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BACKGROUND

[0002] The present invention relates to precision laser scapning for machining or
cleaning a work piece. More particularly, the present invention relates to a
method and apparatus for high precision laser scannoing for micro lﬂachining, sub-
micro machining, or cleaning using an ultrashort pulsed laser beam and an
acoustooptical deflection device. The present invention is useful for high-precision
machining of a variety of structures, including photolithographic masks. The
invention is not intended to be limited to the above-noted uses, however,

[0003] Laser machining has significant applications in the al;tomobﬂe, aerospace
aud electronics industries for cutting, drilling and milling. Salient featnrés of laser
machining include the ability to make small and unique structures and the ability to
process bard-to-work materials such as ceramics, glasses and composite matcnals
High-power CO, and YAG lasers are conventionally used for lascr machining.
However, conventional laser machining suffers from problems including rough

' machiping kerf, existence of a recast layer and large heat-affected zone, and

restriction to lirge feature sizes. Heﬁce, conventional laser machining is not
suitable for precision micromachining,

[0004] In contrast, in machining based upon ultrashort pulsed lasers, the
mechanism of material removal is different from that of conventional lasers.
Moreover, the heat affected zone is negligibly small, and the melt zone is virfually
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aser pulses 1s suitable for precision micromachining.
[0005] One aspect of ultrashort pulsed laser machining (also referred to as
ablation) of interest is the effect of beam polarization. PCT Patent Publication No.
WO 99/55487 entitled “Method and apparatus for improving the quality and
efficiency of ultrashort-pulse laser machining™ by Hoang et al. discloses
controlling the polarization of an ultrashort pulsed laser-beam in a machining
process. However, the physical mechanism underlying the rclationsﬁip between
polarization and its effect on machining has not been explained.
[0006] In aiddiﬁon; in conventional ultrashort pulsed laser machining, features are
generated by scanning the ultrashort pulsed laser beam using mechanical scanning
systems, such as galvano mirrors. A main disadvantage of these systems is that
they are prone to vibration, which can adversely affect the positional accuracy of
the scanned beam. This effect can be very detrimental in attempts to machine
features of submicron size. Also, the use of mechanical scanning systems limits
scanning speed and spatial resolution of the system.
[0007] Applicants have recognized that using acoustooptic devices instead of
mechanical systems for beam scanning can avoid the above-noted vibration
problem. Applicants have also recognized that the use of acoustooptic devices can
lead to noticeable dispersion of the ultrashort pulsed laser beam. It would be
desirable to bave an ultrashort pulsed laser scanning system where dispersion from
acoustooptic devices is compensated.

SUMMARY
[0008] It should be emphasized that the terms “comprises" and "comprising”,
when used in this specification, are taken to specify the presence of stated features,
integers, steps or components; but the use of these terms does not preclude the
presence or addition of one or more other features, integers, steps, components Or

groups thereof.
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scanner that scans the pul sed | aser beam and a focusing unit that focuses
the pul sed | aser beam from the di spersion conpensation scanner on a work
pi ece. The di spersion comnpensati on scanger conprises a first scanning
device that scans the pulsed | aser beamin a first direction and that
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relates to precision-1aser scamni ng for machini.ng or
A [0010] The pulsed lasergeammgy haveawaveldngthi%the range of

approximately 100 nm to approximately 1500 nm, 2 pulse width in the range of

approximately 1 microsecond to approximately 1 femtosecond, and a pulse
repetition rate in the range of approximately 10 hertz to approximatcly 80
megahertz. In addition, the dispersion compensation scanner may have a scanning
resolution in the range of approximately 1 nanometers to approximately 100
micrometer depending on the scanning range. Further, the dispersion
compensation scanner may have a scanning random access time in the range of
approximately 0.01 microseconds to 100 microseconds depending on the rise time
of the acoustic crystal. '
[0011] In another aspect of the invention, the pulsed laser beam of the precision
laser-scanning apparatus may have a pulse energy and an intensity sufficient to
machine a surface of work piece. The apparatus may have a spatial machining
resolution in the range of approximateli 0.05 micron to approximately 100
micron, Further, the apparatus may have a spatial machining resolution of
approximately one-twentieth of a cross-sectional diameter of the pulsed laser beam
in a focused state at the surface of the work piece. Moreover, the 'apparatus may
further comprise a polarization converter that provides a polarization state to the
pulsed laser beam. The polarization converter may be selected from the group
consisting of a quarter-wave plate, a half-wave plate, and a depolarizer. In
addition, the polarization converter may be selected to provide the polarization




cleaning a work piece. Mire particularly, the present invention relates to
a nethod and apparatus for high precision |aser scanning for mtgdaUt 2004
machi ni ngo @BWdge4fi cr o machi ni ng, or cleaning using an ul tpcgsrRbHoRY! sed

| aser beam and an acoustooptical deflection device. The present invention
is useful for high precision machining of a variety of structures,

i ncl udi ng photolithographic nasks. The invention is not intended to be
limted to the above-noted uses, howevey. [0003] Laser nachining has
significant applications in the autonobile, aerospace and electronics
industries for cutting, drilling and mlling. Salient features of |aser
machi ni ng include the ability to nake small and uni que structures and the
ability to process bard-to-work materials such as ceram cs, glasses and

conposite nmatg[] . Hi N AR . Y, s, are conventionally used
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convent i onal ?‘%e%ﬁﬁ%&ﬂ@%&?wwgﬁﬁwmmegéin cromachi ni ng.
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mechani smof material repoval is different fromthat of conventional
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can adversely affect the positional accuracy of
focusing lens.

[0013] In another aspect of the inve;tion the dispersion compensation scanner may
further comprise a second scanning device that scans the pulsed laser beam in a
second direction different (or perpendicular) from the first direction and that

causes dispersion of the pulsed laser beam,‘ wherein the first dispersion
compensation device compensates for dispersion caused by both the first scanning
device and the second scanning device. The first and second scanning devices may
be acouéfc;opﬁc ﬁevices, and the first dispersion compensation device may be a
diffraction grating having a line spacing suitable for compensating the dispersion
caused by the first and second scanning devices. Alternatively, the first dispersion .
compensation device may be an acoustooptic device. The first and second

scanning devices are acoustooptic deﬂeciors, and the first dispersion compensation
device is an acoustooptic modulator that further provides modulation of the pulsed -
laser beam wherein the beam is selectively transmitted or blocked with a precision
ranging from 1 nanosecond to 20 microseconds. The first and second scanning
devices may be oriented such that the first direction is perpendicular to the second




the -scanned beam This effect can be very detrinental in attenpts to
machi ne features of subm cron size. Al so, The use of nechani cal 1§ckG(Ig
syst ens JyslssegdCcanni ng speed and spatial resolution ofpb@gG§M§ﬁ§p1 [ 0007]
Applicants have recogni zed that using acoustooptic devices I nstead of
mechani cal systens for beam scanni ng can avoi d the above-noted vibration
probl em Applicants have al so recogni zed that the use of acoustooptic
devices can lead to noticeable dispersion of the ultrashort pulsed |aser
beam It would be desirable to have an ultrashort pul sed | aser scanning
system where di spersion from acoustooptic devices is conpensated. SUMVARY
[0005] It should be enphasized that the terns "conprises"” and "conprising”,
when used in this specification, are taken to specify the presence of
stated feat ur gifection, Ha@ 4R first GRRATNCOMEARROAALYiS mby'be biiGitddSE azﬁinrgié“ese terms
does not preclude the ﬁgﬂesence or addition of one or nore ot features,
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appar at us conpy the fisstand second sraumingedevives. Ineddition, ahepdibpeesiod @apensiern a

di spersion co ner. t hat sc S the ul se r pbeam and a
focusi ng unit? %M")&?éﬁg Sip0 compro Efle‘B‘? Sﬂﬁ’PﬁZﬁ@B‘is’é’Bersi on
conpensat i on &eGHHRRIw AprokiREl m%e&ermwﬂnék&a%@bo"me ensation scanner
conprises a first scanning device that scans the pul se aser beamin a

first di rectc@npeaw&onﬁmcmm@ssmmdmmndﬁhqquwbmmmdmmmmam The
di spersion ¢ S on .8 ses a fi ersion
conpensati on Qevi ‘icke%%‘ %ﬁ%@%g‘é‘f htpg?ﬁ?%gmﬁf?k%’cm kﬁ%éﬁé by the
first scanni ngendaeucm:sucfr@@bﬁdy orhmmuimgedsmrdeﬁeaﬂmmshﬁmmatfvavel engt h
in the range I’OXI mat.ely 1Q0,n appr oxi mat el 00 nm a pul se
V\Adthinthea'ﬁ?féség M "tﬁ%&e %@ﬁ%%ln&telyl

f ent osecond, guspul se repetition rate in the range of approximtely 10

hertz to approximately 80 negahertz. In addition, the dispersion
conpensat i on KMidaanether aspepé Ofthe inventiongfhe dispention compensatiomssapngnge of

appr oxi mat el ymﬁy ﬂﬁﬁlg%tﬁﬁrﬁe ta%ec%%’ M&%cx th'!a?Qcans the pulsed laser beam in
a second direction different from the first direction and that causes dispersion of
the pulsed laser beam and may further comprise a second dispersion compensation
device that compeﬂsates for dispersion caused by the second scanning device. The
first and second scanning devices may be acoustooptic devices, and the firstand

second dispersion compensation device may be diffraction gratings having a line
spacing suitable for compensating the dispersion caused by the first and second

. scanning devices. Alternatively, the first and second dispersion compensation
devices may be acoustooptic devices. The first and second scanning devices may
be acoustooptic deflectors, and the first and second dispersion compensation
devices may be acoustooptic modulators that further provide modulation of the
pulsed laser beam wherein the pulsed laser beam is selectively transmiited or
blocked. In addition, the first and second scanning devices may be oriented such
that the first direction is perpendicular to the second direction, and the first and
second mspersxon compensation devices may be oriented such that a direction of an
acoustic wave in the first dispersion compensation device is perpendxcular toa
direction of an acoustic wave in the second dispersion compensation device, the
first and second dispersion compensation devices producing a negative dispersion




m cronmet er dependi ng on the scanning range. Further, the dispersi 0{1
conpensati on scanner may have a scanni ng random access tine in the BréH%@%f
appr oxi ngoakK289491 m croseconds to 100 m croseconds depepdiRgopivishe ri se
time of the acoustic crystal. [0011] In another aspect of the invention,

t he pul sed | aser beam of the precision |aser-scanning apparatus nmay have a
pul se energy and an intensity sufficient to machine a surface of work

pi ece. The apparatus may have a spati aI6 machining resolution in the range
of approximately 0.05 micron to approximtely 100 mcron. Further, the
apparatus may have a spatial machining resolution of approximtely
one-twentieth of a cross-sectional dianeter of the pulsed | aser beam in a
focused state at the surface of the work piece. Mreover, the apparatus nay
further conprigQodnBQHiR fediahiUipERIN Shds delEiR st%aml%ari zation
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dependi ng upooventhd estincescansiangee The fastnnd Ricocopadsition dedicbeang@iefigé €d on a
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i near  pol arcamdic VoSt @éntéﬂ%iisﬂdﬁ’élﬂx % circular
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aspect of the lnven ar at us fur her conprise a beamfilter
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beamw th a qeemadammmwmemmesnmoﬂhmuﬁamaahmﬁgamomI se a
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direction and that causes dispersion of the pulsed laser beam, and compensating for
the dispersion caused by the first scanning device using a first dispersion

.._)

compensation device,

[0016] The method may further comprise machining a surface of the work piece
by ablating material from the surface. In addition, the method may further
comprise converting a polarization of the pulsed laser beam to a predetermined
polarization state prior to scanning the pulsed laser beam on the work piece. The
method may further comprise selecting the prede&ﬁned polarization state
depending upon a desired shape of a machined feature to be generated on the
surface of the work piece or depending upon an ablation threshold of the work
piece. The method may further comprise spatially filtering the pulsed laser beam
to provide the pulsed laser beam with a desired cross-sectional size.

[0017] In another aspect of the invention the method may further coxhprise
scanning the pulsed laser beam in a second direction different from the first-
direction using a second scanning device that causes dispersion: of the pulsed laser
beam, and compensating for dispersion caused by both the first scanning device
and the second scanning device using the first dispersion compensation device.



[0013] In another aspect of the invention the dispersion conpensatio
scanner may further conprise a second scanning device that scans1ﬁw@ﬁzm4
pul sed |@gaiobpagn in a second direction different (or pegpRadlgisar) from
the first direction and that causes dispersion-of-the pulsed-laser beam
wherein the first dispersion conpensation device conpensates for

di spersion caused by both the rust scanning device and the second scanning
device. The first and second scanni ng vices nmay be acoustooptic devices,
and the first dispersion conpensation device nay be a diffraction grating
having a |ine spacing suitable for conpensating the dispersion caused by
the first and second scanni ng devices. Alternatively, the first dispersion
conpensati on, device may be an acoustooptic device. The first and second

compensat | on e EPHEHAR: e 0P 1 puBlf bk telon e B B 11 s
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that the fir dhseflbéadCini asecordl diRERAM IR fom! the HREISQEON Usiffh 23628940 5 18
AUG 2004 PCT/ S22/ 00151 directjon, and the first dispersion conpensation

devi ce may beCHmngfAeEige that gayses dispersion of the pyleedilaser heant,and compeasatingiy devi ce
such that thegfi 1 éd?:ﬁ&ﬁl& f@%@‘ﬁﬁﬁg : yﬂ'Fc.ae lﬁﬂﬁﬁn .3 negative
di sper si on thgta%%ce{ﬁsrléhers t reegeg ant ?g‘g‘r:ésj'lfso c%egée gémﬁhe first and

second scannicogpessationedeyvicen Thel stiethod may firthericompeiss modulatngtbapdiedon  pr ovi ded
by the first dispersion ¢o nsation device may result in a dispersion
error bel ow MFW@@%&@W@H@P@WW Op g¥jges, the, first rst
conpensat i on fd\edad dkb&sﬁhmﬁp&@aamu@%dwdg&o&%pﬁbﬁmaﬁﬁ@&d scanni ng
device may be nmade of the sane material- and may have the sanme acoustic
velocity, and the center acoustic frequency of the first conpensation

devi ce may chosen such t PESCRIPT wWiNg§ optimzed for the
appar at 91;‘6?%?%

entire scanni ng-range of the n anot her aspect of the
i nvéenti on, t HG018] FH@ s § iscam ittustpatiorseftal previsiondasee scanming agparatisenitablenfor i se a
second scanni ng.devi ce,t.hat slcans t he..pul St@%pl aser beamin a second
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conpensati on
i from a conventional acoustooptic deflection device.

