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(57) Abstract: A method and apparatus for precision laser scanning suitable for precision machining or cleaning using an ultrashort
pulsed laser beam are disclosed. The apparatus employs a laser source that emits a pulsed laser beam, a dispersion compensation
~~ scanner that scans the pulsed laser beam, and a focusing unit that focuses the pulsed laser beam from the dispersion compensation
scanner on a work piece. The dispersion compensation scanner comprises a first scanning device that scans the pulsed laser beam in
a first direction and that causes dispersion of the pulsed laser beam. The dispersion compensation scanner further comprises a first
dispersion compensation device that compensates for the dispersion caused by the first scanning device. Effects of polarization of the
ultrashort pulsed laser beam on the quality of machining are described. Uses of the invention in direct fabrication of photolithographic
masks and in work piece cleaning are also described.
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| aser beam are disclosed. The apparatus enploys a | aser sour k&ﬂﬁ%Z@Uits a
pul sed | aser beam a dispersion conpensation scanner that scans the pul sed
| aser beam and a focusing unit that focuses the pul sed | aser beamfromthe
di spersi on conpensati on scanner on a work piece. The dispersion
conpensati on scanner .conprises a firstl scanni ng devi ce that scans the

pul sed | aser beamin a first direction and that causes dispersion of the

pul sed | aser beam The dispersion conpensati on scanner further conprises a
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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




[ 0001] This disclosure is a continuation-in-part of U S. Patent Application
No. 09/307,710 entitled "Three D nensional Mcro Machining wth g Agdgjated
Ul tr a- Sh@igoskeagap Pul se” filed on May 10, 1999, the enti Tg@m%@ﬁgf of

whi ch are incorporated herein by reference. BACKGROUND @?0 02] The present
invention relates to precision |aser scanning for machining or cleaning a
wor k- pi ece. Mire particularly, the present invention relates to a nethod
and apparatus for high precision |aser gcanning for m cro nmachi ning, sub-

m cro machi ning, or cleaning using an ultrashort pul sed | aser beam and an
acoust oopti cal deflection device. The present invention is useful for high
precision machining of a variety of structures, including

phot ol i t hographi ¢ masks. The invention is not intended to be limted to
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applications ipn the autonobile, aerospace and electronics i'ndustries for
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machining is not suitable for precision mcronmachining. [0004] In
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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.



efficiency of ultrashort pulse | aser machining” by Hoang et al. discloses
controlling the polarization of an ultrashort pul sed | aser-beam i h8 &U6 2004
machi ni ngyo §¥RgAss. However, the physical mechani sm underdofidi@ohB1

rel ati onship between polarization and its effect on machi ning has not been
expl ai ned. [0006] In addition, in conventional ultrashort pulsed | aser
machi ni ng, features are generated by scanning the ultrashort pul sed | aser
beam usi ng nmechani cal scanning systens, such as galvano mrrors. A main
di sadvant age of these systens is that ?hey are prone to vibration, ‘which
can adversely affect the positi.onal accuracy of the -scanned beam This
effect can be very detrinental in attenpts to nachine features of

submi cron size. Also, The use of mechanical scanning systens limts

scanni ng spee odt i . y! ?}’1—” plicants have
recogni zed thg?@gjsil ng aﬂg@ﬁéé@%ﬁ#@dﬁgg,vﬁg%ﬁﬁfé%’%tg 0 Egﬁ%%ﬁ?cal syst ens
f or beam scanmprovifded aThepuicisionssenivanningappamituy céamprises a las@rsoticethat Appl i cant s
have al so rec ' he use of .acoustogpti ¢ devices can ead to
not 1 coapl e i S & Pl e e ¥ FordirsP RS Sl b TS e mbET e
desirabl e to hawecbeam, dhd & fetiong unitthat €otubed 30y pulsed tasert@am\fiinete Wher e

di spersion from acoustooptjc devices is conpensated.  SUVMARY [0005] It
shoul d be enpKisBFEIon COMBRISIIOR SEADREFOM A WoHk Plegte s The dispersion sompersadon.  when
used in this spaeifd QN 'Eé)thﬁﬂs@ﬁi.sf tated -
features, int eger,rfsd,o t}%%;h%x?{ conp ?g%lts; ut t%eﬁ%%gﬁ%?ﬁ%%gggiﬁg?m does
not precl ude tdirectionraed ¢t causes dispelision ofithe pulseiclaser beam.e The dispersiamat ur es,

i ntegers, steps, conponents or roups. thereof. MO 03/02%%4 3 AUG 2004
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| aser - scanni ngomp@Rias £ thedispprsionicalied bylthe figst eeinfing devi@s er - scanni ng
apparatus conprises a | aser source that enm.ts a pE;I sed | aser beam a

di spersion co 1 The pwisegdasenbeam may haye a javelengtinin Q%fser_ beam and a
focusing unit | Qﬁk‘d‘%ﬁ?ﬁ%?ﬁ“@ﬁé@g&&ﬁ%@p It ehe rallea RET Si ON

conpensat i on stanner sl on conpensati on
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




scanner conprises a first scanning device that scans the pul sed | aser beam
inafirst direction and that causes dispersion of the pul sed | bsdlt pam
The di sp@igsizanagegonpensati on scanner further conprises apldristodésper si on
conpensati on device that cpnpensates for the dispersion caused by the
first scanning device. [0010] The pul sed | aser beam nmay have a wavel ength
in the range of approximately 100 nmto approximately 1500 nm a pul se
width in the range of approximately 1 picrosecond to approximately 1
fenmtosecond, and a pulse repetition rate in the range of approximtely 10
hertz to approximtely 80 negahertz. In addition, the dispersion
conpensati on scanner may have a scanning resolution in the range of
approximately 1 nanoneters to approxinmately 100 m crometer dependi ng on

the scanning nner may have
a scanning ran om acce %aﬁ%&éﬁ%sﬂf&é@ angeﬂmﬁ%%ntgjéﬁg?e&%ﬁ@%l
ni croseconds susfade)dr the worksdere ot deperdingupongmablatitiethrésked bf G wotk t he

acoustic crystal 0011]. 1 n. another aspe he i nvention, the pul sed
| aser beam of PiEfe b?‘" aryzafion, stale 1, ‘g‘ﬁ ?eﬁﬁﬁé ﬁﬁ ve a pul se

energy and anpgdlitizafié étite So#hdchin® Etanbmpuémmw a@u@ﬂﬁfﬁﬂﬁnz@ﬁon%té‘ pi ece. The
appar at us may have a spati al ining resolution in the range of

appr oxi nat el yfopmchiping a gicyley faagswoaadmoynn@mmm&%ﬁformm,a t he

appar at us may x@mf&\ﬁ at| al machining resolution of approximtely
one-twenti et h° a cross-sectional dianeter of the pulsed | aser beam in a

; ocused st at e[0g12]tInanctherfaggeet offthd ineention khe appacatus M:yefmvimt comjmcappar atus may
urt her conprj se pol ari zation c nverter t hat provides a i zation
state to the i"‘ﬁﬂ’f@&ﬂ W%e&n P&%@“éﬁf‘e&%ﬁ&%ﬁe sel ect ed
fromthe gr Ousbanpmaaéﬁxe@c@%s-@cﬁwréw m\aﬁaxﬁlfﬁéxema xvg Mol ate, and
a depolarizer. In addition, the pelart zat'i on”_eonverter’ may e selected to

provi de the pmthmdm%ﬁpwmﬁymd@m gratpy S desiredosppt sizpaf/thn 151 state
dependi ng upo @l?& Qgcug;d @15@8 oc‘:ﬁn%’ rat ed on a
surface of th Ci%af.i)l ece or dependi ng upongigéleeagﬂ% tron Eeng old of the
work piece. fogude die, pulsedlassribaam aib itherpis heleca seagndfecusingdatsdéitit t o be one of a
| H . -
L near collimates the pulsed laser beam emanating from the pin hole, and a diapbragm

that blocks an outer portion of the pulsed laser beam emanating from the second

focusing lens. _

[0013] In another aspect of the invention 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




pol ari zation state for machining an elliptical feature, a circular

pol ari zation state for nmachining a circular feature, and a randogAUG 2004
pol ari zafioQBededs € for machining a circular feature. [0@&fkchio@sot her
aspect of the invention, the apparatus may further conprise a beamfilter
that spatially filters the pul sed | aser beam and provides the pul sed | aser
beamwith a desired cross-sectional size. The beamfilter may conprise a
pin hole wth a dianeter approxinatelysequal to or greater thaw a desired
spot size of the pulsed | aser beam when focused onto the work piece, a
first focusing lens that focuses the pulsed | aser beamonto the pin hole,
a second focusing lens that collimates the pul sed | aser beam emanati ng
fromthe pin hole, and a diaphragm that blocks an outer portion of the

pul sed | aser GieRfoR @AM M6t disfeHdnBmpaRARE dediOCMSY BIofiR at sz%kgéer' n

anot her aspect of the invention the dispersion conpensation sc may

further conpr¥elative tosthe Siny seanaing idedcedrach hat the:first dispension ¢rmpoudaiand | aser beam

in a second gli i j : 2N i [ )vef he first

di rection and%ﬁ%&“@%%egg%@pe s@%ﬁ%?%h%%%%}%%ﬁw erein the
first di spersbythe fieshapé ssand sanmieydevizes dinpdditiod, dke dispersiors@aipsisaiorc aused by
both the rust_scanpin vi.ce and the secqnd scanni deyi ce, The first
and second scgﬁﬁﬁﬁgt’%g‘?ifg@mmnm{l ‘B%‘ano@??ﬂgiéé‘,d‘?ﬁrdm?he first

di spersi on COgRSHIRRW sPpro}amhtely 0% oveethd entitk Sdah 3&ige O Tng 'Rk Ng having a line
spacing suitable for conpensating the dispersion  caused by the first and

second scanni eupsasation devio, therfirstiscansing devitesandithessecatidspanning aavicemapensat i on,

devi ce may beI Ao S tic deyice . The first and. second anni ng

devi ces are acous o‘gﬁ%c et égaﬁé?dgl?aya%ae.fhﬁéa????f’s%v f?@'rt%lalfi onpensat i on
device is an eontenatonstid frequencyudfatiectirst domperdsationlievicpmay clitsen silgllthagt i on of the
pul sed |aser beam wherein the beamis sel egtively transmitted or bl ocked
with a preci.sfhﬁ??m?’h?ﬂ?ﬁ?asap?’@ﬂﬁ@%&meﬁ "Eﬁ‘&‘}s‘gé@nds. The first
and second sc fafig. devices may be oriented such that the first direction
is perpendicular to the second WO 03/028940 5 18 AUG 2004 PCT/ SG02/00151

