METHODS TO CLEAN A SURFACE, A DEVI CE MANUFACTURI NG METHOD, A CLEANI NG
ASSEMBLY, CLEANI NG APPARATUS, AND LI THOGRAPHI C APPARATUS FIELD [0001] The
present invention relates to surface cl eaning methods, a device

manuf acturing method, a cleaning assenbly, cleaning apparatus, and
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target portion of Hher SUNINGISSEMBILY)QIPRRINGERPRARAFUSAN be used, for
exanple, in the manufacture of integrated circuits (1Cs). 1n that instance,

a patterning device, whi cANDSLIEHOSSRAPHIEIAPPARATES to as a mask or a
reticle, nmay be used to generate a circuit pattern to be fornmed on an

i ndi vidual layer of the IC. This pattern can be transferred onto a target
porti onfrfEpg. conprising one, part of one, or several dies) on a substrate
(e.g. asilicon wafer). Transfer of the pattern is typically via inmaging
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proj ection beam during exposures and mechani cal contact between noving parts

of the portion atone time, and so-called scanners, in which each target portion is irradiated by
scanning the pattern through a radiation beam in a given direction (the “scanning”-direction)
while synchronously scanning the substrate parallel or anti-parallel to this direction. It is also
possible to transfer the pattern from the patterning device to the substrate by imprinting the
pattern onto the substrate.
[0003] Although lithographic apparatus are usually operated in clean rooms, and often flushed
with clean air, contamination of the apparatus does occur and, depending on the location and
type of contaminant, causes various problems. For example, inorganic contaminants on the
mask deriving from the air in the clean room or from manufacture, transportation and storage
of the mask can cause localized absorption of the projection beam leading to dose errors and
improper imaging of mask features or even printing of marks in what should be blank areas.
Particulates on the substrate table can distort the substrate leading to localized focus errors

known as hot spots. In addition to the ambient air and the manufacture, etc. of masks and

substrates, sources of contamination include resist debris sputtered from the substrate by the



apparatus, which may cause particul ates to be dislodged fromthe contacting
surfaces. [0004] To mnimze errors caused by contam nation, susceptible
parts of the apparatus, such as masks, nask tables and substrate tables,
optics, etc. are cleaned periodically, for exanple manually. This generally
is a time-consum ng task, taking two hours or nore to clean a substrate
tabl e, PEtccivabsis dufing skpesatesasd megbaiical spntaci riwdemaying n@'tSacpfpbe: atus and
nust be i 5 |s desirabl e
i npr § a%t}léégﬁnﬁr%aayé?l?% gl’r}%ﬁg&ﬁ% IB? ﬁ[eﬁ;qdlg? %%{"gﬁl géﬁ |c£)9t39t1 %]trﬁge and/ or

I i t hogr o4t Tmﬁﬁxhﬁﬁze tirois®added by dostamaidition {sQsdeptiBé@ano of dEpedratas shetody
certain surfaces and/or objects in a sinple and efficient manner. [0006]
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renoval ‘HEEH Rt ﬂ‘éﬁ“é?%“éﬂersl east one optical trap to trap contam nants, at
| east partly Ilberat ed by the liberating device. [0007] According to an
enbodi nent, a nethod to clean a surface is provided. The nethod includes at
| east p erating contam nants fromthe surface with a contam nant
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have been, at |east partly |iberated. [0008] Also, according to an
enbodi rr@hleCtSt“Pléls’éan%a?ﬁ ICHBHMANREt hod to clean a surface, the method
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provi des a device manufactuyring net i,sin sferring a pattern
froma ,Balftkygfbﬁr%%%wwémég the qer‘a@s AT e%n%eﬁnﬁmva@ng Al udes
generati t t t

Qapt ur ¢ e e el g R e A e 67 %%f%%@ﬁ%ﬁ&gnﬁmﬁﬂﬂﬁsﬁéf San a
surface coﬁtammanptenmhl ddvéreegeheratds et leasttone dpticaimap $0 trgp cagamaaats, dtdeest one

opt ool LIANLS, o) SEShPLLY AL berate and!or captire contamnant
ool R g, A SSARh 6 ALARLER Babiclargo 0 RN
ar r angedndigdeatt leesipartlydiberating contaminants from the surface with a contaminant liberating
device; and capturing the contaminants that have been at least partly liberated with a
contaminant removal device, the contaminant removal device generating at least one optical
trap to trap the contaminants that have been at least partly liberated.
[0008] Also, according to an embodiment, there is provided a method to clean a surface, the
method comprising: moving at least one optical trap along the surface to at least partly liberate
and/or capture contaminant particles without knowing positional coordinates of such particles.
[0009] In addition, an embodiment provides a device manufacturing method, comprising:
transferring a pattern from a patterning device onto a substrate, wherein the method includes
generating at least one optical trap to optically liberate, trap and/or capture particles.
[0010] Another embodiment provides a method to clean a surface of an optical element, the
method comprising: using at least one optical trap to at least partly liberate and/or capture
contaminant particles, present on the surface of the optical element.
[0011] Yet another embodiment provides an assembly for cleaning a surface, the assembly

comprising: at least one contaminant liberating device constructed and arranged to at least



partly |iberate contam nants fromthe surface to be cleaned; and at | east
one particle trapping apparatus being configured to generate at | east one
optical trap. [00121 Al so, an enbodi nent provides a cl eani ng apparatus, the
apparatus being configured to generate at |east one optical trap, and to
move the at | east one optical trap and the surface with respect to each
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[ 0016] | ot her enbodi i, there i rovided a lithographic apparatus
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wherein the optical trap is in a first position;
[0016] In an other embodiment, there is provided a lithographic apparatus arranged to transfer

a pattern from a patterning device onto a substrate, the apparatus comprising at least one
assembly comprising: at least one contaminant liberating device constructed and arranged to at
least partly liberate contaminants from the surface to be cleaned; and at least one particle

trapping apparatus being configured to generate at least one optical trap.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017) Embodiments of the invention will now be described, by way of example only, with
reference to the accompanying schematic drawings in which corresponding reference symbols
indicate corresponding parts, and in which:

[0018] Figure 1 depicts a lithographic apparatus according to an embodiment of the invention;
[0019] Figure 2 depicts a non-limiting embodiment of the invention, in a side view;

[0020] Figure 3 depicts a detail Q of the embodiment shown in Fig. 2, wherein the optical trap

is in a first position;



3 [0021] Figure 4 is simlar to Fig. 3, and shows the optical trap is in a
second position; [0022] Figure 5is a simlar detail as Fig. 3, of an
alternative enbodi ment; [0023] Figure 6 is a cross-sectional view over |ine
VI-VI of Fig. 5; [0024] Figure?depicts a non-limting alternative

enbodi Q025 s,a detail, R of Fjg. Al LED
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to transfer a pattern froma patterning device onto a substrate, as is
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[0028] The illumination system may include various types of optical components, such as
refractive, reflective, magnetic, electromagnetic, electrostatic or other types of optical
components, or any combination thereof, for directing, shaping, or controlling radiation.
[0029] The support structure supports, i.e. bears the weight of, the patterning device. It holds
the patterning device in a manner that depends on the orientation of the patterning device, the
design of the lithographic apparatus, and other conditions, such as for example whether or not
the patterning device is held in a vacuum environment. The support structure can use
mechanical, vacuum, electrostatic or other clamping techniques to hold the patterning device.
The support structure may be a frame or a table, for example, which may be fixed or movable
as required. The support structure may ensure that the patterning device is at a desired position,
for example with respect to the projection system. Any use of the terms “reticle” or “mask”
herein may be considered synonymous with the more general term “patterning device.”
[0030] The term “patterning device” used herein should be broadly interpreted as referring to

any device that can be used to impart a radiation beam with a pattern in its cross-section such as



any device that can be used to inpart a radiation beamwth a pattern inits
cross-section such as 4 to create a pattern in a target portion of the
substrate. It should be noted that the pattern inparted to the radiation
beam may not exactly correspond to the desired pattern in the target

portion of the substrate, for exan&ee i f the gatt rn i ncl udes phase-shifting
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[0034] The lithographic apparatus may be of a type having two (dual stage) or more substrate
tables (and/or two or more mask tables). In such “multiple stage” machines the additional
tables may be used in parallel, or preparatory steps may be carried out on one or more tables
while one or more other tables are being used for exposure.

