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MASK ASSEMBLY

[0001] CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims priority of US application 62/080,561which was filed on November
17, 2014 and from US application 62/108,348 which was filed on January 27, 2015 and from
US application 62/110,841 which was filed on February 2, 2015 and from US application
62/126,173 which was filed on February 27, 2015 and from US application 62/149,176 which
was filed on April 17, 2015 and from US application 62/183,342 which was filed on June 23,

2015 which are all incorporated herein in its entirety by reference.

FIELD
[0002] The present invention relates to a mask assembly. The present invention has

particular, but not exclusive, use within an EUV lithographic apparatus.

BACKGROUND

[0003] 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.

[0004] 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).

[0005] A patterning device (e.g., a mask) that is used to impart a pattern to a radiation
beam in a lithographic apparatus may form part of a mask assembly. A mask assembly may
include a pellicle that protects the patterning device from particle contamination. The pellicle
may be supported by a pellicle frame.

[0006] It may be desirable to provide a mask assembly that obviates or mitigates one

or more problems associated with known mask assemblies.
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SUMMARY

[0007] According to a first aspect of the invention there is provided a mask assembly
suitable for use in a lithographic process, the mask assembly comprising a patterning device;
and a pellicle frame configured to support a pellicle and mounted on the patterning device
with a mount; wherein the mount is configured to suspend the pellicle frame relative to the
patterning device such that there is a gap between the pellicle frame and the patterning
device; and wherein the mount provides a releasably engageable attachment between the
patterning device and the pellicle frame. The releasably engageable attachment may be a
kinematic connection or an (over)constrained  attachment. An overconstrained or
overdetermined attachment is realized for example by providing four or more attachment
points along the pellicle frame. Herein by kinematic connection it is understood in a broad
meaning of comprising both a non-overconstrained connection as well as an overconstrained
connection. Also overconstrained and constrained are herein used with the same meaning.

[0008] This aspect of the invention is advantageous because it allows the pellicle
frame to be removed from the patterning device and subsequently replaced, for example to
allow for cleaning of the patterning device. Furthermore, because there is a gap between the
pellicle frame and the patterning device the pellicle frame does not rub against the patterning
device when it is being attached to the patterning device. This reduces the extent to which
contamination particles may be generated when attaching the pellicle frame to the patterning
device. The gap size may be varied such that at low pressure the surrounding gas medium
(e.g. air or N2) flows at a higher speed, whereas in the case of a high pressure the gas flows at
lower speed. Especially at low pressures it is more critical that the flow speed is higher in
order to stop the debris particles from entering the volume above the protected patterned area.
[0009] The mount may provide a kinematic connection between the pellicle frame
and the patterning device. Herein kinematic connection is understood as applying constraints
(via mounts or sub-mounts) between the pellicle frame and the patterning device which result
in a decrease of the degrees of freedom of the pellicle frame. The kinematic connection may
be arranged such that when the pellicle frame expands, it has one or two directions (degrees

of freedom) free for expansion.

[0010] The mount may comprise a plurality of sub-mounts.
[0011] Each sub-mount may be a kinematic sub-mount.
[0012] Each sub-mount may include a resilient component configured to allow

movement of a section of the pellicle frame relative to the patterning device at that sub-
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mount. By resilient component herein is meant a non-stiff part which ensures compliance /
flexibility.

[0013] Each sub-mount may be configured to restrain the movement of the pellicle
frame at that sub-mount relative to the patterning device to a limited number of degrees of
freedom such that movement in at least one direction is prevented at that sub-mount. Such
sub-mount is herein considered as a kinematic constraint. Adding kinematic constraints
between the pellicle frame and the patterning device will correspondingly decrease the
degrees of freedom of the pellicle frame. For example the (sub-)mount may be locked in z-
direction and allow expansion in either x- or y- direction, or in both x and y directions.

[0014] Each sub-mount may comprise a protrusion attached to one of the patterning
device or the pellicle frame and an engagement mechanism attached to the other of the
patterning device or the pellicle frame, the engagement mechanism being configured to
receive and engage with the protrusion. The protrusion may also be referred as a stud.

[0015] The engagement mechanism may comprise one or more resilient members
configured to allow some movement of the engagement mechanism relative to the protrusion.
[0016] The engagement mechanism may comprise a locking member which is
connected to the pellicle frame or the patterning device by one or more arms.

[0017] The one or more arms may extend generally parallel to a plane of the pellicle
frame or the patterning device.

[0018] The one or more arms of a first engagement mechanism may extend generally
parallel to an edge of the pellicle frame or the patterning device, and the one or more arms of
a second engagement mechanism may extend generally perpendicular to an edge of the
pellicle frame or the patterning device.

[0019] The locking member may be connected to the pellicle frame or the patterning
device by two arms.

[0020] The protrusion may comprise a distal head provided on a shaft, and the
locking member may be configured to engage with the shaft below the distal head. The lower
part of the protrusion provided for attachment to the patterning device may have a circular (or
other shape) cross-section with a flat surface at the bottom for being attached to the
patterning device. The shaft and/or the distal head may be arranged such as to provide a
Hertzian contact with the locking member.

[0021] The locking member may comprise a pair of springs with unsecured ends

moveable from a first locked position beneath the distal head of the protrusion to a second
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unlocked position not beneath the distal head of the protrusion. The springs may be
decoupled from each other.

[0022] The unsecured ends of the springs may be resiliently biased to be beneath the
distal head of the protrusion. The unsecured ends of the springs may be resiliently biased to
an intermediate position which is between the locked and the unlocked positions.

[0023] The unsecured ends of the springs may be resiliently biased not to contact the
shaft of the protrusion. The unsecured ends of the springs may be resiliently biased to not
contact the protrusion. The unsecured ends of the springs may be resiliently biased to not
contact any other parts of the locking member when they are in an equilibrium position.
[0024] The locking member may further comprise a member resiliently biased to
press the unsecured ends of the springs against the distal head of the protrusion.

[0025] The member may be a connecting member which extends between a pair of
resilient arms. Alternatively, the member may be provided on a single resilient arm.

[0026] The resilient arm or arms may be configured to flex in a direction which is
generally perpendicular to a patterned surface of the patterning device.

[0027] The resilient arm or arms may be configured not to flex in directions which are
generally parallel to a patterned surface of the patterning device.

[0028] The locking member may comprise a pair of engagement arms each provided
with an inwardly projecting engagement tab at a distal end, the engagement tabs engaging
with the distal head of the protrusion and the engagement arms being resiliently deformable
in a direction away from the distal head of the protrusion.

[0029] The engagement arms of each locking member of each sub-mount may all
extend in substantially the same direction.

[0030] The engagement arms may all extend in a direction which corresponds with a
non-scanning direction of the lithographic apparatus.

[0031] The engagement arms of a first engagement mechanism may extend generally
parallel to the one or more arms of that engagement mechanism, and the engagement arms of
a second engagement mechanism may extend generally perpendicular to the one or more
arms of that engagement mechanism.

[0032] The engagement arms may be resiliently biased to press the engagement tabs
against the distal head of the protrusion.

[0033] The engagement arms may be configured not to flex in directions which are

generally parallel to a patterned surface of the patterning device.
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[0034] The locking member may be resiliently deformable to allow it to pass over the
distal head and engage with the shaft of the protrusion

[0035] The locking member may comprise a locking plate mounted on a support, the
locking plate being moveable to a position in which a recess in the locking plate engages with
the shaft below the distal head.

[0036] The engagement mechanism may further comprise a movement limiting
component which prevents the pellicle frame from contacting the patterning device.

[0037] The engagement mechanism may further comprise a movement limiting
component which maintains the gap between the pellicle frame and the patterning device.
[0038] The movement limiting component may comprise a cap configured to engage

with a distal surface of the protrusion.

[0039] The mount may comprise three or more sub-mounts
[0040] The mount may comprise four sub-mounts.
[0041] Two sub-mounts may be provided on one side of the mask assembly and two

sub-mounts may be provided on an opposite side of the mask assembly

[0042] Each side of the pellicle frame may be provided with a sub-mount which
allows movement in a first direction and a sub-mount which allows movement in a second
direction which is substantially perpendicular or forming another angle to the first direction.
[0043] The sub-mounts may be provided as complementary pairs at equivalent
positions on opposite sides of the pellicle frame.

[0044] The gap between the pellicle frame and the patterning device may be at least
100 microns.

[0045] The gap between the pellicle frame and the patterning device may be less than
300 microns.

[0046] The gap between the pellicle frame and the patterning device may be between
200 microns and 300 microns.

[0047] The gap between the pellicle frame and the patterning device may be smaller
in the vicinity of a sub-mount than at other locations.

[0048] The gap in the vicinity of the sub-mount may be less than 200 microns.

[0049] The gap in the vicinity of the sub-mount may be around 100 microns or less,
for example even less than 1 micron such as 50 nm.

[0050] According to a second aspect of the invention there is provided a method of

attaching a sub-mount to a protrusion, the sub-mount comprising a pair of springs with
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unsecured ends and a member, and the protrusion comprising a distal head provided on a
shaft, wherein the method comprises moving the unsecured ends of the springs apart and
away from contact with the member, moving the member away the distal head of the
protrusion to create a space beneath the protrusion, allowing the unsecured ends of the
springs to move to equilibrium positions in the space beneath the distal head of the
protrusion, and allowing the member to move under resilient bias towards the distal head
such that the member presses the unsecured ends of the springs against the distal head of the
protrusion.

[0051] According to a third aspect of the invention there is provided a method of
removing a sub-mount from a protrusion, the sub-mount comprising a pair of springs with
unsecured ends and a member, and the protrusion comprising a distal head provided on a
shaft, wherein the method comprises moving the member away the distal head of the
protrusion to allow the unsecured ends of the springs to move away from the distal head,
moving the unsecured ends of the springs apart, allowing the member to move under resilient
bias towards the distal head, and allowing the unsecured ends of the springs to move together

and press against sides of the member.

[0052] The unsecured ends of the springs may be moved apart by a pair of actuator
arms.
[0053] The member may be moved by a pair of pins pushing against a pair of resilient

arms which are connected together by the member.

[0054] The sub-mount may be provided on a pellicle frame and the protrusion may be
provided on a patterning device.

[0055] According to a fourth aspect of the invention there is provided a method of
attaching a sub-mount to a protrusion, the sub-mount comprising an engagement mechanism
having a locking member connected to the pellicle frame by one or more arms, the locking
member comprising a pair of engagement arms each provided with an inwardly projecting
engagement tab at a distal end, wherein the method comprises moving ends of the
engagement arms away from an equilibrium position to enlarge a separation between the
engagement tabs and a cap of the engagement mechanism, laterally moving the sub-mount
and protrusion relative to each other until the engagement tabs are generally aligned with a
distal head of the protrusion, and allowing the engagement arms to move under resilient bias
towards the distal head such that the engagement tabs press against the distal head of the

protrusion.
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[0056] The sub-mount may be one of a plurality of sub-mounts connected to the
pellicle frame, and wherein the plurality of sub-mounts are all laterally moved simultaneously
relative to associated protrusions, or the protrusions are all laterally moved simultaneously
relative to associated sub-mounts.

[0057] The engagement arms may be moved by a pair of pins pushing against the
engagement arms.

[0058] The sub-mount may be provided on a pellicle frame and the protrusion is
provided on a patterning device.

[0059] According to a fifth aspect of the invention there is provided a mask assembly
suitable for use in a lithographic process, the mask assembly comprising a patterning device
and a pellicle frame which supports a pellicle, the pellicle frame being mounted on the
patterning device, wherein the pellicle frame is provided with a capping layer.

[0060] The capping layer provided on the pellicle frame may be formed from the
same material as a capping layer provided on the pellicle

[0061] According to a sixth aspect of the invention there is provided a mask assembly
suitable for use in a lithographic process, the mask assembly comprising a patterning device
and a pellicle frame which supports a pellicle, the pellicle frame being mounted on the
patterning device, wherein the pellicle frame and the pellicle are formed from the same
material or from different materials which have the same coefficient of thermal expansion.
[0062] Making the pellicle frame and the pellicle from the same material or from
different materials which have the same coefficient of thermal expansion is advantageous
because it avoids bending which might occur if the pellicle frame and pellicle were to expand
at different rates when heated (i.e. avoids the type of bending seen in a bimetallic strip)
[0063] According to a seventh aspect of the invention there is provided a mask
assembly suitable for use in a lithographic process, the mask assembly comprising a
patterning device, a sub-frame secured to the patterning device, a pellicle frame configured to
support a pellicle and a mechanical attachment interface operable to allow attachment of the
pellicle frame to the sub-frame and detachment of the pellicle frame from the sub-frame.
[0064] The mechanical attachment interface allows the pellicle frame to be
conveniently attached and detached from the patterning device without the need to glue the
pellicle frame to the patterning device. This allows for convenient replacement of a pellicle
by replacing the pellicle frame, which is attached to a patterning device. Being able to

conveniently attach and detach the pellicle frame from the patterning device may allow
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additional areas of the patterning device to be used for the pellicle frame since access to these
areas may be provided by detaching the pellicle frame from the patterning device. Allowing
additional areas of the patterning device to be used for the pellicle frame may allow the
dimensions of the pellicle frame to be increased thereby increasing the strength of the pellicle
frame.

[0065] The patterning device may include a cut-away portion in a front side of the
patterning device in which the extent of the front side is reduced relative to a backside of the
patterning device, the cut-away portion being configured to receive a portion of the pellicle
frame.

[0066] The cut-away portion may allow the extent of the pellicle frame to be
increased thereby increasing the strength of the pellicle frame. The cut-away portion may
provide for accurate positioning of the pellicle frame on the patterning device since the cut-
away portion restrains the position of the pellicle frame relative to the patterning device.
[0067] The cut-away portion may be positioned adjacent to an outer extent of the

front side of the patterning device.

[0068] The sub-frame may be positioned adjacent to the cut-away portion.
[0069] The sub-frame may be bonded to the patterning device.
[0070] The sub-frame may comprise a recess in which a glue is disposed such that the

glue is positioned in a volume that is enclosed by the recess and the patterning device.

[0071] Disposing the glue within an enclosed volume constrains any products of
outgassing from the glue so as to prevent the products of outgassing from contaminating the
patterning device. Also less deformation will occur in the reticle, pellicle frame and pellicle
film by providing the glue bonding at a small area (compared with the pattern area) and
further away from the pattern area of the patterning device.

[0072] According to an eighth aspect of the invention there is provided a mask
assembly suitable for use in a lithographic process, the mask assembly comprising, a
patterning device and a pellicle frame configured to support a pellicle and mounted on the
patterning device with a mount, wherein the mount includes a flexible component configured
to allow movement of at least one section of the pellicle frame relative to the patterning
device.

[0073] The inclusion of a flexible component configured to allow movement of a
section of the pellicle frame relative to the patterning device reduces any stress that is placed

on the patterning device. For example, during use the patterning device and/or the pellicle
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frame may expand and contract (e.g., due to heating and cooling of the patterning device
and/or the pellicle frame). Expansion and contraction of the patterning device and/or the
pellicle frame may induce stress around points at which the pellicle frame and the patterning
device are attached to each other. Allowing movement of sections of the pellicle frame
relative to the patterning device reduces the induced stress.

[0074] The mount may be configured to restrain the movement of the pellicle frame
so as to prevent the pellicle frame as a whole from undergoing rotation or translation relative
to the patterning device.

[0075] The mount may comprise a plurality of sub-mounts, each sub-mount providing
an attachment between the patterning device and the pellicle frame at a different position and
each sub-mount including a flexible component configured to allow movement of a section of
the pellicle frame relative to the patterning device at that position.

[0076] Each sub-mount may be configured to restrain the movement of the pellicle
frame at that sub-mount relative to the patterning device to a limited number of degrees of

freedom such that movement in at least one direction is prevented at that sub-mount.

[0077] The mount may comprise three sub-mounts.
[0078] The flexible component may comprise an elastic element.
[0079] According to an ninth aspect of the invention there is provided a mask

assembly suitable for use in a lithographic process, the mask assembly comprising a
patterning device and a pellicle frame configured to support a pellicle and attached to the
patterning device with a mount so as to enclose a region of the patterning device, wherein the
pellicle frame includes extended portions and non-extended portions, wherein the extended
portions of the pellicle frame have a width that is greater than the width of the non-extended
portions of the pellicle frame.

[0080] The extended portions provide additional surface area at which a pellicle may
be attached to the pellicle frame. This may allow the extent of a border portion of the pellicle
(which has an increased thickness relative to the rest of the pellicle) to be increased. A
pellicle having a border portion with an increased extent may allow for convenient handling
of the pellicle by gripping the border portion.

[0081] The one or more holes may be provided in the extended portions and may be
configured to allow gas to flow through the pellicle frame.

[0082] The increased width of the extended portions may mean that the extended

portions have an increased strength relative to the rest of the pellicle frame. This may make
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the extended portions suitable for supporting holes in order to allow for a gas flow through

the pellicle frame without significantly comprising the strength of the pellicle frame.

[0083] At least one of the extended portions may be provided with an alignment
mark.

[0084] The extended portions may include a hollowed portion.

[0085] The mask assembly may further comprise a pellicle that may be supported by

the pellicle frame. The pellicle may include a border portion having a thickness that is
greater than the rest of the pellicle.

[0086] The border portion of the pellicle may include extended portions that
correspond with the extended portions of the pellicle frame.

[0087] The extended portions of the pellicle may include pores through which gas
may flow, the pores being aligned with the hollowed portion of the pellicle frame so as to
allow gas to flow through the pores and into and out of a volume between the pellicle and the
patterning device. The extended portions may be provided with an alignment mark.

[0088] Allowing gas flow through pores in the pellicle may reduce or eliminate the
need for holes or filters in the pellicle frame, thereby increasing the strength of the pellicle
frame.

[0089] The mask assembly may be configured so as to provide a gap between the
pellicle frame and the patterning device, the gap being configured such that, in use, gas is
allowed to flow through the gap and into and out of a volume between a pellicle supported by
the pellicle frame and the patterning device.

[0090] Providing a gap between the pellicle frame and the patterning device allows
for pressure equalization across the pellicle without providing holes or filters in the pellicle
frame.

[0091] The pellicle frame may include a window in the body of the frame, the
window being configured to allow transmission of one or more radiation beams.

[0092] The window may allow access to alignment marks or identification marks on

the patterning device when the pellicle frame is fitted to the patterning device.

[0093] The window may be configured to prevent particles from passing through the
window.
[0094] The pellicle frame may include a hole which extends through the pellicle

frame but which does not provide a direct line of sight through the pellicle frame to the

patterning device.
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[0095] The hole that extends through the pellicle frame may not provide a direct
unobstructed path through the pellicle frame.
[0096] The mask assembly may be configured such that the pellicle frame surrounds

substantially the whole of a front side of the patterning device.

[0097] The pellicle frame may be attached to the patterning device by optical contact
bonding.
[0098] Attachment by optical contact bonding may reduce or eliminate the need to

use glue in order to attach the pellicle frame to the patterning device. This advantageously

reduces the presence of products of outgassing from a glue.

[0099] The mask assembly may further comprise a pellicle supported by the pellicle
frame, wherein an electrically conductive path is provided between the patterning device and
the pellicle.

[00100] An electrically conductive material may be provided between the patterning

device and the pellicle frame and an electrically conductive material may be provided
between the pellicle frame the pellicle.

[0100] According to a tenth aspect of the invention there is provided a patterning
device suitable for use in a lithographic process, the patterning device comprising a front side
imparted with a pattern and a back side suitable for securing to a support structure, wherein
the front side includes a cut-away portion in which the extent of the front side is reduced
relative to the backside, the cut-away portion being configured to receive a portion of a
pellicle frame.

[0101] The patterning device may further comprise a sub-frame secured to the
patterning device, the sub-frame including a mechanical attachment interface operable to
selectively attach a pellicle frame to the sub-frame.

[0102] According to an eleventh aspect of the invention there is provided a
lithographic apparatus comprising an illumination system configured to condition a radiation
beam, a support structure supporting a mask assembly according to any preceding claim, the
mask assembly being configured to impart the radiation beam with a pattern in its cross-
section to form a patterned radiation beam, a substrate table constructed to hold a substrate
and a projection system configured to project the patterned radiation beam onto the substrate.
[0103] According to a twelfth aspect of the invention there is provided a pellicle
assembly for use in a lithographic apparatus, the pellicle assembly comprising a pellicle

frame suitable for attachment to a patterning device and a pellicle supported by the pellicle
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frame, the pellicle comprising a thin film portion extending across the pellicle frame so as to
define a plane and a border portion attached to the pellicle frame and having a thickness
which is greater than the thickness of the thin film portion wherein at least some of the border
portion extends out of the plane defined by the thin film portion and away from the pellicle
frame.

[0104] The thickness of the border portion which extends out of the plane defined by
the thin film portion and away from the pellicle frame may be greater than a thickness of the
border portion which extends out of the plane defined by the thin film portion and towards
the pellicle frame.

[0105] The border portion may have a first surface at which the border portion is
attached to the pellicle frame and the first surface may be substantially coplanar with the
plane defined by the thin film portion.

[0106] According to a thirteenth aspect of the invention there is provided a pellicle
frame suitable for attachment to a patterning device and for supporting a pellicle adjacent the
patterning device, the patterning device having a patterned area and being suitable for use in a
lithographic process and the pellicle frame comprising a recess configured to receive a glue
for attachment of a pellicle or a patterning device to the pellicle frame, wherein the recess is
configured such that, in use, attachment of a pellicle or a patterning device to the pellicle
frame causes the glue to be sealed from the patterned area of the patterning device so as to
prevent products of outgassing from the glue from reaching the patterned area of the
patterning device.

[0107] The recess may be configured such that, in use, attachment of a pellicle or a
patterning device to the pellicle frame causes the glue to be contained within a volume
enclosed by the recess and the pellicle or patterning device.

[0108] The pellicle frame may comprise a plurality of recesses, wherein at least one
of the plurality of recesses is configured to receive a glue for attachment of a pellicle to the
pellicle frame and wherein at least one of the recesses is configured to receive a glue for
attachment of a patterning device to the pellicle frame.

[0109] A plurality of recesses may be distributed around the pellicle frame, each
recess extending from an outer edge of the pellicle frame partway to an inner edge of the

pellicle frame and back to the outer edge of the pellicle frame.
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[0110] According to a fourteenth aspect there is provided a pellicle assembly
comprising a pellicle frame according to the seventh aspect and a pellicle attached to the
pellicle frame with a glue disposed in a recess in the pellicle frame.

[0111] According to a fifteenth aspect of the invention there is provided a
lithographic system comprising a pellicle frame attachment apparatus configured to receive a
patterning device, a pellicle frame and a pellicle and attach the pellicle frame to the patterning
device so as to form a mask assembly in which the pellicle frame supports the pellicle
adjacent the patterning device, a lithographic apparatus comprising a support structure
configured to receive the mask assembly from the pellicle frame attachment apparatus and
support the mask assembly, an illumination system configured to condition a radiation beam
and illuminate the mask assembly with the conditioned radiation beam, the patterning device
of the mask assembly being configured to impart the conditioned radiation beam with a
pattern in its cross-section to form a patterned radiation beam, a substrate table constructed to
hold a substrate and a projection system configured to project the patterned radiation beam
onto the substrate, the lithographic system further comprising a mask assembly transport
device configured to transport the mask assembly from the pellicle frame attachment
apparatus to the lithographic apparatus for use in the lithographic apparatus.

[0112] The pellicle frame attachment apparatus may be configured to attach the
pellicle frame to the patterning device in a sealed environment.

[0113] The pellicle frame attachment apparatus may comprise a vacuum pump
configured to pump the sealed environment of the pellicle frame attachment apparatus to
vacuum pressure conditions.

[0114] The mask assembly transport device may be configured to transport the mask
assembly from the pellicle frame attachment apparatus to the lithographic apparatus in a
sealed environment.

[0115] The mask assembly transport device may comprise a vacuum pump
configured to pump the sealed environment of the mask assembly attachment apparatus to
vacuum pressure conditions.

[0116] The lithographic system may further comprise an inspection apparatus
configured to inspect one or more of the pellicle, pellicle frame and patterning device for at

least one of contamination or defects.
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[0117] The pellicle frame attachment apparatus may be configured to receive a
pellicle attached to a pellicle frame and attach the pellicle frame with the pellicle attached to a

patterning device.

[0118] The illumination system may be configured to condition an EUV radiation
beam.
[0119] The pellicle frame attachment apparatus may be configured to receive a

pellicle which is substantially transparent to EUV radiation.

[0120] According to a sixteenth aspect of the invention there is provided a pellicle
frame attachment apparatus configured to receive a patterning device and a pellicle assembly
comprising a pellicle frame and a pellicle, the pellicle attachment device comprising actuators
configured to operate an engagement mechanism of a sub-mount provided on a pellicle
frame, wherein the actuators project through openings provided in a partition which separates
a pellicle assembly receiving controlled environment from other parts of the pellicle frame
attachment apparatus.

[0121] The partition may include windows positioned to allow pellicle frame edges

and/or alignment marks on the patterning device to be visible from an opposite side of the

partition.
[0122] The actuators may comprise pins moveable perpendicular to a plane of the
partition.
[0123] The actuators may comprise a pair of arms which are moveable towards and

away from each other.

[0124] The ends of the actuators may be provided with a coating of robust material.
[0125] The pellicle frame attachment apparatus may include a gas outlet in the
controlled environment, the gas outlet being configured to supply gas at a pressure which is
higher than a gas pressure on an opposite side of the partition.

[0126] According to a seventeenth aspect of the invention there is provided a pellicle
attachment apparatus configured to receive a pellicle and a pellicle frame, attach the pellicle
to the pellicle frame to form a pellicle assembly and seal the pellicle assembly in a sealed
packaging suitable for transportation of the pellicle assembly within the sealed packaging.
[0127] The pellicle attachment apparatus may be configured to attach the pellicle to
the pellicle frame in a sealed environment.

[0128] The pellicle attachment apparatus may further comprise a vacuum pump

configured to pump the sealed environment to vacuum pressure conditions.
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[0129] The pellicle attachment apparatus may further comprise an inspection
apparatus configured to inspect one or both of the pellicle and pellicle frame for at least one
of contamination or defects.

[0130] According to an eighteenth aspect of the invention there is provided a stud
attachment apparatus comprising a table configured to hold a patterning device and a stud
manipulator configured to bring a stud into contact with the patterning device, wherein stud
manipulator is separated from a patterning device receiving controlled environment by a
partition, the partition including a hole through which the stud may project in order to contact
the patterning device. When the stud is attached to the patterning device for example by
gluing, then less deformation will occur in the reticle, pellicle frame and/or pellicle film itself
due to the small bonding area (compared with the pattern area) which is located further away
from the pattern area of the patterning device.

[0131] The stud manipulator may be one of a plurality of stud manipulators and the
hole in the partition may be one of a plurality of holes.

[0132] The stud attachment apparatus may include a gas outlet in the controlled
environment, the gas outlet being configured to supply gas at a pressure which is higher than
a gas pressure on an opposite side of the partition.

[0133] A seal may be provided around the stud manipulator which in use seals against
the patterning device to isolate a stud receiving part of the patterning device from other parts
of the patterning device.

[0134] Gas delivery channels and gas extraction channels may be provided via which
a flow of gas is provided to and from the stud receiving part of the patterning device.

[0135] According to an nineteenth aspect of the invention there is provided a stud
removal apparatus comprising a table configured to hold a patterning device and actuators
arranged to receive ends of the studs and including heaters for heating the studs in order to
reduce the strength of glue which attaches the studs to the patterning device and thereby
allow the studs to be removed from the patterning device.