di rection, anif0i4ldnapether aspechef the inventionytbe dispersion chmpcnsatipmseatnsr or i ent ed at
an angl e '
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may further comprise 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 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 dispersion compensation devices may be oriented such that a direction of an
acoustic w;we in the first dispersion compensation device is berpendicular toa
direction of an acoustic wave in the second dispersion compensation device, the

first and second dispersion compensation devices producing a negative dispersion




relative to the first scanning device such that the first dispersifa
conpensati on device produces a negative dispersion that counters éUGZWL
resul t anwodizepeusei on caused by the first and second scaporRkgogieodsces. I n
addi tion, the dispersion conpensation provided by the first dispersion
conpensation device may result in a dispersion error bel ow approxi mately
30% over the entire scan range. The first conpensation device, the first
scanni ng devi ce and the second scanni ng device nay be nmade of the sane
material and nay have the same acoustic velocity, and the center acoustic
frequency of the first conpensation device nmay chosen such that dispersion
conpensation is optimzed for the entire scanning-range of the apparatus.
[0014] In another aspect of the invention, the dispersion conpensation

scanner  nay thit'dolfbrs B REIIGR dspeRfod %eggmt%:g%}m%cans t he

pul sed | aser beami nrs second ﬁec%g&?@?ereg@/ rom rst direction
and that causi®gices. s'ﬂm@smmmwnmmmmeddddgzgehemeﬁmmmpmm he][
conprise a s & sat.i on. devi t hat conp es for
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conpensation devices rmay be acoustoopt| VI Ces econd
scanni ng dewmemmndmcatmb@dms&mdematdmpmsmncanpemmms rst and second

di spersi on cofpensa I.C coust ptl ¢ nodul ators that
further provide no %P@eeﬁﬁgf%%‘gf H.’gré beam wherein the pul sed

| aser beam i s[oeH]dnhnothdrwnbbﬁmam&tmdnﬁmoﬂohmdofb bbbl the first
and second scannhfagndew ces ,ay. be qriented such that_the first direction
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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.



that counters the resultant dispersion caused by the first and secon d@
scanni ng devices. The dispersion conpensation provided by the fi 8t AlGra0k
second dywgBlosde@ conpensation devices may result in a @rgREHSHARE € ror

bel ow approximately 30% over the entire scan range. The tifst and second
conpensati on devices and the first" and second scanni ng devices nmay be nade
of the sane material and have the sane acoustic velocity, and a center
acoustic frequency of the first and segpnd di spersion conpensation devices
may be chosen such that dispersion conpensation is optimzed for the entire
scanni ng range of the apparatus. [0015] In another enbodi nent of the

i nvention, a nethod of scanning a pulsed |aser beamon a work piece for
machi ni ng or cIeaning the work piece is provided The net hod conpri ses

emtting a puhp&he Red BePmbdid n he. pul sed

| aser beam on the wo yp| ecgl‘Io annr ng %h%ﬁﬁ a%g‘égm i ﬁmihe wor k

pi ece using aiISpersmncemmsan@dtemeabcﬁiSMmpem bdlick B&igg abeam i n a

first direct t. cau sper s of the pul sed Iaser beam and

conpensat i ng #g&to%ﬁﬁemg&gbt&; sﬁqp‘ggﬁﬁﬁﬂ% BmP?‘Teﬁ%’%"é%fﬂ? devi ce using
a first di sp%@rmmmmmnmﬁom&ﬁktamuaemﬁgamﬁ urther

conprise machinin surface of .the work piece by ablating material from
the surface. t?%'éesm AEthe pulseddaser sempepsaligg t i ng a

pol ari zati on i@fdﬁﬁb?s: &a%@e%l %@as@ntnﬂa %ﬂﬁw rization
state prior to scannin e “pul se aser gbeam on o] e%e The

met hod may fmoﬂpmammdnmee'memmbdngyﬁhﬂmmomﬁkemdﬂmmaatl on st-ate

dependi ng upqgn_a deS| red S chined feature ta be generated on the
surface of tﬁ‘és %‘?ﬁﬁ’é‘g r%f’ffﬁ’dﬂc%fﬂp%"&?dﬁﬂc‘ish%gml d of the

work pi ece. iﬁh@edﬁﬁdhﬁﬁcr%ﬁd@&%ﬁn&&lﬂé&bﬁ@g%@h&&hoﬁﬂh&ﬁ”ng the pul sed

| aser beam to provide the pul sed | aser.- beamw th, a desired
cross-sectional size. [0017] In another aspect of the invention the method

may further conprise srm@mgrm' SCRIPYOROF THESH k@@ a second direction
different fromthe first’ irection using a selég‘n s%glanni ng devi ce that
causes di sper[ﬂﬂlﬂlm 1 iscanpiliistration efsiprecisivrciaser scaoning apparetustsuitepld for

di spersion caused b Qt.h th first sgcanni % device .and the second

scanni ng deviRFECIIH PW?L“‘”&F% RIFSFAHEYERGR: devi ce. 18 AUG 2004
WO 03/ 028940 1g619] $58 22 A @l &nlillustration showmgthephenomenon of dispersion resulting

from a conventional acoustooptic deflection device.

[0020] FIG. 2B is an illustration showing the res;ltant 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.



7 The nmethod may further conprise nodul ating the pul sed | aser beam usi ng
the first dispersion conpensation device, the first di sper si on B AUG 2004

conpens afyifddfuh ce being an acoustooptic nodul ator. q}étdg
further conprise scanning the pulsed |aser beamin a secon I rectl on

different fromthe first direction using a second scanning device that,
causes di spersion of the pulsed | aser beam and conpensating for

di spersi on caused by the second scanni devi ce using a second di spersion
conpensati on device. The nethod may further conprise nodul ating the pul sed
| aser beam using the first and second di spersion conpensation devices, the
first and second di spersion conpensation devices being acoustooptic
nodul at ors. BRI EF DESCRI PTI ON OF THE DRAWNGS [0018] FIG 1 is an

illustration {?(1 FIGES'@mPi!lu&u%ﬁ&i g;ﬁig%@ﬁ Wﬁﬁé’a}genﬂs%lsﬁﬁh o [0019]

preci si on machi ning or cleaning acc i ng ?o the pr
FIG 2A is anFlG.Mustrati on showi ng the phenonmenon of dispersion resulting

froma conve Lection device.  [QD20], FIG 2B is an
illustrati On'@g%ﬂf%g%?%&%@é;ﬁ%%g% évglpsgngz @t& SRETIBN { he  two
acoust 0opt i ¢ congensatien Stﬁﬁﬁéi]niﬁbﬁrm%mmoaﬁs ad¢dubtsépitiaidefiection aypaist he

resul tant di sgerm ve val ue due tq t wQ acoustooptl c scanners al ong the

entire scan r single g ‘F?ESt??P@ﬁGE‘H °¥1’F§Rﬁm‘? Rpfsardingde teases) [0022]

FIG 2Dis a feéelnt.lﬁﬁ,éﬁ{bhon showing the resultant error after dispersion
conpensation u5|n% an_acoust ooptic device or grating as a dispersion

conpensat i ng (0827 ap%alaﬁuﬂ@tlonsﬂowmgtthﬁmp vican(view AAyoftheappantuswavel engt h
spaci ng. [00 %s é% iﬁ an illustration showi ng an approach for
di spersion co e ip ?n a single-axis acoustooptic deflection apparatus
accordi ng- t ofod28 I?IGeBémin illhstweod tmmng[aﬁ&ﬂél-]sldélvﬁw didw BB) 6f KIG:; ¥] ew
illustration @%@ =x§ ?Ib‘ilé?@f“l S sl On conpensati on _scanner in the form
of a two-axis St &P ¥ ¢fa machingd spafysingig oust oopt i ¢
devices for %mglﬁmm@ﬁﬁ@&bﬁ&dq&gWQ to the present invention. WO
03/ 028940 8 )

[0030] FIG. 10 is an illustration showing the shape of a machined spot using a

randomly polarized ultrashort pulsed laser beam.

[0031] FIG. 11 is an illustration showing the shape of a machined spot using an

S-polarized ultrashort pulsed laser beam.

[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




18 AUG 2004 PCT/ SGD2/00151 [0025] FIG 5 is an illustration ShO\iVi n@ t he
top view of the apparatus illustrated in FIG 4. [0026] FIG 6 il 8 62008
si de- vi ewg d3jgagdypat i on showi ng an exenpl ary dispersion GRARRRSASIsPN
scanner in the formof a two-axis acoustoopti-c--defl ecti on apparatus using
a single acoustooptic device for dispersion conpensation according to the
present invention. [0027] FIG 7 is an illustration showing the top view
(view AA) of the apparatus illustrated in FIG 6. [00281 FIG 8 is an
illustration show ng anot her side view ?vi ew BB) of FIG 6. [0029] FIG 9
is an illustration show ng the-shape of a machined spot using a circularly
pol ari zed ultrashort pulsed | aser beam [0030] FIG 10 is-.an illustration
showi ng the shape of a nachined spot using a randonmy polarized ultrashort

pul sed | aser %@mr&%%agéﬁg%ﬁré‘}?é%ﬂ%ﬁﬁaﬁé%?% r; hqowi ng t he shape of

a. machi ned sE)ot usi ng an 88®r beam [ 0032]
FIG 12 is anl00B6L¥lnasharipulset tastrrigarhdeavs h aaceled Eﬁaﬁhﬁaﬁﬁc&a&t using a
|G 13 1s an i

P- pol ari zed u*)%{gascggrt ﬁutaﬁse .laser beam [0Q03 . | lustration
of phot omask wadis pd gndeieo Of PPOLPDR3FSIng thAugk gogvaatianalheam pri or to
ablation of theuRbamiilentes @ mdblalditorRaki ARl 1o dﬁ%&%ﬁmg%&ga%ll IS an

illustration Qf photomask fabrication using an ultrasho | aser

beam duri ng affFStfesent Sfavelengths in tetwaneength spectofm. t Swchrdispersivhamkbe DETAI LED
DESCRI PTI ON [ 843k i nid-an_provi des...a _nmet hod and appar at us
for machining m c?%ﬁsg%rd sug-:}lﬁogggﬁ&@ﬂg&%ﬁs%‘ﬁgémcof a wor k

pi ece and/or dévimsi ng a surface of a work piece using an ultrashort pul sed
| aser beam hamsﬁ se widths  preferably of approxinmately 10 fentoseconds
to 100 picose ] GRfiny, dispersion gt ths laser es0 peerormerdiani cal beam

o | 6ot or ) L B b B A ool S BB L Bt 7 1% 7P ©
di rections). IrsRE bsnPHEC9 essing) thelaserbearmthrangh fhwyachistobpt®: @dlRétor, such

that the counter-dispersion. counters the dispersion produced by the acoustooptic

deflector. Such counter-dispérsion'may also be referred to as compression. For

example, dispersion compensation according to the present invention can be

obtained by using a pair of appropriately positioned and oriented acoustooptic

.. devices (e.g., modulators) or by usiﬁg a single acoustooptic (ievicg 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.