[0020] FIG. 2B is an illustration showing the resultant dispersive effect due to the

two acoustooptic scanners

[0021] FIG. 2C is an illustration showing the resultant dispersive value due to the

two acoustooptic scanners along the entire scan range (as the frequency input to the

scanner increases)

[0022] FIG. 2D is an illustration showing the resultant error after dispersion
‘compensation using an acoustooptic device or grating as a dispersion compensating
device operating with optimal center frequency or wavelength spacing.

[0023] FIG. 3 is an illustration showing an approach for dispersion compensation
in a single-axis acoustooptic deflection apparatus according to the present
invention.

[0024] FIG. 4 is a side-view illustration of an exemplary dispersion compensation
scanner in the form of a two-axis acoustooptic deflection apparatus.ilsing two
acoustooptic devices for dispersion compensation according to the present -

invention.



device that conpensates for dispersion caused by the second scanning
device. The first and second scanning devices nay be acoustooptlg %@

and the {ioslog§ second di spersion conpensation deviceyp %]é actl on
gratings having a line spacing suitable for conpensatlng t he |sperS|on
caused by the first and second scanning devices. Alternatively, the first
and second di spersion conpensation devices may be acoustooptic devices.
The first and second scanni ng devi ces ngy be acoustooptic deflectors, and
the first and second di spersion conpensation devices nay be acoustooptic
nmodul ators that further provide nodul ation of the pulsed |aser beam
wherein the pul sed | aser beamis selectively transmtted or blocked. In
addition, the first and second scanning devices nay be oriented such that
the first di rpes|G. s iPAl MNeRAL6Y IR EVH% %l 1@.[3 the first
and second EKfersmn conpensation V|ce nay be Fﬂen e hat a
direction of 4acoustic wave in the first di spersion conpensation device
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provi ded by t#gsent inféntdRd second d| 'spersion conpensation devices may
result in a Eerm on error bel ow approximately 30% over the entire scan
range. The f|§09 7]61?16 4 dcamillustntipreshowingdhe wp viewe(vieandlA) okthé appatatusand second
scanni ng devi gﬁ rr@de of the same material and have the sane
acoustic vel oCitYy, a‘ﬁ g ‘ent er acoustic frequency of the first and second

di spersi on c[mmrmst Bmaxﬁuumﬁsn shoyinganothersiiz vide (Vidw BB) 6f BIBe6si on
conpensati on or the entire scanni ng range of the apparatus.
[0015] In ano‘nﬁ%ﬁpé%n% ifpstegtion thowing,fas sha “dn%‘ﬁg&’%f-‘s%&nm ng a

pul sed | asercxﬁﬂﬁﬂy%la?izw{l&asﬁb&ﬁﬁsé‘d%eﬁﬁéaﬁi ni ng or cleaning the work piece
is provided. The nethod conprises emtting a pulsed | aser beamfroma

| aser source, mmgommﬂmmhbwsgthmﬁnmmhmebspotpsm scanni ng
t he pul sed | |ec . using a first scanni ng device that
scans the pu%@%@ﬁ&”ﬁ p éction and that causes

di sper si on of [008¥ FIG. slads dnanauaﬁambwmgdamma@dcnmed §pot udifpandi sper si on

caused b thefl st sganpin ice using a first dispersion conpensation
devi ce. y polarized Eortgulse%\iaserbeam g P np

[0032] FIG. 12 is an illustration showing the shape of a machined spot using a
P-polanzed ultrashort pulsed laser beam. .
[0033] FIG. 13 is an illustration of photomask fabrication using an ultrashort
pulsed laser beam prior to ablation of the absorbing layer of the mask blank.
[0034] FIG. 14 is an illustration of photomask fabrication using an ultrashort
pulsed laser beam during ablation of the absorbing layer of the mask blank.

'DETAILED DESCRIPTION
[0035] The present invention provides a method and apparatus for machining
micron and sup-micton features into a surface of a work piece and/or cleaning a -
surface of a work piece using an ultrashort pulsed laser beam having pulse widths
preferably of approximately 10 femtoseconds to 100 picoseconds. The machining
apparatus includes a non-mechanical beam scanner cbmgrising acoustooptic
devices (also referred to as acoustooptic deflectors) to scan the laser beam in two
dimensions (¢.g., X and Y directions). The non-mechanical beam scanner may




[ 0016] The nethod may further conprise machining a surface of tgz \r/;@rk
pi ece by ablating nmaterial fromthe surface. In addition, the 8 ézﬂ%y

further wepP@BRRssye converting a polarization of the pul seg T’?S?%E/oﬁ)ﬁiimto a
predeterm ned polarization state prior to scanni-ng the pul sed | aser beam

on the work piece. The nethod may further conprise selecting the
predeterm ned pol ari zation state dependi ng upon a desired shape of a
machi ned feature to be generated on the surface of the work piece or
dependi ng upon an abl ation threshol d of 7t he work pi ece. The nethod may
further conprise spatially filtering the pulsed | aser beam to provide the
pul sed | aser. beamw th, a desired cross-sectional size. [-0017] In another
aspect of the invention the nmethod may further conprise scanning the

pul sed | aser i . i L ion di.fferent from.t first'

di rection usi %@?@conﬁgggﬁﬁ&%&%ﬂp&@a PLICaRnGT oS g‘r"ﬁ?"on of the

pul sed | aser [m&ﬁﬂmdmrqnmémmﬂemsméad&asaargﬁ@acﬁaﬁﬁﬁcé?wﬁ;both the
first scanni nﬂ%@evc'lﬁe ‘%@g the second scanni ng device using the first

di spersi on coRPeyy g, ’x'ﬁ"géﬂ’e’i ion Kpes o 9asing fbrygh cowemIPIACT/ SG02/ 00151 7
The et hod nmagcolistodplie de GOEE S SnodRioksdr difledidi®) &ug&&ﬂfe}ﬁ?ﬁﬁg@%g&usi ng the
first di sperg{rron conpensation device, the first di spersron-torrpensation
devi ce bei ng Hrdiffseent Mayelensths inthewaselength speesrunn t Such dispgrsfonreaibs  conpr i se

scanni ng t he guhisesla i econd direct.i.on different fromthe
first direction usi ngtbéﬁegg%ohigg]og@gﬁmﬂg M“ﬁh&% ACOYSeIC | sper si on of
t he pul sed | adasviceheam and conpensating for dispersion caused by the
second scanni m,gel\él ce using a . .second di sgersi on conpensation device. The
met hod may fu I W%%W&%M%wn the daserchpam) due 40 ofpsarmazsi ng t he
first and secggstet EQEMsﬁmgm@éd' ﬂﬁﬁé&ng ScouhPeaik;! d second

di spersi on C(%*rgspenszﬁﬁi on devisi:l%&m;i ng @tr:boust 0 ‘%tl C m)"é@ea %nro . BRI EF
DESCRI PTI ON e HEanbREey REss seF b@m thriugh ghe acbustmptiadéflecton fsuch pr eci si on
| aser scannin < QLM [ecisio hi ni ng or ¢l eani ng
according to ?’ﬂgﬂg?ée@gérl:t ?nvigﬁﬁ@nw.&p%s%lﬁgwﬁ %ﬁ?smg% ation
showi ng t he pdefiector nSuchabumtersdispesion Q&U'b&h‘ﬁ&redﬂb%b@m?ﬁbmmfioi?nm

acoust ooptic defl %c jon device. [0020] FIG 2B is an illustration show ng

the resul t ant e OR FeEREpsagpRaceerding do the peesgrt duventiempeandescanner s
[0021]. FI G 26htiechty islgigltapitoli peldot 2 bichRbodibiite™! Ve Vval ue.
.. devices (e.g., modulators) or by using a single acoustooptic device appropriately
positioned and oriented at a certain angle. The dispersion compensation
acoustooptic device and the acoustooptic deflector for scanning preferably have
acoustic mediums (e.g., acoustic crystals) of the same material type and acoustic
velocity. For example, the material may be TeO, or other suitable acoustic crystal
known to those skilled in the art. The center frequency of the dispersion-
compensation acoustooptic device is preferably chosen such that the dispersion
compensation error is minimized for the entire scanning range. '
[0038] The scanning beam can be focused on a work piece using a focusing unit or
lens, which is preferably a scanning lens, telecentric lens, or the like, positioned a
distance from ghe dispersion compensation scanner approximately equal to the
front focal length (forward working distance) of the focusing lens. The work piece *
is preferably -positioned at approximately the back focal length (back working
distance) of the focusing lens. '
[0039] The shape of a machined hole generated in the surface of a work piece was
found to be dependent on the polarization state of the ultrashort pulsed !aser beam.




two acoustooptic scanners along the entire scan range (as the frequency
input to the scanner increases) [0022] FIG 2D is an illustrati o 8 shibviltg

t he resulsicpgjozgygpor after dispersion conpensation using pseleispopt i c
device or grating as a dispersion conpensating device operating with

optimal center frequency or wavel ength spacing. [0023] FIG 3 is an
illustration show ng an approach for dispersion conpensation in a
singl e-axi s acoustooptic deflection appgyatus according- to the present
invention. [0024] FIG 4 is a side-viewillustration of an exenplary

di spersion conpensation scanner in the formof a two-axis acoustooptic
defl ecti on apparatus. using two acoustooptic devices for dispersion
conpensati on according to the present invention. W 03/028940 8 18 AUG

2004 PCT/ S&0 REted
of the appar a?ﬁgglilﬁ%ﬁlg?gat edﬁ#tﬁish&tgﬂséﬁa%%&@ g&g I séﬂgﬂ%i%gﬁvf g\rf)v view

i1l ustration S¢e&ioRrtbe machived hpledasani¢liptiershaperwheraimihe diractionrnf theanner in t he

coust oopt i ¢ Sapuay s 08 e el of BnRBBRBERI AR of iy B "o cent

i nvention. [Opmtzeﬂllﬁamindsmdomlylpommm this @vichiged te b8l citbdyy (Vi ew AA)

of the apparat i1lu 6, | 00281 FI G 8| anlllustratlon
showi ng anot hgfﬁi‘pg-i fsé‘r% fﬁ?‘@‘b\?’%@f%ﬁ gple dheyn

i |lustration gReVénBigyli§'5bssibedRoRp :ﬁomhugﬁﬂ%ﬁ*ﬁg%&ﬁfggf the eﬁbthfiu' arly

pol arized ultrashort pul sed | aser beam Is an 1l lustration

showi ng t he sHigldeveetor éim%tmwlﬁpdammu)uéimge,anammmtbqpmdbmanﬂyd ul trashort
B Mmchi ned sAORS,aloRg R bR of Bp SR e vty Actsifiads IS Boam | 0032
FIG 12 is ancad bmanmamwrml;t fiefsihe vafe uﬁ&@@hﬁﬁfhﬁ@ot using a
P-pol ari zed ultrashort, pul sed, | aser beam _[Q033 IG 13 is an illustration
of phot omask P%?F‘?’% %‘gpqﬁ‘%‘ﬁ“ﬁ’&v%t}‘”&l P‘a‘?ﬁ‘ﬁg’g"c‘“g L‘P{:x features, it is

advantageous to use either circular or randomly polarized ultrashort pulsed laser

beams.

[0040] In addition, it was found that the ablation threshold of most of the

commonly used materials (e.g., gold, silicon, platinum, copper, alumimuﬁ,

- chromium, titanium, etc.) depend on the polarization state of the ultrashort pulsed

laser beam. The ablation threshold was found to be a m:mmun*l for a P-polarized

ultrashort pulsed laser beam and higher for an S-polarized ultrashort pulsed laser

beam. For a circularly polarized ultrashort pulsed laser beam, the ablation

threshold was found to be slightly higher than that for the P-polarization state.