[0136] The actuators may each be provided with a stud gripper which is configured to
receive and retain a distal head of a stud.

[0137] The stud gripper may comprise a pair of flanges with a separation which is

wider than a neck of the stud and narrower than a distal head of the stud.
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[0138] A seal may be provided around the stud gripper which in use seals against the
patterning device to isolate a stud holding part of the patterning device from other parts of the
patterning device.

[0139] Gas delivery channels and gas extraction channels may be provided via which
a flow of gas is provided to and from the stud holding part of the patterning device.

[0140] According to a twentieth aspect of the invention there is provided a mask
assembly comprising a patterning device and a pellicle supported by a pellicle frame, wherein
a channel is provided in the pellicle frame or a gap exists between the pellicle frame and the

patterning device, and wherein walls of the channel or gap comprise an electret material.

[0141] The walls of the channel or gap may be provided with a coating of the electret
material.
[0142] According to a twenty first aspect of the invention there is provided a mask

assembly comprising a patterning device and a frame, wherein the frame is not provided with
a pellicle. In other words, no film or membrane extends across the frame.

[0143] According to a twenty second aspect of the invention there is provided a mask
assembly comprising a patterning device and a pellicle supported by a pellicle frame, wherein
a radiation absorbing material is provided on an outer face of the pellicle.

[0144] The pellicle frame may have a thickness of significantly more than 2mm. The
term “thickness” may be interpreted as referring to the width of the pellicle frame in
directions which are parallel to the plane of the patterning device (e.g. the width of the
pellicle frame in the X and Y directions).

[0145] The pellicle frame may have a thickness of 3mm or more.

[0146] According to a twenty third aspect of the invention there is provided a stud
comprising a base and a distal head, the base having a flat bottom surface which has been
provided with a polymer film covalently bonded to the flat bottom surface.

[0147] The polymer film of the base of the stud may be reversibly bonded to the mask
by Van der Waals forces.

[0148] According to a twenty fourth aspect of the invention there is provided a
method of attaching a sub-mount to a protrusion, the method comprising moving a locking
member from an unlocked position to an intermediate position which is adjacent to but not in
contact with the protrusion, then using a retaining member to move the locking member to a

locked position in which the locking member presses against the protrusion.
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[0149] The locking member may be moved to the locked position without a surface of
the locking member sliding against a surface of the protrusion.

[0150] The locking member may be moved to the locked position by moving the
locking member in a direction which is generally perpendicular to a surface of the protrusion.
This is advantageous because when contact between the locking member and the protrusion
occurs there is no sliding movement of their surfaces against each other.

[0151] The sub-mount may be attached to a pellicle frame and the protrusion may
extend from a mask.

[0152] The locking member may comprise a pair of springs with unsecured ends.
[0153] According to a twenty fifth aspect of the invention there is provided a method
of detaching a sub-mount from a protrusion, the method comprising moving a retaining
member away from a locking member, moving the locking member from a locked position in
which the locking member presses against the protrusion to an intermediate position which is
adjacent to but not in contact with the protrusion, then moving the locking member to an
unlocked position in which it presses against the retaining member.

[0154] According to a twenty sixth aspect of the invention there is provided a mask
assembly for use in a lithographic apparatus, the mask assembly comprising a patterning
device; and a pellicle frame configured to support a pellicle and mounted on the patterning
device with a mount; wherein the mount is configured such that the pellicle frame is
suspended relative to the patterning device; and wherein the mount provides a releasable
attachment between the patterning device and the pellicle frame, the mount comprising: a
protrusion attached to one of the patterning device or the pellicle frame, and an engagement
mechanism configured to engage with the protrusion, the engagement mechanism comprising
resiliently deformable arms, wherein the resiliently deformable arms are arranged such that in
an open conformation allow shifting of the protrusion to a locking position of the engagement
mechanism, and in a closed conformation engage with the protrusion, thereby locking the
protrusion in the locking position of the engagement mechanism. The shifting of the
protrusion into the locking position of the engagement mechanism is arranged to be done
without mechanical sliding contact with the protrusion.

[0155] According to a twenty sixth aspect of the invention there is provided a mask
assembly for use in a lithographic apparatus, the mask assembly comprising a patterning

device; and a pellicle frame configured to support a pellicle and mounted on the patterning
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device with a mount; wherein the mount is configured such that the pellicle frame is
overconstrained onto the patterning device.

[0156] It will be appreciated that one or more aspects or features described above or
referred to in the following description may be combined with one or more other aspects or

features.

BRIEF DESCRIPTION OF THE DRAWINGS

[0157] Embodiments of the invention will now be described, by way of example only,
with reference to the accompanying schematic drawings, in which:

[0158] Figure 1 is a schematic illustration of a lithographic system comprising a
lithographic apparatus and a radiation source;

[0159] Figures 2A, 2B and 2C are schematic illustrations of a mask assembly
according to an embodiment of the invention;

[0160] Figure 3 is a schematic illustration of a portion of a mask assembly according
to embodiments of the invention;

[0161] Figures 4A, 4B and 4C are schematic illustrations of a mask assembly
according to an alternative embodiment of the invention;

[0162] Figure 5 is a schematic illustration of a mask assembly according to a further
alternative embodiment of the invention;

[0163] Figure 6 is a schematic illustration of a mask assembly according to a still

further alternative embodiment of the invention;

[0164] Figure 7 is a schematic illustration of a portion of the mask assembly of Figure
6;
[0165] Figures 8A and 8B are schematic illustrations of a portion of a pellicle frame

and a pellicle according to an embodiment of the invention;

[0166] Figure 9 is a schematic illustration of a portion of a mask assembly according
to embodiments of the invention;

[0167] Figure 10 is a schematic illustration of a pellicle assembly according to an
embodiment of the invention and a patterning device to which the pellicle assembly is
attached;

[0168] Figure 11 is a schematic illustration of a portion of a pellicle frame according
to an embodiment of the invention, a pellicle attached to the pellicle frame and a patterning

device to which the pellicle frame is attached; and
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[0169] Figure 12 shows a pellicle frame and pellicle according to an embodiment of
the invention;
[0170] Figure 13 is two cross-sectional views of an engagement mechanism of the

pellicle frame of Figure 12 attached to a mask;
[0171] Figure 14 shows the engagement mechanism and mask viewed from above;
[0172] Figure 15 is two perspective views of an engagement mechanism and mask

according to an alternative embodiment;

[0173] Figure 16 is a cross-sectional view of the engagement mechanism and mask of
Figure 15;
[0174] Figure 17 is a perspective view of an engagement mechanism according to an

embodiment of the invention;

[0175] Figure 18 is a cross-sectional perspective view of the engagement mechanism
of Figure 17;

[0176] Figure 19 schematically depicts a method of attaching a sub-mount to a
protrusion according to an embodiment of the invention;

[0177] Figure 20 is a schematic illustration of various attachment apparatuses and a
lithographic apparatus according to embodiments of the invention;

[0178] Figure 21 is a perspective view of a pellicle frame attachment and removal
apparatus according to an embodiment of the invention;

[0179] Figure 22 depicts parts of the pellicle frame attachment and removal apparatus
in more detail;

[0180] Figure 23 depicts in perspective view a stud attachment apparatus according to

an embodiment of the invention;

[0181] Figures 24 and 25 depict parts of the stud attachment apparatus in more detail;
[0182] Figures 26 and 27 depict parts of a stud removal apparatus;

[0183] Figure 28 depicts a sub-mount according to an embodiment of the invention;
[0184] Figures 29 and 30 schematically depict operation of an engagement

mechanism of the sub-mount;
[0185] Figure 31 depicts a pellicle frame provided with four sub-mounts according to
the embodiment of the invention; and

[0186] Figure 32 depicts steps via which the sub-mount is secured to a protrusion.
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DETAILED DESCRIPTION

[0187] Figure 1 shows a lithographic system including a mask assembly according to
one embodiment of the invention. The lithographic system comprises a radiation source SO
and a lithographic apparatus LLA. 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 mask assembly 15
including a patterning device MA (e.g., a mask), 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.

[0188] 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.

[0189] The radiation source SO shown in Figure 1 is of a type that may be referred to
as a laser produced plasma (LLPP) 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, e.g., 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 from the plasma 7 during de-excitation and recombination of ions of the
plasma.

[0190] 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.

[0191] 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.

[0192] The radiation source SO may include one or more contamination traps (not
shown). TFor 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.

[0193] 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.

[0194] 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.

[0195] 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 mask assembly 15 held by the support structure MT. The mask assembly
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15 includes a patterning device MA and a pellicle 19, which is held in place by a pellicle
frame 17. 'The patterning device MA 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. Mask assembly 15 is also
known as a pellicleized reticle.

[0196] 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).

[0197] 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 W' relative to the
support structure (e.g., mask table) M'T 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.

[0198] 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.

[0199] In other embodiments of a lithographic system the radiation source SO may
take other forms. Tor 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.
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[0200] As was described briefly above, the mask assembly 15 includes a pellicle 19
that is provided adjacent to the patterning device MA. The pellicle 19 is provided in the 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). By EUV transparent pellicle or a film substantially transparent for EUV
radiation herein is meant that the pellicle 19 is transmissive for at least 65% of the EUV
radiation, preferably at least 80% and more preferably at least 90% of the EUV radiation. The
pellicle 19 acts to protect the patterning device MA from particle contamination.

[0201] 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.

[0202] 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
approximately between 1 mm and 10 mm, for example between 1 mm and 5 mm, more
preferably between 2 mm and 2.5 mm.

[0203] Figures 2A, 2B and 2C are schematic illustrations of a mask assembly 15
according to an embodiment of the invention. Figure 2A shows a plan view of the mask
assembly 15. Figure 2B shows a cross-section of the mask assembly 15 along the line A-A,

which is shown in Figure 2A. Figure 2C shows a cross-section of the mask assembly 15
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along the line B-B, which is shown in Figure 2A. A consistent Cartesian co-ordinate system
is used throughout Figures 2A, 2B and 2C in which the y-direction denotes a scanning
direction of the patterning device MA relative to a radiation beam B.

[0204] The mask assembly 15 comprises a patterning device MA, a pellicle frame 17
and a pellicle 19. The pellicle 19 comprises a thin film that is substantially transparent to
EUV radiation. The pellicle 19 may be formed from any material that is substantially
transparent to EUV radiation while providing a barrier to particle contamination.

[0205] For example, the pellicle 19 may be formed from a polysilicon (pSi) film.
One or both of the sides of the pellicle 19 (e.g. polysilicon film) may be capped with a
capping layer such as a metal layer (e.g. Ru layer) for an improved thermal emissivity. In an
alternative example the pellicle 19 may be formed from a multi-layer stack of molybdenum
(Mo) and zirconium silicide (ZrSi). The Mo/ZrSi stack may be capped on one or both sides
with a capping layer. Other materials, for example graphene, silicene, silicon nitride,
fullerene, carbon nanotubes, diamond-like carbon (DLC) or other materials substantially
transparent to EUV radiation may be suitable for use as a pellicle 19 in other embodiments.
[0206] The capping layer may be a refractory material selected from a group
consisting of: the elements Nb, Zr, Y, La, Ce, alloys of Mo, Nb, Ru, Zr, Y, La, Ce, silicides
of Mo, Nb, Ru, 7r, Y, La and Ce, silicides of such alloys, oxides of Mo, Nb, Ru, Zr, La, Ce,
oxides of alloys of Mo, Nb, Ru, Zr, Y, La, Ce, carbides of Mo, Nb, Ru, Zr, Y, La, Ce,
carbides of such alloys, nitrides of Mo, Nb, Ru, Zr, La, Ce and nitrides of alloys of No, Nb,
Ru, 7Zr,La, Y, Ce.

[0207] The capping layers referred to above may help to reduce the effect of
hydrogen radicals (or other reactive species), which may be generated from hydrogen gas in
the presence of EUV radiation, and which may cause damage to the pellicle 19.

[0208] A capping layer may also be provided on the pellicle frame 17 (or other
embodiments of pellicle frames). The capping layer may be formed from the same material
as the capping layer provided on the pellicle 19.

[0209] The thickness of the pellicle film 19 will depend on the material properties
(e.g., strength, EUV transparency). Preferably the thickness of the pellicle 19 is in a range
from 5 to 100 nm. For example, a pellicle film made from a Mo/ZrSi multilayer stack may be
approximately 25 nm thick. Alternatively, a pellicle made from polysilicon may be
approximately 40 nm thick. A graphene pellicle may be, for example, approximately 10 nm

thick.
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[0210] The transmission by a pellicle of EUV radiation depends on the thickness of
the pellicle and the purity of the materials from which the pellicle and the capping layer are
formed. The pellicle may be sufficiently thin to allow for a given transmission of EUV
radiation. For example, the pellicle may be sufficiently thin such that it transmits more than
approximately 65% of EUV radiation that is incident on it. It may be desirable for the
pellicle to be sufficiently thin such that it transmits at least approximately 85% of EUV
radiation or at least approximately 90% of EUV radiation that incident on it.

[0211] The patterning device MA comprises a patterned area 21. The patterned area
21 is provided with a pattern to be transferred to a substrate W by reflection of radiation (e.g.,
EUYV radiation) from the patterned area 21. The patterned area 21 is disposed on a front side
IS of the patterning device MA. An opposing back side BS of the patterning device MA may
be secured (e.g., clamped) to a support structure MT. For example the back side BS of the
patterning device may be clamped to the support structure MT using an electrostatic clamp.
[0212] The pellicle frame 17 includes a rectangular opening at its center such that the
pellicle frame 17 extends around and surrounds the patterned area 21. Whilst in the
embodiment of Figures 2A-C the opening that is provided by the pellicle frame 17 is
rectangular, in other embodiments the opening that is provided by the pellicle frame may
have any suitable shape. The pellicle 19 is attached to the pellicle frame 17 such that it is
suspended across the patterned area 21 of the patterning device MA. The pellicle 19 includes
a border portion 20, which has an increased thickness compared to the rest of the pellicle 19.
For example, the border portion 20 may have a thickness of approximately 60 nm. The
border portion 20 serves to increase the strength of the pellicle 19 in the region at which the
pellicle is attached to the pellicle frame 17. The border portion 20 may additionally provide a
portion of the pellicle 19 that may be gripped during handling of the pellicle 19. For
example, when applying or removing a pellicle 19 from a pellicle frame 17 the border portion
20 may be gripped in order to manipulate the pellicle 19. The increased thickness of the
border portion 20 advantageously increases the resistance of the border portion 20 to damage
and/or breakage when being gripped. The border portion may be formed from the same or
different materials to the rest of the pellicle. In embodiments in which the film of the pellicle
is formed from polysilicon the border portion may also be formed from polysilicon.

[0213] Whilst the pattern that is to be transferred to a substrate W is contained within
the patterned area 21, the patterning device MA may include other patterned regions or

markings outside of the patterned area 21. For example, the patterning device MA may
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include alignment marks 23 that may be used to align the patterning device MA. The
patterning device may additionally or alternatively include one or more identification marks
(e.g., one or more bar codes), which may be used to identify the patterning device MA.

[0214] In the embodiment that is shown in Figures 2A, 2B and 2C the patterning
device MA includes cut-away portions 25 (best seen in Figures 2B and 2C) in which the
extent of the front side I'S of the patterning device MA is reduced relative to the backside BS
of the patterning device MA. The cut-away portions 25 are configured to receive a portion of
the pellicle frame 17 as is shown in Figure 2B. The cut-away portions are positioned
adjacent to an outer extent of the front side FS of the patterning device MA. However, in
other embodiments the pellicle frame 17 may be attached to the front or the side of the
patterning device MA without having cut-away portions. In an embodiment the pellicle frame
may be attached at the two sides of the patterning device MA which are parallel to the
scanning direction. In another embodiment the pellicle frame may be attached at the two
sides of the patterning device MA which are perpendicular to the scanning direction. In yet
another embodiment combinations of front and side attachments as described above are also
envisaged.

[0215] In order to provide an interface by which the pellicle frame 17 may be
attached to the patterning device MA, the patterning device may be provided with sub-frames
27, which extend along the two sides of the patterned area 21 that are parallel with the x-axis
(and are therefore perpendicular to the scanning direction). The sub-frames 27 are positioned
adjacent to the cut-away portions 25. Fach sub-frame 27 includes a recess 29 that is enclosed
by the sub-frame 27 and the patterning device MA such that the recess defines a closed
volume. In order to secure the sub-frame 27 to the patterning device MA glue 31 (which may
also be referred to as adhesive) is disposed in the recess 29. When first applied in the recess
29 the glue may undergo a curing process in which the glue shrinks. Shrinkage of the glue
may pull the sub-frame 27 towards the patterning device MA so as to secure the sub-frame 27
to the patterning device MA. The sub-frame 27 may also include two or more recesses 29.
The pellicle border portion 20 may include recesses to attach the pellicle to the pellicle frame
17. Recesses may also be provided in the patterning device MA or in pellicle frame
components in order to enclose the glue 31.

[0216] By positioning the glue 31 within the closed volume that is defined by the
recess 29 and the patterning device MA, the glue 31 is sealed from the surrounding

environment. Sealing the glue from the surrounding environment is advantageous since gas
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may be released from the glue by outgassing. The products of outgassing from a glue can
disadvantageously contaminate the environment in which the patterning device MA is held.
Sealing the glue from the surrounding environment (in the recess 29) ensures that the
products of outgassing from the glue are contained within the recess 29 and therefore
advantageously prevents contamination of the environment in which the patterning device
MA is held by outgassing from the glue 31.

[0217] In particular, it is advantageous to seal the glue so as to prevent the products of
outgassing from the glue 31 from reaching the patterned area 21 of the patterning device MA.
In the event that products of outgassing from the glue reach the patterned area 21, the pattern
that is transferred to the radiation beam B and thus the pattern that is transferred to a substrate
W may be adversely affected. It is therefore desirable to seal the glue 31 so as to prevent the
products of outgassing from the glue 31 from reaching the patterned area 21 in order to
preserve the quality of the pattern that is transferred to a substrate W.

[0218] In some embodiments the sub-frames 27 may be configured so as to allow a
limited amount of the products from outgassing of the glue 31 to be leaked from the recesses
29 in a direction such that the products travel away from the patterned area 21. For example,
the sub-frames 27 may be configured such that products may leak towards the outside of the
sub-frames 27 whilst still preventing the products from reaching the patterned area 21 of the
patterning device MA.

[0219] The patterning device MA may be periodically cleaned.  TFor example,
cleaning fluids may be applied to the patterning device MA in order to clean the patterning
device MA. When cleaning a patterning device MA using cleaning fluids it is desirable to
prevent the cleaning fluids from coming into contact with any glue that is used to secure
elements of the mask assembly 15 together. In the event that cleaning fluids were to come
into contact with glue then the glue may be dissolved by the cleaning fluids. Glue that is
dissolved by the cleaning fluids may be spread over components of a mask assembly 15
during a cleaning process. For example, glue may be brought into contact with the patterned
area 21 of the patterning device MA. Glue that comes into contact with the patterned area 21
of the patterning device MA may adversely affect the pattern that is transferred to the
radiation beam B and thus the pattern that is transferred to a substrate W. In known mask
assemblies in which glue is not positioned in a sealed volume any residual glue must first be
removed from the mask assembly before the patterning device can be cleaned using cleaning

fluids. By sealing the glue 31 in sealed recesses 29 as is shown in Figure 2B, the patterning
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device MA can be cleaned with the sub-frames 27 still attached to the patterning device MA
with the glue 31 without risking contact between cleaning fluids and glue.

[0220] The sub-frames 27 include attachment interfaces 32, which are operable to
selectively attach and detach the pellicle frame 17 to and from the sub-frames 27. The
attachment interfaces 32 are therefore used to secure the pellicle frame 17 to the patterning
device MA. The attachment interfaces 32 provide a means for mechanically attaching and
detaching the pellicle frame 17 to and from the patterning device MA without requiring the
use of a glue. The pellicle frame 17 may include components that couple with the attachment
interfaces 32 so as to secure the  pellicle frame 17 to the
sub-frames 27. The attachment interfaces 32 may take any suitable form. For example, the
attachment interfaces 32 may comprise openings configured to receive one or more fasteners
(e.g., screws) suitable for fastening the pellicle frame 17 to the sub-frames 27. In some
embodiments, the attachment interfaces 32 may include magnetic components that exert a
magnetic force on the pellicle frame 17 so as to secure the pellicle frame 17 to the sub-frames
27. In some embodiments, the attachment interfaces 32 may include a surface that is
configured to exert a frictional force on the pellicle frame 17 so as to resist relative movement
of the pellicle frame 17 and the sub-frames 27. The elimination of the need for the use of
glue in order to attach the pellicle frame to the patterning device MA (via the sub-frames 27)
advantageously reduces the risk of contamination of the environment in which the patterning
device is held through outgassing from a glue.

[0221] As was explained above, the attachment interfaces 32 on the sub-frames 27
may provide for fast and convenient attachment and a clean detachment (substantially no
particles induced by removal) of the pellicle frame 17 (and the pellicle 19) from the
patterning device MA without the need to glue the pellicle frame 17 to the patterning device
MA. A pellicle 19 may have a shorter lifetime than a patterning device MA and as such the
pellicle 19 of a mask assembly 15 may be periodically replaced. For example, a pellicle 19
may be replaced approximately every two weeks. Known mask assemblies may include a
pellicle frame that is permanently attached to a patterning device. A pellicle may be replaced
in a mask assembly by gluing a new pellicle to the pellicle frame that is permanently attached
to the patterning device MA. Replacing a pellicle in this manner (by periodically gluing a
new pellicle to a pellicle frame) may increase the risk of contamination caused by outgassing

from the glue.
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[0222] The mask assembly 15 that is shown in Figure 2A-2C advantageously allows
for replacement of a pellicle by detaching a pellicle frame 17 (with a pellicle 19 attached)
from the patterning device MA and attaching a new pellicle frame 17 and pellicle 19 to the
patterning device MA without the use of glue. 'The potential for contamination by outgassing
from glue is therefore advantageously reduced when compared to such known mask
assemblies. An additional advantage of the easily replaceable pellicle frame 17 of Figures
2A-2C is that the pellicle frame 17 can be removed from the patterning device MA in order to
allow for cleaning of the patterning device (e.g., using cleaning fluids) or for inspection.
After removal of a pellicle frame 17 from the patterning device MA the only glue that is
present on the patterning device is sealed within the recesses 29 of the sub-frames 27. The
patterning device MA may therefore be cleaned with cleaning fluids whilst avoiding any
contact between cleaning fluids and glue.

[0223] As can be seen from Figure 2C, the sides of the pellicle frame 17 that extend
parallel to the y-axis are not located in cut-away portions of the patterning device MA.
Instead, a gap G is left between the pellicle frame 17 and the front side I'S of the patterning
device MA. In contrast to this pellicle frame design, most of the known masks with a pellicle
have openings, slits or gaps in the pellicle frame controlled with filters or valves in order to
reduce as much as possible the danger of contamination of the mask with particles. The
pellicle frame 17 according to the embodiment has instead an open gap which extends
partially or around the whole frame perimeter such that the pellicle frame 17 may be
considered to be suspended. The gap G allows for air to flow into and out of the volume
between the pellicle 19 and the front side FS of the patterning device MA. It has been
determined that by controlling the gap size it is still possible to mitigate most of the particle
contamination which can be circulated by the gas flow (even in the absence of a filter).
Nevertheless if needed, filters may be inserted in the pellicle frame or in the gap between the
frame and the patterning device, as long as the pressure difference is properly controlled.
[0224] During use a mask assembly 15 may be subjected to large changes in pressure.
For example, a mask assembly 15 may be exposed to atmospheric pressure conditions outside
of a lithographic apparatus before being loaded into a lithographic apparatus via a load lock,
which is pumped to vacuum pressure conditions. The mask assembly 15 may experience
vacuum pressure conditions whilst inside the lithographic apparatus before being unloaded
from the lithographic apparatus via a load lock, which is vented to atmospheric pressure. The

mask assembly 15 therefore experiences large increases and decreases in pressure.
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[0225] Changes in the pressure conditions to which a mask assembly is exposed may
cause a pressure difference to exist across the pellicle 19. For example, when the mask
assembly 15 is in a load lock from which gas is evacuated, if gas is not evacuated from the
volume between the pellicle 19 and the front side IS of the patterning device MA at the same
rate as gas is evacuated from the outside of the mask assembly 15 then the pressure in the
volume between the pellicle 19 and the front side I'S of the patterning device MA may be
greater than the pressure outside of the mask assembly 15. A pressure difference may
therefore exist across the pellicle 19. The pellicle 19 is typically a thin flexible film that may
be bent when exposed to pressure differences. For example, if the pressure in the volume
between the pellicle 19 and the front side IS of the patterning device MA is greater than the
pressure outside of the mask assembly 15 then the pellicle 19 may be bent away from the
patterning device MA. Conversely if the pressure in the volume between the pellicle 19 and
the front side I'S of the patterning device MA is less than the pressure outside of the mask
assembly 15 (e.g., during an increase in the pressure conditions to which the mask assembly
15 is exposed) then the pellicle 19 may be bent towards the patterning device MA.

[0226] Bending of the pellicle 19 may cause the pellicle 19 to come into contact with
other components. For example, a pellicle 19 that is bent towards the patterning device may
come into contact with the front side I'S of the patterning device MA. A pellicle that is bent
away from the patterning device MA may come into contact with other components of a
lithographic apparatus. Excessive bending of a pellicle 19 and/or a pellicle coming into
contact with another component may cause damage to the pellicle or surrounding components
and may result in breakage of the pellicle 19. It is therefore desirable to limit any pressure
differences that exists across a pellicle 19 in order avoid damage to the pellicle. The pressure
difference may be kept below a pellicle breakup threshold value, which depends on the
strength of the material used to form the pellicle. In some embodiments a small pressure
difference may be desirable, for example in order to mitigate wrinkles in the pellicle.

[0227] The gap G between the pellicle frame 17 and the front side IS of the
patterning device MA allows for gas to flow into and out of the volume between the pellicle
19 and the front side 'S of the patterning device MA. Allowing a gas flow into and out of
the volume between the pellicle 19 and the front side I'S of the patterning device MA allows
for pressure equalization either side of the pellicle 19 such that the pellicle 19 is not subjected

to damaging pressure differences across the pellicle 19.
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[0228] The size of the gap G between the pellicle frame 17 and the front side IS of
the patterning device MA will affect the rate at which gas can flow into and out of the volume
between the front side IS of the patterning device MA and the pellicle 19. The rate at which
gas can flow into and out of the volume between the front side IS of the patterning device
MA and the pellicle 19 may affect the size of any pressure differences across the pellicle 19.
For example, increasing the size of the gap G will increase the rate at which gas can flow into
and out of the volume between the front side IS of the patterning device MA and the pellicle
19. An increase in the rate of gas flow may limit any pressure difference that exists across
the pellicle 19.

[0229] Whilst it may be desirable to provide a large enough gap G to allow a
sufficient rate of gas flow into and out of the volume between the pellicle 19 and the front
side IS of the patterning device MA in order to limit any pressure difference that exists
across the pellicle 19 it is also desirable to prevent particles from passing through the gap G.
Particles that pass through the gap G may be deposited on the patterning device MA. As was
described above particles that are deposited on the patterning device MA may
disadvantageously affect the pattern that is transferred to the radiation beam B and the pattern
that is transferred to the substrate W. It may therefore be desirable to limit the size of the gap
G in order to limit the size and/or the number of particles that pass into the volume between
the pellicle 19 and the front side FS of the patterning device MA.