[0035] The lithographic apparatus may also be of a type wherein at least a portion of the
substrate may be covered by a 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 mask and the
projection system. Immersion techniques are well known in the art for increasing the effective
numerical aperture of projection systems. The term “immersion” as used herein does not mean
that a structure, such as a substrate, must be submerged in liquid, but rather only means that

liquid is located between the projection system and the substrate during exposure.



nunerical aperture of projection systens. The term "inmersion"” as used
herein does not nean that a structure, such as a substrate, nust be

subnerged in liquid, but rather only nmeans that |Iliquid is |ocated between
the projection systemand the substrate during exposure. 5 [0036) Referring
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beam B, heldpn the seppontesttuanire &l.g., mask takle M TY, andrisgattaried biy bhapatterming devicg a
scan. | ener al , venent. of .the.mask tahle MI .nma real i.zed with.the
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novenment of the substrate ta e realized using a | ong-stroke

nmodul e aesitianerPoV tand ppsiken pardott & (e.g. an interferometric device, linear encoder or
capacitive sensor), the substrate table WT can be moved accurately, e.g. so as to position
different target portions C in the path of the radiation beam B. Similarly, the first positioner PM
and another position sensor (which is not explicitly depicted in Fig. 1) can be used to accurately
position the mask MA with respect to the path of the radiation beam B, e.g. after mechanical
retrieval from a mask library, or during a scan. In general, movement of the mask table MT
may be realized with the aid of a long-stroke module (coarse positioning) and a short-stroke
module (fine positioning), which form part of the first positioner PM. Similarly, movement of
the substrate table WT may be realized using a long-stroke module and a short-stroke module,
which form part of the second positioner PW. In the case of a stepper (as opposed to a scanner)
the mask table MT may be connected to a short-stroke actuator only, or may be fixed. Mask
MA and substrate W may be aligned using mask alignment marks M1, M2 and substrate
alignment marks P1, P2. Although the substrate alignment marks as illustrated occupy

dedicated target portions, they may be located in spaces between target portions (these are



which formpart of the second positioner PW In the case of a stepper (as
opposed to a scanner) the mask table MI may be connected to a short-stroke
actuator only, or may be fixed. Mask MA and substrate Wmay be aligned
usi ng mask alignnent marks M, M2 and substrate alignment marks P 1, P2.
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substragﬁeét%bgfwtggeﬂ@m ween successive radiation pulses during a scan.
Thi s node of operation can be readily applied to maskless |ithography that
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enpl oye@attern imparted to the radiation beam is projected onto a target portion C. In this mode,

generally a pulsed radiation source is employed and the programmable patterning device is
updated as required after each movement of the substrate table WT or in between successive
radiation pulses during a scan. This mode of operation can be readily applied to maskless
lithography that utilizes programmable patterning device, such as a programmable mirror array
of a type as referred to above.

[0043] Combinations and/or variations on the above described modes of use or entirely
different modes of use may also be employed.

[0044] Figs. 1-8 schematically depict the details and application of several cleaning apparatus
10. For example, in an embodiment, a lithographic apparatus can comprise one or more
cleaning devices (or apparatus or assemblies or systems) 10 to clean one or more parts or
surfaces of, or in the apparatus. In Fig. 1, such cleaning devices are schematically depicted with
rectangles having reference numerals 10a, 10b, 10c. For example, the apparatus can comprise
one or more cleaning devices 10a to clean at least part of a surface of a patterning device

(reticle, mask) MA. Also, the apparatus can comprise one or more cleaning devices 10b to



[0044] Figs. 1-8 schematically depict the details and application of several
cl eani ng apparatus 10. For exanple, in an enbodinent, a |lithographic
apparatus can conprise one or nore cleaning devices (or apparatus or
assenblies or systens) 10 to clean one or nore parts or surfaces of, or in
the apparatus. In Fig. 1, such cleaning devices are schematically depicted
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a separate contaminant liberation is depicted in Figs. 7-8

[0048] Optical traps as such are known to the skilled person, and will therefore not be
described in detail in the present application. Some examples of devices configured to generate
optical traps are optical tweezers and optical spanners. For example, an overview of the history,
known applications of optical traps and known devices to create such traps can be found in the
publications "Optical micromanipulation takes hold", by Kishan Dolakia and Peter Reece,
Nanotoday, February 2006, Vol. 1, nr 1 (Elsevier), and "Lights, action: optical tweezers" by
Justin E. Molloy and Miles J. Padgett, Contemporary Physics 2002, Vol. 43, nr. 4, pages
241-258 (Taylor & Francis Ltd), both of which are hereby incorporated herein by reference in
their entireties.

[0049] Optical traps have been mainly applied to manipulate biological material, see for
example US2002/0115164A1 (Wang et al.). Also, it has been shown experimentally that

particles can be trapped at a beam waist of Laguerre-Gauss (LG) beams by the transfer of



known applications of optical traps and known devices to create such traps
can be found in the publications "Optical mcromanipul ation takes hold", by
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contam nati on prOV|des many advanta es over prior art contam nation renoval
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capture one or an1na partlc present  on or near the

sur f ace cleahinp cmetthoch awllem 080 bpficuk ttap sl cat b@iﬁbmdﬂala@g messutfhcmtal libeeie ghidiat es of
such particles prior to encountering. respective particles. Far exanple, one
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having obtained and/or obtaining positional coordinates of such particles prior to encountering
respective particles. For example, one or a plurality of optical traps 15 can be scanned along the
surface for liberating, dislodging and/or capturing or trapping particles 25, and for example
further manipulating or (re)moving trapped particles 25, as will be explained below. This
development can provide a clean and efficient, 'non-contact', particle removal method using
novel optical methods, for example by generating multiplexed Laguerre-Gauss (LG) and
Bessel beam traps without the need for initial detection of the particles. Also, embodiments of
the present invention include the providing of particle removal methods and apparatus, wherein
particles can be removed safely from a surface, particularly without harming or otherwise
impairing the surface. For example, in case the object 20 to be cleaned is a substrate W, the
application of the optical trap 15 can avoid undesired disturbances of the substrate's surface 21.

In case the object to be cleaned is an optical element, for example a lens, mirror, filter element,



surface for |iberating, dislodging and/or capturing or trapping particles
25, and for exanple further manipulating or (re)noving trapped particles
25, as will be explained below. This devel opnment can provide a clean and
efficient, 'non-contact', particle renoval nethod using novel optical
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as suclkr g@rtlphéra@mqu@aarlg@,ssm_strqq{@l adenranged WesAPRES qQnteaapts Ioapndéer &

cont am Q{Q&mﬁrﬁﬂfﬁﬁéra Vi&Se ©OF particle trapping apparatus, constructed and
arrange 0 capture cohtamnants 15, and/or a contamnant |iberating

devi ce. [(0BapFdr Hampe damtieembodindie oERige d-Arhd clednihg gsparadust] 0 ¢dndbeairaagsdng
appar at us ,1g can be arranged to highly focus at_.|east one _beam of |aser
radi at i dahghlyiigcys lilsast ene hegm ofjlaser Blidion: 12 to g daffraptien-limilsd sRofy PREENAL t o be

f :16 aned d QrfEOY] be@ieanbR 35 pRIVEWR idaS@ne bhAEA r3p 95 oflor RERthdt REtaciYn f Ce 21

an embodiment, the cleaning apparatus 10 can be provided with a laser 11 to produce the laser
beam 12, and a beam controller and/or modifier 13, comprising a focusing device, for example,
an optical system, lens or lens system or a microscope objective (of high numerical aperture),
to highly focus the laser beam 12 to form the optical trap at or near the surface 21 (see the detail
of Fig. 3). For example, the optical trap 15 is provided by an optical gradient field, resulting
from the highly focused laser beam 12 or, in a further embodiment, from a focused beam of one
or more LG modes to impart orbital angular momentum to the particle (see below). As is
known to the skilled person, the optical gradient field can lead to a radiation pressure, or optical
gradient force, particularly acting in/on dielectric particle material, which pressure or force can
trap the particle 25. For example, the highly focused laser beam 12 can have a beam width of

about 10 um or less, or 2 um or less, in the focal plane (at or near the surface 21), for example

10



an enbodi ment, the cleaning apparatus 10 can be provided with a laser 11 to
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person qﬁ?r%tu%l?oxg al &l tn’lp%' optical beams 12 having orbital angular momentum can be
generated holographically, and/or utilizing a suitable beam mode converter, a suitable phase
plate, such as a suitable spiral phase plate, and/or other suitable means. As an example, in Fig.
2, the beam controller and/or modifier 13 can be configured to change the mode of incoming
laser radiation of the laser beam 12 into a mode having a desired orbital angular momentum, to
provide an optical trap 15 which can interact with a particle 25 to liberate the particle 25 via
rotation or spinning of the particle 25. In that case, the cleaning device 10 can operate as a
contaminant liberating device, which can liberate particles 25 from the surface to be cleaned,
by spinning or twisting the particles 25 via the optical trap(s) 15.
[0058] Also, in a non-limiting example, a contaminant liberation may be performed by having
an additional laser pulse propagating with the trapping beam to thermally agitate the adhered
particle, for example to weaken a van der Waals interaction, which might be present in case of

-for example- a silica particle on a dielectric or metallic surface and/or other contaminants and
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literature). As an exanple, optical beanms 12 having orbital angular nomentum
can be generated holographic ally, and/or utilizing a suitable beam node
converter, a suitable phase plate, such as a suitable spiral phase plate,
and/ or ot her suitabl e nmeans. As an exanple, in Fig. 2, the beamcontroller
and/ or rmdl fier e_configured to change e node of incamn | aser
radi at i SHRges {58 2 Sﬁg’é[l"’gegh‘\‘slﬁlq FRPBINgG h%raénwawekgoeapp&&?q« BPiedinefC tangul ar

moment urg;hQ 5 SHBﬂéé Livd6e RAuORLdofcdbe 41 RP gajrﬁcW&hﬁtfb FRRide El‘ﬁﬁﬁ'&‘#& &\éhﬁgbgﬁ, article

25 to liberate t particle 25 via tation or spinning o icle 25.
| n t hat [6¢59¢ In alnembddarinn theddaanow apParatus lﬁpxm alsebasordiguoltd anivie dimgt at least
i berati n devi ce,

ate s 25 fram,t he urfac be
o] oanad ondghical fa 1 ABlegE eetaenal cheh Bl thed EsBe P ioa P dtpha HibSp o)

