WO 03/ 028940 PCT/ S&2/00151 1 Utrashort Pul sed Laser

M cr omachi ni ng/ Subm cr omachi ni ng Usi ng An  Acoust oopti ¢ Scanni ng Devi ce

wi t h D spwosisemss@onpensation [0001] This disclosure i s aPCars#Gono@ssi on-i n
part of U S. Patent Application No. 09/307,710 entitled "Three Di nensi onal
Mcro Machining with a Mbdulated U tra-Short Laser Pulse"” filed on May 10,
1999, the entire contents of which are incorporated herein by reference.
BACKGROUND [0002] The present inventionirelates to precision |aser
scanning for machining or cleaning a work piece. Mre particularly, the
present invention relates to a "‘nethod and apparatus for high precision

| aser scanning for mcro machining, sub- mcro machining, or cleaning using
an ultrashort pul sed | aser beam and an acoustooptical deflection device.
The present invention is useful for high precision nachining of a variety
of structures, including phot ol i t hographi ¢ masks. The invention is not

I ntended to be I| d abo not qd us however . [0003] Laser

machi ni ng has si gni Pf 5#1?“%%‘ &H“‘Pg/ ubmicsemashining Ysingdmace and

el ectroni cs industri @ohstéoptiv néﬁéelw,agpgﬁg.sﬁhlddnﬁggs hient features
an

of laser machining incl ude the ability to make snall uni que structures
and the ability to process hard-to-work materials such as ceramcs,

gl asses and co ' YAG,] asers are
conventi onal | ymt?gg]d o?g%lgé%ﬁs%ac%bn B%ﬁ%% E@W al |aser

machi ni ng suf f Nosw/sommmnmmmmmabmmmgrmﬂam&&m&m stence
of a recast ﬁ%%d tﬁf heﬁféﬁ affected zone, and restriction to |large
feature sizes. ﬁ'\%’%ﬁ on Mayp10 ﬁﬁ%l@ﬁ%&fqeﬁ%@ﬁg@ichatﬂ e for
preci si on m cr @¥Bgbididdgreid BPR4dredch, contrast, in nachini ng based upon
ultrashort pul sed | asers, the nechani sm of mat erial renoval is different
fromthat of conventi onal | asers. Moreover, the heat affected zone is

negligibly small, and the nelt zonepi i |y WO 03/ 028940
PCT/ SG02/ 00151 SBAEKGROURD

[0002] The present invention relates to precision laser scanning for machining or

cleaning a work piece. More particularly, the present invention relates to a
method and apparatus for high precision laser scanning for micro niachining, 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 aﬁtomobilg, aerospace
and electronics industries for cutting, drilling and milling. Salient features of laser
machining include the ability to make small and unique structures and the ability to
process hard-to-work materials such as ceramics, glasses and composite materials.
High-power CO, and YAG lasers are conventionally used for laser machining.
However, conventional laser machining suffers from problems including rough
machining kerf, existence of a recast layer and large heat-affected zone, and
restriction to large feature sizes. Hence, 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 virtually



2 absent in ultrashort pul sed | aser nmachining. Hence, |aser machi ning using
ul trashort laser pulses is suitable for precision mcronachining. [0005)
One aspecwOamB/oedotr ashort pul sed | aser nachining (al so ref @CTsd02/001886
ablation) of interest is the effect of beam pol arizati on. PCT Patent
Publication No. WO 99/55487 entitled "Method and apparatus for inproving
the quality and efficiency of ultrashort-pulse | aser machining" by Hoang
et al. discloses controlling the polariZzation of an ultrashort pul sed

| aser-beamin a machining process. However, the physical nechanism
underlying the relationship between polarization and its effect on
machi ni ng has not been explained. [00061 In addition, in conventional
ultrashort pulsed l.aser machining, features are generated by scanning the

ul trashort pul dksent|inulashosmysad fasey machining; dences lasen ingns, such as
I ' ' ' ) i h h
gal vano m rrOrﬁlﬁaﬁo%ﬁﬂh&@%/ﬂﬁﬁgﬁ’r?g“%@ﬁg’?f’%%ﬁa%&gg%l s that they are

prone to vibration, can adverse I tional accuracy of
t he scanned beE§05ITOmesaspdct eftultrashort palsaddasgr thathining (lsalreferreditoaanpt s t o