[0230] In an embodiment the gap G may have a width 35 in a range from 0.1 mm to
0.5 mm, for example a width between approximately 0.2 and 0.3 mm. In such an
embodiment the gap G may be large enough that some particles are able to pass through the
gap G. However when positioned in a lithographic apparatus LA the majority of particles
that travel towards the mask assembly 15 may do so in a direction that does not align with the
gap G. For example, particles may travel towards the mask assembly from a direction that
causes them to collide with the pellicle 19 or the pellicle frame 17 but not to pass through the
gap G. 'The gap G being larger than some particles present in the lithographic apparatus LA
may not therefore be unduly problematic since the probability of a particle passing through
the gap G may be relatively small.

[0231] In known mask assemblies in which a pellicle frame is glued to a patterning
device it might be possible to configure a pellicle frame such that a gap is provided between
the pellicle frame and the patterning device. However this would be difficult to achieve in

practice because the glue may flow into the gap, reducing the size of the gap and potentially
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causing contamination through outgassing. These problems are avoided by the embodiment
shown in Figure 2C and further embodiments described herein.

[0232] The pellicle frame 17 may further comprise additional gas channels, openings,
valves and/or filters (not shown in Figures 2A-C), which allow for pressure equalization
across the pellicle 19. The gas channels and/or filters may be configured so as to reduce or
limit the number of particles that can pass into the volume between the pellicle 19 and the
patterning device MA. Figure 3 is a schematic illustration of a portion of a pellicle frame 17
in which a gas channel 37 is provided. The gas channel 37 is configured such that no direct
unobstructed path is provided through the pellicle frame 17. A gas channel 37 that does not
provide a direct unobstructed path through the pellicle frame 17 may be referred to as a
labyrinth hole. Since the gas channel 37 does not provide a direct unobstructed path through
the pellicle frame 17, particles that enter the gas channel 37 will collide with a wall of the gas
channel 37 rather than passing through the gas channel 37. Providing a gas channel 37 in a
labyrinth hole configuration may therefore reduce the number of particles that pass through
the gas channel 37 when compared to a gas channel that provides a direct unobstructed path
through the pellicle frame 17. The labyrinth hole may have any suitable configuration which
does not provide a direct (line of sight) path through the pellicle frame 17. A gas channel or
labyrinth hole which does not provide a direct unobstructed path may similarly be provided
(in combination or not with further filters) in a packaging suitable for transportation of a
mask assembly, a pellicle assembly or elements thereof (such as a stud transportation
packaging), wherein the labyrinth path allows for pressure equalization while it is still
configured to reduce / limit the number of particles that can pass into the volume of the
packaging.

[0233] In some embodiments a hole may be provided through a pellicle frame 17
which does provide a direct unobstructed path through the pellicle frame 17 but which does
not provide a direct line of sight through the pellicle frame 17 to the patterning device MA.
Providing a hole which provides a direct unobstructed path through the pellicle frame 17 may
increase the rate at which gas can flow through the hole. A hole which provides a direct
unobstructed path through the pellicle frame 17 does however provide a path through which
contamination may pass through the pellicle frame 17. However, only contamination having
a size which is smaller than the diameter of the hole and which arrives at the hole from a
direction which lies within a limited angular range will be able to pass through the hole.

Only a limited amount of contamination will therefore pass through the hole. Furthermore,
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since no direct line of sight is provided through the hole to the patterning device MA, any
contamination which does pass through the hole will not be travelling towards the patterning
device and therefore has a reduced chance of being deposited onto the patterning device MA.
[0234] A pellicle frame 17 may additionally or alternatively be provided with one or
more filters that allow gas to pass through the pellicle frame 17 but prevent particles from
passing through the pellicle frame 17. One or more filters may, for example, be provided on
the sides of the pellicle frame 17 that extend parallel to the y-axis. Additionally or
alternatively one or more filters may be provided on the sides of the pellicle frame 17 that
extend parallel to the x-axis.

[0235] In some embodiments the mask assembly 15 may not include a gap G between
the pellicle frame 17 and the patterning device MA and the pellicle frame 17 may be in
contact with the patterning device MA. In such embodiments holes and/or filters may be
provided in the pellicle frame 17 in order to allow gas to flow into and out of the volume
between the pellicle 19 and the patterning device MA. Such a mask assembly may still be
arranged such that the pellicle frame 17 is removably attached to the patterning device MA.
[0236] It can be seen from, for example, Figure 2B that the provision of cut-away
portions 25 in the patterning device MA allows for portions of the pellicle frame 17 to have a
greater extent in the z-direction than if the patterning device MA did not include cut-away
portions 25. The greater extent of the pellicle frame 17 in the z-direction advantageously
provides additional space in which filters and/or gas channels in the pellicle frame 17 may be
located.

[0237] The provision of cut-away portions 25 in the patterning device increases the
volume that is available for a pellicle frame 17 therefore allowing the dimensions of the
pellicle frame 17 to be increased. It may be desirable for the outer dimensions of the mask
assembly 15 to remain substantially unchanged by any increase in the dimensions of the
pellicle frame 17 since infrastructure may exist that is based upon the mask assembly 15
having given outer dimensions. In particular, the cut-away portions 25 allow for the extent of
the pellicle frame 17 in the z-direction to be increased. For example, a mask assembly that
does not include cut-away portions may include a pellicle frame 17 having an extent in the z-
direction of approximately 2 mm, which is equal to the separation between the pellicle and
the front side of the patterning device. The provision of cut-away portions 25 in the
patterning device of Figures 2A-2C may allow the dimensions of the pellicle frame 17 in the
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6 or 7 mm without changing the separation between the pellicle 19 and the front side IS of
the patterning device MA or the outer dimensions of the mask assembly 15.

[0238] In another embodiment where no cut-away portions are used, an alternative
manner to gain more volume for the pellicle frame is to shift outwards the position of non-
pattern elements present on the mask such as sensors and alignment markers. In such way it
can be arranged that a pellicle occupies for example an area of 126 mm x 152 mm = 19152
mm?2 which should not be intruded by tooling.

[0239] Whilst the embodiment that is shown in Figures 2A-C includes cut-away
portions 25, some embodiments may not include cut-away portions 25. In such embodiments
the extent of the pellicle frame 17 in the z-direction may be the same as the separation
between the front side FS of the patterning device MA and the pellicle 19. In other words,
the bottom surface of the pellicle frame 17 may lie on or adjacent to the front side IS of the
patterning device MA.

[0240] Providing a pellicle frame 17 that is easily removable from the mask assembly
15 (by interaction with the attachment interfaces 33 provided on the sub-frames 27) may
allow the extent of the pellicle frame in directions other than the z-direction to be increased.
For example, the dimensions of the pellicle frame 17 may be increased (relative to a common
mask assembly) in the x and/or the y-directions without increasing the outer dimensions of
the mask assembly 15.

[0241] It may be desirable for some regions of the patterning device MA to be
accessible in order to perform one or more processes involving the patterning device MA.
For example, the patterning device may be handled (e.g., outside of a lithographic apparatus)
using a tool that requires access to given reserved regions of the patterning device MA. A
patterning device MA that includes a permanently attached pellicle frame may therefore only
include limited regions that are available for the pellicle frame in order to preserve access to
the given reserved regions of the patterning device. These restraints on the regions of the
patterning device that may be used for a pellicle frame may limit the extent of the pellicle
frame, for example, in the x and/or y-directions. In contrast to common mask assemblies,
providing a pellicle frame 17 that is easily removable from the mask assembly 15 may allow
the pellicle frame 17 to cover regions of the patterning device MA that are reserved for use in
some process (e.g., handling of the patterning device) since access to the reserved regions

may be achieved by removing the pellicle frame 17 from the patterning device MA. The



10

15

20

25

30

WO 2016/079051 PCT/EP2015/076687

35

extent of the pellicle frame 17, for example, in the x and/or y-directions may therefore be
increased whilst still providing access to reserved regions of the patterning device MA.

[0242] Increasing the dimensions of the pellicle frame 17 (e.g. to have a width of
between 3 mm and 5 mm) may increase the strength and/or the stiffness of the pellicle frame
17. Increasing the strength and/or the stiffness of the frame may advantageously reduce any
bending or distortion of the pellicle frame 17 that may occur. For example, the pellicle 19
may be applied to the pellicle frame 17 in such a way that the pellicle 19 is mechanically
stressed such that there is tension in the pellicle 19. Tension in the pellicle 19 may serve to
pull the sides of the pellicle frame 17 towards each other, which may lead to the pellicle 19
sagging towards the patterning device MA. An increase in the stiffness of the pellicle frame
17 increases the resistance of the frame 17 to being distorted by tension in the pellicle 19.
Increasing the resistance of the frame 17 to being distorted by tension in the pellicle 19 may
allow the pellicle 19 to be applied to the frame 17 with a greater degree of tension (without
causing distortion of the frame 17). Applying the pellicle 19 to the pellicle frame 17 with a
greater degree of tension may advantageously increase the resistance of the pellicle to
bending when subjected to a pressure difference across the reticle.

[0243] An increase in the strength and/or the stiffness of the pellicle frame 17 may be
caused by an increase in the dimensions of the pellicle frame 17. The stiffness of the pellicle
frame 17 may additionally be increased by the interaction of the pellicle frame 17 with sides
of the cut-away portions 25 of the patterning device MA and with sides of the sub-frames 27.
The sides of the cut-away portions 25 and the sub-frames 27 that are in contact with the
pellicle frame 17 provide a surface against which the pellicle frame 17 bears when subjected
to an inward pulling force (e.g., caused by tension in the pellicle 19). The interaction
between the pellicle frame 17 and sides of the cut-away portions 25 and the sub-frames 27
therefore increases the resistance of the frame 17 to bending or distortion of the frame 17.
[0244] An additional advantage of the cut-away portions 25 of the patterning device
MA is that they provide a means to accurately position the pellicle frame 17 on the patterning
device. A known patterning device that does not include a cut-away portion and to which a
pellicle frame may be glued does not provide any interface that dictates the position of the
pellicle frame relative to the patterning device. The position of the pellicle frame is not
therefore restrained and depends on the accuracy with which the pellicle frame is glued to the
patterning device. The cut-away portions 25 of the patterning device MA of Figures 2A-C

advantageously provide a restraint on the position of the pellicle frame 17 relative to the
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patterning device MA thereby increasing the accuracy with which the pellicle frame 17 is
positioned on the patterning device MA.

[0245] Figures 4A, 4B and 4C are schematic illustrations of a mask assembly 15’
according to an alternative embodiment of the invention. Figure 4A shows a plan view of the
mask assembly 15°. Figure 4B shows a cross-section of the mask assembly 15 along the line
A’-A’, which is shown in Figure 4A. TFigure 4C shows a cross-section of the mask assembly
15° along the line B’-B’, which is shown in Figure 4A. Features of the embodiment of the
mask assembly 15° shown in Figures 4A-C that are the same or equivalent to features of the
embodiment of the mask assembly 15 shown in Figures
2A-C are denoted with like reference numerals. For brevity, a detailed description of like
features with reference to Figures 4A-C is not given since these features will be readily
understood from the description of Figures 2A-C.

[0246] The mask assembly 15°, which is shown in Figures 4A-C, includes a pellicle
frame 17 that extends around the full extent of the patterning device MA in both the
x- and y-directions. In contrast to the mask assembly 15 of Figures 2A-C, cut-away portions
25 of the patterning device MA and sub-frames 27 are provided on sides of the mask
assembly 15° that extend parallel to the y-axis (as opposed to sides of the mask assembly 15
that extend parallel to the x-axis as in Figures 2A-C). The sides of the pellicle frame 17 that
extend parallel to the x-axis do not reach fully to the front side IS of the patterning device
MA. As aresult, a gap G is present between the front side I'S of the patterning device MA
and the pellicle frame 17. The pellicle frame 17 may be considered to be suspended relative
to the patterning device MA. As was explained with reference to Figures 2A-C a gap G
between the front side IS of the patterning device MA and the pellicle frame 17 allows gas to
flow into and out of the volume between the pellicle 19 and the patterning device MA so as to
allow for pressure equalization across the pellicle 19.

[0247] In the mask assembly 15’ of Figures 4A-C extending the pellicle frame 17 in
the x-direction such that the extent of the pellicle frame 17 in the x-direction is equivalent to
the extent of the patterning device MA causes the pellicle frame 17 to overlap with regions of
the patterning device MA on which alignment marks 23 are provided. During alignment of
the mask assembly 15 the alignment marks 23 may be illuminated with an alignment
radiation beam (not shown) and the reflection of the alignment radiation beam from the
alignment marks 23 may be measured. In order to allow alignment of the patterning device
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in the body of the pellicle frame 17 (as shown in Figures 4B and 4C) through which the
alignment radiation beam and/or the reflected alignment radiation beam may propagate. The
window 39 may be covered with a transparent material in order to prevent particles from
propagating through the window 39.

[0248] In some embodiments a plurality of windows 39 may be provided in the
pellicle frame 17 in order to allow radiation to propagate towards and/or away from a
plurality of alignment marks 23. In some embodiments marks other than alignment marks
may be provided on the patterning device MA with which interaction with the radiation is
needed. For example, one or more identification marks (e.g., one or more bar codes) or
alignment sensors may be provided on the patterning device MA in order to identify the
patterning device. Similarly to an alignment mark 23, an identification mark may be read by
illuminating the identification mark with an identification radiation beam and measuring a
reflected identification radiation beam that is reflected from the identification mark. One or
more windows 39 may be provided in the pellicle frame 17 in order to read one or more
identification marks that are provided on the patterning device MA.

[0249] It can be seen from a comparison of Figures 4A and 2A that in the
embodiment of the mask assembly 15° shown in Figure 4A, the sub-frames 27 to which the
pellicle frame 17 is attached are positioned further from the patterned area 21 than in the
embodiment of the mask assembly 15, which is shown in Figure 2A. A larger separation
between the point at which the pellicle frame 17 is attached to the patterning device MA and
the patterned area 21 may advantageously reduce any impact of the pellicle frame 17
attachment on the patterned area 21. For example, whilst efforts may be made to contain the
products of outgassing from a glue 31 (e.g., by positioning the glue 31 in recesses 29 in the
sub-frames 27) products of outgassing may still be emitted. In the event that products of
outgassing are emitted, increasing the distance between the point of emission (e.g., the sub-
frames 27) and the patterned area 21 (as is achieved by the arrangement shown in Figures
4A-C) may advantageously reduce the impact of the products of outgassing on the patterned
area 21.

[0250] During use in a lithographic apparatus a mask assembly is exposed to radiation
(e.g., EUV radiation). A portion of the radiation to which the mask assembly is exposed may
be absorbed by components of the mask assembly that may lead to heating of components of
the mask assembly. Heating components of the mask assembly may lead to expansion of the
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expand at different rates and by different amounts that may lead to components of the mask
assembly becoming stressed. For example, the pellicle frame 17 and the patterning device
MA may expand at different rates. Points at which the pellicle frame 17 is attached to the
patterning device MA may therefore, in particular, be points on the patterning device MA
and/or the pellicle frame 17 that may be subjected to stress. Stressing of the patterning
device MA may lead to distortion of the patterning device MA. If the patterning device MA
is stressed and distorted at a position that is close to the patterned area 21 of the patterning
device MA then the pattern that is provided on the patterned area 21 may become distorted.
Distortion of the pattern that is provided on the patterned area 21 may lead to undesirable
distortion of the pattern that is transferred to a substrate W. It may therefore be desirable to
increase the distance between points on the patterning device MA that are subjected to stress
and the patterned area 21 in order to reduce any distortion of the pattern that is provided on
the patterned area 21. It may therefore be desirable to increase the distance between points at
which the pellicle frame 17 is attached to the patterning device MA and the patterned area 21
(as is achieved by the mask assembly 15’ depicted in Figures 4A-C).

[0251] Embodiments of a mask assembly 15, 15°, which have been described above
with reference to Figures 2A-C and 4A-C, include several different features (e.g., cut-away
portions 25, a gap G and sub-frames 27). However, some embodiments of the invention may
not include all of the features of the embodiments of Figures 2A-C and 4A-C. For example,
some embodiments may include cut-away portions 25 in the patterning device but may not
include the sub-frames 27. In such embodiments a pellicle frame may be attached to the
patterning device MA by gluing the pellicle frame to the patterning device MA (as opposed
to attachment via attachment interfaces 32). In other embodiments a mask assembly may
include sub-frames 27 including attachment interfaces 32 but may not include cut-away
portions 25. In general any feature 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.

[0252] Figure 5 is a schematic illustration of a mask assembly 115 according to an
alternative embodiment of the invention. The mask assembly 115 comprises a patterning
device MA and a pellicle frame 117, which supports a pellicle 119. The patterning device
MA includes a patterned area 21. The pellicle frame 117 is attached to the patterning device
MA via a mount comprising three sub-mounts 110. The sub-mounts 110 are configured to

allow sections of the pellicle frame 17 to move relative to the patterning device MA. The
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sub-mounts 110 may together function as a kinematic mount for the pellicle frame 117. More
than three sub-mounts may be provided.

[0253] The sub-mounts 110 each comprise a protrusion 140 (which may be referred
to as a stud) that is attached to and extends from the patterning device MA. The protrusion
140 may, for example, be glued to the patterning device MA. In some embodiments the
protrusion 140 may be positioned in a cut-away portion of the patterning device MA (not
shown in Figure 5). In some embodiments the protrusion 140 may be releasably secured to a
sub-frame (not shown in Figure 5) that is attached to the patterning device MA thereby
allowing the pellicle frame 117 to be conveniently attached and detached from the patterning
device MA.

[0254] The protrusion 140 is attached to a leaf spring 142 that is coupled to the
pellicle frame 117 via brackets 144. The brackets 144 may be rigid. The leaf springs 142
allow for movement of a section of the pellicle frame 117 relative to the pins 140 that are
attached to the patterning device MA. 'The leaf springs 142 in the sub-mounts 110 therefore
allow for movement of sections of the pellicle frame relative to the patterning device 110.
[0255] Allowing movement of sections of the pellicle frame 117 relative to the
patterning device MA via the kinematic mount arrangement, which is shown in Figure 5,
advantageously allows independent expansion and contraction of the patterning device MA
and the pellicle frame 117 without inducing a stress in the patterning device. For example, if
the pellicle frame 117 is heated and expands relative to the patterning device MA then the
expansion of the pellicle frame 117 may cause flexing of the leaf springs 142. The expansion
of the patterning device MA may therefore be absorbed by the leaf springs 142 instead of
inducing a stress in the patterning device MA.

[0256] Whilst the sub-mounts 110 allow sections of the pellicle frame 117 to move
relative to the patterning device MA so as to allow expansion and contraction of the pellicle
frame 117 relative to the patterning device it may be desirable to restrain movement of the
pellicle frame 117 as a whole relative to the patterning device. Por example, each sub-mount
110 may be configured to restrain the movement of the pellicle frame at that sub-mount to a
limited number of degrees of freedom (i.e. such that movement in at least one direction is
prevented at that sub-mount). The combination of restraining the movement of the pellicle
frame 117 at each sub-mount 110 may act so as to prevent movement of the pellicle frame
117 as whole relative to the patterning device MA such the pellicle frame 117 as a whole is
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frame 117 to expand and contract but act to prevent significant translation or rotation of the
pellicle frame 117 relative to the patterning device MA.

[0257] Whilst the embodiment of Figure 5 includes leaf springs that allow sections of
the pellicle frame 117 to move relative to the patterning device MA, in general any flexible
element may be used. The flexible element may be an elastic element. In some embodiments
the flexible element may be part of the pellicle frame itself. For example, the pellicle frame
may be attached to a mount at an attachment point. Portions of the pellicle frame adjacent to
the attachment point may be cut out of the frame such that a portion of the frame including
the attachment point is flexible, thereby allowing movement of the attachment point relative
to the rest of the frame.

[0258] The kinematic mount arrangement of Figure 5 reduces the points at which the
pellicle frame 117 is attached to the patterning device MA to the three pins 140. In
embodiments in which a glue (which may also be referred to as adhesive) is used to attach the
pins 140 to the patterning device MA, the glue will only be used in regions at which the three
pins 140 are attached to the patterning device MA (as opposed to, for example, the length of
each of the sub-frames 27 in the embodiments of Figures 2A-C and Figures 4A-C). Reducing
the regions of the mask assembly 115 in which a glue is used advantageously reduces the
impact of outgassing from the glue.

[0259] In the kinematic mount arrangement of Figure 5 the extent of the pellicle
frame 117 in the z-direction may be such that a gap is left between the pellicle frame 117 and
the front side of the patterning device MA. 'The gap allows gas to flow into and out of the
volume between the pellicle 119 and the patterning device MA so as to allow for pressure
equalization across the pellicle 119. The arrangement of sub-mounts 110 that is shown in
Figure 5 is merely an example of a kinematic mount arrangement that may be used to mount
a pellicle frame 117 on a patterning device MA so as to allow movement of the pellicle frame
117 relative to the patterning device MA. In other embodiments other arrangements of one or
more sub-mounts may be used to mount a pellicle frame 117 on a patterning device MA.
Each sub-mount may provide an attachment between the patterning device and the pellicle
frame at a different position. Each sub-mount may include a flexible component configured
to allow movement of the pellicle frame relative to the patterning device at that position.
[0260] The one or more sub-mounts may comprise one or more flexible elements
(e.g., leaf springs 142) that allow sections of the pellicle frame 117 to move relative to the
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due to thermal expansion of the pellicle frame 117 and/or the patterning device MA. The one
or more sub-mounts may constrain the movement of the pellicle frame 117 relative to the
patterning device MA at each sub-mount 110 to a discrete number of degrees of freedom (i.e.
such that movement in at least one direction is prevented at that sub-mount). The
combination of a plurality of sub-mounts 110 may act to constrain movement of the pellicle
frame 117 as a whole relative to the patterning device MA so as to prevent significant
translation or rotation of the pellicle frame 117 as a whole relative to the patterning device
MA. It has been found advantageous to provide an overdetermined connection of the pellicle
frame to the patterning device and combine that with a frame compliance (i.e. flexibility)
such that any pellicle frame deformation is compensated and impact on overlay is minimized.
For example the pellicle frame may be overdetermined in vertical direction (z-axis) and have
one degree of freedom in the x-y plane.

[0261] Figure 6 is a schematic illustration of a mask assembly 215 according to an
alternative embodiment of the invention. The mask assembly 215 comprises a patterning
device MA and a pellicle frame 217, which supports a pellicle 219. The patterning device
MA includes a patterned area 21. The pellicle frame 217 extends around the patterned area
21 so as to surround the patterned area 21.

[0262] The pellicle frame 217 includes extended portions 231 that have an increased
extent in the x-direction when compared with the rest of the pellicle frame 217. 'The
extended portions 231 may be considered to be ribs. Portions of the pellicle frame 217 that
do not form the extended portions 231 may be referred to as non-extended portions. The
width 247 of the pellicle frame 217 at the extended portions is greater than the width 245 of
the pellicle frame 217 at the non-extended portions.

[0263] Figure 7 is a schematic illustration of a close-up view of a portion of the
pellicle frame 217. The portion of pellicle frame 217 that is shown in Figure 7 includes an
extended portion 231. The pellicle 219 includes a border portion 220 in the region of the
pellicle 219 that is attached to the pellicle frame 217. The border portion 220 has an
increased thickness relative to the main film of the pellicle 219. The border portion 220 may
be used to grip the pellicle 219 during handling of the pellicle 219 (e.g., during attachment
and detachment of the pellicle 219 from the pellicle frame 217).

[0264] The width of the border portion 220 of the pellicle 219 may be limited by the
width 245 of the pellicle frame 217. In some embodiments, the border portion may extend
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portions of the pellicle that transmit a radiation beam B to be formed from the main pellicle
film and not from the border portion 220. The extent to which the border portion extends
beyond the pellicle frame 217 may therefore be limited by the need for the pellicle 219 to
transmit a radiation beam B. The width 245 of the pellicle frame 217 may be limited by
space requirements on the patterning device MA. For example, it may be desirable to leave
regions of the patterning device MA free from the pellicle frame 217 in order to use these
regions of the patterning device MA for other purposes (e.g., to position alignment marks 223
and/or identification marks).

[0265] In some embodiment the width 245 of the pellicle frame may be limited to
approximately 2 mm or less. In such embodiments the width of the border portion 220 of the
pellicle 219 may also be limited to approximately 2 mm or less. For some applications it may
be desirable for the width of the border portion 220 to be greater than 2 mm in order to enable
handling of the pellicle 219 (e.g., by gripping the border portion of the pellicle). The
provision of extended portions 231 of the pellicle frame 217 in the embodiment shown in
Figures 6 and 7 allows the border portion 220 of the pellicle 219 to be extended at positions
on the pellicle 219 that correspond with the extended portions 231 of the pellicle frame 217.
The width 247 of the pellicle frame 217 at the extended portions 231 may, for example, be
approximately 5 mm. The extended portions 231 may therefore allow the border portion 220
of the pellicle 219 to have a width of approximately 5 mm in regions of the pellicle 219 that
correspond to the extended portions 231 of the pellicle frame 217. The provision of regions
of the border region 220 of the pellicle 219 that have an increased width (e.g., a width of
approximately 5 mm) provides regions of the pellicle 219 that may be conveniently gripped
during handling of the pellicle.

[0266] The extended portions 231 of the pellicle frame 217 may be positioned at
regions of the patterning device MA that are not required for other purposes. For example,
the extended portions 231 may extend around alignment marks 223 and/or identification
marks (not shown in Figure 6) on the patterning device MA so as not interfere with the
alignment marks 223 and/or identification marks. The extended portions 231 may be
provided with windows such that they can extend over alignment marks 223 and/or
identification marks whilst allowing those marks to remain visible.

[0267] In some embodiments the extended portions 231 of the pellicle frame 217 may
be used for additional purposes. For example, one or more of the extended portions 231 may

be provided with one or more alignment marks 223 (as shown in Figure 6) thereby reducing
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the amount of space on the patterning device MA that is required for alignment marks. The
alignment marks 223 provided on the extended portions 231 may be of the same type or may
be different from alignment marks 223 on the patterning device MA. In some embodiments
the alignment marks 223 that are provided on the extended portions 231 of the pellicle frame
217 may be used to check the alignment of the pellicle frame 217 relative to the patterning
device MA. The extended portions 231 having alignment marks 223 may be used to align the
pellicle film with the patterning device MA and pellicle frame 217. Alignment marks 223
may also be placed at backside of the pellicle frame (i.e. the surface facing the patterning
device MA). Hence, alignment through the patterning device may be possible for instance if a
blank area on the patterning device is provided. This may also be useful when aligning the
pellicle with the patterning device MA and pellicle frame 217. In such case the alignment of
the patterning device with frame versus the pellicle may be done from backside, whereas
alignment of the pellicle may be done from the front side.

[0268] As has been described above in the context of other embodiments of a mask
assembly, it is desirable to provide means for gas to flow into and out of the volume between
a pellicle 219 and a patterning device MA in order to allow for pressure equalization across
the pellicle 219. In some embodiments a means for gas flow may be provided with holes that
extend through the pellicle frame 217 (e.g., one or more labyrinth holes as shown in Figure
3).

[0269] Providing holes in the pellicle frame 217 may structurally weaken the pellicle
frame 217 in regions in which the holes are provided. In some embodiments one or more
holes may be provided through the pellicle frame 217 in the extended portions 231 of the
pellicle frame 217. 'The extended portions 231 of the pellicle frame 217 have an increased
width when compared to non-extended portions of the pellicle frame 217 and thus the pellicle
frame 217 may be mechanically stronger at the extended portions 231. Weakening the
pellicle frame 217 by providing holes through the pellicle frame 217 therefore has a reduced
impact in the extended portions 231 of the pellicle frame 217 since the extended portions 231
have an increased mechanical strength (compared to non-extended portions of the pellicle
frame 217).

