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METHOD AND APPARATUS FOR DIRECT WRITE MASKLESS LITHOGRAPHY

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority of US application 62/273,340 which was filed on December 30,
2015 and US application 62/328,475 which was filed on April 27, 2016 which are incorporated herein in

its entirety by reference.

FIELD
[0002] The present disclosure relates to a lithographic apparatus, a programmable patterning device,

and a device manufacturing method.

BACKGROUND

[0003] A lithographic apparatus is a machine that applies a desired pattern onto a substrate or part of a
substrate. A lithographic apparatus may be used, for example, in the manufacture of integrated circuits
(ICs), flat panel displays, and other devices or structures having fine features. In a conventional
lithographic apparatus, a patterning device, which may be referred to as a mask or a reticle, may be used
to generate a circuit pattern corresponding to an individual layer of the IC, flat panel display, or other
device). This pattern may be transferred on (part of) the substrate (e.g. silicon wafer or a glass plate), e.g.
via imaging onto a layer of radiation-sensitive material (resist) provided on the substrate.

[0004] Instead of a circuit pattern, the patterning device may be used to generate other patterns, for
example a color filter pattern, or a matrix of dots. Instead of a conventional mask, the patterning device
may comprise a patterning array that comprises an array of individually addressable elements that
generate the circuit or other applicable pattern. An advantage of such a “maskless” system compared to a
conventional mask-based system is that the pattern can be provided and/or changed more quickly and for
less cost.

[0005] Thus, a maskless system includes a programmable patterning device (e.g., a spatial light
modulator, a contrast device, etc.). The programmable patterning device is programmed (e.g.,
electronically or optically) to form the desired patterned beam using the array of individually addressable
elements. Types of programmable patterning devices include micro-mirror arrays, liquid crystal display

(LCD) arrays, grating light valve arrays, and the like.

SUMMARY
[0006] It is desirable, for example, to provide a flexible, low-cost lithography apparatus that includes a

programmable patterning device.
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[0007] In an embodiment, there is provided a device manufacturing method comprising: providing a
plurality of beams of radiation modulated according to at least two sub patterns of a pattern using a
plurality of radiation sources, the plurality of radiation sources producing radiation beams of at least two
spot sizes such that each of the radiation beams having a same spot size of the at least two spot sizes is
used to produce one of the at least two sub patterns; projecting the plurality of beams onto a substrate; and
providing relative motion between the substrate and the plurality of radiation sources, in a scanning
direction to expose the substrate.

[0008] In an embodiment, there is provided an exposure apparatus comprising: a substrate holder
constructed to support a substrate; a patterning device configured to provide a plurality of beams of
radiation modulated according to at least two sub patterns of a pattern using a plurality of radiation
sources, the plurality of radiation sources producing radiation beams of at least two spot sizes such that
each of the radiation beams having a same spot size of the at least two spot sizes is used to produce one of
the at least two sub patterns; a projection system configured to project the plurality of beams onto the
substrate; and an actuator configured to provide relative motion between the substrate and the plurality of
radiation sources, in a scanning direction to expose the substrate.

[0009] In an embodiment, there is provided a device manufacturing method comprising: providing
radiation modulated according to a desired pattern using a plurality of rows of two-dimensional arrays of
radiation sources; projecting the modulated radiation onto a substrate using a projection system; and
removing fluid from between the projection system and the substrate using one or more fluid removal
unifs.

[0010] In an embodiment, there is provided an exposure apparatus comprising: a substrate holder
constructed to support a substrate; a patterning device configured to provide radiation modulated
according to a desired pattern, the patterning device comprising a plurality of rows of two-dimensional
arrays of radiation sources; a projection system configured to project the modulated radiation onto a
substrate; and one or more fluid removal units configured to remove a fluid from between the projection
system and the substrate.

[0011] In an embodiment, there is provided a use of an apparatus or method described herein in the
manufacture of flat panel displays.

[0012] In an embodiment, there is provided a use of an apparatus or method described herein in the
manufacture of integrated circuits.

[0013] In an embodiment, there is provided a flat panel display manufactured using an apparatus or
method described herein.

[0014] In an embodiment, there is provided an integrated circuit device manufactured using an

apparatus or method described herein.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The accompanying drawings, which are incorporated herein and form a part of the
specification, illustrate embodiments of an invention and, together with the description, further serve to
explain the principles of embodiments of the invention and to enable a person skilled in the pertinent art
to make and use the embodiments.

[0016] FIG. 1 depicts a schematic side view of a part of a lithographic apparatus according to an
embodiment.

[0017] FIG. 2 depicts a schematic top view of a part of a lithographic apparatus according to an
embodiment.

[0018] FIG. 3 depicts a schematic top view of a part of a lithographic apparatus according to an
embodiment.

[0019] FIG. 4A and FIG. 4B depict a schematic side view of a part of a lithographic apparatus
according to an embodiment.

[0020] FIG. 5 depicts a schematic top view of a part of a lithographic apparatus according to an
embodiment.

[0021] FIG. 6 depicts an embodiment of a scheme of transferring a pattern to a substrate.

[0022] FIGs. 7A, 7B, 7C, 7D and 7E are schematic diagrams of a manufacturing method according to
an embodiment.

[0023] FIG. 8A and FIG. 8B depicts an embodiment of a scheme of transferring a pattern to a
substrate.

[0024] FIGs. 9A, 9B, 9C, 9D and 9E are schematic diagrams of a manufacturing method according to
an embodiment.

[0025] FIG. 10 is a graph of a number of lenses versus pitch between adjacent emitters.

[0026] FIG. 11 depicts a schematic top view of a plurality of lenses each with an emitter array and a
bond pad according to an embodiment.

[0027] FIG. 12 depicts a schematic bottom view of an emitter array according to an embodiment.
[0028] FIG. 13A depicts a schematic diagram of an emitter array according to an embodiment.
[0029] FIG. 13B depicts a schematic diagram of an emitter array according to an embodiment.
[0030] FIG. 14 depicts a schematic diagram of a micro-lens array (MILA) module according to an
embodiment.

[0031] FIG. 15 depicts a schematic top view of a part of a patterning apparatus according to an
embodiment.

[0032] FIG. 16 depicts a schematic side view of a nanoparticle generator according to an embodiment.
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[0033] FIG. 17 depicts a schematic top view of a patterning device according to an embodiment.
[0034] FIG. 18A depicts a schematic top view of a patterning device with a fluid removal unit
according to an embodiment.

[0035] FIG. 18B depicts a schematic side view of a patterning device with a fluid removal unit
according to FIG. 18A.

[0036] FIG. 19A depicts a schematic top view of a patterning device with a fluid removal unit
according to an embodiment.

[0037] FIG. 19B depicts a schematic side view of a patterning device with a fluid removal unit
according to FIG. 19A.

[0038] FIG. 20A depicts a schematic top view of a patterning device with a fluid removal unit
according to an embodiment.

[0039] FIG. 20B depicts a schematic side view of a patterning device with a fluid removal unit
according to FIG. 20A.

[0040] FIG. 21 depicts a schematic top view of a part of a lithographic apparatus according to an
embodiment.

[0041] FIG. 22 depicts an example of decomposing a pattern to a high resolution pattern and a low
resolution pattern according to an embodiment.

[0042] FIG. 23 is a graph of data rate versus pattern complexity.

[0043] FIG. 24A, FIG. 24B, FIG. 24C and FIG. 24D depict various examples of producing a pattern
using high resolution individually addressable elements and low resolution individually addressable
elements with different spot size ratios.

[0044] FIG. 25 is a flow diagram illustrating an example patterning process according to an
embodiment.

[0045] One or more embodiments will now be described with reference to the accompanying

drawings. In the drawings, like reference numbers may indicate identical or functionally similar elements.

DETAILED DESCRIPTION

[0046] One or more embodiments of a maskless lithographic apparatus, a maskless lithographic
method, a programmable patterning device and other apparatus, articles of manufacture and methods are
described herein. In an embodiment, a low cost and/or flexible maskless lithographic apparatus is
provided. As it is maskless, no conventional mask is needed to expose, for example, ICs or flat panel
displays.

[0047] In an embodiment, the lithographic apparatus is highly flexible. In an embodiment, the

lithographic apparatus is scalable to substrates of different sizes, types and characteristics. Thus, the
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lithographic apparatus can enable multiple applications (e.g., IC, flat panel display, packaging, etc.) with
a single lithographic apparatus or using multiple lithographic apparatus using a largely common
lithographic apparatus platform.

[0048] In an embodiment, the lithographic apparatus is low cost. In an embodiment, only common off-
the-shelf components are used (e.g., radiation emitting diodes, a simple movable substrate holder, and a
lens array). In an embodiment, pixel-grid imaging is used to enable simple projection optics. In an
embodiment, a substrate holder having a single scan direction is used to reduce cost and/or reduce
complexity.

[0049] FIG. 1 schematically depicts a part of a lithographic projection apparatus 100 according to an
embodiment. Apparatus 100 includes a patterning device 104, an object holder 106 (e.g., an object table,
for instance a substrate table), and a projection system 108.

[0050] In an embodiment, the patterning device 104 comprises a plurality of individually addressable
elements 102 to modulate radiation to apply a pattern to beam 110. In an embodiment, the position of the
plurality of individually addressable elements 102 can be fixed relative to projection system 108.
However, in an alternative arrangement, a plurality of individually addressable elements 102 may be
connected to a positioning device (not shown) to accurately position one or more of them in accordance
with certain parameters (e.g., with respect to projection system 108).

[0051] In an embodiment, the patterning device 104 is a self-emissive contrast device. Such a
patterning device 104 obviates the need for a radiation system, which can reduce, for example, cost and
size of the lithographic apparatus. For example, the individually addressable elements 102 are radiation
emitting diodes, such as light-emitting diodes (LEDs), organic LEDs (OLEDs), polymer LEDs (PLEDs),
laser diodes (e.g., solid state laser diodes), vertical external cavity surface emitting lasers (VECSELSs),
vertical cavity surface emitting lasers (VCSELSs), or any combination thereof. In an embodiment, the
individually addressable elements 102 are all LEDs. In an embodiment, the individually addressable
elements 102 emit radiation having a wavelength in the range of about 380-440 nm, e.g., about 400 or 405
nm. In an embodiment, each of the individually addressable elements 102 can provide an output power
selected from the range of 1 - 100 microwatts (uW). In an embodiment, each of the individually
addressable elements 102 can provide an output current of about 3 microamperes (LA). In an
embodiment, each of the individually addressable elements 102 has an emission cross-sectional width of
about 2 micrometers (um) or less, e.g., about 1 micrometer or less (for example, assuming 1:1 optics; if
using de-magnifying optics, e.g. 2:1 or 4:1, larger emission cross-sectional widths can be used, such as
about 8 pm or less).

[0052] In an embodiment, the self-emissive contrast device comprises more individually addressable

elements 102 than needed to allow a "redundant” individually addressable element 102 to be used if
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another individually addressable element 102 fails to operate or doesn’t operate properly. Further, more
individually addressable elements 102 than might be needed could be used to have elements 102 work
together to deliver a certain power or dose in case individual elements 102 can’t provide sufficient optical
output alone or to have elements 102 “‘share the load” by reducing the usage of elements 102 from their
maximum or design specification.

[0053] The lithographic apparatus 100 comprises an object holder 106. In this embodiment, the object
holder comprises an object table 106 to hold a substrate 114 (e.g., a resist-coated silicon wafer or glass
substrate). The object table 106 may be movable in up to 6 degrees of freedom (e.g., in at X and/or Y
directions) and be connected to a positioning device 116 to accurately position substrate 114 in
accordance with certain parameters. For example, a positioning device 116 may accurately position
substrate 114 with respect to projection system 108 and/or the patterning device 104. In an embodiment,
movement of object table 106 may be realized with the positioning device 116 comprising a long-stroke
module (coarse positioning) and optionally a short-stroke module (fine positioning), which are not
explicitly depicted in FIG. 1. A similar system may be used to position the individually addressable
elements 102, such that, for example, the individually addressable elements 102 can be moved in up to 6
degrees of freedom (e.g., in at X and/or Y directions), e.g., scan in a direction substantially parallel with a
scanning direction of the object table 106 and optionally step in an orthogonal direction to the scanning
direction. Beam 110 may alternatively/additionally be moveable, while the object table 106 and/or the
individually addressable elements 102 may have a fixed position to provide the required relative
movement. Such an arrangement may assist in limiting the size of the apparatus.

[0054] In an embodiment, which may e.g. be applicable in the manufacture of flat panel displays, the
object table 106 may be stationary and positioning device 116 is configured to move substrate 114
relative to (e.g., over) object table 106. For example, the object table 106 may be provided with a system
to scan the substrate 114 across it at a substantially constant velocity. Where this is done, object table 106
may be provided with a multitude of openings on a flat uppermost surface, gas being fed through the
openings to provide a gas cushion which is capable of supporting substrate 114. This is conventionally
referred to as a gas bearing arrangement. Substrate 114 is moved over object table 106 using one or more
actuators (not shown), which are capable of accurately positioning substrate 114 with respect to the path
of beam 110. Alternatively, substrate 114 may be moved with respect to the object table 106 by
selectively starting and stopping the passage of gas through the openings. In an embodiment, the object
holder 106 can be a roll system onto which a substrate is rolled and positioning device 116 may be a
motor to turn the roll system to provide the substrate onto an object table 106.

[0055] Projection system 108 (e.g., a quartz, glass, plastic (e.g., COC) and/or CaF, lens system or

optical element, or a catadioptric system comprising lens elements made from such materials, or a mirror
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system, or an optical element (e.g., glass element) with an additional layer of polymer, or an optical
element comprising a flat surface and a spherical surface, which can be modified to an aspherical surface
using, e.g., a polymer layer, etc.) can be used to project the patterned beam modulated by the individually
addressable elements 102 onto a target portion 120 (e.g., one or more dies) of substrate 114. Projection
system 108 may image the pattern provided by the plurality of individually addressable elements 102
such that the pattern is coherently formed on the substrate 114. Alternatively, projection system 108 may
project images of secondary sources for which the elements of the plurality of individually addressable
elements 102 act as shutters.

[0056] In this respect, the projection system may comprise a focusing element, or a plurality of
focusing elements (herein referred to generically as a lens array) e.g., a micro-lens array (known as an
MILA) or a Fresnel lens array, e.g. to form the secondary sources and to image spots onto the substrate
114. In an embodiment, the lens array (e.g., MILA) comprises at least 10 focusing elements, e.g. at least
100 focusing elements, at least 1,000 focusing elements, at least 10,000 focusing elements, at least
100,000 focusing elements, or at least 1,000,000 focusing elements. In an embodiment, the number of
individually addressable elements in the patterning device is equal to or greater than the number of
focusing elements in the lens array. In an embodiment, the lens array comprises a plurality of focusing
elements, at least one focusing element is optically associated with one or more of the individually
addressable elements in the array of individually addressable elements, e.g. with only one of the
individually addressable elements in the array of individually addressable elements, or with 2 or more of
the individually addressable elements in the array of individually addressable elements, e.g., 3 or more, 5
or more, 10 or more, 20 or more, 25 or more, 35 or more, or 50 or more; in an embodiment, at least one
focusing element of the plurality of optical elements is optically associated with less than 5,000
individually addressable elements, e.g. less than 2,500, less than 1,000, less than 500, or less than 100.
[0057] In an embodiment, the lens array comprises two or more focusing elements (e.g. more than
1,000, the majority, or about all) that are each optically associated with a plurality of individually
addressable elements in a two-dimensional array.

[0058] In an embodiment, the patterning device 104 is movable at least in the direction to and away
from the substrate, e.g. with the use of one or more actuators. Being able to move the patterning device to
and away from the substrate allows, e.g., for focus adjustment without moving the substrate or the lens
array (e.g. for local focus adjustments on non-flat substrates).

[0059] In an embodiment, the lens array comprises plastic focusing elements (which may be easy to
make, e.g. injection molding, and/or affordable), where, for example, the wavelength of the radiation is

greater than or equal to about 400 nm (e.g. 405 nm). In an embodiment, the wavelength of the radiation is
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selected from the range of about 350 nm — 500nm, e.g., the range of about 375-425 nm. In an
embodiment, the lens array comprises quartz or glass focusing elements.

[0060] In an embodiment, each or a plurality of the focusing elements may be an asymmetrical lens
(e.g., having one or more asymmetric surfaces). The asymmetry may be the same for each of the plurality
of focusing elements or may be different for one or more focusing elements of a plurality of focusing
elements than for one or more different focusing elements of a plurality of focusing elements. An
asymmetrical lens may facilitate converting an oval radiation output into a circular projected spot, or vice
versa.

[0061] In an embodiment, the focusing element has a high numerical aperture (NA) that is arranged to
project radiation onto the substrate out of the focal point to obtain a low NA for the system. A higher NA
lens may be more economic, prevalent and/or better quality than an available low NA lens. In an
embodiment, low NA is less than or equal to 0.3, in an embodiment 0.18, 0.15 or less. Accordingly, a
higher NA lens has a NA greater than the design NA for the system, for example, greater than 0.3, greater
than 0.18, or greater than 0.15.

[0062] While, in an embodiment, the projection system 108 is separate from the patterning device 104,
it need not be. The projection system 108 may be integral with the patterning device 108. For example, a
lens array block or plate may be attached to (integral with) a patterning device 104. In an embodiment, the
lens array may be in the form of individual spatially separated lenslets, each lenslet attached to (integral
with) one or more individually addressable elements of the patterning device 104 as discussed in more
detail below.

[0063] Optionally, the lithographic apparatus may comprise a radiation system to supply radiation
(e.g., ultraviolet (UV) radiation) to the plurality of individually addressable elements 102. If the
patterning device is a radiation source itself, e.g. a laser diode array or a LED array, the lithographic
apparatus may be designed without a radiation system, i.e. without a radiation source other than the
patterning device itself, or at least a simplified radiation system.

[0064]  The radiation system includes an illumination system (illuminator) configured to receive
radiation from a radiation source. The illumination system includes one or more of the following
elements: a radiation delivery system (e.g., suitable directing mirrors), a radiation conditioning device
(e.g., a beam expander), an adjusting device to set the angular intensity distribution of the radiation
(generally, at least the outer and/or inner radial extent (commonly referred to as c-outer and c-inner,
respectively) of the intensity distribution in a pupil plane of the illuminator can be adjusted), an integrator,
and/or a condenser. The illumination system may be used to condition the radiation that will be provided
to the individually addressable elements 102 to have a desired uniformity and intensity distribution in its

cross-section. The illumination system may be arranged to divide radiation into a plurality of sub-beams
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that may, for example, each be associated with one or more of the plurality of the individually addressable
elements. A two-dimensional diffraction grating may, for example, be used to divide the radiation into
sub-beams. In the present description, the terms “beam of radiation” and “‘radiation beam” encompass, but
are not limited to, the situation in which the beam is comprised of a plurality of such sub-beams of
radiation.

[0065] The radiation system may also include a radiation source (e.g., an excimer laser) to produce the
radiation for supply to or by the plurality of individually addressable elements 102. The radiation source
and the lithographic apparatus 100 may be separate entities, for example when the radiation source is an
excimer laser. In such cases, the radiation source is not considered to form part of the lithographic
apparatus 100 and the radiation is passed from the source to the illuminator. In other cases the radiation
source may be an integral part of the lithographic apparatus 100, for example when the source is a
mercury lamp.

[0066] In an embodiment, the radiation source, which in an embodiment may be the plurality of
individually addressable elements 102, can provide radiation having a wavelength of at least 5 nm, e.g. at
least 10 nm, at least 50 nm, at least 100 nm, at least 150 nm, at least 175 nm, at least 200 nm, at least 250
nm, at least 275 nm, at least 300 nm, at least 325 nm, at least 350 nm, or at least 360 nm. In an
embodiment, the radiation has a wavelength of at most 450 nm, e.g. at most 425 nm, at most 375 nm, at
most 360 nm, at most 325 nm, at most 275 nm, at most 250 nm, at most 225 nm, at most 200 nm, or at
most 175 nm. In an embodiment, the radiation has a wavelength including 436 nm, 405 nm, 365 nm, 355
nm, 248 nm, 193 nm, 157 nm, 126 nm, and/or 13.5 nm. In an embodiment, the radiation includes a
wavelength of around 365 nm or around 355 nm. In an embodiment, the radiation includes a broad band
of wavelengths, for example encompassing 365 nm, 405 nm and 436 nm. A 355 nm laser source could be
used. In an embodiment, the radiation has a wavelength of about 405 nm.

[0067] In operation of the lithographic apparatus 100, where the patterning device 104 is not radiation
emissive, radiation is incident on the patterning device 104 (e.g., a plurality of individually addressable
elements) from a radiation system (illumination system and/or radiation source) and is modulated by the
patterning device 104.

[0068] Alternatively, in operation of the lithographic apparatus 100, where the patterning device is
self-emissive and comprises a plurality of individually addressable elements 102 (e.g., LEDs), the
plurality of the individually addressable elements are modulated by a control circuit (not shown) so that
each of the individually addressable elements may be turned “ON” or “OFF” according to a desired
pattern, where “ON” is a radiation emission state with higher intensity or dose than when “OFF”. In an

embodiment, “ON” or “OFF” can include varying gray levels.
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[0069] The patterned beam 110, after having been created by the plurality of individually addressable
elements 102, passes through projection system 108, which focuses beam 110 onto a target portion 120 of
the substrate 114.

[0070] With the aid of positioning device 116 (and optionally a position sensor 134 on a base 136 (e.g.,
an interferometric measuring device that receives an interferometric beam 138, a linear encoder or a
capacitive sensor)), substrate 114 can be moved accurately, e.g., so as to position different target portions
120 in the path of beam 110. Where used, the positioning device for the plurality of individually
addressable elements 102 can be used to accurately correct the position of the plurality of individually
addressable elements 102 with respect to the path of beam 110, e.g., during a scan.

[0071]  Although the lithography apparatus 100 according to an embodiment is described herein as
being configured to expose a resist on a substrate, the apparatus 100 may be used to project a patterned
beam 110 for use in resistless lithography.

[0072]  The lithographic apparatus 100 may be of a reflective type (e.g. employing reflective
individually addressable elements). Alternatively, the apparatus may be of a transmissive type (e.g.
employing transmissive individually addressable elements).

[0073] The depicted apparatus 100 can be used in one or more modes, such as:

[0074] 1. In step mode, the individually addressable elements 102 and the substrate 114 are kept
essentially stationary, while an entire patterned radiation beam 110 is projected onto a target portion 120
at one go (i.e. a single static exposure). The substrate 114 is then shifted in the X- and/or Y-direction so
that a different target portion 120 can be exposed to the patterned radiation beam 110. In step mode, the
maximum size of the exposure field limits the size of the target portion 120 imaged in a single static
exposure.

[0075] 2. In scan mode, the individually addressable elements 102 and the substrate 114 are scanned
synchronously while a pattern radiation beam 110 is projected onto a target portion 120 (i.e. a single
dynamic exposure). The velocity and direction of the substrate relative to the individually addressable
elements may be determined by the (de-) magnification and image reversal characteristics of the
projection system PS. In scan mode, the maximum size of the exposure field limits the width (in the non-
scanning direction) of the target portion in a single dynamic exposure, whereas the length of the scanning
motion determines the length (in the scanning direction) of the target portion.

[0076] 3. In pulse mode, the individually addressable elements 102 are kept essentially stationary and
the entire pattern is projected onto a target portion 120 of the substrate 114 using pulsing (e.g., provided
by a pulsed radiation source or by pulsing the individually addressable elements). The substrate 114 is
moved with an essentially constant speed such that the patterned beam 110 is caused to scan a line across

the substrate 114. The pattern provided by the individually addressable elements is updated as required
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between pulses and the pulses are timed such that successive target portions 120 are exposed at the
required locations on the substrate 114. Consequently, patterned beam 110 can scan across the substrate
114 to expose the complete pattern for a strip of the substrate 114. The process is repeated until the
complete substrate 114 has been exposed line by line.

[0077] 4. In continuous scan mode, essentially the same as pulse mode except that the substrate 114 is
scanned relative to the modulated beam of radiation B at a substantially constant speed and the pattern on
the array of individually addressable elements is updated as the patterned beam 110 scans across the
substrate 114 and exposes it. A substantially constant radiation source or a pulsed radiation source,
synchronized to the updating of the pattern on the array of individually addressable elements may be
used.

[0078] Combinations and/or variations on the above described modes of use or entirely different
modes of use may also be employed.

[0079] FIG. 2 depicts a schematic top view of a part of a lithographic apparatus according to an
embodiment for use with substrates (e.g., 300 mm wafers). As shown in FIG. 2, the lithographic
apparatus 100 comprises a substrate table 106 to hold a substrate 114. Associated with the substrate table
106 is a positioning device 116 to move the substrate table 106 in at least the X-direction as shown in
arrow 123. Optionally, the positioning device 116 may move the substrate table 106 in the Y-direction
and/or Z-direction. The positioning device 116 may also rotate the substrate table 106 about the X-, Y-
and/or Z-directions. Accordingly, the positioning device 116 may provide motion in up to 6 degrees of
freedom. In an embodiment, the substrate table 106 provides motion only in the X-direction, an advantage
of which is lower costs and less complexity.

[0080] The lithographic apparatus 100 further comprises a plurality of individually addressable
clements 102 arranged on a frame 160. Frame 160 may be mechanically isolated from the substrate table
106 and its positioning device 116. Mechanical isolation may be provided, for example, by connecting the
frame 160 to ground or a firm base separately from the frame for the substrate table 106 and/or its
positioning device 116. In addition or alternatively, dampers may be provided between frame 160 and the
structure to which it is connected, whether that structure is ground, a firm base or a frame supporting the
substrate table 106 and/or its positioning device 116.