WO 03/ 028940 PCT/ S&2/ 00151 9 al so be referred to as a di spersion
conpensation scanner as described below. [0036] U trashor pul sed18aiér2004

beans hawe gs/osg04e! engt h spectrum of a certain bandw dt h gRgkdiRdeIs90
di spersi on upon on passing through conventional acoustooptic devices

(e.g., nodulators or deflectors) due to different Bragg angles for. .
different wavel engths in the wavel ength spectrum . Such di spersion can be
detrimental to the resolution of a machjgning apparatus utilizing
acoustooptic devices. [0037] In the present invention, dispersion of the
| aser beam due to one or nore acoustooptic deflectors is conpensated by
produci ng a counter-di spersion of the |aser beamprior to passing the

| aser beam t hrough the acoustooptic deflector, such that the

count er - di speiFgt 9 fineafl§ polafiyed vithRnalt EE%Z%QPWEPOMM&B@ ooptic

defl ector. Such countér-dispersion SO be reterr 0 aS cofrrpression.

For exanpl e, seftopdhemachined iplerbesar dlipticcshapedviegein thetdirectipnesthot i nvent i on
eoustoopt | ¢ el diptit of BTt of RBRABILE o kPR E A coLst oopt i ¢
the some mat eldsad enbiphds MIGkHEE AR PIrédomiRnAf biody hF Are@ion BPUE elebihe Mt eri al

may be TeO2 or other suitable acoustic crysta known to those skilled in

Ejhe. art. The ?éﬁtwol ¥ (disgctionof polfirizati h’en)difiqm.snamnal' ial mayThbepeddminmmtipcoust oopti c
evice is prefer sgn . such t hat f i spersgion.. GO nsation error is
i ni mi zed for aﬁﬁ%&)@%ﬁ&g g&%;ﬁ%#’ﬁ&%%&@’g%ﬂ%&@r %@r ﬁ%zﬁ@&m can be
focused on a emibe qoneoledumil appropriatyISifig toPrdvideloptin®8s mavuisgh 1S preferably
a scanning | ens, ,elﬁégntrl c . Jens, or the like, pf)Sl tioned a distance from

t he di spersi ofi® 08t ProsFRL TR Promeshining copplex deaires #i8 he  front focal
I engt h (fOrWa'é&'va‘ﬁﬁgé’duﬂﬂ)ﬁﬂe%&weﬂh&forkhﬂombﬁr&%h&ﬂﬁxpg%tﬁ%& piece is

preferably positioned at approxi mately the "back focal ack working
di stance) of beamsocusing | ens. [0039] The shape of a machi ned hol e

ol ar  zati on NEPEH AR i URRERR BF RuliBh arpdiprer Gt dPenCent on the
commonly used materials (e.g., gold, silicon, platinum, copper, aluminum,

- 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



18 AUG 2004 WD 03/028940 PCT/ SE2/00151 to For a linearly polarized
ul trashort pul sed | aser beamw th an overall circular cross- secti bh AU Alg4

. machi neg,d@legsfaigs an el liptic shape wherein the directi ¢pricobbfs1
ellipticity depends on the direction of polarization of the beam For a

circularly polarized beamand a randonmy pol ari zed beam the machi ned hol e
has a circular shape. A possible explanation for the

pol ari zati on- dependent hol e shape is thagt the |aser energy is absorbed
nore predom nantly along the direction the electric field vector
(direction of polarization). Hence, material may be predomnantly abl ated
along the direction of the electric field vector. Accordingly, polarization
can be controlled and appropriately shifted to provide optim zed nachi ni ng

according to phechie ﬁ’%;iﬂ;ﬁg&ﬂhfc?r}cmﬁﬁﬁ Chi ni x feagtures, it is
advant ageous to Sse&glt er circular or rardcn%/cg%gﬁlgﬂ})@gé’rﬁf"?r ashort pul sed
| aser beans. ifveivflenabiesanathiningrcomplex wicrof anthaibtohisdon fixerradwiti v@p t hr eshol d

of nost of the, corrion% used materials (e.g., gold, silicon, platinum
copper, alum & APOHS Ytitani um etc.) depend on the polarization

state of the @OMRIPORDIse of teGRskent iavetions ¥ LbkRAiGHfPhb@thbiagahol d was

found to be a mnimumfor a_Polarized ultrashort pul sed |'aser beam and

hi gher for anm8sk§dphotomasks), | Usingthepresept invention, theabsobingdayerefamadki r cul arl y
olarized ult s l s found
Po be of i ght | SARe SftbatnB R B it ibca BhGH el b P AERIES | OT1
present i nvenpicoessi The aftesshort milsed daseh leamdntémity isrprefofably contolled $6&cht han one
twentieth of the, fogcused ot size of the trashort .pul sed | aser beam
This can be Zheﬁ%aﬁﬁ’%wz%‘?aa@%qwgmemr W&‘%ﬁ%‘?&'@a%&g’}t slightly
above the abl aitis@ite. The preenk chvehtion/etn provide a st alactokdefRétheitdBhiueRpt r ol | i ng

the nunber of |aser pul'ses at each target spot on the work piece. Al so, an

ul trashort pulPBepmaskpeedustion insprmparispr fofonyesignal thoeraplis pipcessasendita i on
facilitates ggnghrior B, 'cSEmglfef?ﬁM&gaéﬁé mm{%ﬁ““%ﬁéﬁﬁff’%ﬁ’%@g' on using

di spersi on conpensati on acoustooptic vices (e.g., enabl es
very preci se ¢e048})Inladdition)the presdné inveritiop camskesused for elehningsuyfates gfsiodkt on t he

devi cbs accor BFRG DGR REebr Y BRecSiny Dh G GRS Bl et PSR ©
is controlled such that the energy delivered to any spot 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



pul sed | aser beam at very hi gh scanning speed, resolution and accuIﬁguﬁ !
whi ch are 18 AUG 2004 WD 03/028940 PCT/ S@&2/ 00151 11 not achi evab mng%
nmechani cylo Gf3g9ipng devi ces. Accordingly, the present i pgiide@goRpab! es
machi ni ng conplex mcron and sub-m cron features with very high speed and
accuracy. [0042] One use of the present invention is the fabrication of
phot ol i t hographi ¢ nmasks (photonasks). Using the present invention, the
absorbing | ayer of a mask blank can be_yenoved directly with an ultrashort
pul sed | aser beamin a single-step proCess. The ultrashort pul sed l-aser
beamintensity is preferably controlled such that the absorbing |ayer of
the mask is renoved without affecting the transparent substrate. The
present invention can provide a fast and cost effective technique for

phot omask progﬁlﬁﬁ%ﬁ?-' ﬁm' ' || hi C. pr.ocesses
and is capable o g.%% cati ng cogpoflg}(ecagﬁ%@g#és S Wﬁ%@g ‘%rt'r‘f%d

sub- m cron f etd ¢ithes picodeCindf femtosedatidtpuize widths and penvidite tegdrioen can be used
for cleaning surfaces of kK _.piec an entirel ry process. The
intensity of F@%%ﬁ%Bﬁ?%ﬂ@Wﬁ@gﬁﬁm%wedﬁﬁ%%mthat the
ener gy del i veos thel @phdiYios Rirétient. N Phe\RifrkishBit 9aRed Iasek B 101 fiafdrablye abl at.i on
t hreshol d of the work piece surface to _be cleaned. The beamis “scanned on

the surface oPass¢icthrgyehka b Elteringmeshanis, syhighapay compeise ¥ fsesingilags on  t he

requi renent of 8 i fEl Gl W il 21 [t pul sed | aser
beam for cl egor??éﬁgaﬂ{aeggslgvéé%ﬁ%&é&ﬁ%&%ﬁ%@%ﬁ%é?@%@%h | ong pul se
wi dth | aser ) (mﬂ_inligtingdéns)ils?’,r:haﬁasﬁllus&ubd ﬁtﬂlﬁad:em&ﬂacﬁhelﬁtbﬁggti VFI- ar eah
cleaning, the ahjlit enpve. yery ust particles (smaller than
T00 > and spotanseithe desteEoeity ThABlered sl atc tantr Based: ne
present i nventdséibeam 109 fronihe NS U3 iten PRAMIY pRsks tRoudEcidnY Bpdafiged uses.

[ 0044] Exenpl ar é enbodi ments of the present Invention.wil|l now be described
in greater d&Fdiaphragmlds whigh fustherimproves thg nent of

s qual
the invention g fedbelthCShs Skl my;# aofilibhks for mcro
machi ni ng, sugfﬁnlecro rraqlgﬁlbﬁ%&% orlcl ean ng eﬁgi osggl%%ouéﬁg&i)sper si on

conpensat i on $gnadireidgentamedivngdSi Mhe beanal@6dheémrpafieSthrdyghfaatispersionpl e.  The

XDl 2y 2PPRLL Ul MSEEADES, ot Gon e IR 430 B35 8377 0© 10, Wi

combination of three acoustooptic deflectors 16B, 18 and 20, such as illustrated in
. 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.



generates an ultrashort pul sed | aser beam 101, preferably of pulse width in
the range of a picosecond or a fentosecond. The pul se can be an dmphlGfi&id
pul se orw%ﬁ)3/65§4@004 WO 03/ 028940 PCT/ SG02/ 00151 12 an upgmlbfdigf pul se
depending on the application. The apparatus is not restricte to either

pi cosecond or fentosecond pul se widths, and pul se wdths larger or snaller
than those of the picosecond or fentosecond range nay be used depending on
the application requirenent. The ultrashort pul sed | aser beam 101
preferably passes through a beamfil t dPi ng nmechani sm which nmay conprise a
focusing lens (objective lens) 11, an aperture (e.g., a pin hole) 12 and a
focusing lens (collimating lens) 13, such as illustrated in FIG 1.