[0041] The present invention is capable of producing feature sizes of less than one

twentieth of the focused spot size of the ultrashort pulsed laser beam. This can be

achieved by precisely controlling the pulsed energy slightly above'the ablation

threshold of the material and by precisely controlling the number of laser pulses at

each target spot on the work piece. Also, an ultrashort pulsed laser beam with

relatively less energy ﬂl_lcmation facilitates generating smaller feature sizes. The

present invention using dispersion compensation acoustoaptic devices (e.g.,
modulators) enables very precise control of the number of pulses at each target
point on ti:e work piece to be machined. Also dispersion compensation
acoustooptic devices according to the present invention can scan the ultrashort
pulsed laser beam at very high scanning speed, resolution and accuracy, which are



pul sed | aser beam prior to ablation of the absorbing | ayer of the nmask
blank. [0034] FIG 14 is an illustration of photonask fabrication!§dndlan
ul t rashowlp o3R9ses6d | aser beam during abl ation of the abs@ghisegh@¥ger of the
mask bl ank. DETAI LED DESCRI PTI ON [ 0035] The present invention provides a
met hod and apparatus for machining mcron and sub-mcron features into a
surface of a work piece and/or cleaning a surface of a work piece using an
ultrashort pul sed | aser beam having pulse widths preferably of
approximately 10 fent oseconds to 100 pi toseconds. The machi ni ng apparatus
i ncl udes a non mechani cal beam scanner conprising acoustooptic devices
(also referred to as acoustooptic deflectors) to scan the | aser beamin two
di rensions (e.g., X and Y directions). The non-nechani cal beam scanner nay

16 AUG 2004 VeMUtERBRARPRLISEA BN Bl ARG Eh Sl °° 2

di spersi on conpensati on scanner as desctri 5’6“] | t r ashor

pul sed | aser [nyemtinieastiesamachinirigerogiplex syieron anthsubimisron deatdts wittbaggiwi dt h and
under go di speins' an po‘g on _passi ng through conventional acoustooptic
devices (e.g., AP P‘?“’B‘By'def | ectors) due to different Bragg angl es

for. differen{oodehenglon theiplestRSnwaNE] i A ibrR@6H dfpbtolil xﬁé[.Spersion can
be detrinental to the resolution of a machining apparatus utilizing

acoust oopt i ¢ Taek5i(@hatomasky)s Hsing the presept inxention,ithe ehserbing layér ehemaskon of t he

| aser beam du cﬁﬁ% r } | & .C ted by
produci ng a cg{j&ﬁ?er- i@%g{r;%‘%‘r?c Tt @%&?ggé%fnﬁﬁ??%#@oa%@%&é t he

| aser beam t hpmaeps. {The ulirashort mudsed dasertefmdnemity issireforablylvohtréiled such

count er-di sper,sion., caunters t di spersi on produced by the acoustooptic
defl ector. sﬁ#@‘ﬁ&?ﬁ@?@%fagﬁeﬁfﬁ%‘ﬂé%@ﬂa%O%%"B@% £ GBBAEBnpr essi on.
For exanpl e, silisGie The Presei BROEdhicANpd¢ide b §shehd! @stiefRctive&Biiqud foy ent i on
can be obtained by usi'ng . a pair of ag{)roprl'atel positioned and oriented

acoust oopt i ¢ Phejerpaskggodugtion in capparisar by copvesHons) lithegmphie processisand oust oopt i ¢
Gey,ce S0 OPCEE o nupeicy Pt oA dudtn BCSLLALG AN, 1
for scanning Mﬁhinaidﬂi}iohaﬂleprem_imembnmm foe clpaningpsurfasdsiof worly st al s)  of
A E TR B o TN E AR
the art. The goihne6lidd sach@RCHe Blerdy R1iGiréPRI a8y Spbt on the work piece is lower

than the ablation threshold of the work piece surface to be cleaned. The beam is

scanned on the surface of the work-piece sample one or more times depending on

the requirement of cleaning efficiency. Utilizing an ultrashort pulsed laser beam

for cleaning has several advantages over cleaning with long pulse width laser

beams such as minimal sub-surface damage, selective-area cleaning, the ability to

remove very small dust particles (smaller than 100 nm), and avoidance of damage

to sensitive parts. Of course, the present invention is not intended to be limited to

the above-noted uses. ' _ '

[0044] Exemplary embodiments of the present invention will now be described in

greater detail in reference to the figures.

[0045] One embodiment of the invention is a precision laser scanning apparatus
suitable for micro machining, sub-micro machining, or cleaning employing a
dispersion compensation scanner DCS, such as illustrated in FIG. 1, for example.
The exemplary apparatus illustrated in FIG. 1 employs a laser source 10,.whiéh
generates an ultrashort pulsed laser beéam 101, preferably of pulse width in the
range of a picosecond or a femtosecond, The pulse can be an amplified pulse or



conpensation acoustooptic device is preferably chosen such that th . 00
di spersion conpensation error is mnimzed for the entire scanni ng rané(g

[0038] TRe) @f3svdpng beam can be focused on a work piece yitgg 0?1@?”5' ng
unit or lens, which is preferably a scanning lens, telecentric lens, or

the like, posi tioned a distance fromthe di spersion conpensati on scanner
approxi mately equal to the front focal length (forward working distance)
of the focusing | ens. The work piece @kpreferabl y positioned at
approximately the back focal |ength (baCk working distance) of the-
focusing |l ens. [0039] The shape of a machined hol e generated in the surface
of a work piece was found to be dependent on the pol arization state of the
ultrashort pul sed | aser beam 18 AUG 2004 WO 03/028940 PCT/ S&2/ 00151 to

For a linearl Xnﬁﬂlaﬁ? tdeﬁé%ﬁﬁg I r.al |
circular cross- secti O%jpdi{] ine %Eﬁmhﬁgs an@%%%%oﬁeﬁgﬁgdv\her ein
the directi ontqﬁlﬂlahplcommdpmfmmgecmiﬂgmlsdmdﬂm inkpulierwidthis ¢atgedfor pol ari zat i on
of the beam FEor rcul a ar. d beam nd a randomy pol.arized
beam the nacme&%lt@ sﬁ&ihéplcgf%ﬂ?da‘?ref e‘%x‘“ ading i on for
the pol ari zat bﬂ&&h@pﬁé&d@ﬂhqﬁﬁé@nﬁhmtrﬁshbﬁ% éd]sserb@as&mﬁﬁ@feﬁw s absor bed
nmore predom nantly along the direction of the electric field véctor

(direction of PR8tchrongh a beam filteringanechanisen. ivdichyreay qomppseslBreusinglersy  abl at ed
along the dir tihe ﬁgggﬂ |y, polarization
can be contro %B %;‘ngr%‘g%ﬁﬁ%‘r‘ﬁ@g ﬁJf“? 8013%%?8VI ie?gm zed machi ni ng
according to (doHlimatingders) lh\smitasdmlstrﬁedmﬂﬁhunmmﬁﬂmbﬁteﬁ@atur es, it is
advant ageous to use eifher, Cci L&r o] "|d0”r1 pgol ari z ul't r ashort pul sed
| aser beamns. %ﬁ“ﬂﬂn h{%‘m rbﬁﬁk: Y- \5%% 't‘}}‘/lt g’P‘aﬁﬁ‘éﬁ het PYsed: hr eshol d
of most of thﬁseﬁ&ﬁﬁﬂﬂﬁdﬂﬁﬂ@ldﬁuﬁﬁeﬁb&f&%?pass@% é&&ﬁ?o?d%@“ num

copper, alurinu chromum titanium etc depend on the pol arization
state of the @F dwa%lﬁﬁntl‘*pwh%&mh%mme thgbeapn guality) W%ﬁé@ﬂ&ﬁ d was

L.O;Egr t 1901rjea{rj11 - p ol ari zed ﬁﬁft r gé#b% ’%&%’éﬁgg&w&%ﬂ or a gle?(r:nuﬁggl y
pol arized ult (agharhreﬁmgsmmddnmsrﬁbdhmmﬂ%alﬂmmmmﬂghmmms f ound
bresont 1 nventPBRREEIRRBRDCH, WAt aPn oLl 6T hEE sy ercss t han one
twentieth of b&ﬁbﬂ‘uﬂﬁdmdh&awouawpﬁc aéfldefoss 168, 18 ak02d, sﬁuﬂﬁenhs{ras@{n beam
Thi's can be . FIG. 6, or four acoustooptic deflectors 16, 16A, 18 and 20, such as illustrated in

FIG. 4, Deflectors 16 and 16A in FIG. 4 and deflector 16B in FIG. 6 may be

considered dispersion compensation deflectors or dispersion compensation devices.

Deflectors 16, 16A, and 16B can further serve as acoustooptic modulators for

selectively blocking and transmitting the beam. The polarizer 15 is preferably a

zero-order wave plate to rofate the polarization of the ultrashort pulsed laser beam

for maxinmm efficiency of the dispersion compensation deflector 16B in the

example of FIG. 6 (or the dispersion compensation deflectors 16 or 16A illustrated

in the example of FIG. 4).

[0046] The scanning beam 111 from the dispersion compensation scanner DCS is
deflected by a beam splitter 21 (e.g.,__a semitransmissive mirror), and the resulting
beam 111 passes through a polarization converter (or polarization shifter) 22,
which changes the polarization staté of the ultrashort pulsed laser beam to different
states such as circular polarization or linear polarization or elliptical polarization
or random polarization, depending on the application and the machining process.



achi eved by precisely controlling the pul sed energy slightly above the
ablation threshold of the material and by precisely controlling tiReAituliber

of | aserywiMlsness@t e€ach target spot on the work piece. %&mﬁpﬂlgitrashort
pul sed | aser beamwith relatively |ess energy fluctuation facilitates

generating smaller feature sizes. The present invention using dispersion
conpensati on acoustooptic devices (e.g., nodulators) enables very precise
control of the nunber of pulses at each target point on the work piece to
be machi ned. Al so di spersion corrpensatilan acoust oopti c devi ces according
to the present invention can scan the ultrashort pul sed | aser beam at
very high scanning speed, resolution and accuracy, which are 18 AUG 2004
WO 03/ 028940 PCT/ S&2/00151 11 not achi evable with mechani cal scanning

devi ces. Accordi nal.y, the oresent. .ipventiopn enabl.es chi.ni ng, conpl ex
ni cron and suﬁﬁ%ﬁ%ﬁ%éﬁﬂ?@%@@?mﬁ‘b@%&%&é@ﬂﬁg‘écy. [ 0042]
One use of theelgpwesent invention is the fabrication of photolithographic

masks (photon@ﬁbs). Using the present invention, the absorbing | ayer of a
mask bl ank cH84BThepolpsiation shified pigraghortipulsed laser beapm 412 thewpassss | aser beam i n

a_singl e- st ePirdHoR & Fochsing Wit ﬂfaaﬁﬁgia)pzslmhhfp;%@%tmi ty is

preferably controlled such that t sor bi ng e nmask i s renoved
Wi t hout ~af f eclenhgcanningtlensnehjentive fens, vil immersion lensher the tikeenThe teamarii8 on can

provide a fast a ost effective technique for . phofomask, pr.oquction in
conpari son tohe%ﬂ@%f?ﬁs&%“ﬁe%‘%ﬁ'ﬁgﬁ?@‘%%%&?% Piege 24 AR S o
fabricating ciitekoh Stagd 68 mblving (el vore Piedd) AT RS niay Bive (9dlopr €S- [ 0043]
In addition, the present invention can be used for cleaning surfaces of

wor k  pi eces Brednotion axesand mayprovidecfor Bnear;tretationak and/oyangilar movament ashor t
pul sed | aser HS e, it et j any spot
on the work p?ﬁ@ghlogé?lomer m{lﬁ%m@ﬁgpa a?b;ﬁ?%éﬁ%?%%é#ogﬁgqﬁ%?k pi ece
surface to bepieteiargal) sufface theough il bemn splieri2bn t he surface of the work

pi ece sanple no ti ependi ng o t he requi rement of ¢l eani ng
efficiency. UWFF&%R@S&Q% .o%?rgga&oggrgin%éngn)fwﬂ&ﬁ @a%ﬁng has
several advanpggftApplicitiofi N 09/307, 710 fefeled & dbdve; an'bekised teutrol th€ans such as
m ni mal sub-surface danage, selective-area cleaning, the ability to renove

very smal | dudispqssipn campessationseaprer DIS(for boum srapninginthedaser sarredOof danmage
A e e

addition, the controller can control acoustooptic modulators (for beam bloclgng);

these acoustooptic modulators can be either internal to the DCS or they can be

ac!ditiox.lal devices external to the DCS. Moreover, the controller (not shown) may

be connected to a computer (not shown) programmed to carry out a desired

machining process as described in U.S. Patent Application No. 09/307,710.

[0049] The ultrashort pulsed laser beam is expected to have a finite- wavelength

bandwidth. Preferably, the wavelength bandwidth is narrow (e.g., 10-20 nm or

less), This finite bandwidth leads to dispersion of the ultrashort pulsed laser beam

on bassing through an acoustooptic device (e.g., deflector) as illustrated in FIG.

2A. An ultrashort pulsed laser beam without dispersion compensation, when

focused onto the work piece, may generate an elliptical rather than circular

machined spot due to such dispersion. The extent of elliptical shape of the

machined spot aepends upon the distance between the acoustooptic device and the

surface of the work piece, and also upon the design of the acoustooptic device.

Shorter wavelength acoustic waves in the acoustic crystal of the acoustooptic
device cause relatively greater dispersion. Hence, the amount of elliptical shape of




[ 0044] Exenpl ary enbodi nents of the present invention wll now be descri bed
in greater detail in reference to the figures. [0045] One embodi il @80t

the i nv%@@%;fﬁﬂa preci sion |aser scanni ng apparat us Slf,'g&%%gmglg{ mcro

machi ni ng, m cro nmachi ning, or cleaning enploying a i spersion
conpensation scanner DCS, such as illustrated in FIG 1, for exanple. The
exenpl ary apparatus illustrated in FIG 1 enploys a |laser source 10, which

generates an ultrashort pul sed | aser beam 101, preferably of pulse width in
the range of a picosecond or a fentosetbnd. The pul se can be an anplified
pul se or 18 AUG 2004 WO 03/ 028940 PCT/ SG02/00151 12 an un-anplified pul se
dependi ng on the application. The apparatus is not restricted to either

pi cosecond or fentosecond pul se widths, and pul se widths larger or snaller

t han those of ,fhe pic ond or .fentosecond range be used depending on
the applicati e%@ﬁ?@f@ﬁ.ﬁﬁéﬁ?%ﬁf gh‘)ﬁtﬁ? g@‘@%@m‘ﬁg‘éﬁ’fﬁﬁl
preferably pamgeetvrsauaisod .Hisfahée&%ﬁv@&di@%ﬁdﬁi&d&lsuﬂﬁ}ie(éﬁdﬂﬁy conprise a
focusing lens (objective lens) 11, an aperture (e.g., a pin hole) 12 and a
f ocusi ng | ens acPusiOPtiGEqvigeJesult in3 greater %mwtef§mpw§gap&t®@qwmn@1 1.