[0270] Figure 8A is a schematic illustration of a portion of a pellicle frame 217’
according to an alternative embodiment of the invention. The pellicle frame 217’ includes
extended portions 231’ having a width 247’ that is greater than the width 245° of a non-
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8A is the same the pellicle frame 217 of Figures 6 and 7 except that the extended portions
231’ of the pellicle frame 217 include a hollowed section 261 around which the frame 217’
extends. For ease of illustration no pellicle is shown in Figure SA.

[0271] Figure 8B is a schematic illustration of a portion of a pellicle 219’ that is
suitable for fitting to the pellicle frame 217" of Figure 8A. The pellicle 219’ includes a
border portion 220’. 'The width of the border portion 220 is increased in a region that
corresponds with the extended portion 231° of the pellicle frame 217°. The region of the
border portion 220’ that has an increased width includes a region 263 in which pores are
formed in the pellicle 219°. The pores may be provided for example by inclusion of a porous
material in which the pores are randomly distributed such as in aerogels, or by providing
pores distributed in a given direction such as in form of parallel rows. The pores are
configured to allow gas to flow through the pellicle 219°. When the pellicle 219’ is fitted to
the pellicle frame 217’ the region 263 including pores is aligned with the hollowed section
261 of the pellicle frame 217’ thereby enabling gas to flow through the pores and into and out
of the volume between the pellicle 219 and the patterning device MA. The region 263 of the
pellicle 219’ that includes pores therefore enables pressure equalization across the pellicle
219°.

[0272] By providing pores in the in the pellicle 219’ the number of holes and/or filters
in the pellicle frame 217° may be reduced or eliminated since gas is able to flow into and out
of the volume between the pellicle 219° and the patterning device MA via the pores in the
pellicle 219°. Reducing or eliminating the number of holes and/or filters in a pellicle frame
217 may advantageously increase the strength of the pellicle frame 217°.

[0273] Various embodiments of a mask assembly have been described above in
which a pellicle is held in position above a patterning device MA by way of a pellicle frame.
During use an electric charge may build up on a pellicle. For example, exposure of the
pellicle to EUV radiation may lead to charge build up on the pellicle. Additionally or
alternatively charge may build up on the pellicle due to electrostatic clamping of the
patterning device MA. Electrostatic clamping of the patterning device MA may cause the
patterning device MA to become charged such that the patterning device MA and the pellicle
act as a capacitor and a potential difference exists between the patterning device MA and the
pellicle, thereby leading to a charge build up on the pellicle. It may be desirable to provide a
means to dissipate electric charge from the pellicle in order to avoid electrical discharge
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order to dissipate electric charge from the pellicle an electrically conductive path may be
provided between the pellicle and the patterning device.

[0274] Figure 9 is a schematic illustration of a portion of a mask assembly 315 in
which an electrically conductive path is provided between a pellicle and a patterning device
MA. The mask assembly 315 includes a pellicle frame 317 that is secured to a patterning
device MA with glue 331 (which may also be referred to as adhesive). Other forms of
attachment are also envisaged herein. A pellicle 319 that includes a border portion 320 is
secured to the pellicle frame 317 with glue 331. Some glues may be electrically conductive
and may therefore provide a conductive path between the pellicle 319 and the pellicle frame
317 and between the pellicle frame 317 and the patterning device MA. However some glues
are not electrically conductive and thus do not provide a conductive path between
components of the mask assembly 315. In order to provide a conductive path between
components of the mask assembly 315 electrically conductive material 332 is positioned
between the pellicle 319 and the pellicle frame 317 and between the pellicle frame 317 and
the patterning device MA. The electrically conductive material 332 may, for example, be a
solder material. The provision of electrically conductive material 332 may be referred to as
bump bonds and may be similar to bump bonds that are provided between semi-conductor
devices.

[0275] The pellicle frame 317 may be electrically conductive. Tor example, the
pellicle frame 317 may be formed from a conductive metal. The provision of electrically
conductive material 332 between the pellicle 319 and the pellicle frame 317 and between the
pellicle frame 317 and the patterning device MA may therefore allow provide a conductive
path between the pellicle 319 and the patterning device MA (through the pellicle frame 317).
Electric charge that may build up on the pellicle may therefore be dissipated via the
conductive path.

[0276] Various embodiments of a mask assembly have been described above in
which a glue (which may also be referred to as adhesive) is used to secure components of the
mask assembly together. However as has been described above the use of glue in a mask
assembly may results in outgassing from the glue that may contaminate the environment in
which the mask assembly is positioned. In order to avoid the use of glue in a mask assembly,
in some embodiments components of a mask assembly may be secured together using optical
contact bonding (as opposed to using glue). Optical contact bonding occurs when two
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the intermolecular forces (e.g., Van der Waals forces) between the surfaces are sufficient to
secure the surfaces to each other.

[0277] Optical contact bonding may, for example, be used to secure a pellicle frame
to a patterning device MA. In order to secure a pellicle frame to a patterning device MA a
surface of the pellicle frame and a region of the patterning device may need to be sufficiently
smooth in order to enable optical contact bonding. In some embodiments a region of the
patterning device MA may be treated in order to make it sufficiently smooth in order to
enable optical contact bonding. In other embodiments, a film may be deposited onto a region
of the patterning device in order to enable optical contact bonding between the film and a
pellicle frame. The film may, for example, be patterned onto the patterning device using a
lithographic process.

[0278] A pellicle frame may be secured to a patterning device using optical contact
bonding in such a way that enables convenient removal of the pellicle frame from the
patterning device when required (e.g., to replace the pellicle). The use of optical contact
bonding in a mask assembly advantageously reduces the need to use glue in the mask
assembly thereby avoiding the effects of outgassing from the glue. In some embodiments,
some components of a mask assembly may be secured together using optical contact bonding
and some components may be secured together with glue. In some embodiments one or more
components of a mask assembly may be secured together with a mechanical interface (e.g.,
the attachment interfaces 32 shown in Figure 2B).

[0279] In some embodiments a pellicle frame may be attached to a patterning device
using other forms of bonding. For example, anodic bonding or hydroxyl bonding may be
used to attach a pellicle frame to a patterning device.

[0280] Optical or other forms or bonding and contacting may sometime require
molecularly smooth and flat mating surfaces. In an embodiment it is proposed herein to
covalently bond a polymer film to a surface of the pellicle frame or to the base of the
removable protrusion (stud) which is to be bonded to a mask. By a covalent bonding it is
meant herein an irreversible bonding whereby it is ensured that the polymer film remains
fixed to the base of the protrusion under normal conditions (e.g. unless abrasion or ashing are
used). The thickness of the polymer film is preferably less than 1 micron, more preferably
less than 100 nm. In an embodiment, a polymer film coated surface of a protrusion (stud) or
pellicle frame surface may be pressed onto a clean mask under clean conditions in order to

achieve bonding between the protrusion and the mask.
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[0281] Because the mated surfaces are smooth, flat and clean, the polymer film
deforms to make a Van der Waals contact with the mask surface, and may provide a bond
strengths in the order of for example 10 MPa. Because the polymer film is relatively thin, it
may be free of organic outgassing materials, and may be mechanically stiff and stable against
moisture. Since the polymer film will not be exposed to the vacuum or only to a very small
extent at the edge of the bonded surface, exposure of the polymer film to reactive species in
the surrounding environment is minimized. An advantage of polymer film bonding is that,
due to the polymer film being bonded covalently (i.e. irreversibly) to the surface of a
removable element (e.g. pellicle frame surface, or base of protrusion) and bonded via Van der
Waals forces (i.e. reversibly) to the mask, the removable element may be cleanly peeled away
from the mask.

[0282] For example, a glass stud (or its base surface) may be treated with a
trimethoxy silane secondary amine to create a covalent bonding to the glass, then a secondary
amine may be used to initiate reaction with a bisphenol A diglycydyl ether.

[0283] Figure 10 is a schematic illustration of a mask assembly 415 according to an
embodiment of the invention. The mask assembly 415 includes a pellicle assembly 416
which comprises a pellicle frame 417 and a pellicle 419. The pellicle frame 417 is suitable
for attachment to a patterning device MA and is shown in Figure 10 as being attached to a
patterning device MA with glue 431 (which may also be referred to as adhesive). 'The
pellicle frame 417 is attached to a front side IS of the patterning device MA on which a
pattern is formed.

[0284] The pellicle 419 is supported by the pellicle frame 417. In the embodiment
which is shown in Figure 10 the pellicle 419 is attached to the pellicle frame 417 with glue
431. In other embodiments the pellicle 419 may be attached to the pellicle frame 417 by
other means (e.g. by optical contact bonding). The pellicle 419 comprises a thin film portion
421 and a border portion 420. The thin film portion 421 extends across the pellicle frame 417
and defines a plane 441 (i.e. the thin film portion 421 lies in the plane 441). The border
portion 420 is attached to the pellicle frame 417 (with glue 431 in the example shown in
Figure 10) and has a thickness which is greater than the thickness of the thin film portion 421.
It can be seen in Figure 10 that the border portion 420 extends out of the plane 441 defined
by the thin film portion 421 and away from the pellicle frame 417. The pellicle 419 which is

shown in Figure 10 has thus been flipped, relative to the pellicle frame 417, when compared
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with the embodiments which are shown in, for example, Figures 2B, 4B and 9, in which the
border portion extends out of a plane defined by a pellicle and towards a pellicle frame.
[0285] Arranging a pellicle 419 such that the border portion extends out of a plane
441 defined by a thin film portion 421 of the pellicle 419 and away from a pellicle frame 417
advantageously allows the extent of the pellicle frame 417 in the z-direction to be increased
without changing a separation 445 between the thin film portion 421 of the pellicle 419 and
the front side IS of the patterning device MA. It may be desirable to arrange a pellicle 419
such that there is a given separation 445 between the thin film portion 421 of the pellicle 419
and the front side IS of the patterning device. The given separation 445 between the thin
film portion 421 and the front side I'S of the patterning device MA may correspond with an
industry standard and/or may provide desired optical properties. Tor example, it may be
desirable to arrange the pellicle 419 such that the separation 445 between the front side I'S of
the patterning device MA and the thin film portion 421 is approximately 2 mm, up to 2.5mm
or even up to 3 mm (e.g. between 2mm and 3mm).

[0286] In embodiments in which a border portion extends out of a plane defined by a
thin film portion of a pellicle and towards a pellicle frame (for example as is shown in
Figures 2B, 4B and 9) the extent of the pellicle frame in the z-direction and the thickness of
the border portion in the z-direction both lie in between the thin film portion of the pellicle
and the front side I'S of the patterning device MA. The extent of the pellicle frame in the z-
direction is therefore limited by the thickness of the border portion of the pellicle in such
embodiments. In contrast to the arrangement which is shown in Figures 2B, 4B and 9, in the
embodiment which is shown in Figure 10 in which the border portion 420 extends out of the
plane 441 defined by the thin film portion 421 of the pellicle 419 and away from the pellicle
frame 417, almost the entire extent in the z-direction of the separation 445 between the front
side IS of the patterning device MA and the thin film portion 421 of the pellicle 419 is
available for the pellicle frame 417. The extent of the pellicle frame 417 in the z-direction
may therefore be increased.

[0287] As was described above with reference to other embodiments of the invention,
increasing the extent of the pellicle frame 417 in the z-direction advantageously increases the
space on the pellicle frame 417 which is available for providing means for gas to flow (e.g.
through one or more filters and/or holes provided in the pellicle frame 417) into and out of
the volume between the pellicle 419 and the patterning device MA in order to allow for

pressure equalization across the pellicle 419. Increasing the extent of the pellicle frame 417
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in the z-direction may additionally allow the tension of the pellicle 419 when attached to the
pellicle frame 417 to be increased due to an increase in strength of the pellicle frame 417.
[0288] In the arrangement which is shown in Figure 10 the entire thickness of the
border portion 420 extends out of the plane 441 and away from the pellicle frame 417. The
result of this arrangement is that a first surface 447 of the border portion 420 at which the
border portion 420 is attached to the pellicle frame 417 is substantially coplanar with the
plane 441 which is defined by the thin film portion 421 of the pellicle 419. In embodiments
in which the first surface 447 of the border portion 420 is substantially coplanar with the
plane 441 which is defined by the thin film portion 421 of the pellicle 419, the separation 445
between the thin film portion 421 of the pellicle 419 and the front side IS of the patterning
device depends largely on the extent in the z-direction of the pellicle frame 417 and does not
depend on the thickness in the z-direction of the border portion 420. This may
advantageously increase the accuracy with which the position of the thin film portion 421 of
the pellicle 419 in the z-direction may be controlled since it no longer depends on the
thickness of the border portion 420.

[0289] In other embodiments, in addition to a portion of the border portion 420 which
extends out of the plane 441 and away from the pellicle frame 417, the border portion 420
may also include some thickness which extends out of the plane 441 and towards the pellicle
frame 417. In such embodiments the first surface 447 of the border portion 420 may not be
coplanar with the plane 441 which is defined by the thin film portion 421 of the pellicle 419.
In some embodiments the thickness of the border portion 420 which extends out of the plane
441 and away from the pellicle frame 417 may be greater than a thickness of the border
portion 420 which extends out of the plane 441 and towards the pellicle frame 417.

[0290] Whilst the thin film portion 421 of the pellicle is described above as defining a
plane 441 it will be appreciated that in practice the thin film portion 421 has some extent in
the z-direction and thus the entire thin film portion 421 does not lie in a single plane. In
general the plane which is defined by the thin film portion 421 may be considered to be the
plane in which the surface of the thin film portion 421 which is closest to the front side I'S of
the patterning device MA lies.

[0291] Various embodiments have been described above in which a glue is used to
attach a pellicle to a pellicle frame and/or a glue is used to attach a pellicle frame to a
patterning device MA. As has been described above, gas may be released from glue by

outgassing. 'The products of outgassing from a glue can disadvantageously contaminate a
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patterning device MA and in particular can contaminate a patterned area of a patterning
device. Contamination of a patterned area of a patterning device MA may adversely affect a
pattern which is transferred to a radiation beam B and thus a pattern which is transferred to a
substrate W by the radiation beam B. It is therefore desirable to reduce any contamination of
a patterning device MA due to the products of outgassing from a glue.

[0292] Figure 11 is a schematic illustration of a portion of a mask assembly 515
which includes features configured to reduce contamination of a patterning device MA due to
the products of outgassing from a glue. The mask assembly 515 includes a patterning device
MA, a pellicle frame 517 and a pellicle 519. In the embodiment which is shown in Figure 11,
the pellicle 519 includes a border portion 520 having an increased thickness relative to the
rest of the pellicle 519. However in other embodiments the pellicle 519 may not include a
border portion or may include a border portion 520 which is arranged differently to the
border portion 520 shown in Figure 11 (e.g. the border portion may be arranged similarly to
the border portion 420 which is shown in Figure 10).

[0293] The pellicle 519 is attached to the pellicle frame 517 with glue 531 (which
may also be referred to as adhesive) and the pellicle frame 517 is attached to the patterning
device MA with glue 531. The pellicle frame 517 includes a first recess 529 configured to
receive glue 531 for attachment of the pellicle 519 (in this case the pellicle border portion
520) to the pellicle frame 517. The first recess 529 is configured such that the attachment of
the pellicle 519 to the pellicle frame 517 causes the glue 531 to be contained within a volume
which is enclosed by the first recess 529 and the pellicle 519. Enclosing the glue 531 within
a closed volume as is shown in Figure 11 advantageously contains products of outgassing
from the glue 531 within the closed volume, thereby reducing any contamination of the
patterning device MA from products of outgassing from the glue 531. In another embodiment
the recess may be partially open to allow for outgassing, with the opening being arranged
such that any outgassing material is directed away from the patterned area of the patterning
device MA (e.g. directed outwardly from the pellicle frame 517)

[0294] The pellicle frame 517 also includes a second recess 528 which is configured
to receive glue 531 for attachment of the pellicle frame 517 to the patterning device MA.
Similarly to the first recess 529, the second recess 528 is configured such that attachment of
the pellicle frame 517 to the patterning device MA causes the glue 531 to be contained within
a volume which is enclosed by the second recess 528 and the patterning device MA.

Products of outgassing from the glue 531 are therefore advantageously contained within a
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closed volume thereby reducing any contamination of the patterning device MA from
products of outgassing from the glue 531.

[0295] Whilst the first and second recesses which are shown in Figure 11 contain the
glue within a closed volume, in other embodiments the first and/or the second recesses may
be open to the outside of the pellicle frame such that products of outgassing from the glue are
released to the outside of the pellicle frame. The first and/or the second recesses may be
configured such that the glue is sealed from a patterned area of the patterning device MA so
as to prevent products of outgassing from the glue from reaching the patterned area of the
patterning device MA thereby reducing any contamination of the patterned area of the
patterning device MA.

[0296] The embodiment of a pellicle frame 517 which is shown in Figure 11 includes
a first recess 529 configured to receive glue 531 for attachment of a pellicle 519 to the
pellicle frame 517 and second recess 528 configured to receive glue 531 for attachment of the
pellicle frame 517 to the patterning device MA. However, in other embodiments the pellicle
frame 517 may only include a single recess. In general a pellicle frame 517 may include a
recess configured to receive a glue 531 for attachment of a pellicle 519 or a patterning device
MA to the pellicle frame 517. The recess is configured such that attachment of a pellicle 519
or a patterning device MA to the pellicle frame 517 causes the glue 531 to be sealed from a
patterned area of the patterning device MA. For example, the glue 532 may be contained
within a volume enclosed by the recess and the pellicle 519 or patterning device MA.

[0297] In some embodiments a pellicle frame 517 may include a plurality of recesses.
At least one of the plurality of recesses may be configured to receive a glue for attachment of
a pellicle 519 to the pellicle frame 517 and at least one of the plurality of recesses may be
configured to receive a glue for attachment of a patterning device MA to the pellicle frame
517.

[0298] Whilst a pellicle frame including one or more recesses has been described
above with reference to specific embodiments of a pellicle frame, one or more recesses may
be advantageously included in other embodiments of a pellicle frame such as the
embodiments described throughout this document.

[0299] A mask assembly according to a further alternative embodiment of the
invention is illustrated in Figures 12 — 14. In this embodiment a pellicle frame and pellicle
are suspended relative to a patterning device (e.g. a mask). The pellicle frame is releasably

engageable with the patterning device. The releasable engagement is provided by a mount
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which comprises a plurality of sub-mounts (for example 2, 3, 4 or even more sub-mounts)
and allows the pellicle frame (and pellicle) to be removed from the patterning device in an
easy and convenient manner. The removal of the pellicle frame and pellicle from the
patterning device may be clean, i.e. may generate substantially no contamination particles.
The pellicle frame and pellicle can subsequently be easily reattached to the patterning device
or may be replaced with a new pellicle frame and pellicle.

[0300] Referring first to Figure 12, a pellicle 619 is attached to a pellicle frame 617.
The pellicle 619 may, for example, be glued to the pellicle frame 617. The pellicle frame 617
is provided with four engagement mechanisms 650A-D, each of which is configured to
receive a protrusion (e.g. which may be referred to as a stud) which extends from a patterning
device (as described below in connection with Figures 13 and 14). Two engagement
mechanisms 650A, B are provided on one side of the pellicle frame 617 and two engagement
mechanisms 650C, D are provided on an opposite side of the pellicle frame, although other
attachment combinations may also be possible such as an engagement mechanism on each of
the four frame sides etc. The engagement mechanisms are provided on sides of the pellicle
frame 617 which will be oriented in the scanning direction during use in a lithographic
apparatus (indicated in Figure 12 as the y-direction in accordance with conventional
notation). However, the engagement mechanisms may also be provided on sides of the
pellicle frame 617 which will be oriented perpendicular to the scanning direction during use
in a lithographic apparatus (indicated in Figure 12 as the x-direction in accordance with
conventional notation).

[0301] The protrusions may be located on the front surface of the patterning device.
Additionally or alternatively, the protrusions may be located on sides of the patterning
device. Protrusions may extend upwardly from sides of the patterning device. In such an
arrangement the protrusions may each have a flattened lateral surface to facilitate secure
bonding to a side of the patterning device.

[0302] Figure 13 depicts engagement of one engagement mechanism 650B with a
protrusion 651 which projects from a patterning device MA. Figure 13A is a cross-sectional
perspective view, and Figure 13B is a cross-sectional view from one side. The protrusion
651, which may be referred to as a stud, may for example be glued to the patterning device
MA or may be attached by other bonding means (optical contacting, magnetic or van der
Waals forces, etc). The engagement mechanism 650B and the protrusion 651 together form a

sub-mount 610. The protrusion 651 comprises a distal head 653 located on a shaft 655 which
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extends from a base 657. The base 657 is fixed to the patterning device MA for example by
using a glue or via a polymer film covalently bonded to the base 657 and attached to the
patterning device MA via van der Waals forces. When bonding via polymer film is used the
protrusion 651 may be peeled off the patterning device MA when desired (e.g. to allow
cleaning of the patterning device without the protrusion being present). Although the
illustrated shaft 655 and distal head 653 are cylindrical, they may have any suitable cross-
sectional shape.

[0303] The engagement mechanism 650B has a (generally circular) outer wall 660
which is received in an opening (e.g. a circular hole) provided in the pellicle frame 617.
Although in the figure the outer wall 660 and the opening are depicted as being circular, also
other shapes are possible. The outer wall defines a space within which other components of
the engagement mechanism 650B are provided. The circular hole which receives the outer
wall 660 is provided in a tab 620 which projects from an outer edge of the frame (the tab 620
may be seen most clearly in Figure 12). The engagement mechanism 650B may in other
arrangements have an outer wall with any suitable shape, with a correspondingly shaped hole
being provided in the pellicle frame 617 to receive the outer wall. The engagement
mechanism 650B may be secured to the pellicle frame 617 using glue or any other kind of
bonding.

[0304] A pair of arms 662 extends from the outer wall 660. The arms 662, only one
of which his shown in Figure 13, extend across the space defined by the outer wall 660 but
are not connected to the opposite side of the outer wall. The arms 662 may be made for
example from a resilient material, forming thus resilient arms 662. A connecting member 663
extends between distal ends of the arms 662. The arms 662 and the connecting member 663
together form a generally U-shaped support. 'The arms 662 of the illustrated engagement
mechanism 650B extend in the y-direction. However, the arms may extend in some other
direction. A locking member 670 is connected to a distal end of the generally U-shaped
support. The locking member 670 engages with the protrusion 651 thereby securing the
pellicle frame 617 to the patterning device MA. The locking member 670 is described further
below with reference to Figure 14. The arms 662 are examples of resilient members. Other
resilient members may be used.

[0305] A cap 666 is provided at a distal end of the generally U-shaped support and is
configured to extend at least partway over the distal head 653 of the protrusion 651 (as shown

in Figure 13). The cap 666 rests upon the distal head 653 of the protrusion, and limits
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movement of the pellicle frame 617 towards the patterning device MA. The cap is thus a
movement limiting component which limits movement of the pellicle frame 617 in the z-
direction. Other suitable movement limiting components may be used instead of a cap.
[0306] As may be most easily seen in Figure 13B, the sub-mount 610 suspends the
pellicle frame 617 relative to the patterning device MA such that there is a gap G (which may
be considered to be a slit) between the pellicle frame and the patterning device. The gap G
may be maintained by engagement between the cap 666 and the distal head 653 of the
protrusion 651 (or by some other movement limiting component). The gap G may be
sufficiently wide to allow equalization of pressure between the exterior environment and the
space between the pellicle and the patterning device. The gap G may also be sufficiently
narrow that it provides a desired restriction of the potential route of contamination particles
from the exterior environment to the space between the pellicle and the patterning device.
[0307] The gap G may for example be at least 100 microns in order to allow
equalization of pressure between the exterior environment and the space between the pellicle
and the patterning device. The gap G may for example be less than 500 microns, more
preferably less than 300 microns. The gap G may for example be between 200 microns and
300 microns. The gap G may for example have a maximum size of 250 microns (which may
provide a desired level of restriction to the potential route of contamination particles from the
exterior environment to the space between the pellicle and patterning device. The gap G may
have the size around the perimeter of the pellicle frame. Alternatively, the gap G may have a
size which varies around the perimeter of the pellicle frame, for example some portions
having a size of around 100 microns and other portions having a size of around 250 microns.
In an embodiment the gap may have a smaller at locations where it is more likely that
contamination particles are generated or transported towards the patterned area of the
patterning device. An example of such locations is the positions where the pellicle frame 617
is connected to the patterning device MA (e.g. at the sub-mounts 610).

[0308] Figures 14A and 14B show the sub-mount 610 viewed from above, and
illustrate the manner in which the protrusion 651 engages with the engagement mechanism
650B. Referring first to Figure 14A, the locking member 670 of the engagement mechanism
650B comprises a pair of U-shaped members 670A, B. The U-shaped members project from
the distal end of the generally U-shaped support. The U-shaped members each have one end
which is connected to the generally U-shaped support and an opposite end which is

unsecured. Each U-shaped member 670A, B is moveable in the x-direction, as may be seen
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by comparing Figures 14A and 14B, with the unsecured ends being capable of the greatest
amount of movement. The engagement mechanism 650B is formed from a material which
has some resilience (e.g. steel or some other metal, or plastic) and thus if the unsecured ends
of the U-shaped members 670A, B are moved in the x-direction by a force, they will return to
their original positions when that force is no longer being applied.

[0309] To secure a pellicle frame 617 to a patterning device MA the pellicle frame is
positioned relative to the patterning device such that the protrusions 651 are aligned with the
engagement mechanisms 650A-D. The pellicle frame 617 is then moved towards the
patterning device MA (or vice versa). The distal head 653 of the protrusion 651 has a
rounded upper surface which pushes the unsecured ends of the U-shaped members 670A, B
apart. The U-shaped members thus move outwardly until they pass over the distal head 653
of the protrusion 651 as depicted in Figure 14A.

[0310] The resilient nature of the U-shaped members 670A, B causes them to move
back towards their original positions, i.e. move inwardly to the positions shown in Figure
14B, once they have passed over the distal head 653. Thus, the unsecured ends of the
U-shaped members move to beneath the head 653 of the protrusion 651. The underneath of
the distal head 653 has a flat surface rather than a curved surface. As a result, applying a
force which pulls the pellicle frame 617 away from the patterning device MA will not cause
outward movement of the unsecured ends of the U-shaped members 670A, B. The U-shaped
members thus remain in place beneath the distal head 653 of the protrusion, and the pellicle
frame 617 is securely attached to the patterning device MA.

[0311] Although the above description explains how the U-shaped members 670A, B
automatically engages the distal head 653 when the pellicle frame 617 is moved towards the
patterning device MA, in an alternative approach the U-shaped members may be manipulated
(e.g. manually or using an automated probe) to engage the distal head. In such an approach
the U-shaped members 670A, B are pushed apart (e.g. using a probe) and are pushed
downwards such that they are pushed past the distal head 653. The
U-shaped members are then moved towards each other and pulled upwards such that they
engage the protrusion 651 beneath the distal head 653. This may be done actively (e.g. using
a probe) or passively by allowing the resilience of the U-shaped members to generate this
movement. The pellicle frame 617 is thereby drawn towards and engaged with the patterning

device MA. A benefit of this approach, compared with the approach described further above,
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is that is avoids rubbing of the U-shaped members 670A, B on the distal head 653 which
might generate unwanted contamination particles.

[0312] If it is desired to remove the pellicle frame 617 from the patterning device
MA, then this may be achieved by using a probe or other suitable member to push apart the
unsecured ends of the U-shaped members 670A, B to the positions shown in Figure 14A.
This releases the engagement mechanism 650B from the protrusion 651 and allows the
pellicle frame 617 to be removed from the patterning device MA. Releasing the engagement
mechanism 650B from the protrusion 651 in this manner may avoid producing particle debris
via rubbing between surfaces (this may be referred to as clean removal).