Details of the filtering mnechanismw |l be described below The filtered
and collimated ultrashort pul sed . lL.aser beam 104.f,romthe_|ens 13 then
preferably pa&eeiG%PB%e%éiosewg%W&mﬁ‘ii‘“ﬂ?ga begfiscyssed whi ch f at her
i nproves the baaw quality by trimmng the edge of the beam The filtered
beam 105 t hen ?asse_s through a polarizer (e.g., a birefiingent

ref erabl y,
medi un) 15. T@B%W.W ylsashortpylsethlager heam bk thempasssspensat i on
scanner DCS, ' [ S36L w%ﬁ : ination of
t hree acoustog‘%%l{gga(ﬁcfulgglgrg?g 16B, %gﬁga)?g’ ,ﬁéﬁﬁfegglyﬁﬁe%%{ed in FIG
6, or four acleostscampingdenseobjentive less, bl immersjonliehs aonth@like. sThebeamm 118 | ust r at ed

L
conpensati on fgyitePén a s 25%5:ﬁﬁ%%ﬁfg}%%@ﬁg@ﬁﬁy%&%%ﬁer ve as

acoustooptic nodul ators for selec . king and transmtting the
beam The pol morezmﬁnopaxp%aqdrwamﬁdwfoahnezammgIandlan@gplaamevmnt otate the

pol ari zati on 'E%e?iﬁ%ﬁiélﬁ qdl g@gg PAmef j | ci ency of
t he di spersi oﬁf%%ri“slé&rrjéla 1'on eqléf)élgfgr |‘nti?€e ex%?rp@é&gmﬁﬁé%G (or the
di sper si on copieen@agstpsurfied theangb ke bédn splitie624.i | | ustrated in the exanpl e of
FIG 4). [004 SC in m 111 fromthe dispersion co ation
scanner DCS | M&?F@%M@M%ﬂ?ﬁﬁ° ?’C‘(’Zsﬁ"mﬂ’ %ﬁﬁnﬁgﬁ hi ssi ve
mrror), and PhentrAgplitdtion No. 09807, 10leRASS BSabold, Qaibe We® &) évnirdlthé ON
converter (or polarization shifter) 22, which chan&gs t he pol ari zation

state of the disparsiomenrepepsation scapnes HCSH{fo beans scapnipg)y tigdaser source 10
(e.g., for beam pulse intensity), and the stage 25 (for work piece motion). In
addition, the controller can control acoustooptic modulators (for beam bloclgng);
these acoustooptic modulators can be either internal to the DCS or they can be

additional 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




states such as circular polarization or linear polarization or elliptical
pol ari zation or random pol ari zation, depending on the applicatiothW&Z%he
machi ni .18 AUG 2004 WD 03/028940 PCT/ SG02/ 00 details
on the e egﬁgﬁéﬁ pol ari zati on on m cro nmachining wll bé%éﬁ$§a§@§ﬁ bel ow.
[0047] The pol arization shifted ultrashort pul sed | aser beam 112 then
passes through a focusing unit (or focusing lens) 23, which is preferably
a telecentric lens, scanning | ens, objective lens, oil imersion |lens, or
the lice. The beam 113 fromthe focusi My lens 23 is focused on the-surface
or the work piece 24, which is. nounted on a stage 25 for noving the

wor k- pi ece. The stage may have two or nore notion axes and nmay provide for
|l inear, rotational, and/or angular novenent of the work piece in nultiple

axes or directjons..T aner nonitors .the wor iece,(target) surface
t hr ough t he béﬁ%ﬂﬁ?epgﬁ%fi.ﬁ&é‘iéﬁm%ﬁm%%ww ACPISHC BAYS o1 nor e
control | ers (ney visaem). Mmﬁ.m&mﬁ&@ﬂbgm%isﬁﬁi&%m- 09/307, 710

referred to above, can be used to control the dispersion conpensation
scanner DCS ( faGPUsiRORtic devigs el )jin a greater amannt efliintisal shape (of thy machised beam pul se
intensity), ang#depstage 25 (for work piece notion). In addition, the
controller can cont?of acoust oopti c ‘nodul ators (for beam bl ocking); these
acoust oopt i c riB0R0] Nispessianeneciye besause acoustoomicriaflectors sdi@s MOGing gratihgsy can be

addi ti onal dew.ces. external. iO.t . reqver. the contrql] er (not
shown) nay b%&ﬁ%&g&fa’?f%%ﬁ%ﬁgﬁﬁoﬁ? %Waap%gvsgﬁé&am{eau carry out
a desired maahé PdroOrder bE@s sndFistcede difiRdlioh Bedsh 18- exfiRésedbs Appl i cation No.
09/ 307, 710. [0049] The ultrashort pul sed | aser beamis expected to have a

finite- wavel ength bandwi dth. @réifably, the wavel ength bandwidth is
narrow (e.g., 10-20 run or less). This' finite bandwdth |eads to

di spersion of ykge 1) iy @6 havdlenpthl cT ek ihaidedt HBRAM is Ak ARGP Aduélyopf an
acoust ooptic device (e.g., deflector) as illustrated in Fl 2A. An
ul trashort puldefidctoradry iethavelodily of thedeaustic wavepropagpingda theefystabhds  f ocused
onto the work piece, may generate an elliptical rather than circul ar
machi ned spot nied aboves ao falteishogicpuised faserEhrot enoneshrometicdight bt comsistssifape of t he

small spectrum band (approximately 10-20 nm). The lower wavelength portion of
the spectrum bandwidth will be deflected at an angle less than that of the higher
wavelength portion of the spectrum. Therefore, the disﬁersion of laser beam
occurs. The dispersion angle can be obtained from the separation angle 0

| MO =S vy =R fulVy = AN [V 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,} .



machi ned spot depends upon the di stance between the acoustooptic device and
the surface of the work piece, and al so upon the design of the 18 AUG 2004

acoust OoRlg @3 deMh ce. Shorter wavel ength acoustic waves ippri@yafsEsti ¢
crystal of t{1e acoustooptic device cause relatively greater dispersion.

Hence, the anount of elliptical shape of 18 AUG 2004 WO 03/028940

PCT/ S&2/ 00151 14 the machined feature spot will be greater for shorter
wavel engt h acoustic waves and vice versa. Al so, larger. distances between
the work piece surface and the acoustléopti c device result in a greater
anount of elliptical shape of.the machined feature spot. [0050] Di spersion
occurs because acoustooptic deflectors act as noving gratings. The
scanning beamis its first diffraction order. The separation angle O

bet ween the - order beam and. firSt-or di.ff,raction heamis expressed
ne whore A TOSER YRS tp SOTRRRON: Tt i e Plireg RS b, 2R, 701 g
frequency of jivBRion@edvidsiont oPfid aéoustodpticiRviced BToipernhte foredigeRivat i C wave

n

propagating in the crystal. As naoted above, an ultrashort pulsed |aser is

not nonochr of@EekbY PGHOr TRARE acoysteontic deflpptops indha ¢ispeEsRnqampsnss

(approxi mat e ééu%é)'ug& foF beand 8nrifY O or VRIS ML Br RAY dispeisi®f The spectrum
bandw dth w FI e deflected at an angle less than that of the higher

wavel engt h posapensation acoustogptiscierioes mayrbe intrasiuced nrivs toja tpeAts SSANEAZ | aser beam

PTG - Aot a Ry B e s AeSRn B AR B REBRTIENLRE T3 Py
part of the ﬂﬁeﬂkfd%bﬂ@ﬁﬁ%g_édﬁaﬁoh@m&ﬂﬁéysiﬁﬂdaﬁéscmﬁrwﬁeﬁmmd he
bandwi dt h of the spectrum_ The

spatial profile qof the |aser, beamw || .be
stretched i ntWoraXispqappar; Moqu-rﬁﬁ%%am@%m&?%wwc deyeesn
el liptical bealpe thpfoybdfdrldisyebion tarbehdtibn.gur es 2A and 2B. In an exenplary
appar at us acco?g)iengiptg thé 3 eslent i'nvention, there can be two acoustooptic

defl ectors. [032kA pinciplertehind dispersior eampepsation aqeonding @ the RIREEE Al so, the
b an el || pt iRl Frab @bl fBeeaty RS WGLCIe il Sl TERC 1 1O
2B. The finalyo g&ssmgu&bu:gh thé sugtungitoustoopiicedevivea ilm patticulanytio @eﬁmio@n angl es
in X-axis and Y-axis, AQO,. and_ . . . . .
dispersion produced by the dispersion compensation acoustooptic device is

o;;positc to that caused by the scanning acoustooptic deflector, but the magnitude

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




ABy , and is given by AO = A9, 2 +Aey2 . 18 AUG 2004 WD 03/028940 UG 2004
PCT/ S&2/ 00151 15 [0051] In order to conpensate for dispersion of 1tahé

pul sed | wgapkeag the present invention provides one OpciMdeodgAYSt OOptic
devi ces to conpensate for dispersion caused by one or nore acoustooptic

deflectors in the di spersion conpensation scanner used for beam scanning.
For exanple, one or two dispersion conpensation acoustooptic devices my
be introduced prior to a two-axis scannjng acoustooptic deflector
apparatus as described below. It shouIHgbe not ed, however, that the

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

behi nd di spersjon conp ti.qn a digg to.the sent, | ntion is to
pr oduce coun?s¢v€°ﬁ?§if&-§‘?§§ﬁaﬁdﬁ’%§5‘%ﬁﬁ§eﬁ5‘ﬁhe lgé‘gw?eﬁ'sl@mgéi'ﬂf’b‘fl or to
passi ng t hr owgdin BOLn 3£, NAFHeh, FHRH | 216y, iC&n bk Recdakdtiopybar , the
direction of : dispersion produced by the di spersion coppensation

acoust oopt i ¢ beWTh . dilbsTheEas beamaRl-lwesiaially defleeicd sAMPA acoust oopti c
defl ector, b lE%n'@Qﬂ'SbP—ﬂﬁue ?’fdﬁiﬁ'b@%ﬁ%%‘@fg‘%ﬁ%%m as that

produced by t scanni ng acousto S Wil be described
in greater debeéspobdihgiwdeflcd®@83ia gicater angle thdn heam384-adn éeanppdsite y di sper si on

300 ent or st GBS RIBH 8 dBwER bp Geecion A0t B BRElE bBER D2 an
= boam bl ook ‘Taav? SLaERad, 8 vdvehRth bEvell) may A L B i on Mo,
09/ 307, 710. RBspersBddcommpsnsatcd bearmsy Iy thiniregdrd, deflector A maay Yeatiowedns 7, , 1 and ?
i T aoti on. 0l SeiBlCoRRRebh BRUTERO DA bollo WY | |
respecti vel y, beavieweslas providitediepefsicn comiperisation fondeflector2lie bedsesanfs
i Scussi on, | iRt Sl orh BoVIREPES A oeH At LE SRR s an ). G ven
the Bragg rel@idinficabed by beam801-Pand 301-n. .
Ew&qInasmghaxksamﬁmganmgﬂmmm;smhasﬂmﬂﬂmﬂjnFKiS,ﬂm
ammmuxmﬂcdcvke200canbehnauxw&xpﬁcnxﬂnhumcmkhwdathan@g
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
aaxmuxmﬁcdbvheZOdandﬂwzwmuﬂxmﬁcdbﬂaﬁerOlan!oﬁmﬁaimwhﬂmt
uﬁmﬁcvmwxinﬂwaamﬂhcqmﬂhofmcmxmﬁmmﬁcmwke2m)uﬂddmmum
201 travel in opposite directions to each other, the acoustooptic de\(ice 200
pnﬁudngdhpmskmjnanqumnedhaﬁhmtoﬁmtammaibytmamﬁkaWZOL
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
mmwﬁénm&xhlaﬂmanmweﬂmsmm:mmunhvdmﬁw;'
mmﬁlEwmv&hﬁqwmbnmmmawﬁm;mmrumbcﬂmwnﬁmamdhmmmm
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
bynmﬁmhmgﬂmdkmmwbﬂwumdmmwsmMHmQZOL Mbnpwn,mhbgm1
v&ﬁhnmybeunmmmuhmmgqnmmﬁmbth&




those skilled in the art, beam 301-1 is deflected at a | arger angle than
beam 301-n. As illustrated, beams 301-1 and 301-n then enter defl g&tAtl 2004