[0081] In this embodiment, each of the individually addressable elements 102 is a radiation emitting
diode, e.g., an LED. For the sake of simplicity, three rows of individually addressable elements 102
extending along the Y-direction (and spaced in the X-direction) are shown in FIG. 2, each row having, in
this embodiment, sufficient columns to extend across the width of the substrate; a greater number of rows
of individually addressable elements 102 may be arranged on the frame 160. In an embodiment, each of

the individually addressable elements 102 is configured to provide a plurality of radiation beams. In an
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embodiment, each of the individually addressable elements 102 depicted in FIG. 2 comprises a plurality
of individually addressable elements 102 (thus each circle labeled 102 in FIG. 2 represents a plurality of
individually addressable elements 102). In an embodiment, one or more rows of individually addressable
elements 102 are staggered in the Y-direction from an adjacent row of individually addressable elements
102 as shown in FIG. 2. In an embodiment, the individually addressable elements 102 are substantially
stationary, i.e., they do not move significantly or at all during projection.

[0082] The lithographic apparatus 100, particularly the individually addressable elements 102, may be
arranged to provide pixel-grid imaging as described in more detail herein. However, in an embodiment,
the lithographic apparatus 100 need not provide pixel-grid imaging. Rather, the lithographic apparatus
100 may project the radiation of the individually addressable elements 102 onto the substrate in a manner
that does not form individual pixels for projection onto the substrate but rather a substantially continuous
image for projection onto the substrate.

[0083] Element 150 of lithographic apparatus 100 as depicted in FIG. 2 may comprise an alignment
sensor, a level sensor, or both. For example, in an embodiment, the lithographic apparatus 100 comprises
an alignment sensor 150. The alignment sensor is used to determine alignment between the substrate 114
and, for example, the individually addressable elements 102 before and/or during exposure of the
substrate 114. The results of the alignment sensor 150 can be used by a controller of the lithographic
apparatus 100 to control, for example, the positioning device 116 to position the substrate table 106 to
improve alignment. In addition or alternatively, the controller may control, for example, responsive to a
signal from sensor 150, a positioning device associated with the individually addressable elements 102 to
position one or more of the individually addressable elements 102 (including, for example, positioning
one or more of the elements 102 relative to one or more other elements 102) to improve alignment and/or,
responsive to a signal from sensor 150, a deflector associated with the individually addressable elements
102 to position one or more of the beams (including, for example, positioning one or more of the beams
relative to one or more other beams) to improve alignment. In an embodiment, the alignment sensor 150
may include pattern recognition functionality/software to perform alignment.

[0084] In an embodiment, the lithographic apparatus 100, in addition or alternatively, comprises a
level sensor 150. The level sensor 150 is used to determine whether the substrate 106 is level with respect
to the projection of the pattern from the individually addressable elements 102. The level sensor 150 can
determine level before and/or during exposure of the substrate 114. The results of the level sensor 150 can
be used by a controller of the lithographic apparatus 100 to control, for example, the positioning device
116 to position the substrate table 106 to improve leveling. In addition or alternatively, the controller may
control, for example, responsive to a signal from sensor 150, a positioning device associated with a

projection system 108 (e.g., a lens array) to position an element of the projection system 108 (e.g., a lens,
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or a smaller lens array, of a lens array, including, for example, positioning a lens, or a smaller lens array,
of a lens array relative to another lens, or another smaller lens array, of the lens array) to improve
leveling. In an embodiment, the level sensor may operate by projecting an ultrasonic beam at the substrate
106 and/or operate by projecting an electromagnetic beam of radiation at the substrate 106.

[0085] In an embodiment, results from the alignment sensor and/or the level sensor may be used to
alter the pattern provided by the individually addressable elements 102. The pattern may be altered to
correct, for example, distortion, which may arise from, e.g., optics (if any) between the individually
addressable elements 102 and the substrate 114, irregularities in the positioning of the substrate 114,
unevenness of the substrate 114, etc. Thus, results from the alignment sensor and/or the level sensor can
be used to alter the projected pattern to effect a non-linear distortion correction. Non-linear distortion
correction may be useful, for example, for flexible displays, which may not have consistent linear or non-
linear distortion.

[0086] In operation of the lithographic apparatus 100, a substrate 114 is loaded onto the substrate table
106 using, for example, a robot handler (not shown). The substrate 114 is then displaced in the X-
direction as shown in the arrow 123 under the frame 160 and the individually addressable elements 102.
The substrate 114 is measured by the level sensor and/or the alignment sensor 150 and then is exposed to
a pattern using individually addressable elements 102. For example, the substrate 114 is scanned through
the focal plane (image plane) of the projection system 108, while the substrate is moving and the
individually addressable elements 102 are switched at least partially or fully “ON” or “OFF” in the
patterning device 104. Features corresponding to the pattern of the patterning device 104 are formed on
the substrate 114. The individually addressable elements 102 may be operated, for example, to provide
pixel-grid imaging as discussed herein.

[0087] In an embodiment, the substrate 114 may be scanned completely in the positive X-direction and
then scanned completely in the negative X-direction. In such an embodiment, an additional level sensor
and/or alignment sensor 150 on the opposite side of the individually addressable elements 102 may be
required for the negative X-direction scan.

[0088] FIG. 3 depicts a schematic top view of a part of a lithographic apparatus according to an
embodiment for exposing substrates in the manufacture of, for instance, flat panel displays (e.g., L.CDs,
OLED displays, etc.). Like the lithographic apparatus 100 shown in FIG. 2, the lithographic apparatus
100 comprises a substrate table 106 to hold a flat panel display substrate 114, a positioning device 116 to
move the substrate table 106 in up to 6 degrees of freedom, an alignment sensor 150 to determine
alignment between the individually addressable elements 102 and the substrate 114, and a level sensor
150 to determine whether the substrate 114 is level with respect to the projection of the pattern from the

individually addressable elements 102.
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[0089] The lithographic apparatus 100 further comprises a plurality of individually addressable
clements 102 arranged on a frame 160. In this embodiment, each of the individually addressable elements
102 is a radiation emitting diode, e.g., an LED. For the sake of simplicity, three rows of individually
addressable elements 102 extending along the Y-direction are shown in FIG. 3 and having sufficient
columns to cover the width of the substrate; a greater number of rows of individually addressable
clements 102 may be arranged on the frame 160. In an embodiment, each of the individually addressable
elements 102 is configured to provide a plurality of radiation beams. In an embodiment, each of the
individually addressable elements 102 depicted in FIG. 3 comprises a plurality of individually addressable
elements 102 (thus each circle labeled 102 in FIG. 3 represents a plurality of individually addressable
elements 102). Further, in an embodiment, a number of the rows of individually addressable elements 102
are staggered in the Y-direction from one or more adjacent rows of individually addressable elements 102
as shown in FIG. 3. The lithographic apparatus 100, particularly the individually addressable elements
102, may be arranged to provide pixel-grid imaging. In an embodiment, the individually addressable
elements 102 are substantially stationary, i.e., they do not move significantly during projection.

[0090] In operation of the lithographic apparatus 100, a panel display substrate 114 is loaded onto the
substrate table 106 using, for example, a robot handler (not shown). The substrate 114 is then displaced in
the X-direction as shown in arrow 123 under the frame 160 and the individually addressable elements
102. The substrate 114 is measured by the level sensor and/or the alignment sensor 150 and then is
exposed to a pattern using individually addressable elements 102. One or more lenses may be used to
project the patterning beams from the individually addressable elements 102 to the substrate. The
individually addressable elements 102 may be operated, for example, to provide pixel-grid imaging as
discussed herein.

[0091] As discussed above, a plurality of individually addressable elements 102 are optically
associated with a lens of projection system 108. In an embodiment, the patterning beams from the
plurality of individually addressable elements 102 substantially cover the field of view of the associated
lens of projection system 108. In an embodiment, a plurality of individually addressable elements 102
collectively forms a two-dimensional emitter array, each array associated with a single lens of projection
system 108. And so, in an embodiment, there are provided a plurality of emitter arrays, each array
associated with a single lens of a lens array (extending in the X-Y plane) of projection system 108. Thus,
in an embodiment, a single lens forms all of, or part of, the projection system 108 for an array of
individually addressable elements 102.

[0092] FIG. 4A depicts a schematic side view of a part of a lithographic apparatus according to an
embodiment. As shown in FIG. 4A, the lithographic apparatus 100 comprises a patterning device 104 and

a projection system 108. The patterning device 104 comprises an emitter array 101. As discussed above,
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the emitter array 101 comprises a plurality of individually addressable elements 102 in a two-dimensional
array. In an embodiment, each of the individually addressable elements 102 is a LED.

[0093] The projection system 108 comprises two lenses 122, 124 along an optical axis. The first lens
122, afield lens, is arranged to receive the modulated radiation beams 110 from the emitter array 101.
The radiation beams 110 diverge toward the field lens 122. The field lens 112 then effectively collimates
the radiation beams and directs them toward a second lens 124, an imaging lens. The lens 124 focuses the
beams 110 onto the substrate 114. In an embodiment, the lens 124 can provide a NA of 0.15 or 0.18. In an
embodiment, the lens 122 and/or the lens 124 may be moved in up to 6 degrees of freedom (e.g., in the X-
Y-Z directions) using an actuator.

[0094] As shown in FIG. 4A, a free working distance 128 is provided between the substrate 114 and
the lens 124. This distance allows the substrate 114 and/or the lens 124 to be moved to allow, for
example, focus correction. In an embodiment, the free working distance is in the range of 1-3 mm, e.g.,
about 1.4 mm.

[0095] In an embodiment, the projection system 108 can be a 1:1 projection system in that the array
spacing of the image spots on the substrate 114 is the same as the array spacing of the individually
addressable elements 102 of the patterning device 104. To provide improved resolution, the image spots
can be much smaller than the size of each individually addressable element 102 of the patterning device
104 by adjusting the field lens 122, the imaging lens 124, or both.

[0096] Referring to FIG. 4B, in an embodiment, the patterning device 104 comprises two or more
emitter arrays 101. Accordingly, two or more projection systems 108 are used to project the patterning
beams from such a patterning device 104 to the substrate 114. In an embodiment, there may be 100’s, or
1000’s of emitter arrays, each emitter array associated with a projection system 108, comprising lens 122
and/or lens 124. In an embodiment, the cross-sectional width (e.g., diameter) 109 of lens 122 and/or 124
is 1 millimeter (mm). FIG. 4B depicts an embodiment of a plurality of emitter arrays 101 employed in the
patterning device 104 is depicted. Different sets of the modulated radiation beams 110, each set
corresponding to an emitter array 101 of two or more emitter arrays 101 in the patterning device 104, pass
through respective lenses 122 and 124 and are focused to the substrate 114. As a result, an array of
radiation spots (each spot having a size of, for example, around 1 pm) is exposed onto the substrate 114.
The individually addressable elements 102 of the patterning device 104 may be arranged at a pitch, which
may result in the same pitch of imaging spots at substrate 114.

[0097] In an embodiment, each emitter array 101 and the associated lens 122 and/or lens 124 may be
collectively considered as an individual optical engine component. The individual optical engine
component may be manufactured as a unit for easy replication. In an embodiment, the individual optical

engine component may be used to print brushes substantially covering the field of view of the lens 122,
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124. Moreover, frame 160 may be configured to be expandable and configurable to easily adopt any
number of such optical engine components. In this way, an improperly working optical engine component
(e.g., if an individually addressable element of emitter array 101 is not working properly) may be easily
replaced with a functioning optical engine component.

[0098] Referring to FIG. 5, a highly schematic top view of an individual optical engine component 500
is depicted. The individual optical engine component 500 comprises an emitter array 101 and lens 122
and/or 124. In an embodiment, the emitter array 101 comprises a plurality of individually addressable
elements 102 arranged in a two-dimensional array, substantially covering a field of view area of the lens
122, 124. As shown in FIG. 5, the emitter array 101 comprises 225 individually addressable elements 102
arranged in a square 15x15 array in which each side of the array is, for example, about 70 pm long. Thus,
the diagonal of the array is about 100 um long, approximately equal to the width (e.g., diameter) of the
field of view of the lens 122, 124. In an embodiment, the cross-sectional width (e.g., diameter) 502 of lens
122 and/or 124 is about 1 millimeter (mm). In an embodiment, the spot size of the beam of an
individually addressable element 102 is about 1 micron. In an embodiment, each individually addressable
element 102 delivers about 3 uW optical power or less onto the substrate (which is, for example, for a flat
panel display application for a scanning speed of around 10 mm/s and resist sensitivity of around 20
mJ/cm®). In an embodiment, the pitch, defined as the distance between centers of adjacent individually
addressable elements 102, is, e.g., about 5 pm. In an embodiment, the array is imaged (1:1) onto the
substrate 114 with doublets 122, 124. In an embodiment, the lenses 122, 124 are arranged at about 1 mm
pitch.

[0099] Each individually addressable element 102 emits an electromagnetic radiation toward the
substrate 114, thereby generating a radiation spot on the substrate 114. As shown in FIG. 5, the emitter
array 101 is situated at an angle 6 relative to the scanning direction 123 of relative movement between the
substrate 114 and the individually addressable elements 102 (e.g., the direction 123 of movement of the
substrate 114). This is so that, when there is relative movement between the substrate 114 and the
individually addressable elements 102 in the scanning direction, each radiation spot effectively passes
over a different area of the substrate (although there can be some overlap), thereby enabling production of
a brush 503 of modulated radiation whose width is related to the field of view of the lens 122. In an
embodiment, the width 501 of the brush 503 is 70 pm. In an embodiment, the angle 0 is at most 20°, 10°,
for instance at most 5°, at most 3°, at most 1°, at most 0.5°, at most 0.25°, at most 0.10°, at most 0.05°, or
at most 0.01°. In an embodiment, the angle 8 is at least 0.0001°, e.g. at least 0.001°. The angle of
inclination 6 is determined in accordance with the image spot size (which is a function of working
distance between the substrate and the lens 122, 124), the pitch between adjacent radiation spots, and the

field of view of the lens 122, 124.
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[00100] FIG. 6 illustrates schematically a top view of how the pattern on the substrate 114 may be
generated. The filled in circles represent the array of spots S projected onto the substrate 114 by
individually addressable elements 102 in the emitter array 101. The substrate 114 is moved relative to the
projection system 108 in the X-direction as a series of exposures are exposed on the substrate 114. The
open circles represent spot exposures SE that have previously been exposed on the substrate 114. As
shown, each spot projected onto the substrate 114 by individually addressable elements 102 in the emitter
array 101 exposes a column R of spot exposures on the substrate 114. The complete pattern for the
substrate 114 is generated by the sum of all the columns R of spot exposures SE exposed by each of the
spots S. Such an arrangement is commonly referred to as *“pixel grid imaging.” It will be appreciated that
FIG. 6 is a schematic drawing and that spots S and/or the spot exposures SE exposed by different spots S
may overlap in practice.

[00101] Similar to that shown in FIG. 5, the array of radiation spots S is arranged at an angle 0 relative
to the scanning direction (in this example, the edges of the substrate 114 lie parallel to the X- and Y-
directions). This is done so that, when there is relative movement between the substrate 114 and the
individually addressable elements 102 in the scanning direction, each radiation spot will effectively pass
over a different area of the substrate 114, thereby allowing for producing a brush in a single scan. As
discussed above, the angle of inclination 8 is determined in accordance with the image spot size, the pitch
between adjacent radiation spots, and the field of view of the lens 122, 124.

[00102] Various embodiments may be employed to write patterns to cover the whole surface area of the
substrate 114 by using one or more individual optical engine components 500. Firstly, in respect of the
brush 503, in an embodiment, an optical engine component 500 is large enough to fully expose the width
of the brush 503. If an optical engine component 500 is not large enough to fully expose the width of the
brush 503 in a single scan, various embodiments can be used to fully cover the brush 503 width. In an
embodiment, an optical engine component 500 is scanned multiple times while in between these scans a
small motion is made in a direction orthogonal to the scan direction to “fill” in the gaps. In an
embodiment, a plurality of optical engine components 500 are provided along the scan direction but that
are situated at an offset in a direction orthogonal to the scan direction, thus the second, third, etc. optical
engine component 500 fills the gaps left by a first optical engine component 500.

[00103] Then, it is desirable to expose the full substrate (e.g., wafer, flat panel display, etc.) using a
plurality of brushes 503 (e.g., brushes 503 having a width of, e.g., 70 microns). Accordingly, a plurality
of optical engine components 500 is provided. In an embodiment, the substrate is mostly fully covered
with optical engine components 500 at a pitch of, e.g., 1 mm. Then, relative movement is provided
between the optical engine components 500 and the substrate 114 to scan multiple times in a meandering

fashion. In this embodiment, the relative motion between optical engine components 500 and the substrate
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can be limited to, e.g., about 1 mm in both orthogonal directions X and Y. So, if the relative movement
between each of the optical engine components 500 and the substrate is repeated over 1 mm” in a
meandering fashion (i.e., including an offset in the direction perpendicular to the scan direction for each
scan) with brush strokes of about 70 microns width, effectively all areas on the substrate can be exposed.
Redundancy (e.g., using another individually addressable element to expose an area of an individually
addressable element 102 that fails or doesn’t work properly) can be implemented by enlarging the scan
range. For example, if the scan range is 2 mm rather than 1 mm, a plurality of optical engine components
500 can then contribute to the exposure of an area on the substrate associated primarily with one of the
optical engine components 500.

[00104] In an embodiment, wherein the substrate is relatively large and it is not necessary or possible to
cover the entire area of the substrate with optical engine components 500 (e.g., because the collective
radiation power is not needed), optical engine components 500 can be provided so as to cover the width
of the substrate in a direction orthogonal to the scan direction, e.g., as shown in FIGs. 2 and 3. In this
manner, the substrate could be exposed in a single scanning pass of relative movement between the
optical engine components 500 and the substrate. In an embodiment, there are sufficient columns of
optical engine components 500 such that the full substrate width can be exposed in a single scan. So, e.g.
if one optical engine component exposes a width of 70 microns at a pitch of 1 mm, 15 rows of optical
engine components 500 (arranged along the scan direction and displaced from each other along the
direction orthogonal to the scan direction such that the respective brushes of the optical engine
components 500 overlap) should be sufficient for full exposure. Of course, a sufficient number of
columns of optical engine components 500 would be provided along the Y-direction to cover the width of
the substrate. More rows can be added in case more radiation power is needed (e.g., a same location on
the substrate can be exposed multiple times — a first time by a first optical engine component and then
again by another optical engine component - and/or to provide redundancy as discussed above).

[00105] In an embodiment, if less radiation power is required and the radiation can be modulated at a
high frequency, the substrate can be scanned in one direction over its entire length and then a meander
can be provided over, e.g., 1 mm in the orthogonal direction to the scan direction. Thus, the optical engine
components 500 may not collectively extend across the width of the substrate in the Y-direction. In that
case, the optical engine components 500 may collectively write a first portion of the substrate in a first
scan, then an offset in the Y-direction is applied and then one or more further scans (e.g., in reverse
direction, then forward direction, and so on, i.e., a meandering fashion) can be applied to expose the
remaining portion of the substrate. Like previous embodiments, redundancy can be implemented by

meandering over more than, e.g., 1 mm. For example, with a 4 mm meander, there is a plurality of optical
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engine components 500 contributing to the exposure of a single area on the substrate designated primarily
for a particular optical engine component 500.

[00106] In an embodiment, a brush produced on the substrate 114 in a scan is slightly overlapped with a
brush produced in a previous scan.

[00107] FIGs. 7A, 7B, 7C, 7D and 7E depict schematic diagrams of a manufacturing method, e.g., for
manufacturing a flat panel display. In FIG. 7A, a column 700 of individually addressable elements 702
(such as individually addressable elements 102) is situated at an angle a relative to the scanning direction
705 of relative movement between the substrate 114 (not shown in FIG. 7 for convenience but would be
above or below elements 702) and the individually addressable elements 702. The pitch 703 between
adjacent individually addressable elements 702 is about 5 um. Each individually addressable element 702
emits electromagnetic radiation toward the substrate 114, thereby generating a radiation spot on the
substrate 114. Therefore, when there is relative movement between the substrate 114 and the individually
addressable elements 702 in the scanning direction 705, the radiation spots generated by different
individually addressable elements 702 will pass over different areas of the substrate 114 (although there
can be overlap between the areas covered by two or more of the individually addressable elements), thus
producing a plurality of radiation lines 704 (brush lines of a brush) each with a width of about 1 um. The
turning “ON” or “OFF” of the individually addressable elements 702 is timed so that the appropriate
pattern is formed along the length of each radiation line 704 on the substrate 114. In an embodiment, the
emitter size of each individually addressable element is about 1 um; so, in an embodiment, the radiation
spot size is about 1 pm. In an embodiment, the effective pitch 701 (i.e., the displacement in the direction
perpendicular to the scanning direction 705) between the adjacent individually addressable elements 702
is about 0.4 um.

[00108] Additionally, the gray scale factor, which is the inverse of the effective pitch (or typically the
effective pitch is determined based on the gray scale factor and is the inverse of the gray scale factor), is
equal to about 2.5. The gray scale factor may be used to indicate the degree of overlap between adjacent
radiation lines. For example, a large gray scale factor indicates a high degree of overlap, and a small gray
scale factor indicates a low degree of overlap. The gray scale factor (and thus the effective pitch) is a
design parameter based on, e.g. resist ability to form the pattern in response to the radiation from the
spots, line width roughness specification, etc. It specifies the ratio between the optical spot size on the
substrate and the required design grid (effective spot spacing or overlap) (e.g. 0.4 pm where the spot size
is 1 um and so the gray scale factor is 2.5) to expose patterns with sufficient quality. In an embodiment, a
column 700 comprises 15 individually addressable elements 702, each of which produces a radiation line
704 with a width of about 1 pm on the substrate 114. As shown in FIG. 7A, the adjacent radiation lines

704 have a significant overlap. As a result, the radiation lines 704 are stitched together and collectively
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generate a continuous brush line. For example, considering a lens placement error of 0.5 pm on both sides
of the row 700, the row 700 may collectively generate a brush line with a width of about 5 pm.

[00109] As shown in FIG. 7B, a plurality of the columns 700 are stacked generally in parallel to form an
emitter array 710. Each column 700 is situated at the angle o relative to the scanning direction (i.e., the X-
direction). In an embodiment, the pitch between adjacent columns is the same as the pitch 703 between
adjacent individually addressable elements in the column 700. The brush lines produced by adjacent
columns 700 of individually addressable elements 702 may have slight overlap so that the brush lines
produced by all the columns 700 in the emitter array 710 collectively produce a brush with a brush width
of about 70 um, which effectively covers the field of view of the lens 122, 124 located between the
emitter array 710 and the substrate. In an embodiment, the emitter array 710 comprises 15 rows 700 of the
individually addressable elements 702. Since each row 700 may produce a brush line with a width of
about 5 pm, the emitter array may therefore produce a brush with a brush width of about 70 um when the
adjacent brush lines have appropriate overlap.

[00110] In FIG. 7C, an emitter array 710 is associated with a lens 715 (such as lens 122, 124), forming
an individual optical engine component 718. In an embodiment, the cross-sectional width (e.g., diameter)
of the lens 715 is about 1 mm, and the field of view of the lens 715 is about 100 pm. A plurality of the
individual optical engine components further forms a column 720 of the individual optical engine
components 718. In an embodiment, the lenses 715 of adjacent individual optical engine components 718
are in contact or near contact. In this case, the spacing between emitter arrays 710 in the adjacent
individual optical engine components 718 is determined by the cross-sectional width (e.g., diameter) of
the lenses 715. The column 720 of the individual optical engine components is situated at an angle 3
relative to the scanning direction (i.e., the X-direction). The angle B is determined based on, for example,
the brush width (e.g., about 70 pm), the cross-sectional width (e.g., diameter) of the lens 715 and the
location of other optical engine components 718. The angle is provided so that, when there is relative
movement between the substrate 114 and the optical engine components 718 in the scanning direction
(i.e., the X-direction), the brushes generated on the substrate 114 by the individual optical engine
components of a column 720 may have a slight overlap with one or more other brushes (e.g., adjacent
brushes, a brush in another row (comprising a plurality of columns) of optical engine components, etc.).
Further, in an embodiment, a set of brushes (and thus optical engine components 718) may collectively
cover (“‘brush”) an area on the substrate with a width substantially equal to the cross-sectional width of
the lens 715. For example, column 720 can comprise 15 individual optical engine components. Each
individual optical engine component may generate a brush with a brush width of 70 um. By carefully
selecting the angle B, a column 720 of individual optical engine components 718 can collectively cover an

area on the substrate with a width of about 1 mm.
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[00111] InFIG. 7D, a micro-lens array (MILA) module 730 is depicted. The MLLA module 730
comprises a plurality of columns 720 of individual optical engine components 718 arranged in essentially
in parallel. The columns 720 of individual optical engine components 718 are situated at the angle B
relative to the scanning direction (the X-direction) so that the brush produced by the first individual
optical engine component in a column (e.g., the individual optical engine component 715) has slight
overlap with the brush produced by the last individual optical engine component in the adjacent column
(e.g. the individual optical engine component 727), while the optical engine components 718 in the rows
of a column 720 overlap with each other. Therefore, the brushes generated by the individual optical
engine components in the MLLA module 730 are stitched together. In an embodiment, columns 720 of
individual optical engine components 718 in a MLLA module 730 are in contact with the adjacent columns
720 of individual optical engine components 718, e.g., their lenses 715 are in contact or near contact. The
number of columns 720 in an MLA module 730 is proportional to the width of area on the substrate that
the MLLA module 730 is intended to cover. In an embodiment, a MLLA module 730 comprises 30 columns
720 of individual optical engine components. As described above, each column 720 of individual optical
engine components can cover an area with a width of about 1 mm. Therefore, a MLLA module 730 with 30
columns may collectively produce a pattern that covers an area on the substrate 114 with a width of about
30 mm. Ten MLA modules may be provided to cover a substrate with a width (e.g., diameter) of about
300 mm. It is appreciated that the MLLA module 730 may comprise any number of columns 720 of the
individual optical engine components.