15. [00@84) réécﬁes sdbetaauagnealch twt bme%esﬁmelzq,wmﬁ%&ﬁﬁhwahm@ pREb&LhARuIRY be
perfornmed ‘by having an  ad ional laser pulse propagating W th the trapping

beam t o thdt¢henailldapt Gy trapt 1 qah@nadhnearedd liperatei anflor camuree)mrvpmrc oonr@ainant a van
der Waal s i tion,. which mght b esent. in ca r_exa
S o parichs s i R et P Srsulged I8 Min ety Behef S
cont am Rafhc ﬁn?ref&&b@lﬂlﬁé SRSl LiFBRe 2l SAnkRIcRvhed ilukSoffitiest hhdRpl Ng beam nmay
itself be operated in pulsed node to initiate a shock-wave induced rel ease

of the d&@&ﬂ] dloe example.dnpn emibgdinsntathe aﬁ@@gé’,ltcmab@m@ged withasgkect ta thn

enbodi t he cl eanjng, apparatu canasob ured to ve the at
Cenor | depiBAPednas P s SRERERS, 1k Gufk e oo Bl MR e
optical b fiRRukace(XANRIdrébvet,as is depicfod ih BaE Dethe &Hﬂﬁhgﬁﬁpa@éthyczﬁ%ftoﬁﬁ%ﬁre@fo t he
surface 21 within a certain cleaning peri od, and such that the af |east one

trap 15 n@@mfyéh@@lmm@n ofithg qutgy@raqrélcalﬁmp@rngwpmdﬂetm@n the faeysingaser @vhidhant
particle es tga%%l@ytra% Lk ro%%retﬂé ?afg 9‘19 @Trbepr S %troléﬁrr&n{lllg} ﬁxo‘é’ﬁ'}/e’rl canb

subst antp par t ace era he OV€I’8.| surtace

21, can cbﬁﬁ@dré@f&ﬁﬁohﬂe guichef Bdafl Redringpfon ﬁamﬁl@ﬁﬁmlng:mlta@mmﬂce suchrs @he or
enbodi nent, the surface 21 can be noved with respect to the trapping

appar at 1Bore adjusipble or mevakls heasm éteemtr@ntrroaw%ﬂwaﬁﬁmwnbs lecatedde h@d\?&ﬂ with
respect eh0 %al%érInr 21. Moreover, as is depicted in Fig. 2, the trapping
apparatus can be configured to nodi fy the direction of the outgoing optical

t r appi nqoeEIAMukihg use of tharenibodihant w$ Fiyg. 20 ethe GuifaceiR 1, pr patt thefeof van bpt i cal
trap 15) over the surface 21. The beamcontroller and/ or modifier 13 can be

conf i gurcianeds Wheesin the ciasaineappaiaisdDebh il A groduses ths antisad trap il p REPIIYSI8hPYeab e

chown) RS SRR n, ALY AU PR TRL AR SR b iRl (™"

Duri ng usaé/opmotifrer éBTbmthdmm atﬁlﬂorl-?n@ﬁfy tBe tisertbeemdand pewidlthe osnditdors whidr eof ,
can be cleaned, wherein eani ng . apparatus 10, 11, 13 produces the
opti cal &cpepicihe %RUCB[ tr?RJé% a ‘gfiiged lor‘iétl%‘h At arsanthe spefaed 1.t he | aser 11 can

provi de [@0@2‘]”#1‘&@&%1}}, ﬁl%%{pu%@lf?pji% A8 9uFRE 2 QAT SR Bl J‘e@ﬁect to each other, such

that the trap 15 can scan the surface to liberate and/or capture a particle 25 that may be present
on the surface 21. Scanning directions, wherein the optical trap 15 is moved along the surface
21, or with respect to the surface, are indicated by arrows SC in the drawings, and an equivalent
optional movement of the surface 21 with respect to the cleaning apparatus 10 is indicated by
double arrow SCs. In this way, one or more contaminant particles 25 can be liberated and/or
trapped without previously knowing exact positional coordinates of such particles 25 on the
surface 21.

[0063] Also, as follows from above, the generated optical trap 15 can be suitable to transfer
optical angular momentum to particles 25, present on the surface 21, which is particularly
useful to enhance liberation (for example desorption) of particles 25 from the surface 21. Thus,
particles can be efficiently liberated, for example to be removed by the optical trap 15 as well,

or to be removed in a different manner, such as by a suitable fluid flow applied to the surface,
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and/or nodifier 13 can control and/or nodify the |aser beam 12 to provide
the conditions which generate the optical trap 15 at a desired | ocation, at
or near the surface 21. [0062] Preferably, the optical trap 15 and surface
21 are noved with respect to each other, such that the trap 15 can scan the

surface to |liherate [ ar. ture,a particle 25 that be present , on the
Surt ace 05Dy appSiniasytale Buid GRHOG R hickns 1R redith, b B B RSRaden, ong
the surfwegs beds. Or With respect to the surface, are indicated by arrows SC

in the drawi ngs, and an equivalent optional novenment of the surface 21 with
respect [0@64]He Feg. dampaigic g grasentim the surfage @At Rrafeapgbly dbeibpstion elothe SCs. 1 n

t hi . t am t f ] 25 |.i ber at ed and/
tr apped TG s PopPEOT GEMS HRaB R gPRa T HieFtuE iy “Eaubarnabals 3R eti,
parti cl abe @fticantriph s owdiitheiefadd 21[100ark tHY Sdticlass ffol boasplt bokhakeVEehust he

generated optical trap 15 can be suitable to transfer optical angul ar

nonent urig eptisal rar | eamancovntaisthp pargigle: 39e tasingarags avithithe piyitigls, trap gwmartialg ar | y
useful t J i le. i f rtjcl. 25 from
'he. sur FRAEG e pheRIEs PRk BERE & :RaRLR) Ok, BEPEPEIER Sarpl o

to be rasmyed chy cdhprien iRiak of fepatticl@gs Wehl the s@fade@ 10eh 4 dir@RE i n a
di fferent manner, such as by a suitable fluid flow a_%)pl ied to the surface,
12 or bypeEnspignlagtogthe surfags). angfog p nqyingofiphparticie 25 with 1eppachtosthe swiage Ak en,

for exa y%ﬁl 0 0 . .4 el IS

pr esent r@#%@%ﬂ@%@‘g%%? ré?‘ égoa%@?ra{)]&éﬁlgég#ﬁlgllr?ggfl §Fﬁ@5fa§%ﬂt€léﬁ %gllgrs not
known byméhentamea thengrtiglpac atsis tidremdouledfalic pdrticle Q5eeum g supfaee 21.Us does
scan the optical trap 15 over the rface 21, t rds the particle 25, for
exanpl e adflitionaRessel beaps are lfwrbtﬁtheégfé tPF%H“?EEI”E%E%@H@&% 1 YAy frem the beag) ¢ 25,
to interagt.Wth the particle, trap the particle and renpve the particle 25
fromthe surface 21, as is depicted in Fig. 4. Herein, particle renoval can

conpri sg0863]iAlso,ng antxdnyde phiring ake a2istdrico dhbetveees arckateeoPthe ppticah trdp i 2atd on
per pendi cul ar to the rface and/or a nmoving of the particle 25 w_th

r espect fonihee Sut bopdd gha o e S5 YBIE 28 RBAYF RSty b elep dimonsigy of a
prefera : J § : f [ t he
e S s i e e A e T S S L
addi t i orappBeat sependestvn sereand npanf partible(sa bl e removeadh ind heparetof teapticdttmpal | y

avey 1O LG58, el oL OOSTL AL e % P CHERLS L0 e B
hel d at pEeMlrdphS H8AR: MAfE 2 A3 beAMEERTEY éﬁq{ﬂ@%ﬁfhe%ﬁﬁrco‘iﬂrﬁﬁé}%n%r of a
particle 25 to be trapped. Also, “other distances between a trap center and
t he sur fraedfi@ll carbyoearying the distanatdisemetarthatonrfsdezd anddhe glgeniog apparatusl@(s) to
be 1 erm\%eog ’exz‘;strrrlllgjle,t ohnee ot imzoere glfnafl r\]fgriz(ijt c;[nis W J[hetc{is%)ﬂce d can be useful in an initial removal

or detraction or pickup of a particle 25, present at the surface 21. As a non-limiting example, a

change in the distance d between the trap center and the surface 21 can be of about the same

scale as the dimensions of the particle 25, such as a particle diameter, or particle height

measured perpendicularly with respect to the surface 21.