[0313] Each engagement mechanism 650A-D, when engaged with a protrusion 651,
forms a sub-mount 610 which suspends the pellicle frame 617 from the patterning device MA
(and thereby provides the gap (G). These sub-mounts 610, taken together, form a mount
which suspends the pellicle frame 617 from the patterning device MA.  The mount is
configured to restrain movement of the pellicle frame 617 as a whole to substantially prevent
rotation or translation of the pellicle frame relative to the patterning device MA. Each sub-
mount 610 is configured to restrain movement of the pellicle frame 617 relative to the
patterning device MA at the position of that sub-mount to a limited number of degrees of
freedom (i.e.. movement in at least one direction is prevented at that sub-mount). Although
movement in one direction is prevent by each sub-mount, movement in other directions is
permitted. As a result, the sub-mounts together form a kinematic mount arrangement which
allows for expansion and contraction of the pellicle frame 617 without causing significant
bending of the patterning device MA. This is explained in more detail below.

[0314] Double headed arrows are used in Figure 12 to indicate a direction of
movement which is permitted by each engagement mechanism 650A-D. In Figure 12 a first
engagement mechanism 650A allows movement of the pellicle frame 617 relative to the
patterning device in the y-direction but prevents movement in the x-direction. The second
engagement mechanism 650B allows movement in the x-direction but does not allow
movement in the y-direction. Thus, one side of the pellicle frame 617 is provided with an
engagement mechanism which allows movement in the x-direction and an engagement
mechanism which allows movement in the y-direction. On the opposite side of the pellicle
frame 617 a third engagement mechanism 650C allows movement in the
x-direction but prevents movement in the y-direction, and a fourth engagement mechanism

650D allows movement in the y-direction but prevents movement in the x-direction.
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[0315] As mentioned above, each engagement mechanism when engaged with a
protrusion 651 forms a sub-mount 610. The sub-mounts 610 may be referred to as kinematic
sub-mounts. The kinematic sub-mounts 610 together form a kinematic mount arrangement
Each sub-mount 610 allows some movement of the pellicle frame 617 relative to the
patterning device at the position of that sub-mount. Thus, localized movement of the pellicle
frame 617, e.g. due to expansion or contraction, may take place without force being exerted
on the patterning device MA which is sufficiently strong to cause significant warping of the
patterning device. If rigid connections with no resilience were to be provided between the
pellicle frame 617 and the patterning device MA then expansion or contraction of the pellicle
frame would be liable to cause warping of the patterning device. The kinematic nature of the
sub-mounts 650A-D substantially prevents such warping from occurring.

[0316] Sub-mounts provided at equivalent positions on opposite sides of the pellicle
frame 617 are complementary pairs. Fach complementary pair allows some localized
movement of the pellicle frame 617 relative to the patterning device MA in the x- and
y- directions but prevents movement of the whole of one end of the pellicle frame 617. For
example, the sub-mounts which comprise the first and third engagement mechanisms 650A,
C allow localized movement of the pellicle frame 617 but prevent movement of the whole of
the left-hand end of the pellicle frame. That is, the left-hand end of the pellicle frame 617 is
prevented from moving in the x-direction (and the y-direction) relative to the patterning
device MA. The sub-mounts which comprise the second and fourth engagement mechanisms
650B, D similarly allow localized movement of the pellicle frame 617 but prevent movement
of the whole of the right-hand end of the pellicle frame. That is, the right-hand end of the
pellicle frame 617 is prevented for example from moving in the x-direction (and the y-
direction) relative to the patterning device MA.

[0317] The manner in which each sub-mount 610 allows movement in one direction
but prevents movement in another direction may be best understood with reference to Figure
14B. In figure 14B the arms 662 of the engagement mechanism 650B which support the
locking member 670 (formed by U-shaped members 670A, B) extend in the y-direction. As
noted above, the engagement mechanism 650B is formed from resilient material. Since the
arms 662 extend in the y-direction and are resilient, some bending of the arms in the x-
direction is possible. This allows movement in the x-direction of the locking member 670

relative to the outer wall 660 of the engagement mechanism 650B. However, because the
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arms extend in the y-direction no equivalent movement of the locking member 670 in the y-
direction is possible.

[0318] The orientation of the arms 662 of each engagement mechanism 650A-D will
determine in which direction movement is permitted and in which direction movement is
prevented. Although Figure 12 shows a particular combination of orientations of
engagement mechanism 650A-D, other orientations may be used. The orientations can be in
any direction, and may be selected to provide kinematic coupling which reduces potential
deformation of the patterning device MA whilst limiting dynamic movement of the pellicle
frame 617.

[0319] Although Figures 12-14 illustrate a kinematic mount arrangement which
comprises a particular form of sub-mount 610, other suitable kinematic mount arrangements
may be used. Kinematic sub-mounts may have any suitable form.

[0320] Figure 15 illustrates a sub-mount 710 according to an alternative embodiment
of the invention. Figure 16 shows the sub-mount 710 in cross-section. The sub-mount
includes several features which are common with the sub-mount illustrated in Figures 12 — 14
and these are not described in detail in relation to Figures 15 and 16. However, the sub-
mount 710 differs from the sub-mount shown in Figures 12 — 14. For example, the sub-
mount 710 has a generally rectangular outer wall 760 and includes a different locking
member 770. Figure 15A shows the sub-mount in an unlocked configuration (i.e. the pellicle
frame 717 may be lifted away from the patterning device MA) and Figure 15B shows the
sub-mount in a locked configuration (i.e. the pellicle frame 717 cannot be lifted away from
the patterning device MA, but instead is held in place). In common with other Figures,
Cartesian coordinates are indicated in order to facilitate description of the embodiment. In
accordance with conventional notification, the y-direction corresponds with the scanning
direction of the patterning device MA in a lithographic apparatus.

[0321] The engagement mechanism 750 shown in Figure 15 comprises a rectangular
outer wall 760 which is received in rectangular hole in the pellicle frame 717. A pair of arms
762 extend in the y-direction across a space defined by the outer wall 760. A connecting
member 763 extends between distal ends of the arms 762. The arms 762 are examples of
resilient members. Other resilient members may be used. The arms 762 and connecting
member 763 together form a generally U-shaped support. Although the arms 762 of the
illustrated engagement mechanism extend in the y-direction, arms of other engagement

mechanisms may extend in other directions (e.g. in a configuration which corresponds with
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that depicted in Figure 12). A locking member 770 is connected to a distal end of the
generally U-shaped support. The locking member 770 engages with a protrusion 751 (which
may be referred to as a stud) thereby securing the pellicle frame 717 to the patterning device
MA (as shown in Figure 16). The protrusion 751 may correspond with the protrusion 651
illustrated in Figures 13 and 14.

[0322] A cap 766 is provided at a distal end of the generally U-shaped support and is
configured to extend at least partway over a distal head of the protrusion 751. This limits
movement of the pellicle frame 717 towards the patterning device MA. The cap 766
maintains a gap G (see Figure 16) between the pellicle frame 717and the patterning device
MA.

[0323] The locking member 770, in common with the locking member described
above in connection with Figure 14, comprises a pair of arms which extend from the distal
end of the U-shaped member. However, in the embodiment depicted in Figure 15, the arms
780 are connected at a distal end by a connecting member 781. A locking plate 784 is
supported by a support 785 which extends from the connecting member 781. The locking
plate 784 is movable in the y-direction from a position in which it is separated from the
protrusion 751 to a position at which it engages with the protrusion 751.

[0324] The arms 780 and support 785 provide a degree of movement in the z-
direction and thus act as a spring. This allows some movement in the z-direction of the
locking plate 784. In Figure 15A no force has been applied in the z-direction and the arms
780 and support 785 are thus substantially parallel to the plane of the patterning device MA.
When no downward force is being applied against the arms 780 and support 785, a shaft-
receiving recess 786 of the locking plate 784 is not aligned with the shaft of the protrusion
751 and thus cannot engage with the protrusion.

[0325] When downward force is applied to the locking plate 784 the arms 780 and
support 785 bend downwards. As a result of this bending of the arms 780 and support 785,
the locking plate 784 is aligned with the shaft of the protrusion 751. The locking plate 784
can then be moved in the y-direction such that the shaft is received in a shaft-receiving recess
786 of the locking plate. The downward force being applied to the locking plate 784 is then
removed, whereupon the resilience of the arms 780 and the support 785 pushes the locking
plate 784 upwards against the distal head of the protrusion 751. This force helps to hold the
locking plate 784 in place. The engagement mechanism 760 is thus locked in place in the

configuration shown in Figure 15B. The support 785 may be considered to be a retaining
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member which holds the locking plate 784 in place. The locking plate 784 is an example of a
locking member.

[0326] A pair of posts 792 project upwardly from the support 785. The posts 792
limit movement in the y-direction away from the protrusion 751, thereby preventing excess
movement in the y-direction of the locking plate 784.

[0327] From Figure 16 it can be seen that the outer wall 760 of the engagement
mechanism 750 projects below the bottom of the pellicle frame 717. From a comparison of
Figure 16 with Figure 13B it can be seen that this is a difference compared with the
previously described embodiment, in that in Figure 13B the outer wall 660 is substantially
flush with the bottom surface of the pellicle frame 717. In the embodiment shown in Figure
16 a gap G between the pellicle frame 717 and the patterning device MA may correspond
with the gap described above in connection with the previous embodiment. However, a gap
GM between the engagement mechanism 750 and the patterning device MA may be
significantly smaller (e.g. around 100pm). The gap GM between the engagement mechanism
750 and the patterning device MA is a small fraction of the perimeter around the pellicle
frame 717, and thus does not have a significant influence upon the flow of gas into and out of
the space between the pellicle 719 and the patterning device MA. The smaller gap GM
(compared with the gap G between the pellicle frame 717 and the patterning device MA) is
advantageous because it reduces the likelihood of a contamination particle generated by the
engagement mechanism passing into the space between the pellicle (not shown in Figure 16)
and the patterning device MA. Although the engagement mechanism 750 may be designed to
avoid generation of contamination particles, some releasable engagement between surfaces of
the engagement mechanism is required in order to secure the pellicle frame 717 to the
patterning device MA, and as a result of this engagement it is possible that some
contamination particles will be generated. Providing a smaller gap GM in the vicinity of the
engagement mechanism 750 reduces the likelihood of such a contamination particle reaching
a patterned area of the patterning device MA.

[0328] Although the embodiment depicted in Figures 12-14 does not have a smaller
gap GM in the vicinity of the locking members 650A-D, a smaller gap may be provided by
modifying the locking members such that they protrude beyond the bottom surface of the
pellicle frame 617. In general, in an embodiment in which a gap is provided between a
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sub-mount than the gap at other locations. The gap in the vicinity of the sub-mount may for
example be less than 200 um, and may for example be around 100um or less.

[0329] Because the locking member 770 is connected to distal ends of the arms 762,
some movement transverse to the direction of the arms is possible. Thus, some movement in
the x-direction of the pellicle frame 717 relative to the patterning device MA at the position
of the sub-mount shown in Figure 15 is possible. The arms 762 are formed from resilient
material (e.g. metal such as steel) and will therefore tend to return to their original
orientations. The sub-mount 710 may be considered to be a kinematic sub-mount. The arms
762 are significantly thicker in the z-direction than in the
x-direction, and as a result significantly less bending of the arms in the z-direction is possible
compared with bending of the arms in the x-direction. The arms 762 may thus prevent or
substantially prevent local movement of the pellicle frame 717 in the y- and
z-directions whilst allowing movement in the x-direction.

[0330] The locking plate 784 is provided with a hole 790 which allows a probe to
engage with the locking plate and move the locking plate. The probe may be manually
operated or may be operated in an automated manner by an actuator. The probe is received in
the hole 790 and used to push the locking member 770 downwards (as depicted in Figure 16).
The probe then slides the locking plate 784 in the y-direction to engage with the protrusion
751. The probe is then removed from the hole 790.

[0331] An advantage of the engagement mechanism 750 shown in Figures 15 and 16
compared with the engagement mechanism shown in Figures 12 to 14 it is easier to engage
with a protrusion. The engagement mechanism of Figures 12 to 14 comprises U-shaped
members 670A, B which are pushed apart and downwards to achieve engagement of the
protrusion, which is a relatively difficult form of motion to achieve (e.g. using an
automatically actuated probe). The engagement mechanism of Figures 15 and 16 merely
requires pushing the sliding plate 784 downwards and then sliding the locking plate towards
the protrusion. A further advantage is that the engagement mechanism of Figures 15 and 16
includes a resilient bias only in the vertical direction when it is engaged with a protrusion,
whereas the engagement mechanism may also include a resilient bias in the horizontal
direction when it is engaged with a protrusion. Furthermore, the kinematic movement
provided by the engagement mechanism of Figures 15 and 16 (e.g. in the x-direction in
Figure 15) is in a direction which is substantially perpendicular to the resilient bias used to

maintain engagement between the locking plate 784 and the protrusion. This decoupling of
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kinematic movement from the engagement resilient bias is not provided by the embodiment
shown in Figures 12 to 14, in which resilient bias and kinematic movement are in the same
direction (e.g. the x-direction in Figure 14). Other configurations of engagement mechanism
may be used to decouple kinematic movement from an engagement resilient bias.

[0332] A kinematic mount arrangement (e.g. comprising a plurality of kinematic
sub-mounts) may substantially prevent the pellicle frame 617, 717 as a whole from
undergoing rotation or translation relative to the patterning device MA. The kinematic mount
arrangement may allow localized expansion and contraction of the pellicle frame without
causing warping of the patterning device MA. In other words, significant bending of the
patterning device MA is avoided. The term “significant bending” may be understood as an
amount of bending which would have a noticeable effect upon the accuracy of a pattern
projected onto a substrate (e.g. such that the pattern is not sufficiently accurate to allow
correct functioning of an integrated circuit formed using the pattern).

[0333] The resilient arms 662, 762 of the embodiments described in relation to
Figures 12 to 16 are examples of resilient components which connect the pellicle frame 617,
717 to the patterning device MA. Other suitable types of resilient component may be used.
[0334] In the embodiments depicted in Figures 12 to 16 the protrusion 651, 751 is
provided on the patterning device MA and the engagement mechanism 650, 750 is provided
on the pellicle frame 617, 717. However, this arrangement may be reversed, with the
protrusion being provided on the pellicle frame and the engagement mechanism being
provided on the patterning device.

[0335] A pellicle frame according to an embodiment of the invention may, for
example, be formed from silicon. The pellicle frame may be exposed to hydrogen radicals
and stray EUV radiation during use. These may dissolve the surface of the frame and cause
undesirable outgassing. A capping layer may be provided on the pellicle frame to prevent or
reduce such outgassing. The capping layer may, for example, be SiOx, SiN, ZrO or other
EUV-proof oxides.

[0336] In an embodiment the pellicle frame and the pellicle may be formed from the
same material (e.g. polysilicon). An advantage of forming the pellicle frame and the pellicle
from the same material is that both have the same coefficient of thermal expansion and thus
can be expected to behave in the same manner when they receive heat from a EUV radiation
beam. Thus bending of the type that is seen in a bimetallic strip is avoided. In an

embodiment the pellicle frame is integral with the pellicle (i.e. they are not two separate parts
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but integrated to form a single body), such that no further bonding of any kind is needed
between the pellicle frame and the pellicle. Such integral pellicle assembly may be made for
example by leaving a thick pellicle border with a width of 1mm or more when manufacturing
the pellicle film, such that the pellicle border is the pellicle frame. An example of
manufacturing such integral pellicle assembly is to remove the inner region of a 2Zmm wafer
to form the pellicle film while keeping the border of the pellicle at the original wafer
thickness such that the border is the frame. The releasable mounts for fixing the integral
pellicle assembly to the patterning device may be glued thereafter to the integral pellicle
frame such that outgassing does not occur towards the pellicle film or the patterned area of
the patterning device.

[0337] In an embodiment the pellicle frame and the pellicle may be formed from
different materials which have the same coefficient of thermal expansion. This provides the
same advantage. An example of such materials is polysilicon and thermally matched glass
(i.e. glass which has a coefficient of thermal expansion which is matched to that of the
polysilicon).

[0338] Gluing of the pellicle to the pellicle frame may be achieved in any suitable
manner. In an embodiment, substantially U-shaped (or V-shaped) recesses may be
distributed around the pellicle frame. Each recess is shaped to extend from an outer edge of
the pellicle frame partway to an inner edge of the pellicle frame and back to the outer edge of
the pellicle frame. The recesses connect to the outer edge of the pellicle frame but do not
connect to the inner edge of the pellicle frame. The recesses thus each define an island in the
surface of the pellicle frame.

[0339] The pellicle may be held against the pellicle frame, and glue may be
introduced into ends of the recess at the outer edge of the pellicle frame. The glue will be
drawn in to the recesses by capillary action and will secure the pellicle to the pellicle frame.
Because the recesses do not connect to the inner edge of the pellicle frame, the glue is
prevented from travelling to the inner edge of the pellicle frame and is thereby prevented
from directly entering the space between the pellicle and the patterning device. Although
some outgassing of the glue may occur over time, the outgassing will exit from the outer edge
of the pellicle frame and thus will not cause significant contamination in the space between
the pellicle and the patterning device.

[0340] In general, a recess in which glue is provided between the pellicle border and

the pellicle frame may be configured open towards an outer surface of the pellicle frame.
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This ensures that outgassing from the recess is directed away from the patterned area of the
patterning device. In general, a recess in which glue is provided between the pellicle border
and the pellicle frame may be configured to not open towards an inner surface of the pellicle
frame. This ensures that outgassing from the recess is not directed towards the patterned area
of the patterning device. The same approach may be used when configuring a recess used to
glue a protrusion (which may also be referred to as a stud) to the patterning device.

[0341] The sub-mount positions shown in Figure 12 are merely an embodiment, and
sub-mounts may be provided in other positions. Similarly, other numbers of sub-mounts may
be provided. For example, three sub-mounts may be provided in an arrangement which
corresponds with that shown in Figure 5.

[0342] Figures 17 and 18 illustrate a sub-mount according to an alternative
embodiment of the invention. Figure 17 shows the sub-mount 910 in perspective view and
Figure 18 shows the sub-mount in a cross-sectional perspective view. The sub-mount 910
includes several features which are common with, or similar to, the sub-mount illustrated in
Figures 15 and 16. Where appropriate these are not described in detail in relation to Figures
17 and 18. The sub-mount 910 comprises a stud 951 and an engagement mechanism 950.
[0343] The engagement mechanism 950 shown in Figures 17 and 18 comprises a
rectangular outer wall 960 configured to be received in a rectangular hole in a pellicle frame
(not illustrated). The engagement mechanism 950 may in other arrangements have an outer
wall with any suitable shape, with a correspondingly shaped hole being provided in a pellicle
frame (not depicted) to receive the outer wall. The engagement mechanism 950 may be
secured to the pellicle frame using glue or any other kind of bonding. The engagement
mechanism 950 need not necessarily be received in a hole in a pellicle frame, and may be
attached in any suitable manner to a pellicle frame. This also applies to other engagement
mechanisms (e.g. engagement mechanisms described elsewhere in this document).

[0344] A pair of arms 962 extend across a space defined by the outer wall 960. A
connecting member 963 extends between distal ends of the arms 962. The arms 962 and
connecting member 963 together form a generally U-shaped support. A second pair of arms
980 extend from the connecting member 963 back across the space defined by the outer wall
760. These arms 980 are connected at a distal end by a second connecting member 981. A
third pair of arms 983 extend from the second connecting member 981 and extend back
across the space defined by the outer wall 960. This third pair of arms are substantially plate-
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thereby connecting them together. A block 985 is provided on the third connecting member
984. In an alternative arrangement (not depicted) the member may be provided on a single
resilient arm. In an alternative arrangement (not depicted) the member may comprise a
plurality of sub-members provided either on a single resilient arm or on a plurality of resilient
arms.

[0345] A distal end of the third pair of arms 983 is moveable away from the cap 963.
The third pair of arms 983 is resilient and thus will return to an equilibrium position after it
has been pushed away from the cap 966. The third pair of arms 983 may be considered to be
a spring. The third pair of arms 983 are able to flex in the Z-direction. However, the third
pair of arms 983 are configured not to flex in the X and Y directions. This is achieved via the
plate-like form of the third pair of arms 983; the arms are thicker in the X and Y directions
than in the 7 direction. The arms 983 can bend in a direction perpendicular to the plate-like
surface of the arms but cannot bend in other directions. A groove may be formed at a
proximal end of  the arms 983 to promote bending in the
Z-direction (the groove reduces the thickness of the arms in the Z-direction and thereby
increases flexibility). An analogous construction may be used in connection with a single
resilient arm instead of a pair of arms.

[0340] In general, the arms 962, 980, 983 are examples of resilient members. Other
resilient members may be used.

[0347] The engagement mechanism 950 further comprises a pair of springs 990
which act as locking members. Fach spring 990 is mounted on the first connecting member
963. Each spring 990 extends across the space defined by the outer wall 960, then extends
back across that space to a position which, in use, corresponds with the position of a stud 951
which extends from a mask (not illustrated). The illustrated springs 990 are wire springs
which include a looped portion 991 at an opposite end from the connecting member 963.
However, springs with any suitable form may be used.

[0348] In Figures 17 and 18 unsecured ends 992 of the springs 990 are depicted as
passing through the block 985. However, in practice the spring ends will either be located
above the block 985 (if the engagement mechanism 750 is secured to the stud 951) or either
side of the block (if the engagement mechanism is not secured to the stud).

[0349] A cap 966 extends from the first connecting member 963. The cap is
configured to extend at least partway over a distal head of the stud 951. This limits

movement of the pellicle frame (not illustrated) towards a mask from which the stud 951
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projects. In common with other embodiments, the cap 966 may be configured to maintain a
gap between the pellicle frame and the mask.

[0350] Figure 19 depicts schematically a method of disengaging the engagement
mechanism 950 from the stud 951.

[0351] Figure 19A depicts in cross-section the stud 951 including a distal head 953,
and further depicts the third connecting member 984 and the block 985 of the engagement
mechanism. Also depicted are the cap 966 and unsecured ends 992 of the springs. In Figure
19A the engagement mechanism 950 is secured to the stud 951. The third connecting
member 984 has been biased downwards away from its equilibrium position. The arms 983
which support the third connecting member 984 are resilient, and exert an upward force
which pushes the third connecting member 984 upwards. The upward force exerted by the
third connecting member 984 pushes the unsecured ends 992 of the springs against the distal
head 953 of the stud 951 and also pushes the distal head against the cap 966. An equivalent
way of expressing this that the third connecting member 984 has moved downwards from its
equilibrium position and as a result force is exerted which draws the third connecting member
984 and the cap 966 together, which in turn pushes the unsecured ends of the springs 992
against the distal head 953 of the stud 951. The third connecting member 984 is a retaining
member which holds the unsecured ends of the springs 992 in the locked position. When the
engagement mechanism 950 is secured to the stud 951 as depicted in Figure 19A, a pellicle
frame (not depicted) is held securely in place, thereby allowing use of the mask and pellicle
assembly (e.g. in a lithographic apparatus during exposure of substrates).

[0352] The unsecured ends of the springs 992 may be referred to as being beneath the
distal head 953 of the stud 951. This is not intended to imply that the stud must have a
particular orientation, but instead may be interpreted as meaning that the unsecured ends of
the springs 992 are on an opposite side of the distal head 953 from an outer face of the distal
head. The position of each unsecured spring end 992 as depicted in Figure 19A may be
referred to as a first position.

[0353] A series of steps which may be used to disengage the engagement mechanism
950 from the stud 951 are depicted in Figures 19B — 19E.

[0354] Referring first to Figure 19B, a first step is to push the third connecting
member 984 downwards and away from the distal head 953 of the stud 951. This downward
movement is depicted by arrows in Figure 19B. Referring to Figure 17, a pair of pins 860

(depicted in part in that Figure) is used to push the third connecting member 984 downwards
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by pressing upon ends of the third pair of arms 983. 'The pins 860 may form part of a pellicle
frame attachment and removal apparatus 857 which is described further below. As may be
seen in Figure 19B pushing the third connecting member 984 downwards moves the block
985 away from the unsecured ends 992 of the springs such that there is no longer any contact
between them. The springs may also include a downward bias such that when they are no
longer being urged upwards by the block 985, the unsecured ends 992 of the springs move
away from contact with the distal head 953 of the stud 951. Thus, once the first connecting
member 984 and block 985 have been moved downwards as depicted, the unsecured ends
992 of the springs are no longer in contact with the block 985 or the stud 951. The unsecured
ends 992 of the springs are at their equilibrium position in Figure 19B. The position of the
unsecured ends 992 may be referred to as an intermediate position. The unsecured ends 992
of the springs are adjacent to but not in contact with the stud 951.

[0355] Referring to Figure 19C, the unsecured ends 992 of the springs are pushed
apart such that they are no longer located beneath the distal head 953 of the stud 951, and
such that they are positioned beyond outer ends of the block 985. Referring to Figure 17, a
pair of actuator arms 863 may be used to move the unsecured ends 992 of the springs 990
outwardly in the manner depicted in Figure 19C. The actuator arms 863 may form part of a
pellicle frame attachment and removal apparatus 857 (described further below).

[0356] As is depicted in Figure 19D, once the unsecured ends 992 of the springs have
been separated the downward force exerted on the third connecting member 984 by the pins
860 is released, as a result of which the third connecting member moves upwardly to its
equilibrium position. The third connecting member 984 does not come into contact with the
springs 992 because the equilibrium position of the third connecting member is separated
from the springs. .

[0357] Finally, as depicted in Figure 19E, the outward force being exerted by the
actuator arms 863 on the springs is removed. The unsecured ends 992 of the springs move
toward their equilibrium position, but do not reach their equilibrium position because they
instead press against sides of the block 985. The unsecured ends 992 of the springs are in an
unlocked position.

[0358] When the engagement mechanism 950 has the configuration shown in Figure
19E neither the pins 860 nor the actuator arms 863 are exerting force on the engagement

mechanism 950 (they are not in contact with the engagement mechanism). When the
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engagement mechanism 950 is in the configuration shown in Figure 19E, the engagement
mechanism is no longer secured to the stud 951 and may be lifted away from the stud.

[0359] As will be appreciated from consideration of Figure 19, none of the steps used
to disengage the engagement mechanism 950 from the stud 951 involve sliding movement of
one surface over another surface. Instead, components are moved away from engagement
with surfaces or are moved into engagement with surfaces. For example, the unsecured ends
of the springs 992 are moving in a direction which is generally perpendicular to the distal
head 953 when they come into contact with the distal head. Avoiding sliding movement of
one component surface against another component surface is advantageous because such
sliding movement would be liable to generate particulate contamination which might be
incident upon the reticle and thereby have a detrimental impact upon the accuracy with which
a pattern is projected onto a substrate.

[0360] It will be appreciated from the description of various embodiments of mask
assemblies which is provided above, that a mask assembly may be prepared for use in a
lithographic apparatus by attaching a pellicle to a pellicle frame and by attaching the pellicle
frame to a patterning device. A mask assembly comprising a patterning device MA and a
pellicle supported adjacent to the patterning device by a pellicle frame may be prepared
separate from a lithographic apparatus LA and the mask assembly may be transported to the
lithographic apparatus LA for use in the lithographic apparatus LA. For example, a pellicle
frame supporting a pellicle may be attached to a patterning device, so as to form a mask
assembly, at a site at which a pattern is imparted onto the patterning device. The mask
assembly may then be transported to a separate site at which a lithographic apparatus LA is
situated and the mask assembly may be provided to the lithographic apparatus LLA for use in
the lithographic apparatus LA.