[00112] FIG. 7E depicts a patterning device 740 (e.g., the patterning device 104), e.g., in manufacturing
of a flat panel display. The patterning device 740 comprises a row 735 of MLLA modules 730. For a single
pass scan, the number of MILA modules 730 provided in the row 735 is typically determined by the width
of the substrate 114 and the width of the pattern produced by each MILA module 730. For example, if the
substrate 114 is 3 m wide, and each MLLA module 730 is capable of covering an area on the substrate with
a width of about 30 mm, at least 100 MLLA modules 730 should be provided in the row 735 of the MLLA
modules 730. The row 735 is situated perpendicular to the scanning direction, and each MILA module 730
in the row 735 is situated at the angle B with relative to the scanning direction (i.e., the X-direction). The
pitch between adjacent MILA modules 730 is carefully chosen so that the patterns produced by adjacent
MLA modules 730 have a slight overlap. As a result, the row 735 of MLLA modules 730 can collectively
cover the whole width of the substrate 114 (e.g., 3 m).

[00113] In an embodiment, the patterning device 740 comprises two or more identical rows 735 of the
MLA modules 730 stacked in essentially parallel and aligned in the scanning direction (i.e., the X-
direction). This arrangement can, for example, allow at least part of a "redundant” MILA module 730 (e.g.,

one or more individually addressable elements 102 in a MLLA module 730) in another 735 to be used



10

15

20

25

30

WO 2017/114658 PCT/EP2016/081006

22

when a corresponding part of a MLLA module 730 in another row 735 (e.g., the first row) fails to operate
or doesn’t operate properly. In addition or alternatively, one or more extra rows 735 of the MLLA modules
730 may have an advantage in controlling thermal load on the individually addressable elements 102 in
the MLLA modules 730. For example, a first row of the MLLA modules 730 may be used for a certain
period and then a second row is used for another period while the first row cools, and so on.

[00114] In an embodiment, the plurality of rows 735 of the MILA modules 730 may be operated at a
fraction of their operating capacity at steady state. For example, the MLLA modules 730 in each row 735
may be operated at around 80% of their capacity during steady state and should at least part of one or
more MLLA modules 730 in one or more rows fail or not operate properly, the remaining MILAs may be
operated at a higher percent at steady state (e.g., 88% of their capacity) to provide close to or the same
desired radiation power and brightness.

[00115] In photolithography, a desired feature may be created on a substrate by selectively exposing a
layer of resist on a substrate to radiation, e.g. by exposing the layer of resist to patterned radiation. Areas
of the resist receiving a certain minimum radiation dose (“‘dose threshold”) undergo a chemical reaction,
whereas other areas remain unchanged. The thus created chemical differences in the resist layer allow for
developing the resist, i.e. selectively removing either the areas having received at least the minimum dose
or removing the areas that did not receive the minimum dose. As a result, part of the substrate is still
protected by a resist whereas the areas of the substrate from which resist is removed are exposed,
allowing e.g. for additional processing steps, for instance selective etching of the substrate, selective
metal deposition, etc. thereby creating the desired feature. In an embodiment, at least part of two or more
MLA modules 730 in two or more rows in FIG. 7E collectively provide enough radiation dose to allow
such chemical reaction to take place in a corresponding area of the substrate 114. Thus, an area on the
substrate can be exposed to radiation a plurality of times by different optical engine components 718,
either in the same MILLA module 730 or desirably in different MILA modules 730.

[00116] In the above discussions, an emitter array 101 is described as being capable of producing a
whole, contiguous brush, on the surface of the substrate 114, that effectively covers the field of view of
the lens 122, 124. However, in an embodiment, this need not or may not be the case. The capability of
producing a whole brush using an emitter array 101 depends on one or more factors selected from: the
pitch between adjacent individually addressable elements 102, the field of view of the lens 122, 124,
and/or the angle at which the emitter array 101 is situated relative to the scanning direction. In many
examples, the lens 122, 124 is specified at the outset (e.g., only certain lens sizes are available and/or a
desired NA is required) and so the field of view is determined. In this case, the capability of producing the
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addressable elements 102 in the emitter array 101 and the angle at which the emitter array 101 is situated
relative to the scanning direction.

[00117] Referring to FIG. 8A, a schematic top view of an emitter array 800 is depicted. Similar to as
discussed above, the emitter array 800 is a part of an individual optical engine component and is optically
associated with a lens (e.g., the lens 122, 124). In an embodiment, the field of view of the lens is
determined to be 100 pm. As shown, the emitter array 800 comprises a plurality of columns (e.g.,
columns R1-R3) of individually addressable elements 807 (such as individually addressable elements 102
and includes elements 803, 804, 805, 806). Each column of the individually addressable elements
comprises a plurality of individually addressable elements with a pitch 801 of, e.g., about 5 pm between
adjacent individually addressable elements. In an embodiment, the spot size of each individually
addressable element is about 1 pm. In an embodiment, each of the individually addressable elements is a
LED. The columns of individually addressable elements (e.g., the columns R1-R3) are situated essentially
in parallel also with a pitch 801 between adjacent columns of the individually addressable elements.
Therefore, in an embodiment, the emitter array 800 forms a square array of individually addressable
elements 807, i.e., the four sides 802 of the emitter array 800 have essentially equal lengths. In an
embodiment, each side 802 of the emitter array 800 is 70 um long. Therefore, the diagonal of the emitter
array 800 is about 100 um long, which is approximately equal to the field of view of the lens associated
with the emitter array 300.

[00118] The emitter array 800 is situated at an angle a1 relative to the scanning direction 808. This is
done so that, when the substrate (not shown) is irradiated by the beams from the emitter array 800 and
there is relative movement between the substrate 114 and the emitter array 800 in the scanning direction
808, each radiation spot from the individually addressable element will effectively pass over a different
area of the substrate, thereby allowing for production of different radiation lines.

[00119] As shown, the radiation lines have a slight overlap with adjacent radiation lines written by the
individually addressable elements from the same column (e.g., the column R2). Further, the radiation line
written by the first individually addressable element 806 of the column R2 has an overlap with the
radiation line written by the last individually addressable element 803 of the column R1. In addition, the
radiation line written by the last individually addressable element 804 of the column R2 has overlap with
the radiation line written by the first individually addressable element 805 of the column R3. Therefore,
the radiation lines written by all the columns of the individually addressable elements in the emitter array
800 may be stitched collectively to generate a brush with a width of, e.g., 70 pm.

[00120] Now, referring to FIG. 8B, a schematic top view of a further emitter array 810 is depicted. The
emitter array 810 is a part of an individual optical engine component and is optically associated with a

lens similar to that described in FIG. 8A. In an embodiment, the field of view of the lens is, for example,
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100 pm. As shown, the emitter array 810 comprises a plurality of columns of individually addressable
elements (e.g., columns R1°-R3’). Each column of individually addressable elements comprises a
plurality of individually addressable elements with a pitch 809 of, e.g., about 7 pm between adjacent
individually addressable elements. The size of each individually addressable element is about 1 pm. In an
embodiment, each of the individually addressable elements is a LED. The columns of individually
addressable elements (e.g., the columns R1°-R3’) are situated essentially in parallel with the pitch 809
between adjacent columns of the individually addressable elements. Therefore, in an embodiment, the
emitter array 810 forms a square array of individually addressable elements 807, i.e., the four sides 802 of
the emitter array 810 have essentially equal lengths. In this case, the size of the emitter array 810 is
similar to the size of the emitter array 800. In an embodiment, each side 802 of the emitter array 810 is 70
um long. Therefore, the diagonal of the emitter array 810 is about 100 pm long, which is approximately
equal to the field of view of the lens associated with the emitter array 810.

[00121] The emitter array 810 is situated at an angle B1 relative to the scanning direction 818. This is
done so that, when the substrate (not shown) is irradiated by the beams from the emitter array 810 and
there is relative movement between the substrate 114 and the emitter array 810 in the scanning direction,
each radiation spot from the individually addressable elements will pass over a different area of the
substrate, thereby allowing radiation lines written by the same column (e.g., the column R2") of
individually addressable elements to have a slight overlap with adjacent radiation lines. But, due to the
larger pitch (i.e., about 7 um) compared with that in FIG. 8A (i.e., about 5 um), the angle 1 is smaller
than the angle al.

[00122] Further, although the radiation lines written by the same column (e.g., the column R2’) of
individually addressable elements may stitch together, these radiation lines may not stitch with those
written by one or more adjacent columns (e.g., the columns R1’ and R3’) of individually addressable
clements. For example, the radiation line written by the first individually addressable element 816 of
column R2’ may not slightly overlap with the radiation line written by the last individually addressable
element 813 of column R1°. Similarly, the radiation line written by the last individually addressable
element 814 of column R2" may not slightly overlap with the radiation line written by the first
individually addressable element 815 of column R3’. As a result, the emitter array 810 may not be
capable of producing a whole brush with a width of 70 um on the substrate 114. Furthermore, increasing
the angle B1 in a counterclockwise direction may decrease the gap between the radiation lines produced
by adjacent columns of individually addressable elements (e.g., R1’ and R2’, and/or R2’ and R3’).
However, this may create a gap between adjacent radiation lines produced by adjacent individually
addressable elements in the same column (e.g., R2"). In either case, the emitter array 810 may produce

undesirable “zebra” lines due to the relatively large pitch between adjacent individually addressable
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elements. To resolve this issue, two or more emitter arrays 810 with a displacement in a direction
perpendicular to the scanning direction may be used to collectively create a brush.

[00123] FIGs. 9A, 9B, 9C, 9D and 9E depict schematic diagrams of a manufacturing method, e.g., for
manufacturing a flat panel display. In FIG. 9A, a column 907 of individually addressable elements 902
represented by solid circles is situated at angle 0 relative to the scanning direction 901. In an embodiment,
the pitch 911 between adjacent individually addressable elements 902 is about 7 um. Each individually
addressable element 902 emits electromagnetic radiation toward the substrate 114, thereby generating a
radiation spot on the substrate 114. Therefore, when there is relative movement between the substrate 114
and the individually addressable elements 902 in the scanning direction 901, the radiation spots generated
by different individually addressable elements 902 will pass over different areas of the substrate 114,
thereby allowing production of a plurality of radiation lines 903 each with a width of 1 pm. The turning
“ON” or “OFF” of the individually addressable elements 902 is timed so that the desired pattern is
produced in each radiation line 903 on the substrate 114. In an embodiment, the radiation spot size is 1
um. Due to the relatively large pitch (i.e., about 7 um versus about 5 pm), the adjacent radiation lines 903
have a gap therebetween. For example, the gap may be about 0.4 pm, about 0.35 pm, about 0.3 um, about
0.2 pm, etc.

[00124] As shown, another column 909 of individually addressable elements 904 represented by hollow
circles is situated at the angle 6 relative to the scanning direction 901. The column 909 is similar to the
column 907 but has a small displacement in the direction perpendicular to the scanning direction so that
the radiation lines 905 generated by the column 909 of individually addressable elements 904 may be
interleaved with the radiation lines 903 generated by the column 907 of the individually addressable
elements 902. Therefore, the radiation lines 905 may fill the gaps between the adjacent radiation lines
903. As aresult, the radiation lines 903 and the radiation lines 905 may collectively produce a brush. In
an embodiment, the displacement 906 between adjacent radiation lines is 0.4 um, equal to the effective
pitch in FIG. 7A. In an embodiment, both column 907 and column 909 comprise 11 individually
addressable elements 902, 904. Considering a lens placement error of 0.5 pm on both sides of the
columns 907 and 909, a brush line generated collectively by columns 907 and 909 may have a width of
about 6.8 um.

[00125] To enable the interleaving, FIG. 9B depicts two emitter arrays 910, 915 that respectively have
the column 907 and the column 909. The first emitter array 910 comprises a plurality of columns 907
stacked essentially in parallel, each column situated at an angle 0 relative to the scanning direction 901.
The pitch of adjacent columns 907 is the same as the pitch between adjacent individually addressable
elements 902 in column 907. In an embodiment, the pitch of adjacent columns 907 is about 7 um. In an

embodiment, each side of the first emitter array 910 is about 70 um long so that the diagonal of the first
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emitter array 910 is about equivalent to the field of view (about 100 um) of the lens associated with the
first emitter array 910.

[00126] Similarly, the second emitter array 915 comprises a plurality of columns 909 stacked essentially
in parallel, each column is situated at an angle o relative to the scanning direction 901. The pitch of
adjacent columns 909 is the same as the pitch between adjacent individually addressable elements 904 in
the column 909. In an embodiment, the pitch of adjacent columns 909 is about 7 pm. In an embodiment,
each side of the second emitter array 915 is about 70 um so that the diagonal of the second emitter array
915 is about equivalent to the field of view (about 100 um) of the lens associated with the second emitter
array 915. The second emitter array 915 has a small displacement in the direction perpendicular to the
scanning direction relative to the first emitter array 910. This is so that the radiation lines 903 generated
by the columns 907 of individually addressable elements 902 in the first emitter array 910 are interleaved
with the radiation lines 905 generated by the columns 909 of individually addressable elements 904 in the
second emitter array 915 as described in FIG. 9A. As a result, the first emitter array 910 and the second
emitter array 915 may collectively produce a brush that covers the field of view of the lens associated
with the first emitter array 910 or with the second emitter array 915. In an embodiment, the first emitter
array 910 and the second emitter array 915 comprise eleven columns 907 of individually addressable
elements 902 and eleven columns 909 of individually addressable elements 904, respectively. Each
column 907 may be paired with a column 909 to produce a brush line with a width of about 6.8 um.
Therefore, a pair of the first emitter array 910 and the second emitter array 915 may collectively produce
a brush with a brush width of about 6.8 um * 11=74.8 pm.

[00127] As will be appreciated, the interleaving need not be uniform and/or can be provided by more
than one extra emitter array.

[00128] As shown in FIG. 9C, the first emitter array 910 and the second emitter array 915 are each
associated with a lens 925, forming a first individual optical engine component 921 and a second
individual optical engine component 923 respectively. In an embodiment, the width (e.g., diameter) of the
lens 925 is about 1 mm, and the field of view of the lens 925 is about 100 um. A pair 927 of a first
individual optical engine component 921 and a second individual optical engine component 923 is used to
produce a brush as described in FIG. 9B. A plurality of such pairs 927 may be arranged as shown and
form a group 920 of pairs 927. The number of pairs in the group 920 is determined by, e.g., the width
(e.g., diameter) of the lens 925; for example, so that the brushes contiguously extend to cover the width of
a lens 925. In particular, in a group 920, adjacent pairs 927 have an appropriate displacement in the
direction perpendicular to the scanning direction. This is done so that the group 920 of pairs 927 may
collectively cover an area on the substrate with a width equivalent to the width of the lens 925. For

example, the group 920 may comprise 14 pairs of first individual optical engine component 921 and
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second individual optical component 923. Since a brush produced by each pair 927 has a brush width of
about 75 um, the brushes produced by the group 920 may cover an area on the substrate with a width of
about 1.05 mm, which is approximately equal to the width (e.g., 1 mm) of the lens 925.

[00129] FIG. 9D depicts an example micro-lens array (MILA) module 930, which comprises a plurality
of groups 920 arranged as shown so that the brush produced by the first pair 935 in a group has slight
overlap with the brush produced by the last pair 937 in the adjacent group. In this way, the brushes
generated by all the groups 920 in the MLLA module 930 are stitched together. The width of area on the
substrate that the MILA module 730 is capable of covering is determined by the number of groups 920
contained in the MLA module 930. In an embodiment, the MILA module 930 comprises thirty groups 920
of pairs 927. As described above, each group 920 of pairs 927 may cover an area with a width of about 1
mm. Therefore, the MLLA module 930 may collectively produce a pattern that covers an area on the
substrate with a width of about 30 mm. It is appreciated that the MILA module 930 may comprise a
different number of groups 920.

[00130] FIG. 9E depicts a patterning device 940, e.g., for use in manufacturing of a flat panel display.
The patterning device 940 comprises a row 939 of MLLA modules 930. The number of MLLA modules 930
provided in a row 939 is determined by, e.g., the width of the substrate 114 and the width of the pattern
produced by each MLLA module 930 if a substrate 114 is desired to be exposed in a single pass. For
example, if the substrate 114 is 3 m wide, and each MILA module 930 is capable of covering an area on
the substrate with a width of 30 mm, at least 100 MLLA modules 930 should be provided in the row 939 of
the MLLA modules 930. The row 939 is situated perpendicular to the scanning direction. The pitch
between adjacent MLLA modules 930 is carefully chosen so that the patterns produced by adjacent MLLA
modules 930 have slight overlaps. As a result, in an embodiment, a row 939 of MLLA modules 930
collectively covers the whole width of the substrate 114.

[00131] It should be noted that the total number of lenses required to cover an area on the substrate with
widths equivalent to the diameters of the lenses is closely related to the pitches between adjacent
individually addressable elements, the ficld of view of the lens, the lens position tolerance, the diameter
of the lens, and the required redundancy which will be discussed further. In other words, when the field of
view of the lens (e.g., 100 pum), the lens position tolerance (e.g., 0.5 pm on each side of the lens), the
width (e.g., diameter) of the lens (e.g., 1 mm), and the required redundancy are all determined, the total
number of the required lenses is closely related to the pitch between adjacent individually addressable
elements. In an embodiment, the patterning device 940 comprises two or more rows 939 of MLLA
modules 930 stacked in parallel and aligned in the scanning direction for introduction of, for example,

redundancy, etc. as similarly described with respect to FIG. 7E.
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[00132] Thus, in an embodiment, direct emitter imaging is performed by writing patterns with arrays of
emitters (e.g., LEDs) coupled to an array of microlenses. As discussed above, a single row of emitters
essentially parallel to the scan direction (i.e., at the angle discussed above) defines a single brush line.
Then, multiple brush lines next to each other over the width of the field of view of a microlens form a
single brush. So, depending on, for example, the emitter bonding pitch (in other words, how close the
emitters can be placed next to each other), one or more microlenses, each microlens having individually
addressable elements that project beams therethrough and having the individually addressable elements
stacked in the scan direction as discussed above, are employed to achieve the desired brush line width and
brush width to effectively cover the field of view of a microlens. Additionally, multiple brushes are used
to fill the width of the microlens pitch, by again stacking microlenses with emitters in the scan direction.
Then, the above arrangements can be repeated in a direction perpendicular to the scanning direction as
needed to accommodate the size of the substrate to be exposed.

[00133] So, besides emitter bonding pitch, several design parameters put a constraint on the number of
emitters and microlenses that can be used. A first parameter is the field of view of a single microlens. The
ratio between the width (e.g., diameter) of the lens and its field of view determines the amount of
microlenses needed to write across the width of the microlens pitch. Another parameter is a redundancy
for the pattern, which determines a minimum amount of emitters needed per pixel. Further, optical power
of a single emitter in combination with the dose requirement of the application (e.g., the amount of dose
needed to pattern a resist) sets a minimum amount of emitters needed per pixel. Additionally, microlens
positioning error introduces a required overlap of emitter arrays and therefore influences the total amount
of microlenses used to write a full pattern.

[00134] So, in an embodiment, given microlenses with, for example, a width (e.g., diameter) of 1 mm
and a field of view of, e.g., 70 um, at least 15 microlenses are needed to fill a 1 mm scan width
corresponding to the pitch of the microlenses. For a 1 pm CD, taking into account a gray scale factor of
2.5 and a lens positioning error of 0.5 pm, to create a brush of 70 pm out of a single lens, at least 15x15
emitters are required in the field of view. This results in a maximum emitter pitch of about 5.0 um (e.g., a
5.0 um emitter bonding pitch) for a solution with a lowest number of lenses.

[00135] The number of lenses used scales aggressively with the emitter pitch, as shown in FIG. 10. FIG.
10 depicts the relationship between the total number of lenses required to cover an area having a width
equivalent to the diameter (e.g., 1 mm) of each lens and the pitch between adjacent individually
addressable elements for a particular lens for about 0.4 micron CD. The X-axis represents the pitch
between adjacent individually addressable elements and the Y-axis represents the total number of lenses
required to cover an area with a width equivalent to that of each lens. As shown, when the emitter pitch is

between 4 um and 5 pm, 15 lenses are needed to cover an area with a 1 mm width. But, when the emitter
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pitch is increased (e.g., if it is not possible to provide an emitter pitch of about 5 pm, the number of the
lenses needed varies as shown in FIG. 10 depending on the emitter pitch. For example, a next desirable
emitter pitch would be about 7 um. When the pitch is about 7 pm, about 28 lenses are needed to cover the
area with a 1 mm width, as, for example, shown in FIG. 9C. Further, for example, as described in FIG.
9B, where the pitches between adjacent individually addressable elements are about 7 um, two emitter
arrays 910 and 915 are provided to collectively produce a brush covering the width of the field of view of
a lens, i.e., two lenses are used per brush. Accordingly, FIG. 9C indicates 28 lenses 925 to cover an area
on the substrate with a width equivalent to the width (e.g., 1 mm) of each lens 925. By changing the pitch
from 5 pm to 7 um, the number of lenses to cover an area of 1 mm width on the substrate approximately
doubles.

[00136] A patterning device (e.g., the patterning devices 740, 940) may have thousands of individually
addressable elements. One or more controllers may be provided to control these individually addressable
elements (e.g., modulate these individually addressable elements “ON” and “OFF” including various gray
levels in between, e.g. 8 bit addressing for 256 power levels). In an embodiment, the one or more
controllers may be complementary metal-oxide semiconductor (CMOS) control circuits. The control
circuits need to be connected to the individually addressable elements 102 but as will be appreciated,
space is very limited. Direct bump bonding is a common method for interconnecting individual
semiconductor devices to external circuitry by using solder bumps that have been deposited onto the
semiconductor device. However, a bump pitch size is typically at least 20 pm. But, as discussed above,
the size of an individually addressable element can be only 1 pm and the pitch can be about 5 or 7 pm,
and so direct bump bonding technology may not provide enough resolution to allow one or more control
circuits to interconnect with each individually addressable element.

[00137] FIG. 11 depicts a highly schematic top view of a portion of a patterning device (e.g., the
patterning device 104, 740 or 940) comprising a plurality of individual optical engine components 1118.
Each individual optical engine component 1118 comprises an emitter array 1110 and a lens 1115, which
are similar to the emitter arrays 710, 910, 915 and the lenses 715, 925, respectively. In an embodiment,
the lens 1115 has a field of view of, e.g., 100 um (equivalent to the diagonal of the emitter array 1110)
and a width of, e.g., 1 mm. Therefore, the spacing 1125 between two adjacent emitter arrays 1110 is about
at least 1 mm. Each individual optical engine component 1118 further comprises a bond pad area 1120
adjacent to the emitter array 1110. For example, where the emitter array 1110 is above a lens 1115, the
bond pad area 1120 is similarly above the lens 1115. In an embodiment, the bond pad area 1120 is
attached to the lens 1115. Although the bond pad area is a square as shown in FIG. 11, the bond pad area

may have any other suitable shape, for example, a circle, a polygon, etc.



10

15

20

25

30

WO 2017/114658 PCT/EP2016/081006

30

[00138] A zoom-in view of a portion 1130 of the bond pad area 1120 is depicted in FIG. 11. As shown,
the portion 1130 of the bond pad area 1120 includes a plurality of bonding pads 1135. Although the
bonding pads 1135 have square shapes as shown in FIG. 11, the bonding pads 1135 may have any other
suitable shapes such as circle, rectangular, etc. The size of each bonding pad 1135 may be more than or
equal to about 400 um” and less than or equal to about 1600 um”. A bonding pad 1135 may be larger than
or equal to 20 um * 20 pm, larger than or equal to 30 pm * 30 um, larger than or equal to 40 pm * 40
um, etc. The bonding pad 1135 enable interconnection with one or more control circuits using direct
bump bonding technology as mentioned above, or any other suitable technologies such as, for example,
using bonding wires. As will be appreciated the bonding pads 1135 may be arranged all the way around
the periphery of the emitter array 1110. Thus, the bond pad area may surround and even overlap with the
emitter array 1110 (e.g., if it is produced in a physically different layer, and can thus be stacked on top of
the emitter array). The bond pad area accordingly allows for more area to realize the bonding of all
individual emitters. Because of the pitch mismatch between emitters and bonding technology, typically a
larger area than the emitter array 1110 would be needed to realize the bonding.

[00139] As shown in the zoom-in view of a portion 1130 of the bond pad area 1120 as depicted in FIG.
11 and as shown in FIG. 12, each of the bonding pads 1135 is further connected to a corresponding
individually addressable element 1210 in the emitter array 1110 via a metal line 1137, thereby allowing
for control of the individually addressable element 1210. In an embodiment, the metal lines 1137 are
copper, gold or aluminum lines. The metal lines 1137 may be produced using a conventional lithographic
apparatus using, for example, a mask. The linewidth of each metal line 1137 may be at least a few
hundred nanometers. The metal lines 1137 are not in contact with each other to avoid electrical problems
such as shorting. Such a configuration of the bond pad area 1120, the bonding pads 1135 and the metal
lines 1137 extending from the emitter array 1110 and around the periphery of the emitter array 1110 can
be referred to as a fan-out structure.

[00140] Various embodiments may be employed to arrange the metal lines 1137 in the emitter array
1110. In an embodiment, all the metal lines 1137 are produced in a single layer on the surface of the
emitter array 1110 as shown in FIG. 12. In an embodiment, the pitch between adjacent individually
addressable elements 1210 is 5 um and each of the individually addressable elements 1210 is connected
to a metal line 1137. So, in an embodiment, the linewidths of the metal lines 1137 can be 429 nm or less.
A spacing of between metal lines can be 429 nm or less and the spacing between the group of metal lines
and an adjacent individually addressable element 1210 can be about 1 micron or less. In an embodiment,
between adjacent individually addressable elements 1210 are at most four metal lines with an equal

spacing of 429 nm.
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[00141] Alternatively or in addition, the metal lines 1137 may be produced in 2 or more layers on the
surface of the emitter array 1110 in a manner that any two of the metal lines 1137 do not cross with each
other to avoid electrical problems such as shorting. An advantage of this scheme is that, e.g., wider metal
lines 1137 could be produced on the surface of the emitter array 1110, thereby reducing the resistivity of
the metal lines 1137. The reduction of the resistivity of the metal lines 1137 may mitigate a plurality of
related electrical problems, such as heating and electromigration.