[0066] The cleaning device 10 can also be configured to move the optical trap(s) 15 to an area

away from the surface 21 to be cleaned, for example after one or more scanning or 'hoovering'

runs of scanning the trap 15 over or along the surface 21, for example to a particle removal area

31 (see Fig. 2). For example, the particle removal area 31 may be movable towards the optical

trap 15 to receive captured particles, for example in case the surface 21 to be cleaned is being

moved with respect to the cleaning device 10 (as by directions SCg). As an example, the

cleaning device 10 can manipulate each optical trap 15, move the trap 15 through a particle

capturing area, and/or 'open' or undo the optical trap 15, to release or transfer any particles 25

that may have been captured in the trap 15. A particle removal area 31 can be configured to
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as wll be clear to the skilled person. In an enbodi nent, the distance d
between a center of the optical trap 15 and the surface 21 may be vari ed,
for exanple by the beam controller and/or nodifier 13 or by varying the
di stance between that surface 21 and the cl eaning apparatus 10. For

exanpl e, one or, nore spml.l variations j he di stance,d can b eful, in an
It el TFEGVIED POTCHa 0 SO O OBHOA) HORD | bitaBHSAE T S8 Pepae SH0% e
sur face fglher ASmévedQiah phificldsNAs 8 n8AMIRiin@exHAREGR Fid) 2t B Buslbileapsraths et ween
the trap center and the surface 21 can be of about the same scale as the

di mensi chdiafline’® heabe¢rcprevizisd atile padislerepavili actee3 ditaraseive pagiclgsgran dee

hei ght measured erlgendilgualf%rl %}%V\i‘ith relggectC to the surface 251. OOQGl The
cl eani g H8UPRE PHCUARPE | L2 PSRV YRS HENRE-{HRIBB LT Bk %‘%‘(‘é‘) 15 to
an ar ea 25aWay ffdn® helpagideifdn@sal Zéa B0 (WRick isiadrReed b9an@xawph ¢), ahd &sr one or
nore scanni ng or' hoovering' runs of scanning the trap 15 over or along the

sur f ace example@ptienalypp durther serpeive sueh partigles (which isdadicated b @a arpy. A2) Sudtor

exanpl e, _.th article re a, . 31 e .o | e towards .t.he_ optical
Crap’ 16 el PR IrE at T RN R 8 reo AT B Pt RURR IR0 0N SeRbce 21 1o
be cl eanggs]# witlibegleafby@d skilled pegspect to the cleaning device 10 (as by
directions SCs). As an exanple, the cleaning device 10 can mani pul ate each
optical 109&) AsSs mestienadiboye. apan egnbodimgath mergidiar pes epticabisani?] ¢ag berapaliedand/ or
' open’ ti-cal t g f rticles 25
that g SRR shfeel TR bR Aple RS BhnddiBER S BN FRELS, °C

be conf iRguicathrlypthtZnmbedanhste of B, Hardiffer @onthe fembodinhent olpdwie &l Figs. @p4 &) 15,
capture and hal d_such particles 25, and/qr  further renove such particles.
As a noribatiths elpaingdeyins & Poides g plupality opoptisehtiansokia Far erampe, g Bleaing | i ne
30 has i i : r 3 LVe: icles
From & ettt iss 10 i B Corftau o ducE Lty GERNReaft Fibs Hod JrOICHEEPIURAALL, B3
t o punp laguauskasdsehn Beasel bedne graps2 Mudtiglyxihg ofithie pp Brknoeineto tiergkviddd persea. 31

(which is indicated by an arrow A 1), and for_ exanple gptionally to further
remove VBHPSEING @ARbE pe&ﬁms{ peing ﬁa% eamets [aser hem s \‘AFSAEPF eXYRIE.” particl e

capturi I id - at : : pgured in
Vari ous TS ] e o A B PRI F AL
ment i onedlanmbg be thd applinatémbafd nteefatencarof multiprncobarenogptica hbeamsa fudbmokiplde
appl i ed o cl ean surface 21 This IS sc emaO%i cal.ly depicted in the
embodi méRPCIEHRRHCAPepmy San Brogide apiry fargq %‘F’Ph?ﬁf HaPRIf St Hen forsrapplal 5. 6

di ffers 11000 Qe REROHOMR PGS, i tvd 8Sthred-dimbfsiodshAlsol H&ogia%@r@aﬂgedevi ce
10 provides a plurality of optical traps 15. For exanple, thée cleaning

devi ce Hppbahfobéoroomg ingltipdelopticaptraphse foubxangle medtibeaint/s 64858,83anHor

pref o 20 X LS koG aL e S, O GESSe! REAm (A0S MU LRSI o o

usi ng ong MicrdPH=8e pRERonREARNIS O KE Qbstrited, b§HANRPIR spiral phase plates, or
multiplexed axicons. In this way, the surface 21 can be cleaned swiftly, wherein a relatively
large number of optical traps 15 can reach various surface parts at the same time to liberate
and/or capture contaminants. As is shown in Fig. 6, for example, various scanning directions
SC,, SC; can be applied, to scan the optical traps with respect to the surface 21, for example
two orthogonal scanning directions SCy, SC, or different directions.
[0068] Figs. 7-8 shown an embodiment of an assembly 50, which differs from embodiments
shown in Figs. 2-6 in that a separate contaminant liberating device 40 is provided in addition to
the contaminant trapping device 10. Herein, the contaminant liberating device 40 and
contaminant trapping device 10 can be arranged in various ways, and can, for example, be
integrated with each other, be separate entities, and/or be arranged differently. The assembly
50 is particularly constructed to liberate one or more particles without applying or using one or

more optical traps 15 to that aim, wherein one or more optical traps 15 are still used to capture
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mul tipl exed traps, or nultiple optical traps (shown in Fig. 5) can be
provided in a sinple manner, by the application of interference of nmultiple
coherent optical beanms. Such nmultiple coherent optical beans can provide a
very | arge nunber of trappi ng sites 15, for exanple at |east 100 or at

I 100 Al h
e apprlt RN SRy byt Masraied geicl 35 ey S s e e s PBned US
6, 858, 83%1@@@5@%85 off {iBerTYickd Hb%aﬂ%le%%l‘ﬂeﬁ@n R}“réés%d?g@oxpﬁbr&@ ] Q@heahi ¢

gratings, spatial I"ight nodul ators cro phase pi on netallic or Si
substr atpemclebytndthet jupfaee 2hiwith ompwidis@it ﬁleame‘eng the pantidl¢s 381 withdesprétdotie. | n

this way face,21 c cle S wher ei n relativ | ar ge
nurber - ShetigicAnus f ipgroie ol Rl ARG Pt S 808 el ek Siin e
to |i bercgh@ct ViR sufakd iR FANERM ISR A Dberaifl pa3tidPeNbé Fentdv@d fom fher

exanpl e, various scanning directions SC 1, SC2 can be applied, to scan the

opt i cal strfagssbyiistif heé@pié‘iﬁ attaghpti distance &om the surfane. Bazangmple, owvilbbe hogonal

Shown o< ERTOTvs. deEafrihaub B flna el REHORa pe SRRBRIS 1A s hown

in Fi gs.ondoBmiofe pdititle dibsRAAg BEAnEANtATHRAO bartit RS Ak itROtrSHIhE gevae 1(Bispr ovi ded
in addition to the contam nant trapping device 10. Herein, the contam nant

| i ber at icanfighsed wezeneragane o SHIe pIPaLAR tranpingheagsdaviieweva, ba liberating deesed i n
vari ous ét\ﬁ%;/qﬁ sg%g NG n%}}rg&) f 1?8%%{9 gmcgg Jx ??tfﬁeg r{ilﬁnea%n%y ftrom?ﬁle %?z}c@ Eg,ofop €

separ at e arr eren he asse

parti cuIe&ﬁﬁlmemn@kﬁﬂa%ﬂalﬁeeatidnheaaﬁ@e@rsacms dﬁpﬂﬁn@él%&ﬂr@h@@e%“@@kanﬂﬂ@' ying
or using one or. nore optical traps 15 to that aim wherein one or nore
opti cal eﬂchpfsanﬁ@ram@n§@¢)|ﬁeldpstedhq Pirfagprdgpending emidie dype(ordwarticlas 25da be
partly) 4 g@erdated particles 25. Herein, the liberating of particles 25 can
i nvol ve T'0ooseni ng bonds or ot her forces (for exanpl e adhesion forces,

sor pt i orj0069] Ges pxdneplagRe clepaing iasdeadlyastof Fgs. SuBfcas eoﬁﬁl;lsemttldfhsﬂdine/\ll t hout
(re)ymoving the particles 25 with respect to the surface 21

| i ber at éen@mnant leratingydgvige A0 bewpg candigured ie Rispkearhonds heteeen rhetfen@%%@m at
or in %ﬂah?ecsgut?’cé Rs WRA SYf fe %nE: efﬁﬁo&é et 8 &é&l?ﬁ@h particle

can be renove om the sur ace ut St at a s di st ance
from t heosfigirad & genorateatdegst ene qtical trap Ife Asemmlxampmd agdin tthe pimbleamppglg t he

contam nant |i berat ng device 40 can be confjgured o genera one nor e
parti cl @PPHBEs AP icAly be,Beaivided by qpiigalt %%Z@baﬁg ngpticahipappe. inraéiﬁﬁmg?oaevi ce
10 is u {

Fovever SRBe B ep A MR B SR e PR S ARARGEY 14 SRR RO Rer e (i
parti cl ezeniamuaaancth)foycapplrytngrmrhsasroﬁerafrthet fmélowmg‘tacthae @ftfacé @il andfoapgitaminentsg

different_lib rat on .t echni such ect r.omagheti c fo
exann] o & g TG arhigre. megiERse o sRRuSRRene Tl RRditteE ARyt « ne
type(s) wimPRéldxempR, BtelnOaLE1d pldsher Bdatflent can provide a low-energy treatment, and a

low damage method, wherein an (alternating current, AC) electromagnetic field and chemical

interaction can be coupled or combined to weaken bonds between contaminants and the
surface.

