is advantageously reduced.

[00375] Prior to unloading the patterning device and pellicle assembly from the

lithographic apparatus, the heaters 501 may be turned on in order to heat the pellicle frame

17. Heating of the pellicle frame 17 stretches the pellicle frame and the pellicle 19 so as to 

increase the tension in the pellicle 19. The increased tension in the pellicle 19 allows the 

pellicle to resist deflection and bending when the pellicle 19 is vented to atmospheric 

pressure conditions during the unloading process.

[00376] In some embodiments, the pellicle frame 17 may be heated using a method

other than resistive heating. For example, the pellicle frame 17 may be exposed to radiation 

which is absorbed by the pellicle frame 17 and heats the pellicle frame 17. In some 

embodiments, the pellicle frame 17 may be stretched using a method other than heating the 

pellicle frame 17. For example, one or more actuators (e.g. piezoelectric actuators) may be 

configured to apply a force to the frame so as to stretch the frame 17.

[00377] In some embodiments the tension in the pellicle 19 may be adjusted by

bending the pellicle frame 17 as opposed to stretching the pellicle frame 17. Figures 28A and 

28B are schematic illustrations of a portion of a pellicle assembly before (Figure 28A) and 

after (Figure 28B) bending a pellicle frame 17 so as to increase the tension in a pellicle 19. 

The pellicle frame 17 comprises a first layer 17a and a second layer 17b disposed on the first 

layer 17a. The pellicle 19 is attached to the second layer 17b.

[00378] The second layer 17b of the pellicle frame 17 has a higher Young's modulus

and coefficient of thermal expansion than the first layer 17a of the pellicle frame 17. The 

second layer 17b may, for example, comprise ruthenium. When the pellicle frame 17 is 

heated, the second layer 17b expands at a faster rate than the first layer 17a. Consequently 

the frame 17 is bent, as is shown in Figure 28B. The bending of the frame 17 serves to pull 

the pellicle 19 so as to increase the tension in the pellicle 19.
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[00379] The pellicle frame 17 may be heated so as to bend the pellicle frame 17 by,

for example, resistive heating. For example, the second layer 17b may be electrically 

conductive and a current may be passed through the second layer 17b so as to heat the second 

layer 17b by resistive heating. Alternatively the pellicle frame 17 may include a third 

electrically conducting layer through which a current is passed so as to heat the pellicle frame 

17 by resistive heating. The third layer may, for example, be positioned in between the first 

layer 17a and the second layer 17b. It may be desirable to electrically isolate the pellicle 19 

from the pellicle frame 17 such that the current does not extend into the pellicle 19. The 

pellicle 19 may, for example, be electrically isolated from a conducting layer by 

manufacturing etch lines in the top surface of the conducting layer.

[00380] In the arrangement which is shown in Figure 28A and 28B, the amount by

which the pellicle frame bends when subjected to a given amount of heating may depend 

upon the relative thicknesses of the first and second layers 17a, 17b. The thicknesses of the 

first and second layers 17a, 17b may therefore be selected in order to provide a desired 

amount of bending for a given amount of heating.

[00381] In some embodiments, the tension in the pellicle may be changed by bending

the pellicle 19 itself rather than bending the pellicle frame 17. For example, the multi-layered 

structure described above with reference to Figures 28A and 28B may be used in a pellicle 

itself. Figures 29A and 29B are schematic illustrations of a pellicle assembly 15 according to 

an embodiment of the invention. The pellicle assembly 15 comprises a pellicle 19 supported 

by a pellicle frame 17. The pellicle 19 comprises at least a first layer 19a having a first 

Young’s modulus and a first coefficient of thermal expansion and a second layer 19b having 

a second Young’s modulus and a second coefficient of thermal expansion. The second 

Young’s modulus is greater than the first Young’s modulus and the second coefficient of 

thermal expansion is greater than the first coefficient of thermal expansion.

[00382] The second layer 19b may be positioned further from a patterning device than

the first layer 19a. The pellicle 19 may include further layers other than the first and second 

layers 19a, 19b. For ease of illustration, no further layers are shown in Figure 29A and 29B.

[00383] Figure 29A show's the pellicle 19 at an initial tension. The initial tension may

be used, for example, during lithographic exposure processes. Prior to loading and/or 

unloading a patterning device and pellicle assembly to and/or from a lithographic apparatus, 

the tension in the pellicle 19 may be increased. In order to increase the tension in the pellicle 

19, the pellicle 19 may be heated. For example, an electrical cun-ent may be passed through 

an electrically conductive layer of the pellicle (not shown in Figures 29A and 29B) so as to 
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heat the pellicle through resistive heating. Additionally or alternatively, the pellicle 19 may 

be exposed to radiation which is absorbed by the pellicle and therefore serves to heat the 

pellicle.

[00384] Figure 29B shows the pellicle assembly 15 after the pellicle 19 has been

heated. Heating the pellicle 19 causes the second layer 19b to expand to a greater extent than 

the first layer 19a. This has the effect of bending the pellicle and increasing the tension in the 

pellicle. Consequently the pellicle may better resist further bending when exposed to a 

pressure difference across the pellicle 19. In order to decrease the tension in the pellicle 19 

(e.g. for use during a lithographic exposure) the pellicle 19 is allowed to cool such that it 

relaxes back into the position shown in Figure 29A.

[00385] In some embodiments, the pellicle 19 may be configured such that the

stiffness of the pellicle is not uniform across the entire pellicle. Figure 30 is a schematic 

illustration of a pellicle assembly 15 in which the stiffness of the pellicle in regions proximate 

to the edge of the pellicle 19. The pellicle assembly 15 which is shown in Figure 30 is 

similar to the pellicle assembly 15 shown in Figures 29A and 29B and like components will 

not be described again in detail. In the embodiment of Figure 30, the second layer 19b has an 

increased thickness in regions proximate to the edge of the pellicle 19. The region of the 

pellicle 19 which has an increased thickness may not cover an exposure field on a patterning 

device. The increased thickness of the pellicle 19 does not therefore affect the imaging 

performance of the pellicle.

[00386] In the embodiment of Figure 30, the region of increased thickness of the

pellicle 19 may be locally heated. By locally heating the region of increased thickness most 

of the bending of the pellicle 19 occurs in the regions of increased thickness (as is shown in 

Figure 30). The main body of the pellicle is stretched by the bending of the regions of 

increased thickness and the tension in the pellicle is consequently increased. The region of 

the pellicle 19 which has an increased thickness also has an increased stiffness. This region 

is therefore well suited to withstanding the stress generated on the region by the bending of 

the pellicle 19.

[00387] The regions of increased thickness may be locally heated, for example, by

placing heaters on the pellicle frame 17. The heaters will act to locally heat regions of the 

pellicle in proximity to the edge of the pellicle 19. The heaters may, for example, be resistive 

heaters.

[00388] In some embodiments, local heating of the pellicle may be configured to

create desired stress distributions in the pellicle. This may allow non-uniform stress fields to 
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be created in the pellicle. For example, local heating may be configured to reduce stress in 

one direction whilst maintaining stress in another direction. In general, local heating may be 

used to control stress distributions in the pellicle. This may, for example, allow stresses to be 

balanced so as to reduce wrinkling of the pellicle.

[00389] In the embodiment of Figure 30, a region of the suspended portion of the

pellicle 19 has an increased thickness. The increased thickness serves to increase the 

stiffness of the region. The increased stiffness of the pellicle has the consequence that the 

tension in the pellicle which is required to withstand pressure differences across the pellicle 

19 is decreased. Advantageously, the tension in the pellicle may therefore be increased to a 

tension which is less than a tension used when no region of increased thickness is present.

[00390] In some embodiments, a transition between a region of increased thickness of

the pellicle and the main body of the pellicle may be configured such that the thickness of the 

pellicle smoothly transitions between the regions (as opposed to the step change in thickness 

which is shown in Figure 30). Such a transition may be formed, for example, by isotropically 

etching the pellicle during manufacturing of the pellicle. A smooth transition between regions 

of differing thickness may result in lower stress concentrations in the transition regions.