[00142] Linewidth roughness (LWR) can be one of the limiting factors of state-of-the-art lithography.
LLWR is the deviation of a feature shape from a smooth, ideal shape. It has been discovered that the effect
of LWR may be limited by the largest distance between neighboring individually addressable elements in
the emitter array. In other words, the effect of LWR may be mitigated by decreasing the maximum
distance between neighboring individually addressable elements. However, as discussed above, the pitch
of adjacent individually addressable elements is determined by various factors, such as lens width, etc.
Thus, mitigating LWR by decreasing the pitch in an emitter array may not be possible. However,
improved performance may be achieved by designing the emitter array according to a particular desirable
configuration.

[00143] Similar to the emitter arrays 710, 910, and 915, an emitter array 1300 may have a plurality of
individually addressable elements 1310 arranged in a rectangular shape as shown in FIG. 13A. As
discussed above, the dimension of the emitter array should be selected to cover the field of view of the
lens associated with the emitter array. As shown in FIG. 13A, the emitter array 1300 comprises six rows
1320 of individually addressable elements 1310. Each row 1320 comprises six individually addressable
elements 1310. The pitch of the emitter array 1300 is denoted by “p”. Therefore, an individually
addressable element may have an equal distance (*‘p”) with an adjacent individually addressable element
in the same row or in the same column. However, a largest distance between adjacent individually
addressable elements 1310 is between an individually addressable element and its neighboring
individually addressable element in the diagonal direction, which is denoted by “\/Zp.” In an embodiment,
the emitter array 1300 can be referred to as an emitter array with adjacent individually addressable
clements arranged in a square configuration.

[00144] For comparison, in an embodiment, FIG. 13B shows an emitter array 1350 with similar
dimensions as the emitter array 1300. The emitter array 1350 comprises seven rows of individually
addressable elements. Similar to 1320, each row (i.e., R1, R2,..., R7) comprises six individually
addressable elements 1310, and the pitch between adjacent individually addressable elements 1310 in the
same row is denoted by “p.” Different from the emitter array 1300, the emitter array 1350 is configured
that such that, e.g., the even rows (i.e., R2, R4, and R6) have a horizontal displacement 1360 of 0.5p with
respect to the odd rows (i.e., R1, R3, RS, and R7). In an embodiment, the vertical displacement 1370
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between adjacent rows is approximately 0.87p. Thus, in this configuration, the distances between
neighboring individually addressable elements 1310 in the emitter array 1350 are all equal to p. As a
result, the emitter array 1350 may comprise a plurality of hexagonal structures 1375. Therefore, the
emitter array 1350 can be referred to as an emitter array with adjacent individually addressable elements
arranged in a hexagonal configuration. In an embodiment, the emitter array 1350 may be situated at an
angle 0 between a column 1380 of individually addressable elements 1310 and the scanning direction
1390 for relative movement between the substrate (e.g., the substrate 114) and the emitter array 1350.
[00145] Compared with the emitter array 1300, the maximum distance between the neighboring
individually addressable elements in emitter array 1350 is decreased from \/Zp (as in FIG. 13A) to p (as in
FIG. 13B). Therefore, the LWR effect may be mitigated by a factor of V2. For example, when the emitter
array 1350 is arranged at angle 0, the effective pitch is increased from 0.4 um to 0.4\2 um (i.e., 0.57 pm)
for 1 um CD. Further, a reduction can be achieved in the gray scale factor for a square configuration
emitter array, which is determined based on, among other things, the largest distance neighbor to an
individually addressable element to account for worst case LWR. Thus, the gray scale factor can be
decreased from 2.5 to 2.5/N2 (i.e., 1.77).

[00146] In an embodiment, the emitter array 1350 has a higher density of individually addressable
elements 1310 per lens than the emitter array 1300 at the same minimum pitch. Advantageously, this can
reduce cost.

[00147] From another perspective, the pitch of the emitter array 1350 may be increased while keeping
the density of individually addressable elements 1310 in the emitter array 1350 the same as the density of
individually addressable elements 1310 in the emitter array 1300. Advantageously, the larger pitch
induces less technological risk, e.g., with bonding as described above.

[00148] Thus, the hexagonal configuration can yield significant reduction in required number of
emitters per unit area at constant imaging performance (excluding dose limitations per emitter), as well as
a packing density gain versus the square configuration. Furthermore, the data path scales with the number
of individually addressable elements and so the hexagonal configuration can yield, e.g., less complexity
and reduced cost. Further, line width roughness can be improved with a hexagonal configuration at a
same number of individually addressable elements per area compared to the square configuration.
[00149] The hexagonal configuration can also be extended to other elements. For example, the
microlenses can be arranged in hexagonal configuration in a MLLA. In another example, MLLA modules
can be arranged in hexagonal configuration.

[00150] In an embodiment, there is some focus dependency in the formation of features (e.g. their
profile changes as a function of focus) and so focus control is provided by changing, e.g., changing a

focal length, adjusting the relative position between the substrate and a focal point or range, etc. Among
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various parameters that can characterize the focus dependency in the formation of the features, depth of
focus (DOF) parameter specifies the range of focus that can be tolerated before the quality of the features
printed on the substrate become too degraded. For example, the expected DOF of a patterning device
(e.g., the patterning device 104, 740 or 940) as described herein for flat panel display applications can be
in the range of 3-5 um. This indicates that features are not able to be printed well on a substrate where, for
example, a distance of a portion of the substrate from a nominal plane of the substrate (hereinafter
referred to as height variation of the substrate for convenience) is beyond the DOF selected from the
range of, for example, 3-5 um, without focus control. But, for a flat panel display application as an
example, the substrate can exhibit up to 12 pm height variation over a distance of 150 mm on the
substrate, which is far beyond the DOF described above. Therefore, local focus control of the patterning
device (e.g., the patterning device 104, 740, or 940) with respect to the substrate is desired. A possible
solution is adjusting the relative position between each individually addressable element in the patterning
device and the substrate in a direction substantially orthogonal to the substrate (hereinafter referred to as
height for convenience) using one or more actuators. This, for example, may not be cost effective due to
the requirement of a large amount of actuators for implementing this solution. Moreover, with a small
pitch of emitters, it may not be practical to implement focus control for each emitter independently.
[00151] So, in an embodiment, instead of adjusting the heights and/or tilts of each individually
addressable element, one or more high precision actuators may be used to adjust the heights and/or tilts of
a plurality of individually addressable elements collectively in a MLLA module (e.g., the MLLA modules
730 and 930). The dimensions of the MILA module in the plane orthogonal to the height direction are
determined such that the maximum height variation of the substrate corresponding to the size of the MLLA
module is within the DOF. For example, the dimensions of a MLLA module may be 10 mm * 10 mm
(specifically of the microlens array adjacent the substrate). Given a substrate height variation of 80 nm
per lateral mm, a maximum height variation of the corresponding substrate is 10 mm * 80 nm/mm = 0.8
pm, which is well below the DOF of 3-5 pum. So, by operating one or more actuators to adjust the height
and/or tilt of the individually addressable elements collectively relative to the substrate (e.g., within 20
um with 0.5 pm precision), the relative position between the focus of the individually addressable
elements of the MLLA and the substrate can be precisely controlled within the DOF. Of course, the MLLA
module may have other suitable dimensions as long as the maximum height variation of the
corresponding portion of the substrate is within the DOF. Further, since the patterning device may
comprise a plurality of such MILA modules (e.g., 500-2500 MLLA modules), the focus for the patterning
device can be controlled within the DOF by precisely controlling each MLLA module of the patterning
device using the method described herein, e.g., one or more MLLA modules can be controlled

independently of one or more other MLLA modules.
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[00152] Additionally or alternatively to addressing focus, alignment between MILA modules may also
need to corrected. That is, for example, one or more MLLA modules may not be properly aligned (e.g., at
initial setup or over time) relative to one or more other MLLA modules. Accordingly, the one or more high
precision actuators may be used to adjust the position in X and/or Y directions of a MLLA module relative
to another MILA module.

[00153] Referring to FIG. 14, a highly schematic view of a disassembled MILA module 1400 is
depicted. The MLLA module 1400 may be similar to the MLLA modules 730 and 930. The MLLA module
1400 comprises a microlens array (MILA) 1470, an electronics board 1460, and a structure 1420.

[00154] As shown, the MILA 1470 comprises a plurality of lenses 1480 arranged in a square array (of
course, a different arrangement may be provided). In an embodiment, each lens 1480 has a width (e.g.,
diameter) of 1 mm. Each lens 1480 is configured to project beams from an associated emitter array 1465
to the substrate (not shown).

[00155] A plurality of emitter arrays 1465 is located on a (bottom) surface of the electronics board
1460. In an embodiment, the number of lenses 1480 equals the number of emitter arrays 1465. Each
emitter array 1465 comprises a plurality of individually addressable elements as described above. In an
embodiment, the individually addressable elements are LEDs. In an embodiment, the MLLA 1470 is
attached to the plurality of emitter arrays 1465, e.g., attached to the electronics board 1460.

[00156] One or more high precision actuators 1455 are located between the electronics board 1460 and
the structure 1420. As shown in FIG. 14, four actuators 1455, for example, are located at the corners of
the electronics board 1460; in an embodiment, less or more actuators may be provided and provided at
one or more different locations (e.g., an actuator may be located in a central portion). The one or more
actuators 1455 have a tuning range of, e.g., 20 um with 0.5 pm precision. By tuning the one or more
actuators 1455, the focuses of the plurality of emitter arrays 1465 and the associated lenses of the MLLA
1470 may be collectively adjusted accordingly. For example, the one or more actuators 1455 can move
the plurality of emitter arrays 1465 and the associated lenses of the MLLA 1470 in the Z direction shown
to, for example, enable focus adjustment. Further, in an embodiment, the one or more actuators 1455 can
additionally or alternatively, move the plurality of emitter arrays 1465 and the associated lenses of the
MLA 1470 around the X and/or Y directions shown to, for example, enable focus adjustment. Further, in
an embodiment, the one or more actuators 1455 can additionally or alternatively, move the plurality of
emitter arrays 1465 and the associated lenses of the MILA 1470 in the X and/or Y directions shown to
enable, e.g., alignment of the plurality of emitter arrays 1465 and the associated lenses of the MLLA 1470
relative to another plurality of emitter arrays and associated lenses of another MLLA. While the structure

1420 is shown as covering the electronics board 1460, it need not do so.
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[00157] In an embodiment, the electronics board 1460 further comprises a plurality of local memories
1430 and a local processing unit 1450. In an embodiment, the local memories 1430 are configured to
store the datapath signals (or other control signals) which cause the local processing unit 1450 to control
cach individually addressable elements of the plurality of emitter arrays 1465 in the MILA module 1400
(e.g., turning “ON” or “OFF” each individually addressable element). Certain control signals may cause
the local processing unit 1450 to automatically tune the one or more actuators 1455 to control the focuses
of the MLLA module 1400 and/or the alignment of the MILA module 1400 relative to another MLLA
module.

[00158] The structure 1420 is coupled to the electronics board 1460 via the one or more actuators 1455.
In an embodiment, the structure 1420 comprises an interface 1410 configured to couple the datapath
signals or other control signals from one or more external controllers to the local processing unit 1450
and/or the one or more actuators 1455. In an embodiment, the interface 1410 is further configured to
couple the local processing unit 1450 and/or the individually addressable elements and/or the one or more
actuators 1455 to an external power source (not shown), which provides electrical power to the processing
unit 1450 and/or the individually addressable elements and/or the one or more actuators 1455.

[00159] Further, the description herein has primarily focused on exposing a radiation-sensitive surface
of a substrate. In appropriate circumstances, new processes may be adopted to eliminate one or more
production steps or substitute one or more production steps with one or more other production steps to
lead to a production process that is quicker and/or more efficient, etc. As an example, the production of a
flat panel display traditionally involves production of a number of layers using photolithography,
deposition and etching. In a more specific example, production of a backplane for a flat panel display may
involve the creation of 5 layers, each involving photolithography, deposition and etching. Such
production may involve 5 process steps and often 5 tools to define a metal pattern. The steps include
metal sheet deposition, photo resist coating, photolithography and developing of the resist, etching of the
metal using the developed resist, and stripping of the resist after etching. Thus, not only is there a
significant amount of capital (e.g., in the form of tools) and time required, there is also a significant
amount of material usage. For example in defining an active matrix flat panel display, photoresist may be
used to cover a 3 m X 3 m glass plate, which photoresist is later completely washed away. Similarly,
copper and/or other metals are deposited on the full glass plate and later up to 95% of which is washed
away. Further, chemicals are used to etch or strip the above materials.

[00160] Thus, improvement of such production could be achieved by consolidating one or more
reductive steps into an additive step. Thus, rather than a combination of photolithography, deposition and

etching steps, a material deposition step may be used to deposit a layer of material on the substrate. In an



10

15

20

25

30

WO 2017/114658 PCT/EP2016/081006

36

embodiment, the material may be aluminum, chromium, molybdenum, copper, gold, silver, titanium,
platinum or any combination selected therefrom.

[00161] In an embodiment, the layer of material is deposited on the substrate as nanoparticles. That is,
in an embodiment, a stream of nanoparticles is provided to a substrate to form a layer of material on the
substrate. After the nanoparticles are deposited on the substrate, a pattern is produced by sintering at least
a portion of the nanoparticles according to the desired pattern using, for example, one or more patterning
radiation beams, such as a plurality of beams provided by the apparatus described herein or by a patterned
beam produced by a traditional mask/reticle-based lithography apparatus.

[00162] Direct material deposition in the form of nanoparticles in combination with patterning could
eliminate several reductive process steps typically used, for example, in flat panel display manufacture.
Additionally and alternatively, ablation of a deposited layer of material may be used to eliminate material
without, for example, the need for resist coating and developing. Consequently, direct material deposition
can be a natural extension of lithography, where radiation beam energy is used to process or pattern a
material by, e.g., sintering, ablation, etc.

[00163] Accordingly, it is desirable to produce a layer of material using substantially stable
nanoparticles so that the layer can be used in a patterning process (e.g., sintering, ablation, etc.). Creating
such a layer can be challenging. For example, the nanoparticles should have small sizes, e.g., below 15
nm width (e.g., diameter) in order to be effectively sintered. However, small nanoparticles have a
tendency to aggregate when provided to a surface, thereby making them unstable or unsuitable. A
potential solution to help prevent small nanoparticles from aggregating into larger particles involves
coating the nanoparticles with one or more additives (e.g., a resist-like polymer). However, contamination
(i.e., the additive) can be introduced to the substrate and/or system and be hard to remove completely after
the patterning process.

[00164] In an embodiment, for example, a single apparatus may be used for most, if not all, layers of a
substrate (e.g., flat panel display production). For example, the apparatus may perform generation and
deposition of small nanoparticles (e.g., below 15 nm) on the substrate. The apparatus may further perform
patterning of the layer of nanoparticles by, e.g., sintering at least a portion of the nanoparticles.

[00165] FIG. 15 depicts a highly schematic top view of a patterning apparatus 1500 according to an
embodiment for exposing substrates in the manufacture of, for instance, flat panel displays (e.g., LCDs,
OLED displays, etc.). The patterning apparatus 1500 comprises a substrate table 1506 to hold a substrate
1514 (e.g., a flat panel display substrate) and a positioning device 1516 to move the substrate table 1506
in up to 6 degrees of freedom.

[00166] The patterning apparatus 1500 further comprises a patterning module 1540 and one or more

nanoparticle generators 1520 on a frame 1560. In an embodiment, the patterning module 1540 comprises
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a plurality of individually addressable elements (which may be similar to the patterning devices 740 and
940) and optionally include one or more projection optics. In an embodiment, the individually addressable
elements are radiation emitting diodes, e.g., LEDs. In an embodiment, the patterning module 1540 may
comprise a holder for mask/reticle and projection optics to project a beam patterned by the mask/reticle to
the substrate 1514. In an embodiment, the patterning module 1540 is substantially stationary, i.e., it does
do not move significantly during projection.

[00167] The one or more nanoparticle generators 1520 are configured to generate small nanoparticles
(e.g., below 15 nm) and deposit a layer of nanoparticles on the substrate 1514. In an embodiment, the
layer of nanoparticles is deposited during a relative motion between the nanoparticle generators 1520 and
the substrate 1514 (e.g., during a motion of the substrate 1514 in direction 1510). The one or more
nanoparticle generators 1520, or a portion thereof, may be moved in up to six degrees of freedom (e.g., in
7, rotation around X, and/or rotation around Y) using one or more actuators to, for example, enable
coverage of the substrate 1514. Three nanoparticle generators 1520 are shown in FIG. 15. However,
another suitable number of nanoparticle generators 1520 may be used. The number of nanoparticle
generators 1520 is determined by the width of the substrate 1530 and the coverage of area on the surface
of the substrate 1514 by each nanoparticle generator 1520. For example, if a layer of particles is deposited
in a single pass of the substrate 1514 in direction 1510, at least three nanoparticle generators may be
required if the covering range of each nanoparticle generator 1520 is limited to a third of the substrate
width 1530. Optionally, the number of nanoparticle generators 1520 in the patterning apparatus 1500 may
further be determined by the speed by which each nanoparticle generator 1520 generates nanoparticles
(i.e., how many nanoparticles can be generated by each nanoparticle generator 1520 in a unit period of
time, e.g., a minute, an hour, etc.). In some examples, the speed of generating nanoparticles by each
nanoparticle generator 1520 is relatively slow compared to, for example, the speed of relative movement.
Therefore, increasing the number of nanoparticle generators 1520 may be necessary to reduce the time
needed to deposit a layer of nanoparticles on the surface of the substrate 1514.

[00168] In an embodiment, the position on the substrate 1514 where the nanoparticles are deposited by
a nanoparticle generator 1520 may be controlled mechanically, for example, by means of gas. For
example, a stream of gas may carry a plurality of nanoparticles onto an area of the substrate 1514 in the
path of the traveling direction of the gas. By varying the traveling direction of the gas (e.g., by raster
scanning the substrate 1514 and/or by moving at least part of a nanoparticle generator 1520), a layer of
nanoparticles may be accurately deposited on different areas of the substrate within the coverage range of
the nanoparticle generator 1520. Further, overlap of adjacently deposited portions of the layer of
nanoparticles generated by a plurality of nanoparticle generators 1520 may be avoided by accurately

controlling the traveling direction of the respective streams of gas.
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[00169] Alternatively or additionally, the position on the substrate 1514 where the nanoparticles are
deposited by a nanoparticle generator 1520 may be controlled by means of an electro-magnetic field
surrounding a stream of the nanoparticles, e.g., using one or more electro-magnetic lenses. An electro-
magnetic lens comprises a coil of wire (e.g., copper wire) through which current flows. By appropriately
changing the current flowing inside the coil, the electro-magnetic lens may provide a varying electro-
magnetic field, which allows for manipulation of the direction of flow of the nanoparticles to e.g., raster
scan an area of the substrate 1514. Overlap of adjacently deposited portions of the layer of nanoparticles
generated by a plurality of nanoparticle generators 1520 may be avoided by accurately controlling the
traveling direction of the respective streams of nanoparticles by controlling electromagnetic fields using
one or more electro-magnetic lenses.

[00170] The patterning apparatus 1540 may further comprise an alignment sensor (not shown in FIG.
15) to determine alignment between the patterning module 1540 and the substrate 1514, and a level
sensor (not shown in FIG. 15) to determine whether the substrate 1514 is level with respect to the
patterning performed by the patterning module 1540.

[00171] In operation of the patterning apparatus 1500, a substrate 1514 is loaded onto the substrate table
1506 using, for example, a robot handler (not shown). The substrate 1514 is then displaced in the
direction 1510 under the frame 1560. A layer of nanoparticles is deposited on the surface of the substrate
1514 using the one or more nanoparticle generators 1520. Optionally, the substrate 1514 is measured by
the level sensor (not shown) and/or the alignment sensor (not shown). After deposition of the layer, the
layer of nanoparticles is patterned by the patterning module 1540. In an embodiment, the patterning
module 1540 exposes the layer of nanoparticles to one or more beams of radiation to create the pattern. In
an embodiment, the one or more beams sinter a pattern into the layer of nanoparticles, where the sintering
may comprise one step of sintering the nanoparticles sufficiently to stably form the pattern or may
comprise multiple steps of sintering the nanoparticles where a first step forms the pattern (e.g., fixes the
pattern using the radiation beam) but not highly stably and then one or more further steps form the pattern
stably (e.g., using the radiation beam again). In an embodiment, the one or more beams ablate a pattern
into the layer of nanoparticles. In an embodiment, the radiation beams are provided by individually
addressable elements of a patterning device (e.g., the patterning device 104, 740, or 740) within the
patterning module 1540. In an embodiment, the individually addressable elements 102 of a patterning
module 1540 may be operated as turned “ON” or “OFF” to emit radiation beams on the layer of
nanoparticles to, for example, sinter at least a portion of the nanoparticles on the substrate (using, for
example, pixel-grid imaging as described above). In an embodiment, the deposition and patterning occur

in a continuous motion in the direction 1510.
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[00172] More details about an embodiment of a nanoparticle generator 1520 are now described in
relation to FIG. 16. Referring to FIG. 16, a highly schematic cross-section of a nanoparticle generator
1520 is depicted. FIG. 16 depicts an embodiment of the physical mechanism of generation and streaming
of nanoparticles using the nanoparticle generator 1520. The nanoparticle generator 1520 comprises a first
electrode 1610 and a second electrode 1620 (i.e., one is an anode, and the other is a cathode). In an
embodiment, both the first electrode 1610 and the second electrode 120 are made of aluminum,
chromium, molybdenum, copper, gold, silver, titanium, platinum, or any combination selected therefrom.
The first electrode 1610 and the second electrode 1620 are made of the same material or different
materials. Further, the first electrode 1610 and the second electrode 1620 may have any suitable shape.
For example, as shown in FIG. 16, both the first electrode 1610 and the second electrode 1620 are hollow
cylinders.

[00173] In an embodiment, the nanoparticle generator 1520 is in vacuum or is provided with a flow of
gas 1640 (provided from an outlet of nanoparticle generator 1520), such as nitrogen (N,), helium (He),
neon (Ne), argon (Ar), Krypton (Kr), xenon (Xe), radon (Rn) or a combination selected therefrom.
Desirably, the nanoparticles are produced and provided in a substantially oxygen-free environment so as
to limit or prevent the nanoparticles from being oxidized. For example, the environment inside the
nanoparticle generator 1520 may be substantially oxygen-free.

[00174] In an embodiment, a voltage is applied between the first electrode 1610 and the second
electrode 1620 to generate a spark at an intensity that creates plasma 1630 between the first electrode
1610 and the second electrode 1620. The plasma 1630 ionizes the material of the first electrode 1610, the
material of the second electrode 1620, or both, and forms a plurality of very small nanoparticles 1650. For
example, these small nanoparticles have sizes of 0.2 nm, 0.5 nm, 1 nm, etc. The nanoparticles are further
moved toward and onto the substrate (with or without the aid of gravity). Due to the small sizes, these
nanoparticles 1650 tend cluster with adjacent nanoparticles 1650, thereby forming larger nanoparticles
1660. When the nanoparticles have a predetermined size (e.g., less than or equal to 10 nm or less than or
equal to 15 nm) or range of sizes (e.g., within the range of 5-20 nm or the range of 5-15 nm), the
nanoparticles 1680 may be diluted by a gas 1670 (provided from an outlet of nanoparticle generator 1520)
so that formation of larger nanoparticles is limited or prevented. The location of the insertion of the gas,
the type of gas, and the amount of gas provided can be determined by experiment. Optionally, a sensor
system may be used to control the location of the insertion of the gas and/or the amount of gas. The
nanoparticles 1680 with the desirable size or range of size are then deposited on the substrate. The
position where the nanoparticles 1680 are deposited on the substrate may be controlled by means of gas
flow (e.g., the flow of gas 1670 and/or a flow of gas 1640) and/or by an electromagnetic field as discussed

above.
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[00175] In an embodiment, the layer of nanoparticles are sintered at a temperature below or equal to
200°C, or below or equal to 100°C, by using a layer of relatively small nanoparticles (e.g., less than or
equal to 10 nm or less than or equal to 15 nm in width) and providing one or more radiation beams to
sinter the layer to form a pattern in the layer of nanoparticles. The particles not sintered can be washed
away.

[00176] Thus, in an embodiment, there is provided production of nanoparticles from bulk material (e.g.
metal or other material) directly inside the patterning tool. In an embodiment, there is provided direct
patterning of organic-free nanoparticles and/or direct patterning of sub-50 nm, desirably sub-20 nm or
sub-15 nm, or sub-10 nm, nanoparticles.

[00177] In an embodiment, the nanoparticles for patterning are generated in the apparatus that applies a
pattern to a layer of the nanoparticles.

[00178] In an embodiment, the nanoparticles are provided by a spark discharge generator (SDG) which
directs nanoparticles toward a substrate for deposit on the substrate. An embodiment of a spark discharge
generator was described above in respect of FIG. 16. The SDG can provide sub-15 nm diameter
nanoparticles. The SDG can, e.g., provide monodisperse nanoparticles, provide high-quality deposition,
prevent possible oxidation (if using, e.g., copper nanoparticles) if it has a controlled environment (e.g., Ar
gas / N, gas / vacuum), and provide aggregation of very small particles into nanoparticles. Charged
aerosols having particles of a size of 10 nm or less tend to cause electrostatic aggregation of bipolar
nanoparticles so, in an embodiment, steps as discussed above are used to help prevent such aggregation
into nanoparticles exceeding a desired size. For example, to reduce the aggregation, one or more
operational parameters such as spark frequency, spark energy, and/or carrier gas flow, are set
appropriately.