[0070] For example, the contaminant liberating device 40 can be configured to reduce or break
a force between contaminant particles 25 and a surface 21 of the object 20 to be cleaned. In a
further embodiment, the contaminant liberating device 40 can comprise a laser device 42
which directs a particle liberating laser beam 41 of radiation against the surface 21 of the object
to be cleaned, preferably to at least one of ablate and thermally dislodge contaminants 25
thereon. Such laser devices 42 are known to the skilled person, and can be configured in
various ways. Preferably, a particle liberation does not lead to damage of the respective
contaminant particle. Thus, preferably, the laser cleaning intensity is below a damage threshold

of contaminant particles to be treated thereby, and preferably such that the surface is not
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[ 0069] For exanple, the cleaning assenbly 50 of Figs. 7, 8 can conprise at

| east one contamnant |iberating device 40 being configured to weaken bonds
bet ween the contam nants and the surface, as well as at |east one nentioned
particle trapping apparatus 10 being configured to generate at |east one
optical frap 15. an exanpl e,  again, the ticle, trappin appar at,us 10
Can be PPBTELLE 15 T PPl S PR [ EHAGR HOATY S FeRE R OF

addi ti ongsel BleanifX aBHEEor 4 H€ark PRERETEDARY ddviReL Adel BRaMAY iLoheAfhrGAlariethod
configured to treat the surface 21 (and contam nants) by applying at |east
one of tafeurfaselcdsaning thy maebesusef 4 eenmveah agra pastiemed these tsansieat pariiclgs. a
l'iquid, | asna .col a tic. fial i at i beam
a partic ugﬁabaesgrn?le e g%‘&r%ﬁ e, %?(glllt%{nﬁ%}l@w&%gse%et@éa’nrrb%rﬁagegfa Olf)lglgevi de a
| ow enersgitictor eéth potthtialanldo fefetr@iods MRttt & OtbrgVbepiisitabbor{dbétvesati ng
current, A,C)1 el ectromagnetic field and chem cal _interaction can_be coupl ed

or conbiRdEle ndieerREfacs 3h rderethgdartickol s derrsHed lalseashenergysrelatve a7 01
2 | o . . ; pace
Foduce. o se dpc BB B Bihelek B LRICEN AEcifad ARG T BHEOE NG )
of the ahjfeed D2Qldser dleanthEianad typerofdasef cledring waithagkiyndirdct a bbam obtdsermi nant

| i berating device 40 can, conprise a | aser device 42 _  which directs a
parti cl dafipe tewardthe suracaydamiich ey badirectsddn asgasifs Patisls &rexamplep1 of the

obj ect ed . t f - |1y
i 51 odga Seniesti Q2R iBRGHEE ARk beRini eI GRR 21 KT P e RO he
ski | | ed wiecls may iroebaeata dbelasarldagingaethnology dnit ases aliaynsd inRiréfce oalthieysurface
particle |iberation. does not |ead to damage of_ the respective contam nant
particl &l tvﬁhéﬁstmfagwaﬁciw th nyage pat S Rt R O R PR 70 e B Y g

t hreshol a‘&ditﬁhalﬁ%ﬁmefm%l BEpdri AL EwithSur e AdeBRS Qgsibgt%rtﬁpbéser%'ﬁgrg@reﬁfi@iyﬁﬁgy

such that the surface Is not" 15 danaged by the laser. As an exanple, 1
cont am natotth¢ paréclat inngfudhet aebetimemnincthisprases ¢hearappyng dppsmitusclle@nibeg devi ce

or a steam.l aser cleani ice. Laser, cleaning is one particu met hod
of aurt ACBTEELI P T Sy M ye BEPn persrogendie veldst bR TGl PP Ehese
transi enfeyRaubi &kg$e 8. Such a | aser cleaning, provided by the contam nant

| i berating device 40, can be based upon the static or zeta potential, also
r ef er r ed000l]d®r ekanplat the Cantemarst hyeratingadeysiedd) cabbadonhguredendisect fwr t i cl e

and the surface 21 ere th article 25 is osited.. Interface gner IS
ol at vt IS ifere ARG i R shHfs e G oo st Gelsre e P AT o g
t he cont@gtanflhanEbehtifd déNe PREI @nfriRP a Bearh YEdRGE: deMde doastRlctéd g@ni ng 1S
one type of |aser cleaning which rra}/_bdl rect a beam of laser radiation

1

t owar d tamangest toaewy the angliof therpytidde libgraideg bagnt 19 sqan feciutiace fodretalenned. 4 or

exanpl e. Laser .steam ¢l eani ng i s. anot her t hod of .cl eaning the surf.ace 21,
by t he | TBEANEMHEREVTBe Sebrhdderiok iy To whkmp e atevitsd 3pd sdh ctlses dnmi
t echnol agyn ofaHE phisieR IbeldtiidibdamntiedbiCle oifideisur f ace

[0072] The particle liberating beam 41 can be directed against the surface to be cleaned and

can liberate contaminants therefrom by a combination of ablation, combustion and thermal
effects. Contaminants can be mainly vaporized and combusted if any oxygen is present. The
vaporized contaminants may assist in removing heavier contaminants that are not vaporized
and may also be turned into a plasma by continued absorption of energy from the particle
liberating beam 41. Inorganic contaminants, mainly particles, absorb energy from the laser
beam 41 rapidly and the resulting thermal expansion causes a shockwave which dislodges the
contaminant from the surface. The particles may also be subject to ablation and/or sublimation.
To optimize the laser liberating process, the wavelength of the particle liberating beam 41 can
be chosen for maximum absorption by the expected contaminants. Also, the laser device can be
adapted to vary the wavelength of the laser beam 41. A pulsed particle liberating beam 41 can

be particularly effective, especially with a short pulse length, e.g. less than 100 nanoseconds
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21 to at least partially reduce the danage that may result fromdry |aser
cleaning, and may additionally allow renoval of particles wthout the need
to dissipate the | aser energy entirely into the particle. In a further
enbodi ment, in this case, the trapping apparatus 10 can be configured to

trap partlcl 5 that have been rate fromthe urf t he aser)
| i ber at i%A¢ Preﬁ@%‘iﬁé‘éesﬁ ansltgélaF?ifCO‘gi \%e qeg,sogg% fﬂéﬁ%‘%‘f ﬁé\‘ﬁ
i ber at ijaghfguddc mfbos@a@q&et FEds! lgmﬁfgg@.%gtal ofigdd M@sloeg&f doqlltaemhm@ﬁayl ng

beam 41 onto the surface 21 at a predeterm ed angl e of "i nci dence. t he
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t d. t t he . I th t I b
R
devi ce Qme;anﬁ@ S¥M), Wwidbh REy BE @eﬂulﬁeﬁ,to ﬁfé‘i’raﬁ?«'ﬁg e&élﬁq;an@eﬁv@m leloagé’-ﬂle?)tartfctbe
particle liberati ng beam 41 al ong the surface 21. [00721 The particle
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o § horhaewgr L VAR IR Sl ‘g‘ﬁcebdéﬁﬂgé%ﬂr@ © RBBE PN AR Wit ed i 1

any Oxyg@ﬂoi/§thglpgﬁﬁ[ét The vaporized contam nants may assist in renoving
heavi er contam nants that are not vaporized_ and may also be turned into a
pI asma HYOEDmilpo depratssbepef dalicate fdme pgyher oliest 2Ado parcleprgds a pplabléﬁhiaﬁrrg beam
oS SANhEBAEB SRR K RE T hEbERe o RE R TS WL AR AP Ser

beam 41 stit% expansi on causes a shoc wave whi ch

di sl odgafbetdigg begnuand han dirbetodrohtoehsiifaae & beTélemaa lat bt higifle BBnCRIeAEE 106
subject to abFatl on and/or sublimation. To optimze the |laser_ I|iberating
pr ocess,thamBrewstess argle Fordhe susace apd/pefiling ingwestionnlp Hisawawabsermiontsd thenosen

for i NBERSOLRL SnbN bEe SRR bE, BOOLATNEN Syl oy DS, Lgper device

can be € wave ser

particl eielg,tabetﬁcﬁicbmbe h&&meékl a@dany ﬁﬁnpﬁhetebﬁul arly eff ect| ve, especially with
a short ﬁul se length, e.g.. less than 100 nanoseconds 16 and, pref erab@%/ | ess
than 10 [ QMSTé@éaeecleWWﬂagmﬁe@aae&drcee be dyected i Hredetpppivgaiccaion et i s
Pr onounGfdl, (o1 it hRENEN aOUAPESIEITRL YIsRAILABNARA6! SEhAN belksl ABgRA
contami nants nay generate a asnm a er shock wave Ich dssist in
di sl odgisngfacait, aravirgnths lasér so@r&\ﬁdlaﬂdeﬂ bly @s@vididg smmbld:)bs&rslﬁdmtsmeepmgvrhée hi gh

power short Iaser pul.se the pul sed  |iberat] beam_ which may be
col | i ne&PniagiRang liberating aifgy a}éaﬁu tQ @ek %‘T’H%P'@HL‘}@ PHREP 4 arGas Péthef rom t he

sur  ace i BHEs SR ALoei MM ST OPRAL AR IS HAEABE nfY vk BAELNG @

| aser shock-wave 1 e vicinity o particle

t r appi ngo heamamination dpteetod and esed\te clehe oplarthose Iptaced OB &R coAtandnatfamris pr ot ect i on

of deli Cd%%e%tetll fnrrﬁe art]te;[ (r:]a%e Oab as?e(%ttngger tce?n ll)jeco%lpFe?iqg g pozsaitlogfng rdleél%g \!12 zsl %ltable
control system, so as to enable laser cleaning of only the required spots of the surface 21.
[0075] As is depicted in Figs. 7-8, the assembly 50 can be configured to move the at least one
optical trap 15 with respect to the surface 21 to be cleaned, to capture particles present at or
near the surface 21. Herein, the contaminant liberating device 40 can be constructed and
arranged to subsequently treat various parts of the object to be cleaned, to liberate contaminants
from those parts, as is described above. The trapping device 10 can be configured to move the
at least one optical trap 15 with respect to the object to be cleaned (as in above-mentioned
embodiments), the particle trapping apparatus being configured to move at least one optical
trap to a part of the surface which part is to be, is and/or after that part has been treated by the
contaminant liberating device 40.
[0076] During use of the embodiment of Figs. 7-8, the contaminant liberating device 40 can be