[00391] The methods and apparatus which have been described above for increasing

stress tension in the pellicle may be used to introduce tension into a pellicle in materials in 

which it is difficult to introduce intrinsic tension. For example, in some embodiments a 

pellicle may comprise graphene. It is typically difficult to introduce tensions into a pellicle 

comprising graphene. The methods and apparatus described above may advantageously 

allow tension to be introduced to a pellicle comprising graphene.

[00392] Various embodiments have been described above in which tension in the

pellicle is controlled. Apparatus which is configured to control the tension in a pellicle may 

be referred to as a tension controlling apparatus. A tension controlling apparatus may 

comprise a heater configured to heat a component of a pellicle assembly (e.g. the pellicle 

frame and/or the pellicle). A tension controlling apparatus may comprise one or more 

actuators configured to exert a force on a pellicle frame.

[00393] Various inventive aspects of a pellicle and a pellicle assembly have been

described above and are shown in the figures in the context of specific embodiments of the 

invention. It will be appreciated that any of the described and/or illustrated aspects may be 

combined in a single embodiment. For example, one or more features of one embodiment 

may be combined with one or more features of another embodiment. It will further be 

appreciated that whilst some embodiments have been described that include more than one 
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inventive aspect, embodiments that comprise only a single inventive aspect are also 

contemplated herein. In general any of the features of any of the described embodiments may 

be used in isolation or may be used in any combination with any of the other features of the 

described embodiments.

[00394] Although specific reference may be made in this text to embodiments of the

invention in the context of a lithographic apparatus, embodiments of the invention may be 

used in other apparatus. Embodiments of the invention may form part of a mask inspection 

apparatus, a metrology apparatus, or any apparatus that measures or processes an object such 

as a wafer (or other substrate) or mask (or other patterning device). These apparatus may be 

generally referred to as lithographic tools. Such a lithographic tool may use vacuum 

conditions or ambient (non-vacuum) conditions.

[00395] The term “EUV radiation” may be considered to encompass electromagnetic

radiation having a wavelength within the range of 4-20 nm, for example within the range of 

13-14 nm. EUV radiation may have a wavelength of less than 10 nm, for example within the 

range of 4-10 nm such as 6.7 nm or 6.8 nm.

[00396] 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. Possible other applications include 

the manufacture of integrated optical systems, guidance and detection patterns for magnetic 

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

heads, etc.

[00397] While specific embodiments of the invention have been described above, it

will be appreciated that the invention may be practiced otherwise than as described. The 

descriptions above are intended to be illustrative, not limiting. Thus it will be apparent to one 

skilled in the art that modifications may be made to the invention as described without 

departing from the scope of the claims set out below.

[00398] This specification discloses one or more embodiments that incorporate the

features of this invention. The disclosed embodiment(s) merely exemplify the invention. 

Ute scope of the invention is not limited to the disclosed embodiment(s). The invention is 

defined by the claims appended hereto.

[00399] 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 
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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

[00400] 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.

[00401] 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.

[00402] 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.

[00403] 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 clauses and their equivalents.

1. A pellicle suitable for use with a patterning device for a lithographic apparatus, the 

pellicle comprising at least one breakage region which is configured to preferentially break, 

during normal use in a lithographic apparatus, prior to breakage of remaining regions of the 

pellicle.
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2. The pellicle of clause 1, wherein the at least one breakage region comprises a region 

of the pellicle which has a reduced thickness when compared to surrounding regions of the 

pellicle.

3. The pellicle of clause 1 or 2, wherein the at least one breakage region comprises a 

region of the pellicle which has been exposed to radiation so as to structurally weaken the 

breakage region when compared to the remaining regions of the pellicle.

4. The pellicle of any preceding clause, wherein the at least one breakage region 

comprises a region of the pellicle in which one or more holes and/or cracks are formed.

5. The pellicle of any preceding clause, wherein the at least one breakage region 

comprises a region of the pellicle which has been exposed to a substance configured to 

structurally weaken the breakage region when compared to the remaining regions of the 

pellicle.

6. The pellicle of any preceding clause, further comprising a reinforced region 

positioned adjacent a breakage region, wherein the reinforced region has an increased 

thickness when compared to the remaining regions of the pellicle.

7. The pellicle of clause 6, wherein the reinforced region traces out a curved shape on 

the pellicle.

8. The pellicle of any preceding clause, wherein the at least one breakage region 

comprises a fracture line which is configured to preferentially break prior to breakage of 

remaining regions of the pellicle so as to form a crack in the pellicle along the fracture line.

9. The pellicle of any preceding clause, further comprising a sensor configured to 

monitor the at least one breakage region and detect breakage of the at least one breakage 

region.

10. A pellicle assembly comprising:

the pellicle of any preceding clause; and

a frame configured to support the pellicle;
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wherein the pellicle comprising a perimeter portion which is supported by the frame 

and an unsupported portion which is enclosed by the perimeter portion.

11. The pellicle assembly of clause 10, wherein the pellicle comprises the pellicle of 

clause 8 and wherein the fracture line extends between sections of the perimeter portion of 

the pellicle which is supported by the frame.

12. The pellicle assembly of clause 11, wherein the fracture line encloses a portion of the 

pellicle which is positioned at an edge of the unsupported portion.

13. The pellicle assembly of any of clauses 10-12 and clause 6 or 7 wherein part of the 

reinforced portion contacts the frame.

14. The pellicle assembly of any of clauses 10-13, wherein the at least one breakage 

region forms part of the perimeter portion of the pellicle which is supported by the frame.

15. A pellicle assembly suitable for use with a patterning device for a lithographic- 

apparatus, the pellicle assembly comprising:

a frame configured to support a pellicle; and

a pellicle attached to the frame, wherein the pellicle comprises at least a first layer 

having a first tension and a second layer having a second tension wherein the first tension is 

higher than the second tension such that in the event of breakage of the pellicle the difference 

between the first and second tensions causes the pellicle to roll up.

16. The pellicle assembly of clause 15, wherein the pellicle further comprises at least one 

breakage region which is configured to preferentially break, during normal use in a 

lithographic apparatus, prior to breakage of remaining regions of the pellicle, the at least one 

breakage region being positioned such that breakage of the pellicle at the at least one 

breakage region ensures that the pellicle rolls up.

17. A pellicle suitable for use with a patterning device for a lithographic apparatus, the 

pellicle comprising:

at least one electrically conductive layer; and
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a plurality of electrical contacts at which an electrical connection to the electrically 

conductive layer can be established, thereby allowing the electrical resistance of the 

electrically conductive layer between contacts to be measured,

18. A pellicle failure detection apparatus comprising:

the pellicle of clause 17; and

a sensor connected to at least two of the electrical contacts on the pellicle, the sensor 

being configured to measure the resistance between the electrical contacts.

19. A pellicle failure detection apparatus comprising a sensor assembly arranged to detect 

a change in a property associated with a pellicle situated on a pellicle frame, wherein a 

change in the property associated with the pellicle is indicative of damage to the pellicle.

20. The pellicle failure detection apparatus of clause 19, wherein the sensor assembly is 

configured to detect a change in optical transmission or optical reflection of radiation by the 

pellicle.

21. The pellicle failure detection apparatus of clause 20, wherein the sensor assembly 

comprises:

a radiation source configured to couple a radiation beam into the pellicle such that 

radiation is transmitted along the pellicle; and

a radiation sensor configured to receive radiation which is reflected back through the 

pellicle or to receive radiation which is transmitted through the pellicle, a change in the 

reflected or transmitted radiation received by the sensor being indicative of damage to the 

pellicle.

22. The pellicle failure detection apparatus of clause 19, wherein the sensor assembly is 

configured to detect a change in acoustic transmission or acoustic reflection of sound waves 

by the pellicle.