machi ne feat uges. ubm cran size. . A so. the u nme. i cal ,.scanni ng
Systens | i m 1 sRoiRiom o HBREh B ik e Byt uic D RedR TRREEEGR NG [ 0007
Appl i cants havwo 89/5§187 zatklddtMethisl ang appatinst fopiiprévitiothe gefity 4RIt ead of
mechani cal systens for beam scanni ng can avoi d _the above-noted vibration

probl em Appl i efigiencypfpliraghortpylisdasnmachining, by Hensg gkal. disclasedust oopt i ¢
devices can | L ERRR & Bt hutkd tedeh il -g.ll sed | aser
beam It woul d&g%d@ggﬁé(aﬁa e toguﬂg;ﬁ/g an ogtlrhraskgb?t puI@gggFas [ scanni ng
syst em wher e dpmpess s Howeterptie phystakmerhpdisne unkedying thei relationshiprbemtecsl.  SUMVARY
[00081 It should be.e i zed that the ter "conprises” and "conprising”,
when used in tﬁ&%@%@ﬁg&nwﬁw@ﬁn&m the presence of

stat ed feat ur epp006) Intaddi€ios in SoERRIoRA uBEIRI DA e JasBitihadbiifing) FQueés drblESE terns
does not preclude the presence or addition of one_or nore other features,

i ntegers, st ep8cicEdyFsHninghe ulashor pulsedases peam using mechanical scanning
systems, such as galvano mirrors. A main disadvantage of these systems is that

they are prone to vibration, which can adversely affect the positional accuracy of
the scanned beam. This effect can be very detrimental in attempts to machine
features of submicron size. Also, the use of mechanical scanning systems limits
scanning speed and spatial resolution of the system.

[0007] Applicants have recognized that using acoustooptic devices instead of
mechanical systems for beam scanning can avoid the above-noted vibration
problem. Applicants have also recognized that the use of acoustooptic devices can
lead to noticeable dispersion of the ultrashort pulsed laser beam. It would be
desirable to have 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.



WO 03/028940 PCT/ S&X2/00151 3 [0009] In one aspect of the invention, a
preci sion | aser-scanning apparatus is provided. The precision

| aser - scawpioag2eppar at us conpri ses a |l aser source that emcrscazpubsed

| aser beam a dispersion conpensation scanner that scans the pulsed |aser
beam and a focusing unit that focuses the pulsed | aser beamfromthe

di spersi on conpensation scanner on a work piece. The dispersion
conpensati on scanner conprises a first scanning device that scans the

pul sed | aser beamin a first direction and that causes dispersion of the
pul sed | aser beam The dispersion conpensation scanner further conprises a
first dispersion conpensation device that cpnpensates for the dispersion
caused by the first scanning device. [0010] The pul sed | aser beam nmay have
a wavel ength i mrmwﬂofwmbth1M&m§WMSMt ely 1500
nm a pul se width e ran e of r oxi mat el osecond to

approxi mat el y Emﬁ’@ﬁ‘?oég B‘F?B‘S Hlli’deras PP%%?‘%PRW iif% spyrcq et r ange of

approxi mat el y Qi1 phised @seR BeiD 4l dispbiBion c&BpensRidaRenher thitRcad telpuRBy t he
di sper si on congensa i on scanner may have a scannlng resolution in the

range of appr o yand sfpaesingrusithat focuses fheaulsad lassr bea from e onet er

dependi ng on t £4 ﬁnE o di’l?eocﬁ{?% gipation
scanner may have*a scan@ﬁgeng rgg n#a;clgg‘;sosrk? I'n the rangeE ¥
appr oxi mat el y @caﬁﬂcrrﬁo@dﬁ@dﬁd%dnmnﬁ@@vmtbnt@sm@hmbﬂa&éﬂmmhcmgm)mﬁrslue rise

time of the acoustic stal 0 ec, . e i nvention,
t he pul sed IaséFe‘B’QH {‘Fi’@seﬁfl[-.sﬁ %H%‘E?H@é‘?d %&%g'}%gpj&}"&f’&s may have a