used to liberate contaminants 25 from the surface which is to be cleaned. For example, the

contaminant liberating device 40 can treat one or more parts of the surface 21 to liberate
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beam 41 wth the plane of polarization lying in the plane of incidence nmay
be used. The particle liberating beam4l is then directed onto the surface
to be cleaned at an angle of incidence |less than Brewster's angle for the
surface and/or films in question. In this way absorption of the particle

| i berating beam 4l in the surface 21 to be Ieaned zed and hence
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pl aces wnéa@ datbareleaned, ovhergn theenasticle iberpting operating afthe elsaningdevdesis tri gger

can be co to a 03| ion V. nt, r.ol tem SO
2ot o ortaPu bl ARRER! SR PReR P e LI bP B Sapf I R RBLET, |
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nove the at |east one optical trap 15 with respect to the surface 21 to be
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subsequen variou

cont am r}amea to Bmem t}imaﬁawatnsmataﬁzs beerdtestdd Hyate ahio¥@inahhibdritaipicRedoyi ce
10 can be configured to nove the at |east one optical trap 15 with respect
to the dpcarturetliberiedqontpinagtas i n above- menti oned enbodi ments), the

articl t
P o Q0TSPCARARAR O UE aOehRinf SRCOM AR AU A AR R BRBLES
has beerdesdre)adaﬁokaycohbanmgahé Efgsnaﬁteniblobmﬁ@ts 0sing €t ex@mpll orfe0id Hodre Riset ng use

of the enbodi nent of Fiﬁg t he, contam. nant Iiberati ng dialce 40 can be
used t o bepBedatla cmpRmp wsth%ﬁ?mb%w kg cpadneiidepnly 9ne (splesopresdned.

For exa Iy i e
ot s otofide & BimabARABLARY: ARRT YL ALRHEULS St hEiinbiyT8ler B o BT S

t he | aser nitey pareickdibeeaing baamt Be, th ds esedrediberbie partieles,and dat er moretlappng over
the surface, or randoni fferent manne Pr ef er abl t he

i di
particl depmp .49 Pﬁaseéﬁgpgﬂwfgt'hgppwitrém(éhlrﬁ Hgamtg%mpgt SCPATaLS [T AP YIS Ut
obt ai ni NGe B:%%ld%h%%'ener%&%@b%seﬁz af ?&?ﬂel?a”' cles 25 prior to liberating
) par

respective particl ternatively, Icle detection device (not
shown) dao7%H) & opexampledjuring wettbe bptpal trae | £sarPlie looatbe closeravthe sanfacetsectionur f ace

AR T N NI SN e MR

the partj&derrf@ic@idiite dRM Bt surface section. For example, a scanning direction SC of the
particle trapping beam 12 generated by the trapping device 10 can be the same as a scanning
direction SC;. of the particle liberating beam 41 (see Fig. 8), and/or the particle trapping beam
12 can be directed to follow the particle liberating beam 41 (see Fig. 8). Movement of the
particle trapping beam 12 with respect to (movement of) the particle liberating beam 41 can be
also carried out in a different manner, for example using a certain (different) correlation
between beam movements, angles of incidence, or other beam parameters. Operation of the
trapping beam 12 does not have to be correlated with respect to operation of the particle
liberating beam 41. For example, a surface 21 (or part thereof) can first be treated by the
particle liberating beam 41, to loosen or liberate particles 25, after which one or more optical
traps 25 are used to trap (and remove) the loosened and/or liberated particles 25. Also, as is
mentioned above, the at least one optical trap 15 can be moved along the surface 21 to capture

one or more liberated contaminant particles that may be present on or near the surface 21, in
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[0077] During use, the contam nant renoval device 10 generates at |east one
optical trap 15 to trap contam nants, liberated by the |iberating device
(see Fig. 8). For exanple, prior to, during and/or after the |aser device
42 has treated a surface part, the at |east one optical trap 15 can be
noved to, or near. the surface part that has been treated by t cont am nant
|1 ber at {tHS CeRsY iteanilor WiBUE Qplatilies Povanal capraBEs il i tpgrt?/cmgz%saﬂom
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parti cl entodedrdnk BY mdeaEtainahiCpaPiclebSisk hay bd Presadk 8nRAhtdreh&surfrEd] One or
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di stance fromthat surface section. For exanple, a scanning direction SC of

the parawaylfeom thgpspriaes Beam 12 generated by the trapping device 10 can be
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particle trapping beam 12 with_respect to (nmovenent of) the particle
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beam 12 ddegibed @boveaand/draepreteddn Fedsal SdFur éxamiphs fiechethod opecdh prive mdvihdre
particle liberating beam4l, For exanple, a surface 21 (or part thereof)
can firdhe priicel Gap bytogpoyeeptically frapned martisdsaln fngherecamhadiments, nagtisdesSo to
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trap (aﬁog%?)g%&etﬁptp E‘Z Clagfgégélcea ao(ri;l rﬁ{%ﬁ'ﬁ Elpéaer a le%l&g\;e{%‘fp?iééf ,géﬁ%ﬁni?g%{r‘?%é; is
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surface 21 to capture one or nmore liberated contam nant part{icles that my
he pr esdl§vics Mrandionasdeas the ael@trztf,"%i Wsmﬂvws%oegggpwPﬂrtlai?aﬂér N t hout
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respective particles. so, I n an ehbod nt, "the at |east one optical trap
15 can babstrany @dlizing agrjbetisisystame(séidior sxample Bagd. 1), hveheatintiapdrticlag topé i cal
trap 15 reaches substantially each part of the rtshurface, 21 within a certain
cl eani n@PHEHNOERPPSthP28 BE Aodarish ont deheak atjleasts pyhel the pppiection Séfﬁtew:#kaéfldone or
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part for trapping particles.
[0081] For example, contamination, to be removed, can comprise various types of contaminant
particles 25, which can have various sizes and shapes, and can comprise or consist of various
materials. As an example, in lithography, the contamination can include dielectric particles,
metal particles, inorganic contaminants on a mask, particulates on a substrate table, resist
debris sputtered from a substrate by the projection beam during exposures, and mechanical
contact between moving parts of the apparatus which may cause particulates to be dislodged
from the contacting surfaces, and/or other contamination. Cleaning methods and devices,
described above, can provide a desired reduction of lithography errors caused by
contamination in a time efficient manner.
[0082] As follows from above, new developments in the understanding of the fundamental

physical properties of radiation beams have led to efficient optical trapping methods such as
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Al so, in the present enbodinent, the at |east one optical trap can be noved
fromat least a first position (such as near the surface 21 to be cl eaned)
to a second position (for exanple a nentioned renoval area Al), to

transport particles trapped by the trap and/or to nove particles away from

the surface 21. I.n an enbodi nent there is provid a devi ce
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onto the substrate, utilizing a projection system gsee for exanple Fig. 1),
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at | east fgart of the projection systemPL, and wherein the at |east one
opti cal frap 15 is generated on or near the respective projection system
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[0082] As follo fro aboye, evel o rrent n he und rst di ng of the
f undamerff&rve Eﬂﬁi’f%fl?aﬂn FtPP’é‘§Y¥‘6%eP%§éFF PPS > & P%‘ii O[g G®i ent

opti cal I{eﬁ@aseggcsm%mqﬁnm@s% éwco&ﬁeml% 6&%@@% 3Ry arPRd: W2l

spanners on t he Laguerre-Guss | ation beans and the
pecul i arintepactipagad removnd\bwanéfnpficabqunﬁcﬂ’laetsomﬁArt dmbebment dpptyiletsel beans.
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microns in size, without having to know the location of the particle(s) 25. As the part to be
cleaned moves through the laser fields, the particles are captured (see for example Figs. 3-8).
[0084] Contamination on a surface 21 of a component may be detected and/or cleaned, for
example, during the production cycle of a lithographic projection apparatus. For example, a
substrate table may be cleaned, using at least one optical trap 15, in between unloading of a
substrate from and loading of another substrate onto the substrate table when contamination
present on a support surface of the substrate table is detected. Similarly, the cleaning and/or
detecting of contamination may be effected during preparation of a component. For example,
the cleaning and/or detecting may be performed during an alignment process such as at an
exposure position or at an alignment position, such as in a pre-aligner or a separate alignment
station.

[0085] Additionally or alternatively, ultrasonic agitation of the substrate generally, or

ultrasonic agitation locally by the optical trap 15 itself, may provide a means for overcoming
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m crons in dianmeter, and |arge bionol ecul es such as chronosones, may be
trapped near the focal region (the beamwaist) and accurately

m cromani pul ated. As follows from above, others have shown that by using
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[0088] Although specific reference may have been made above to the use of embodiments of

the invention in the context of optical lithography, it will be appreciated that the invention may
be used in other applications, for example imprint lithography, electron beam based methods,
and where the context allows, is not limited to optical lithography. In imprint lithography a
topography in a patterning device defines the pattern created on a substrate. The topography of
the patterning device may be pressed into a layer of resist supplied to the substrate whereupon
the resist is cured by applying electromagnetic radiation, heat, pressure or a combination
thereof. The patterning device is moved out of the resist leaving a pattern in it after the resist is
cured.