[00179] In an embodiment, multiple nanoparticle generators (e.g., SDGs) are provided to cover a
relatively large substrate area. In an embodiment, the number of nanoparticle generators comprises
between 3 and 1000.

[00180] In an embodiment, as noted above, a controlled environment is applied to one or more SDGs to
limit or prevent oxidation (where, for example, copper nanoparticles are used). A controlled environment
allows, for example, high quality sintered metallic features to be produced by preventing or limiting
oxidation.

[00181] In an embodiment, essentially solvent-free/organic- free nanoparticles of a low diameter (less
than or equal to 15 nm diameter) are provided. This can allow, for example, high conductive metallic
features to be produced by radiation beam sintering. In an embodiment, the sintering can be done by a low
power radiation (e.g., laser) beam. In an embodiment, the sintering can be done at a low temperature (e.g.,

less than or equal to 200°C, or below or equal to 100°C). In an embodiment, the use of essentially
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solvent-free/organic- free nanoparticles of a low diameter (less than or equal to 15 nm diameter) can
enable less processing steps to realize a device, such elimination of one or more lithography steps, one or
more resist development step and/or one or more etching steps.

[00182] Through having an in-situ particle generator in a patterning apparatus, stable small
nanoparticles can be positioned directly on a substrate with little to no undesirable agglomeration and no
transport needed after they have been created. Further, nanoparticles can be created with little or no
additives yielding good material quality. Further, environmental control can be provided within the
particle generator or in the system in general to help ensure little or no material degradation. Further, in an
embodiment, the thickness of the layer of particles can be well controlled using a tunable nanoparticle
generator.

[00183] In an embodiment, several layers of different materials can be provided to the substrate by
using a particle generator as described herein. For example, one or more particle generators may provide a
first material and one or more other particle generator may provide a second different material. Further, a
particle generator may configured to alter the material from which particles are generated by, for
example, changing to an anode or cathode of different material, by tuning either of the anode or cathode
to produce particles, etc.

[00184] In an embodiment, a controller is provided to control the individually addressable elements 102
and/or patterning device 104. For example, in an example where the individually addressable elements are
radiation emitting devices, the controller may control when the individually addressable elements are
turned “ON” or “OFF” and enable high frequency modulation of the individually addressable elements.
The controller may control the power of the radiation emitted by one or more of the individually
addressable elements. The controller may modulate the intensity of radiation emitted by one or more of
the individually addressable elements. The controller may control/adjust intensity uniformity across all or
part of an array of individually addressable elements. The controller may adjust the radiation output of the
individually addressable elements to correct for imaging errors, e.g., etendue and optical aberrations (e.g.,
coma, astigmatism, etc.).

[00185] In an embodiment, patterning the radiation may be effected by controlling the patterning device
104 such that the radiation that is transmitted to an area of the resist layer on the substrate within the
desired feature is at a sufficiently high intensity that the area receives a dose of radiation above the dose
threshold during the exposure, whereas other areas on the substrate receive a radiation dose below the
dose threshold by providing a zero or significantly lower radiation intensity.

[00186] In practice, the radiation dose at the edges of the desired feature may not abruptly change from
a given maximum dose to zero dose even if set to provide the maximum radiation intensity on one side of

the feature boundary and the minimum radiation intensity on the other side. Instead, due to diffractive
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effects, the level of the radiation dose may drop off across a transition zone. The position of the boundary
of the desired feature ultimately formed after developing the resist is then determined by the position at
which the received dose drops below the radiation dose threshold. The profile of the drop-off of radiation
dose across the transition zone, and hence the precise position of the feature boundary, can be controlled
more precisely by providing radiation to points on the substrate that are on or near the feature boundary
not only to maximum or minimum intensity levels but also to intensity levels between the maximum and
minimum intensity levels. This is commonly referred to as “grayscaling” or “grayleveling”.

[00187] Grayscaling may provide greater control of the position of the feature boundaries than is
possible in a lithography system in which the radiation intensity provided to the substrate can only be set
to two values (namely just a maximum value and a minimum value). In an embodiment, at least three
different radiation intensity values can be projected, e.g. at least 4 radiation intensity values, at least 8
radiation intensity values, at least 16 radiation intensity values, at least 32 radiation intensity values, at
least 64 radiation intensity values, at least 100 radiation intensity values, at least 128 radiation intensity
values, or at least 256 radiation intensity values. If the patterning device is a radiation source itself (e.g. an
array of light emitting diodes or laser diodes), grayscaling may be effected, e.g., by controlling the
intensity levels of the radiation being transmitted. If the patterning device include a deflector, grayscaling
may be effected, e.g., by controlling the tilting angles of the deflector. Also, grayscaling may be effected
by grouping a plurality of programmable elements and/or deflectors and controlling the number of
elements and/or deflectors within the group that are switched on or off at a given time.

[00188] In one example, the patterning device may have a series of states including: (a) a black state in
which radiation provided is a minimum, or even a zero contribution to the intensity distribution of its
corresponding pixel; (b) a whitest state in which the radiation provided makes a maximum contribution;
and (c) a plurality of states in between in which the radiation provided makes intermediate contributions.
The states are divided into a normal set, used for normal beam patterning/printing, and a compensation
set, used for compensating for the effects of defective elements. The normal set comprises the black state
and a first group of the intermediate states. This first group will be described as gray states, and they are
selectable to provide progressively increasing contributions to corresponding pixel intensity from the
minimum black value up to a certain normal maximum. The compensation set comprises the remaining,
second group of intermediate states together with the whitest state. This second group of intermediate
states will be described as white states, and they are selectable to provide contributions greater than the
normal maximum, progressively increasing up to the true maximum corresponding to the whitest state.
Although the second group of intermediate states is described as white states, it will be appreciated that

this is simply to facilitate the distinction between the normal and compensatory exposure steps. The entire
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plurality of states could alternatively be described as a sequence of gray states, between black and white,
selectable to enable grayscale printing.

[00189] It should be appreciated that grayscaling may be used for additional or alternative purposes to
that described above. For example, the processing of the substrate after the exposure may be tuned such
that there are more than two potential responses of regions of the substrate, dependent on received
radiation dose level. For example, a portion of the substrate receiving a radiation dose below a first
threshold responds in a first manner; a portion of the substrate receiving a radiation dose above the first
threshold but below a second threshold responds in a second manner; and a portion of the substrate
receiving a radiation dose above the second threshold responds in a third manner. Accordingly,
grayscaling may be used to provide a radiation dose profile across the substrate having more than two
desired dose levels. In an embodiment, the radiation dose profile has at least 2 desired dose levels, e.g. at
least 3 desired radiation dose levels, at least 4 desired radiation dose levels, at least 6 desired radiation
dose levels or at least 8 desired radiation dose levels.

[00190] It should further be appreciated that the radiation dose profile may be controlled by methods
other than by merely controlling the intensity of the radiation received at each point, as described above.
For example, the radiation dose received by each point may alternatively or additionally be controlled by
controlling the duration of the exposure of said point. As a further example, each point may potentially
receive radiation in a plurality of successive exposures. The radiation dose received by each point may,
therefore, be alternatively or additionally controlled by exposing said point using a selected subset of said
plurality of successive exposures.

[00191] Further, while the discussion above regarding gray scaling focused on photolithography, similar
concepts may be applied to the material deposition discussed herein. For example, power levels and/or
flow rates may be controlled to provide gray scaling associated with the material deposition.

[00192] In order to form the pattern on the substrate, it is necessary to set the patterning device to the
requisite state at each stage during the exposure process. Therefore control signals, representing the
requisite states, must be transmitted to the patterning device. Desirably, the lithographic apparatus
includes a controller that generates the control signals. The pattern to be formed on the substrate may be
provided to the lithographic apparatus in a vector-defined format e.g., GDSII. In order to convert the
design information into the control signals, the controller includes one or more data manipulation devices,
each configured to perform a processing step on a data stream that represents the pattern. The data
manipulation devices may collectively be referred to as the “datapath”.

[00193] The data manipulation devices of the datapath may be configured to perform one or more of the
following functions: converting vector-based design information into bitmap pattern data (and then to a

required radiation dose map (namely a required radiation dose profile across the substrate)) or to the
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required radiation dose map; converting a required radiation dose map into required radiation intensity
values for each individually addressable element; and converting the required radiation intensity values
for each individually addressable element into corresponding control signals.

[00194] In an embodiment, the control signals may be supplied to the individually addressable elements
102 and/or one or more other devices (e.g., a sensor) by wired or wireless communication. Further,
signals from the individually addressable elements 102 and/or from one or more other devices (e.g., a
sensor) may be communicated to the controller. In a similar manner to the control signals, power may be
supplied to the individually addressable elements 102 or one or more other devices (e.g., a deflector
and/or sensor) by wired or wireless means. For example, in a wired embodiment, power may be supplied
by one or more lines, whether the same as the ones that carry the signals or different. A sliding contact
arrangement may be provided to transmit power. In a wireless embodiment, power may be delivered by
RF coupling.

[00195] While the previous discussion focused on the control signals supplied to the individually
addressable elements 102 and/or one or more other devices (e.g., a deflector and/or a sensor), they should
be understood to encompass in addition or alternatively, through appropriate configuration, transmission
of signals from the individually addressable elements 102 and/or from one or more other devices (e.g., a
sensor) to the controller. So, communication may be one-way (e.g., only to or from the individually
addressable elements 102 and/or one or more other devices (e.g., a sensor)) or two-way (i.e., from and to
the individually addressable elements 102 and/or one or more other devices (e.g., a sensor)).

[00196] In an embodiment, the control signals to provide the pattern may be altered to account for
factors that may influence the proper supply and/or realization of the pattern on the substrate. For
example, a correction may be applied to the control signals to account for the heating of one or more of
the individually addressable elements 102, lenses, etc. Such heating may cause changed pointing direction
of the individually addressable elements 102, lenses, etc., change in uniformity of the radiation, etc. In an
embodiment, a measured temperature and/or expansion/contraction associated with an individually
addressable element 102 and/or other element from, e.g., a sensor may be used to alter the control signals
that would have been otherwise provided to form the pattern. So, for example, during exposure, the
temperature of the individually addressable elements 102 may vary, the variance causing a change of the
projected pattern that would be provided at a single constant temperature. Accordingly, the control signals
may be altered to account for such variance. Similarly, in an embodiment, results from the alignment
sensor and/or the level sensor 150 may be used to alter the pattern provided by the individually
addressable elements 102. The pattern may be altered to correct, for example, distortion, which may arise
from, e.g., optics (if any) between the individually addressable elements 102 and the substrate 114,

irregularities in the positioning of the substrate 114, unevenness of the substrate 114, etc.
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[00197] In an embodiment, the change in the control signals may be determined based on theory of the
physical/optical results on the desired pattern arising from the measured parameter (e.g., measured
temperature, measured distance by a level sensor, etc.). In an embodiment, the change in the control
signals may be determined based on an experimental or empirical model of the physical/optical results on
the desired pattern arising from the measured parameter. In an embodiment, the change of the control
signals may be applied in a feedforward and/or feedback manner.

[00198] In an embodiment, the lithographic apparatus may comprise a sensor 118 to measure a
characteristic of the radiation that is or to be transmitted toward the substrate by one or more individually
addressable elements 102. Such a sensor may be a spot sensor or a transmission image sensor. The sensor
may be used to, for example, determine the intensity of radiation from an individually addressable
element 102, uniformity of radiation from an individually addressable element 102, a cross-sectional size
or area of the spot of radiation from an individually addressable element 102, and/or the location (in the
X-Y plane) of the spot of radiation from an individually addressable element 102.

[00199] As described in FIGs. 7E and 9E, each of the patterning devices 740, 940 comprises one or
more rows 735, 935 of MLLA modules 730, 930. In an embodiment, the MLLA modules 730, 930 in each
row 735, 935 are arranged such that the patterns produced by adjacent MLLA modules 730, 930 have a
slight overlap. This is done so that the patterns produced by each row 735, 935 of the MLLA modules 730,
930 may collectively cover the whole width of the substrate 114. However, this is not always necessary.
For example, two or more rows of the MLLA modules (e.g., the MLLA modules 730, 930) may be used
collectively as a group to produce continuous patterns that can cover the whole width of the substrate 114.
[00200] Referring to FIG. 17, a schematic top view of a patterning device 1700 is depicted, e.g., for
manufacturing of a flat panel display. The patterning device 1700 comprises a group 1720 of MLA
modules 1730. The MLLA modules 1730 are similar to the MILA modules 730 or MLLA modules 930. As
shown, the group 1720 of MLLA modules 1730 comprises a first row (“R;”) of MLLA modules 1730 and a
second row (“R,”) of MLA modules 1730. The number of MLLA modules 1730 provided in the first row,
R, and the second row, R, are determined by the width of the substrate 114 and the width of the pattern
produced by each MLLA module 1730. In an embodiment, the first row, R; may include a same number of
MILA modules 1730 as the second row, R,. In an embodiment, the first row, R; may have a different
number of MLLA modules 1730 as the second row, R,. For example, the first row, R; may have one more
or one fewer MLLA module 1730 than the second row, R,. In an embodiment, the spacing 1750 between
adjacent MLLA modules 1730 in the first row, R, and the second row, R, is no greater than the width 1740
of the MLLA module 1730 along a direction perpendicular to the scanning direction 1710 of relative
movement between the substrate (not shown in FIG. 17 for convenience but would be above or below the
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the first row, Ry, and the second row, R, so that the patterns produced by the MLLA modules 1730 in the
second row, R, may interleave with the patterns produced by the MLLA modules 1730 in the first row R;.
As aresult, the first row, R; of the MLLA modules 1730 and the second row, R, of the MLLA modules
1730, may collectively produce continuous patterns, which cover the whole width of the substrate. As
described above, although the group 1720 includes two rows (i.e., Ry and R;) of MLLA modules 1730 as
shown in FIG. 17, the group 1720 may include three or more rows of MLLA modules 1730 in other
examples. Accordingly, for an example of three rows, the spacing 1750 between adjacent MLLA modules
1730 in each row may be less than twice times the widths 1740 of the MLLA module 1730 along the X
direction so that the three rows of MLLA modules may collectively produce continuous patterns on the
substrate that covers the whole width of the substrate.

[00201] In an embodiment, as shown in FIG. 17, the patterning device 1700 may comprise one or more
further identical groups 1720 of MLLA modules 1730 stacked in essentially parallel fashion and aligned in
the scanning direction (i.e., the Y direction) for introduction of, for example, imaging (e.g., spacing 1750
may be expanded through the addition of further groups 1720 of MLLA modules), redundancy, etc. as
similarly described with respect to FIG. 7E.

[00202] During the patterning process, the optical lenses (e.g., the optical lenses 124, 1480) of a
projection system may be contaminated by material due to, e.g., the evaporation, breaking, outgassing,
etc. of photoresist on the substrate (e.g., the substrate 114), particularly when the photoresist layer on the
substrate is thick and/or the working distances (i.e., the distances between the optical lenses and the
photoresist layer during the exposure process) of the patterning system (e.g., the lithographic projection
apparatus 100) are short. The contamination problem may be a yield damaging problem for the patterning
system (e.g., the lithographic projection apparatus 100) due to, for example, the short working distance.
Therefore, a solution of mitigating the contamination problem during the patterning process is desirable.
[00203] It should be appreciated that in an embodiment, the projection system may be a part of the
patterning device as described hereafter. As such, the optical lenses of the projection system may
therefore be a part of the patterning device. However, in some other examples, the projection system and
the patterning device may be separate components of the patterning system (e.g., the lithographic
projection apparatus 100). As such, the optical lenses of the projection system may not be a part of the
patterning device.

[00204] In an embodiment, a solution involves placing one or more fluid removal units in proximity to
the patterning device (e.g., the patterning device 1700). The one or more fluid removal units may suck up
the respective nearby fluid (e.g., gas such as air), which causes a pressure drop near the one or more fluid
removal units. Because of the pressure drop, surrounding fluid moves toward the proximity of the one or

more fluid removal units and is sucked up by the one or more fluid removal units. The surrounding fluid
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may flow toward the one or more fluid removal units through the spaces between the adjacent MLLA
modules of the patterning device and between the layer of photoresist and the patterning device. The
flowing fluid carries contamination (e.g., pieces of photoresist, outgassed material, etc.) away and toward
the one or more fluid removal units, and in an embodiment, into the one or more fluid removal units. As a
result, this process may greatly reduce the effects of contamination between the layer of photoresist and
the patterning device. As such, the contamination on the lenses of the patterning device can be greatly
reduced.

[00205] Various embodiments of placing the one or more fluid removal units in proximity to the
patterning device are shown in FIGs. 18A and 18B, 19A and 19B, and 20A and 20B depending on the
number of fluid removal units and respective locations of the one or more fluid removal units with respect
to the patterning device. Although only three embodiments are shown, it should be understood that the
number and/or locations of the one or more fluid removal units of the embodiments are non-limiting.
[00206] In an embodiment, a fluid removal unit 1820 is situated on top of (or below) the patterning
device 1810. The patterning device 1810 may be configured similarly as the patterning device 1720. FIG.
18A depicts a schematic top view of the patterning device 1810 with the fluid removal unit 1320. As
shown in this example, the patterning device 1810 includes two rows of MLLA modules 1815. The
adjacent MLLA modules 1815 in each row are separated by an open spacing 1830. The two rows of the
MLA modules 1815 are arranged in a way that patterns produced by the two rows of the MLLA modules
1815 are interleaved, producing a continuous pattern on the substrate 1840. In an embodiment, an open
spacing is provided between adjacent rows of MLLA modules 1815, although there need not be one. The
cross-section of the fluid removal unit 1820 has a circular shape in the X-Y plane as shown in FIG. 18A.
In some other examples, the cross-section of the fluid removal unit 1820 may have any other suitable
shape. In an embodiment, the fluid removal unit 1820 covers at least one spacing area (e.g., the spacing
1830 and/or, if provided, the spacing between adjacent rows of MLLA modules 1815) between the MLLA
modules 1815 of the patterning device 1810.

[00207] FIG. 18B depicts a schematic side view (in the Y-direction with just one row of MILA modules
1815 depicted for convenience) of the patterning device 1810 of FIG. 18A with the fluid removal unit
1820 on top of (or below) the patterning device 1810 according to an embodiment. As shown in this
embodiment, the substrate 1840 is located below the patterning device 1810. A layer of photoresist 1835
is arranged on top of the substrate 1840. During the patterning process, there is a relative movement
between the patterning device 1810 and the substrate 1840 in the scanning direction 1850. As such, each
of the MLLA modules 1815 may generate a pattern on a different portion of the photoresist layer 1835 on
the substrate 1840 (although there may be overlap between the areas covered by two or more of the MLLA

modules 1815). Therefore, the MLLA modules 1815 of the patterning device 1810 may collectively
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generate patterns that cover the whole width 1845 of the substrate 1840 in the X-Z plane. The fluid
removal unit 1820 on top of the patterning device 1810 is configured to reduce or prevent contamination
of the optical lenses of the MILA modules 1815. As shown, the cross-section of the fluid removal unit
1820 in the X-Z plane has a triangular shape. However, it should be appreciated that the cross-section of
the fluid removal unit 1820 in the X-Z plane may have any suitable shape. In an embodiment, the fluid
removal unit 1820 need not span the width 1845 of the substrate 1840.

[00208] In operation of the fluid removal unit 1820, the fluid removal unit 1820 sucks up nearby fluid,
causing a pressure drop near the fluid removal unit 1820. As such, fluid between the photoresist layer
1835 and the patterning device 1810 is exhausted up (as shown by the arrows) through the spacing areas
in the patterning device 1810 due to the pressure drop near the fluid removal unit 1820. In an
embodiment, the pressure drop is great enough to cause a horizontal flow between the MLLA modules
1815 and the substrate 1840. The exhausted fluid carries away contamination between the layer of
photoresist 1835 and the patterning device 1810. In an embodiment, the contamination is sucked up by
the fluid removal unit 1820. As a result, the contamination on the lenses of the MLLA modules 1815 (e.g.,
due to outgassing) can be greatly reduced.

[00209] In an embodiment, a fluid removal unit 1920 is situated beside a patterning device 1910. FIG.
19A depicts a schematic top view of the patterning device 1910 with the fluid removal unit 1920. As
shown in this example, the patterning device 1910 includes, as a non-limiting example, two rows of MLLA
modules 1915 configured similarly as the patterning device 1810. Additionally, the MLLA modules 1915
are similar to the MLLA modules 1815. The spacing 1930 between adjacent MILA modules 1915 in each
row of the patterning device 1910 and/or the spacing between adjacent rows of MLLA modules 1915 can
be similar to that of the MLLA modules 1815 of patterning device 1810.

[00210] As shown in FIG. 19A, the fluid removal unit 1920 is situated at the back side of the patterning
device 1910. In other examples, the fluid removal unit 1920 may be situated at the front side of the
patterning device 1910, at the left side of the patterning device 1910, at the right side of the patterning
device 1910, and/or any other suitable place near the patterning device 1910. More than one fluid removal
unit 1920 can be provided and can be located at different locations. See, e.g., FIGs. 20A and 20B. As
shown, the cross-section of the fluid removal unit 1920 has an elliptical shape in the X-Y plane. However,
it should be appreciated that the cross-section of the fluid removal unit 1920 may have another suitable
shape in the X-Y plane.

[00211] FIG. 19B depicts a schematic side view (in the Y-direction with just one row of MILA modules
1915 depicted for convenience) of the patterning device 1910 of FIG. 18A with the fluid removal unit
1920 on a side of the patterning device 1910. As shown, a substrate 1940 is situated below the patterning
device 1910. A layer of photoresist 1935 is arranged on top of the substrate 1940. The substrate 1940 and
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the layer of photoresist 1935 are similar to the substrate 1840 and the layer of photoresist 1835,
respectively. The fluid removal unit 1920 is similar to the fluid removal unit 1820. As shown, the cross-
section of the fluid removal unit 1920 in the X-Z plane has a triangular shape. However, it is appreciated
that the cross-section of the fluid removal unit 1920 in the X-Z plane may have any other suitable shape.
During the patterning process, there is relative movement between the patterning device 1910 and the
substrate 1940 in the scanning direction 1950. As such, each of the MLLA modules 1915 may generate a
pattern on a different portion of the photoresist layer 1935 on the substrate 1940 (although there may be
overlap between the areas covered by two or more of the MLLA modules 1915). Therefore, the MLLA
modules 1915 of the patterning device 1910 may collectively generate patterns that cover the whole width
1945 of the substrate 1940 in the X-Z plane.

[00212] In operation of the fluid removal unit 1920, the fluid removal unit 1920 sucks up nearby fluid,
causing a pressure drop near the fluid removal unit 1920. As such, the fluid above (or below) the
patterning device 1910 is drawn through (as shown by the arrows) the spacing areas in the patterning
device 1910 and then moves (as shown by the arrows) toward the fluid removal unit 1920 due to the
pressure drop near the fluid removal unit 1920. In an embodiment, there is no open spacing between
MLA modules 1915 and so the fluid is drawn across the substrate 1940 from an opposite side of the
substrate 1940. During the process, the fluid carries contamination between the layer of photoresist 1935
and the patterning device 1910 away from the MILA modules 1915 and, in an embodiment, the
contamination is sucked up by the fluid removal unit 1920. As a result, contamination of the lenses of the
MLA modules 1915 can be greatly reduced.

[00213] In an embodiment, one or more fluid removal units 2020 are situated on opposite sides of the
patterning device 2010. FIG. 20A depicts a schematic top view of a patterning device with a fluid
removal unit on opposite sides (e.g., the front and back sides) of the patterning device 2010. As shown in
this example, the patterning device 2010 includes two rows of MLLA modules 2015 configured similarly
as the patterning devices 1810, 1910. Additionally, the MILA modules 2015 are similar to the MLLA
modules 1815, 1915. The spacing 2030 between adjacent MILA modules 2015 in each row of the
patterning device 2010 and/or between adjacent rows of MLLA modules 2015 can be similar to that of the
MLA modules 1815, 1915 of patterning device 1810, 1910. As shown, the cross-section of each of the
fluid removal units 2020 has an elliptical shape in the X-Y plane. However, it should be appreciated that
the cross-section of each of the fluid removal units 2020 may have other suitable shape in the X-Y plane.
[00214] FIG. 20B depicts a schematic side view (in the Y-direction with just one row of MILA modules
2015 depicted for convenience) of the patterning device 2010 with the fluid removal unit 2020 on each
side of the patterning device 2010. As shown, a substrate 2040 is situated below the patterning device

2010. A layer of photoresist 2035 is arranged on top of the substrate 2040. The substrate 2040 and the
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layer of photoresist 2035 are similar to the substrate 1940 and the layer of photoresist 1935, respectively.
As shown, the cross-section of the fluid removal unit 2020 in the X-Z plane has a triangular shape.
However, it is appreciated that the cross-section of the fluid removal unit 2020 in the X-Z plane may have
any other suitable shape. During the patterning process, there is a relative movement between the
patterning device 2010 and the substrate 2040 in the scanning direction 2050. As such, each of the MLLA
modules 2015 may generate a pattern on a different portion of the photoresist layer 2035 on the substrate
2040 (although there may be overlap between the areas covered by two or more of the MLLA modules
2015). Therefore, the MILA modules 2015 of the patterning device 2010 may collectively generate
patterns that cover the whole width 2045 of the substrate 2040 in the X-Z plane.