Details of thﬁfeafﬁ:‘etsg&i ng mechanismw || be described below. The filtered
and col limated ul trashort pulsed |dser beam 104 fromthe lens 13 then

pref erabl y pad8esi] Disporsim cecurs bevanse acansteopticgleflertorsiaci phmaying trktingshi ch f at her
i nproves the m.gual i.ty hy. tLiming.the,ed of t.he beam. The filtered
beam 105 thenbﬁgé@P%Wﬁ¥§Ww%%oﬁ§?W&°%@%%amm ef i i ngent
medi un) 15. Thie eeorded Gednl @M MasHes difticiof bed BiespREsi g  conpensat i on
scanner DCS, which is non nmechanical and which nay be a conbination of

t hree-acoustooptic deflectors BBAfif.and 20, such as illustrated in FIG
6, or four acoustooptic deflectors 16, 16A, 18 and 20, such as illustrated

in FIG 4. Dajheeiptisthd ratedhgthtoft the indiddat light 2 Ois def driigOfreqhBy o tle! G 6. may

be considered di spersion conpensation deflectors or dispersion

conpensati on dieflectexsand )i thevdlovity of the addbbtic wave ptéagating ih tetchRtal.sAsve as
acoustooptic nodul ators for selectively blocking and transmtting the
beam The pol anotedeabots an siltyashoricpuisod Jaser is notmwnochuematindight Wit sensistswfiaot at € t he

P23t O e bt A bR 10 050 SR BRGS0V, o
di sper si on ConAE Bseatrind bastRfils G0 b dekRcted atk@Anglt lessthamtiatlof thdhighe exanpl e of
FIG 4). wavelength portion of the spectrum. Therefore, the disﬁersion of laser beam

occurs. The dispersion angle can be obtained from the separation angle 0

| AO= v, = Ao SV, =AM [, s

where 4,and 2, represent the highest and lowes.t.part of the spectrum bandwidth
respectively and AA stands for the bandwidth of the spectrum. The spatial profile
of the Iaser beam will be stretched in the direction of the acoustic wave, resulting
in an elliptical beam. This is illustrated in Figures 2A and 2B. In an exemplary
apparatus according to the present invention, there can be two acoustooptic
deflectors. Hence, dispersion can occur in both X and Y axes. Also, the spatial
profile of the laser beam can be stretched in both axes, resulting in an elliptical
‘spot dispersed in a diagonal manner; as shown in Figure 2B. The final dispersion
angle A@ can be obtained from dispersion angles in X-axis and Y-axis, A6, and
A@,, and is given by

A0=\[A0 +A6,} .



[ 0046] The scanning beam 111 from the di spersion conpensation scanner DCS
is deflected by a beamsplitter 21 (e.g.,a senitransnissive mrrdf)AUGaAt

the resuyld B3ggdhgam 111 passes through a polarization co
pol ari zati on s?]i ?t er) 22, which changes the polarizati o%ﬁg{sg;tﬁﬁemf)lsft he

ultrashort pulsed | aser beamto different states such as circular

pol ari zation or |inear polarization or elliptical polarization or random
pol ari zati on, depending on the application and the nachining process. 18
AUG 2004 WD 03/028940 PCT/ SG02/ 00151 43 The details on the effects of

pol arization on micro machining will be discussed below [0047] The

pol ari zation shifted ultrashort pul sed | aser beam 112 then passes through
a focusing unit (or focusing lens) 23, which is preferably a telecentric

| ens, scanni s, ,0hbjective.lens., oLl i rsi | ens r the |lice. The
beam 115 1 r BFSTITE o it e B BoneBlion SATRE R Tesp €8, Mo stB | e wor k
pi ece 24, whingbntioh pro¥adslioad offivotcodstgpticZevices tortembérgate H6r digpetsioni ece. The
stage may have two or nore notion axes and may provide for |inear,

rotational, SHEFLBY ASHEMETE APYEARHE deflsrtoria e GIRPERQRCOMPIIHIA | pl e axes or
directions. hedi), SFdr RRaMfIE, bone BE REFdisAepsiget ) surface through

YIS for .
the beam sputter 21. [0048] It sl oul'd be noted that one or more controllers
(not shown), cergsnsation agpustogptic devicesrmayAp pntrasiueqdnrioniée a beg-gdsscanmng ef erred to

above, can be used to, gontrol the i i 0 | er DCS (for
beam scanni na ",“S‘P?Pé‘°|‘1§§ rs@ﬁ?&%g%“%ﬁ%;ﬁ?l&?bﬁ %@gﬁ’gh tgge' hl%ﬁ'?@r;:'si ty), <(31nd
the stage 25 tHaf fhe dispeisioRicOmfensition Otkhner lefin bt sihgle-axis sédnterqahérthdd £r can

control acoustooptic nmodul ators (for, beam bl ocki aﬁ%; t hese acoustooptic
modul at ors c&WO-BES sqappeE; Mopeowen fiffiagtion gg B RS t i onal

devi ces ext epQalhhelefhp ?Mﬁﬁ@dﬁensaﬁ&ﬁ controller (not shown) may be

connected to a’ conput ér (not shown) ‘programmed to carry out a desired -
machi ni ng pr 452} Aquingiplechehind dispersion eympensagion acspyding g 09/ 307, 710.
g an

CoRTesRE.
[ 0049] The ul.t: Quf : i ?m?ﬁ Eﬂﬂ&g i.nite-
wavel engt h ﬁJﬁ%%hqg%ﬁég?g@a%@%% en \}m&g{ﬁafﬁsﬁd r?grrow
(e.g., 10-20 ¢ passiag thrbwthsthe schiming acoustdoptic devivawilnl pirticwla thet divectionfr si on of
the ultrashort pul sed | aser beam on passing through.an acqustooptic device
(e.g., def!| edisgprsionproducedshy; the digpersionogpensation “SB‘?%PF% Y87 pul sed | aser

beam wi t hout (ibGRE fe il bab ATty AAckibihy ablibbopdtoasacr, 84 e kligniué k pi ece,

y generate ellrptical rather than circular | .
of the dispersion is the same as that produced by the scanning acoustooptic
deflector. This will be described in greater detail below.
[0053] Figure 3 illustrates exemplary dispersion and dispersion compensation in
more detail. - As shown in Figure 3, beam 300 enters the acoustooptic device 200,
and zero order-beam 302 and first-order beam 301 emanate from device 200.
Beam 302 can be blocked with 2 beam block (not shown) such as described in U.S.
Patent Application No. 09/307,710. Beam 301 has a narrow band of wavelengths
between A, and A, centered about A, and undergoes dispersion’as a result of Bragg
diffraction. Dispersed beams 301-1 and 301-n corresponding t0 A, and A,
respectively, are shown, where A, >4, (for convenience, beams corresponding to
other wavelengths are not shown throyghout this discussion, but it will be
understood that these beams are present). Given the Bragg relation well known to

- those sﬁlled in the art, beam 301-1 is deflected at a larger angle than beam 301-n.

As illustrated, beams 301-1 and 301-n then enter deflector 201, resulting in zero-
order beams 303-1 and 303-n and first-order diffracted beams 304-1 and 304-n.
Beams 303-1 and 303-n can be blocked with a beam block (not shown). The angle




machi ned spot due to such dispersion. The extent of elliptical sha]gf @jzﬂ%e
machi ned spot depends upon the distance between the acoustooptic d A e d
the surfy@qmedesd he work piece, and al so upon the desi gnpefysiigooist

acoust ooptic device. Shorter wavel ength acoustic waves in the acoustic
crystal of the acoustooptic device cause relatively greater dispersion.
Hence, the anpbunt of elliptical shape of 18 AUG 2004 WO 03/ 028940

PCT/ S&2/ 00151 14 the nachined feature_spot will be greater for shorter
wavel engt h acoustic waves and vice vetsa. Also, lar ger. distances between
the work piece surface and the acoustooptic device result in a greater
anmount of elliptical shape of the machined feature spot. [0050] Di spersion
occurs because acoustooptic deflectors act as noving gratings. The

scanning beamjs its fi iffr LQn,order. The separati angle O

bet ween t he@?{@%’! é?&b#@’é%‘ﬁ‘&%%‘?f?ﬁ QbPﬂ‘g{he a?éi? ?%E’F‘?WBQ%F@ expr essed
as where A ibsarh B64-1ave), eAGiid) gien tHRBragiCicHEO, il dadl bk sedn@dt®, $0e dri ving
frequency of :the deflector and v, is the velocity of the acoustic wave

propagati ng RCARACH s (1S, Whereas, beagt Pl noes inidially deflesiet aha stalffsed | aser s
(apor oxi ot orEek Sayestn 361:h 50BN eaio by doviE o, baRESIALIR DTC

(approxi mately the spectrum .
bandwi dt h wi |coerbspondifigly defiedted ait mgreatemynglel ibarchean 804-nlintheaippdsite hi gher

oecur <. The AUSHERSa TR BLEHOBLY CRIFRORADL 1 T IR GO ADHn angi ¢ 0 A0

f. IV, -A2f ala\ﬁag‘@]}%’;’gén i ﬁel@h@%nu%fﬂ)%&?%&mél?ﬁe%ﬂﬂ&%& and | onest

part of the spectru respectively an . Stands for the
bandwi dt h of dispersiypeompensated heamsp dn thig regards deflectorpdOlimpay Yeqdewedpeam wi | | be

stretched in t LI ' ﬂ . . ' j

el liptical bé’éﬁﬁﬂg@%‘éﬂ? E}%ﬁg?ggﬁ%x%dﬁ\ggqub a dtdf@ge% n aﬁ exenpl ary
appar at us ac cervéwe a5 providingdigession dompensatianfor deflester 201, béngusedb acoust oopti ¢
def | ectors. ce, di.spersio n_ogcyr in bath nd Y axes. so, the:
spati al pro%ﬁ%@*ﬁ‘?@%ﬂgéﬁ @Eﬁ’%‘@“@?’ﬁ&‘{fﬁ , l%sfﬁa&‘é‘s, resul ting
in an elliptigals -agégbyzgegﬂgg@pgaﬁg@_,gi agonal manner, as shown in Figure
2B. The fi nalﬁﬁué%ersi n angle A9 can be:-obtained- -from d&sgecﬁesi on angl es

in X-axis and0054)Ins single-axisgpanning arrangement, such as illustrated in FI
acoustooptic device 200 can be an acoustooptic modulator oriented at its Bragg

angle 0, for maximum efficiency. In addition, the acoustooptic deflector 201 can
be oriented at its Bragg angle for maximum efficiency. In one embodiment, the
acoustooptic device 200 and the acoustooptic deflector 201 are oriented such that
acoustic waves in the acoustic crystals of the acoustooptic device 200 and deflector
201 travel in opposite directions to each other, the acoustooptic de\(ice 200
producing dispersion in an opposite direction to that caused by the deflector 201.
Both the acoustooptic device 200 and deflector 201 can be driven at the same
center frequency, and the acoustic crystals of each can be made of the same
acoustié material and can have the same acoustic velocity. '
[0055] Even with dispersion compensation, there can be some resultant dispersion
in the emanating beam. However, the amount of this resultant dispersion can be

| decreased as the distance between the acoustooptic device 200 and deflector 201 is
decreased. In addition, there is a finite beam width "d" corresponding to the
distance between beams 304-1 and 304-n, but this beam width can be minimized
‘by minimizing the distance between devices 200 and 201. Moreover, this beam
width may be condensed using appropriate opticé.



ABy , and is given by AO = A9, 2 +Aey2 . 18 AUG 2004 WD 03/028940

PCT/ SG02/ 00151 15 [0051] In order to conpensate for dispersion of thélUG 200
pul sed | @gfy30b®an the present invention provides one O deRsEt 0OpPticC
devices to conpensate for dispersion caused by one or nobre acoustooptic
deflectors in the di spersion conpensation scanner used for beam scanning.
For exanple, one or two dispersion conpensatlon acoust oopti c devi ces may
be introduced prior to a two-axis scang5 acoust oopti c defl ector
apparatus as described below. It shoul d be noted, however, that the

di spersi on conpensation scanner can be a single-axis scanner rather than a
two-axi s scanner. Mbreover, diffraction gratings rather than acoustooptic
devices may be enpl oyed for di spersi on conpensation [0052] A principle

behi nd di sper g;ﬂfmgp CSE&WF Eﬁ l;g vention is to
produce count @b?@l sper g1’on m%‘ﬁe u ra}g’f’mr pu se s%‘?s%%[gﬁnﬁ% or to
passing thr oug@lbﬁﬂ@mmopgcdmpmm@pﬁmmcmespmndﬂngrdcmmwoptﬁc t he

di rection of er r.oduced t hg di spersio Q sat | on

acoust oopti c 8%7?‘5@ $%&6%’856%3?WW3¥%t %@?5%% &f’é“@gﬂ‘ﬁ Dacoust oopti ¢
defl ect or, bufortﬁmmmntdod@ens@tiontsbﬁm@hﬁﬂﬁ&@ammm(nhlandsmf: 5as that
produced by the scanpi ]9 acoust ooptic deflector. This will be descri bed

in greater def$ WWWYJWNES’F‘F%@FW@F&)I ary di spersion
and di sper si o gg@ﬁ R}?lﬁ@uch%%gﬁ&ﬁ ga%‘é?%ﬁ%?% é;cxiétﬁg 3, beam