23. The pellicle failure detection apparatus of clause 22, wherein the sensor assembly 

comprises:

a transducer configured to generate sound waves in the pellicle; and
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a sensor configured to receive sound waves reflected back through the pellicle or to 

receive sound waves transmitted through the pellicle, a change in the reflected or transmitted 

sound waves received by the sensor being indicative of damage to the pellicle.

24. The pellicle failure detection apparatus 20, wherein the sensor assembly comprises a 

stress sensor configured to measure a stress to which a pellicle is subjected.

25. The pellicle failure detection apparatus 20, wherein the sensor comprises a strain 

gauge configured to measure the strain which a pellicle undergoes.

26. A pellicle suitable for use with a patterning device for a lithographic apparatus, the 

pellicle comprising:

a first layer having a first ductility;

a second layer having a second ductility; and

a third layer having a third ductility, wherein the third layer is situated in between the 

first and second layers and wherein the third ductility is less than the first ductility and less 

than the second ductility.

27. A debris mitigation apparatus comprising a debris steering device arranged close to a 

pellicle for a lithographic apparatus, the debris steering device being configured to direct 

debris resulting from breakage of the pellicle in a preferred direction.

28. The debris mitigation apparatus of clause 27, further comprising a sensor configured 

to monitor a pellicle and detect breakage of the pellicle, wherein the debris steering device is 

configured to react to a detection of breakage of the pellicle and direct debris resulting from 

breakage of the pellicle in a preferred direction.

29. The debris mitigation apparatus of clause 28, wherein the debris steering device 

comprises:

an enclosed chamber positioned close to the pellicle wherein the inside of the 

chamber is held at a pressure which is lower than the pressure at which the pellicle is held; 

and
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an actuator configured to open the chamber in reaction to a detection of breakage of 

the pellicle thereby causing the debris resulting from the broken pellicle to be sucked into the 

chamber.

30. The debris mitigation apparatus of clause 28, wherein the debris steering device 

comprises:

an enclosed chamber positioned close to the pellicle wherein the inside of the 

chamber is held at a pressure which is higher than the pressure at which the pellicle is held; 

and

an actuator configured to open the chamber in reaction to a detection of breakage of 

the pellicle thereby causing the debris resulting from the broken pellicle to be blown away 

from the chamber and in a preferential direction.

31. The debris mitigation apparatus of clause 27 or 28, wherein the debris steering device 

comprises an electrically charged surface positioned close to the pellicle such that in the 

event of breakage of the pellicle debris from the pellicle is directed towards the electrically 

charged surface by electrostatic attraction.

32. A debris mitigation apparatus comprising:

a sensor configured to monitor a pellicle held by a frame and detect damage to the 

pellicle; and

a tension controlling device configured to react to detection of damage to the pellicle 

and reduce the tension in the pellicle, thereby limiting further damage to the pellicle.

33. The debris mitigation apparatus of clause 32, wherein the tension controlling device 

comprises a plurality of actuators configured to compress a frame on which the pellicle is 

held, thereby reducing the tension in the pellicle which held by the frame.

34. The debris mitigation apparatus of clause 32, wherein the tension controlling device 

comprises a temperature controlling device configured to increase the temperature of the 

pellicle, thereby reducing the tension in the pellicle.

35. The debris mitigation apparatus of clause 34, wherein the temperature controlling 

device is configured to increase the temperature of the pellicle by resistive heating.
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36. The debris mitigation apparatus of clause 34, wherein the temperature controlling 

device comprises a radiation source configured to illuminate all or part of the pellicle so as to 

increase the temperature of the pellicle.

37. A pellicle frame configured to support a pellicle around a perimeter portion of the 

pellicle so as to enclose a suspended region of the pellicle, wherein the pellicle frame 

comprises:

a first pair of side portions positioned at opposite edges of the suspended region of the 

pellicle and extending along the edges of the suspended region of the pellicle in a first 

direction; and

a second pair of side portions positioned at opposite edges of the suspended region of 

the pellicle and extending along the edges of the suspended region of the pellicle in a second 

direction, which is substantially perpendicular to the first direction;

wherein the first pair of side portions are configured to have a compliance in the 

second direction which is greater than a compliance of the second pair of side portions in the 

first direction such that a pellicle supported by the pellicle frame has an initial tension in the 

second direction which is less than an initial tension of the pellicle in the first direction.

38. The pellicle frame of clause 37, wherein the first pair of side portions each have 

thicknesses in the second direction which are less than thicknesses of the second pair of side 

portions in the first direction.

39. The pellicle frame of clause 38, wherein the first pair of side portions each include 

slits which extend in the first direction along the first pair of side portions.

40. A pellicle failure detection apparatus comprising:

a radiation source configured to illuminate, with a radiation beam, a portion of a 

pellicle arranged to protect a patterning device;

a sensor arranged to detect a portion of the radiation beam reflected from the pellicle; 

and

a controller in communication with the sensor and configured to detect failure of the 

pellicle from the detection of reflected radiation made by the sensor.
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41. The pellicle failure detection apparatus of clause 40, wherein the radiation source is 

configured such that the radiation beam is incident on the pellicle at a non-normal angle of 

incidence,

42. The pellicle failure detection apparatus of clause 40 or 41, wherein the sensor is 

arranged to detect diffuse reflection of the radiation beam from the pellicle.

43. The pellicle failure detection apparatus of any of clauses 40 to 42, wherein the 

controller is configured to detect failure of the pellicle when a measure, made by the sensor, 

of the intensity of the portion of the radiation beam reflected from the pellicle falls below a 

threshold value.

44. The pellicle failure detection apparatus of any of clauses 40-43, wherein the sensor is 

further configured to detect a portion of the radiation beam reflected from the patterning 

device, the portion of the radiation beam reflected from the patterning device being incident 

on the sensor at a different position to the portion of the radiation beam reflected from the 

pellicle.

45. The pellicle failure detection apparatus of clause 44, wherein the sensor comprises a 

first sensor region configured to detect radiation reflected from the pellicle and a second 

sensor region configured to detect radiation reflected from the patterning device.

46. A pellicle failure detection apparatus comprising:

a radiation source configured to illuminate, with a radiation beam, a portion of a 

patterning device protecting by a pellicle, wherein the radiation beam is transmitted through 

the pellicle;

a sensor apparatus arranged to receive and measure at least a portion of the radiation 

beam transmitted through the pellicle

a controller in communication with the sensor apparatus and configured to detect 

failure of the pellicle when a measure of the intensity of the radiation received by the sensor 

apparatus increases.
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47. The pellicle failure detection apparatus of clause 46, wherein the patterning device 

includes a reflective fiducial and wherein the sensor apparatus is configured to measure a 

portion of the radiation beam which is reflected from the fiducial.

48. The pellicle failure detection apparatus of clause 47, wherein the sensor apparatus 

and the controller are further configured to determine an alignment of a feature formed in the 

portion of the radiation beam reflected from the fiducial.

49. The pellicle failure detection apparatus of clause 47 or 48, wherein the sensor 

apparatus and the controller are further configured to determine wavefront aberrations in the 

portion of the radiation beam reflected from the fiducial.

50. A pellicle suitable for use with a patterning device for a lithographic apparatus, the 

pellicle comprising a plurality of termination features, wherein the termination features are 

configured such that, in the event that a crack in the pellicle, having a crack tip, propagates 

into the termination feature, the crack tip experiences a decrease in a stress at the crack tip

51. The pellicle of clause 50, wherein the termination features are configured such when 

the pellicle is placed under tension the resulting stress in the termination features is less than 

the resulting stress in regions of the pellicle outside of the termination features.

52. The pellicle of clause 51, wherein the termination features are arranged in a 

substantially regular pattern.

53. The pellicle of any of clauses 50 to 52, wherein the termination features comprise 

holes formed in the pellicle.