[0089] The terms “radiation” and “beam” used herein encompass all types of electromagnetic
radiation, including ultraviolet (UV) radiation (e.g. having a wavelength of or about 365, 355,
248,193, 157 or 126 nm) and extreme ultra-violet (EUV) radiation (e.g. having a wavelength

in the range of 5-20 nm), as well as particle beams, such as ion beams or electron beams.
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is facilitated and the particle is renoved fromthe surface 21. [00861 The
invention is not limted to |ithography or |ithographic appliances as such.
Many different objects and/or surfaces can he cl eaned using the teachings
of the invention. For exanple, the invention can be applied in a repair

rocess, xaml i a.nethod to repair or .reconstruct an.optic
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t hat, i rinyandionaraydxe the ferurel aeamepuienirogragmeniatng ensor mage sgqecnses ¢he terns
"waf er” diey herei be . Si n us_ Wi nor e
gener al rﬁéecrh %%se'ﬂgg%ag& P aéf‘gcﬂgg%/ des%{ngr% é‘trg]goté?éjlasg‘%scﬁxsregs%g}g?’ io\rlgld%}g s%‘ﬂgges ubstrate
r ef er r ednédiuh€€.gi seniieonhdactop meares aflagnbed orf eptieal difk)eHavingXnelk Hicémpiiter f or
exanple a track (a tool that typically applies a layer of resist to a
substraﬂﬁoﬁﬁ@SKH@@8W6%% t he exposed resist), a netrology tool and/or an

Subst 1 aURORHE 5 e exposed resist), or an_
cuch-and T o L P EuRER IERTcR orb il AR P DL Aol BeRR. e

pr ocessétbefmiog chi @ivobreewedkehingXdapbad bétwettl e cohtamdiagfpatialeiml hisutfagead | C,
so that the termsubstrate used herein may also refer to a substrate that
al r eady Resianehs nultiple processed |ayers. [0088] Although specific

referen gﬁg% e i: of .
inventigﬁogﬁyg g%§§§§§§§ 0 5%%?§§PE?F%ﬂ%g@§%ﬁ§%’ﬁﬁwﬁﬁbﬁgggﬁgb%ygﬁpgted t hat
t he i nvepbarent towye skitled frethe iart thithesdifgpilons mly dasadt oo theXavgntieniasgedcribed

| i t hography, el ectron beam based nethods, apd where the context allows, is
not | i miYikput geRS‘ﬁtﬂ‘?gcg‘Pmltﬁft HOgF ﬁgﬂ’fr‘.éqnﬁs Pehout E‘ﬁOWi t hography a topography in
a patterning device defines the pattern created on a substrate. The

t opography of the patterning device may be pressed into a | ayer of resist
supplied to the substrate whereupon the resist is cured by applying

el ectromagnetic radi ati on, heat, pressure or a conbination thereof. The
patterning device is noved out of the resist leaving a pattern in it after
the resist is cured. 100891 The terns "radi ati on" and "beant used herein
enconpass all types of electromagnetic radiation, including ultraviolet
(W) radiation (e.g. having a wavel ength of or about 365, 355, 248, 193,
157 or 126 nn) and extrene ultra-violet (EUV) radiation (e.g. having a
wavel ength in the range of 5-20 nm, as well as particle beans, such as ion
beans or el ectron beans.
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21 [0090] The term "lens", where the context allows, may refer to any one or
conbi nation of various types of optical conponents, including refractive,
reflective, magnetic, electromagnetic and el ectrostatic optical conponents.
[ 0091] While specific enbodiments of the invention have been descri bed

above, it wll be aEEr eci ated that the invention nmay be practiced ot herw se
t han as Al canpl e, the invention may take the formof a
conput er program contai ning one or nore sequences of nachi ne-readabl e

i nstructions describing a method as di scl osed above, or a data storage
medi um (le. g. Asanﬂmdrtdutehmasmfm@rmenmgmatdmprMng)pti caI di sk) havi ng such a

conput er am stored therein 009 a |liberation of
a particle czi’g mr@))éh‘aer %&?Oéttaﬂi ?PF@# S‘Ffa?""?l"&l bac ritﬁ‘@tn&m Iiberating

i nvol ve fyeak@ni ng of a bond between a contami nant particle and a surface

to be cleaned. [0093] The descriptions above are intended to be

i |lustrative,capwting the ctqntugmnaitt&tshat havevliebn atileast aprplarléntattd)Wdhe cokfamimant i n the

art that nodificati t he i nventl S de criﬁbed Wi tt%'E
I"VED | S:

Gepar i EmpYGer Rt (B Sttt By e fhulc gen T PO AR

1. A netdafndifantd @8MhAe DUEL AQ6ast bAtay IBEARM, conpri si ng: at | east partly
| i berating contamnants fromthe suiface wwth a contam nant |iberating

devi ce; and capturl ng the cont am nant s that have been at Ieast partly
|'i ber at nt am nan

2 4 .oV e, t he renmoval device
generating at P’@ BHREBs Pc‘féﬁlm ?Ig‘ete&fl 58 tf‘ﬁ’énaniﬁﬁ?rﬁﬁr}‘%i P Fhat have
been at dogfghre@@ fréaf thd Jﬂ@fa@é &kl the coﬁsaﬂiﬂtatt%doya@@grﬁlg f0tht QuBARiamil, wherein

the contam nant liberating device is configured to treat the surface and
t he contcamamanants weaéppmwsenlﬁytetdcfrqméhwpm@@narmng edhiidrd had o plesmaast one

selected, from.t R a liquid, a plasm, an
el ect rorségcggmagn%cg{ géj rggn’g Iaﬁ?aon’ aﬂ)lealrﬂaHm ebeampartl cle beam 3. A nethod
according to claim1, wherein the contam nant |iberating device conprises a

| aser device that directs a particle |iberating beam of radiation agai nst
the surflhce thniséhadiaseerding to slaam 1, vhereinathr sortaminghblibarpiénadavice C@nmr@@ﬁgaa

Cont am MR 8eliOrhg0fresfha L IR AGERLH Aol B8 Yertlss MiSuhe CloteWealed 0 3

One 'optica I's  gener yan “opt |Ca Weezer
and/ or ap aDIéhét@BlateS@ﬁlVU}Qhermally dislodge contaminants thereon.

4. A method according to any of one of claims 1 to 3, wherein the at least one optical trap

is generated by an optical tweezer and/or an optical spanner.

5. A method according to any one of claims 1 to 3, wherein the contaminant removal
device generates at least one focused beam of laser radiation to provide the at least one optical

trap.

6. A method according to any one of claims 1 to 5, wherein the contaminant liberating
device and/or the contaminant removal device is configured to transfer orbital angular

momentum to the contaminants.

7. A method according to any one of claims | to 6, wherein the contaminant liberating
device and the contaminant removal device are provided by the same cleaning device, the
cleaning device being configured to generate at least one optical trap to transfer orbital angular

momentum to at least one contaminant and to capture at least one contaminant.
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5. A nmethod according to any one of clains I to 3, wherein the contam nant
renoval device generates at | east one focused beam of |aser radiation to
provide the at |east one optical trap. 6. A nethod according to any one of
clainms Ito 5, wherein the contam nant |iberating device and/or t he

cont am renoval. device is confi red to nsfer orbita ular

moment Ul to UhEeLEK AR S 3% onoo i B Ty et R POr it | ¢ o
6, wher %Mdfa@orfgqﬁ& ﬁima nwlthw%%g 'EBGtalrQ:@\éhQ/%r asauﬁﬁgep&@tmrﬁmm%a{e%pval
device are provi ded the same cl 8aning device, the cleaning device being
conflguﬂ@dmnungéneM@kéoaﬂh¢%Hﬁ@eone optical trap to transfer orbital angul ar
nonmentum to at | east one contam nant and to capture at |east one

contam nant. 23 8. A nethod according to any one of clainms 1 to 7, wherein

the at lgast QppuRtdceakdity t8Rny Sne BPMEithsal ©8) whbfis thefad feist dﬁetdﬂyﬂbﬁl thp\id Ng
obt ai ned and/ or obtai ning positional coordi nates of contam nant particles

on the snefed@dongghe $\1r fase h‘éidl thetdbe efilerst ens aptigaldrap redches subsientiallyoeagh patef ei n

e 2 GOS0 Qg PR LRt eRoR b

Wi t hin aeneeurté dhe ok e@me Bﬁltﬁlﬁfdaﬁdparﬁﬂés gichay baprebdie oator he@ashe owreacept i cal
trap can encounter one or nore contam nant part| cl es that my be pr esent on

or near the surface. 10. A nethod according to any one of clainms 1 to 9,
wher ei n ec r Ce; f the
surface l:dc]) at'é2 éggtggtd%gértdkdfqﬁ a@% of 8f§gl afreﬁon%%tse%l %% C%\%agﬁ [é?lr‘%q%hltaﬁn | east

one opt idealcettifea ons ormoeEpires mthmaﬁfacea;ﬁit ledst pate lipafate donddminass,@en treat ed
by the contam nant |iberating device to capture the at |east part

|
| i ber at edhagAthgatieast ane aptica r%@weé&%%ﬁah@a%%fﬁgﬁ RAvkthat h@b&%éeaiteq o 10,
wh

erein ﬁﬂﬁ Abnth RS ht ROEatHR d S Rle 1) rc%ﬂufesche %X&?P%Flgﬁ?b@%até cgogﬁabnﬁn%E st trap

position“to a second position to transport part s trapp
and/or to nove particles away fromthe surface 12. A method to clean a

surface, the rret hod conpri si ng st. one optlcal trap. al ong the
surface tlo at/ mesad 355erding tp F‘B%P“ﬁ‘éfl e drto ?@a‘ﬁ@eﬁ?@ t%ﬁt%ﬁmﬂlﬁgﬁﬁp&? es

wi t hout Igg@@mnteﬂ%ggt aGRH p SRS B3E&Rd Es@xHﬁ'{b R&s gbﬁ %ﬁrc es]tf‘%a r4pp p%f%ﬁ'ece

manuf acturi ng ne rising: trans erring a pat terning
devi ce drapmnd/cxmdnatowapmlcbﬂdwgwﬁmnaﬁmrsgrfate | east one opt| cal trap to

optically liberate, trap and/or capture particles. 14. A nethod according
to claim 13, wherein the particles are located on or near the patterning

devi ce, aNd/ Ok QAAtoREAN aldlffasU BRI h&LSd cARfhiherein the at |east one
optical trap is

moving at least one optical trap along the surface to at least partly liberate and/or

capture contaminant particles without knowing positional coordinates of such particles.