300 enters the acoustooptic device and
first-order btemcdbhopticalesice 16 rmhdediectorcks t29€1 in ofipmie ditétiomsto bathbl ocked with

a beam bl ock ot sh uch as de CLi Pat en i cation No.
09/.307, 710. B ﬁ&‘%@% AR 35%%&@??@1‘1‘?&“’38&3‘\@5&7 1 and ?
centered aboUhcodst wives MAEEIBORE ciysBP6Nthé &@u@&pﬁc devsd 16A04ndReAds

diffraction. Dispersed beang 301-1 and 301-n corresponding to % and K,

respecti vel y, 2Qfavel iRppositRditegtions to eachothére rThééPR)@WPM“%

i scusei on, - batiepiof L€ o SOG40 20 e At Aokl O Bk TR ) 3 ven

the Bragg r eI ﬂmaomusnebdystklaomchmemddeséthmdahndpeclﬁchﬂnmsmhad)eam 301-1 is

deflected at a | ar I a 301 ns 301-1
and 301-n theﬁwgﬁdg‘f‘ E’E&%‘Fmgotli% né‘lqsﬁa'f‘iwimpfefﬂa%@

made as short as possible to minimize the elhpncxty of the resultant dispersion
compensated scanning beam 111. The distance "b" may be considered a distance

between an acoustooptical dispersion compensation unit (e.g., comprising devices
"16 and 16A) and an acoustooptic deflection unit (e.g., comprising deflectors 18
and 20).
[0057] An alternative exemplary arrangement for the dispersion éompensation
scanner for two-axis scanning utilizes oné acoustooptic dispersion compensation
device instead of two such devices as described above with references to FIGS. 4
and 5. Referring to the example illustrated in FIG. 6, FIG. 7 and FIG. 8, a single
acoustooptic dispersion compensation device 16B may be employed rather than
two acoustooptic devices, such as devices 16 and 16A illustrated in FIG. 4 and
FIG. 5. The acoustooptic dispersion compensation device 16B is oriented such
that its first-order beam is dispersed along the same axis and direction as that of
the resultant beam 111 emanating from the acoustooptic'devices‘ 16 and 16A
iflustrated in FIG. 4. That is, the first-order beam 108 emanating from 16B in
FIG. 6 has the same characteristic as that of the first-order beam emanating from
16A in FIG. 4. This result is obtained by orienting the acoustooptic dispersion



order beans 303-1 and 303-n and first-order diffracted beanms 304-1 and
304-n. Beans 303-1 and 303-n can be bl ocked with a beam bl ock (nof§ sitovws),.
The angl ol 4ds 2004 WO 03/ 028940 PCT/ SG2/ 00151 16 bet RBSasp03- 1 and
beam 304-1 is 01, and the angle between beam 303-n and eam 304-n is On.
Again, given the Bragg relation, it can be seen that 01 > On because X, >
X.. Thus, whereas beam 301-1 was initially deflected at a greater angle

t han beam 301-n due to di spersion by device 200, beam 304-1 is
correspondi ngly deflected at a greaterlﬁngle t han beam 304-n in the
opposite direction as a result of diffraction by deflector 201. Thus,
paral l el beanms 304-1 and 304-n (and beans at wavel engths in between) nmay
accordingly be considered dispersion-conpensated beans. In this regard,

defl ector 20 Vi i di .di spersi on c nsatiqn for

devi ce 200. 1E‘;c?w v%#g% e??ﬁgg@?%cg%@c%ﬁ%n%ga?ﬁ ’835&%“8!‘?@&5%%8 di spersi on

conpensat i on ttavelimpeinl aatitectionA0thted 188 depsers iid the dlobiveisd ditecBOd ret@v€topr OVi ded

al one, the beam would suffer, dispersion sjnmlar_tq that_indicated by beans
& B e

301-1 and 3010HacousHssHave tveling in the acoustoptic davics 1fysewndR G In such as
illustrated i"&héi"v@rdé?mé&ﬂnmﬁ&ﬁﬂﬁ&%"%r%m@&e&wmsa” acoust ooptic

nodul ator oriented at its Bragg angle O0,, for maxinumefficiency. In

addi tion, themanating HapdeR i - 6 ghe sppa chasaeterislic wrdisparsedibeam §lds Br agg
et . iy ot bt
200 and t ho. SLEMEREEG. % @k r{byBRE cORIREMFEor plel? acRERIRLARALS (0 °°

waves in the HausiGAcshowy it BIGS 4nf Itisheddbonmddang thecacoestdoptic dibed6B def | ect or
201 travel in qppgsite_ directions _tqQ_each other, the agqQustooptic device
200 product MERARORATS 18 AR 4D o DRSO dened D e sHog oF RAISRER Y by ¢ ho
defl ect or 201gequBiRiythind Bfit 8 QebubROMRYdtds 18 \iade with theadtle dpdciRedaas, 201 can be

driven at the sane center frequency, d the acoustic cryst.al's of each can

an
be made of tf@chwmbﬁkwgmﬁéﬁébl Thedistanea “eraindIGn 6 is prefsrabljoust i c

velocity. [00 i ' Mol o) i Qe be sone

resul tant di s%g‘lres]ggﬁ&t&nﬁc{gﬁgkzoo at nﬁ%@%%m%\}ﬁaa&e %@Bunt of this
resul tant di squipehsardcedning bede Ll aFledistamct Ne" itkiySheaonsiddred awdistandehe

acoust ooptic device 200 and, defl ector 201 |s decreased, .In addition, there

is a finite HRANEH BHAROUSHPOPUCLHIPESIOR COMATRSINORURE (-8 CPEPREIS et ween beans
304-1 and 3045dausthopiic uB¥ice 168§ Td U tcBustrpti®GeBititn Bn# ¢€lg., comprising

deflectors 18 and 20). -

[0058] As illustrated in FIG. 6, wave plate 17 is introduced between the

acoustooptic device 16B and the acoustooptic déflector 18, and wave pla‘tel 191is

introduced between acoustooptic deflectors 18 and 20 to rotate the polarization

state of the ultrashort pulsed Iaser beam to maximize the efficiency of the

acoustooptic device. Efficiency in this regard refers to the relative intensities of

the first-order scanning beam and the zero-order beam; maximizing the efficiency
refers to maximizing the intensity of the first-order scanning beam relative to the
zero-order beam.

[0059] As far as a two-axis deflector is concerned, an example of the dispersion
angle of the laser beam as a function of bandwidth of driving frequency is shown
in FIG. 2C. As illustrated in FIG. 2C, dispersion increases linearly with
increasing driving frequency in both scan axes.

[0060] For acousteoptic deflectors, the best performance, including intensity
stability and spatial quality of the first-order diffraction, can normally be obtained
at the center of frequency bandwidth. Accordingly, to achieve the best results -



by M nimzing the distance between devices 200 and 201. Moreover, this beam
w dt h may be condensed using appropriate optics. 18 AUG 2004 MD 08/ME3840
PCT/ SC0243Pdsabse4s 7 [0056] Similarly, for two-axis scanni Ry ddisoblissPer si on
conpensati on scanner may enploy two acoustooptic devi ces posl |oned pri or
to correspondi ng acoustooptic deflectors for dispersion conpensation. An
exanpl e of such an inplenentation for the di spersion conpensati on scanner
isillustrated in FIG .4 and FIG 5. coust oopti c di spersion conpensation
device 16 is oriented relative to acouStooptic deflector 15 such that the
acoustic waves in the acoustic-crystals of the acoustooptic device 16 and
deflector 18 travel in opposite directions to each other. Simlarly, the
acoust ooptic device 16A and 20 are oriented such that the acoustic waves

in the acoustig,c ]”F&E C c_dev defl ector 20
travel in oppggg't’égsgl rectl :quﬂ{t@ g%g% ‘%% {gpﬁ@éﬁl i%th8evi ce 16 and
def | ect or 16Acentet of éffel seatningsradgs. alhére?&e,&dbﬁapl&ddlﬁﬁrs&tndoﬂ@e&m&@!ﬂ er
speci 11 oat | ongbRBEA R Srar it ehofi SreBeney Panitiithut or | al . The di stance " b"
i11ustrated i (0061J0ptindlispeRiodicakbehsatioh dfh BSobbiiRiatas SRoRPRIIE! gpt 0 M ni mi ze

the elliptici W%“'of the resul tant di spersion conpensated scanning beam 111.
The di st ance moemadm@@gamewmmmust oopti cal

di spersion conpensation unit (e.g., conprising devi and 16A) and an
acoust oopt i c @berated with the genter M@&%ﬁzsmbﬂnéﬂlaeﬁ bt ¥* déere¥id 20) .

[0057] An alternative exenplary .arrangenent for the di spersion conpensation
scanner for twiamYmmm@mt&mmmeemmpmc&eﬂﬁmmfmn

conpensati on A vice cr| be ove with
ref er ences to% R& *f%rl népafnﬂg e‘i% ARy 8d in FIG
6, FIG 7 anddﬂx@,ﬂ&mm@wﬂaﬂd&ebmmmode@pﬁmmmmm on device
16B may be e ed. .rather tha aco devi_.ces, such as devices
16 and 16A i IWEPF§ Sf aga ?W“P?ﬂcr&ﬁv%%\@‘ °FP¥3%38§2%&5§§89§WGN| c di spersion
conpensati on DER shéiRohdlet f fce mis
di spersed al o‘ri%"tﬁ Sé& h%m sigﬁgd ectl on as gq[ddg?lﬁ ﬁ&ﬂﬁésuﬁﬁant beam
111 enmnati ngthersoanningeaageodﬂieom}nwf(ﬂmpm1mesmm@M10n@ﬂderlm$ ustrated in
FIG 4. That i e f beam.108 emana mlGBl FIG 6 has
t he sane char 5@%9’0 P@SMW?WEﬁhﬁ N%W © BRI © ng from

uncompensated dispersion.

[0063] In addition, Figure 2D reveals that the ratio of dispersion error to

dispefsion can be conirolled to be under 30% at a dispersion compensating

" modulator center frequency of Z MHz (or at an equivalent line spacing if a
diffraction grating is used). Moreover, the error at the central part of the scanning
range can be below 6%. In other words, the center frequency of the dispersion-

compensation acoustooptic device can be chosen such that the dispersion
compensation is optimized for the entire scanning range. Figure 2D illustrates X~
axis and Y-axis driving frequencies ranging from 80 MHz to 130 MHz (the

freciuency for Z, correspondingly being givenby Z=)X?*+¥? ), but it should be

understood that the driving frequencies are not intended to be limited to these
values.

[0064] Polarization of the ultrashort pulsed laser beam can improve the efficiency
of cutting. The polarization of the ultrashort pulsed laser beam can be varied by a
polarization converter (or shifter) 22, which is preferably a half-wave plate,



16Ain FIG 4. This result is obtained by orienting the acoustooptic
di spersi on WD 03/ 028940 18 18 AUG 2004 PCT/ SGD2/ 00151 conpensat il 8rAl§eliice

16B SUChWU@%z%JgﬁeaCOUS“ c wave in the acoustooptic devi %E:T%Sg;logwlgi/el ing in

a directionro d 135 degrees in the clockw se directi I've to the
acoustic wave traveling in the acoustooptic device 16 showmn in FIG 4. In
other words, the orientation is such that it produces a dispersed beam 108
emanating from16B in FIG 6 of the sang characteristic as dispersed beam
111 shown in FIG 4 (the beamresultin ?Pfromthe effects of the of
acoustooptic devices 16 and 16A shown in FIG 4). It should be noted that
t he acoustooptic device 16B and deflectors 18 and 20 are preferably
designed for the sane or different center frequency and that the acoustic

crystals are \\ cifjcations, .such as acoustic velocity
and material . Eiﬁetﬁagggiﬁ%gmi%lﬁf' Oémlvir’ﬁﬁt@f”é?ﬁ%ﬂ’m%ﬂ@%short as
possi bl e to mnipriferably s¢leatabdd batwéenahdsy oftfons.he resul t ant di spersion
conpensat ed Si@&ﬁjiﬂ g’ggmgq%l. he %jgstance "c" may be considered a
di stance bet ¢ 3128t %HP?Eé“ﬂdi lsear depandenibe palarizasion state of the. g. |
conpri sing amﬁwﬂg’e@ 186VheaR). J;&@m-ggug, . : ' Et]iﬁﬁ | ection unit
(e.g., corrprisa{)ngt%f Ieeﬁcé'gogggéS and 20). Iﬁgogkiigéﬁ??%s rated in PIG 6,
wave plate 17 3PRATGIES aceRidug brrsent invientionspronides @amchipedibolé with 6B and t he
acoust ooptic n | at 9.s. introduced between
acoust ooptic gg@%%s%%@%xﬁ%pﬁﬁiéeﬂh@%pﬁ%qgﬁm iﬁa’ﬁe of the
ul trashor tpukiedaryagterided byt politisdioh Sonveltér 221 whigh B rktePblyd uarter.

ers to the telative

acoustooptic device. Efficiency in this regard re

intensities of¥av¢ platerf theteasn ineident thareip ifinsardnpalarized Milso.geforripgder  beam
FTrst order ooy eictinel folf ieioflaP R ooy polatd WEITLINENE "R 1
as a two- axi s laserheawtldd prafuecdrbydhepalarizationscoavepler22; fwhidheis grefgrablgaon  angl e
"n Fla oo ASaRRfE gtk e o SRR St G heAE. FOCHRRG 1y wi i h
i ncreasi ng dr ipolarigedf state| (Seordypolarizaidn) of the nltANDS: pulsSdRsdr beh 188 0uUst oopti ¢
defl ectors, the pest rfqQripance, including . intensity stability and
spatial quali e tythie P&%‘?@‘B‘?WVW fz?'a‘l‘gﬂb‘ﬁ preeagblia batf eye Maeobt ai ned

the machined hole becomes a narrow groove, such as iltustrated in FIG. 11 and

FIG. 12, the direction of which depends on the direction of polarization of the

beam. _

[0066] A possible explanation for the polarization-depéndent hole shape is that the

ultrashort pulsed laser energy is absorbed more predominantly along the direction

of the electric field vector. Also, the ablation threshold of the material may

depend on the direction of polarization. The ablation threshold of the material

may be relatively low for S polarization, circular polarization and random

polarization states and relatively higher for a P polarization state. For the present

invention, which can provide a polarization-dependent machined hole shape, it is

preferable to use a circularly or randomly polarized ultrashort pulsed laser beam

for machining complex features in both X and Y directions. For cutting straight

Tines, § or P polarization states of the ultrashort pulsed laser beam may be applied,

depending on the direction of cut. Of course, circularly and randomly polarized

beams may be used to cut straight lines as well.