[00215] In operation of the fluid removal units 2020, each of the fluid removal units 2020 sucks up
nearby fluid, causing a pressure drop near each of the fluid removal units 2020. As such, the fluid above
(or below) the patterning device 2010 is drawn through the spacing areas (as shown by the arrows) in the
patterning device 2010 and then moves (as shown by the arrows) toward the fluid removal units 2020 due
to the pressure drop near each of the fluid removal units 2020. In an embodiment, there is no open
spacing between MLLA modules 2015 and so the fluid is drawn across the substrate 2040 from an opposite
side of the substrate 2040. During the process, the fluid carries contamination between the layer of
photoresist 2035 and the patterning device 2010 away from the MLLA modules 2015 and, in an
embodiment, the contamination is sucked up by the fluid removal units 2020. As a result, contamination
of the lenses of the MLLA modules 2015 can be greatly reduced.

[00216] Reducing the spot size of each individually addressable element of the patterning device 104,
1560, 740, 940, and 1700, for example, to 1 um may provide very fine patterning resolution. However, on
the other hand, the number of the individually addressable elements that are required in the patterning
device to cover a whole width of the substrate is increased dramatically due to a smaller spot size. As
such, the memory bandwidth and/or processing power to control such a large amount of individually
addressable elements in the patterning device (e.g., turning “ON” or “OFF” of each individual
addressable element in the patterning process) are increased significantly. For example, reducing the spot
size of each individually addressable element of the patterning device from 2 pm to 1 pm may improve
the patterning resolution by a factor of two. However, the number of the individually addressable
elements needed to cover the same width of the substrate is doubled. Accordingly, memory bandwidth
and/or processing power for controlling the individually addressable elements of the patterning device are
doubled as well. As a result, the cost of making and using the lithographic apparatus tool including the
patterning device, for example, in the manufacturing of the flat panel displays becomes much more
expensive. Additionally, reducing the spot size of each individually addressable element of the patterning

device, for example, from 2 um to 1 pm may further quadruple the local current intensity of each
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individually addressable element, which in turn decreases the lifetime of each individually addressable
element of the patterning device. Therefore, there is a need for a patterning system that is capable of not
only producing patterns with very fine resolution, but also consumes much less memory bandwidth and/or
processing power.

[00217] Not all patterns, or all parts of patterns, need to be produced using individually addressable
elements with a fine radiation spot size (e.g., 1 um). For example, a pattern with a width of 2 um may be
produced using one individually addressable element with a radiation spot size of 2 um, rather than using
two individually addressable elements each with a radiation spot size of 1 um. By using a larger spot size,
the memory bandwidth and/or processing power to produce such pattern (i.e., a low resolution pattern)
may be cut in half.

[00218] So, in an embodiment, two or more different spot sizes are provided to selectively produce
patterns or portions of patterns suited from the different spot sizes. An individually addressable element
with a fine radiation spot size (e.g., 1 um) is referred to herein as a high resolution individually
addressable element. In an embodiment, there may be more than one type of high resolution individually
addressable element, i.e., two different fine spot sizes. An individually addressable element with a coarse
radiation spot size (e.g., 2 um) is referred to herein as a low resolution individually addressable element.
In an embodiment, there may be more than one type of low resolution individually addressable element,
i.e., two different coarse spot sizes. Accordingly, there are some patterns, or portions thereof, that can
only be produced using the high resolution individually addressable elements, not the low resolution
individually addressable elements. Such patterns, or portions thereof, are referred to as high resolution
patterns. Accordingly, the patterns, or portions thereof, that can be produced by low resolution
individually addressable elements (or by both high resolution individually addressable elements and low
resolution individually addressable elements) are referred to as low resolution patterns.

[00219] Thus, in an embodiment, by incorporating both high resolution individually addressable
elements and low resolution individually addressable elements in a patterning device, the patterning
device may produce patterns on the substrate with reduced memory bandwidth and/or processing power,
while maintaining the capability of producing high resolution patterns on the substrate. In addition, the
consumption of memory bandwidth and/or processing power may be reduced or minimized by
maximizing the use of low resolution individually addressable elements of the patterning device in the
patterning process. Further, the reliability and/or lifetime of the patterning device may be improved by
increasing or maximizing the use of low resolution individually addressable elements, which have a lower
local current intensity. It should be appreciated that although the patterning device in the examples

described herein may include individually addressable elements having two different spot sizes, in some



10

15

20

25

30

WO 2017/114658 PCT/EP2016/081006
52

other examples, the patterning device may include individually addressable elements having three or more
different spot sizes.

[00220] Referring to FIG. 21, a schematic top view of a part of a lithographic apparatus according to an
embodiment for exposing substrates in the manufacture of, for instance, flat panel displays (e.g., LCDs,
OLED displays, etc.) is depicted. Like the lithographic apparatus 100 shown in FIG. 2, the lithographic
apparatus 100 comprises a substrate table 2106 to hold a flat panel display substrate 2114, a positioning
device 2116 to move the substrate table 2106 in up to 6 degrees of freedom, and a patterning device 2104.
[00221] The patterning device 2104 comprises a sensor system 2150 comprising an alignment sensor to
determine alignment between the individually addressable elements 2135, 2145 and the substrate 2114
and/or a level sensor to determine whether the substrate 2114 is level with respect to the projection of the
pattern by the individually addressable elements 2135, 2145.

[00222] The patterning device 2104 comprises a plurality of high resolution individually addressable
clements 2135 arranged on a frame 2160. The depiction of the elements 2135 in FIG. 21 is highly
schematic and may be arranged more like shown in FIGs. 4-9. As described above, the radiation spot size
produced from each of the high resolution individually addressable elements 2135 may be 1 um. In this
embodiment, each of the high resolution individually addressable elements 2135 is a radiation emitting
diode, e.g., an LED. In an embodiment, each of the high resolution individually addressable elements
2135 is a laser diode. In an embodiment, each of the high resolution individually addressable elements
2135 is a vertical external cavity surface emitting lasers (VECSEL) or a vertical cavity surface emitting
lasers (VCSEL). For the sake of simplicity, three rows of the high resolution individually addressable
elements 2135 extending along the Y-direction are shown in FIG. 21 and having sufficient columns to
cover the whole width of the substrate; a greater number of rows of high resolution individually
addressable elements 2135 may be arranged on the frame 2160. In an embodiment, each of the high
resolution individually addressable elements 2135 is configured to provide a plurality of radiation beams
for producing at least a high resolution pattern on the substrate 2135. In an embodiment, each of the high
resolution individually addressable elements 2135 depicted in FIG. 21 comprises a plurality of high
resolution individually addressable elements 2135 (thus each circle labeled 2135 in FIG. 21 represents a
plurality of individually addressable elements 2135). Further, in an embodiment, a number of the rows of
high resolution individually addressable elements 2135 are staggered in the Y-direction from one or more
adjacent rows of individually addressable elements 2135 as shown in FIG. 21. In an embodiment, the high
resolution individually addressable elements 2135 are substantially stationary, i.e., they do not move
significantly during projection.

[00223] The patterning device 2104 further comprises a plurality of low resolution individually
addressable elements 2145 arranged on the frame 2160. The depiction of the elements 2145 in FIG. 21 is
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highly schematic and may be arranged more like shown in FIGs. 4-9. The low resolution individually
addressable elements 2145 are configured similarly as the high resolution individually addressable
elements 2135 as described above except that the radiation spot sizes of the low resolution individually
addressable elements 2145 are larger than the radiation spot sizes of the high resolution individually
addressable elements 2135. As described above, the radiation spot size produced from each of the low
resolution individually addressable elements 2145 may be 2 um. For the sake of simplicity, two rows of
the low resolution individually addressable elements 2145 extending along the Y-direction are shown in
FIG. 21; a greater number of rows of low resolution individually addressable elements 2145 may be
arranged on the frame 2160. In an embodiment, the number of the low resolution individually addressable
elements 2145 may be large enough to cover the whole width of the substrate 2114. However, this is not
required if the high resolution individually addressable elements 2135 reach the remaining portion of the
width. In an embodiment, each of the low resolution individually addressable elements 2145 is configured
to provide a plurality of radiation beams for producing a low resolution pattern on the substrate 2135. In
an embodiment, each of the low resolution individually addressable elements 2145 depicted in FIG. 21
comprises a plurality of low resolution individually addressable elements 2145 (thus each circle labeled
2145 in FIG. 21 represents a plurality of low resolution individually addressable elements 2145). Further,
in an embodiment, a number of the rows of low resolution individually addressable elements 2145 are
staggered in the Y-direction from one or more adjacent rows of low resolution individually addressable
elements 2145 as shown in FIG. 21. In an embodiment, the low resolution individually addressable
elements 2145 are substantially stationary, i.e., they do not move significantly during projection.

[00224] As shown in FIG. 21, the plurality of high resolution individually addressable elements 2135
and the plurality of low resolution individually addressable elements 2145 are arranged separately on the
frame 2160 of the patterning device. In an embodiment, the plurality of high resolution individually
addressable elements 2135 and the plurality of low resolution individually addressable elements 2145
may be mixed with each other. For example, the rows of high resolution individually addressable
elements 2135 may be interleaved completely or partially with the rows of low resolution individually
addressable elements 2145. In an embodiment, the high resolution individually addressable elements 2135
and low resolution individually addressable elements 2145 can be intermixed in, e.g., a checkerboard
fashion.

[00225] In an embodiment, the plurality of high resolution individually addressable elements 2135 are
situated on a first insertion structure installed on frame 2160 of the patterning device 2104. Additionally,
the plurality of low resolution individually addressable elements 2145 are situated on a second insertion
structure installed on frame 2160 of the patterning device. The first insertion structure and/or the second

insertion structure may be readily taken off the frame 2160 of the patterning device 2104 for, e.g., repair
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or replacement of one or more, if any, broken individually addressable elements. In some examples, the
first insertion structure and/or second insertion structure may be replaced with a new one including a
plurality of individually addressable elements having a different radiation spot size, e.g., for tool update in
manufacture of a different product. In an embodiment, the tool may include a plurality of low or high
resolution individually addressable elements 2135, 2145 (either on an insertion structure or not) and the
tool may be then upgraded by providing an insertion structure having the other of the high or low
individually addressable elements 2135, 2145.

[00226] In operation of the lithographic apparatus 100, a panel display substrate 2114 is loaded onto the
substrate table 2106 using, for example, a robot handler (not shown). The substrate 2114 is then displaced
in the X-direction as shown by arrow 2123 under the frame 2160. The substrate 2114 is measured by the
level sensor and/or alignment sensor 2150 and then is exposed to high resolution patterns using one or
more of the plurality of high resolution individually addressable elements 2135 and/or low resolution
patterns using one or more of the plurality of low resolution individually addressable elements 2145. One
or more lenses may be used to project the patterning beams from the high resolution individually
addressable elements 2135 and/or the low resolution individually addressable elements 2145 to the
substrate 2114. The high resolution individually addressable elements 2135 and/or the low resolution
individually addressable elements 2145 may be operated, for example, to provide pixel-grid imaging as
discussed herein.

[00227] As shown, the patterning device 2104 comprises a plurality of individually addressable
elements 2135, 2145 having two different spot sizes, which provides two patterning resolutions
accordingly. In an embodiment, the patterning device 2104 may comprise a plurality of individually
addressable elements having three or more different spot sizes. The patterning device 2104 may employ
the individually addressable elements to provide three or more different patterning resolutions, for
example, in the manufacture of flat panel displays.

[00228] FIG. 22 depicts an example of decomposing a pattern to a high resolution pattern and a low
resolution pattern. As shown in FIG. 22, the whole pattern 2200 is decomposed to a high resolution
pattern (i.e., the dark area in FIG. 22) and a low resolution pattern (i.e., the light area in FIG. 22). The
high resolution pattern is to be produced by the high resolution individually addressable elements (e.g.,
the high resolution individually addressable elements 2135), and the low resolution pattern is to be
produced by the low resolution individually addressable elements (e.g., the low resolution individually
addressable elements 2145).

[00229] As can be seen, the pattern 2200 may be decomposed to a different high resolution pattern and
a different low resolution pattern in various combinations based on the spot size ratio between the low
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2145) and the high resolution individually addressable elements (e.g., the high resolution individually
addressable elements 2135). The best benefit (e.g., minimal memory bandwidth and/or processing power
for producing a pattern, e.g., the pattern 2200) may be obtained when the use of low resolution
individually addressable elements 2145 is maximized. This can be done by decomposing the pattern in a
manner that results in a maximal low resolution pattern to be produced by the low resolution individually
addressable elements given the spot size ratio between the low resolution individually addressable
elements and the high resolution individually addressable elements.

[00230] So, the selection of the spot size ratio between the low resolution individually addressable
elements and the high resolution individually addressable elements may determine the best benefit (e.g.,
minimal memory bandwidth and/or processing power for producing patterns on the substrate) that may be
obtained. For example, when the spot size of the low resolution individually addressable elements is
similar to the spot size of the high resolution individually addressable elements (i.e., the spot size ratio
between the low resolution individually addressable elements and the high resolution individually
addressable elements is close to 1), the patterning device 2104 functions similar to the patterning device
104. As such, the requirement of memory bandwidth and/or processing power to produce the pattern is
still high. As another example, when the spot size of the low resolution individually addressable elements
is much larger than the spot size of the high resolution individually addressable elements (i.e., the spot
size ratio between the low resolution individually addressable elements and the high resolution
individually addressable elements is very large, for example, 1000), there might be no way to decompose
the pattern to a low resolution pattern that can be produced by the low resolution individually addressable
elements. As a result, the whole pattern has to be produced using the high resolution individually
addressable elements. As such, the memory bandwidth and/or processing power to produce the pattern is
still high. In either example, there is no benefit by including both the low resolution individually
addressable elements and the high resolution individually addressable elements in the patterning device
given an inappropriate spot size ratio. Thus, it would be desirable to arrive at an appropriate spot size
ratio.

[00231] Datarate is a key performance indicator (KPI) of memory bandwidth and processing power.
Specifically, a high data rate is indicative of relatively large memory bandwidth and/or high processing
power. Accordingly, a low data rate is indicative of relatively low memory bandwidth and/or low
processing power. Due to the spot size difference between the high resolution individually addressable
elements and the low resolution individually addressable elements, the relationship between the data rates
of the high resolution individually addressable elements and the low resolution individually addressable
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DRp;
DRigy = =52 M
where DR, is the data rate of a low resolution individually addressable element, DRy, is the data rate of
a high resolution individually addressable element, and r (r > 1) is a spot size ratio between the low
resolution individually addressable element and the high resolution individually addressable element.
[00232] For simplicity, assuming the data rate of the high resolution individually addressable element,
DRy is 100, equation (1) becomes:
DRiow =—5 2

[00233] Table 1 shows a plurality of example data rates of the low resolution individually addressable

element, DRy, corresponding to different spot size ratio, r based on equation (2).

DRyien 100 100 100 100 100 100
DRy 1 4 16 25 44.4 100
r 10 5 2.5 2 1.5 1

Table 1: Data rate scaling as function of spot size ratio r

[00234] As described above, a pattern to be produced on the substrate may be decomposed to a high
resolution pattern and a low resolution pattern. The high resolution pattern is to be produced by high
resolution individually addressable elements. The low resolution pattern is to be produced by low
resolution individually addressable elements. Therefore, the resulting data rate, DR, to produce the whole

pattern may be expressed by:

DR =x DRhigh + (1 - x)DRlOW (3)

where x is the fraction of the high resolution pattern in the whole pattern. Thus, x is the fraction of the
pattern which can only be produced using the high resolution individually addressable elements, not the
low resolution individually addressable elements. For example, if 20% of the whole pattern is
decomposed to the high resolution pattern, then the value of x is .2. Thus, a larger x is indicative of a
more complex pattern and a smaller x is indicative of a simpler pattern. As such, x may be referred to as

pattern complexity.
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[00235] By assuming DRy, is 100 and incorporating equation (2) to equation (3), equation (3)

becomes:

DR = (1 - i) 100x + 5 )

r2

[00236] As can be seen from equation (4), the minimal data rate DR is obtained when x is minimized
given the spot size ratio r. This indicates that the best benefit can be obtained when the use of the high
resolution individually addressable elements in producing the pattern on the substrate is minimized and
the use of the low resolution individually addressable elements in producing the pattern on the substrate is
maximized given the spot size ratio r.

[00237] FIG. 23 is a graph of data rate DR on the vertical axis versus pattern complexity x (shown as a
percentage) on the horizontal axis, according to equation (4) assuming DRy, is 100. The lines 2210-2260
correspond to the spot size ratio of 10, 5, 2.5, 2, 1.5, and 1, respectively. As shown, when the pattern
complexity is 100 meaning the whole pattern has to be produced using the high resolution individually
addressable elements, the highest data rate is required to produce the pattern regardless of the spot size
ratio r. Otherwise, decreasing the spot size ratio, r, would increase the minimal data rate that is required to
produce the pattern. Given a spot size ratio (i.e., in each line 2210-2260), increasing the pattern
complexity may result in an increase of the data rate that is required to produce the pattern. In an
embodiment, a spot size ratio r may be selected between 1.2 and 5, desirably between 1.5 and 2.5.
[00238] FIGs. 24A-D depict various examples of producing a pattern using high resolution individually
addressable elements and low resolution individually addressable elements with different spot size ratios.
As shown, the pattern 2400 has a width 2410 of, e.g., 6 um and a height 2420 of, e.g., 4.5 um. The
patterning complexity x with respect to the pattern 2400 is closely correlated with the spot size ratio, r,
between the low resolution individually addressable elements 2430 and the high resolution individually
addressable elements 2440. A minimal data rate required to produce the pattern 2400 may vary by
varying the spot size ratio.

[00239] In FIG. 24A, the spot size ratio between the low resolution individually addressable element
2430 and the high resolution individually addressable element 2440 is 1.25. To minimize the use of the
high resolution individually addressable element in producing the pattern 2400, the pattern 2400 is
decomposed to a low resolution pattern (as shown in the solid area) and a high resolution pattern (as
shown in the light area). The low resolution pattern is to be produced using four low resolution
individually addressable elements 2430. The high resolution pattern is to be produced using one high
resolution individually addressable element 2440. As such, the pattern complexity x is determined to be

about .17, meaning about 17% of the pattern 2400 is the high resolution pattern and about 83% of the
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pattern 2400 is the low resolution pattern. According to equation (4), the minimal data rate is calculated to
be about 70 (assuming DRy, is 100).

[00240] In FIG. 24B, for the same pattern 2400 as in FIG. 24A, the spot size ratio between the low
resolution individually addressable element 2430 and the high resolution individually addressable element
2440 is 2. The whole pattern 2400 may be produced using only the three low resolution individually
addressable elements 2430. As such, the pattern complexity x is determined to be 0. According to
equation (4), the minimal data rate is calculated to be 25 (assuming DRy, is 100).

[00241] In FIG. 24C, for the same pattern 2400 as in FIG. 24A, the spot size ratio between the low
resolution individually addressable element 2430 and the high resolution individually addressable element
2440 is 2.5. To minimize the use of the high resolution individually addressable elements 2440 in
producing the pattern 2400, the pattern 2400 is decomposed to a low resolution pattern (as shown in the
solid area) and a high resolution pattern (as shown in the light area). The low resolution pattern is to be
produced using two low resolution individually addressable elements 2430. The high resolution pattern is
to be produced using one high resolution individually addressable element 2440. As such, the pattern
complexity x is determined to be about .17, meaning about 17% of the pattern 2400 is the high resolution
pattern and about 83% of the pattern 2400 is the low resolution pattern. According to equation (4), the
minimal data rate is calculated to be 30 (assuming DRy, is 100).

[00242] In FIG. 24D, for the same pattern 2400 as in FIG. 24A, the spot size ratio between the low
resolution individually addressable element 2430 and the high resolution individually addressable element
2440 is 4. To minimize the use of the high resolution individually addressable element in producing the
pattern 2400, the pattern 2400 is decomposed to a low resolution pattern (as shown in the solid area) and a
high resolution pattern (as shown in the light area). The low resolution pattern is to be produced using one
low resolution individually addressable elements 2430. The high resolution pattern is to be produced
using two high resolution individually addressable elements 2440. As such, the pattern complexity X is
determined to be about .33, meaning about 33% of the pattern 2400 is the high resolution pattern and
about 67% of the pattern 2400 is the low resolution pattern. According to equation (4), the minimal data
rate is calculated to be 37.5 (assuming DRy, is 100).

[00243] Referring to FIG. 25, a flow diagram illustrating an example patterning process is depicted
according to an embodiment. In an embodiment, the data flow starts from various inputs and processes
them, e.g., in real time, to generate data for addressing the individually addressable elements. In an
embodiment, before exposure starts, the individual spots of the individually addressable elements are
calibrated in terms of, e.g., emission power and/or profile, and in position. These are translated into
calibration parameters and data for each spot that fully describes its effect on the overall exposure. The

use of this calibration information is described further hereafter. Further, the data flow starts with a
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nominal pattern to be exposed onto the substrate. The nominal pattern could be the entire digitized file for
the whole substrate, or a portion of this file for the current exposure area as well as a predefined part of
the subsequent area to do pre-calculation and fill the write buffers. Further, during exposure, metrology
may be performed on the substrate to determine the actual position of features, so that on-the-fly
correction can be done to modify the exposure pattern in case of e.g. local deformation or shift. These
measurements are translated into transform parameters (as discussed further hereafter) to locally modify
the nominal pattern to match the pattern on the substrate. As noted above, in an embodiment, these inputs
are processed in real-time (desirably using a buffer), resulting in output to the individually addressable
elements, synchronized with the substrate movement.

[00244] A nominal pattern 2510 to be produced on a substrate is decomposed to a high resolution
pattern 2540 and a low resolution pattern 2550 in a pattern decomposition procedure 2530 based on the
spot size ratio 2520 between the low resolution individually addressable elements and the high resolution
individually addressable elements. As described above, the high resolution pattern 2540 is to be produced
by the high resolution individually addressable elements, and the low resolution pattern 2550 is to be
produced by the low resolution individually addressable elements. Then, in an embodiment, two separate
paths are taken, e.g., in parallel, for generating a control file for each of the high resolution individually
addressable elements and the low resolution individually addressable elements to produce the high
resolution pattern 2540 and the low resolution pattern 2550, respectively.

[00245] In a first path, a first control file for the high resolution individually addressable elements is
created in procedure 2570 based on the high resolution pattern 2540, based on a plurality of spot
parameters 2560 associated with the high resolution individually addressable elements, and based on a
plurality of transform parameters 2565. The plurality of spot parameters 2560 may be determined during a
calibration of the high resolution individually addressable elements before the patterning process. The
plurality of spot parameters 2560 may include, but is not limited to, the radiation intensity, the radiation
spot size, the radiation beam shape, calibration data, and/or a gray scale factor of each high resolution
individually addressable element (including, optionally, a measure of variance of the parameters over
time). The plurality of transform parameters 2565 may be determined based on the actual positions of the
physical structures produced on the substrate, which may be measured in real time by a local metrology
unit during the patterning process. The plurality of transform parameters 2565 may be used to modify the
high resolution pattern to be produced by the high resolution individually addressable elements in case the
real-time measurement indicates the physical structures produced on the substrate are deformed,
translated, shifted, rotated, or any combination thereof. Then, in procedure 2575, the first control file may
be transmitted to and stored in one or more buffers or memory units (e.g., the local memories 1430)

associated with the plurality of high resolution individually addressable elements. In the patterning
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process of the high resolution patterns, one or more control circuits (e.g., the local processing units 1450)
may operate each of the plurality of high resolution individually addressable elements according to the
control file 2570. In an embodiment, a control signal for each of the plurality of high resolution
individually addressable element is generated based on the first control file, for example, to turn “ON” or
“OFF” each of the high resolution individually addressable element in production of the high resolution
patterns.

[00246] In a second path, a second control file for the low resolution individually addressable elements
is created in procedure 2585 based on the low resolution pattern 2550, based on a plurality of spot
parameters 2580 associated with the low resolution individually addressable elements, and based on the
plurality of transform parameters 2565. The plurality of spot parameters 2580 may be determined during a
calibration of the low resolution individually addressable elements before the patterning process. The
plurality of spot parameters 2580 may include, but is not limited to, the radiation intensity, the radiation
spot size, the radiation beam shape, calibration data, and/or a gray scale factor of each low resolution
individually addressable element (including, optionally, a measure of variance of the parameters over
time). The plurality of transform parameters 2565 may be used to modify the low resolution pattern 2550
to be produced by the low resolution individually addressable elements in case the real-time measurement
indicates the physical structures produced on the substrate are deformed, translated, shifted, rotated, or
any combination thereof. In an embodiment, the transform parameters are the same as those for the high
resolution individually addressable elements except used with a time delay if the low and high resolution
individually addressable elements are separated (e.g., one is behind the other). In an embodiment, the low
and high resolution individually addressable elements have their own transform parameters measured by,
e.g., a dedicated metrology arrangement. Then, in procedure 2590, the second control file may be
transmitted to and stored in one or more buffers or memory units (e.g., the local memories 1430)
associated with the plurality of low resolution individually addressable elements. In the patterning process
of the low resolution patterns, one or more control circuits (e.g., the local processing units 1450) may
operate each of the plurality of low resolution individually addressable elements according to the control
file 2585. In an embodiment, a control signal for each of the plurality of low resolution individually
addressable element is generated based on the second control file, for example, to turn “ON” or “OFF”
each of the low resolution individually addressable element in production of the low resolution patterns.
[00247] As described above, the patterning device 2104 may include a plurality of individually
addressable elements having three or more spot sizes. In an embodiment, the nominal pattern 2510 may
be decomposed into three or more sub patterns in the procedure 2530 based on the spot size ratios
between the three or more spot sizes. Each of the three or more sub patterns is to be produced by a portion

of the plurality of individually addressable elements having one of the three or more spot sizes.
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Accordingly, a control file is created corresponding to each spot size in a procedure similar to the
procedure 2570 and 2585, and is finally transmitted to and stored in one or more buffers associated with
the individually addressable elements having the respective spot size in a procedure similar to the
procedures 2575 and 2590.