201, reswldisnggdsy zero- order beans 303-1 and 303-n and fihRicoobdEST
diffracted beans 304-1 and 304-n. Beans 303-1 and 303-n can be (g?ocked

wi th a beam bl ock (not shown). The angle 18 AUG 2004 WO 03/028940

PCT/ S&2/ 00151 16 between beam 303-1 and beam 304-1 is 01, and the angle
bet ween beam 303-n and beam 304-n is qt;l. Agai n, given the Bragg rel ation,
it can be seen that 01 > On because X, > X.. Thus, whereas beam 301-1 was
initially deflected at a greater angle than beam 301-n due to di spersion
by device 200, beam 304-1 is correspondingly deflected at a greater angle
t han beam 304-n in the opposite direction as a result of diffraction by

defl ector 201 Uil . q@ ﬁg . - eans at

wavel engt hs iﬁmggt ween ’%‘Jyte'jgcag%r I ng ;ﬁ%g‘s@gﬂg'?gée}?ﬂéa&%& cr may

di sper si on- coemgloy tweeatobsteoptic dévices positionedjpriat,to dexfrdspmiding s20dstooptc be vi ewed
as providing,di spersian conpensation for devjce 200. .Equival ently, device
200 may be v?&%@mﬁtﬁf : ??&‘P&%B%‘rs‘g‘bm#wgﬁg&%ﬂﬂﬁ&mm ector 201,
because if dfreclipersRilcompetaivnGuimads divetiaed nFIGhaand W@lsd suf f er

di spersion, sigi lar to .that indicated by beams 301-1 and 301-n. [0054] In a
singl e-axi s sPSAMSIORBRC ARSI ROMpensatipaidetice 19 1s osiented elptiveter| G 3, the

acoust ooptic 1 : I I s QL dat its
Bragy angl o SPUERESnGRR 183 nA T ERARR b fes TRL B0 SIUAELEC D1

def | ect or 201theacoustoeptizrderice @6 awd deflectori8acpyeldin gppositodirectiznsto sachf f i ci ency.

| mbodi nent , ..t t oopt.i ¢ devi d, th t 0opt i
dof 1 oot or 20190 Spla 35 EaUPHPHEfeviE S8 End 0 b enien AL B ot | ¢
crystals of theuaRovvtORRhd scotifticicERtPOGheRDuddeiptie dbvde 16A0ddlaeAstslr 1 N

opposite directions to each other, the acoustooptic device 200 producing

di spersi on i n2@#2tshBoenppdtcdliteetions reactyotheraThe aepsteopsic demise déprdect or 201,
oL e R 164 SR AAE SRR 9 SR B it
t he same acotstacaustiaéenystalslof each arzamade aith thesams apezifivations] such eel ocity. [ 0055]
Even Wi th di s pey ol RS 580 ot 5080 s BOf Ry W kP ST 0"
made as short as poss'ible to minimize the ellipticity 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



in the emanati ng beam However, the, anmount of this resultant dispersion
can be decreased as the distance between the acoustooptic device 200uand}
def | ect ofyo2RB3h24939 decreased. In addition, there is a fini E@S&&g@h\gﬁ dth "d"
corresponding to the distance between beans 304-1 and 304-n, but this beam
wi dth can be mnimzed by Mnimzing the distance between devices 200 and
201. Moreover, this beam w dth may be condensed using appropriate optics.
18 AUG 2004 WD 03/028940 PCT/ S@2/00151 17 [0056] Simlarly, for two-axis
scanni ng, the dispersion conpensation & anner may enpl oy two acoustooptic
devi ces positioned prior to correspondi ng acoustooptic deflectors for

di spersi on conpensation. An exanple of such an inplenentation for the

di spersi on conpensatjon scanner is illustrated in FIG .4 and FIG 5.

Acoust oopti c g ' j ice 16 .5, oriented relative to
acoust oopt i c ‘%gﬁj Q‘ggg'?%ﬁr)&fggsqg%%i? hﬁ@{eﬂ!ﬂggg@%&% ‘8%‘\‘?825‘?%9? f¥iEddbust i ¢
crystals of trdveligrinustirectivnirotattd \I1BS Geghées anthe dlobitwiss difecliOn telalivelo i N opposite
directions to,each ,other t he, aco,usiéopti ¢ device 16A and 20

CSimilarly, :
are oriented @%E??“f%‘l’av?ﬁ‘@vejmb‘hg‘%?é’“ﬁﬁmqeﬁcq showa s HiG. 4 Kpst al of the

acoust oopt i ¢ iRdivedidsl @ GHRgalG ik 8Ech@hat itfRoducdEdispete@BRRS Idge di rections to
each other. The acoustoogéi c device 16 and deflector 16A and deflectors 18

and 20 are dremaspting frem d6B inEIG: 6/0f he spine ghpsyrtspistigas dispesedibasnsklilc crystal s

of each are 1 t | i s{i.c velocity
and materi al r&ﬁlﬁg%ﬁﬁfn gwr%ﬁﬁﬁgﬂogﬁie‘%%%mﬁ@%%?%“%?%gfﬁﬁy made as
short as pgssldadml'msgbwhmm.uhﬁltehdﬂdabdm%aﬁhd&e%sm@ﬂbﬂ@gﬁeldigsper si on
conpensat ed scagnnin m T i,stapce,"b" ma e considered a

di st ance bet%@&hﬁﬁigﬂﬁ%’ﬁw@gﬁ%%w{?ﬁﬂ@éﬁ%ﬂ% B GREE (e. g.,
conpri sing deftifiicy h8 tabthe 2R FstAD AR dS WAL Blel same SpdcBchdons, unit (e.g.,
conprising deflectors 18 and 20). [0057] An alternative exenplary
arrangenent f®ch ahacousticyelogityoand seatgsiah s The distance CethindfIG: §ris prgfsrabll s scanni ng

Such devi cas SRRSHAPR fpdBREaRAR- FRMERRRLAY iR BpgiCoC © 11
Referring to édigpessatadistaming bedi L L. €The distdricés"c"tmayrieGonsidaradia Bistance8, a singl e

acoust oopti c di spersi on conpensation device 16B may be | oyed rather than
P betwgen anacoustoogtllg: dr%spcts%on compensation um%(e.g},/ compr?sq;% y

acoustooptic device 16B) and an acoustooptic deflection unit (e.g., cbmprising
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 -



two acoustooptic devices, such as devices 16 and 16A illustrated in FIG 4
and FIG 5. The acoustooptic dispersion conpensation device 16B 18 AUG 2004

ori ent edyiylggasdsgat its first-order beamis dispersed al ggddisos@ie axis
and direction as that of the resultant beam 111 enmanati ng {gr(%)rr/l ?ﬁe

acoustooptic devices. 16 and 16A illustrated in FIG 4. That is, the
first-order beam 108 emanating from16B in FIG 6 has the sane
characteristic as that of the first-ordgr beamemanating from 16A in FIG
4. This result is obtained by orienting~the acoustooptic dispersion WO
03/ 028940 18 18 AUG 2004 PCT/ S&2/00151 conpensati on device 16B such that
the acoustic wave in the acoustooptic device is traveling in a direction
rotated 135 degrees in the clockwi se direction relative to the acoustic

wave traveling,jn i i 16 shown.in FIG 4. In other
words, the or %é%’fg%s?on 1S g&}gﬁ@%g’?%&%ﬁﬁg&&@%&%&%%@ﬁm 108
emanating froxertd®fithe searfingfrande. tTherefoaerromplteadispersicil dofpasatbins@ebsed beam
111 shown in G .4 (the beamresultin romthe effects of the of
acoust oopti ¢ 8€v"ce§ttﬂi%en§ﬁﬁpm%§%’l6we‘ﬁ’ﬁgﬁcgl ). It should be noted that
t he acoust oop{i0s1Pepiria di%&sioﬁ'&dm?&é&tﬁﬁbﬂiﬁe b hs Shbval B FIG 38T abl y

r

designed for the same or different Center frequency and that the acoustic
crystal s are Wiema dispersion sompassation devidei (e.gtiannequstogpiicimoedilatarpisst i ¢ vel ocity
and material. The distance "c" in FIG_ 6 is preferahk de as short as

possi bl e to nPperaed with e Wrﬁmnwf&memhMZmﬁﬂgb@vmmﬁ

conpensat ed scanni ng beam 111. The distance "c" may be considered a
di stance bet WeEmandnY Mi3ziare dgrenter fieqpemiesiof thedwmaeoustabptivrdefleditdrs foz. . |

conprising a : [ Ges i . .acoustooptd ¢ defl ection unit
(e.g., conpri E%B%%?%ﬁé l%g dﬁ%?@ﬁ%&%ﬁ#ﬁﬁ#@%%ﬁ PIG 6,
wave plate 17 dewvice, tergratingespading showld bt biosernoaostspond foahsleffctiv: gritgand t he .
acoust.oopti c def] eg}or 18, and wave Iatg ﬁﬁiﬁs i%duced bet ween
acoust oopt i ¢ SeACINE Of AR copRooRig doyjes Grive Oh L 8s 9§ AM%on state of the
ultrashort pulisgd] Aap&coRBREL Eeé"@t’ﬂ'i%b' tcﬁl?béaéxinb' étfédea@ Bginf :
acoustooptic (5evi ce.%ﬁ%cfoiE@i en)f:y Int |1§ﬁlrlegard efer sﬁ%éo&%tﬁ% re %.fti ve
intensities othemil_mimsge. m&mm@nbaamampemmwmmer beam
maxim zing t h%ox%it;o'n% fillsifated in Figure 2D. Dispersion error refers to the amount of

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,



refers to maximzing the intensity of the first-order scanni ng beam
relative to the zero-order beam [0059] As far as a two-axis deflBebdflli s

concern%&@éﬁ%gml e of the dispersion angle of the Ia?g&/sg;g%%&sgf a

function of Wi dth of driving frequency is shown in F

illustrated in FIG 2C, dispersion increases linearly with increasing
driving frequency in both scan axes. [0060] For acoustooptic deflectors,

t he best performance, including intensi% stability and spatial quality of
the first-order diffraction, can normnal % be obtained at the center of
frequency bandw dth. Accordingly, to achieve the best results 18 AUG 2004
WO 03/028940 PCT/ SQ02/ 00151 19 (e.g., best machining quality), the target
surface can typically be |located at the center of the scanning range.