[0067] The apparatus and technique of the present invention can be applied for

generating complex features with very high precision and accuracy. An apparatus

u)




at the center of frequency bandw dth. Accordingly, to achieve the best
results 18 AUG 2004 WO 03/028940 PCT/ SG02/00151 19 (e.g., best maghpmm m?'
quality)“K;@ﬁn&ﬂ#get surface can typically be | ocated athq%GmgﬁﬁgFr of "the
scanni ng range. Therefore, conplete dispersion conpensation can be

obtai ned at the central part of the frequency bandw dth. [0061] Opti nal

di spersi on conpensation can be obtained as shown in FIG 2D when a

di spersi on conpensati on device (e.g., an,acoustooptic nodulator) is
operated with the center frequency of Z NPE, such that Z = )X2 + Y2 where X
MHz and Y MHz are the center frequencies of the two acoustooptic deflectors
for scanning, respectively. If a diffraction grating is used instead of an
accoustooptic device, the grating spacing should be chosen to correspond

to the effectifgnfis : : - acoust ic device driven of Z Mz
as described above. [0063|E§ sp%@%é’ﬁ%?’é’%%&%g&% © BrST AWPHIPRdS N e
expect ed at t heapghieof plodydignstructiires with featuadsives Gelod PO ol MEhd @rhBoRf

di spersion err ispersion under . fhj gondjtion is illustrated in
Figure 2D. Di s%%sreg?%sg}%[%%lf W@?@SWB}‘M Pastomat acsuracy adowmptishs at ed

di spersi on. [ OR&dytidnrushdiispesion chigbtiAion RouQYGR: Aefiddab a@%ﬁ] tio of

di spersi.on errgr E% di spersion can be controlled to bltla n (Ealré' 30% at a

di spersion co ef¥ntagsof the present invention is thetidbe-srayning reolntien cror at an

equi val ent |i ' .Eafbe [ ' ti,ng {s used). Moreover, the
error at the c ﬁ?‘?g‘%’(’g‘gﬁl 0 ta%ééiésgﬁ%%gb‘% 'g&"ggh%ﬂ'é’%bmuﬁ% I n ot her
words, the cerrbeve 4 naujs possiblef THefseanding povitidnalnaccaEinn $8 s Wi ACWYPphPOPt i C
devi ce can be ghosen _suych,that t dj spersion conpensation is optim zed
for the entirée MWH“’% ‘f"e"FPﬁﬁrt@‘e o5 Scrning hefiyesn two arbifrasy taRget V- axi s

driving frequepeisen tieReikGeck (RAAAPacME tily &ﬁ%&%&‘% P for Z
correspondi ngﬁ?,ﬁbei ng iven_b§ Z =X 2 erg)), but ioéﬂ shou e lr?r%er st ood
that the dri vilB§re ¥g ninganethgerystgl sizeyJasst beam diameteryietee dOliviouslyese

Uhe e i oi ency o scirbit b Tlontel o SRRy piihly AR PRAER i cc | acer
beam can be vainventiohhasthe papabitityZfat prediselycsoutollitg the RamBeH dftpalsds a¥dhe Which i's
preferabl . a RGlLataNe. bl Bl vekd ol A0l BrLe 220 T, 0015
' rates of 300 KHz or more of the ultrashort pulsed laser, the number of pulses can

be controlled down to one pulse at each target point. The pulse-controlling factor

depends on the rise time of the acoustooptic crystals in the acoustooptic deflectors

and dispersion compensation devices. Precise pulse control, high position

accuracy, and high scanning resolution in nanometer range is beneficial to machine.

or ablate complex features ‘on the surface of the work piece 24. Another advantage

of the present invention is the utilization of acoustooptic deflectors and

acoustooptic dispersidn—compensation devices for scanning, thereby providing a

non-mechanical scanning system. As a result, the system is _substgnﬁally immune

to vibration even at very high scanning speeds. This attribute is advantageous for

maqhining sub-micron-scale, nanometer-scale and micron-scale features.

[0068] As noted in U.S. Patent Appl__iwtion No. 09/307,710 referenced above, the '

present invention can provide features smaller than the focused spot size of the

ultrashort pulsed laser beam by precisely controlling the ultrashort pulsed laser

beam above the ab}ation threshold of the material. To achieve such features, the

number of pulses at each machining point should be precisely controlled and

optimized for different feature sizes. In addition to the ultrashort pulsed laser



20 quarter-wave plate or a depol arizes. Mreover, the polarlzatlon
converter 22 is preferably sel ectable between these options. [00 §]Mﬁﬂ@5
shape of wigB,a®aki ned hol e can depend on the pol ari zati opcgisl€ofk; t he

ul trashort pulsed | aser beam Referring to NO 9, a precision nmachining
apparatus according to the present invention provides a nmachined hole with
a circular shape when the polarization state of the ultrashort pul sed

| aser beam 113 is circularly polarized hy the polarization converter 22,
which is preferably a quarter- wave plat®@ if the beamincident thereto is
i nearly polarized. Also, referring to FIG 10, the machined hole is
circular for a randomy polarized ultrashort pulsed |aser beam 113
produced by the polarization converter 22, which is preferably a

depol ari zer or erRByy RS mIMMRP Sf d1Rash Light.. For a
linearly pol ari ?g&fstate S EimP p&]&a” a |69§g‘¥f£@r§%‘] g‘ﬂé‘ﬁ%‘? “ul sed

| aser beam 113¢ncpsycfdlaaeltragport cmmcanaﬁeanhmnﬁmfmnaﬁzemﬂe@hblés
preferably a h m&m% gﬁ ué fr@lc ﬁ oI e econes a narrow groove,
such as illustrated In ¥ xﬂgas ort FPRAEEY BYY 8#9%hi ch depends
on the di rectImfmmm@ﬁﬁ&we@amm%mésw&l@s%

expl anation for the polarization-dependent hole shape is that the

ul trashort pul Ve MO%W M%FW@@@WM ong the

direction of é,{;_ggarqj @rﬁ?sg% "é'ﬁ on threshold of
the materi al pend on H%ﬂs% ection polp Es %fb‘idg A 4EEUbl ati on
t hreshol d of tmgehmoarandlthc mmgyl&;ctmﬁoabfuhiaghottmﬂséd)rase‘ﬁbﬁﬂhﬁrl zation,
circul ar polar r.and m r| on, st.ates and rel atively higher
for a P pol arlgﬁﬁél sp?&?’éng l?'?g eagéﬁﬁa{‘ On i\ FUEROR SR, SUBFNCEI can provi de a
pol ari zati on- denwndﬁmnaﬂmldiréadaﬂﬂi&hﬁm%hﬁm 1thdgrdp§xc1ﬁ's§§ @haBitskkatuse a

ort:

circularly or ran% m y pol arj zed ultras pul sed | aser beam Tor

machi ni ng” conpV&X higBapesdeprerise taﬁmv@tmaclnm@wfmtﬂ%m otlrsmaterials, ng st r ai ght

Ibiangf)pl |Se8r Pdglgiﬁgi@%g%% a‘t‘@a‘.ﬁ%e“@{’. on of CT?ﬂ}gh t@%@sﬁe%ﬁﬁ%ﬁdﬁ??? gﬁé

random y pol arbyusing lithegrsphmgm@sses;s«dddtare eprnsiteraiﬁﬁ‘me donsimsinggivee! | . [ 0067]
gener ot g corF B RHRdEiieain e Ryrion priecs: LG GhBresE GUEKYR. an
apparatus 18 %&aoﬁhotmbﬁﬂﬁ%&m b0 Qikp nackihing process, where
: the absorbing layer of a mask blank is directly removed using ultrashort pulsed
laser ablation without affecting the transparent substrate.. For example, referring
to FIG. 13, a mask blank (work piece) comprise.s a transparent substrate 302 (e.g.,
transparent to UV radiation), on which a coating layer 300, which has good
absorption to ultraviolet (UV) radiation, has been deposited. The UV absorbing
material can be chromium, gold, platinum, tungsten, molybdenum, other
refractory metals, alloys thereof, and the like. The thickness of the deposited layer
300 can vary according to the process. If the coating layer 300 does not have a
good adherence to the substrate 302, a thin bonding layer 301, which has good
adherence to substrate 302, may be coated onto the substrate 302 prior to applying
the coating layet 300. . . )
[0070] Rcfertmg to FIG. 13, the substratc 302 is mounted on the stage 25. The
pulse energy of the laser beam 113 is controlled such that the energy is sufficient
to ablate or remove the material from the layers 300 and 301 but not sufficient to |
ablate material from the substrate 302. As shown in FIG. 14, the ultrashort pulsed.
laser beam 113 ablates or removes material from layers 300 and 301 without




for m cromachi ni ng and sub-m cromachi ni ng according to the present
invention is capable of producing structures with feature sizes ﬂ@l@%&@@b
arm Thewy dfaghgrt pulsed |l aser beamis nmaneuvered w thH@hpesiti onal
accuracy and spatial resolution using dispersion conpensation acoustooptic
defl ecti on apparatus. Anot her advantage of the present invention is that
the scanning resolution or spatial resolution can be as |low as 4 nm or

bel ow. And obviously, resolution above 4 nmis possible. The scanning
positional accuracy can be as |ow as 10%bpm (parts per mllion) or |ower.
The tinme for scanning between two arbitrary target spots on the work piece
(random access tine) can range from 1l nanosecond to 20 mcro second
depending on the crystal size, |aser beamdi aneter, etc. CQbviously, slower

Tovent | on has RSN R 3R ST buds Suf P skt trbonBs of pul ses
of the ultrasiesrialsundfrthe frocsy plomiEroduck amb the WBRbldRERY for Even at very

high repetition rates of 300 KHz or nore of the ultrashort pul sed |aser,

the nunber of TpFapdRgthe spbstiate matasial 312 iv bighesthan that Sorrepaviag materiabfcom t ar get

poi nt. The pul &—n% ' Ctﬁ?% : ' j f the
acoustooptic g?ys g%%d%%g:%g%ous %hg??%%z*@ie}%%ng?gmtgﬁﬁﬁﬁlﬁgr si on
conpensat i on demplkrfeatiReseande fibnicatel inarsingtd stepbyodeanmiigy the alrashegtcur acy, and
hi gh scanning resol uti.on in nanoneter range_s benegficial to pachine or
abl ate conpl efugﬁ‘g{aﬁ?é’fa‘&ﬂs%émgﬂf’? _ &evd?egt ° B8k lonE tpaslatag dener
advant age of pidse bRAR beveerd Michiingiribds, 'THs 4Ppkdakk Sdnl KaTastdr 284 flesd OOpti C
defl ectors and acoustooptic_ dispersion-conpensation devices for scanning,

t her eby provi &PH&ITECtive cAmBIretiorRorventionablithographic progasses And is capableiaf| t he
systemis subsiigihé ﬁbﬂdﬂi%&&ﬁnﬁmﬁ?&hﬂ&.eve” at very high scanning
or

speeds. This attri I's advant ageous machi ni ng sub-m cron-scal e,
nanonet er - scal[@0dh #n addition the apparatismt] techsiqud GlihSpresent invéntidn cam 8. S.  Pat ent

Application No...09/ 307, 710 referenced gbave, .the present invention can
O OVi to. 1 ont oL A At i FEFERS SoBtEes by 28 el A brovt it chor
pul sed | aser R@d¥héty pk&riaee boans(prefetibly wigh il widihs of Sprdximatelyofe | aser

beam above the ablation threshold of the material. To achi eve such

features, the PISOSIERA tpmeemisgesond). dheintensibtAndiengrey of the ulrshortpubed pr eci sel y
control | ed: aqg&a%‘%ﬂ mgz&gb%\%%cgggmﬁédg}eﬁgﬁgﬁlemm Br@gddition to the

ul trashort pul sed ser 18 2004 WO 03/°028940 PCIT/ SQ2/ 00151 22 ener gy
and the nunberacoistaoptic deviess or byanyrothet proeiss intemsity contreliheshamism.f | uct uation in

the Efficiency of the acoustooptic devices can be controlled by varying the input

power to the respective acoustooptic crystals (for lower input power, efficiency
and hence beam intensity are lower, and vice versa). The intensity is controlled
such that the energy delivered to an.y spot on the work piece 24 is lower than the
ablation threshold of the work piece 24. The beam is then scanned over the work
piece sample one or more times depending on the requirement of cleaning
efficiency. Using an ultrashort pulsed laser beam of pulse width in the range of
one picosecond to one femtosecond for cleaning has a number of advantages. Fot
example, subsurfacé damage is absent or very minimal, damage to sensitive parts
is avoided, the method is suitable for selective area cleaning, there is no need for
liquids and hence no hydrostatic shock (the process is dry), and very small
contaminant particles (e.g., dust particlcs) including particles smaller than 100 nm,
can be removed. : .