13. A device manufacturing method, comprising:
transferring a pattern from a patterning device onto a substrate; and

generating at least one optical trap to optically liberate, trap and/or capture particles.

14. A method according to claim 13, wherein the particles are located on or near the
patterning device, and/or on or near the substrate, and wherein the at least one optical trap is

generated on or near the patterning device, and/or on or near the substrate, respectively.

15. A method according to claim 13 or 14, further comprising:

projecting a patterned radiation beam onto the substrate with a projection system,
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generated on or near the patterning device, and/or on or near the substrate,
respectively. 15. A nmethod according to claim13 or 14, further conpri sing:
projecting a patterned radi ati on beamonto the substrate with a projection

system 24 wherein the particles are |ocated on or near at |east a part of
the projection system and wherein the at |east one optical trap is

gener at ed on Ydierdy Hie Raécleyasp &&@teér?néwﬁ%rrﬁt frastta parof the peaersignisystenedd a
surface afe e%‘ c]a;%l% W& oxﬁ'o?a@i'é‘attr nan%t%‘n 81015@% bR ﬂ}g]ec{%n %ﬁ?e%& ﬁgr thy

| i berating or capturrng co parti c es resen surface
of the opt| cal el ement, wth at Ieast one optical trap. 17. A method

according to claim,216, wherein the opti el enent i s selected fromthe
group (,lgnpr iAsmgtpoddo clear a surfageqf gp OEF%?CIr@kPenE\ themethod comRTIsingyni nat i on

system an a% l'é%t‘?fartlyai'ibérﬂ;r%]%rﬁyd? %tuﬁn%g?asseﬁsgflva?nél@sd ;p?ésbﬁ’trbnctﬂé | a

foil trap, an “opt’i cal ter or cleaning a sur ace,

t he assexﬁﬁiewpmoaimlemem,gthhat leedi ohe optecat yp.ami nant | i berati ng devi ce
constructed and arranged to at |east partly |iberate contam nants fromthe
surface to be cleaned; and at |east one particle trapping apparatus

confi gurldd t o\ gethedaterdihgltedsim dbievimptin dalopticaplemd is setecteddambihe gaagor di ng

to claim 18, V\/nerelnthetr pi n ar is.configured.to tra articles
that haf@MBHEASHA B ALHITREF ﬂ%ﬂq PPl wanrertch oY e aLadiper, ARINFERAPt i ng
device. o Rlderbr, 33AEMNNCOAEERF AI1DA 1hp, £l BpkBalGllield, wherein the |iberating

device is configured to redude or break a force between contani nant

particles and the surface, and/or to ablate and thermally di sl odge

cont am H%nt fromt tsurface usi.n an el &ﬁrom& netic fields and/or
Y19

ul traso agt &8 n Clegiing,a sy 58%58 P& m 18 or 19, wherein

the liberati '&91&&‘6&%9@%&& ﬁEelﬁtu%&ewde&:%ﬁEtnﬁ:'t&ﬁder}Qraﬁgé’d R)eat%asﬁpa?ﬁﬁam
| aser cl eani ng devi ce. . An assenbly according to any one of clains 18 to

21, confhbgmltfe@n(tamlnmvﬁefmhethatsunfmét) be gleenashan¢ al trap, or the surface to be
cl eaned, or h, with r ect to ea according to
any one of  citb/cas ol pprieBSRRing SRRRR ke & ke b REEAT oo BEHEI PhEP oo

and arranged to subsequently treat various parts of the surface to at |east

partly |iberate contam nants fromthose parts and wherein the trapping
appar at U§. i s Avoassemgblyadcerdingrio glrimi@, wherewetbe tremn@ppﬁwcmus tsregpfigeredto | east

the |1 borRreilesdt dB5E uieb o fosCaukhy Poralel o o Seso@ B H0ERobE BVES 167
23, wherein the at |east one optical
20.  Anassembly according to claim 18 or 19, wherein the liberating device is configured to
reduce or break a force between contaminant particles and the surface, and/or to ablate and
thermally dislodge contaminants from the surface, using an electromagnetic fields and/or

ultrasonic agitation.

21.  Anassembly according to claim 18 or 19, wherein the liberating device comprises a dry

laser cleaning device or a steam laser cleaning device.

22.  Anassembly according to any one of claims 18 to 21, configured to move the at least

one optical trap, or the surface to be cleaned, or both, with respect to each other.

23.  Anassembly according to any one of claims 18 to 22, wherein the liberating device is
constructed and arranged to subsequently treat various parts of the surface to at least partly
liberate contaminants from those parts and wherein the trapping apparatus is configured to

move the at least one optical trap to at least one part of the surface which is to be, is, and/or has
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trap is generated by an optical tweezer and/or an optical spanner. 25. An
assenbly according to any one of clains 18 to 23, wherein the trapping
apparatus is arranged to focus at |east one beam of |aser radiation on or
near the surface to be cleaned, to provide the at |east one optical trap on

or near a ur, ographi c apparatus arranged to transfer a
pattern l%rgtrtﬁe d%?t%gerh e§at1n Qﬁvizcg onto a substrate, the apparatus conpri sing

at | east one assenbly accordl ng to any one of clains 18 to 25. 27. A
cl eani ng appar atus for cleaning a surface, the apparatus being confi gur ed to

gener at e2 -at Ma&ssm@h@a%sw%wo Y Qe of Al 119, wherein theed daastane apicalc al
trap, %ﬁl@ g@ﬁgrgt@gﬁ%r 'bgﬁ?atl Bwedef ghd/&rea%%?t\’lrcalt afipgh other to at |east

partly | te an ure one or contamnant particles that are

present on the surface, WlthOUt havi ng obt ai ned and/ or obtaini ng positional

coordinates of such partigcles prior {fa I|b§rat| ng, and/ or capture of such
phlaigsd

particl e®: 28AnassembLiacsgrdingioRay gue pilaimsd{ip dd W egﬁpft%%féapﬁl%a@a&&&saﬁ us
bei ng cogfi gu % ok A908f é’ﬂeebeaﬁf oths@e?}aa%ﬁm drqﬁsr thé %E’rfad%qg bk QleARYEd he at
tica t e

| east one o trap al ong the surface, suc at t |'east onhe
optical proaide theeat hexst sndogital rad dryoramahthpasurfaoé. t he surface within a certain
cleaning period, and such that the at |east one trap can encounter one or
nore contam nant particles that are present on the surface. 29. An assenbly

conpri si g at Aliggsr ?| guﬂgj’gk&é‘é arfdn E@ﬂ)ttrarf‘s‘ﬁzr‘ﬁ?a{teﬁsfrcﬁn Q%ﬁ&ér‘ﬁlr& &e&ﬁ:@l%h{gﬂa

appar atus bei ng con to gen rate at t one optical trap,

assenbl ysubstirate, thoagpagaimecbmsrisatg 4tHeest odreaspanbly eteording pp amgomppianaingd 8dan
clean at.] east part of the optical elenent using the optical trap. 30. A

| it hographi c apparatus arranged to transfer a pattern froma patterning
device onto a substrate, the apparatus conprising at | east one optical trap
generator configured to generate at |east one optical trap to liberate

and/ or capt ur A ciraningapparaiuy forradeaningrographitie anppratestheing @@mfigured to generate

at least one optical trap, and to move the at least one optical trap, or the surface, or both, with
respect to each other to at least partly liberate and/or capture one or more contaminant particles
that are present on the surface, without having obtained and/or obtaining positional coordinates

of such particles prior to liberating and/or capture of such particles.

28. A cleaning apparatus for cleaning a surface, the apparatus being configured to generate
at least one optical trap, and to move the at least one optical trap along the surface, such that the
at least one optical trap reaches substantially each part of the surface within a certain cleaning
period, and such that the at least one trap can encounter one or more contaminant particles that

are present on the surface.

29.  Anassembly comprising at least an optical element, as well as a particle trapping
apparatus being configured to generate at least one optical trap, the assembly being configured
such that the particle trapping apparatus can clean at least part of the optical element using the

optical trap.
30. A lithographic apparatus arranged to transfer a pattern from a patterning device onto a

substrate, the apparatus comprising at least one optical trap generator configured to generate at

least one optical trap to liberate and/or capture particles in the lithographic apparatus.
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