Ther ef or e, cor&gél%_ j r Si, 0 ensation gan be obtained at the central
part of the frequeﬁ??/égg&% vviad{éﬁ&%f%%%tﬂ?ri’ﬁ‘ﬁlpo PSP nsat i on can
be obtai ned agpreftrabip selectiblsbetwdan tdseOptivnsli sper si on conpensati on device
(e.g., an aco ic modulator) is operated with the center frequency of
Z Mz, such t“@i“gﬁlﬁ" éi%ﬁegﬂ}?maﬁ%‘iﬂé ¢ cppglepgntion thy pplacizagion Fate o€ theer
frequenci es otltiabitort plsedIRESERRD ReferfiBE (00505 Sa roisi &ﬁ,{uﬂg respectively.
If a diffraction grating is used ins.r“it;igéaq of "an %@%%ﬁ%tﬁgqp [ device, the
grating spaci 3Bp cgonging do the Presens invontiongwovides nanachisedhdlewithue grati ng

[ f » ' [ [ d | bed, above.
[0062] A spor RATMARNA el ot fimfog Plliplatecbesit 1008 Cont
poi ntof t he ciesny pearized by the BoRiitation Coertét 2P h NprBfefBly d quaflbes PeT Si On

under this condition_ is_illustrated in Figure 2D. Di'spersion“error refers

to the ampunt “3¥e Platedbihsbeam incidertithgsee &5 linsarly pmipd. | Alsaideferringle Fi gure 2D
reveal s that g, I@W&ﬁ&@ﬁ%ﬁf&%hﬁm&%@gﬁﬁgﬁﬁ control | ed

to be under 30% at a di spersion conpensating equency of

Z Mz (or at daserchpamidp eredupadiby thepalarirgtionf converti 22, veltichi is preforatily ag i s used) .

0% 1ot her - gpRlzeflr il GuBE ki o B pibgpr poRiRROIRY, B P isilEncac i on

acoust oopt i c gelrized seater(Swr Fepukarization) ofthe iRtastioitpulted Resrvedn 113

. produced by the polarization converter 22, which is preferably a half wave plate,

the machined hole becomes a nz;rrow groo';'e, such as ilfustrated 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
lines, S 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



conpensation is optimzed for the entire scanning range. Figure 2D
illustrates X- axis and Y-axis driving frequencies ranging from 8&8%@&)
2 + :

130 MHz ﬁtd\fa guency for Z correspondi ngly being give =
but it shou é?z Jéﬁunder stood that the driving frequenci esrigﬁgsgg%/?ol nt ended

to be limted to these values. [0064] Pol arization of the ultrashort

pul sed | aser beam can inprove the efficiency of cutting. The pol arization
of the ultrashort pul sed | aser beam can ge varied by a polarization
converter (or shifter) 22, which is pre? rably a hal f-wave plate, 18 AUG
2004 WO 03/028940 PCT/ SG02/ 00151 20 quarter-wave plate or a depol ari zes.
Mor eover, the polarization converter 22 is preferably sel ectabl e between
t hese options. [0065] The shape of the nachined hole can depend on the

pol ari zation SfopiferBinaltifing Mﬁ@ﬁﬁgg%@%@%rﬁgh g%gé?ggé‘vgr ting to NO

9, a precision machining ‘appara tion
provi des a nactapaidelofproduciig structures iwith fature sikapelow 00 dol) eTROMIR SR | ON State

of the ultras d laser beam 113, is .circularly polarized by the
pol ari zati on E@#&&%&‘f@”ﬂ?ﬁ%@%ﬁ@ém@eﬂﬁaﬁ%ﬁ adspafisle plate if the
beam i nci dent “tellutimsing disposivh cympakach &&ﬂstodﬂﬁ%%ﬂécﬁ&&ﬁqﬂa&g_,st o FIG 10,
t he machi ned m%@%l"?&éf or lg_'ranr;{(zl)o(rg'(j]%@tgg‘;/ari zed trashort pul sed
| aser beam 11 PERS¢04 mveniion soanning @solutidniarh i s
preferably a lel‘%bi“ﬁsﬁfﬁbeaﬂzoﬁwfﬁm ﬁ&?wt %éﬁbn rand rrjg pol ari zed
light. For a I;b:eaqr; y polarized state E;g 0 'P(}ﬁlgl %X’irﬁ‘?ﬁmt? t he
ul trashort pulabeue 4 ageis pbssibbe. 1Ti scquning positibralactitacyahde iag &w AN0GRAYET t er
22, which is p{pefera%ﬁi a)&gllpf Wgﬁle | gt e, the machi ned hol e beConmes a
narrow groove, HIRFT O USOFER i Tcanpingeheiveen e atbitrary fegedii rect i on
of which deper@atsmmélwom%@et(ﬁ%nﬁcc@@hﬁe)gﬁtﬂ%@ﬂt&hi Bﬁosﬁﬁﬂd’@oﬂooow] A
nden

possi bl e expl anation for the polarization-depe ol e shape is that the

ul trashort pulBEEe fegemd deppnrdingon; the erpsidl sizedasep beanpdieneted, eton tObviauslyng t he

he et or i al | rio el asabie shocd (Enkhe bR accelt i s pRoBl) AneBtatlni ot on
threshol d of tileentint has thé capabilitylfer gredicly coatryllih@ilie nombéy dFPuBES oFakd ON,
circular pol arlllltzrgssll)r(% ngg(ij lage% %ga%lmat each target point. - Even at very high repetition
' 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



pol ari zation states and relatively higher for a P polarization state, For
the present invention, which can provide a polarizati on-dependenﬂﬂn%]@ﬂﬁm\ed
hol e shag®) osighgdsd Preferable to use a circularly or rangemotopsidfi zed
ultrashort pulsed | aser beam for machining conplex features 1n both X and
Y directions. For cutting straight |lines, S or P polarization states of
the ultrashort pul sed | aser beam may be applied, depending on the
direction of cut. O course, circul arlyzgnd randomy pol arized beans may
be used to cut straight lines as well. [(0067] The apparatus and techni que
of the present invention can be applied for generating conplex features
with very high precision and accuracy. An apparatus 18 AUG 2004 WD

03/ 028940 PCT/ S@&2/00151 21 for mcronachining and sub-m cromachi ni ng

according to tg&rﬁrﬁ&mndnﬂiéﬁ%ﬁé%Pbﬁl 'gﬁ?‘i&ggﬁ?%g‘%@“@‘%g@%iﬁﬁem es with

feature sizes below 100 arm trashor
maneuver ed wi t enerayQ throdlirashon ddserpuises conyafiactdhesynalless featurs oize idhRvablé. Ng

di spersion co STARETotert) ti.c, defl ectjon ar at us. Anot her

advant age of tﬁe p?@s‘e .nvﬁi‘ﬁ?‘g‘n°f§‘?‘§ﬁﬁa§°éhé“§§§§ﬁ?ﬁﬁ§¥m6ﬂ% on or
spatial resol utmaller machified fadurk Sigesks bd achieved. PRGN MEREreQR%E S8 Hhan
resolution above 4 nmis possihble. The scanning positional accuracy can be

as |ow as 10 piRiwWendeth of the focpsed beaghspobsizg cande obtzined by eentfollingseanni ng

bet ween two ar gie} la%%@uis REapaP [ . o( random access tine)
can range from1 %ﬁ&i@gﬁwo r&‘gg’%‘% seco‘élé}“%ég@g&é% tﬁﬁ“’?‘he crystal

si ze, | aser betargetiipotend the epergy fighivition of yirastettpuised Bssabeamg speed (| onger
random access anl& )l sible. .The.preseni. Jnvention has the capability
for precisely ton r%qelsqr%g&t'hve WW&%&“@%‘“W‘PH@‘%W%OH pul sed.
| aser beam at emtdur forngiion, directfabricktiondf fhotolBlidgraphis indsRP@hbtonRéks) dtat es of
300 KHz or nore of g&xhe Hltra,short pul sed | aser, the nunper of pulses can

be control | ed WEHH ePiseisesand secusie machiningof malvend othes materials, cont rol | i ng
Bcoust oopt | o ot Bfichhi atd ecppldfond kAN THbnliRHThBrla 0. 1 s
control, high hwusmg lithographic . pracegses awltchivre bxpsasiverund ginfecdntuniingHOgivénn nanonet er
o the. wor k. pi B8 SR SR Rtsed 5t b A onprichi SUBHE PRFACRYFA™ o t ho
utilization ofhdwsts phetpinhdks 61 becrabrivaed By d single-step machining 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 layer 300. - ) . )

[0070] Referring to FIG. 13, the substrate 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

b}




acoust oopti c di spersion-conpensati on devices for scanning, thereby
providing a non-nmechanical scanning system As a result, the sysﬂ@nAu&JML
subst ant {3 day28ddgune to vibration even at very high scagii@espegfs. This
attribute i s advantageous for machi ning sub-m cron-scal e, nanoneter-scale
and m cron-scale features. [0068] As noted in U S. Patent Application No.
09/ 307, 710 referenced above, the present invention can provide features
smal l er than the focused spot size of the wultrashort pul sed | aser beam by
precisely controlling the ultrashort pufsed | aser beam above the abl ation
threshold of the material. To achieve such features, the nunber of pul ses
at each machi ning point should be precisely controlled: and optim zed for
different feature sizes. In addition to the ultrashort pulsed |aser 18 AUG

2004 WO 03/02 . 0151 e gy.,.and 1t he nunper of ultrashort
| aser pul ses, ?ﬁ%@é@%&&#ﬂﬁ%ﬁtﬁgﬁo*@ﬁq a"h@ﬁ‘g{)%ﬁb&?s“f&fﬂe ul trashort
| aser pul ses mm&fmmmo&wﬁtﬁmﬁ@@hmméit&esh@mnew%@- Smal | er
fluctuations/variatiogns of the ultrashort |aser pul se energy nmay all ow

smal | er machi AEACYREhG subsipts matarigl 32 inbighenthan thapforiemeving entetiekram zes of

| ess than one e 4000k i bt ai ned b
controlling t%gétﬁgn%g}reg%/ of stiEgﬁupﬁrﬁg%Ek#&?aﬁé%g@%??é@?&?%ﬁﬁiﬁgberI of Y
pul ses i nci derbmplex feagiresscan bt fabgiedtedsinatsingtensdept Byescamdnpytie flirastivttat i o of

| trashort | sed,] aser beans. [0069] ,The present | ntion_ha i de
;ppl i zati onpiuﬁ‘s’ﬁ?%*aﬁﬁsﬁ’(??mélﬁﬂg ﬁ‘i°£‘ft89P%L86‘ﬂ$°65 SB'FMV WSM]‘%H cation

of phot ol i t hogiiasie BiaGlk BBKSEn Mkdhatig REild) FHis appBdarh Bint 84964 nidkeCi se and
accur at e machi ni ng of nmetals_and other materials, thin film patterning,

and ot her applP¥ § corparedirqopvestionablithegraphi¢ progessnsapdiscapablgofusi ng
| i t hographic mgﬁlfgséh t kI BeRElalfesanNd time consum ng given the
lﬁl nvori/ed I n l?jrgiﬁ*%lb}s)?ﬁ%g e

mul tiple steps cation process. Using the present

i nvention, hd0@Xi$in adsliticng the spparatesantd dechuilme ofthepretent mvention ta et ep
machi ni ng process e. the absorhing l.ayer of a. k blank i.s directly
removed usi ng M%@%&EH&T%‘SW&H %SWMS‘WMEW% t he
transparent suigishért pulsddiaset bEuB| (Prefefablyonith fllse Widthk bfappickimielymak bl ank