[0072] The invention has been described with reference to exemplary
embodiments. However, it will be readily apparent to those skilled in the art that




energy of the ultrashort |aser pulses .can affect the smallest feature size
achi evable. Smaller fluctuations/variations of the ultrashort |a$grAlpdilée
ener gy @y @loaglp sl I er machined feature sizes to be achjgyqdqodaehi ned
feature sizes of less than one twentieth of the focused bean1spot si ze can
be obtained by controlling the energy of the ultrashort |aser pul ses, the
nunber of pul ses incident at a given target spot, and the energy
fluctuation of ultrashort pul sed |aser beans. [0069] The present invention
has wi de application in micron or sub-fcron contour formation, direct
fabrication of photolithographic masks (photonmasks) at very high speed,
preci se and accurate machining of netals and other materials, thin film
patterning, and other applications. Currently photonasks are fabricated by

using lithogr re e sive. a sum ng gi ven
the multiple gt S .Iﬁ%\% VY? e@lﬂ? ﬁnﬁ)?%?f °§§1°t he present
i nvention, hmhndhncntﬂwﬁrﬂﬂﬁslb’cﬁrecamsb& fb@%h&ﬂiﬂﬁﬂt

machi ni ng proc s, Where the absorbing |layer of a mask bI an@ I's directly
renoved usi ng®iie myention; Theexcmplary pentware gisrely illustoative fideshivildg t he

transparent s r Bl G .13 a mask bl ank
(wor k pi ece) g@%ﬁ%&%%@@%@ﬁt& u?@??ﬂ’g@(’gg‘flﬂgnﬁmmg‘c?‘h parent to W
radi ation), oﬂxembpeﬂ&ecbclﬁm&,tmm&ﬂlﬁymé preddling b ciptibm Sanl QO YaridBSOmAt  ON to -

ul traviolet ( adi %l Otg{l has been deposited. The UV absorbin mat eri al

can be chromi SARVAEEE it the FaRgrefdhe WWH@%MWM fractory
met al s, all oygefeler eof, and the |like. The thickness of the deposited |ayer
300 can vary according to the process; If the coating | ayer 300 does not
have a good adherence to the substrate 302, a thin bonding | ayer 301,

whi ch has good adherence to substrate 302, nmay be coated onto the
substrate 302 prior to applying the coating |ayer 300. [0070] Referring to
FIG 13, the substrate 302 is nmounted on the stage 25. The pul se energy of
the | aser beam 113 is controlled such that the energy is sufficient to

abl ate or renove the material fromthe |ayers 300 and 301 but not
sufficient to ablate material fromthe substrate 302. As shown in FIG 14,
the ultrashort pulsed. |aser beam 113 abl ates or renpves material from

| ayers 300 and 301 without 18 AUG 2004 WO 03/028940 PCT/ SQ02/00151 23
renoving material fromthe substrate 302. This can be achieved by choosing
the materials and/or the process paraneters such that the threshold energy
for




removi ng the substrate material 302 is higher than that for renoving
material from coating layers 300 and 301. Using the present i nvengiAs, 200
phot omasiydi@yiaggle conpl ex features can be fabricated in q,(ﬁljg&g/g o3t ep by
scanni ng t he ul trashort pul sed | aser beam usi ng acoustooptic devices. The
stage 25 allows translating the nmask bl ank between machi ning periods. This
approach can be faster and nore cost effective conpared to conventi onal

l'i t hographi c processes and is capable of fabricating photomasks wth

sub-m cron features. [0071] In additi or? t he apparatus and techni que of the
present invention can be wutilized for cleaning the surfaces of work pieces
by an entirely dry process using ultrashort pulsed | aser beans (preferably
with pul se widths of approxinately one picosecond to one fentosecond). The
intensity andywgf f}{f gm ghe ultrashort pulsed [|aser beam 113 can be
precisely controlTe y Varying the efficiency of the acoustooptic devices
or by any other precise intensity control mechanism Effi ci ency of the

acoust oopti c devic can ,be cont ol |l ed by va the.input power to the
respective acoust olgptl c f GWP’BééP aF%bﬁng“ TBRIIE:  ef ficiency and
hence beam i nt ens@usei\rswmﬁaqmgb@ﬁséfm The intensity is
controlled such that the energy delivered to any spot on the work piece 24

is |ower than the ad¢ifestonsempppsationscannes thatseansdhcpulscd bserbeam;Tud beam i s

t hen scanned over dependi ng on the
requi renent of cl e%%?%éﬁ%ftt&é?%ﬁ%%%@%ﬁ%giﬁ%m%&%?%%‘gd | aser beam
of pul se w dt tomgensaiien seurg:e ofio a Woik plece; adrfeiiithe didpation tanpepsgeond for

cl eani ng has a nunber of advantages. For exanple, subsurface danmage is
absent or ver SRR CABPISamage to sensitive parts is avoided, the method

is suitable for sedﬁﬁtécxm@gwmeméuammﬁdqmsmmqﬁmm@mhl qui ds and
hence no hydrostatl ¢ shock the§§rocess irs dry), and very snall

contami nant pand thaticauses dispersionsofithe prlsed ilaserchepm;, ard udi ng particl es small er

eference 1o exanph ey SRBT pombEBton' G Fict UF Bl Rfhell Sor i BRE Lopar et |
to those skil ta@ed by thd €irsd kdanbiiglevit. 03/ 028940 24 18 AUG 2004

PCT/ S02/ 00151 it is possible to enbody the invention in specific forms
ot her than those of the enbodi ments descri bed above. This may be done

W thout departing 3rom t e §ffatdnls of claim 1, wherein the pulsed laser beam has a
wayelength’in the range of approximately 100 nm to approximately 1500 om, a

pulse width in the range of ggﬁroximately 1 microsecond to. a‘pproximgtelx 1 o
femtosecond, and a pulse repetii:ion rate in the range of approximately 10 hertz to
approximately 100 megahertz.

3. The apparatus of claim 1, wherein the dispersion compensation
scanner has a scanning resolution in the range of approximately 1 nim to
approximately 100 microns depending on the scanning range.

4. The apparatus of claim 1, wherein the scanning random access
* time of the dispersion compensation scanner is in the range of approximately 1
nanoseconds to 100 microseconds. -

5. The apparatus of claim 1, wherein a pulse energy and an
intensity of the pulsed laser beam are sufficient to machine a surface of work

piece.



of the invention. The exenplary enbodinents are nerely illustrative %&9
should not be considered restrictive in any way. The scope of t hel 8 2004

i nventi ogd d3di4gn by the-appended clains, rather than thgJlesadi N9
description, and all variations and equivalents which fall wthin the
range of the clains are intended to be enbraced therein. WO 03/028940 25
What is clainmed is: 18 AUG 2004 PCT/ SG02/00151 1. A precision

| aser - scanni ng apparatus, conprising: _a |laser source that emts a pul sed

| aser beam a dispersion conpensation 2anner that scans the pul sed | aser
beam and a focusing unit that focuses the pulsed | aser beamfromthe

di spersion conpensati on scanner onto a work piece, wherein the dispersion
conpensati on scanner conprises a first scanning device that scans the

pul sed | aser-beamin a first direction and that causes dispersion of the
pul sed | aser beam and a first dispersion conpensation device that
conpensat es for tlbe di Theapphntus of elaines, Wheréih thefappapitusEaaspitial devi ce. 2. The
apparatus of claim1 erein the pul sed . |aser beam has a wavelength in
the range of %%@%aﬁrﬁ?ﬁe&aﬁﬁmﬁ | BHCHOR T8 apprPXigately | se wi dt h
in the range @b @eRaoXi mately | mcrosecond to. approximately.

fent osecond, and a pulse repetition rate in the range of approximately 10
hertz to approximately 100 nmegahertz. 3. The apparatus of claim 1, wherein

t he di spersion cogpensation. scanner, ha scampni ng resol ution, in the range
of approxi mately ?Purn t’SBe%’Bb?g'iPﬁﬁk‘E}fr%E FQ&?“&%K@MP%&I on the
scanning r angﬁachﬂ:inhgTﬂaﬁ)mmaifappthiﬂfate@I M&nﬁeﬂbﬁﬁ&fd@s-ﬁé&ﬂoﬁdiﬁﬁbﬁﬂ r and?m
access .time of the dispersion conpensation scanner is.in the range of .
appr oxi nat el Wflkmgﬁﬁgm?méf%g&ﬂ@?m& e WORK BISSEar at us of claim
1, wherein a pulse energy and an intensity of the pul sed | aser beam-are

sufficient to machi ne a surface of work i ece.
The apparatus of claim 5, r comprising a polarization

~ converter that provides a polarization state to the pulsed laser beam.

9. The apparatus of claim 8, wherein the polarization converter is
selected from the group consisting of a quarter-wave plate, a half-wave plate, and
a depolarizer. '

10. The apparatus of claim 8, wherein the polarization converter is

selected to provide the polarization state depending upon a desired shape of a
machined feature to be generated on a surface of the work piece or depending upon
an ablation threshold of the work piece.

11. The apparatus of claim 8, wherein the polarization state is
selected to be one of a linear polarization state for machining an elliptical feature,
a circular polarization state for machining a circular feature, and a random
polarization state. fdr machining a circular feature.

.12, The apparatus of claim 8, further comprising a beam filter that
spatially filters the pulsed laser beam and provides the pulsed laser beam with a
desired ¢ross-sectional size.



18 AUG 2004 WD 03/028940 PCT/ S&X2/ 00151 26 6. The apparatus of claimb5,
wherein the apparatus has a spatial machining resolution in the rldnkis B8

appr oxi ni\icedayn28h49> M cron to approximately 100 mcron. porkKi@289Rar at us of
claim5, wherein the apparatus has a spatial machining resolution of

approxi mately one-twentieth of a cross-sectional dianeter of the pulsed

| aser beamin a focused state at the surface of the work piece. 8. The
apparatus of claimb5, further conprisina a polarization converter that
provi des a pol arization state to the pu Led laser beam 9. The appar at us of
claim8, wherein the polarization converter is selected fromthe group
consisting of a quarter-wave plate, a half-wave plate, and a depolarizer.
10. The apparatus of claim 8, wherein the polarization converter is

of a  machi ned T eatti o t orisaesEAks Sfalkils’ yHERER RnRRR Bpa BC SPEPe

d;apelndi ng upm ana@ht}hdlé@:ithhhlmtmlaﬂ)rﬁimmbbequ?oﬂﬁeﬁertﬁénba&’d&&e&ﬁp?ar at us
of claim 8, erei,n the rization state ii;s selected to be one of a

l i near pol ari ﬂ?ﬁ%@ﬂ%&@@#ﬂsﬁaﬁm%@f%eepmﬁw K% ure, a circul ar
pol arization state i feaﬁighﬂéng%a@f&hﬁwe GlsécEBdel b&am GG 1R #I@H&elm

pol ari zation state. for machining a circufar feature. 12. The apparatus of
claim8, further caerspeandifemysing leesithat dollingatestthe-pulsed lager behnemandtingr s t he
pul sed | aser l;qe_am and sésg_vi es the pul sed | aser beamwith a desired
cross- sect i ondfoR fFPm 028940 27 18 AUG 2004 PCT/ SG02/ 00151 13. The

appar at us of cl ai m jiaphi@mathat bideRs fsuter pbitiof 'of 48 PpRlkédERSer baani N hole with a
di anet er appr%ew or greater than a desired spot size of the
pul sed | aser ] &orusing leBS.wor k pi ece; a first focusing |ens
that focuses the pul sed | aser beamonto the pin hole;
14. The apparatus of claim 1, wherein the dispersion compensation
scanner further comprises:
a second scanning device that scans the pulsed laser beam in a second
direction different from the first direction and that causes dispersion of the pulsed
Iaser beam, wherein the first dispersion compensation device compensates for
dispersion caused by both the first scanning device and the second scanning

-

device.

15. The apparatus of claim 14, wherein the first and second scanning
devices are acoustooptic devices and wherein the first dispersion compensation
device is a diffraction grating having a line spacing suitable for compensating the
dispersion caused by the first and second scanning devices.

16. The apparatus of claim 14, wherein the first scanning the device,
the second scanning device and the first dispersion compensation device are

acoustooptic devices.

17. The apparatus of claim 16, wherein the first and second scanning
devices are acoustooptic deflectors and wherein the first dispersion compensation
device is an acoustooptic modulator that farther provides modulation of the pulsed
laser beam wherein the beam is selectively transmitted or blocked.



a second focusing lens that collimtes the pul sed | aser beam emanatin
fromthe pin hole;* and a di aphragmthat bl ocks an outer portiddf

pul sed | gafe3Rean enmanating fromthe, second focusing | gRsyschdnoisie
apparatus of claim1l, wherein the dispersion conpensation scanner further

conprises: a second scanning device that scans the pulsed | aser beamin a
second direction different fromthe first direction and that causes

di spersion of the pulsed |aser beam W@erein the fast dispersion
conpensati on devi ce conpensates for di'Spersion caused by both the first
scanni ng devi ce and the second scanning device. 15. The apparatus of claim
14, wherein the first and second scanning devices are acoustooptic devices
and wherein the first dispersion conpensation device is a diffraction
grating having a line spacing suitable for conpensating the dispersion
caused by the first and second scanni ng devices. 16. The apparatus of claim
14, wherein the firt. scaheiapgritiscofdhinm ¢6, whetdedspesionlcanmasatioy devi ce and

the first dispersj conpensati on devi ce, ar.e, acoyst.ooptic .. devices. 17.
The appar at us W@gym‘%ﬁt W&WW?@Q#‘QW?@@&%G%W?F@“ devi ces
are acoustoop&lgwq?ﬁﬂogﬁﬁa@lﬁg@%@vm@iﬁ&gcmaﬁ%d[st di spersi on conpensati on
device is an acoustooptic nodul ator that further provides nodul ation of the

pul sed |aser beam wherein the beamis selectively transmtted or bl ocked.

18 AUG 2004 WD 03/ 028940 Scaffins! @i M 16,
wher ei n di spersion grrpen'fs% tﬂé@%ﬁ&%@é&%@%g&%@agﬁ%&er Sl or%C
conpensati on devites@rd Giddntddsuctinthat (i fisiaditetiiun ieperpendidadar eonthasgeondi mat el y 30%
over the entire scan range, 19. The apparatus of claim 16 erein the
first and secdHectioBZRMW mdé%ﬁ@é@sﬁr@www@wmeﬂg‘% r st
direction i s peHPRGstiveYd Ble fr&t stdiRing 6AAbucHhAiQRS AP jwherein the first

di spersion conpensation device is oriented at an an% e relative to the

first scanni ngoupensationgigyice produces pacgriivestisparsiop dhay re thepesiianti on devi ce
produces aneqabl ve 508 i@kl oS8 -y dicdioSU LN

20. The apparatus of claim 16, wherein the first compensation
device, the first scanning device and the second scanning device are made of the
same material and have the same acoustic velocity, arid wherein the center acoustic

frequency of the first compensation device is chosen such that dispersion
compensaﬁon is optimized for the entire scanning range of the apparatus, the first
di@ersiox; compensation device being 6perated with the center frequency of

Z MHz, given by Z = 5X2-}-Y2 , where X MHz and Y MHz are the center

frequencies of the first and second scanning devices, respectively.