[0361] A mask assembly in which a pellicle is held in place by a pellicle frame may
be delicate and transport of the mask assembly may risk damage to the pellicle. Assembling
a mask assembly in a separate environment to a lithographic apparatus LA may additionally
result in the mask assembly being exposed to a variety of pressure conditions. For example, a
mask assembly may be transported to a lithographic apparatus under ambient pressure
conditions. The mask assembly may then be loaded into the lithographic apparatus LA via a
load lock which is pumped to vacuum pressure conditions. As was described above changes
in the pressure conditions to which a mask assembly is exposed may cause a pressure

difference to exist across a pellicle which may cause the pellicle to bend and may risk
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damage to the pellicle. In an embodiment, a lithographic system may comprise a lithographic
apparatus LA connected to a pellicle frame attachment apparatus. Where this is the case a
mask assembly comprising a mask and pellicle may be transferred directly from the pellicle
frame attachment apparatus to the lithographic apparatus whilst remaining in a controlled
environment (e.g. a vacuum environment).

[0362] Figure 20 is a schematic illustration of apparatus suitable for assembling a
mask assembly 815 and transferring the mask assembly to a lithographic apparatus LA.
Figure 20 depicts a pellicle attachment apparatus 855 which may be used to attach a pellicle
819 to a pellicle frame 817, and a pellicle assembly transport device 881 which may be used
to transport the pellicle assembly. In addition a stud attachment apparatus 840 is depicted,
which may be used to attach studs 851 to a mask MA, and a mask transport device 880 which
may be used to transport the mask with attached studs. A pellicle frame attachment apparatus
857 which may be used to attach a pellicle frame 817 (and pellicle 819) to a mask MA,
thereby forming a mask assembly 815, is also depicted. A mask assembly transport device
853 which may be used to transport the mask assembly 815 from the pellicle frame
attachment apparatus 857 to the lithographic apparatus LA is also shown.

[0363] The pellicle attachment apparatus 855 may be situated at a different site from
the site at which the lithographic apparatus is situated. The stud attachment apparatus 840
may be situated at a different site from the site at which the lithographic apparatus LA is
situated. Alternatively, either or both of the pellicle attachment apparatus 855 and the stud
attachment apparatus 840 may be located at the same site as the site at which the lithographic
apparatus LA is situated (e.g. in a lithographic fab).

[0364] The pellicle attachment apparatus 855 receives a pellicle 819, a pellicle frame
817 and engagement mechanisms (not illustrated). The pellicle 819 and pellicle frame 817
may be manually placed in the pellicle attachment apparatus 855. Glue is dispensed at
engagement mechanism receiving openings in the pellicle frame 817 (e.g. locations described
further above). Glue dispensing may be manual, or may be automated (or partially
automated). The engagement mechanisms and the pellicle frame 817 are aligned relative to
each other (e.g. using a mechanical alignment apparatus), and the engagement mechanisms
are then inserted into the openings in the pellicle frame.

[0365] Glue is also dispensed onto pellicle receiving locations on the pellicle frame

81 (e.g. locations described further above). Glue dispensing may be manual, or may be
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automated (or partially automated). An optical system is used to align the pellicle 819
relative to the pellicle frame 817, and the pellicle is then clamped against the pellicle frame.
[0366] The pellicle 819 is held clamped against the pellicle frame 817 at room
temperature for a period of time sufficient to allow the glue to cure, thereby securing the
pellicle to the pellicle frame. The clamp is then removed. Additional curing of the glue at an
elevated temperature is then performed using a curing oven (which may form part of the
pellicle attachment apparatus). This will also cure glue which attaches the engagement
mechanisms to the pellicle frame §17.

[0367] Although the use of glue to attach the pellicle 819 to the pellicle frame 817 is
described above, the pellicle may be attached to the pellicle frame using any suitable
attachment means (including without using glue).

[0368] The resulting pellicle assembly 816 is inspected using a particle inspection
tool. The particle inspection tool may form part of the pellicle attachment apparatus 855 (or
may be a separate tool). The particle inspection tool may be configured to inspect for
particles disposed on the pellicle 819 and/or the pellicle frame 817. The particle inspection
tool may, for example, reject a pellicle assembly which has a number of particles which is
greater than a given particle threshold. The particle inspection tool may also be used to
inspect a pellicle 819 and/or a pellicle frame 817 before the pellicle and pellicle frame are
glued together.

[0369] The pellicle attachment apparatus 855 is configured, following inspection, to
seal the pellicle assembly 816 in a pellicle assembly transport device 881 (a sealed box). As
depicted, the pellicle assembly transport device 881 may be arranged to hold the pellicle
assembly in an orientation in which the pellicle 819 is below the pellicle frame 817. Because
the transport device 881 is sealed, the pellicle assembly can be transported without the
pellicle assembly 816 being contaminated. The pellicle assembly 816 may be transported in
the transport device 881 to a pellicle frame attachment apparatus 857.

[0370] The pellicle attachment apparatus 855 may include a sealed environment. The
sealed environment may be maintained as a clean environment so as to reduce the number of
particles inside the sealed environment, thereby reducing the number or particles which may
be deposited on the pellicle 819. The sealed environment may, for example, be pumped so as
to maintain a vacuum in the sealed environment. The pellicle attachment apparatus 855 may,
for example, be situated at a site at which pellicles are manufactured. In some embodiments

a pellicle 819 may be provided to the pellicle attachment apparatus 855 directly from a
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pellicle manufacturing tool (not shown) in which the pellicle 819 is manufactured. A pellicle
819 may, for example, be provided to the pellicle attachment apparatus 855 from a pellicle
manufacturing tool whilst keeping the pellicle 819 inside a sealed and clean environment.
This may reduce the chance of a pellicle 819 from being contaminated or damaged before
being provided to the pellicle attachment apparatus 855.

[0371] The attachment of the pellicle 819 to the pellicle frame 817 may be controlled
so as to achieve a desirable tension in the pellicle 819. For example, the tension in the
pellicle 819 may be measured during or after attachment of the pellicle 819 to the pellicle
frame 817 and the tension may be adjusted in response to the measurement in order to
achieve a desirable tension in the pellicle 819. The tension in the pellicle 819 may be
maintained, for example, by applying an outward force to components of the pellicle frame
817 so as stretch the pellicle 819.

[0372] In an embodiment, the patterning device (which may be referred to as a mask)
MA may be provided with protrusions which are received by engagement mechanisms (e.g.
as described above in connection with Figures 12 — 19). The patterning device may receive
for instance four protrusions (referred to herein as studs). As depicted in Figure 20, the stud
attachment apparatus 840 may be used to attach studs 851 to the mask MA.

[0373] The studs 851 and the mask MA may be manually placed in the stud
attachment apparatus 840. The mask MA may be held in a controlled environment 841
which is separated from the rest of the stud attachment apparatus 840. Separation may be
provided by a partition 842 with openings through which the studs 851 may project in order
to contact the mask MA. The controlled environment 841 may be held at a higher pressure
than other parts of the stud attachment apparatus 840 (e.g. by delivering gas through an outlet
in the controlled environment). This will inhibit or prevent passage of contamination
particles into the controlled environment 841 from other parts of the stud attachment
apparatus.

[0374] The stud attachment apparatus 840 may include a stud manipulator (not
depicted), such as a robot or actuators for accurately placing the studs. An example of a
suitable actuator for placing studs onto the patterning device is a Lorentz actuator (not
depicted). The stud attachment apparatus 840 may also include a device for automatically
providing a given amount of glue or adhesive to the stud surface to be attached to the mask

MA (although applying an adhesive may also be done manually in advance).
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[0375] The stud attachment apparatus 840 may further include an optical alignment
system which aligns the studs with respect to the alignment markers present on the reticle in
order to accurately position the studs. For example, the alignment markers conventionally
provided on the mask and used for pattern alignment may be used also for aligning the studs.
[0376] The stud attachment apparatus may include a mask table movable in the X-Y-
7. and Rz directions for adjusting the position of the mask MA. The position of the table
supporting the mask MA may be adjustable manually by means of coarse and fine
mechanical adjusting devices, or using automated (or semi-automated) actuators or any other
type of devices suitable for alignment and positioning which are coupled to the patterning
device table.

[0377] Once the studs 851 and the mask MA have been aligned, the studs are then
pressed against the mask MA using Lorentz actuators. The Lorentz actuators may be
configured to move the studs in the z-direction only. The studs 851 are held against the mask
MA at room temperature for a period of time which is sufficient to allow the glue to cure,
thereby securing the studs to the mask. Additional curing of the glue at an elevated
temperature is then performed using a curing oven (which may form part of the stud
attachment apparatus 840).

[0378] The mask MA and studs 851 may be inspected using a particle inspection tool
(which may form part of the stud attachment apparatus 840).

[0379] The stud attachment apparatus 840 seals the mask MA and studs 851 in a
mask MA transport device 880 (a sealed box). Because the mask transport device 880 is
sealed, the mask MA and studs 851 can be transported without the mask being contaminated.
The mask MA and studs may be transported in the transport device 880 to the pellicle frame
attachment apparatus 857.

[0380] In an embodiment, the mask is provided to the stud attachment apparatus 840
in a sealed box (to reduce the risk of contamination). The box may remain sealed until just
before the studs 851 are to be attached to the mask MA, thereby minimizing the time during
which contamination could travel to the mask.

[0381] The controlled environment 841 of the stud attachment apparatus 840 may be
provided in part by a housing which subsequently forms part of the mask MA transport
device 880 (a sealed box). The housing may form walls and a roof of the transport device
880, with a floor of the transport device being formed by a plate that is fitted after the studs

851 have been attached (e.g. immediately afterwards). Using the housing in this way may
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assist in preventing contamination from being incident upon the mask MA. The housing may
comprise a cover of a pod. The mask table of the stud attachment apparatus 840 may be
configured to receive the housing.

[0382] Similarly, the pellicle attachment apparatus 855 may also be formed in part by
a housing that subsequently forms part of the pellicle assembly transport device 881.

[0383] The pellicle assembly 816 in the transport device 881 and the mask MA (and
studs 851) in the transport device 880 are both transported to the pellicle frame attachment
apparatus 857. 'The pellicle frame attachment apparatus 857 may be provided in a fab in
which one or more lithographic apparatus are also provided.

[0384] The pellicle frame attachment apparatus 857 is configured to attach the
pellicle frame 817 of the pellicle assembly 816 to the studs 851 on the patterning device MA
so as to form a mask assembly 815. The pellicle frame attachment apparatus 857 may
include a controlled environment 859 which is separated from the rest of the pellicle frame
attachment apparatus. Separation may be provided by a partition 862 with openings through
which actuators extend (not shown in Figure 20). The actuators are operated by a control
system 870 (described further below). The controlled environment 859 may be maintained as
a clean environment so as to reduce the number of particles inside the controlled
environment, thereby reducing the number of particles which may be deposited on the mask
assembly 815. The controlled environment 859 may be held at a higher pressure than other
parts of the pellicle frame attachment apparatus 857 (e.g. by delivering gas through an outlet
in the controlled environment). This will inhibit or prevent passage of contamination
particles into the controlled environment 859 from other parts of the pellicle frame
attachment apparatus 857.

[0385] The mask assembly 815 which is assembled by the pellicle frame attachment
apparatus 857 is transported from the pellicle frame attachment apparatus to the lithographic
apparatus LA in a mask assembly transport device 853. The mask assembly transport device
853 may comprise a sealed and clean environment in which the mask assembly 8§15 is
transported. This reduces the chances of the mask assembly 815 being contaminated or
damaged during transport of the mask assembly. The sealed and clean environment may, for
example, be pumped to a vacuum.

[0386] The pellicle frame attachment apparatus 857 may be used to mount, demount

or remount the pellicle assembly 816 to/from the patterning device. The pellicle frame
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attachment apparatus 857 may comprise clip manipulators for the engagement mechanisms
which are fixed on a liftable plate placed on the plate supporting the patterning device.

[0387] The patterning device MA may, for example, be provided with alignment
marks. The pellicle frame 817 may be positioned relative to the alignment marks on the
patterning device. Aligning the pellicle frame 817 relative to alignment marks on the
patterning device may advantageously increase the accuracy with which the pellicle frame
817 is positioned on the patterning device MA during attachment of the pellicle frame 817 to
the patterning device MA.

[0388] In some embodiments the patterning device MA may be cleaned in the pellicle
frame attachment apparatus 857, for example, to remove particles from the patterning device
MA. In other embodiments cleaning of the patterning device MA may be performed in a
dedicated cleaning tool.

[0389] Although illustrated embodiments show the pellicle frame being attached at
the front of the mask, in other embodiments the pellicle frame may be attached at other parts
of the mask. For example, the pellicle frame may be attached to sides of the mask. This may
be achieved for example using sub-mounts which provide releasably engageable attachment
between the pellicle frame and sides of the mask. In an alternative arrangement the pellicle
frame may be attached to the mask through a combination of some attachment locations on
sides of the mask and some attachment locations on the front of the mask. Attachment may
for example be provided by sub-mounts which releasably engage the pellicle frame and the
mask.

[0390] In some embodiments the pellicle frame attachment apparatus 857 may
include a particle inspection tool (not shown). The particle inspection tool may be configured
to inspect the mask assembly 815 for particles disposed on the mask assembly 815. The
particle inspection tool may, for example, reject mask assemblies 815 which have a number
of particles disposed on them which is greater than a given particle threshold.

[0391] In some embodiments the pellicle frame attachment apparatus 857 may
include a pattern inspection system which inspects the pattern on the patterning device for
any defects. The pattern inspection system may inspect the pattern on the patterning device
before and/or after the pellicle frame 817 is attached to the patterning device MA.

[0392] The attachment of the pellicle frame 817 to the patterning device MA may be
controlled so as to achieve a desirable tension in the pellicle 819. For example, the tension in

the pellicle 819 may be measured during attachment of the pellicle frame 817 to the
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patterning device MA and the tension may be adjusted in response to the measurement in
order to achieve a desired tension in the pellicle 819. The lithographic apparatus LA may, for
example, be similar to the lithographic apparatus LA which is depicted in Figure 1. The
lithographic apparatus LA may include components which are configured to receive a mask
assembly 815 from the mask assembly transport device 853 and load the mask assembly 815
onto a support structure MT of the lithographic apparatus LA. The mask assembly 815 may
be illuminated with a conditioned radiation beam B provided by an illumination system IL.
The patterning device MA of the mask assembly 815 may impart the conditioned radiation
beam with a pattern in its
cross-section to form a patterned radiation beam. The patterned radiation beam may be
projected by a projection system PS onto a substrate W held by a substrate table WT. The
conditioned radiation beam may, for example, comprise EUV radiation. In embodiments in
which the conditioned radiation beam comprises EUV radiation the pellicle 819 of the mask
assembly 815 may be substantially transparent to EUV radiation.

[0393] In some embodiments a pellicle assembly 816 is attached to a patterning
device MA so as to form a mask assembly 815 under vacuum conditions in the pellicle frame
attachment apparatus 857. The mask assembly 815 may subsequently be transported to the
lithographic apparatus LA under vacuum conditions by the mask assembly transport device
853 and may be held under vacuum conditions in the lithographic apparatus LA. The mask
assembly 815 may therefore be exposed to approximately the same pressure conditions
throughout its assembly in the pellicle frame attachment apparatus 857 and use in the
lithographic apparatus LA. 'This advantageously reduces any pressure changes to which the
mask assembly 815 is exposed and therefore reduces any pressure differences which may
develop across the pellicle 819. If a mask assembly 815 is exposed to relatively stable
pressure conditions (e.g. by holding the mask assembly 815 in a vacuum throughout its
assembly and use) then the need to provide means for an airflow into and out of the volume
between the pellicle 819 and the patterning device MA in order to allow for pressure
equalization across the pellicle 819 is reduced. This may, for example, allow a number
and/or size of filters and/or holes which are provided in a pellicle frame 817 to be reduced
thereby advantageously simplifying the design of the pellicle frame 817.

[0394] In some embodiments the patterning device MA and/or the pellicle 819 may
be inspected for particles and/or defects in the pellicle frame attachment apparatus 857 whilst

the components are held in a vacuum. The patterning device MA and/or the pellicle 819 are
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therefore advantageously inspected under similar pressure conditions to those to which they
are exposed during use in the lithographic apparatus LLA. 'This is advantageous since any
particles which may be deposited onto patterning device MA and/or the pellicle during
pumping down to vacuum conditions may be detected in the pellicle frame attachment
apparatus 857.

[0395] In some embodiments the lithographic system LS may further comprise a
separate inspection apparatus (not shown) which is configured to inspect one or more
components of a mask assembly 815 for particles and/or defects. A mask assembly 815 may,
for example, be transported to an inspection apparatus (e.g. by the mask assembly transport
device 853) after being assembled in the pellicle frame attachment apparatus 857 and prior to
transporting the mask assembly 815 to the lithographic apparatus LA.

[0396] Embodiments of the invention as described above advantageously allow a
mask assembly 815 to be assembled and passed to a lithographic apparatus LA in an
automated (or semi-automated) process. The assembly and transport of the mask assembly
815 may all be conducted in a sealed clean environment which may, for example, be pumped
to vacuum pressure conditions. This may reduce the chance of components of the mask
assembly 815 from being contaminated or damaged prior to the use of the mask assembly
815 in a lithographic apparatus LA.

[0397] In general, the useful lifetime of a pellicle 819 may be less than the useful
lifetime of a patterning device MA. It may therefore be desirable to remove a pellicle
assembly 816 from patterning device MA and replace the pellicle assembly with a new
pellicle assembly so as to allow for repeated use of the patterning device MA. Replacement
of a pellicle assembly 816 may, for example, be carried out in the pellicle frame attachment
apparatus 857. DPor example, after use in the lithographic apparatus LA a mask assembly 815
may be passed back to the pellicle frame attachment apparatus 857 using the mask assembly
transport device 853 for pellicle assembly replacement in the pellicle frame attachment
apparatus 857. The patterning device MA may be subjected to a cleaning process so as to
remove contamination from the patterning device MA after the pellicle assembly 816 has
been removed.

[0398] It will be noted that the patterned side of the mask MA is directed downwards
during the various operations that are depicted in Figure 20. Keeping the patterned side of

the mask MA facing downwards is advantageous because this reduces the likelihood of a
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contamination particle being incident upon the pattern (contamination particles tend to fall
downwards and thus will be incident upon the opposite side of the mask).

[0399] An embodiment of the pellicle frame attachment apparatus 857 is depicted in
Figures 21 and 22. Figure 21 shows part of the pellicle frame attachment apparatus 857 in a
perspective view, and Figure 22 shows the partition 862 viewed from above.

[0400] Referring first to Figure 21, a pellicle assembly 816 is held by supports 890 of
the pellicle frame attachment apparatus 857. The frame 817 of the pellicle assembly 816 is
provided with four engagement mechanisms 950 which correspond with the engagement
mechanisms described further above in connection with Figures 17 and 18. The pellicle
frame attachment apparatus 857 includes a control system 870 which comprises actuators,
alignment systems and sensors. The actuators (one of which is visible and labelled 891) may
be used to adjust the position of the pellicle assembly 816 in the X, Y, Z and Rz directions.
The control system 870 comprises two imaging sensors, one of which 892 is visible,
positioned to view portions of the pellicle frame 817. The imaging sensors 892 may be
positioned to view corners of the pellicle frame 817. 'The control system 870 further
comprises alignment systems (not visible) configured to view alignment marks provided on
the mask MA. Such alignment systems are well-known in the art and are not described
further here. A partition 862 separates the pellicle assembly 816 from the control system
870.

[0401] Figure 22 depicts the partition 862 in more detail. As may be seen, the
partition 862 is provided with four windows. Two of the windows 893 are positioned to
allow the alignment system to view the alignment mark provided on the mask MA. The other
two windows 894 are positioned to allow the imaging systems 892 to view the pellicle frame
817 (e.g. to view corners of the pellicle frame). The windows 893, 894 may for example be
formed from quartz.

[0402] The partition 862 is further provided with sets of holes 895, the sets of holes
being positioned to correspond with the positions of engagement mechanisms 950 of the
pellicle assembly 816. One set of holes 895 is depicted in more detail on the right hand side
of Figure 22. As can be seen four holes are provided. Three of the holes 896 are
dimensioned to receive pins 860, 861 of the pellicle frame attachment apparatus 857. The
remaining hole 897 is dimensioned to receive actuator arms 863 of the pellicle frame
attachment apparatus. The pins 860, 861 and actuator arms 863 correspond with the pins and

actuator arms depicted in Figure 17. As may be seen from Figure 22, the openings 896, 897
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are sufficiently large to allow x and y direction movement of the pins 860, 861 and actuator
arms 863.

[0403] In use, the pellicle assembly 816 and mask MA with studs 851 (not depicted in
Figure 21) are loaded into the pellicle frame attachment apparatus 857. They may be
transferred into the pellicle frame attachment apparatus 857 without exposing them to
contamination. For example, the transport devices 880, 881 may be received in load locks
(not depicted) within the pellicle frame attachment apparatus 857, and the pellicle assembly
816 and mask MA may be removed from the transport devices within the load locks. The
pellicle assembly 816 and mask MA may then be transferred to the controlled environment
859 above the partition 862.

[0404] As explained further above, the controlled environment 859 above the
partition 862 may be held at a pressure higher than the pressure beneath the partition. As will
be appreciated from Figure 22, the openings 896, 897 in the partition 862 are relatively small,
thus limiting the likelihood of contamination passing through the openings into the controlled
environment. This likelihood is further reduced by the over pressure of the controlled
environment 859 with respect to the environment in the feed partition 862.

[0405] The alignment system (not depicted) and the imaging system 892 are used to
monitor the position of the pellicle assembly 816 relative to the mask MA. The mask MA
may be clamped in position (e.g. using an electrostatic clamp). The pellicle assembly 816
rests upon pins 861, and the position of the pellicle assembly may be adjusted using the
actuators 891. The actuators control the positions of the pins 860, 861 and the actuator arms
863( these all move together). Operation of the actuators 891 may be manual, or may be
controlled by an automated controller. Once the pellicle assembly 816 has been positioned
relative to the mask MA, the pins 860 and actuator arms 863 are used to engage the
engagement mechanism 950 to the studs 951.

[0406] The process by which the engagement mechanism 950 engages with the studs
951 is the reverse of the process depicted in Figure 19, and may be understood with reference
to Figure 19. However, the engagement mechanism 950 and the studs 951 in the pellicle
frame attachment apparatus 857 are inverted relative to the depiction in Figure 19, and thus in
the following description references to an upward direction correspond with the downward
direction in Figure 19 (and vice versa). In brief, the actuator arms 863 push apart ends of
springs 992 and the pins 860 then push the third connecting member 984 upwards. This
creates a space between a distal head 953 of the stud 951 and the block 985 of the third
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connecting member 984. The actuator arms 863 then move back together thereby allowing
the spring ends 992 to enter the space between the distal head 953 and the block 985 under
their own resilient bias. The pins 860 are then retracted to allow the third connecting member
984 to move downwards under its own resilient bias and thereby secure the spring ends 992
in place. A cap 966 of the engagement mechanism 950 presses against the distal head 953 of
the stud 951 due to the resilient bias applied by the third connecting member 984 .

[0407] In this way the four engagement mechanisms 950 are each engaged with a
stud 951, thereby securing the pellicle assembly 816 to the mask MA. As has been noted
further above, this method of attaching the pellicle frame assembly 816 to the mask MA does
not require any sliding movement of components relative to each other, and thus minimizes
the risk of contamination particles being generated.

[0408] Operation of the pins 860, 861 and the actuator arms 863 may be manual,
automated, or semi-automated.

[0409] Surfaces of the pins 860, 861 which contact the engagement mechanism 950
may be provided with a coating of material such as polyether ether ketone (PEEK) or some
other robust material. Similarly, surfaces of the actuator arms 863 which contact the
engagement mechanism 950 may be provided with a coating of with PEEK or some other
robust material.

[0410] Once the pellicle assembly 816 and mask MA have been connected together to
form a mask assembly 815, the mask assembly may be placed in a mask assembly transport
device 853 for transportation to a lithographic apparatus LA.

[0411] It may be desired to remove the pellicle assembly 816 from the mask MA (e.g.
if contamination has been detected on the pellicle). This removal may be performed by the
pellicle frame attachment apparatus 857. For example, removal may be performed using the
steps described further above and depicted in Figure 19.

[0412] It may be desired to remove the studs 851 from the mask MA. This removal
may be performed using a stud removal apparatus (not depicted). The stud removal
apparatus may have a form which generally corresponds with the stud attachment apparatus
840. For example, the stud removal apparatus may include a controlled environment in
which the mask MA is held during stud removal, the controlled environment having a higher
pressure than other parts of the apparatus. The stud removal tool may for example comprise
actuators arranged to receive ends of the studs 851 and including heaters for heating the studs

in order to melt the glue which attaches the studs to the mask MA. Alignment of the heaters
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and actuators to the studs may be performed using a manual, semi-automated or automated
system. When the glue has been melted the studs may then be removed from the mask MA
using actuators such as Lorentz actuators. The Lorentz actuators may be configured to pull
the studs in the z-direction only. Glue may be cleaned from the mask (and optionally the
studs) using a cleaning apparatus which is provided within the stud removal apparatus 851.
The mask MA may be placed into a sealed box for transportation to a cleaning apparatus
configured to remove contamination from the mask.

[0413] In an embodiment, instead of heating the glue to melt it the glue may be
dissolved via application of a suitable solvent.

[0414] The stud removal apparatus may be the same apparatus as the stud attachment
apparatus 840. That is, the same apparatus may be used to attach studs and to remove studs.
[0415] Embodiments of stud attachment and stud removal apparatuses are now
described in connection with Figures 23-27.

[0416] An embodiment of the stud attachment apparatus 840 is depicted in more
detail in Figure 23 (studs may also be referred to as protrusions). The studs are attached to a
patterning device (e.g. mask) using a stud manipulator, as is described further below in
connection with Figure 26). Actuators may be used to adjust the positions of the studs in the
X, Y, 7Z and Rz directions prior to them being fixed to the mask (the actuators may adjust
positions of the stud manipulators). The actuators may be automated, manual or semi-
automated (i.e. partially automated and partially manual). A partition 842 separates the
actuators from a controlled environment in which the mask is provided. The actuators may
be provided in a box 843 located beneath the partition 842. Alignment measurement systems
844 are also provided beneath the partition 842. The alignment measurement systems may
for example comprise imaging systems which are used to ensure that the protrusions (studs)
are positioned at correct locations before they are fixing to the mask.

[0417] Also depicted in Figure 23 is a lift unit 845 which may be used to raise and
lower a housing 879, which will form part of a mask transport device 880 (described further
above in connection with Figure 20). The mask (not visible) and housing 879, together with
lift unit 845 may be provided in a controlled environment (walls of which are not depicted).
The controlled environment may be held at a pressure which is higher than the pressure on an
opposite side of the partition 842, such that contamination is inhibited from flowing through
openings in the partition and into the controlled environment. The controlled environment

may be provided with a flow of gas from an inlet and may include an outlet through which
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gas may flow (the flow being sufficiently constrained that the pressure in the controlled
environment can be held at a level which is higher than the pressure below the partition 842).
This flow of gas may help to remove contaminants from the controlled environment. A filter
which collects contaminants may be provided at the gas inlet to prevent or inhibit
contaminants from entering the controlled environment.

[0418] Points at which the mask comes into contact with the stud attachment
apparatus 840 may be provided with a coating of PEEK or some other robust material.
Similarly, points at which the mask comes into contact with the housing 879 may be provided
with a coating of PEEK or some other robust material.