(work piece) conprises a transparent substrate 302 (e.gQ transparent to W

radi ation), orP“Wﬁ‘i""@ﬂ‘_i@%J?W&c?@en%@@Ps‘Wﬂ”éﬁnﬁ%°§%Hi d on to
ul traviol et (\Yhéhr b 83 &ﬁbeBéEisQ?@éhh@ﬁ&?ﬁj%ﬁﬁﬂgE@%ﬁ'i&étﬁP@%@' ng

acoustooptic devices or by any other precise intensity control mechanism.

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




material can be chromum gold, platinum tungsten, nolybdenum other
refractory netals, alloys thereof, and the |like. The thlckness of 18 H&6 2004
deposite 0300 can vary according to the process; i ng

| ayer 308“&%%@ not have a good adherence to the substrate 2&@@%h
bondi ng | ayer 301, which has good adherence to substrate 302, may be
coated onto the substrate 302 prior to applying the coating Iayer 300.
[0070] Referring to FIG 13, the substrate 302 is nmounted on the stage 25.
The pulse energy of the |aser beam 1134is controlled such that the energy
is sufficient to ablate or renove the material fromthe layers 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 reanes mat eri al

fromlayers 3 i 20 /0 0 PCT/ S@&2/ 00151 23
removi ng nat e??s g‘r’%rqn&?ﬁ EQ%SIP%SI‘P Lgosgw%ﬁogn%gﬁ t*éa‘%'i‘ by choosi ng
t he naterlalmbddﬁﬁmsddsmhadmsmaxﬁg%%&m t 8pRaktin ? I'd energy
for removing e.substrate material 302 is higher than that renovi ng

f e

mat erial fronPt BeEvention) Jhe mmgﬂxﬂlustmtme:&shmldentl on, a

phot omask havj a single step by
scanni ng the Jﬂ%?g&%ﬁﬁkﬁ§ﬁ%ﬁ§§ghféggﬁgbagﬁF§§F gﬁﬁ Egﬁ%V|ces. The
stage 25 all omapmmmmmbrﬁt@@«mm%mmﬂa& #@riods. This
approach can be, faster clh‘gnmpre cost effectlve conpared to conventi onal

i t hogr aphi c §%8 ¢ ¢laims arccintendpdin be embrated wit h

sub-m cron fegbkpies. [0071] In addltlon t he apparatus and techni que of the
present invention can be wutilized for cleanlng the surfaces of work pieces
by an entirely dry process using ultrashort pul sed |aser beans (preferably
with pul se widths of approxinmately one picosecond to one fentosecond). The
intensity and energy of the ultrashort pulsed |aser beam 113 can be.
precisely controlled by varying the efficiency of the acoustooptic devices
or by any other precise intensity control mechanism Efficiency of the
acoust oopti c devices can be controlled by varying the input power to the
respecti ve acoustooptic crystals (for |lower input power, efficiency and
hence beamintensity are |lower, and vice versa). The intensity is
control |l ed




such that the energy delivered to any spot on the work piece 24 is | ower
than the ablation threshold of the work piece 24. The bean1is t hég M6dpired
over thewwdinsfapece sanple one or nore tines depending qq% fgylrenent
of cleaning efficiency. Using an ultrashort pul sed | aser beam of pul se
width in the range of one picosecond to one fentosecond for cleaning has a
nunmber of advantages. For exanple, subsurface damage is absent or very

m nimal, danage to sensitive parts 1is gvoided, the method is suitable for
selective area cleaning, there is no n€ed for 1|iquids and hence no
hydrostatic shock (the process is dry), and very small contam nant
particles (e.g., dust particles) including particles smaller than 100 nm
can be renmoved. [0072] The invention has been described with reference to
exenplary engqdi %?%d wever, it will be readily apparent to those
skilled in the art 1 03/ 028940 24 18 AUG 2004 PCT/ SGD2/ 00151 it is
possi ble to enbody the invention in specific forns other than those of the
enbodi nment s descrbged ab%ye Thl be done mnthout departlng fromthe
spirit of the invention: E#Eﬁ W5 ROMUPTIYNE: rerely il lustrative

and should not beaﬁﬁaﬂ%bﬂ@dmﬁtdhﬁﬁfaé;\médmrlb&ﬁny way. The scope of the
invention is given by the-appende | ai s, rather than the preceding

descri ption, and a@mwmwammmwmmmmmmm n the

g, o e L g R ek P 85 e SO 8 Bt 0705 20

| aser - scanni neomyeption scnes Afra Work Piece, avhefeiibthe idpdrsion toifgen@tibt S a pul sed
| aser beam a_di spersi on conpensati on scanner that scans the pul sed | aser
beam and a ':GE’EFE PRt that focuses the pul sed | aser beam fromthe

di spersi on a first scanning device that scans the pulsed laser-beam in a first direction
and that causes dispersion of the pulsed laser beam, and
a first dispersion compensation device that compensates for the dispersion

caused by the first scanning device.

2. The apparatus of claim 1, wherein the pulsed laser beam has a
wavelength in the range of approximately 100 m to approximately 1500 nm, a
pulse width in the range- of ggﬁroximatély 1 microsecond to. approximqtelyx:l‘. >

| femtosecond, énd a pulse reﬁégiion 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.



conpensati on scanner onto a work piece, wherein the dispersion cong 35@t| on
scanner conprises a first scanning device that scans the pulsed | a b diim
in a firgioddighglhi on and that causes dispersion of the g HASET beam
and a first dispersion conpensation device that conpensates for t

di spersion caused by the first scanning device. 2. The apparatus of claim
1, wherein the pul sed | aser beam has a wavelength in the range of
approximately 100 nmto approximately 1500 nm a pulse width in the range
of approximately | mcrosecond to. appFBX|nater | fentosecond, and a
pul se repetition rate in the range of approximately 10 hertz to

approxi mately 100 negahertz. 3. The apparatus of claim1l, wherein the

di spersi on conpensati on scanner has a scanning resolution in the range of
approximately 1 urn to approximately 100 m crons dependi ng on the scanning
range. 4. The apparatus of claim1l, wherein the scanning random access
.time of the dispérsioﬁhtqmpmnsafbhhnSpwmnanﬂESQWEmmhmwma@galof

approxi mately |..nanoseconds _to 100 _m crQsecond . The apparatus of claim
1, wherein amw A the Aange;of apnraipgte g‘%h‘é‘ tg @pprpHuaElyheam ar e
sufficient togygaiione a surface of work piece. 18 AUG 2004 WO 03/028940
PCT/ S&2/ 00151 26 6. The apparatus of claimb5, wherein the apparatus has a
spatial machining resolution in the range of approximtely 0.05 micron to
approximately 10Q mcro The of .claimb5,, wherein the

appar atus has a spati al ﬁﬁ% Pﬁpﬁggﬁg@bﬁ’ I5n e apparatis hagasn %§‘P

one-twent i et hmsthiningCieQiution@t bproinatiiyeoiit@éntieiof h bfosprdctionhl tamekr beam in a
focused state t he ?urface .Of the morkﬂ&bfce 8. Thelgﬁfaratus of claim
5. fur t her - o dHhaH Ralie] Varer oFm R A fp78ed St pfbs gioe o7 ghe WodhBces. o

pol ari zation state to the pul sed | aser beam

8. The apparatus of claim 5, further 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 depolanzer.

10. ’f’he 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.



9. The apparatus of claim8, wherein the polarization converter is
sel ected fromthe group consisting of a quarter-wave plate, a hal fl-8whlibel004

plate, af@ osmeglapol arizer. 10. The apparatus of claim 8, peha@biolshe
pol ari zation converter is selected to provide the polarization state

dependi ng 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
wor k piece. 11. The apparatus of claim8, wherein the polarization state is
selected to be one of a linear polarlza?7on state for machi ning an
elliptical feature, a circular. polarization state for machining a circular
feature, and a random polarization state. for machining a circul ar
feature. 12. The apparatus of claim8, further conprising a beamfilter

that spatially filters t rsbeam o\V/! t he pul sed | aser

beamw th a desi r % cr os@ﬁes%g%éona#aéﬁlzlg %%ﬁ%ﬂgﬁoﬁ%‘“ 2004

PCT/ S@2/ 00151 13. amhaamhamimﬁapﬂrmﬁl&equﬂwengteaﬁmhms&edter

conprises: a pin hole with net e r0|matel yal to or greater

than a desi r eFPolsizsot éﬁ‘ezléﬂs@s 3’%‘9 e é'é?r%ﬂ% ocused onto the

work piece; a fi rstaﬁra%ﬁis 1&::@%&&%&@2 aﬁmsebsembﬁsdmlﬁ@saebeam ont o
secon at

the pin hole; . focusing lens t col limates thé pul sed | aser
beam emanat i ng fr@m&@éf@m&@%@tmﬂmmﬂm@gwmt&ms an outer
portion of th Ised i@? béam emanating fromthe, second focusing |ens.
14. The appar wherein the dispersion conpensation ~scanner

further conpri ses ' (ﬁ@hﬂgﬂnﬁﬁmwﬂmmlp@ﬁmhhﬁﬂxe%ﬁﬁﬁﬂa&dﬂw| sed | aser
beamin a second direction different fromthe first direction and that

causes di sper sSreRag from theseeond focugiBplenheam wherein the fast di spersion
conpensati on device conpensates for dispersion caused by-both the first
scanni ng devi ce and the second scanni ng

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.