pul se energy ag tidh QBniné/fufthtr bifipreset a Eist didPebibi Condpesishitib 8&idefthator K
pi ece. The appara us may have a spati al nachlnlng resolution in the range
of appr oxi nat elegmper E%W@Bﬁ?‘é@émﬁw Q@oning g%icen  Furt her, the

appar at us. may e BGR e aﬁég,qgfoxi mat el y
one-twentieth g cro s sect I oha Iﬂdgflgn%fngr%égé t he puﬁ sed | aser beam in a
focused state approkieately 100uen tof apptoximatelk 1500au 2 pubse 36dthin thelrangappar at us may

further conmprise a polarization converter that ovi des RO arlzatlon
state to t g approx&ate y 1 m?crosecon% to approx?matel}}al fer%{o :mﬁl ap

repetition rate in the range of approximately 10 hertz to approxmately 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 approximately' 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



pul sed | aser beam The pol arization converter may be selected fromthe
group consisting of a quarter-wave plate, a half-wave plate, and a

depol ari z&p.03/02894@ddi ti on, the pol ari zation converter nay Pogd/SSeb/eased to
provi de the polarization WD 03/028940 PCT/ S&2/ 00151 4 state depending
upon a desired shape of a machined feature to be generated on a surface of
the work piece or depending upon an abl ation threshold of the work piece.
Further, the polarization state may be sgelected to be one of a linear

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

pol ari zation state for machining a circular feature, and a random

pol ari zation state for machining a circular feature. [0012] In another
aspect of the invention, the apparatus may further conprise a beamfilter

that spatial | ystshé ddpehicing HifonRtdesind shRar aBeRRna Ratifedy ibe @encdial diy sed | aser

beamw th a desired cross-sectional size. The beamfilter may conprise a

pin hole wit HuEfacsof tlaa work pisse gxdeparding upog,aaablationdhreghold pbthe Waeh a desir ed
spot size of tﬁm Whﬁ&dtﬂe%%ﬁﬁzﬁﬁﬁgﬁmﬁ%Wt%t&eBFQIMk piece, a
ens that focuses the pul

first focusin € pul sed l'aser beam onto the pin hole,
a second f ocugiotgizhtemsstathfor maclghing ameltipticahfeafyd, 9 sircularspolarizatiomstanat i ng

fromthe pin e, ;and a di aan | O AR Out e il on of the
pul sed | aser Ek[é'é 2t ?Fﬁgﬁ‘%&%’n ’haghggé%ér%glﬂ%'c’%@qnng Tfec’rtlg'%')a [JLgé] n

anot her aspectci®hlat featurddvent i on t he di spersi on conpensati on scanner may
further conprise a _second scanni nq devi ce that scans the pul sed | aser beam
in a second dPPRRIdn arpthprmeneetf theiayentien, thsfppamaius may fudier compriseAst

direction and gebasiief BiPSRAlHREHO Pulia 1hlPodil S8 Prd ARSI RARY sher o 1t he

first dispersion conpensation devic npensates for dispersion caused by
both the firstbeswawith mdesircberosseseetionaltsive. Sihe deam Hliermiyrgmpeiss Tpin Iolee fir st

d d | ng. Lce: J.Re: Ll 4 ' fi
i spersi on contEhaRaRBR: fp iy dapd SHPLRAR i FRUGRTD BAEAE 1S

di spersi on conpensa
spaci ng sui t abjutsell taseciameniratfoonsgedicne e ok piceena fiest fasinglend that first and

Second scannt g ey i Suised later bean onto the pi B, a socona Tocibing Vst
collimates the pulsed laser beam emanating from the pin hole, and a diaphragm
that blocks an outer portion of the pulsed laser beam emanating from the second
focusing lens.