54. The pellicle of clause 53, wherein the holes are substantially circular holes.

55. The pellicle of clause 53 or 54, wherein the holes have a lateral dimension which is 

greater than about 10 nanometres.

56. The pellicle of clause 55, wherein the holes have a lateral dimension which is greater 

than about 20 nanometres.
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57. The pellicle of any of clauses 50-52, wherein the termination features comprise doped 

regions of the pellicle which are doped with a doping material.

58. The pellicle of clause 57, wherein the doping material comprises boron.

59. The pellicle of clauses 57 or 58, wherein the doped regions are substantially circular.

60. The pellicle of any of clauses 57 to 59, wherein the termination features comprise a 

plurality of stripes of doped regions which are doped with a doping material.

61. The pellicle of clause 60, wherein the stripes of doped regions are arranged 

substantially parallel to each other.

62. The pellicle of any of clauses 57-61, wherein the doped regions have a lateral 

dimension of greater than about 10 nanometres.

63. The pellicle of clause 62, wherein the doped regions have a lateral dimension which is 

greater than about 20 nanometres.

64. The pellicle of any of clauses 50-63, wherein the pellicle includes a termination 

feature comprising a border portion of the pellicle which is doped with a doping material, 

wherein the border portion is arranged around the perimeter of a suspended region of the 

pellicle, the suspended region being a region which is configured to be suspended across a 

pellicle frame.

65. A load stage for a lithographic apparatus, the load stage comprising:

a chamber configured to receive a patterning device protected by a pellicle;

a sensor apparatus configured to measure the position of at least a portion of the 

pellicle situated in the chamber; and

a pressure changing apparatus configured to change the pressure inside the chamber, 

wherein the pressure changing apparatus is configured to control the rate at which the 

pressure inside the chamber is changed in response to the measurements of the position of at 

least a portion of the pellicle.
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66. The load stage of clause 65, wherein the pressure changing apparatus is configured to 

reduce the rate at which the pressure inside the chamber is changed in response to 

measurements indicating that the position of the pellicle lies outside a desired range of the 

position of the pellicle.

67. The load stage of clause 66, wherein the desired range of the position of the pellicle 

lies between a minimum distance from a patterning device and a maximum distance from the 

patterning device.

68. The load stage of any of clauses 65-67, wherein the sensor apparatus comprises a 

radiation source configured to illuminate at least a portion of a pellicle with radiation and a 

radiation sensor arranged to receive and measure radiation reflected from the pellicle.

69. The load stage of clause 68, wherein the radiation source is configured to illuminate 

the pellicle at a lion-normal angle of incidence and wherein the radiation sensor is configured 

to measure the position at which reflected radiation is incident on the radiation sensor.

70. The load stage of clause 68, wherein the sensor apparatus comprises a confocal 

imaging sensor.

71. The load stage of any of clauses 68-70, wherein the sensor apparatus is positioned 

outside of the chamber and wherein the chamber includes a window configured to allow 

radiation to propagate into and out of the chamber.

72. The load stage of any of clauses 65-71, wherein the pressure changing apparatus is 

configured to pump the chamber to vacuum pressure conditions when loading a patterning 

device into the lithographic apparatus.

73. The load stage of any of clauses 65-72, wherein the pressure changing apparatus is 

configured to vent the chamber to atmospheric pressure conditions when unloading a 

patterning device from a lithographic apparatus.
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74. The load stage of any of clauses 65-73, further comprising a controller configured to 

record a change in the position of the pellicle as a function of pressure inside the chamber.

75. The load stage of clause 74, wherein the controller is further configured to detect 

fatigue of the pellicle from the recorded change in the position of the pellicle as a function of 

pressure inside the chamber.

76. A method of treating a pellicle, the method comprising:

heating at least a portion of the pellicle to a temperature greater than a ductile to 

brittle transition temperature of the pellicle; and

placing the pellicle under tension, wherein the tension in the pellicle is sufficient to 

cause plastic deformation of at least a portion of the heated portion of the pellicle.

ΊΊ. The method of clause 76, wherein heating at least a portion of the pellicle comprises 

locally heating only some portions of the pellicle.

78. The method of clause 77, wherein heating at least a portion of the pellicle comprises 

heating a pellicle frame to which the pellicle is attached.

79. The method of clause 77 or 78, wherein heating at least a portion of the pellicle 

comprises illuminating at least a portion of the pellicle with radiation.

80. The method of clause 79, wherein heating at least a portion of the pellicle comprises 

illuminating at least a portion of the pellicle with a laser beam.

81. The method of any of clauses 76-80, wherein placing the pellicle under tension 

comprises suspending the pellicle across a pellicle frame.

82. The method of clause 81, wherein placing the pellicle under tension further comprises 

creating a pressure difference across the pellicle.

83. A pellicle assembly suitable for use with a patterning device for a lithographic 

apparatus, the pellicle assembly comprising:

a frame configured to support a pellicle;
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a pellicle attached to the frame, wherein the pellicle comprises at least one electrically 

conductive layer; and

a current source connected across the at least one electrically conductive layer and 

configured to generate an electrical current through the at least one electrically conductive 

layer, wherein the current source is configured to generate a current which heats the pellicle 

through resistive heating such that the temperature of the pellicle is greater than a threshold 

temperature.

84. The pellicle assembly of clause 83, wherein the threshold temperature is about 120 

degrees Celsius.

85. The pellicle assembly of clause 83 or 84, wherein the current source is configured to 

generate a substantially continuous current through the at least one electrically conductive 

layer.

86. A pellicle assembly suitable for use with a patterning device for a lithographic 

apparatus, the pellicle assembly comprising:

a frame configured to support a pellicle;

a pellicle attached to the frame; and

a tension controlling apparatus configured to adj ust the tension in the pellicle.

87. The pellicle assembly of clause 86, wherein the tension controlling apparatus 

comprises at least one heater configured to heat a component of the pellicle assembly, 

wherein heating the component of the pellicle assembly causes an increase in the tension in 

the pellicle.

88. The pellicle assembly of clause 87, wherein the at least one heater is configured to 

heat at least a portion of the pellicle frame.

89. The pellicle assembly of clause 88, wherein the pellicle frame comprises a first layer 

having a first Young’s modulus and a first coefficient of thermal expansion and a second 

layer having a second Young's modulus greater than the first Young’s modulus and a second 

coefficient of thermal expansion greater than the first coefficient of thermal expansion, 

wherein the second layer is arranged closer to the pellicle than the first layer.
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90. The pellicle assembly of clause 88, wherein the at least one heater is configured to 

heat at least a portion of the pellicle.

91. The pellicle assembly of clause 90, wherein the pellicle comprises a first layer having 

a first Young’s modulus and a first coefficient of thermal expansion and a second layer 

having a second Young’s modulus greater than the first Young’s modulus and a second 

coefficient of thermal expansion greater than the first coefficient of thermal expansion, 

wherein the first layer is arranged closer to the pellicle frame than the second layer.

92. The pellicle assembly of clause 90 or 91, wherein the pellicle includes at least one 

region in which the thickness of the pellicle is greater than the thickness of the remainder of 

the pellicle.

93. The pellicle assembly of clause 92, wherein the at least one region is proximate to the 

edge of the pellicle.

94. The pellicle assembly of clause 92 or 93, wherein in the at least one region, the 

thickness of the second layer is greater than the thickness of the second layer in the remainder 

of the pellicle.

95. The pellicle assembly of any of clauses 92-94, wherein the at least one heater is 

configured to locally heat the at least one region of the pellicle having a thickness which is 

greater than the thickness of the remainder of the pellicle.

96. The pellicle assembly of any of clauses 87-95. wherein the heater is configured to 

heat at least one component of the pellicle assembly through resistive heating.