[0419] Part of the stud attachment apparatus 840 is depicted in more detail in Figure
24. A stud manipulator 1100 is depicted together with a stud 851 and a patterning device MA
(e.g. a mask). Also depicted is a partition 842 which separates an environment in which the
patterning device is provided from an environment in which the stud manipulator 1100 is
provided. The stud manipulator 1100 comprises a cup 1102 which is dimensioned to receive
a stud 851 (which may also be referred to as a protrusion), such that a bottom face of the stud
851 is facing outwards from the cup. The cup 1102 may, for example, be formed from PEEK
or some other robust material. The cup 1102 is held in a manipulator head 1104 which in
turn is supported on a manipulator body 1106. A spring 1108 is received against a flange
1110 provided on the manipulator body and biases the manipulator head 1104 towards the
mask MA. The mask MA may be located above the stud manipulator 1100 (as depicted) in
which case the spring 1108 biases the manipulator body 1106 and manipulator head 1104
upwards.

[0420] The stud manipulator 1100 pushes the stud 851 against the mask MA and
thereby allows the stud to be secured to the mask. In an embodiment, the stud may be
provided with glue or adhesive on its base, and the stud manipulator 1100 may press the stud
851 against the mask MA until the glue or adhesive has hardened. Once this has taken place,
the mask MA may be lifted away from the stud manipulator 1100.

[0421] In an embodiment, the stud manipulator 1100 may include a heater which is
configured to heat the stud 851. When the stud 851 is being held against the mask MA the
heater may be used to heat the stud and thereby accelerate curing of the glue or adhesive.
This increases the throughput of the stud attachment apparatus 840. The curing provided by
heating the stud 851 may be pre-curing or may be full curing. Where pre-curing is used the

mask MA and studs 851 may be transferred to an oven for curing. Where heating the stud
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851 provides full curing there is no need to transfer the mask and studs to an oven. This is
advantageous because the oven may be a source of contamination particles.

[0422] In an embodiment, the stud manipulator 1100 may include an actuator (not
depicted) which is operative to press the stud 851 against the mask MA (in addition to, or
instead of, the spring 1108). The actuator may in addition move the cup 1102 away from the
stud 851 once the stud has been fixed to the mask MA. Actuators (not depicted) may be used
to adjust the position of the stud manipulator in the X, Y, Z and Rz directions prior to the stud
being fixed to the mask MA.

[0423] A seal 1112 extends around an outer perimeter of the manipulator head 1104.
The seal 1112 is most clearly seen in Figure 25, which depicts the stud manipulator 1100 as
viewed from above (looking through the mask MA which is transparent in Figure 25 for ease
of illustration). As may be seen from Figure 25, in the illustrated embodiment the seal 1112
is annular in shape. However, the seal may have any suitable shape. The seal 1112 is
supported by a seal support 1116 which pushes the seal against the mask MA. This seals the
portion of the mask MA within the perimeter of the seal 1112 and isolates it from the portion
of the mask MA which is outside of the perimeter of the seal.

[0424] Referring again to Figure 24, gas extraction channels 1114 are provided in the
manipulator head 1104, the gas extraction channels extending away from outer face of the
manipulator head. Gas delivery channels 1118 are provided at a proximal end of the seal
1112 and allow gas to be delivered to the area of the mask MA which is located within the
seal. This is schematically depicted by arrows in Fligure 24. The gas is extracted via the gas
extraction channels 1114 in the manipulator head. The gas extraction channels 1114 are
distributed around the manipulator head 1104, as is best seen in Figure 25. A flow of gas is
provided which will transport contaminants (e.g. particulates derived from the glue provided
on the stud 851) out of the gas extraction channels 1114 and thereby prevent those
contaminants adhering to the surface of the mask MA. This is advantageous because, as is
explained elsewhere, particulate on the surface of the mask MA may cause errors in a pattern
projected on to a substrate by a lithographic apparatus. The gas may, for example, be air.
[0425] In an embodiment, the seal 1112 may form an incomplete seal against the
mask MA, such that some gas can flow between the seal and the mask. The pressure of the
gas within the seal may be lower than the pressure of gas outside of the seal, and as a result
gas will flow from outside the seal to inside the seal and then out through the gas extraction

channels 1114. This is advantageous because contamination particles will be transported by
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the flow of gas from an area of the mask MA which is outside of the seal 1112, pass through
the seal, and flow out of the extraction channels 1114.

[0426] Figure 26 depicts in cross-section part of a stud removal apparatus 1150, a
stud 851 and a patterning device MA (e.g. mask). The stud removal apparatus 1150
comprises a stud gripper 1154, which is depicted in perspective view in Figure 27. The stud
gripper comprises a pair of opposed flanges 1156 which extend towards each other to
establish a gap which is wider than a neck of the stud 851 but narrower that a distal head 853
of the stud. Below the opposed flanges 1156, recesses 1158 are provided which are wider
than the distal head 853 of the stud 851 and can thus receive the distal head of the stud. The
recesses 1158 and opposed flanges 1156 flare outwardly at one end of the stud gripper 1154.
[0427] Referring to Figures 26 and 27 in combination, the stud gripper 1154 is
supported by an actuator 1160 which is movable towards and away from the mask MA (the
z-direction) and is also movable in a direction generally parallel with the surface of the mask
(identified as the x-direction in Figure 26). In use, the actuator 1160 is initially in a position
which is to the left of the position depicted in Figure 26 and is separated in the
z-direction away from the mask MA. The actuator 1160 then moves the stud gripper 1154 in
the z-direction until it is adjacent to but not touching the mask MA. The actuator 1160 then
moves the stud gripper 1154 in the x-direction such that the distal head 853 of the stud 851
enters the stud gripper via the flared ends thereof and is then located in the non-flared portion
(as depicted in Figures 31 and 32). The actuator 1160 then applies force which pulls the stud
851 away from the mask MA. The force may be a substantially constant force. At the same
time, heat is delivered to the stud 851 via the actuator 1160 in order to melt glue or adhesive
which has secured the stud to the mask MA. Once the glue or adhesive has melted the stud
becomes detached from the mask MA and is moved away from the mask by the actuator
1160.

[0428] A partition 1142 separates the majority of the stud removal apparatus from a
controlled environment in which the mask MA is provided. A seal 1162 extends around an
area of the mask MA on which the stud 851 is provided. The seal 1162 performs the same
function as the seal 1112 of the stud attachment apparatus 840, i.e. isolating an area of the
mask around the stud 851 from other areas of the mask. Gas delivery channels 1162 and gas
extraction channels 1164 deliver gas to the vicinity of the stud 851 and then remove that gas.

This allows contaminants to be drawn away from the mask MA instead of adhering to the
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mask. The contaminants may, for example, comprise particulates derived from the glue or
adhesive which attaches the stud 851 to the mask MA. The gas may, for example, be air.
[0429] In an embodiment, the seal 1162 may form an incomplete seal against the
mask MA, such that some gas can flow between the seal and the mask. The pressure of the
gas within the seal may be lower than the pressure of gas outside of the seal, and as a result
gas will flow from outside the seal to inside the seal and then out through the gas extraction
channels 1164. This is advantageous because contamination particles will be transported by
the flow of gas from an area of the mask MA which is outside of the seal 1162, pass through
the seal, and flow out of the extraction channels 1164.

[0430] The stud removal apparatus 1150 may further comprise additional stud
grippers 1154 and associated elements as depicted in Figures 26 and 27. For example, four
stud grippers and other elements may be provided, one for each stud on the mask MA. The
stud removal apparatus may generally correspond in form with the stud attachment apparatus
840 depicted in Figure 23. For example, actuators may be used to adjust the positions of the
stud grippers in the X, Y, Z and Rz directions. The actuators may be automated, manual or
semi-automated (i.e. partially automated and partially manual). The partition 1142 may
separate the actuators from a controlled environment in which the mask is provided. The
actuators may be provided in a box located beneath the partition 1142. Alignment
measurement systems may also be provided beneath the partition 842. The alignment
measurement systems may for example comprise imaging systems which are used to ensure
that the stud grippers 1154 are positioned at correct locations before they engage with the
studs 851.

[0431] The stud removal apparatus 1150 may be provided with a lift unit which may
be used to raise and lower a housing, which will form part of a mask transport device 880
(described further above in connection with Figure 20). The mask (not visible) and housing
879, together with lift unit 845 may be provided in a controlled environment (walls of which
are not depicted). The controlled environment may be held at a pressure which is higher than
the pressure on an opposite side of the partition 1142, such that contamination is inhibited
from flowing through openings in the partition and into the controlled environment. The
controlled environment may be provided with a flow of gas from an inlet and may include an
outlet through which gas may flow (the flow being sufficiently constrained that the pressure
in the controlled environment can be held at a level which is higher than the pressure below

the partition 1142). This flow of gas may help to remove contaminants from the controlled
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environment. A filter which collects contaminants may be provided at the gas inlet to prevent
or inhibit contaminants from entering the controlled environment.

[0432] Points at which the mask comes into contact with the stud removal apparatus
1150 may be provided with a coating of PEEK or some other robust material. Similarly,
points at which the mask comes into contact with the housing may be provided with a coating
of PEEK or some other robust material.

[0433] The stud attachment apparatus 840 and stud removal apparatus 1150 may be
provided as a single apparatus or may be provided as separate apparatuses.

[0434] A lift unit 845 and housing are depicted only in Figure 23, and are shown as
part of the stud attachment apparatus 840. However, a lift unit may similarly be provided as
part of a pellicle frame attachment and/or removal apparatus and/or may similarly be
provided as part of a stud removal apparatus. The lift unit may be configured to raise and
lower a housing which may form part of a mask transport device. A patterning device (e.g. a
mask) may be held by the housing. The mask, housing and lift unit may be provided in a
controlled environment.

[0435] Figure 28 depicts a sub-mount 1010 according to an alternative embodiment
of the invention. The sub-mount 1010 comprises an engagement mechanism 1050 which is
engaged with a protrusion 1051. The engagement mechanism 1050 is provided on a pellicle
frame (not depicted) and the protrusion 1051 projects from a patterning device such as a
mask (not depicted). In an alternative arrangement the sub-mount 1050 may be provided on a
patterning device and the protrusion 1051 may be provided on a pellicle frame. Figure 28A
shows the sub-mount 1010 viewed from above and Figure 28B shows the sub-mount in a
perspective view. The sub-mount 1010 includes several features which are common with
sub-mounts depicted in other figures and these are not described in detail in connection with
this embodiment.

[0436] The engagement mechanism 1050 comprises a rectangular outer wall 1060
which is received in a rectangular hole in a pellicle frame (not depicted). A pair of arms 1062
extends in the y-direction across a space defined by the outer wall 1060. A connecting
member 1063 extends between distal ends of the arms 1062. The arms 1062 are examples of
resilient members. Other resilient members may be used. The arms 1062 and connecting
member 1063 together form a generally U-shaped support. A locking member 1070 is
connected to a distal end of the generally U-shaped support. The locking member 1070
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engages with the protrusion 1051 (which may be referred to as a stud) thereby securing the
pellicle frame to the patterning device.

[0437] The locking member 1070 comprises a pair of engagement arms 1080
provided with engagement tabs 1081 and further comprises a cap 1066. As may be best seen
in figure 28B, when the locking member 1070 is engaged with the protrusion 1051, the
engagement tabs 1081 press against an under-surface of a distal head 1053 of the protrusion,
and the cap 1066 presses against a top surface of the distal head 1053. This pressing of the
engagement tabs 1081 and cap 1066 against the distal head 1053 of the protrusion 1051
secures the engagement mechanism 1050 to the protrusion to provide a secure sub-mount
1010.

[0438] The cap 1066 and the engagement arms 1080 extend from intermediate arms
1082a,b. The intermediate arms 1082 extend from the connecting member 1063 and extend
in the y-direction back across a space generally defined by the outer wall 1060. A connecting
member 1083 extends between the intermediate arms 1082a,b. The intermediate arms
1082a,b and  connecting  member 1083 together form a  generally
U-shaped support.

[0439] Thus, a first generally U-shaped support formed by arms 1062 and
connecting member 1063 extends in the y-direction across the space generally defined by the
outer wall 1060, and a second U-shaped support formed by support arms 1082a,b and
connecting member 1083 extends back across that space.

[0440] The arms 1062 which form the first generally U-shaped support have some
flexibility in the x-direction, and this allows some movement in the x-direction of the locking
member 1070. Thus the sub-mount 1010 allows some movement in the
x-direction of a pellicle frame relative to a patterning device at the location of that
sub-mount. The arms 1062 are formed from resilient material and are therefore tend to return
to their original orientations. The sub-mount 1010 may be considered to be a kinematic sub-
mount. The arms 1062 are significantly thicker in the z-direction than in the x-direction (as
may best be seen in Figure 28B), and as a result significantly less bending of the arms in the
z-direction is possible compared with bending of the arms in the x-direction. Since the arms
extend in the y-direction, they do not provide for significant movement in the y-direction.
The arms 1062 may thus prevent or substantially prevent local movement of a pellicle frame
in the y and z-directions whilst allowing some movement in the x-direction. In an alternative

embodiment (not shown in Figure 28) arms 1062 and connecting members 1063 may extend
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in the x-direction across the space generally defined by the outer wall 1060, such that the
generally U-shaped support have some flexibility in the y-direction, and this allows some
movement in the
y-direction of the locking member 1070. The arms 1062 may thus prevent or substantially
prevent local movement of a pellicle frame in the x and z-directions whilst allowing some
movement in the y-direction. The two equivalent designs for arms 1062 and connecting
members 1063 allows two different shift-in directions of the mount to be connected to the
protrusion 1051 (i.e. the stud).

[0441] The locking member 1070 comprises a cap 1066 extending from the first
support arm 1082a and engagement arms 1080 extending from the second support arm
1082b. The first support arm 1082a is significantly thicker in the x-direction than the arms
1062, and thus does allow significant movement in the x-direction relative to the arms 1062.
The second support arm 1082b has a similar thickness to the arms 1062 in the x-direction, but
the connecting member 1083 which extends between the intermediate arms 1082a,b inhibits
movement of the second support arm 1082b in the x-direction because such movement can
only occur if the first support arm 1082a also moves.

[0442] The engagement arms 1080 extend from the second support arm 1082b in the
general direction of the cap 1066. Proximal ends of the engagement arms 1080 extend along
the majority of the second support arm 1082b (thereby substantially preventing the
engagement arms 1080 from flexing in directions which are generally parallel to a patterned
surface of the patterning device). The engagement arms 1080 taper as they extend in the
general direction of the cap 1066. Engagement tabs 1081 extend inwardly from distal ends of
the engagement arms 1080 to engage with an under-surface of a distal head 1053 of the
protrusion 1051. Blocks 1054 are provided above the engagement tabs 1081 and provide
actuator receiving surfaces as is explained further below. The engagement arms 1080 are
resiliently deformable in the z-direction. The engagement arms 1080 may be sufficiently thin
that they bend in the z-direction. Additionally or alternatively, some bending in the z-
direction of the engagement arms 1080 may be facilitated by a groove 1055 which extends in
the y-direction at the point where the engagement arms 1080 connect to the support arm
1082b.

[0443] Tabs 1056 extend outwardly from the outer wall 1060. The tabs may be used

to secure the engagement mechanism 1050 to a pellicle frame (not depicted).
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[0444] Figures 29 and 30 schematically depict the manner in which the engagement
mechanism 1050 is brought into engagement with the protrusion 1051. Both figures show
the engagement mechanism and protrusion in cross-section viewed from one side and also
viewed from above. Referring first to Figure 29, the engagement arms 1080 are pushed away
from the cap 1066 using actuators (not depicted) which push against distal ends of the
engagement arms. As may be seen from Figure 29, there is no contact between the
engagement mechanism 1050 and the protrusion 1051 at this point.

[0445] The engagement mechanism is moved in the x-direction until the distal head
1053 of the protrusion 1051 is located above the engagement tabs 1081 which project from
the engagement arms 1080. 'This movement is achieved by moving the pellicle frame to
which the engagement mechanism 1050 is fixed and thus moves all engagement mechanisms
in unison.

[0446] Once the engagement mechanism 1050 is in position the actuators which were
pushing the engagement arms 1080 away from the distal head 1053 of the protrusion 1051
are removed. Since the engagement arms 1080 are resilient they move upwards and push
against an under-surface of the distal head 1053. The engagement tabs 1081 thus press the
distal head 1053 against the cap 1066, thereby securing the engagement mechanism 1050 to
the protrusion 1051. This is depicted in Figure 30.

[0447] The above sequence is reversed in order to disconnect the engagement
mechanism 1050 from the protrusion 1051.

[0448] Figure 31 depicts four engagement mechanisms 1050a-d secured to a pellicle
frame 1017. Two of the sub-mounts 1050a, d are configured to allow for movement in the y-
direction, and two sub-mounts 1050b, ¢ are configured to allow for movement in the x-
direction. However, all four sub-mounts 1050a-d are configured to allow engagement to be
achieved between the sub-mounts and protrusions (not depicted) via movement in the y-
direction and thus, as may be seen, all four sub-mounts include engagement arms 1080 which
extend in the y-direction. A possible disadvantage of this configuration is that sudden
deceleration during a y-direction scanning movement could cause the engagement
mechanisms 1050a-d to slide out of attachment to the protrusions (due to inertia of the
pellicle frame 1017). This might occur for example if there is a ‘crash’ of the mask support
structure MT (see Figure 1). In an alternative arrangement, all four sub-mounts may include
engagement arms which extend in the x-direction (i.e. the non-scanning direction). Having

the engagement arms all extending in the non-scanning direction is advantageous because this
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avoids the possibility of a sudden y-direction deceleration causing disengagement of the
engagement mechanisms. In general, the engagement arms of each sub-mount all extend in
substantially the same direction.

[0449] In order to allow movement in the x-direction, the arms 1062 which support
the locking member 1070 of the sub-mounts 1050b, ¢ extend in the y-direction. These arms
are resiliently flexible in the x-direction and thus provide movement in the x-direction. Thus,
engagement arms of two of the sub-mounts 1050b,c extend generally parallel to the arms
1062 of that sub-mount, and the engagement arms of two of the sub-mounts 1050a,d extend
generally perpendicular to the arms 1062 of that sub-mount.

[0450] The sub-mounts 1050a-d are depicted with tabs 1017 which have a different
configuration from the tabs 1056 depicted in Figure 28. However, the tabs provide the same
function of facilitating engagement between the sub-mounts 1050a-d and the pellicle frame
1017. Any suitable configuration of tabs may be used.

[0451] Figure 32A-H depict in more detail the manner in which the engagement
mechanism 1050 is engaged with the protrusion 1051. Referring first to Figure 32A, a pin
1090 is moved in the z-direction until it touches the cap 1066 of the engagement mechanism
1050.

[0452] Referring to Figure 32B, two L-shaped members are then moved in the z-
direction until their distal ends are beyond a lowermost surface of the first support arm 1082a.
The L-shaped members 1091 are then moved in the minus x-direction until distal ends of the
L-shaped members are beneath corner plates 1089 of the support arm 1082a. As depicted in
Figure 32C, the L-shaped members 1091 are then moved in the z-direction until they come
into contact with the corner plates 1089 of the support arm 1082a. The pin 1090 and L-
shaped members 1091 together grip the engagement mechanism 1050 to allow subsequent
movement of the engagement mechanism.

[0453] Referring to Figure 32D, actuators 1092 are moved in the z-direction and push
against blocks 1054 provided at distal ends of the engagement arms 1080. The actuators
1092 push the engagement arms 1080 downwards thereby enlarging a space between the
engagement tabs 1081 and the cap 1066. The engagement arms 1080 are not bent
downwards in Figure 32D due to the limitations of the software used to generate the figures.
[0454] Referring to Figure 32E, the engagement mechanism 1050 is then positioned
over the protrusion 1051 as depicted. The engagement mechanism 1050 is then moved in the

x-direction until the distal end 1053 of the protrusion 1051 is located beneath the cap 1066
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and is located above the engagement tabs 1081. As noted further above, all engagement
mechanisms 1050a-d are moved in unison via movement of the pellicle frame 1017 (see
Figure 31). In an alternative arrangement the patterning device and protrusions 1051 may all
be moved instead of moving the pellicle frame. In general, lateral relative movement
between the protrusions and the engagement mechanisms is all that is required. The direction
of lateral movement will depend upon the orientation of the engagement arms 1080 (and may
for example be the y-direction rather than the x-direction).

[0455] Referring to Figure 32F, once the cap 1066 is positioned over the distal head
1053 and the engagement tabs 1081 are beneath the distal head 1053, the actuators 1092 are
retracted. The resilience of the engagement arms 1080 is such that they return towards their
original positions and thus press the engagement tabs 1081 against the under-surface of the
distal head 1053. The engagement tabs 1081 push the distal head 1053 against the cap 1066.
This secures the engagement mechanism 1050 to the protrusion 1051.

[0456] Referring to Figure 32(, the L-shaped members 1091 are moved downwards
and then moved in the x-direction until they are located away from the corner plates 1089 of
the support arm 1082a. The L-shaped members 1091 are then retracted.

[0457] Referring to Figure 32H, in a final step the pin 1090 is retracted.

[0458] The engagement mechanism 1050 is secured to the protrusion 1051 and thus
provides a secure sub-mount 1010 for the pellicle frame (not depicted). The pellicle frame is
thus securely attached to the patterning device. The pellicle, pellicle frame and patterning
device (which may together be referred to as a mask assembly) may then be placed in a
transport device 853 for transportation to a lithographic apparatus LA (see Figure 20).

[0459] The steps depicted in Figures 27A-H are reversed in order to detach the
engagement mechanism 1050 from the protrusion 1051 and thereby detach the pellicle frame
from the patterning device.

[0460] None of the steps via which the engagement mechanism 1050 is secured to the
protrusion 1051 require any sliding movement between components. In other words, no
rubbing of surfaces against each other in a sliding motion is required. This is advantageous
because such rubbing may be liable to cause unwanted particulate contamination.

[0461] Surfaces of the pin 1090, L-shaped members 1091 and actuators 1092 which
contact the engagement mechanism 1050 may be provided with a coating of material such as

polyether ether ketone (PEEK) or some other robust material.
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[0462] A pellicle frame attachment apparatus (not depicted) which may be used to
perform the steps illustrated in Figure 32 may generally correspond with the pellicle frame
attachment apparatus 857 depicted in Figures 21 and 22. In particular, the pellicle frame
attachment apparatus may include a control system which comprises actuators, alignment
systems and sensors. The actuators may be connected to the pin 1090 and L.-shaped members
1091 depicted in Figure 32, and may be used to adjust the position of the pellicle assembly in
the X, Y, Z and Rz directions, including translation of the pellicle assembly in the X-direction
to move the engagement tabs 1081 into alignment with the distal head 1053 of the protrusion
1051. Additional actuators may correspond with the actuators 1092 depicted in Figure 2.
The control system may comprise two imaging sensors positioned to view portions of the
pellicle frame. The imaging sensors may be positioned to view corners of the pellicle frame.
The control system may further comprise alignment systems configured to view alignment
marks provided on the patterning device.

[0463] A partition may separate the pellicle assembly from the control system. The
pin 1090, L-shaped members 1091 and actuators 1092 may project through holes provided in
the partition. Windows may be provided in the partition.

[0464] A limited space may be available within the lithographic apparatus to
accommodate a pellicle frame in use. This limited space may have the effect of limiting the
width of the pellicle frame, which in turn will limit the stiffness of the pellicle frame. This
limited stiffness may be problematic because the pellicle is under tension and may cause the
pellicle frame to bow inwards, which in turn will allow unwanted sagging of the pellicle to
occur. This problem may be addressed by extending the thickness of the pellicle frame
inwardly such that it overlaps with an image border portion of the mask.

[0465] The image border portion of the mask comprises radiation absorbing material
provided around an outer perimeter of the patterned area of the mask. When the mask is
being used to project a pattern onto a substrate, reticle masking blades will restrict the
illumination of the mask, the intention being that only the patterned area of the mask is
illuminated. However, in practice a penumbra of radiation will be incident upon the image
border portion and would be reflected in an undesirable manner (e.g. reflected onto an
exposure area adjacent to the area being exposed on the substrate). The radiation absorbing
material provided in the image border portion prevents this from occurring. When the
pellicle frame is extended inwardly such that it occupies space previously occupied by the

image border portion, the pellicle frame is liable to reflect the penumbra in an undesirable
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manner. This is avoided by applying an absorbing material onto the outer face of the pellicle
frame (i.e. the face upon which the EUV radiation beam is incident). The outer face of the
pellicle frame is substantially parallel to a plane in which the pellicle lies.

[0466] The widened frame according to the embodiment of the invention is
advantageous because it increases the stiffness of the frame and thereby allows the pellicle to
be provided with a higher tension. Reflection of the penumbra onto the substrate is avoided
by providing absorbing material on the outer face of the pellicle frame.

[0467] An additional benefit of the embodiment of the invention is that the radiation
absorbing material will absorb DUV radiation in addition to absorbing EUV radiation. This
is beneficial compared with existing systems, because in existing systems a significant
proportion of penumbra DUV radiation (e.g. 50%) is reflected from the pellicle and is
incident in an undesirable manner upon an exposure area adjacent to the area being exposed
on the substrate. This previously reflected DUV radiation is now absorbed by the radiation
absorbing material on the pellicle frame (the pellicle frame has been extended inwardly and
thus occupies the pellicle region from which the DUV radiation would previously been
reflected).

[0468] The widened pellicle frame may, for example, have a width of significantly
more than 2mm. For example, the pellicle frame may have a width of 3mm or more. The
pellicle frame may, for example, have a width of between 3mm and 4mm. A conventional
pellicle frame may, for example, have a width of 2mm. Increasing the width to, for example,
3mm will provide a very substantial increase in the stiffness of the pellicle frame because
bending stiffness scales with the third power of the thickness.

[0469] In an embodiment the gas channel 37 (see Figure 3), gap G (see Figures 4, 13)
or other possible routes of contamination into the space between the pellicle and the mask
may be coated with an electret material. Flectret materials exhibit a permanent charge which
will attract and capture a particle passing through the channel or gap. This prevents the
particle from entering the space between the pellicle and the mask. As noted elsewhere, the
gap G between the pellicle frame and the patterning device may be less than 300um, e.g. less
than 200um. Providing an electret material on surfaces at either side of this gap generates a
significant electrical field that would capture a substantial number of particles. The electric
field is most likely the capture the smallest contamination particles.

[0470] In an embodiment, a frame without a pellicle may be attached to the mask.

Although this might be considered to have no purpose if the pellicle is not present, in practice
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a significant proportion of contamination particles are incident upon the mask at glancing
angles, and thus are blocked by a frame which extends around the mask. A frame which is
not provided with a pellicle may be referred to as a pellicle-less frame. The pellicle-less
frame may, for example, include some or all of the features described above in connection
with other embodiments. The pellicle-less frame may be attachable to and removable from a
mask (e.g. as described above in connection with other embodiments). Alternatively, the
pellicle-less frame may be permanently connected to the mask. There is no need to remove
the frame for pellicle cleaning because no pellicle is present. Similarly, the mask itself is
accessible without removing the pellicle-less frame and thus may be cleaned if necessary
without removing the frame. The pellicle-less frame may have a simpler construction than a
pellicle frame since it does not need to include features designed to receive a pellicle.
Furthermore, it may be thinner because it is not required to withstand tension exerted by a
pellicle.

[0471] Although some embodiments of the invention are described with reference to
studs, where the context allows embodiments of the invention may use any form of
protrusion.

[0472] References to a mask in this document may be interpreted as references to a
patterning device (a mask is an example of a patterning device).