[0013] In another aspect of the inver:tion the dispersion compensation scanner may
farther 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 acouéféoptic devices, 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 deﬂectors, 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



conpensati on device nmay be an acoustooptic device. The first and second
scanni ng devi ces are acoustooptic deflectors, and the first dispersion
conpensatworn3/ogssé ce i s an acoustooptic nodul ator that fuPChSGopr@si des
nodul ati on of the pulsed [|aser beam wherein the beamis selectively
transmtted or blocked with a precision ranging from21l nanosecond to 20

m croseconds. The first and second scanning devices nmay be oriented such
that the first direction is perpendiculas to the second WO 03/ 028940

PCT/ S&2/ 00151 5 direction, and the first dispersion conpensation device
may be oriented at an angle relative to the first scanning device such
that the first dispersion conpensation device produces a negative

di spersion that counters the resultant dispersion caused by the first and
second scanni n¢jregion,cad the firstadispiersiorcompénsatibinsiovics ingy be arigneedssa b angle pr ovi ded

by the first dj | | V] resul.t in a di,spersion
error bel ow approxi mat él'y o over e entire : rst
conpensat i on ddavicegrodubes 4 napstivesiispavsion ghad eotintees the eestlbt Siggpdich GEsANI NY
device may be rr@ld%sgf éhe s(grre rrat‘frlal n ,rraa/ ave the same acoustic
vel ocity, and Phee TiEsi apd second scapning el”fé’ﬁ%eﬁégd@f’ IhgdipRersion compaRsAteR i on
devi ce may choprenidediby ttelTittt digpbsiof compsARI ISR hiyORsiIBinARlidplisiad for the

entire scanning-range of the apparatus. [0014] In another aspect of the
i nvention, thectagrdstonsanproximaely 3%t ovenths entira acan rangg. Thefistr conpri se a

second scannin ' t he. pul sed l.aser beamin second
direction di ff%rng%ﬁaﬁg%w*?éﬁ%iqﬁ%t uf'?ﬂggﬂ%enangg%ﬁeﬁ@%%%ﬁﬂF%Wsi on of
the pul sed | asks mideeontheishntenyatérial adtermhayClav® teSEnélacagiN@lodits R &eon
conpensation device that co er}sat s for ‘di spersjon causedsugé t he second
scanni ng devi cE&MeTAEPUSHS %‘l“e‘&n%d’ %ﬁ%@%‘ﬁ?ﬂ%ﬂé?/%&ﬁh@ﬁy 2 thgt oust oopt i ¢
devi ces, and t figpekdibbéoniietsatio® BUPHMBLS RR ik fireCRARRRS IR beVi ce may be
diffraction gratings having a line spacing suitable for conpensating the
di spersi on cau®dPdraBy. t he first and second scanning devices. Alternatively,
the first and | | th OR: | coust ooptic
devi ces. The f@gﬁﬁﬂbégmpgc%%irﬁeﬁgi% et\h/ligc o %%x%/&%ﬁ;eﬁﬁﬁo&&a&e? P :
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 compeﬂsatcs for dispersion caused by the second scanning device. The
first and second scanning devices may be acoustooptic devices, and the first and
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 transmitted 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 wéve in the first dispersion compensation device is i)erpendicular to a
direction of an acoustic wave in the second dispersion compensation device, the

first and second dispersion compensation devices producing a negative dispersion



be acoustooptic deflectors, and the first and second di spersion
conpensati on devices nay be acoustooptic nodul ators that further provide
nodul at i owoamB/ozd9e0 pul sed | aser beam wherein the pul sed | sgrsGozamsi s
selectively transmtted or blocked. In addition, the first and second
scanni ng devices may be oriented such that the first direction is
perpendi cul ar to the second direction, and the first and second di spersion
conpensati on devices may be oriented such that a direction of an acoustic
wave in the first dispersion conpensation device is perpendicular to a
direction of an acoustic wave in the second di spersion conpensation devi ce,
the first and second di spersion conpensation devices producing a negative
di spersi on WO 03/028940 PCT/ S@G2/ 00151 6 that counters the resultant

di spersi on cauhsicolmyters it fesul@it dispersDRCARE] BEMB Rt dnd $LYACRannidee di sper si on
conpensation provided by the first and second di spersion conpensation

devi ces may r e€UIES:| W%@WWSWO‘B@M%%&W ispesipnover t he

entire scan raggpenskfich ddvicsd mapebse ?eg@%%@we&a Jcﬁﬁ&gﬂfb%the first,
made o I