97. The pellicle assembly of any of clauses 86-96, wherein the tension controlling 

apparatus comprises at least one actuator configured to apply a force to the pellicle frame so 

as to stretch the pellicle frame and increase the tension in the pellicle.
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CLAIMS

1. Detectieapparaat voor vlies-falen omvattende een sensorsamenstel ingericht voor het detecteren van 

een verandering in een eigenschap geassocieerd met een vlies voorzien op een vliesframe, waarbij een 

verandering in de eigenschap geassocieerd met het vlies indicatief is voor schade aan de vlies.

2. Detectieapparaat voor vlies-falen volgens conclusie 1, waarbij het sensorsamenstel is ingericht om 

een verandering in optische transmissie of optische reflectie van straling door het vlies te detecteren.

3. Detectieapparaat voor vlies-falen volgens conclusie 2, waarbij het sensorsamenstel omvat:

een stralingsbron ingericht om een stralingsbundel in het vlies te koppelen zodanig dat straling langs 

het vlies wordt uitgezonden; en

een stralingssensor ingericht om straling te ontvangen die terug wordt gereflecteerd door liet vlies of 

om straling te ontvangen die wordt uitgezonden door het vlies, waarbij een verandering in de 

gereflecteerde of uitgezonden straling ontvangen door de sensor indicatief is voor schade aan het 

vlies.

4. Detectieapparaat voor vlies-falen volgens conclusie 1, waarbij het sensorsamenstel is ingericht om 

een verandering in akoestische transmissie of akoestische reflectie van geluidsgolven door de vlies te 

detecteren.

5. Detectieapparaat voor vlies-falen volgens conclusie 4. waarbij het sensorsamenstel omvat:

een transducer ingericht om geluidsgolven in de vlies te genereren; en

een sensor die is ingericht om geluidsgolven te ontvangen die door het vlies worden gereflecteerd of 

om geluidsgolven te ontvangen die door het vlies worden uitgezonden, waarbij een verandering in de 

gereflecteerde of uitgezonden geluidsgolven die worden ontvangen door de sensor indicatief zijn voor 

schade aan het vlies.

6. Detectieapparaat voor vlies-falen volgens conclusie 2, waarbij het sensorsamenstel een 

spanningssensor omvat die is ingericht om een spanning te meten waaraan een vlies is onderworpen.

7. Detectieapparaat voor vlies-falen volgens conclusie 2, waarbij de sensor een spanningsmeter omvat 

die is ingericht om de rek te meten die een vlies ondergaat.

8. Detectieapparaat voor vlies-falen, omvattende:

een stralingsbron ingericht voor het belichten, met een stralingsbundel, van een deel van een vlies dat 

is aangebracht om een patroonvormende inrichting te beschermen: 
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een sensor ingericht voor het detecteren van een gedeelte van de stralingsbundel gereflecteerd door 

het vlies; en

een besturing in communicatie met de sensor en ingericht om falen van het vlies te detecteren uit de 

detectie van gereflecteerde straling gedaan door de sensor.

9. Detectieapparaat voor vlies-falen volgens conclusie 8, waarbij de stralingsbron zodanig is ingericht 

dat de stralingsbundel op het vlies invalt bij een niet-normale invalshoek.

10. Detectieapparaat voor vlies-falen volgens conclusie 8 of 9, waarbij de sensor is ingericht om 

diffuse reflectie van de stralingsbundel van het vlies te detecteren.

11. Detectieapparaat voor vlies-falen volgens een van de conclusies 8 tot 10, waarbij de besturing is 

ingericht om falen van het vlies te detecteren wanneer een meting, gedaan door de sensor, van de 

intensiteit van het gedeelte van de door het vlies gereflecteerde stralingsbundel onder een 

drempelwaarde valt.

12. Detectieapparaat voor vlies-falen volgens een van de conclusies 8 tot 11, waarbij de sensor verder 

is ingericht om een deel van de door de patroonvormende inrichting gereflecteerde stralingsbundel te 

detecteren, waarbij het gedeelte van de door de patroonvormende inrichting gereflecteerde 

stralingsbundel op een andere positie op de sensor valt, ten opzichte van het gedeelte van de 

stralingsbundel gereflecteerd door het vlies.

13. Detectieapparaat voor vlies-falen volgens conclusie 12, waarbij de sensor een eerste sensorgebied 

omvat dat is ingericht om straling te detecteren die wordt gereflecteerd door het vlies en een tweede 

sensorgebied dat is ingericht om straling te detecteren die wordt gereflecteerd door de 

patroonvormende inrichting.

14. Detectieapparaat voor vlies-falen, omvattende:

een stralingsbron ingericht om met een stralingsbundel een deel van een patroonvormende inrichting 

te belichten die door een vlies wordt beschermd, waarbij de stralingsbundel door het vlies wordt 

doorgelaten;

een sensorapparaat dat is ingericht om ten minste een deel van de stralingsbundel die door het vlies 

wordt doorgelaten te ontvangen en te meten;

een besturing in communicatie met het sensorapparaat en ingericht om defecten van het vlies te 

detecteren wanneer een meting van de intensiteit van de straling ontvangen door het sensorapparaat 

toeneemt.
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15. Detectieapparaat voor vlies-falen volgens conclusie 14, waarbij de patroonvormende inrichting 

een reflecterende markering omvat en waarbij de sensorinrichting is ingericht om een deel van de 

stralingsbundel te meten dat wordt gereflecteerd door de markering.

16. Detectieapparaat voor vlies-falen volgens conclusie 15, waarbij het sensorapparaat en de 

controller verder zijn geconfigureerd om een uitlijning te bepalen van een kenmerk dat is gevormd in 

het gedeelte van de stralingsbundel die wordt gereflecteerd door het vaste punt.

17. Detectieapparaat voor vlies-falen volgens conclusie 15 of 16, waarbij het sensorapparaat en de 

besturing verder zijn ingericht om golffrontaberraties te bepalen in het gedeelte van de stralingsbundel 

gereflecteerd door de markering.

18. Een vlies dat geschikt is voor gebruik met een patroonvormend apparaat voor een lithografisch 

apparaat, waarbij het vlies omvat:

ten minste één elektrisch geleidende laag; en

een aantal elektrische contacten waarbij een elektrische verbinding met de elektrisch geleidende laag 

tot stand kan worden gebracht, waardoor de elektrische weerstand van de elektrisch geleidende laag 

tussen de contacten kan worden gemeten.

19. Detectieapparaat voor vlies-falen, omvattende:

het vlies volgens conclusie 18; en

een sensor verbonden met ten minste twee van de elektrische contacten op het vlies, waarbij de sensor 

is ingericht om de weerstand tussen de elektrische contacten te meten.
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ABSTRACT

A pellicle suitable for use with a patterning device for a lithographic apparatus. The 

pellicle comprising at least one breakage region which is configured to preferentially break, 

during normal use in a lithographic apparatus, prior to breakage of remaining regions of the 

5 pellicle. At least one breakage region comprises a region of the pellicle which has a reduced 

thickness when compared to surrounding regions of the pellicle.
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De Instantie belast mei hst uitroeren van het onderzoek naar de stand van de teolmiek heeft vastgesteid 
dat deae aanvrage meerdere uitvindingen bevat, te weten:

1. conclusies: 1-7, 17-26, 38, 39

Pellicle failure detection apparatus.
A pellicle suitable for use with a patterning device for a 
lithographic apparatus, the pellicle comprising: 
at least one electrically conductive layer; and 
a plurality of electrical contacts at which an electrical 
connection to the electrically conductive layer can be 
established, thereby allowing the electrical resistance of 
the electrically conductive layer between contacts to be 
measured.

2. conclusies: 8-16

A debris mitigation apparatus comprising a debris steering 
device arranged close to a pellicle for a lithographic 
apparatus, the debris steering device being configured to 
direct debris resulting from breakage of the pellicle in a 
preferred direction,
A debris mitigation apparatus comprising:
a sensor configured to monitor a pellicle held by a frame 
and detect damage to the pellicle; and
a tension controlling device configured to react to 
detection of damage to the pellicle and reduce the tension 
in the pellicle, thereby limiting further damage to the 
pellicle.