[0473] Whilst embodiments of a pellicle have been described above in which the
pellicle includes a border portion having an increased thickness relative to the rest of the
pellicle, some embodiments of a pellicle may not include a border portion having an
increased thickness relative to the rest of the pellicle. Unless explicitly stated otherwise any
reference, in this document, to a pellicle should therefore be understood to include pellicles
which do not have a border portion having an increased thickness relative to the rest of the
pellicle.

[0474] Various inventive aspects of a mask 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 these 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 inventive aspect, embodiments that comprise only a

single inventive aspect are also contemplated herein. In general any of the features of any of
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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.

[0475] 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.

[0476] 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.

[0477] 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 (L.LCDs), thin-film magnetic
heads, etc. Also, although the pellicle assembly is suitable for use in a lithographic apparatus,
it is to be understood that it may also be used for non-lithographic applications where
detachable thin pellicles / pellicle frames are envisaged.

[0478] 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 and clauses set out below.

1. A lithographic system comprising:

a pellicle frame attachment apparatus configured to receive a patterning device, a
pellicle frame and a pellicle and attach the pellicle frame to the patterning device so as to
form a mask assembly in which the pellicle frame supports the pellicle adjacent the patterning
device;

a lithographic apparatus comprising:
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a support structure configured to receive the mask assembly from the pellicle frame
attachment apparatus and support the mask assembly;

an illumination system configured to condition a radiation beam and illuminate the
mask assembly with the conditioned radiation beam, the patterning device of the mask
assembly being configured to impart the conditioned radiation beam with a pattern in its
cross-section to form a patterned radiation beam;
a substrate table constructed to hold a substrate; and
a projection system configured to project the patterned radiation beam onto the substrate;

the lithographic system further comprising a mask assembly transport device
configured to transport the mask assembly from the pellicle frame attachment apparatus to

the lithographic apparatus for use in the lithographic apparatus.

2. The lithographic system of clause 1, wherein the pellicle frame attachment
apparatus is configured to attach the pellicle frame to the patterning device in a sealed

environment.

3. The lithographic system of clause 2, wherein the pellicle frame attachment
apparatus comprises a vacuum pump configured to pump the sealed environment of the

pellicle frame apparatus to vacuum pressure conditions.

4. The lithographic system of any of clauses 1-3, wherein the mask assembly transport
device is configured to transport the mask assembly from the pellicle frame attachment

apparatus to the lithographic apparatus in a sealed environment.

5. The lithographic system of clause 4, wherein the mask assembly transport device
comprises a vacuum pump configured to pump the sealed environment of the mask assembly

attachment apparatus to vacuum pressure conditions.

6. The lithographic system of any of clauses 1-5, further comprising an inspection
apparatus configured to inspect one or more of the pellicle, pellicle frame and patterning

device for at least one of contamination or defects.
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7. The lithographic system of any of clauses 1-6, wherein the pellicle frame attachment
apparatus is configured to receive a pellicle attached to a pellicle frame and attach the pellicle

frame with the pellicle attached to a patterning device.

8. The lithographic system of any of clauses 1-7, wherein the illumination system is

configured to condition an EUV radiation beam.

0. The lithographic system of clause 8, wherein the pellicle frame attachment
apparatus is configured to receive a pellicle which is substantially transparent to EUV

radiation.

10. A pellicle frame attachment apparatus configured to receive a patterning device and
a pellicle assembly comprising a pellicle frame and a pellicle, the pellicle attachment device
comprising actuators configured to operate an engagement mechanism of a sub-mount
provided on a pellicle frame, wherein the actuators project through openings provided in a
partition which separates a pellicle assembly receiving controlled environment from other

parts of the pellicle frame attachment apparatus.

11. The pellicle frame attachment apparatus of clause 10, wherein the partition includes
windows positioned to allow pellicle frame edges and/or alignment marks on the patterning

device to be visible from an opposite side of the partition.

12. The pellicle frame attachment apparatus of clause 10 or clause 11, wherein the

actuators comprise pins moveable perpendicular to a plane of the partition.

13. The pellicle frame attachment apparatus of any of clauses 10 to 12, wherein the

actuators comprise a pair of arms which are moveable towards and away from each other.

14. The pellicle frame attachment apparatus of clause 12 or 13, wherein ends of the

actuators are provided with a coating of robust material.

15. The pellicle frame attachment apparatus of any of clauses 10 to 14, wherein the

pellicle frame attachment apparatus includes a gas outlet in the controlled environment, the
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gas outlet being configured to supply gas at a pressure which is higher than a gas pressure on

an opposite side of the partition.

16. A pellicle attachment apparatus configured to:
receive a pellicle and a pellicle frame;
attach the pellicle to the pellicle frame to form a pellicle assembly; and
seal the pellicle assembly in a sealed packaging suitable for transportation of the

pellicle assembly within the sealed packaging.

17. The pellicle attachment apparatus of clause 16, wherein the pellicle attachment

apparatus is configured to attach the pellicle to the pellicle frame in a sealed environment.

18. The pellicle attachment apparatus of clause 17, further comprising a vacuum pump

configured to pump the sealed environment to vacuum pressure conditions.

19. The pellicle attachment apparatus of any of clauses 16-18, further comprising an
inspection apparatus configured to inspect one or both of the pellicle and pellicle frame for at

least one of contamination or defects.

20. A stud attachment apparatus comprising a table configured to hold a patterning
device and a stud manipulator configured to bring a stud into contact with the patterning
device, wherein stud manipulator is separated from a patterning device receiving controlled
environment by a partition, the partition including a hole through which the stud may project

in order to contact the patterning device.

21. The stud attachment apparatus of clause 20, wherein the stud manipulator is one of a

plurality of stud manipulators and the hole in the partition is one of a plurality of holes.

22. The stud attachment apparatus of clause 19 or clause 20, wherein the stud
attachment apparatus includes a gas outlet in the controlled environment, the gas outlet being
configured to supply gas at a pressure which is higher than a gas pressure on an opposite side

of the partition.
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23. The stud attachment apparatus of any of clauses 20 to 22, wherein a seal is provided
around the stud manipulator which in use seals against the patterning device to isolate a stud

receiving part of the patterning device from other parts of the patterning device.

24. The stud attachment apparatus of clause 23, wherein gas delivery channels and gas
extraction channels are provided via which a flow of gas is provided to and from the stud

receiving part of the patterning device.

25. A stud removal apparatus comprising a table configured to hold a patterning device
and actuators arranged to receive ends of the studs and including heaters for heating the studs
in order to reduce the strength of glue which attaches the studs to the patterning device and

thereby allow the actuators to remove the studs from the patterning device.

26. The stud removal apparatus of clause 25, wherein the actuators are each provided

with a stud gripper which is configured to receive and retain a distal head of a stud.

27. The stud removal apparatus of clause 26, wherein the stud gripper comprises a pair
of flanges with a separation which is wider than a neck of the stud and narrower than a distal

head of the stud.

28. The stud removal apparatus of any of clauses 25 to 27, wherein a seal is provided
around the stud gripper which in use seals against the patterning device to isolate a stud

holding part of the patterning device from other parts of the patterning device.

20. The stud removal apparatus of clause 28, wherein gas delivery channels and gas
extraction channels are provided via which a flow of gas is provided to and from the stud

holding part of the patterning device.

30. A method of attaching a sub-mount to a protrusion, the method comprising moving
a locking member from an unlocked position to an intermediate position which is adjacent to
but not in contact with the protrusion, then using a retaining member to move the locking

member to a locked position in which the locking member presses against the protrusion.
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31. The method of clause 30, wherein the locking member is moved to the locked

position without a surface of the locking member sliding against a surface of the protrusion.

32. The method of clause 30 or clause 31, wherein the locking member is moved to the
locked position by moving the locking member in a direction which is generally

perpendicular to a surface of the protrusion which it contacts when in the locked position.

33. The method of any of clauses 30 to 32, wherein the sub-mount is attached to a

pellicle frame and the protrusion may extend from a mask.

34. The method of any of clauses 30 to 33, wherein the locking member comprises a

pair of springs with unsecured ends.

35. A method of detaching a sub-mount from a protrusion, the method comprising
moving a retaining member away from a locking member, moving the locking member from
a locked position in which the locking member presses against the protrusion to an
intermediate position which is adjacent to but not in contact with the protrusion, then moving

the locking member to an unlocked position in which it presses against the retaining member.

36. A method of attaching a sub-mount to a protrusion, the sub-mount comprising a pair
of springs with unsecured ends and a member, and the protrusion comprising a distal head
provided on a shaft, wherein the method comprises:

moving the unsecured ends of the springs apart and away from contact with the member;
moving the member away from the distal head of the protrusion to create a space beneath the
protrusion;

allowing the unsecured ends of the springs to move to equilibrium positions in the space
beneath the distal head of the protrusion; and

allowing the member to move under resilient bias towards the distal head such that the

member presses the unsecured ends of the springs against the distal head of the protrusion.

37. A method of removing a sub-mount from a protrusion, the sub-mount comprising a
pair of springs with unsecured ends and a member, and the protrusion comprising a distal

head provided on a shaft, wherein the method comprises:
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moving the member away the distal head of the protrusion to allow the unsecured ends of the
springs to move away from the distal head;

moving the unsecured ends of the springs apart;

allowing the member to move under resilient bias towards the distal head; and

allowing the unsecured ends of the springs to move together and press against sides of the

member.

38. The method of clause 36 or clause 37, wherein the unsecured ends of the springs are

moved apart by a pair of actuator arms.

39. The method of any of clauses 36 to 38, wherein the member is moved by a pair of

pins pushing against a pair of resilient arms which are connected together by the member.

40. The method of any of clauses 36 to 39, wherein the sub-mount is provided on a

pellicle frame and the protrusion is provided on a patterning device.

41. A mask assembly suitable for use in a lithographic process, the mask assembly
comprising a patterning device and a pellicle frame which supports a pellicle, the pellicle
frame being mounted on the patterning device, wherein the pellicle frame is provided with a
capping layer, the capping layer provided on the pellicle frame is formed from the same

material as a capping layer provided on the pellicle.

42. A mask assembly suitable for use in a lithographic process, the mask assembly
comprising:

a patterning device; and

a pellicle frame configured to support a pellicle and attached to the patterning device with a
mount so as to surround a region of the patterning device,

wherein the pellicle frame includes extended portions and non-extended portions, wherein the
extended portions of the pellicle frame have a width which is greater than the width of the

non-extended portions of the pellicle frame.

43. The mask assembly of clause 42, wherein one or more holes are provided in the

extended portions and are configured to allow gas to flow through the pellicle frame.
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44. The mask assembly of clause 42 or 43, wherein at least one of the extended portions

is provided with an alignment mark.

45. The mask assembly of any of clauses 42-44, wherein the extended portions include

a hollowed portion.

46. The mask assembly of any of clauses 42-45, further comprising a pellicle supported
by the pellicle frame, wherein the pellicle includes a border portion having a thickness which

is greater than the rest of the pellicle.

47. The mask assembly of clause 46, wherein the border portion of the pellicle includes

extended portions which correspond with the extended portions of the pellicle frame.

48. The mask assembly of clause 45 and clause 47, wherein the extended portions of the
pellicle include pores through which gas may flow, the pores being aligned with the hollowed
portion of the pellicle frame so as to allow gas to flow through the pores and into and out of a

volume between the pellicle and the patterning device.

49. The mask assembly of any of clauses 42 to 48, wherein the mask assembly is
configured so as to provide a gap between the pellicle frame and the patterning device, the
gap being configured such that, in use, gas is allowed to flow through the gap and into and

out of a volume between a pellicle supported by the pellicle frame and the patterning device.

50. The mask assembly of any of clauses 42 to 49, wherein the pellicle frame includes a
window in the body of the frame, the window being configured to allow transmission of one

or more radiation beams.

51. The mask assembly of clause 50, wherein the window is configured to prevent

particles from passing through the window.
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52. The mask assembly of any of clauses 42 to 51, wherein the pellicle frame includes a
hole which extends through the pellicle frame but which does not provide a direct line of

sight through the pellicle frame to the patterning device.

53. The mask assembly of clause 52, wherein the hole which extends through the

pellicle frame does not provide a direct unobstructed path through the pellicle frame.

54. The mask assembly of any of clauses 42 to 53, wherein the mask assembly is
configured such that the pellicle frame surrounds substantially the whole of a front side of the

patterning device.

55. The mask assembly of any of clauses 42 to 54, wherein the pellicle frame is

attached to the patterning device by optical contact bonding.

56. The mask assembly of any of clauses 42 to 55, further comprising a pellicle
supported by the pellicle frame, wherein an electrically conductive path is provided between

the patterning device and the pellicle.

57. The mask assembly of clause 56, wherein an electrically conductive material is
provided between the patterning device and the pellicle frame and an electrically conductive

material is provided between the pellicle frame the pellicle.

58. A mask assembly suitable for use in a lithographic process, the mask assembly
comprising:
a patterning device;
a sub-frame secured to the patterning device;
a pellicle frame configured to support a pellicle; and
a mechanical attachment interface operable to allow attachment of the pellicle frame to the
sub-frame and detachment of the pellicle frame from the sub-frame; wherein

the patterning device includes a cut-away portion in a front side of the patterning
device in which the extent of the front side is reduced relative to a backside of the patterning

device, the cut-away portion being configured to receive a portion of the pellicle frame.
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59. The mask assembly of clause 58, wherein the cut-away portion is positioned

adjacent to an outer extent of the front side of the patterning device.

60. The mask assembly of clause 58 or 59, wherein the sub-frame is positioned adjacent

to the cut-away portion.

61. The mask assembly of any of clauses 58 to 60, wherein the sub-frame is bonded to

the patterning device.

62. The mask assembly of clause 61, wherein the sub-frame comprises a recess in
which a glue is disposed such that the glue is positioned in a volume which is enclosed by the

recess and the patterning device.

63. A patterning device suitable for use in a lithographic process, the patterning device
comprising:

a front side imparted with a pattern; and

a back side suitable for securing to a support structure;

wherein, the front side includes a cut-away portion in which the extent of the front side is
reduced relative to the backside, the cut-away portion being configured to receive a portion of

a pellicle frame.

64. The patterning device of clause 63, further comprising a sub-frame secured to the
patterning device, the sub-frame including a mechanical attachment interface operable to
selectively attach a pellicle frame to the sub-frame.

65. A mask assembly comprising a patterning device and a pellicle supported by a
pellicle frame, wherein a channel is provided in the pellicle frame or a gap exists between the
pellicle frame and the patterning device, and wherein walls of the channel or gap comprise an
electret material.

66. The mask assembly of clause 65, wherein the walls of the channel or gap are

provided with a coating of the electret material.

67. A mask assembly comprising a patterning device and a releasably engageable

frame, wherein the frame is not provided with a pellicle.
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68. A stud comprising a base and a distal head, the base having a flat bottom surface

which has been provided with a polymer film covalently bonded to the flat bottom surface.

69. A mask assembly comprising a mask and the stud of clause 68, wherein the polymer

film of the base of the stud is reversibly bonded to the mask by Van der Waals forces.
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CLAIMS:
1. A mask assembly suitable for use in a lithographic process, the mask assembly
comprising:

a patterning device; and
(a) a pellicle frame configured to support a pellicle and mounted on the
patterning device with a mount;
(b) wherein the mount is configured to suspend the pellicle frame relative
to the patterning device such that there is a gap between the pellicle frame and the patterning
device; and

wherein the mount provides a releasably engageable attachment between the

patterning device and the pellicle frame.

2. The mask assembly of claim 1, wherein the mount provides a kinematic connection

between the pellicle frame and the patterning device

3. The mask assembly of claim 1 or claim 2, wherein the mount comprises a plurality

of sub-mounts

4, The mask assembly of claim 3, wherein each sub-mount is a kinematic sub-mount.

5. The mask assembly of claim 3 or claim 4, wherein each sub-mount includes a
resilient component configured to allow movement of a section of the pellicle frame relative

to the patterning device at that sub-mount.

6. The mask assembly of claim 5, wherein each sub-mount is configured to restrain the
movement of the pellicle frame at that sub-mount relative to the patterning device to a limited
number of degrees of freedom such that movement in at least one direction is prevented at

that sub-mount.

7. The mask assembly of any of claims 3 to 6, wherein each sub-mount comprises a
protrusion attached to one of the patterning device or the pellicle frame and an engagement
mechanism attached to the other of the patterning device or the pellicle frame, the

engagement mechanism being configured to receive and engage with the protrusion.
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8. The mask assembly of claim 7, wherein the engagement mechanism comprises one
or more resilient members configured to allow some movement of the engagement

mechanism relative to the protrusion.

9. The mask assembly of claim 7 or claim 8§, wherein the engagement mechanism
comprises a locking member which is connected to the pellicle frame or the patterning device

by one or more arms.

10. The mask assembly of claim 9, wherein the one or more arms extend generally

parallel to a plane of the pellicle frame or the patterning device.

11. The mask assembly of claim 9 or claim 10, wherein the one or more arms of a first
engagement mechanism extend generally parallel to an edge of the pellicle frame or the
patterning device, and the one or more arms of a second engagement mechanism extend

generally perpendicular to an edge of the pellicle frame or the patterning device.

12. The mask assembly of any of claims 9 to 11, wherein the locking member is

connected to the pellicle frame or the patterning device by two arms.

13. The mask assembly of claims 9 to 12, wherein the protrusion comprises a distal
head provided on a shaft, and wherein the locking member is configured to engage with the

shaft below the distal head.

14. The mask assembly of claim 13, wherein the locking member comprises a pair of
springs with unsecured ends moveable from a first locked position beneath the distal head of

the protrusion to a second unlocked position not beneath the distal head of the protrusion.

15. The mask assembly of claim 14, wherein the unsecured ends of the springs are

resiliently biased to be beneath the distal head of the protrusion.

16. The mask assembly of claim 15, wherein the unsecured ends of the springs are

resiliently biased not to contact the shaft of the protrusion.
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17. The mask assembly of any of claims 14 to 16, wherein the locking member further
comprises a member resiliently biased to press the unsecured ends of the springs against the

distal head of the protrusion.

18. The mask assembly of claim 17, wherein the member is a connecting member

which extends between a pair of resilient arms.

19. The mask assembly of claim 18, wherein the resilient arms are configured to flex in

a direction which is generally perpendicular to a patterned surface of the patterning device.

20. The mask assembly of claim 18 or claim 19, wherein the resilient arms are
configured not to flex in directions which are generally parallel to a patterned surface of the

patterning device.

21. The mask assembly of claim 13, wherein the locking member is resiliently

deformable to allow it to pass over the distal head and engage with the shaft of the protrusion

22. The mask assembly of any of claims 9 to 13, wherein the locking member
comprises a locking plate mounted on a support, the locking plate being moveable to a

position in which a recess in the locking plate engages with the shaft below the distal head.

23. The mask assembly of any of claims 9 to 13, wherein the locking member
comprises a pair of engagement arms each provided with an inwardly projecting engagement
tab at a distal end, the engagement tabs engaging with the distal head of the protrusion and
the engagement arms being resiliently deformable in a direction away from the distal head of

the protrusion.

24. The mask assembly of claim 23, wherein the engagement arms of each locking

member of each sub-mount all extend in substantially the same direction

25. The mask assembly of claim 23, wherein the engagement arms all extend in a

direction which corresponds with a non-scanning direction of the lithographic apparatus.
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26. The mask assembly of claim 24 or claim 25, wherein the engagement arms of a first
engagement mechanism extend generally parallel to the one or more arms of that engagement
mechanism, and the engagement arms of a second engagement mechanism extend generally

perpendicular to the one or more arms of that engagement mechanism.

27. The mask assembly of any of claims 23 to 26, wherein the engagement arms are

resiliently biased to press the engagement tabs against the distal head of the protrusion.

28. The mask assembly of any of claims 23 to 27, wherein the engagement arms are
configured not to flex in directions which are generally parallel to a patterned surface of the

patterning device.

29. The mask assembly of any of claims 7 to 28, wherein the engagement mechanism
further comprises a movement limiting component which prevents the pellicle frame from

contacting the patterning device.

30. The mask assembly of any of claims 7 to 29, wherein the engagement mechanism
further comprises a movement limiting component which maintains the gap between the

pellicle frame and the patterning device.

31. The mask assembly of claim 28 or claim 29, wherein the movement limiting

component comprises a cap configured to engage with a distal surface of the protrusion.

32. The mask assembly of any of claims 3 to 31, wherein the mount comprises three or

more sub-mounts.

33. The mask assembly of claim 32, wherein the mount comprises four sub-mounts.

34. The mask assembly of claim 33, wherein two sub-mounts are provided on one side

of the mask assembly and two sub-mounts are provided on an opposite side of the mask

assembly
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35. The mask assembly of any of claims 3 to 34, wherein each side of the pellicle frame
is provided with a sub-mount which allows movement in a first direction and a sub-mount
which allows movement in a second direction which is substantially perpendicular to the first

direction

36. The mask assembly of claim 35, wherein the sub-mounts are provided as

complementary pairs at equivalent positions on opposite sides of the pellicle frame.

37. The mask assembly of any preceding claim, wherein the gap between the pellicle

frame and the patterning device is at least 100 microns.

38. The mask assembly of any preceding claim, wherein the gap between the pellicle

frame and the patterning device is less than 300 microns.

39. The mask assembly of any preceding claim, wherein the gap between the pellicle

frame and the patterning device is between 200 microns and 300 microns

40. The mask assembly of any of claims 3 to 39, wherein the gap between the pellicle
frame and the patterning device is smaller in the vicinity of a sub-mount than at other

locations.

41. The mask assembly of claim 40, wherein the gap in the vicinity of the sub-mount is

less than 200 um.

42. The mask assembly of claim 41, wherein the gap in the vicinity of the sub-mount is

around 100um or less.

43. A method of attaching a sub-mount to a protrusion, the sub-mount comprising an
engagement mechanism having a locking member connected to the pellicle frame by one or
more arms, the locking member comprising a pair of engagement arms each provided with an
inwardly projecting engagement tab at a distal end, wherein the method comprises:

moving ends of the engagement arms away from an equilibrium position to enlarge a

separation between the engagement tabs and a cap of the engagement mechanism;
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laterally moving the sub-mount and protrusion relative to each other until the engagement
tabs are generally aligned with a distal head of the protrusion; and
allowing the engagement arms to move under resilient bias towards the distal head such that

the engagement tabs press against the distal head of the protrusion.

44. The method of claim 43, wherein the sub-mount is one of a plurality of sub-mounts
connected to the pellicle frame, and wherein the plurality of sub-mounts are all laterally
moved simultaneously relative to associated protrusions, or the protrusions are all laterally

moved simultaneously relative to associated sub-mounts.

45. The method of claim 43 or claim 44, wherein the engagement arms are moved by a

pair of pins pushing against the engagement arms.

46. The method of any of claims 43 to 45, wherein the sub-mount is provided on a

pellicle frame and the protrusion is provided on a patterning device.

47. A mask assembly suitable for use in a lithographic process, the mask assembly
comprising a patterning device and a pellicle frame which supports a pellicle, the pellicle
frame being mounted on the patterning device, wherein the pellicle frame and the pellicle are
formed from the same material or from different materials which have the same coefficient of

thermal expansion.

48. A lithographic apparatus comprising:

an illumination system configured to condition a radiation beam;

a support structure supporting a mask assembly according to any preceding claim, the mask
assembly being configured to impart the radiation beam with a pattern in its cross-section to
form a patterned radiation beam;

a substrate table constructed to hold a substrate; and

a projection system configured to project the patterned radiation beam onto the substrate.

49. A pellicle assembly for use in a lithographic apparatus, the pellicle assembly
comprising:

a pellicle frame suitable for attachment to a patterning device with a mount; and
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a pellicle supported by the pellicle frame, the pellicle comprising a thin film portion
extending across the pellicle frame so as to define a plane and a border portion attached to the
pellicle frame and having a thickness which is greater than the thickness of the thin film
portion wherein at least some of the border portion extends out of the plane defined by the
thin film portion and away from the pellicle frame,

wherein the mount is configured to suspend the pellicle frame relative to the
patterning device such that there is a gap between the pellicle frame and the patterning
device; and

wherein the mount provides a releasably engageable attachment between the

patterning device and the pellicle frame.

50. The pellicle assembly of claim 49, wherein the thickness of the border portion
which extends out of the plane defined by the thin film portion and away from the pellicle
frame is greater than a thickness of the border portion which extends out of the plane defined

by the thin film portion and towards the pellicle frame.

51. The pellicle assembly of claim 49 or 50, wherein the border portion has a first
surface at which the border portion is attached to the pellicle frame and wherein the first

surface is substantially coplanar with the plane defined by the thin film portion.

52. The pellicle assembly of any one of claims 49 to 51 wherein the pellicle and the

pellicle frame are integral parts forming a single body.

53. A pellicle frame suitable for attachment to a patterning device and for supporting a
pellicle adjacent the patterning device, the patterning device having a patterned area and
being suitable for use in a lithographic process and the pellicle frame comprising a recess
configured to receive a glue for attachment of a pellicle or a patterning device to the pellicle
frame, wherein the recess is configured such that, in use, attachment of a pellicle or a
patterning device to the pellicle frame causes the glue to be sealed from the patterned area of
the patterning device so as to prevent products of outgassing from the glue from reaching the

patterned area of the patterning device.
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54. The pellicle frame of claim 53, wherein the recess is configured such that, in use,
attachment of a pellicle or a patterning device to the pellicle frame causes the glue to be

contained within a volume enclosed by the recess and the pellicle or patterning device.

55. The pellicle frame of claim 53 or 54, wherein the pellicle frame comprises a
plurality of recesses and wherein at least one of the plurality of recesses is configured to
receive a glue for attachment of a pellicle to the pellicle frame and wherein at least one of the
recesses is configured to receive a glue for attachment of a patterning device to the pellicle

frame

56. The pellicle frame of claim 55, wherein a plurality of recesses are distributed around
the pellicle frame, each recess extending from an outer edge of the pellicle frame partway to

an inner edge of the pellicle frame and back to the outer edge of the pellicle frame.

57. A pellicle assembly comprising:
a pellicle frame according to any of claims 53-56; and
a pellicle attached to the pellicle frame with a glue disposed in a recess in the pellicle

frame.

58. A mask assembly comprising a patterning device and a pellicle supported by a
pellicle frame, wherein a radiation absorbing material is provided on an outer face of the

pellicle.

59. The mask assembly of claim 58, wherein the pellicle frame has a width of

significantly more than 2mm.

60. A mask assembly for use in a lithographic apparatus, the mask assembly
comprising:

a patterning device; and

a pellicle frame configured to support a pellicle and mounted on the patterning device
with a mount;
wherein the mount is configured such that the pellicle frame is suspended relative to the

patterning device; and
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wherein the mount provides a releasable attachment between the patterning device and the
pellicle frame,
the mount comprising:

a protrusion attached to one of the patterning device or the pellicle frame, and

an engagement mechanism configured to engage with the protrusion, the engagement
mechanism comprising resiliently deformable arms,
wherein the resiliently deformable arms are arranged such that

in an open conformation allow shifting of the protrusion to a locking position of the
engagement mechanism, and

in a closed conformation engage with the protrusion, thereby locking the protrusion in

the locking position of the engagement mechanism.

61. A mask assembly according to claim 60, wherein the shifting of the protrusion to
the locking position of the engagement mechanism is without mechanical sliding contact with

the protrusion.

62. A mask assembly for use in a lithographic apparatus, the mask assembly
comprising:

a patterning device; and
a pellicle frame configured to support a pellicle and mounted on the patterning device with a
mount;
wherein the mount is configured such that the pellicle frame is overconstrained onto the

patterning device.
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