- and second scanni ng_devi ces ay be the sanme” hater| and have the
same acousti cOvgethg€nting scaprange. clhgtfist aad spgond eompensatinandeyices ardttbe fisst st and

second di spersj ORaR | [ chosen,su t hat di spersion
conpensati on isdsnaop Iﬁ{ri)n zecﬁeg%ﬁ%ﬁgﬁgr?gﬁgé@%%g | ﬁg%%ﬂ?égn‘ggavfﬂgsﬁ'ﬂf)ar at us.
[0015] | n anotdeeustievelocityyand a oéntdrheouistiv/Rejubn of theTRéthad s&on® GisgbRiicty 2

pul sed |aser beamon a work piece for machining or cleaning the work piece

i s provided. CpAReRsatiomdpvicshivAY bechossn sueh thyt disparsiogsampepsationdeam fr om a
| aser source, dppifialTer tht Bfird Wankide tA3S6f e st he work piece, scanning

the pulsed | aser beamon the work piece using a first scanning device that
scans t he pul si8019]de anothes gmbpdimentrof ghetinvegtions e mcthed af scantiag a pukseks

di spersi on of j ti for .the.di.spersion
caused by the 1%?%?:%%rﬂoﬁégﬁécg\t}?@cl@ﬁ%g&%@ﬁggﬁmﬁ@ﬁg}eﬁ Bprovt ensati on
devi ce. [0016] Thehmethel dontprisesyenfitting b pulsaidager been fima Ailder@ueces focisipe of the

wor k piece by ablatin terial fromthe surface. In addition, the nmethod
may fgrt her ythe pqlsed las%rg?amonthe 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.

[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 predetefmincd 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.



conprise converting a polarization of the pulsed | aser beamto a
predeterm ned polarization state prior to scanning the pul sed | aser beam
on the wowb opiozssed The nethod may further conprise sel ecPCAGGOR@0151
predeterm ned pol arization state depending 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. The nmethod nmay
further conprise spatially filtering the pulsed | aser beam to provide the
pul sed | aser. beamw th, a desired cross-sectional size. [0017] In another
aspect of the invention the nmethod may further conprise scanning the

pul sed | aser beamin a second direction different fromthe first- direction
usi ng a second scanni ng device that causes dispersion of the pul sed | aser

beam and conpBrsmdthadgndyofurtiérspmpfiteafiodbBise the PulseDlaker tbisn hikihS the Sir@NNi NY
device and thg second scanni ng device using the first dispersion

conpensati on 1SIen CNBPERSA yige, pherfirstdispetpippepmponsatien davich beingay f ur t her
conpri se nodul Bbdsi@pid BoMithts £ ITheAREhodIRA FukfidriEmbhS: sfcm%&e%/még'gﬁ A si on
|

conpensation device, the first dispersion conpensation I ng an

acoust oopti c &€l spprnd;dineetiog diffepent fromtthe firsbdigection usinmmsecond t he pul sed

a

| aser beamin tHa P Cdub isddihi | T | rection using a
second scanni ng g%\c%agiggpﬁgt ca%‘é§é€§£%%p%'£@§%ﬁ beam
and conpensat i fopdisfeesiomicangeirtyi theisecandseahning deviee whpanskeomidispersipndevi ce usi ng
a second dispersion .co ens%i@on device. The nethod may further conprise
nmodul at i ng -t h&OPRFSagpn T Wﬂi%?‘l‘ﬁ@ ¢qmpgise pdulatingdherysedper si on
conpensati on dgyf 6&s usikpernb | REGhd '%fag ] : i on devices
bei ng acoustooptic nodul at.%)!rti?ﬁﬁ%dl?l EF DESCRI %‘?’JI) @#Hﬁﬁ%%@ [ 0018]

FIG 1 is an i3 gecopddisparsign compepgationdayices beieg acousionphin grodpiptarsat us sui t abl e
for precision nmachining or cleaning according to the present invention.

[0019] FIG 2Ais an illustration show ng the phenonenon of dispersion
resulting from a conventBRIEF DESCREPITON: QK THE DRAWENGSIevi ce. [0020] FIG

2B 1s an T1Tushofh RS, P Ao fitkeblh Sro et ndlr SBESE YipaSlsSotanti e 1 © 1N

precision machining or cleaning according to the present invention.

[0019] FIG. 2A is an illustration showing the phenomenon of dispersion resulting
from a conventional acoustooptic deflection device.