3. conclusies: 27-37

A load stage for a lithographic apparatus, the load stage 
comprising:
a chamber configured to receive a patterning device 
protected by a pellicle; a sensor apparatus configured to 
measure the position of at least a portion of the pellicle 
situated in the chamber; and
a pressure changing apparatus configured to change the 
pressure inside the chamber, wherein the pressure changing 
apparatus is configured to control the rate at which the 
pressure inside the chamber is changed in response to the 
measurements of the position of at least a portion of the 
pel 1 i de.

Het vooronderzoek werd tot het eerste onderwerp beperkt.



C
·

AANHANGSEL BEHORENDE BM HET RAPPORT BETREFFENDE 
HET ONDERZOEK NAAR DE STAND VAN DE TECHNIEK. 
OITGEVOERD IN DE OCTROOIAANVRAGE NR. NO 140848

NL 2020114
Het aanfiangsef bevat een opgava van elders gepubliceerde octrooiaanvragen of ociraöien (zogenaamde leden van dezelfde o&trooifamiti®), 
die overeenkomen me' octrootsonriften genoemd in het rappor?
De opgave is samengesteld aan de hand van gegevens uit hst computerbestand ven hef Europees Octrooibureau por
De juistheid en volledigheid vort deze opgave wondt ηοη'ι door hst Europees Octrooibureau, noch door hel Bureau wxtrde industiièle 
eigendom gegarandeerd; de gegevens worden verstrekt voor intormahedoeteinden. ^9-06 7018

Jn hei rapport 
gencem d octrooi geschrift

Datum van 
publicatie

CJve ree nkome nd{e .1 
gs.sohnff(en}

Datum van 
publicatie

US 2015160569 Al 11-06-2Θ15 JP 6253641 B2 27-12-2017
JP 2Θ15523714 A 13-Ö8-2015
KR 2015002.1061 A 27-02-2015
NL 2010777 A 25-11-2013
US 2015160569 Al 11-06-2015
WO 2013174656 A2 28-11-2Θ13

US 2015158844 Al 18-06-2015 DE 102012213671 Al 06-02-2014
JP 2015529846 A 08-10-2015
KR 20150037916 A 08-Θ4-2Θ15
US 2015168844 Al 18-06-2015
WO 2014020112 Al 06-02-2014

US 2011014577 Al 20-01-2Θ11 JP 2011022308 A 03-02-2011
US 2011014577 Al 20-01-2011

WO 2015082214 Al 11-06-2015 CN 105793775 A 20-07-2016
JP 2016539372 A 15-12-2016
KR 20160094437 A 09-08-2016
US 2016313637 Al 27-10-2016
WO 2015082214 Al 11-06-2015

iu Algernons informatie over oif aanhangsel is gepubliceerd in <.te ‘Official Journal' van hei Europees Octrooibureau nr· 12/82 blz 448 ev



SCHRIFTELIJKE OPINIE

AANVRAGER
ASML Netherlands B.V., et al

DOSSIER NUMMER
NO'! 40048

( iNÖIENlNGSÖATÖM
i 02.12.2016

VOORRANGSÖATUM
17.12.2015

AANVRAAGNUMMER
NL2020114

oLASSiFICATiE
1NV. G03FFS2 G03F7S0 G03FW2

Deze schriftenike opinie.' bevat een toelichting op de. volgende pncfördefên:

S Onderdeel 1
□ Onderdeel li
□ Onderdeel Hl
S3 Onderdeel IV
Ki Onderdeel V

□ Onderdeel VI

Sasia van de schrifteiijke opinie
Veorr^rrg
Vaststelling nieuwheid, inventiviteit en indusfriéie toepas baarheid niet mogelijk 
us aanvraag heelt betrekking op meer dan éér. uitvinding
Gemotiveerde verklaring ten aanzien van nieuwheid, inventiviteit en 
industriële toepasbaarheid
Andere geciteerde documenten

□ Onderdeel Vil Overige gebreken
l.J Onderdeel VilI Overige opmerkingen

ÖË SÊVOÉGÖÉ AMBTENAAR

Eisner, Klaus

Fern NL237A foskNadHJuiy 2ÖC®5
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1, Deze schriftelijke opinie is opgesteld op basis van de meest recente conclusies ingediend voor aanvang van het 
onderzoek

8. Met betrekking tot nucleotide en.óf aminozuur sequenties die genoemd worden m de aanvraag en relevant 
zijn voor de uitvinding zoals beschreven in de conclusies, is dit onderzoek gedaan op basis van:

a. type materiaal:

O sequentie opsomming

□ tabel met betrekking tot de sequentie lijst

b. vorm van het materiaal:

Ώ óp p apier

P in elektronische vorm

o. moment van indie ning?éantevering:

O opgenomen in de aanvraag zoals ingedisnd

□ sarden met de aanvraag elektronisch ingediend

□ later aangeleverd voor tiet onderzoek

3. □ In gevat er meer dan één versie of kopie van een sequentie opsomming of tabel met betrekking op een
sequentie is ingediend of aangeleverd, zijn de benodigde verklaringen ingediend dat de informatie in de 
latere ot additionele kopieën identiek is aan de aanvraag zoals ingediend of niet meer informatie bevatten 
dan de aanvraag zoals oorspronkelijk werd ingediend.

4. Overige opmerkingen:

nLwb iJufyaööë).
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De vraag of de uitvinding in de aanvraag nieuw, inventief en industrieel toepasbaar is, wordt niet behandeld in 
deze schriftefijke opinie met betrekking tot:

□ de gehete aanvraag

EJ conclusies 8-56.27-37

omdat:

□ deze aanvraag of deze conclusies ·, betrekking hebben op materie waarvoor het niet zinvbi is één 
schriftelijke opinie óp te stellen.

□ de beschrijving, figuren of deze conclusies , . zo onduidelijk zijn dat het niet zinvol is een schriitefijke 
opinie op te stelten.

□ deze conclusies . onvoldoende steun vinden in de beschrijving waardoor het niet zinvol is een 
schriftelijke opinie op te stellen.

S geen onderzoek naar de stand van de techniek is uitgevoerd voor deze conclusies 8-1 S,< 27-37.

□ eert zinvolle schrifteiijke opinie niet opgesteld kon worden omdat de sequentie opsomming niet beschikbaar 
was in het juiste formaat, cf in het geheel met beschikbaar was (WlPÖ 8125}.

O een zinvolle schrifteiijke opinie niet opgesteld kon worden zonder de tabellen met betrekking iet de 
sequentie opsommingen; of deze tabeiien waren niet beschikbaar in elektronische vorm.

□ Zie aparte bladzijde

1. Vastgestefd is dabde octrooiaanvraag betrekking heeft op meer dan één uitvinding.

Zie aparte bladzijde

Het onderzoek naar de stand van de techniek is beperkt tot de eerstgenoemde uitvinding in de conclusies en 
t>etreft:

O alle conclusies

S conclusies (zie meuwheidsrapporti

NLWB' (JufySÖÖë).
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Onderdeel V Gemotiveerde verklaring ten aanzien van nieuwheid, inventiviteit en industriële 
toepasbaarheid

1. Verklaring

Nieuwheid Ja: Conclusies 6 7, 17-26,39
Nee: Conclusies 1 5. 38

Inventiviteit Ja: Conclusies 21,22,24-26
Nee: Conclusies 1-7,17-20,23,38,39

l ndustriële toepasbaarheid Ja: Conclusies W, 17-26, 38, 39
Nee: conclusies

2, Citatie^ en toelichting:

Zie aparte bladzijde

NU37eiJufy:i2ÖÖë).
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Re Item IV

Lack of unity of invention

1 Prior art:

D4 (XP007143067, cf. below , Re item V) is regarded as being the prior art 
closest, and discloses a pellicle failure detection apparatus comprisi ng a 
sensor assembly arranged to detect a change in a property associated with a 
pellicle situated on a pellicle frame, wherein a change in the property 
associated with the pellicle is indicative of damage to the peilicle.

cf. D4, page 2. second and third paragraph:

''The state of a pellicle may be detected, for example, by measuring the 
intensity of radiation which is reflected from a reticle which is protected by the 
pellicle. ”

“Changes in the intensity of radiation which is reflected from a reticle may 
therefore be used to identify breakage of a pellicle."