21. The apparatus of claim 1, wherein the dispersion compensation
scanner further comprises:'

a second scanning device that scans the pulsed laser beam in a second
direction different from the first diréetion and that causes dispersion of the pulsed
laser beam; and

a second dispersion compensation device that compensates for dispersion

caused by the second scanning device.




di spersion caused by the first and second scanni ng devices. 20. The
apparatus of claim 16, wherein the first conpensation device, thel g Aitsii0h
scanni ng i nd the second scanni ng devi ce are made

naterial“gﬁﬁhﬁgvg t he sane' acoustic velocity, and mhere?%n%ﬂgzggﬁ?gr
acoustic frequency of the first conpensation device is chosen such that

di spersion conpensation is optimzed for the entire scanning range of the
apparatus, the first dispersion conpensation device being operated with
the center frequency of Z Mz, given by?Z = Xz7+Y2 , where X MHz and Y Mz
are the center frequencies of .the first and second scanni ng devi ces,
respectively. 21. The apparatus of claim1, wherein the dispersion
conpensati on scanner further conprises: a second scanni ng devi ce that
scans the pul sed | agser begmin S nd,..direction.different fromthe first
direction and that tuses i qgﬁ‘gtff?ab‘flztlhg %’0@%’9@?‘:% SAPERd a
second di sper ﬂhﬁ&s%@ﬁﬁﬁ@dﬂﬁ@ﬂeﬁ&!hﬁ&wﬁd&&hm&%&ﬁdﬁﬁgerﬂbﬁper si on
caused by the second, scanni ng device. 18 AUG 2004 WO 03/ 028940

PCT/ SG02/ 0015 foppensationrewices e diffragdongratings hayiog 2 lipgspacing syitghletfor, st and
second scanni ' refdnid i | n@ggmﬁﬁg s the first and
second dispergggﬁgﬁco%gg%sa I on dg%??ggkare ?%??action g@ﬁ??%gs havi ng a

| i ne spacing suitable for conpensating the dispersion caused, by the first

and second scanni ng,deviggs. 23. The.a rajus. of claim?2l _wherein the
first and second scaﬂni ng" e FERATRIEEO, B&ie%?@&”ﬁ?’g]émﬁdwgon _
conpensati on QRyic&Und MeHBCAY S¢RRPD Bisfersicifoonpisatictfdevitbeare Rsus@bpte of claim
23, wherein the first and scanning devices are acoustooptic deflectors and

wherein the fidewieesand second di spersion conpensation devices are
acoust ooptic nodul ators that further provide nodulation of the pul sed
| aser beam wherein the pul sed | aser beamis selectively transnitted or’
bl ocked. 25.. The apfpar at Tie apparetusipinla®, 23whereinthe first sndiscanningdewissond

scanni ng devices are oriented such that the fir .rection is

per pendi cul ar %a@mgﬁ@a&mw Whetelfthe k¢ ald feBbnd UifpEtidn
compensation devices are acoustooptic modulators that further provide modulation
of the pulsed laser beam wherein the pulsed laser beam is selectively transmitied or

blocked.

) 25.. | _ 'The apparatus of claim 23, wherein the first and second scanmng
devices are oriented such that the first direction is perpendicular to the second
direction and wherein the first and second dispersion compepsation devices are
oriented such that a direction of an acoustic wave in the first dispersion
compensation device is perpendicular to a direction of an acoustic wave in the
second dispersion compensation device, the first and second dispersion
compensation devices producing a negative dispersion that counters the resultant
dispersion caused by the first and second scanning devices.

‘26.  The apparatus of claim 23, wherein dispersion compensation
provided by the first and second dispersion compensation devices results ina
dispersion error below approximately 30% over the entire scan range.

27. The apparatus of claim 23, wherein the first and second
comi:bnsation devices and the first and second scanning devices are made of the




direction and wherein the first and second di spersion conpensation devi ces
are oriented such that a direction of an acoustic wave in the fi ridtAUG 2004
di sper si nsation device is perpendicular to a dir i f. an
acousticaaﬁvéﬁgagthe second di spersion conpensati on dev#ﬁ%&kﬁﬁgﬁé}rst and
second di spersion conpensation devices producing a negative di spersion
that counters the resultant dispersion caused by the first and second
scanni ng devi ces. 26. The apparatus of claim 23, wherein dispersion
conpensation provided by the first and®second di spersion conpensation
devices results in a dispersion error bel ow approxi mately 30% over the
entire scan range. 27. The apparatus of claim23, wherein the first and
second conpensation devices and the first and second scanni ng devi ces are
nmade of the 18 AUG 2004 WO 03/ 028940 PCT/ SG2/0Q151 30, sanme material and
have t he sanmesamedpaierial apdhaye V%ﬁ@%@&ﬁﬁﬂg“g‘@mqm&%m“ﬁmfrequency
of the Tirst Alghed £lis8 RRs3LoRA BHIREH SchirleAHBRULA@S id dhofhi@adN such
that di spersion” corpensation is optimzed for the entire scanning range of
the appar at uthat disperstomenmiponsation is eptimizesyfor the entiregcqmpingrange ok fsn a wor k

pi ece for machining or cleaning the work piece, conprising: emtting a
pul sed | aser BRPARt om a | aser source; focusing the pulsed | aser beam on
t he work piece; scanning the pul sed | aser beam on the work piece using a

first scanning device that scans the pul sed |aser beamipn a first

direction and that %use#‘méﬁ%@ﬂwgﬁp‘iﬁ&%ﬁ&é@%w{gﬁmmand

conpensati ng ];n%hiﬂggogk j 9’0@% r{sﬂﬁz first scanni ng device using
N conpensat | on t 9..

a first dispersi o] I ce. The net hod of cl ai m 28,
wherein the pul sed émisting dmidsed hiaer beamdrom aclaspe lsouree;t he range of

approximately. 100 pmto [,OXI bm...a. pulse wdth in the
range of appr oxi nat&%“&ﬁ?@?’%?%@%@%%ﬁé@%ﬁm y 1 fentosecond, and a
pul se repetition raganiing thepukaliger béanaqpthe workepiedeyusing alfgstisganning
approxi mately 80 nmegahertz. 30. The nmetho f..claim f her conpri sing
machi ni ng a s Gevigethat scans the p laserebeamma(tilrs?dlrecmnand?émca%eg
dispersion of the pulsed laser beam; and .
compensating for the dispersion caused by the first scanning device using

a first dispersion compensation device.

20. . The method of claim 28, wherein the pulsed laser beam has a
leavelength in the range of approximately, 100 nm to approximately 1500 nm, a
pulse width in the range of approximately 1 microsecond to approximately 1
femtosecond, and a pulse repetition rate in the range of approximately 10 hertz to
approximately 80 megaheriz.

30. The method of claim 28, further comprising maghining a surface
of the work piece by ablating material from the surface. '

31, .  The method of claim 30, wherein the machining has a spatial
resolution in the range of approximately 0.05 micron to approximately 100

micron.



of the work piece by ablating material fromthe surface. 31. The E{g@d of
claim 30, wherein the nmachining has a spatial resolution in the f 2l

appr oxi ng;ded 5 micron to approxi mately 100 m cron. T%*Gﬁz WO

03/ 02894 cholz% 2/ 00151 31 32. The nethod of claim 30, Jt)?urt e/rgaggrrpri si ng
converting a polarization of the pul sed | aser beamto a predeterm ned

pol ari zation state prior to scanning the pulsed | aser beam on the work

pi ece. 33. The nmethod of claim 32, further conprising selecting the

predet erni ned pol ari zation state dependfhg upon ‘a desired shape of a

machi ned feature to be generated on the surface of the work piece or

dependi ng upon an ablation threshold of the work piece. 34. The nethod of
claim 32, further conprising spatially filtering the pulsed |aser beamto

provi de the pul sed | aser heam w - sjred cross-sectiaonal size. 35.
The nmethod of cl ai msgB, fﬁkﬂﬁ%&%ﬁ&wgﬁn@'ﬁ%’ﬂmvﬁagﬁwﬁﬁﬂﬂed | aser beam
in a second diﬁo?&%md#tﬁé‘ﬁﬂﬁmaséﬂmw@ reflétrsdinedi oBeizativn stid pilpr & second
scanni ng devi ce that causes di spersion oP t he pul sed., |aser beam and
conpensati ng fssannifigsthe pulsadriassnbeampnthe WetkPiede first scanni ng devi ce and
t he second scanni ng device using the first dispersion conpensation device.

36. The method of claim35, wherein the first scanning the device, the
second scanni ng devi3de an@hé inethéd ofdlaini32 pfrthercompoisipg sdletingfiedevi ce. are

acoustooptic devices., 37.1 The nethod qf claim36,,fur [ i sing ,
nodul ati ng t h@mﬂﬁmmdlﬁwgéﬁ?%?“ﬁamgﬂ@q ﬁes‘{re%ﬁhg%éeggﬁ I(I:}%ﬁ)ﬁg%ﬁrrpensati on
device, the fi :gi RehetitO o BERERSAbS (5 wdflMpisR o dbpradiag upscmst oopt i ¢

2

nodul ator. 18 A0 03/ 028940 PCT/ SG02/ 00151 32
ablation threshold of the work piece.

34.  The method of claim 32, further comprising spatially filtering the
pulsed Iaser beam to provide the pulsed laser beam with a-desired cross-sectional

size.

35. The method of claim 28, further comprising:
scanning the pulsed laser beam in a second direction different from the

first direction using a second scanning device that causes dispersion of the pulsed..

laser beam; and
compensating for dispersion caused by both the first scanning device and

the second scanning device using the first dispersion compensation device.

36. The method of claim 35, wherein the first scanning the device,
the second scanning device and the first dispersion compensation device are

acoustooptic devices.

37..  The method of claim 36, further comprising modulating the
pulsed laser beam using the first dispersion compensation device, the first
dispersion compensation device being an acoustooptic modulator.



38. The nethod of claim 36, wherein dispersion conpensation provided
the first dispersion conpensation device results in a dispersion éBrkWSﬁhh
bel ow ap ly 30% over the entire scan range. of claim
28, furtﬁgfé%%ﬁ%§|3|ng scanni ng the pul sed | aser bean1|ﬁn§p%§§%§H'l
direction different fromthe first direction using a second scanning

devi ce that causes dispersion of the pulsed |aser beam and conpensating
for dispersion caused by the second scanni ng device using a second

di spersion conpensation device. 40. The3%ethod of claim 39, wherein the
first and second scanning devices and the first and second di spersion
conpensati on devices are acoustooptic devices. 41. The nethod of claim
40, further conprising nodulating the pulsed | aser beam using the first
and second dispersigg co nsa i 0 ‘ﬂgﬁlg the, first and second -

di sper si on conpensat?-on a dﬁ@?%% P%mﬁbﬂﬂmﬁ?ﬁﬂﬁn 42. The

met hod of cl aiﬁ{bﬁ&dﬂy}ﬁé ns‘iﬁéHJ(feQﬁ@ chﬂéﬂg&foﬁe yrthe first
and second di spersion conpensatlon d vices resu I spersion error
belom1approxumﬂay@mnmmm@ﬂ@ﬁoﬁhaeeﬁmpmueswammmange 43. The method of claim
40, for use in the direct fabrication of a photonmask, wherein said work

pi ece conprises a substrate transparent to ultra violet (UV) radiation and
a WV absor bi ng | ayeB89di spHisanethoi cfaiaim 28 fatthartcomptisisg: met hod furt her

fﬁQP“tﬁ'e”genE?Styr?'s'@a%ps' ok e gieed o B B o e n;sﬁ#%r?ﬁ#o%?&hbeam et

absor bi ng | ayegy o SR @Jé@tﬁatfcﬁ&@&tﬁ%s? ed18 AUG
2004 WO 03/ 028940 PCT/S 2/00151 33 a4. The method of cl ai m40 vvherel n

sai d W absor bilaggrbeapnand s  sel ect ed fromthe group consisti ng of chrom um

gold, platinum tun pp QQFQR% met had
of cIa|m40 for usg&lhﬁa’sﬁmg?l ng-a (%‘%E‘g%%?# 0 ﬁe wor gi ece, the
met hod f urt hersecadiispersiog compersationldevice.t he i ntensity of the pul sed | aser
beam such that the energy

Z
-

40. The method of claim 39, wherein the first and second scanning
devices and the first and second dispersion compensation devices are acoustooptic
devices,

41, The method of claim 40, further comprising modulating the

pulsed laser beam using the first and second dispersion compensation devices, the
first and second dispersion compensation devices being acoustooptic modulators.

42, The method of ¢laim 40, wherein dispersion compensation
provided by the first and second dispersion compensation devices results in a
dispersion error below approximately 30% over the éntire scan range.

43. The method of claim 40, for use in the direct fabrication of a
photomask, wherein said work piece comprises a substrate transparent to ultra
violet (UV) radiation and a UV absorbing layer disposed on said substrate, the
method further comprising:

controlling the energy of the ultrashort pulse laser beam such that the

energy is sufficient to remove at least a portion of the UV absorbing layer while -
not removing material from the substrate.




delivered to any location on the work piece is |ower than an abl ation
threshold of the work piece, whereby contam nant particles are rem)\&&ijzum
from sai ypisd8ast a portion of the work piece. 46. The pggl ?/OQESIM aim
45, wherein said contam nant particles conprise particl es smal l er than
approxi mately 100 urn in dianeter.

33

44. The method of claim 40, wherein said UV absorbing layer is
selected from the group consisting of chromium, gold, platinum, tungsten,
molybdenum, and alloys thereof,

45. The method of claim 40 for use in cleaning at least a portion of
the work piece, the method further compnsmg

controlling the intensity of the pulsed laser beam such that the energy
delivered to any location on the work piece is lower than an ablation threshold of
the work piece, whereby contaminant particles are rem;)ved from said at least a
portion of the work piece. '

46,  The method of claim 45, wherein said contaminant particles
comprise particles smaller than approximately 100 nm in diameter.