[00248] 1t should be appreciated that the patterning process described in FIGs. 21-25 is distinctive from
electron-beam (e-beam) lithography technology, in which a plurality of electron beams are deflected and
scanned over the surface of the substrate to produce desired patterns on the substrate. In e-beam system,
the radiation spot size and/or radiation direction of each electron beam may be controlled by means of an
electro-magnetic field surrounding a stream of the electrons, e.g., using one or more electro-magnetic
lenses inside the e-beam tool. Thus, a movement of the substrate during projection of the e-beam radiation
is not used or necessary. In addition, the time for patterning the substrate in the e-beam system may be
shortened by employing more electron beams in its process. On the contrary, in an embodiment, the
radiation direction and spot size of each individually addressable element of the patterning device 2104 as
described herein is not adjustable like in an e-beam system. In addition, in an embodiment, the substrate is
moved relative to the patterning device 2104. Further, the time for patterning the substrate using
patterning device 2014 depends on the velocity of the substrate. Given the velocity, increasing the number
of individually addressable elements in the patterning device 2014 does not change the time for patterning
the substrate. Further, emitted power is used more effectively by using large, more robust and efficient
individually addressable elements whenever possible, and only using the small, less robust individually
addressable elements where required to reach the desired resolution, which is also distinct from, e.g., the
e-beam process where the different spot sizes are produced from a common electron beam system or
identical electron beam systems.

[00249] In an embodiment, there is provided an exposure apparatus comprising: a substrate holder
constructed to support a substrate; a patterning device configured to provide radiation modulated
according to a desired pattern, the patterning device comprising a plurality of two-dimensional arrays of
radiation sources, each radiation source configured to emit a radiation beam; a projection system
configured to project the modulated radiation onto the substrate, the projection system comprising a
plurality of optical elements arranged side by side and arranged such that a two-dimensional array of
radiation beams from a two-dimensional array of radiation sources impinges a single optical element of
the plurality of optical elements; and an actuator configured to provide relative motion between the
substrate and the plurality of two-dimensional arrays of radiation sources in a scanning direction to
expose the substrate.

[00250] In an embodiment, the plurality of two-dimensional arrays of radiation sources sufficiently

extend across the width of the substrate such that a scanning motion can expose substantially the entire
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width of the substrate to the plurality of beams at a same time. In an embodiment, a first two-dimensional
array of radiation sources is spatially separated from a second two-dimensional array of radiation sources
along the scanning direction such that at least some of the beams of the first two-dimensional array would
expose regions of the substrate that interleave regions of the substrate that would be exposed by at least
some of the beams of the second two-dimensional array. In an embodiment, at least some of the two-
dimensional arrays of beams have a square shape. In an embodiment, at least one of the two-dimensional
arrays of beams is configured such that the beams in the two-dimensional array have essentially equal
distances with neighboring beams. In an embodiment, a cross-sectional dimension of at least one of the
two-dimensional arrays of radiation sources is less than or equal to the cross-sectional dimension of at
least one of the optical elements. In an embodiment, at least one of the two-dimensional arrays of
radiation sources comprises a bonding pad area around the array, the bonding pad area comprising a
plurality of bond pads connected by respective lines to the radiation sources of the array. In an
embodiment, the plurality of radiation sources comprises light-emitting diodes (LEDs). In an
embodiment, the plurality of radiation sources comprises vertical external cavity surface emitting lasers
(VECSELSs) or vertical cavity surface emitting lasers (VCSELS). In an embodiment, the optical elements
are microlenses and the plurality of optical elements form a two-dimensional microlens array. In an
embodiment, the substrate is a radiation-sensitive substrate. In an embodiment, the substrate is movable in
the scanning direction and the plurality of two-dimensional arrays of radiation sources is kept
substantially stationary during a scanning motion to expose the substrate.

[00251] In an embodiment, there is provided a device manufacturing method comprising: providing a
plurality of beams of radiation modulated according to a desired pattern using a plurality of two-
dimensional arrays of radiation sources, each radiation source configured to emit a radiation beam;
projecting the plurality of beams onto a substrate using a plurality of optical elements arranged side by
side, the optical elements arranged such that a two-dimensional array of radiation beams from a two-
dimensional array of radiation sources impinges a single optical element of the plurality of optical
elements; and providing relative motion between the substrate and the plurality of two-dimensional arrays
of radiation sources, in a scanning direction to expose the substrate.

[00252] In an embodiment, the plurality of two-dimensional arrays of radiation sources sufficiently
extend across the width of the substrate such that a scanning motion can expose substantially the entire
width of the substrate to the plurality of beams at a same time. In an embodiment, a first two-dimensional
array of radiation sources is spatially separated from a second two-dimensional array of radiation sources
along the scanning direction such that at least some of the beams of the first two-dimensional array would
expose regions of the substrate that interleave regions of the substrate that would be exposed by at least

some of the beams of the second two-dimensional array. In an embodiment, at least some of the two-
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dimensional arrays of beams have a square shape. In an embodiment, at least one of the two-dimensional
arrays of beams is configured such that the beams in the two-dimensional array have essentially equal
distances with neighboring beams. In an embodiment, a cross-sectional dimension of at least one of the
two-dimensional arrays of radiation sources is less than or equal to the cross-sectional dimension of at
least one of the optical elements. In an embodiment, at least one of the two-dimensional arrays of
radiation sources comprises a bonding pad area around the array, the bonding pad area comprising a
plurality of bond pads connected by respective lines to the radiation sources of the array. In an
embodiment, the plurality of radiation sources comprises light-emitting diodes (LEDs). In an
embodiment, the plurality of radiation sources comprises vertical external cavity surface emitting lasers
(VECSELSs) or vertical cavity surface emitting lasers (VCSELS). In an embodiment, the optical elements
are microlenses and the plurality of optical elements form a two-dimensional microlens array. In an
embodiment, the substrate is a radiation-sensitive substrate. In an embodiment, the method comprises
moving the substrate in the scanning direction while the plurality of two-dimensional arrays of radiation
sources are kept substantially stationary during a scanning motion to expose the substrate.

[00253] In an embodiment, there is provided an exposure apparatus comprising: a plurality of arrays,
each array having a plurality of radiation emitters and the radiation emitters configured to provide a
plurality of beams modulated according to a desired pattern toward a substrate; an actuator configured to
adjust a position of the plurality of arrays as a unit; and a plurality of optical elements, each optical
element configured to receive beams emitted by one of the plurality of the arrays and project the beams
onto the substrate.

[00254] In an embodiment, the actuator is configured to adjust a distance between the plurality of arrays
and the substrate and/or adjust the angular orientation of the plurality of arrays relative to the substrate. In
an embodiment, the actuator is configured to adjust positional alignment of the plurality of arrays relative
to another plurality of arrays. In an embodiment, the actuator comprises a plurality of actuators, at least
one of the actuators situated at a corner of the plurality of arrays and/or the center of the plurality of
arrays. In an embodiment, the plurality of radiation emitters comprises a plurality of radiation sources,
each radiation source configured to generate and emit electromagnetic radiation. In an embodiment, the
plurality of radiation sources comprises light-emitting diodes (LEDs). In an embodiment, the plurality of
radiation sources comprises vertical external cavity surface emitting lasers (VECSELSs) or vertical cavity
surface emitting lasers (VCSELSs). In an embodiment, a plurality of optical elements is attached to the
plurality of arrays. In an embodiment, the plurality of radiation emitters of at least one of the plurality of
arrays is arranged in a two-dimensional array. In an embodiment, the plurality of arrays is arranged in a
two-dimensional array. In an embodiment, the plurality of arrays, the actuator and the plurality of optical

clements form a module and further comprising a plurality of such modules arranged in an array. In an
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embodiment, the optical elements are microlenses and the plurality of optical elements form a microlens
array. In an embodiment, the substrate is a radiation-sensitive substrate.

[00255] In an embodiment, there is provided a device manufacturing method comprising: adjusting a
position of a plurality of arrays as a unit using an actuator, each array having a plurality of radiation
emitters, the radiation emitters configured provide a plurality of beams of radiation; providing the
plurality of beams of radiation from the plurality of emitters modulated according to a desired pattern; and
projecting the plurality of beams to a substrate by a plurality of optical elements, each optical element
configured to receive beams emitted by one of the plurality of the arrays.

[00256] In an embodiment, the adjusting comprises adjusting a distance between the plurality of arrays
and the substrate and/or adjusting the angular orientation of the plurality of arrays relative to the substrate.
In an embodiment, the adjusting comprises adjusting positional alignment of the plurality of arrays
relative to another plurality of arrays. In an embodiment, the actuator comprises a plurality of actuators, at
least one of the actuators situated at a corner of the plurality of arrays and/or the center of the plurality of
arrays. In an embodiment, the plurality of radiation emitters comprises a plurality of radiation sources,
each radiation source configured to generate and emit electromagnetic radiation. In an embodiment, the
plurality of radiation sources comprises light-emitting diodes (LEDs). In an embodiment, the plurality of
radiation sources comprises vertical external cavity surface emitting lasers (VECSELSs) or vertical cavity
surface emitting lasers (VCSELSs). In an embodiment, a plurality of optical elements is attached to the
plurality of arrays. In an embodiment, the plurality of radiation emitters of at least one of the plurality of
arrays is arranged in a two-dimensional array. In an embodiment, the plurality of arrays is arranged in a
two-dimensional array. In an embodiment, the plurality of arrays, the actuator and the plurality of optical
elements form a module and further comprising a plurality of such modules arranged in an array. In an
embodiment, the optical elements are microlenses and the plurality of optical elements form a microlens
array. In an embodiment, the substrate is a radiation-sensitive substrate.

[00257] In an embodiment, there is provided a device manufacturing method comprising: generating
particles in a patterning apparatus; depositing the particles onto a substrate in the patterning apparatus to
form a layer of particles on the substrate; and applying a pattern in the patterning apparatus to the
deposited layer of particles.

[00258] In an embodiment, applying the pattern comprises projecting a beam of radiation onto the
substrate to at least partially sinter at least part of the particles on the substrate. In an embodiment, the
method further comprises moving the substrate and wherein projecting the beam of radiation comprises a
projecting a plurality of modulated beams to the moving substrate in a pixel-grid imaging fashion. In an
embodiment, the width of a majority of the particles is less or equal to 15 nanometers. In an embodiment,
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of the particles in the layer at a temperature of less than or equal to 200°C. In an embodiment, generating
the particles comprises forming the particles by generating a spark between an anode and a cathode,
wherein the particles are formed from material of the anode, the cathode, or both. In an embodiment, the
material comprises one or more selected from: aluminum, chromium, molybdenum, copper, gold, silver,
titanium, and/or platinum. In an embodiment, forming the particles comprises forming the particles in a
substantially oxygen-free environment. In an embodiment, the substantially oxygen-free environment is a
vacuum or is filled with a gas comprising one or more selected from: nitrogen, helium, neon, argon,
krypton, xenon, and/or radon. In an embodiment, the method further comprises entraining the particles in
a stream of gas to agglomerate particles and providing a further stream of gas downstream of the spark to
prevent or limit further agglomeration of particles. In an embodiment, the method further comprises
moving the substrate and wherein depositing the particles comprises depositing the particles, during the
movement of the substrate, to extend across the width of the substrate. In an embodiment, depositing the
particles comprises controlling a travel direction of the particles by an electro-magnetic field around a
stream of the particles. In an embodiment, depositing the particles comprises carrying the particles in a
stream of gas onto the substrate. In an embodiment, the substrate is a semiconductor-type substrate.
[00259] In an embodiment, there is provided a patterning apparatus, comprising: a substrate holder
constructed to support a substrate; a particle generator configured to generate particles in the patterning
apparatus, the particle generator configured to deposit the particles onto the substrate to form a layer of
particles on the substrate; and a pattern generator in the patterning apparatus, the pattern generator
configured to applying a pattern in the patterning apparatus to the deposited layer of particles.

[00260] In an embodiment, the pattern generator is configured to project a beam of radiation onto the
substrate to at least partially sinter at least part of the particles on the substrate. In an embodiment, the
apparatus further comprises an actuator to move the substrate and wherein the pattern generator is
configured to project a plurality of modulated beams to the moving substrate in a pixel-grid imaging
fashion. In an embodiment, the particle generator is configured to generate particles such that a width of a
majority of the particles is less or equal to 15 nanometers. In an embodiment, the pattern generator is
configured to produce a pattern in the layer by at least partially sintering at least part of the particles in the
layer at a temperature of less than or equal to 200°C. In an embodiment, the particle generator comprises
a spark discharge generator comprising an anode and a cathode and configured to generate a spark
between the anode and the cathode, wherein the particles are formed from material of the anode, the
cathode, or both. In an embodiment, the material comprises one or more selected from: aluminum,
chromium, molybdenum, copper, gold, silver, titanium, and/or platinum. In an embodiment, the particle
generator is configured to form the particles in a substantially oxygen-free environment. In an
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or more selected from: nitrogen, helium, neon, argon, krypton, xenon, and/or radon. In an embodiment,
the particle generator is configured to entrain the particles in a stream of gas to agglomerate particles and
further comprises an outlet to provide a further stream of gas downstream of the spark to prevent or limit
further agglomeration of particles. In an embodiment, the apparatus further comprises an actuator
configured to move the substrate and a control system configured to control deposition of the particles
such that, during the movement of the substrate, the particles are provided to extend across the width of
the substrate. In an embodiment, the particle generator is configured to control a travel direction of the
particles by an electro-magnetic field around a stream of the particles. In an embodiment, the particle
generator is configured to provide the particles in a stream of gas onto the substrate. In an embodiment,
the apparatus further comprises a control system configured to control the thickness of a layer of the
particles on the substrate. In an embodiment, the substrate is a semiconductor-type substrate.

[00261] In an embodiment, there is provided a device manufacturing method comprising: providing a
plurality of beams of radiation modulated according to at least two sub patterns of a pattern using a
plurality of radiation sources, the plurality of radiation sources producing radiation beams of at least two
spot sizes such that each of the radiation beams having a same spot size of the at least two spot sizes is
used to produce one of the at least two sub patterns; projecting the plurality of beams onto a substrate; and
providing relative motion between the substrate and the plurality of radiation sources, in a scanning
direction to expose the substrate.

[00262] In an embodiment, the method further comprises decomposing the pattern to be produced on
the substrate to the at least two sub patterns. In an embodiment, the decomposing comprises decomposing
the pattern to the at least two sub patterns in a manner that the size of the sub pattern to be produced with
the smallest spot size is minimized. In an embodiment, a spot size ratio between at least two of the spot
sizes is between 1.2 and 5. In an embodiment, the method further comprises creating a control file for the
plurality of radiation sources producing the same spot size based on a transform parameter, a spot
parameter, and one of the at least two sub patterns. In an embodiment, providing the plurality of beams of
radiation comprises providing the plurality of beams of radiation according to the control file. In an
embodiment, the transform parameter comprises a determined position of physical structures on the
substrate, the determined position based on real time measurement by a metrology unit during the
patterning process. In an embodiment, the spot parameter is determined during calibration of radiation
sources before the patterning process. In an embodiment, the spot parameter includes one or more
selected from: radiation intensity, radiation spot size, radiation beam shape, calibration data, and/or gray
scale factor. In an embodiment, the radiation sources producing the smallest spot size of the at least two
spot sizes are configured to provide beams with the smallest spot size across the width of the substrate
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smallest spot size at a same time. In an embodiment, the plurality of radiation sources comprises light-
emitting diodes (LEDs), vertical external cavity surface emitting lasers (VECSELS) or vertical cavity
surface emitting lasers (VCSELS). In an embodiment, the projecting the plurality of beams onto the
substrate comprises projecting the plurality of beams onto the substrate using an optical element. In an
embodiment, the substrate is a radiation-sensitive substrate. In an embodiment, the method further
comprises moving the substrate in a scanning direction while the plurality of radiation sources are kept
substantially stationary during a scanning motion to expose the substrate.

[00263] In an embodiment, there is provided an exposure apparatus comprising: a substrate holder
constructed to support a substrate; a patterning device configured to provide a plurality of beams of
radiation modulated according to at least two sub patterns of a pattern using a plurality of radiation
sources, the plurality of radiation sources producing radiation beams of at least two spot sizes such that
each of the radiation beams having a same spot size of the at least two spot sizes is used to produce one of
the at least two sub patterns; a projection system configured to project the plurality of beams onto the
substrate; and an actuator configured to provide relative motion between the substrate and the plurality of
radiation sources, in a scanning direction to expose the substrate.

[00264] In an embodiment, the apparatus further comprises a control system configured to decompose
the pattern to be produced on the substrate to the at least two sub patterns. In an embodiment, the control
system is configured to decompose the pattern to the at least two sub patterns in a manner that the size of
the sub pattern to be produced with the smallest spot size is minimized. In an embodiment, a spot size
ratio between at least two of the spot sizes is between 1.2 and 5. In an embodiment, the apparatus
comprises a control system configured to create a control file for the plurality of radiation sources
producing the same spot size based on a transform parameter, a spot parameter, and one of the at least two
sub patterns. In an embodiment, the patterning device is configured to provide the plurality of beams of
radiation according to the control file. In an embodiment, the transform parameter comprises a determined
position of physical structures on the substrate, the determined position based on real time measurement
by a metrology unit during the patterning process. In an embodiment, the spot parameter is determined
during calibration of radiation sources before the patterning process. In an embodiment, the spot
parameter includes one or more selected from: radiation intensity, radiation spot size, radiation beam
shape, calibration data, and/or gray scale factor. In an embodiment, the radiation sources producing the
smallest spot size of the at least two spot sizes are configured to provide beams with the smallest spot size
across the width of the substrate such that a scanning motion could expose substantially the entire width
of the substrate to beams of the smallest spot size at a same time. In an embodiment, the plurality of
radiation sources comprises light-emitting diodes (LEDs), vertical external cavity surface emitting lasers
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plurality of beams onto the substrate comprises projecting the plurality of beams onto the substrate using
an optical element. In an embodiment, the substrate is a radiation-sensitive substrate. In an embodiment,
the actuator is further configured to move the substrate in a scanning direction while the plurality of
radiation sources are kept substantially stationary during a scanning motion to expose the substrate.
[00265] In an embodiment, there is provided an exposure apparatus comprising: a substrate holder
constructed to support a substrate; a patterning device configured to provide radiation modulated
according to a desired pattern, the patterning device comprising a plurality of rows of two-dimensional
arrays of radiation sources; a projection system configured to project the modulated radiation onto a
substrate; and one or more fluid removal units configured to remove a fluid from between the projection
system and the substrate.

[00266] In an embodiment, at least two adjacent two-dimensional arrays of radiation sources are
separated by an open space and the one or more fluid removal units are configured to draw fluid through
the open space from above, or below, the patterning device to between the projection system and the
substrate. In an embodiment, at least one fluid removal unit is situated on top of, or below, the patterning
device. In an embodiment, at least one fluid removal unit is situated at side of the patterning device. In an
embodiment, at least one fluid removal unit is located at a back side of the patterning device relative to a
scanning direction. In an embodiment, the one or more fluid removal units extend across the width or
length of at least one of the rows. In an embodiment, the one or more fluid removal units are configured
to remove fluid near the one or more fluid removal units to cause a pressure drop and the pressure drop
forcing fluid towards the one or more fluid removal units, the forced fluid passing between the substrate
and the projection system, the forced fluid carrying away contamination between the substrate and the
projection system. In an embodiment, a first row of two-dimensional array of radiation sources and a
second row of two-dimensional array of radiation sources adjacent to the first row of two-dimensional
array of radiation sources have a displacement along a direction perpendicular to the scanning direction
such that at least some of the beams of the first row of two-dimensional array would expose regions of the
substrate that interleave regions of the substrate that would be exposed by at least some of the beams of
the second row of two-dimensional arrays. In an embodiment, the plurality of rows of two-dimensional
arrays of radiation sources sufficiently extend across the width of the substrate such that a scanning
motion can expose substantially the entire width of the substrate to the plurality of beams at a same time.
In an embodiment, the plurality of radiation sources comprises light-emitting diodes (LEDs),vertical
external cavity surface emitting lasers (VECSELSs) or vertical cavity surface emitting lasers (VCSELS). In
an embodiment, the projection system comprises a plurality of optical elements, the optical elements
being microlenses and the plurality of optical elements forming a two-dimensional microlens array. In an
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comprises an actuator configured to provide relative motion between the substrate and the plurality of
rows of two-dimensional arrays of radiation sources in a scanning direction to expose the substrate.
[00267] In an embodiment, there is provided a device manufacturing method comprising: providing
radiation modulated according to a desired pattern using a plurality of rows of two-dimensional arrays of
radiation sources; projecting the modulated radiation onto a substrate using a projection system; and
removing fluid from between the projection system and the substrate using one or more fluid removal
unifs.

[00268] In an embodiment, at least two adjacent two-dimensional arrays of radiation sources are
separated by an open space and drawing fluid through the open space from above, or below, the
patterning device to between the projection system and the substrate using the one or more fluid removal
units. In an embodiment, at least one fluid removal unit is situated on top of, or below, the patterning
device. In an embodiment, at least one fluid removal unit is situated at side of the patterning device. In an
embodiment, at least one fluid removal unit is located at a back side of the patterning device relative to a
scanning direction. In an embodiment, the one or more fluid removal units extend across the width or
length of at least one of the rows. In an embodiment, the method comprises removing fluid near the one
or more fluid removal units using the one or more fluid removal units to cause a pressure drop and the
pressure drop forcing fluid towards the one or more fluid removal units, the forced fluid passing between
the substrate and the projection system, the forced fluid carrying away contamination between the
substrate and the projection system. In an embodiment, a first row of two-dimensional array of radiation
sources and a second row of two-dimensional array of radiation sources adjacent to the first row of two-
dimensional array of radiation sources have a displacement along a direction perpendicular to the
scanning direction such that at least some of the beams of the first row of two-dimensional array would
expose regions of the substrate that interleave regions of the substrate that would be exposed by at least
some of the beams of the second row of two-dimensional arrays. In an embodiment, the plurality of rows
of two-dimensional arrays of radiation sources sufficiently extend across the width of the substrate such
that a scanning motion can expose substantially the entire width of the substrate to the plurality of beams
at a same time. In an embodiment, the plurality of radiation sources comprises light-emitting diodes
(LEDs),vertical external cavity surface emitting lasers (VECSELSs) or vertical cavity surface emitting
lasers (VCSELSs). In an embodiment, the projection system comprises a plurality of optical elements, the
optical elements being microlenses and the plurality of optical elements forming a two-dimensional
microlens array. In an embodiment, the substrate is a radiation-sensitive substrate. In an embodiment, the
method further comprises providing relative motion between the substrate and the plurality of rows of
two-dimensional arrays of radiation sources in a scanning direction to expose the substrate. In an

embodiment, the fluid comprises contamination.
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[00269] Although specific reference may be made in this text to the use of a lithographic apparatus in
the manufacture of a specific device or structure (e.g. an integrated circuit or a flat panel display), it
should be understood that the lithographic apparatus and lithographic method described herein may have
other applications. Applications include, but are not limited to, the manufacture of integrated circuits,
integrated optical systems, guidance and detection patterns for magnetic domain memories, flat panel
displays, L.CDs, OLED displays, thin film magnetic heads, micro-electromechanical devices (MEMS),
micro-opto-electromechanical systems (MOEMS), DNA chips, packaging (e.g., flip chip, redistribution,
etc.), flexible displays or electronics (which are displays or electronics that may be rollable, bendable like
paper and remain free of deformities, conformable, rugged, thin, and/or lightweight, e.g., flexible plastic
displays), etc. Also, for instance in a flat panel display, the present apparatus and method may be used to
assist in the creation of a variety of layers, e.g. a thin film transistor layer and/or a color filter layer. Thus,
a variation of the same apparatus herein could be used in the manufacture of various electronic and other
devices or patterns, including, e.g., on flexible substrates, such as plastic or metal foil using e.g. roll-to-
roll techniques and/or foil on a glass carrier.

[00270] 'The skilled artisan will appreciate that, in the context of such alternative applications, any use
of the terms "wafer" or "die" herein may be considered as synonymous with the more general terms
"substrate” or "target portion," respectively. The substrate referred to herein may be processed, before or
after exposure, in for example a track (e.g., a tool that typically applies a layer of resist to a substrate and
develops the exposed resist) or a metrology or inspection tool. Where applicable, the disclosure herein
may be applied to such and other substrate processing tools. Further, the substrate may be processed more
than once, for example in order to create a multi-layer IC, so that the term substrate used herein may also
refer to a substrate that already contains multiple processed layers.

[00271] A flat panel display substrate may be rectangular in shape. A lithographic apparatus designed to
expose a substrate of this type may provide an exposure region which covers a full width of the
rectangular substrate, or which covers a portion of the width (for example half of the width). The
substrate may be scanned underneath the exposure region, while the patterning device synchronously
provides the patterned beam. In this way, all or part of the desired pattern is transferred to the substrate. If
the exposure region covers the full width of the substrate then exposure may be completed with a single
scan. If the exposure region covers, for example, half of the width of the substrate, then the substrate may
be moved transversely after the first scan, and a further scan is typically performed to expose the
remainder of the substrate.