Therefore, D4 discloses ail the features of claims 1-3.

D4 further discloses (page 4) a pellicle grounded by providing an electrical 
connection between the pellicle and earth. An electrical current through the 
electrical connection may be measured in order to detect whether or not the 
pellicle is broken.

2 This Authority considers that the application does not meet the requirements 
of unity of invention and that there are three groups of inventions covered by 
the claims indicated as follows:

i S>i " '7 ’ s. e«’i .wet 1
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2 1 Different claimed inventions and claims:

Invention 1 (claims 1-7,17-26, 38, 39)

(claim 1)

A pellicle failure detection apparatus comprising a sensor assembly arranged 
to detect a change in a property associated with a pellicle situated on a 
pellicle frame, wherein a change in the property associated with the pellicle is 
indicative of damage to the pellicle,

(pl Sim 17)

A pellicle failure detection apparatus comprising: a radiation source 
configured to illuminate, with a radiation beam, a portion of a pellicle arranged 
Lo protect a patterning device;

a sensor arranged to detect a portion of the radiation beam reflected from the 
pellicle; and

a controller in communication with the sensor and configured to detect failure 
of the pellicle from the detection of reflected radiation made by the sensor

(claim 23)

A pellicie failure detection apparatus comprising:

a radiation source configured to illuminate, with a radiation beam, a portion of 
a patterning device protecting by a pellicle, wherein the radiation beam is 
transmitted through the pellicle; a sensor apparatus arranged to receive and 
measure at least a portion of the radiation beam transmitted through the 
pellicle

a controller in communication with the sensor apparatus and configured to 
detect failure of the pellicle when a measure of the intensity of the radiation 
received by the sensor apparatus increases,

(claim 38)

A pellicle suitable for use with a patterning device for a lithographic 
apparatus, the peliicle comprising:

at least one electrically conductive layer; and
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a plurality of electrical contacts at which an electrical connection to the 
electrically conductive layer can be established, thereby allowing the electrical 
resistance of the electrically conductive layer between contacts to be 
measured.

Invention 2 (claims 8-11,12-16)

(claim 8)

A debris mitigation apparatus comprising a debris steering device arranged 
close to a pellicle for a lithographic apparatus, the debris steering device 
being configured to direct debris resulting from breakage of the pellicle in a 
preferred direction.

(claim 12)

A debris mitigation apparatus comprising;

a sensor configured to monitor a pellicle held by a frame and detect damage 
to the pellicle; and

a tension controlling device configured to react to detection of damage to the 
pellicle and reduce the tension in the pellicle, thereby limiting further damage 
to the pellicle.

Invention 3 (claims 27-37)

A load stage for a lithographic apparatus, the load stage comprising:

a chamber configured to receive a patterning device protected by a pellicle; a 
sensor apparatus configured to measure the position of at least a portion of 
the pellicle situated in the chamber; and

a pressure changing apparatus configured to change the pressure inside the 
chamber, wherein the pressure changing apparatus is configured to control 
the rate at which the pressure inside the chamber is changed in response to 
the measurements of the position of at least a portion of the pellicle.

rc-rm (separate sheeti (July SC<?5i (sheet S'?
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2.2 The common conceptlinking together invention 1' and invention 2 is merely a 
pellicle

The common concept linking together invention 1 and invention 3 is merely a 
pellicle.

The common concept Sinking together invention 2 and invention 3 is merely a 
peliicle

A pellicle, as such, is well-known in the art, see e.g. D4 (XP007143067), 
figure 1.

2 3 Therefore the common concept does not comprise any same or 
corresponding special technical features and is consequently not a single 
general inventive concept.

2 4 Lack of technical relationship between the remaining technical features in the 
different groups of claims:

2.4.1 Starting from D4, invention 1 comprises the following additional features:

- the sensor assembly is configured to detect a change in acoustic 
transmission or acoustic reflection of sound waves by the peliicle (claim 4)

- the sensor assembly comprises a transducer configured to generate sound 
waves in the pellicle; and a sensor configured to receive sound waves 
reflected back through the pellicle or to receive sound waves transmitted 
through the pellicle, a change i n the reflected or transmitted sound waves 
received by the sensor being indicative of damage to the pellicle (claim 5)

- the sensor assembly comprises a stress sensor configured to measure a 
stress to which a peilicle is subjected (claim 6)

- the sensor comprises a strain gauge configured to measure the strain which 
a pellicle undergoes (claim 7).

- a controller in communication with the sensor and configured to detect
failure of the pellicle from the detection of reflected radiation made by the 
sensor (claim 17)

‘Septate shseti (July 2ϋύ5> (sheet 4'?:
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- a controller in communication with the sensor apparatus and configured to 
detect failure of the pellicle when a measure of the intensity of the radiation 
received by the sensor apparatus increases (claim 23)

- a sensor connected to at least two of the electrical contacts on the pellicie, 
the sensor being configured to measure the resistance between the electrical 
contacts (claim 39).

These special technical features solve the problem of detecting a damage to 
the pellicle.

2.4.2 Invention 2 comprises the additional feature of providing a debris mitigation 
apparatus. These features are related to the solution to the problem of 
limiting contamination of the surrounding environment with pellicle debris.

2.4.3 Invention 3 comprises the additional feature of providing a load stage for a 
lithographic apparatus, the load stage comprising:
a chamber configured to receive a patterning device protected by a pellicle; 
a sensor apparatus configured to measure the position or at least a portion of 
the pellicle situated in the chamber; and
a pressure changing apparatus configured to change the pressure inside the 
chamber, wherein the pressure changing apparatus is configured to control 
the rate at which the pressure inside the chamber is changed in response to 
the measurements of the position of at least a portion of the pellicle.

These features solve the problem of reducing the time required for a pump
down and/or venting procedure without damaging the pellicle.

2.4.4 Consequently, the features of invention 1, invention 2 and invention 3 which 
make a technical contribution over the prior art are different. As the problems 
they solve are different, these features not corresponding either.

2,5 Conclusion: There is thus no relationship among these inventions which 
would involve same or corresponding special technical features, such that the 
requirement of unity of invention is not met.

I Stl "'7 ’ 1 e«’i .ipefA
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Reasoned statement with regard to novelty, inventive step or industrial 
applicability; citations and explanations supporting such statement

3 Reference is made to the following documents:

DI "Research Disclosure",
NOT KNOWN, MASON PUBLICATIONS, HAMPSHIRE, QB, 
deel 594, nr, 72, 1 oktober 2013 (2013-10-01), bladzijdes,
XP007142624,
ISSN: 0374-4353

D2 US 2015/160569 A1 (OSORIO OLIVEROS EDGAR ALBERTO (NL.1) 11
juni 2015 (2015-06-11)

D3 US 2015/168844 Al (SCHAFFER DIRK [DE]) 18 juni 2015 (2015-06-18)

Ό4 "Research Disclosure",
RESEARCH DISCLOSURE, KENNETH MASON PUBLICATIONS, 
HAMPSHIRE, UK, GB,
deel 600, nr. 53, 1 april 2014 (2014-04-01), bladzijde 3, XP007143067, 
ISSN: 0374-4353

D5 "Research Disclosure",
RESEARCH DISCLOSURE, KENNETH MASON PUBLICATIONS, 
HAMPSHIRE, UK, GB,
deel 599, nr. 29, 1 maart 2014 (2014-03-01). bladzijde 4, XP007142974, 
ISSN, 0374-4353

D6 US 2011/014577 A1 (HASHIMOTO TSUTOMU [JP]) 20 januari 2011
(2011-01-20)

D7 WO 2015/082214 A1 (ASML NETHERLANDS BV [NL]) 11 juni 201 5
(2015-06-11)

D8 "Research Disclosure",
RESEARCH DISCLOSURE, KENNETH MASON PUBLICATIONS, 
HAMPSHIRE, UK. GB,

Foffn N(separate «héét)/
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deel 587, nr. 13, 1 maart 2013 (2013-03-01), bladzijde 249,
XP007141965,
ISSN: 0374-4353

D1 - D3 were cited by the International Searching Authority in a related patent 
application published as WQ2017102380.