device. 15. The apparatus of claim 14, wherein the first and second
scanni ng devices are acoustooptic devices and wherein the firsﬂBdNﬁd@Wsion
conpensalsPeso6yi ce is a diffraction grating having a | ifﬁ&"”r/s'iﬂ%b 39
suitabl e for conpensating the dispersion caused by the first and’second
scanni ng devices. 16. The apparatus of claim 14, wherein the first scanning
the device, the second scanning device and the first dispersion
conpensati on device are acoustooptic .gevices. 17. The apparatus of claim
16, wherein the fast and second scanni f§ devices are acoust ooptic

defl ectors and wherein the first dispersion conpensation device is an
acoustoopti c nodul ator that further provides nodul ati on of the pul sed

| aser beam wherein the beamis selectively transmtted or blocked. 18 AUG
2004 WO 03/ 028940 PCT/ S@02/ 00151 28 18. The apparatus of claim 16, wherein
di spersion conpensation provided by the first dispersion conpensation

device results in al8li spahsiapparatis oficlaind @6,ovhesgpdisparsion edmpeBtiomver t he
entire scan range. .19.. The paratus of clagim 16, wherein thhe first and
Socond scanni R by tectis SRR DRewon Spribareiyl o p AlsPetiPR ter o o
per pendi cul ar pbigwlaBsrokita@ihf 309 overahd @ifircwash whgy.ei n the first dispersion

conpensation device is oriented at an angle relative to the first scanning
devi ce such that the first dispersion conpensation device produces a

negati ve di spersion,g hat I e ' ' by the
first and second scdrini ngﬁgégﬁﬁﬁsaﬂ%&é?ﬁ’;%%%@gﬁﬁg&g@%@% m 16, wherein
the first comaevicstakeddrientkd\suetethati theefirki dittiodigperparglictiay tethe ssvdnd he second
scanni ng devi ce are made of Qgﬁt ame.material, and have t he,sane' acoustic

vel ocity, and ditpetion;and phere compexs ¥ige grorfepied ft 4
conpensation %%E?Qaﬁv%t&hﬁ?&&s&#ﬁﬁgh@ﬁéeﬂ&lﬁm&ﬁéﬁﬁtdﬁﬂm&ﬂsati on is

optim zed for the entire scanning range of the apparatus, the first
di spersi on corpmpensatioprdentior produdss p negadyr:dispersionihat gouress tedessHart r equency of

Z W given B2 2GRy we b bl iebs, a7 e the center

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
mmpensa:fon is optimized for the entire scanning range of the apparatus, the first
dfspersiox; compensation device being 6pcrated 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.




frequencies of the first and second scanni ng devices, respectively. 21. The
apparatus of claim 1, wherein the dispersion conpensation scanner]§ diG &

conpri segi @:’(ﬁgﬁgnd scanni ng devi ce that scans the pul Seq"%ﬁﬁ%ﬁc"’&% am in a

second rectlon different fromthe first direction and auses

di spersion of the pulsed |aser beam and a second di spersion conpensation
devi ce that conpensates for dispersion caused by the second scanning
device. 18 AUG 2004 WD 03/028940 PCT/ S@&2/ 00151 29 22. The apparatus of
claim 21, wherein the first and second g%anning devi ces are acoustooptic
devi ces and wherein the first and second di spersion conpensation devices
are diffraction gratings having a |ine spacing suitable for conpensating
t he di spersion caused, by the first and second scanning devi ces. 23. The

apparatus of claim ei n _the ?f{f scgnni n devi ces and
the first and secon%zldl \é\h@}e bear'l'?éhﬁ rﬁ'@ ”é‘aée%‘?ﬁ‘ §PEBt i c
devi ces. 24. Bbﬁc@na@mtxst Ed@l@k&h@@hermmaﬁﬂee&hd&isyge%ﬂgnScannl ng
devices are acoustooptlc flectors and wherein the first and second

di spersi on CG%E% VW%@?”&F@“%%%%‘GB&?W tabledforat f urt her
pr ovi de nodul g} %ﬁéﬁg&a@m@ﬁ&%&/@&h&&aﬂgg Biicsed | aser beam
nsmtte

i's selectlvely t | ocked. 25 The apparatus of claim 23,
wherein the first and second scanni ng deV|ces are oriented such that the

first directionis rpengdi cul ar _to nd. di ectlon d wherein the
first and second di %ers?gt?‘? %faé%r? d aéré‘ H&é‘iﬂm%'ﬂ%h that a
direction of @ev@&%am&ﬁmmanahﬁp&mﬁonﬁkmﬁm&eme@a@ﬂcon devi ce
is perpendicular to a direction of an acoustic wave in the second

di spersi on coi68A®ati on device, the first and second di spersion

conpensati on devi ces producing a negative dispersion that counters the

resul tant dispersion caused by the first and second scanni ng devi ces. '
24. The apparatus of claim 23, wherein the first and scanning devices

are acoustooptic deflectors and wherein the first and second dispersion
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




26. The apparatus of claim 23, wherein dispersion conpensation provided by
the first and second di spersion conpensation devices results in al8 AUG 2004

di sper si re bel ow approxi mately 30% over the entire . 27.
The appaﬁgyﬁéng%oclain123, wherein the first and second P@ﬁ%ﬁ@%@@gfon
devices and the first and second scanning devices are nade of the 18 AUG
2004 WO 03/028940 PCT/ SG02/ 00151 30. sane material and have the sane
acoustic velocity, and wherein the center acoustic frequency of the first
and second di spersion conpensation devi*8es is chosen such that dispersion
conpensation is optim zed for the entire scanning range of the apparatus.
28. A nmethod of scanning a pul sed | aser beamon a work piece for machining
or cleaning the work piece, conprising: emtting a pulsed | aser beamfrom a

| aser source; focusing the pulsed | aser beamo he.wor k pi ece; ..scanni ng
the pul sed | awewmw&w&?%‘(?&% QQWEFWM@EE?F?H’%O“S%W ce that
scans the pul fedeh@sethdBAPIIdNedbnl isplrsith ERfchMRoR B8Yided & chbRH $8%h

di spersion of the pul sed laser beam ™ and conpensating for the dispersion
caused by t hethat disgersiornenminensation is eptimized fyr the eptireseanginggangsiobfec onpensat i'on
device. 29.. The nmethod of claim 28, wherein the pul sed | aser beam has a
wavel engt h i naqpr%a“f’sange of approximately. 100 nmto approximately 1500 rim
a pulse width in the range of approxinmately 1 m crosecond to approximately

10 horts Lo approdim eldmebohisHunEA P IpbeRB OGS PePEh 26,
mat er’al 11 onFRRRagf SeiHifln bk e onrishB? U0 K0 et n the |
machi ni ng has a spaémitting a mdsed lasérdram fromrelaseg sgpecaeyf appr oxi mately 0. 05
mcron to approxi na%ogllxs)fngltggpulsrgd%am on the work piece;
scanning the pulsed laser beam on the work piece using a first scanning
device that scans the pulsed laser beam in a first 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. ' '

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.



18 AUG 2004 WO 03/028940 PCT/ SG02/00151 31 32. The net hod of claingﬁﬁ
further conprising converting a polarization of the pul sed | aser 18 B a
predet er arization state prior to scanning the pised r beam
on the mgﬁﬂﬁﬂyggg. 33. The nethod of claim 32, further c%ﬁprlsfégégelecting
the predeterm ned pol arization 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 threshold of the work piece. 34. The net hod of
claim32, further conprising spatially flitering the pulsed | aser beamto
provi de the pul sed | aser beamw th a- desired cross-sectional size. 35.
The nmethod of claim28, further conprising: scanning the pul sed | aser beam
in a second direction different fromthe first direction using a second

scanni ng devi ce that _causgs dispersion_qf: the pul sed. | aser beam and
conpensating for di Sper siﬁ?@%%@gtﬁﬁﬁwpﬂgg@gﬁﬁﬁ devi ce and
the second Sc?bm e tEpulsel Bieritadm td & pledslbraRRiiTonRizebMsaRSRId @ devi ce.
36. The method of claim35, wherein the ?i rst scanning the device, the
second scanni riganhing tbe palsad lassebsamyap theiWeBRie€on conpensati on device. are
acoustooptic devices. 37.1 The nethod of claim 36, further conprising
nmodul ating the pulsed | aser beamusing the first dispersion conpensation
device, the first @d8sper Thomethohpinkdmi32ofurdiendomprisiag sejecting Bi€oust oopt i ¢
nodul ator. 18 AUG 2004 WO 03/028940, PCT/ SG02/ 00151 3 . qet hod of
claim 36, Mermmr@%’ﬁ”@%‘ﬁgﬁ G PR b H%‘haé’}e?"r@% rst di spersion
conpensati on dgyl 6,HeYehdrited ¢h fhe MrfRSbH5the Vofk piede or depending upon an

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.



bel ow approxi mately 30% over the entire scan range. 39. The nethod of claim
28, further conprising: scanning the pulsed | aser beamin a second§ AUG 2004
directio i nt fromthe first direction using a se i ng
devi ce tﬁgf&%ggggs di spersion of the pulsed |aser beanlﬁgﬁgﬁggﬂgéksating
for dispersion caused by the second scanni ng device using a second

di spersi on conpensation device. 40. The nethod of claim 39, wherein the
first and second scanning devices and the first and second di spersion
conpensat i on devices are acoustooptic 3%Hevices. 41. The nethod of claim
40, further conprising nodul ating the pulsed |aser beamusing the first
and second di spersion conpensation devices, the first and second

di spersi on conpensati on devi ces bei ng acoustooptic nodul ators. 42. The

net hod of cl ai m 40, erej.n dispersion_conpensation rovided by the first
and second di spersi 8&00%&4@%@9?&@% P%'S‘P%E‘aneﬂ?@ﬂ’ér sion error
bel ow appr oxi i 1466 AisPHissd o Binipe faSiidbviod Riits 13 bl d of claim
40, for use irrlﬁt he dirrect fabri c%ti 0 pfa a E)’Lotomasié, erledlﬁir%hjsagi d work

pi ece conpri sé¥low approximatels 30 Fogventie entire seanmdngea  vi ol et (UV) radi ati on and
a UV absorbing |ayer disposed on said substrate, the nethod further

conprising: controlling the energy of the ultrashort pulse | aser beam such
that the energy is38uffiTheanéthddoofichim28, fatthdreamprisingaorti on of the UV

absorbing | ayer while ot re ing . material from¢the, substrate. 18 AUG
2004 WO 03/ 028940 WE@E/@?&@%M@WW@@%W@? wher ei n
sai d W absor bi gg diR¥n s 's8éhniog QBRiLd Yot SERUPAIGRAIYS tindBlog CNr O UM
gold, platinum tungsten,ﬁlg no ybdenurrg ar% all oys-t ereorf. 45, 'Igﬁe met hod
of claim40, fleferbeamsiandcl eaning at | east a portion of the work piece, the

et hod Turther  SODhahdGiun§ A disfbllol Salsf oy B 808k Yeallind BR1QUbREY | 259"

second dispersion compensation device. '

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.