[00272] The term “patterning device”, used herein should be broadly interpreted as referring to any
device that can be used to modulate the cross-section of a radiation beam such as to create a pattern in
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correspond to the desired pattern in the target portion of the substrate, for example if the pattern includes
phase-shifting features or so called assist features. Similarly, the pattern eventually generated on the
substrate may not correspond to the pattern formed at any one instant by the array of individually
addressable elements. This may be the case in an arrangement in which the eventual pattern formed on
each part of the substrate is built up over a given period of time or a given number of exposures during
which the pattern provided by the array of individually addressable elements and/or the relative position
of the substrate changes. Generally, the pattern created on the target portion of the substrate will
correspond to a particular functional layer in a device being created in the target portion, e.g., an
integrated circuit or a flat panel display (e.g., a color filter layer in a flat panel display or a thin film
transistor layer in a flat panel display). Examples of such patterning devices include, e.g., reticles,
programmable mirror arrays, laser diode arrays, light emitting diode arrays, grating light valves, and LCD
arrays. Patterning devices whose pattern is programmable with the aid of an electronic devices (e.g., a
computer), e.g., patterning devices comprising a plurality of programmable elements that can each
modulate the intensity of a portion of the radiation beam, (e.g., all the devices mentioned in the previous
sentence except for the reticle), including electronically programmable patterning devices having a
plurality of programmable elements that impart a pattern to the radiation beam by modulating the phase of
a portion of the radiation beam relative to adjacent portions of the radiation beam, are collectively
referred to herein as “contrast devices”. In an embodiment, the patterning device comprises at least 10
programmable elements, e.g. at least 100, at least 1000, at least 10000, at least 100000, at least 1000000,
or at least 10000000 programmable elements. Embodiments of several of these devices are discussed in
some more detail below:

[00273] - A programmable mirror array. The programmable mirror array may comprise a matrix-
addressable surface having a viscoelastic control layer and a reflective surface. The basic principle behind
such an apparatus is that, for example, addressed areas of the reflective surface reflect incident radiation
as diffracted radiation, whereas unaddressed areas reflect incident radiation as undiffracted radiation.
Using an appropriate spatial filter, the undiffracted radiation can be filtered out of the reflected beam,
leaving only the diffracted radiation to reach the substrate. In this manner, the beam becomes patterned
according to the addressing pattern of the matrix-addressable surface. As an alternative, the filter may
filter out the diffracted radiation, leaving the undiffracted radiation to reach the substrate. An array of
diffractive optical MEMS devices may also be used in a corresponding manner. A diffractive optical
MEMS device may comprise a plurality of reflective ribbons that may be deformed relative to one
another to form a grating that reflects incident radiation as diffracted radiation. A further embodiment of a
programmable mirror array employs a matrix arrangement of tiny mirrors, each of which may be
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piezoelectric actuation means. The degree of tilt defines the state of each mirror. The mirrors are
controllable, when the element is not defective, by appropriate control signals from the controller. Each
non-defective element is controllable to adopt any one of a series of states, so as to adjust the intensity of
its corresponding pixel in the projected radiation pattern. Once again, the mirrors are matrix-addressable,
such that addressed mirrors reflect an incoming radiation beam in a different direction to unaddressed
mirrors; in this manner, the reflected beam may be patterned according to the addressing pattern of the
matrix-addressable mirrors. The required matrix addressing may be performed using suitable electronic
means. More information on mirror arrays as here referred to can be gleaned, for example, from United
States Patent Nos. US 5,296,891 and US 5,523,193, and PCT Patent Application Publication Nos. WO
98/38597 and WO 98/33096, which are incorporated herein by reference in their entirety.

[00274] - A programmable .LCD array. An example of such a construction is given in United States
Patent No. US 5,229,872, which is incorporated herein by reference in its entirety.

[00275] The lithographic apparatus may comprise one or more patterning devices, €.g. one or more
contrast devices. For example, it may have a plurality of arrays of individually addressable elements, each
controlled independently of each other. In such an arrangement, some or all of the arrays of individually
addressable elements may have at least one of a common illumination system (or part of an illumination
system), a common support structure for the arrays of individually addressable elements and/or a common
projection system (or part of the projection system).

[00276] Where pre-biasing of features, optical proximity correction features, phase variation techniques
and/or multiple exposure techniques are used, for example, the pattern "displayed” on the array of
individually addressable elements may differ substantially from the pattern eventually transferred to a
layer of or on the substrate. Similarly, the pattern eventually generated on the substrate may not
correspond to the pattern formed at any one instant on the array of individually addressable elements.
This may be the case in an arrangement in which the eventual pattern formed on each part of the substrate
is built up over a given period of time or a given number of exposures during which the pattern on the
array of individually addressable elements and/or the relative position of the substrate changes.

[00277] The projection system and/or illumination system may include various types of optical
components, e.g., refractive, reflective, magnetic, electromagnetic, electrostatic or other types of optical
components, or any combination thereof, to direct, shape, or control the beam of radiation.

[00278] 'The lithographic apparatus may be of a type having two (e.g., dual stage) or more substrate
tables (and/or two or more patterning device tables) or one or more substrate tables in combination with
another table not holding a substrate (e.g., a table for cleaning, and/or measurement, etc.). In such
"multiple stage" machines the additional table(s) may be used in parallel, or preparatory steps may be

carried out on one or more tables while one or more other tables are being used for exposure.
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[00279] The lithographic apparatus may also be of a type wherein at least a portion of the substrate may
be covered by an “immersion liquid” having a relatively high refractive index, e.g. water, so as to fill a
space between the projection system and the substrate. An immersion liquid may also be applied to other
spaces in the lithographic apparatus, for example, between the patterning device and the projection
system. Immersion techniques are used to increase the NA of projection system. The term “immersion” as
used herein does not mean that a structure, €.g., a substrate, must be submerged in liquid, but rather only
means that liquid is located between the projection system and the substrate during exposure.

[00280] Further, the apparatus may be provided with a fluid processing cell to allow interactions
between a fluid and irradiated parts of the substrate (e.g., to selectively attach chemicals to the substrate
or to selectively modify the surface structure of the substrate).

[00281] In an embodiment, the substrate has a substantially circular shape, optionally with a notch
and/or a flattened edge along part of its perimeter. In an embodiment, the substrate has a polygonal shape,
e.g. a rectangular shape. Embodiments where the substrate has a substantially circular shape include
embodiments where the substrate has a diameter of at least 25 mm, for instance at least 50 mm, at least 75
mm, at least 100 mm, at least 125 mm, at least 150 mm, at least 175 mm, at least 200 mm, at least 250
mm, or at least 300 mm. In an embodiment, the substrate has a diameter of at most SO0 mm, at most 400
mm, at most 350 mm, at most 300 mm, at most 250 mm, at most 200 mm, at most 150 mm, at most 100
mm, or at most 75 mm. Embodiments where the substrate is polygonal, e.g. rectangular, include
embodiments where at least one side, e.g. at least 2 sides or at least 3 sides, of the substrate has a length of
at least 5 cm, e.g. at least 25 cm, at least 50 cm, at least 100 cm, at least 150 cm, at least 200 cm, or at
least 250 cm. In an embodiment, at least one side of the substrate has a length of at most 1000 cm, e.g. at
most 750 cm, at most 500 cm, at most 350 cm, at most 250 c¢cm, at most 150 cm, or at most 75 cm. In an
embodiment, the substrate is a rectangular substrate having a length of about 250-350 cm and a width of
about 250-300 cm The thickness of the substrate may vary and, to an extent, may depend, e.g., on the
substrate material and/or the substrate dimensions. In an embodiment, the thickness is at least 50 um, for
instance at least 100 pm, at least 200 pm, at least 300 pm, at least 400 pm, at least SO0 pum, or at least 600
um. In one embodiment, the thickness of the substrate is at most 5000 um, for instance at most 3500 pm,
at most 2500 pm, at most 1750 pm, at most 1250 pm, at most 1000 pm, at most 800 um, at most 600 pm,
at most 500 pm, at most 400 pum, or at most 300 pm. The substrate referred to herein may be processed,
before or after exposure, in for example a track (a tool that typically applies a layer of resist to a substrate
and develops the exposed resist). Properties of the substrate may be measured before or after exposure,
for example in a metrology tool and/or an inspection tool.

[00282] In an embodiment, a resist layer is provided on the substrate. In an embodiment, the substrate is

a wafer, for instance a semiconductor wafer. In an embodiment, the wafer material is selected from the
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group consisting of Si, SiGe, SiGeC, SiC, Ge, GaAs, InP, and InAs. In an embodiment, the wafer is a
III/V compound semiconductor wafer. In an embodiment, the wafer is a silicon wafer. In an embodiment,
the substrate is a ceramic substrate. In an embodiment, the substrate is a glass substrate. Glass substrates
may be useful, e.g., in the manufacture of flat panel displays and liquid crystal display panels. In an
embodiment, the substrate is a plastic substrate. In an embodiment, the substrate is transparent (for the
naked human eye). In an embodiment, the substrate is colored. In an embodiment, the substrate is absent a
color. In an embodiment, the substrate comprises a plastic foil on temporary glass carrier. This can
include a coated layer of e.g. polyimide on a glass substrate, which is processed in similar fashion to a
glass display, but where the glass is removed after processing using, e.g., a UV laser step, desirably after
laminating the remaining foil with a protective plastic foil for increased robustness and ease of handling.
[00283] While, in an embodiment, the patterning device 104 is described and/or depicted as being above
the substrate 114, it may instead or additionally be located under the substrate 114. Further, in an
embodiment, the patterning device 104 and the substrate 114 may be side by side, e.g., the patterning
device 104 and substrate 114 extend vertically and the pattern is projected horizontally. In an
embodiment, a patterning device 104 is provided to expose at least two opposite sides of a substrate 114.
For example, there may be at least two patterning devices 104, at least on each respective opposing side
of the substrate 114, to expose those sides. In an embodiment, there may be a single patterning device 104
to project one side of the substrate 114 and appropriate optics (e.g., beam directing mirrors) to project a
pattern from the single patterning device 104 onto another side of the substrate 114.

[00284] In the description herein, the term “lens” should be understood generally to encompass any
refractive, reflective, and/or diffractive optical element that provides the same function as the referenced
lens. For example, an imaging lens may be embodied in the form of a conventional refractive lens having
optical power, in the form of a Schwarzschild reflective system having optical power, and/or in the form
of a zone plate having optical power. Moreover, an imaging lens may comprise non-imaging optics if the
resulting effect is to produce a converged beam.

[00285] While specific embodiments have been described above, it will be appreciated that the
invention may be practiced otherwise than as described. For example, an embodiment of the invention
may take the form of a computer program containing one or more sequences of machine-readable
instructions describing a method as disclosed above, or a data storage medium (e.g. semiconductor
memory, magnetic or optical disk) having such a computer program stored therein.

[00286] Moreover, although certain embodiments and examples have been described, it will be
understood by those skilled in the art that the present invention extends beyond the specifically disclosed
embodiments to other alternative embodiments and/or uses of the invention and obvious modifications

and equivalents thereof. In addition, while a number of variations of the invention have been shown and
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described in detail, other modifications, which are within the scope of this invention, will be readily
apparent to those of skill in the art based upon this disclosure. For example, it is contemplated that
various combination or sub-combinations of the specific features and aspects of the embodiments may be
made and still fall within the scope of the invention. Accordingly, it should be understood that various
features and aspects of the disclosed embodiments can be combined with or substituted for one another in
order to form varying modes of the disclosed invention. In an embodiment, one or more features or
aspects disclosed in U.S. patent application publication no. US 2011-0188016 and PCT patent application
publication no. WO 2010/032224, the entire contents of U.S. patent application publication no. US 2011-
0188016 and PCT patent application publication no. WO 2010/032224 incorporated herein by reference,
may be combined with or substituted for one or more features or aspects disclosed herein.
[00287] The invention may further be described using the following clauses:
1. A device manufacturing method comprising:

providing a plurality of beams of radiation modulated according to at least two sub patterns of a
pattern using a plurality of radiation sources, the plurality of radiation sources producing radiation beams
of at least two spot sizes such that each of the radiation beams having a same spot size of the at least two
spot sizes is used to produce one of the at least two sub patterns;

projecting the plurality of beams onto a substrate; and

providing relative motion between the substrate and the plurality of radiation sources, in a
scanning direction to expose the substrate.
2. The method of clause 1, further comprising decomposing the pattern to be produced on the
substrate to the at least two sub patterns.
3. The method of clause 2, wherein the decomposing comprises decomposing the pattern to the at
least two sub patterns in a manner that the size of the sub pattern to be produced with the smallest spot
size is minimized.
4. The method of any of clauses 1 to 3, wherein a spot size ratio between at least two of the spot
sizes is between 1.2 and 5.
5. The method of any of clauses 1 to 3, further comprising creating a control file for the plurality
of radiation sources producing the same spot size based on a transform parameter, a spot parameter, and
one of the at least two sub patterns.
6. The method of clause 5, wherein providing the plurality of beams of radiation comprises
providing the plurality of beams of radiation according to the control file.
1. The method of clause 5 or clause 6, wherein the transform parameter comprises a determined
position of physical structures on the substrate, the determined position based on real time measurement

by a metrology unit during the patterning process.
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8. The method of any of clauses 5 to 7, wherein the spot parameter is determined during
calibration of radiation sources before the patterning process.

9. The method of any of clauses 5 to 9, wherein the spot parameter includes one or more selected
from: radiation intensity, radiation spot size, radiation beam shape, calibration data, and/or gray scale
factor.

10. The method of any of clauses 1 to 9, wherein the radiation sources producing the smallest spot
size of the at least two spot sizes are configured to provide beams with the smallest spot size across the
width of the substrate such that a scanning motion could expose substantially the entire width of the
substrate to beams of the smallest spot size at a same time.

11. The method of any of clauses 1 to 10, wherein the plurality of radiation sources comprises
light-emitting diodes (ILEDs), vertical external cavity surface emitting lasers (VECSELS) or vertical
cavity surface emitting lasers (VCSELS).

12. The method of any of clauses 1 to 11, wherein the projecting the plurality of beams onto the
substrate comprises projecting the plurality of beams onto the substrate using an optical element.

13. The method of any of clauses 1 to 12, wherein the substrate is a radiation-sensitive substrate.
14. The method of any of clauses 1 to 13, further comprising moving the substrate in a scanning
direction while the plurality of radiation sources are kept substantially stationary during a scanning
motion to expose the substrate.

15. An exposure apparatus comprising:

a substrate holder constructed to support a substrate;

a patterning device configured to provide a plurality of beams of radiation modulated according
to at least two sub patterns of a pattern using a plurality of radiation sources, the plurality of radiation
sources producing radiation beams of at least two spot sizes such that each of the radiation beams having
a same spot size of the at least two spot sizes is used to produce one of the at least two sub patterns;

a projection system configured to project the plurality of beams onto the substrate; and

an actuator configured to provide relative motion between the substrate and the plurality of

radiation sources, in a scanning direction to expose the substrate.

16. The apparatus of clause 15, further comprising a control system configured to decompose the
pattern to be produced on the substrate to the at least two sub patterns.

17. The apparatus of clause 16, wherein the control system is configured to decompose the pattern
to the at least two sub patterns in a manner that the size of the sub pattern to be produced with the smallest

spot size is minimized.
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18. The apparatus of any of clauses 15 to 17, wherein a spot size ratio between at least two of the
spot sizes is between 1.2 and 5.
19. The apparatus of any of clauses 15 to 18, comprising a control system configured to create a

control file for the plurality of radiation sources producing the same spot size based on a transform
parameter, a spot parameter, and one of the at least two sub patterns.

20. The apparatus of clause 19, wherein the patterning device is configured to provide the plurality
of beams of radiation according to the control file.

21. The apparatus of clause 19 or clause 20, wherein the transform parameter comprises a
determined position of physical structures on the substrate, the determined position based on real time
measurement by a metrology unit during the patterning process.

22. The apparatus of any of clauses 19 to 21, wherein the spot parameter is determined during
calibration of radiation sources before the patterning process.

23. The apparatus of any of clauses 19 to 22, wherein the spot parameter includes one or more
selected from: radiation intensity, radiation spot size, radiation beam shape, calibration data, and/or gray
scale factor.

24. The apparatus of any of clauses 15 to 23, wherein the radiation sources producing the smallest
spot size of the at least two spot sizes are configured to provide beams with the smallest spot size across
the width of the substrate such that a scanning motion could expose substantially the entire width of the
substrate to beams of the smallest spot size at a same time.

25. The apparatus of any of clauses 15 to 24, wherein the plurality of radiation sources comprises
light-emitting diodes (ILEDs), vertical external cavity surface emitting lasers (VECSELS) or vertical
cavity surface emitting lasers (VCSELS).

26. The apparatus of any of clauses 15 to 25, wherein projecting the plurality of beams onto the

substrate comprises projecting the plurality of beams onto the substrate using an optical element.

27. The apparatus of any of clauses 15 to 26, wherein the substrate is a radiation-sensitive
substrate.
28. The apparatus of any of clauses 15 to 27, wherein the actuator is further configured to move the

substrate in a scanning direction while the plurality of radiation sources are kept substantially stationary
during a scanning motion to expose the substrate.
29. An exposure apparatus comprising:

a substrate holder constructed to support a substrate;

a patterning device configured to provide radiation modulated according to a desired pattern,
the patterning device comprising a plurality of rows of two-dimensional arrays of radiation sources;

a projection system configured to project the modulated radiation onto a substrate; and
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one or more fluid removal units configured to remove a fluid from between the projection
system and the substrate.
30. The apparatus of clause 29, wherein at least two adjacent two-dimensional arrays of radiation
sources are separated by an open space and the one or more fluid removal units are configured to draw
fluid through the open space from above, or below, the patterning device to between the projection system
and the substrate.
31. The apparatus of clause 29 or clause 30, wherein at least one fluid removal unit is situated on
top of, or below, the patterning device.
32. The apparatus of any of clauses 29 to 31, wherein at least one fluid removal unit is situated at
side of the patterning device.
33. The apparatus of clause 32, wherein at least one fluid removal unit is located at a back side of
the patterning device relative to a scanning direction.
34. The apparatus of any of clauses 29 to 33, wherein the one or more fluid removal units extend
across the width or length of at least one of the rows.
35. The apparatus of any of clauses 29 to 34, wherein the one or more fluid removal units are
configured to remove fluid near the one or more fluid removal units to cause a pressure drop and the
pressure drop forcing fluid towards the one or more fluid removal units, the forced fluid passing between
the substrate and the projection system, the forced fluid carrying away contamination between the
substrate and the projection system.
36. The apparatus of any of clauses 29 to 35, wherein a first row of two-dimensional array of
radiation sources and a second row of two-dimensional array of radiation sources adjacent to the first row
of two-dimensional array of radiation sources have a displacement along a direction perpendicular to the
scanning direction such that at least some of the beams of the first row of two-dimensional array would
expose regions of the substrate that interleave regions of the substrate that would be exposed by at least
some of the beams of the second row of two-dimensional arrays.
37. The apparatus of any of clauses 29 to 36, wherein the plurality of rows of two-dimensional
arrays of radiation sources sufficiently extend across the width of the substrate such that a scanning
motion can expose substantially the entire width of the substrate to the plurality of beams at a same time.
38. The apparatus of any of clauses 29 to 37, wherein the plurality of radiation sources comprises
light-emitting diodes (LEDs),vertical external cavity surface emitting lasers (VECSELS) or vertical cavity
surface emitting lasers (VCSELS).
39. The apparatus of any of clauses 29 to 38, wherein the projection system comprises a plurality of
optical elements, the optical elements being microlenses and the plurality of optical elements forming a

two-dimensional microlens array.
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40. The apparatus of any of clauses 29 to 39, wherein the substrate is a radiation-sensitive
substrate.
41. The apparatus of any of clauses 29 to 40, further comprising an actuator configured to provide

relative motion between the substrate and the plurality of rows of two-dimensional arrays of radiation
sources in a scanning direction to expose the substrate.
42. A device manufacturing method comprising:

providing radiation modulated according to a desired pattern using a plurality of rows of two-
dimensional arrays of radiation sources;

projecting the modulated radiation onto a substrate using a projection system; and

removing fluid from between the projection system and the substrate using one or more fluid
removal units.
43. The method of clause 42, wherein at least two adjacent two-dimensional arrays of radiation
sources are separated by an open space and drawing fluid through the open space from above, or below,
the patterning device to between the projection system and the substrate using the one or more fluid
removal units.
44. The method of clause 42 or clause 43, wherein at least one fluid removal unit is situated on top
of, or below, the patterning device.
45. The method of any of clauses 42 to 44, wherein at least one fluid removal unit is situated at side
of the patterning device.
46. The method of clause 45, wherein at least one fluid removal unit is located at a back side of the
patterning device relative to a scanning direction.
47. The method of any of clauses 42 to 46, wherein the one or more fluid removal units extend
across the width or length of at least one of the rows.
48. The method of any of clauses 42 to 47, comprising removing fluid near the one or more fluid
removal units using the one or more fluid removal units to cause a pressure drop and the pressure drop
forcing fluid towards the one or more fluid removal units, the forced fluid passing between the substrate
and the projection system, the forced fluid carrying away contamination between the substrate and the
projection system.
49. The method of any of clauses 42 to 48, wherein a first row of two-dimensional array of
radiation sources and a second row of two-dimensional array of radiation sources adjacent to the first row
of two-dimensional array of radiation sources have a displacement along a direction perpendicular to the
scanning direction such that at least some of the beams of the first row of two-dimensional array would
expose regions of the substrate that interleave regions of the substrate that would be exposed by at least

some of the beams of the second row of two-dimensional arrays.
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50. The method of any of clauses 42 to 49, wherein the plurality of rows of two-dimensional arrays
of radiation sources sufficiently extend across the width of the substrate such that a scanning motion can
expose substantially the entire width of the substrate to the plurality of beams at a same time.

51. The method of any of clauses 42 to 50, wherein the plurality of radiation sources comprises
light-emitting diodes (LEDs),vertical external cavity surface emitting lasers (VECSELS) or vertical cavity
surface emitting lasers (VCSELS).

52. The method of any of clauses 42 to 51, wherein the projection system comprises a plurality of
optical elements, the optical elements being microlenses and the plurality of optical elements forming a
two-dimensional microlens array.

53. The method of any of clauses 42 to 52, wherein the substrate is a radiation-sensitive substrate.
54. The method of any of clauses 42 to 53, further comprising providing relative motion between
the substrate and the plurality of rows of two-dimensional arrays of radiation sources in a scanning
direction to expose the substrate.

55. The method of any of clauses 42 to 54, wherein the fluid comprises contamination.

56. Use of the method of any of clauses 1 to 14 or clauses 42 to 55 or the apparatus of any of
clauses 15 to 41 in the manufacture of flat panel displays.

57. Use of the method of any of clauses 1 to 14 or clauses 42 to 55 or the apparatus of any of
clauses 15 to 41 in the manufacture of integrated circuits.

58. A flat panel display manufactured using the method of any of clauses 1 to 14 or clauses 42 to
55 or the apparatus of any of clauses 15 to 41.

59. An integrated circuit device manufactured using the method of any of clauses 1 to 14 or clauses
42 to 55 or the apparatus of any of clauses 15 to 41.

[00288] Thus, while various embodiments have been described above, it should be understood that they
have been presented by way of example only, and not limitation. It will be apparent to persons skilled in
the relevant art that various changes in form and detail can be made therein without departing from the
spirit and scope of the invention. Thus, the breadth and scope of the present invention should not be
limited by any of the above-described exemplary embodiments, but should be defined only in accordance

with the following claims and their equivalents.
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‘What is claimed is:

1. An exposure apparatus comprising:

a substrate holder constructed to support a substrate;

a patterning device configured to provide a plurality of beams of radiation modulated according
to at least two sub patterns of a pattern using a plurality of radiation sources, the plurality of radiation
sources producing radiation beams of at least two spot sizes such that each of the radiation beams having
a same spot size of the at least two spot sizes is used to produce one of the at least two sub patterns;

a projection system configured to project the plurality of beams onto the substrate; and

an actuator configured to provide relative motion between the substrate and the plurality of

radiation sources, in a scanning direction to expose the substrate.

2. The apparatus of claim 1, further comprising a control system configured to decompose the

pattern to be produced on the substrate to the at least two sub patterns.

3. The apparatus of claim 2, wherein the control system is configured to decompose the pattern to
the at least two sub patterns in a manner that the size of the sub pattern to be produced with the smallest

spot size is minimized.

4. The apparatus of claim 1, wherein a spot size ratio between at least two of the spot sizes is

between 1.2 and 5.

5. The apparatus of claim 1, comprising a control system configured to create a control file for the
plurality of radiation sources producing the same spot size based on a transform parameter, a spot

parameter, and one of the at least two sub patterns.

6. The apparatus of claim 5, wherein the patterning device is configured to provide the plurality of

beams of radiation according to the control file.

1. The apparatus of claim 5, wherein the transform parameter comprises a determined position of
physical structures on the substrate, the determined position based on real time measurement by a

metrology unit during the patterning process.
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8. The apparatus of claim 5, wherein the spot parameter is determined during calibration of
radiation sources before the patterning process.
9. The apparatus of claim 5, wherein the spot parameter includes one or more selected from:

radiation intensity, radiation spot size, radiation beam shape, calibration data, and/or gray scale factor.

10. The apparatus of claim 1, wherein the radiation sources producing the smallest spot size of the
at least two spot sizes are configured to provide beams with the smallest spot size across the width of the
substrate such that a scanning motion could expose substantially the entire width of the substrate to beams

of the smallest spot size at a same time.

11. The apparatus of claim 1, wherein the plurality of radiation sources comprises light-emitting
diodes (LEDs), vertical external cavity surface emitting lasers (VECSELS) or vertical cavity surface

emitting lasers (VCSELSs).

12. The apparatus of claim 1, wherein projecting the plurality of beams onto the substrate

comprises projecting the plurality of beams onto the substrate using an optical element.

13. The apparatus of claim 1, wherein the actuator is further configured to move the substrate in a
scanning direction while the plurality of radiation sources are kept substantially stationary during a

scanning motion to expose the substrate.

14. A device manufacturing method comprising:

providing a plurality of beams of radiation modulated according to at least two sub patterns of a
pattern using a plurality of radiation sources, the plurality of radiation sources producing radiation beams
of at least two spot sizes such that each of the radiation beams having a same spot size of the at least two
spot sizes is used to produce one of the at least two sub patterns;

projecting the plurality of beams onto a substrate; and

providing relative motion between the substrate and the plurality of radiation sources, in a

scanning direction to expose the substrate.

15. A computer program product comprising machine-readable instructions for causing a

processing device to perform the steps of the method claimed in claim 14.
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