4 Clasms 1-7

The present application does not meet the criteria of patentability, because 
the subject-matter of claim 1 is not new.

D4 discloses:

A pellicle failure detection apparatus comprising a sensor assembly arranged 
to detect a change in a property associated with a pellicle situated on a 
pellicle frame, wherein a change in the property associated with the pellicle is 
indicative of damage to the pellicle.

of. D4, page 2 second and third paragraph:

"The state of a pellicle may be detected, for example, by measuring the 
intensity of radiation which is reflected from a reticle which is protected by the 
pellicle.''

"Changes in the intensity of radiation which is reflected from a reticle may 
therefore be used to identify breakage of a pellicle. "

Therefore, claim 1 is not new,

4.1 An alternative novelty objection against claim 1 could be based on 05 (page
3. fourth paragraph: "...a sensor may be scanned over the surface of a pellicle 
in order to detect changes in the properties of the pellicle across its surface.

rc-rm sCeeti (July 2ϋύ5> (sheet 7)
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4.2 A further alternative novelty objection against claim 1 could be based on D6 
(paragraph 0025-0029, figure 1: pellicle failure detection apparatus 
comprising a sensor configured to detect sound waves)

4.3 D4 also discloses the additional features of claims 2-3.

of. D4, page 2, second and third paragraph:

"The state of a pellicle may be detected, for example, by measuring the 
intensity of radiation which is reflected from a reticle which is protected by the 
pellicle ”

"Changes in the intensity of radiation which is reflected from a reticle may 
therefore be used to identify breakage of a pellicle. ”

Therefore, claims 2-3 are not new.

4.4 D6 also discloses the additional features of claims 4 and 5 (cf. D6, figure 1: 
transducer 5, sensor 6).

Therefore, claims 4-5 are not new.

4.5 The additional features of claims 6 and 7 would be provided as a matter of 
routine:

D7 (claim 6) already discloses an apparatus comprising a stress monitor, 
arranged to monitor a property of the pellicle film indicative of the stress in the 
pellicle film.

D8 (page 3, fast paragraph) already discloses that pellicle may break due to 
strain imposed upon the pellicle. Therefore, it would be obvious to monitor the 
strain to which a pellicle undergoes.

Therefore, ciaims 6 and 7 are not inventive.
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5 Claims 17-22

5.1 04 is regarded as being the prior art closest to the subject-matter of claim 17,
and discloses:

A pellicle failure detection apparatus comprising: a radiation source 
configured to illuminate, with a radiation beam, a portion of a pellicle arranged 
to protect a patterning devioe;

cf. D4, page 2, second and third paragraph:

"The stale of a peliicfe may be delected, for example, by measuring the 
intensity of radiation which is reflected from a reticle which is protected by the 
pellicle."

"Changes in the intensity of radiation which is reflected from a reticle may 
therefore be used to identify breakage of a pellicle. ”

The subject-matter of claim 17 therefore differs from D4 in that

a sensor arranged to detect a portion of the radiation beam reflected from the 
pellicle; and

a controller in communication with the sensor and configured to detect failure 
of the pellicle from the detection of reflected radiation made by the sensor.

04 therefore discloses to measure the changes of the intensity which is 
reflected from the reticle which is protected by a pellicle. The radiation is 
therefore transmitted through the pellicle.

The skilled person is aware that the transmission measurement disclosed in 
D4 is merely one of several straightforward possibilities to detect the state of 
a pellicle.

The claim 17 feature of providing a sensor and a controller to detect the state 
of a pellicle by detecting the radiation reflected from a pellicle is another 
straightforward possibility to detect the state of a peliicie.

Therefore, claim 17 is not considered inventive.
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5.2 The additional features of c>a>ms 18-20 come within the scope of the 
customary practice followed oy persons skilled in the art, especially as the 
advantages thus achieved can readily be foreseen. Consequently, the 
subject-matter of claims 18-20 lacks an inventive step.

5.3 The combination of the features of dependent claims 21,22 is new and 
inventive. Providing a sensor further configured to detect a portion of the 
radiation beam reflected from the patterning device, the portion of the 
radiation beam reflected from the patterning device being incident on the 
sensor at a different position to the portion of the radiation beam reflected 
from the pellicle, is neither known from, nor rendered obvious by, the 
available prior art.

6 Claims 23-26

6.1 D4 is regarded as being the prior art closest to the subject-matter of ciaim 23, 
and discloses

A pellicle failure detection apparatus comprising:

a radiation source configured to illuminate, with a radiation beam, a portion of 
a patterning device protecting by a pellicle, wherein the radiation beam is 
transmitted through the pellicle; a sensor apparatus arranged to receive and 
measure at least a portion of the radiation beam transmitted through the 
pellicle.

cf. D4. page 2, second and third paragraph:

"The state of a peilicle may be detected, for example, by measuring the 
intensity of radiation which is reflected from a reticle which is protected by the 
pellicle."

"Changes in the intensity of radiation which is reflected from a reticle may 
therefore be used to identify breakage of a pellicle. ”
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04 therefore discloses to measure the changes of the intensity which is 
reflected from the reticle which is protected by a pellicle. The radiation is 
therefore transmitted through the pellicle.

The subject- matter of claim 23 therefore differs from D4 in that the pellicle 
failure detection apparatus further comprises a controller in communication 
with the sensor apparatus and configured to detect failure of the pellicle when 
a measure of the intensity of the radiation received by the sensor apparatus 
increases;

The problem to be solved by the present invention may therefore be regarded 
as how to detect a failure of the pellicle.

The solution proposed in claim 23 of the present application cannot be 
considered as involving an inventive step for the following reasons:

D4 already discloses (page 2, second and third paragraph) that the intensity 
of radiation which is received at a substrate may change by approximately 
20% in the event of a pellicle breakage.

It would therefore be a matter of routine to provide a controller in 
communication with the sensor apparatus and configured to detect failure of 
the pellicle when a measure of the intensity of the radiation received by the 
sensor apparatus increases.

Therefore, claim 23 is not inventive.

6.2 The subject-matter of dependent claims 24-26 is new and inventive. Providing 
a pellicle failure defection apparatus comprising a sensor apparatus 
configured to measure a portion of the radiation beam which is reflected from 
a patterning device fiducial is neither known from, nor rendered obvious by, 
the available prior art.
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7 Claims 38, 39

7.1 D4 discloses (page 4) a pellicle which is grounded by providing an electrical 
connection between the pellicle and earth. An electrical current through the 
electrical connection may be measured in order to detect whether or not the 
pellicle is broken.

7 2 it is thus considered that D4 discloses all the features of claim 38. Therefore, 
claim 38 is not new.

7.3 D4 discloses io measure the electrical.current in order to detect whether or 
not the pellicle is broken. Instead of measuring the electrical current, the 
sensor according to claim 39 is configured to measure the electrical 
resistance which does not require any inventive skills. Therefore, claim 39 is 
not inventive.

8 Conclusion

The subject-matter of claims 1-5, 38 is not new.

The subject-matter of claims 6. 7, 17-20, 23, 3S is not inventive.

The subject-matter of claims 21,22, 24-26 appears to be new and inventive.
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