[0020] FIG. 2B is an illustration showing the res;ltam 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‘l'lsing two
acoustooptic devices for dispersion compensation according to the present -

invention.



two acoustooptic scanners [0021] FIG 2Cis an illustration show ng the
resul tant dispersive value due to the two acoustooptic scanners along the
entire scap mwamyd (as the frequency input to the scanner PCacSGoas@s) [ 0022]
FIG 2D is an illustration showing the resultant error after dispersion.
conpensati on using an acoustooptic device or grating as a di spersion
conpensating device operating with optimal center frequency or wavel ength
spacing. [0023] FIG 3 is an illustrati o showi ng an approach for

di spersion conpensation in a single-axis acoustooptic deflection apparatus
according, to the present invention. [0024] FIG 4 is a side-view
I1lustration of an exenplary dispersion conpensation scanner in the form
of a two-axis acoust oo?t.i c deflection apparatus. using two acoustooptic
devi ces for dil8pR13IEnS5 dovspillnstuationshowing dhetiop giewwoofitheappammesritiustrated/ Int | on. WO
03/ 028940 PCT/gggd2/ 00151 8 [00251 FIG 5 is an illustration show ng the
top view of the apparatus illustrated in FIG 4. [0026] FIG.6 is a

si de-vi ew i | | U§026JtHIGN 6 $hwsidergiewmnilhgiaivnlshswing as penHlep dispagpensat i on
scanner in the formaof a two;axi S acqustooptic deflection apparatus using
a single acous@&@ﬁﬁ%‘”ﬂ%&‘q%? B1UPBHS acanarriicidelrrtion apnaatusg to t he
present i nventysiy a difdde ddouftbdpiic devi& B ﬁe}g&; ' ; | t top view
(view AA) of thgigap%%a't us Jxi%tll ustrat e((ljlbl n FI%%%%%%&Q% is an

i | lustration JHewNWGVenigRher side view (view BB) of FIG 6. [0029] FIG 9

ol ari zed ul t FOURARCE R Miaa0r iEnRe b BRGRHIFRARR) ok ibeiscr r ol on
showi ng t he shilipstragdd ia FiGCc6i ned spot using a randomy polarized ultrashort
pul sed Taser baalh b6 8 is an illustration showing another side view (view BB) of FIG. 6.

[0029] FIG. 9 is an illustration showing the shape of a machined spot using a

circularly polarized ultrashort pulsed laser beam.

[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-polarized 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 su!)-micron 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 comprising acoustooptic
devices (also referred to as acoustooptic deflectors) to scan the laser beam in two

dimensions (e.g., X and Y directions). The non-mechanical beam scanner may



[0031] FIG 111 is an illustration show ng the shape of a machi ned spot
using an S-polarized ultrashort pul sed | aser beam [0032] FIG 12 is an
i1l ustratworn3sbeyws ng t he shape of a machi ned spot usi ng aPCRSgob/eriszed
ultrashort pul sed | aser beam [0033] FIG 137i's an illustration of

phot omask fabrication using an ultrashort pulsed |aser beamprior to

abl ati on of the absorbing | ayer of the mask blank. [0034] FIG 14 is an
illustration of photomask fabrication usgng an ultrashort pulsed |aser
beam during abl ati on of the absorbing | ayer of the nmask bl ank. DETAILED
DESCRI PTI ON [ 0035] The present invention provides a nmethod and apparat us
for machining mcron and sub-mcron features into a surface of a work
pi ece and/or cleaning a surface of a work piece using an ultrashort pul sed

| aser beam havilsmbguefesreduo ay hidispepsicl compbisiticH scapF A%dedBitel ¥erdd, f ent oseconds
to 100 pi cosecgﬁﬂ . TQ@gn&@@MJ@p% apparatus includes a non nechani cal beam
scanner conprisi @lgg ft eT heamschage 2 waxelengtly speetaun ofa eestaimc oust oopt i ¢
defl ectors) t%@g@mtﬂm,}na&gsdgﬁéﬁb& WA pash ' X and Y
directions). The non nechani cal beamﬁbsdgan é% ggy 9%{]‘3%‘?(’5‘5@5%0

PCT/'SG02/ 001512c0ustenptie dejices &¢.8+ medulatarsas deflatiasy)elus iodifferenpBmgginigies Scanner
as described bgl I | asgr ans, have a wavel ength
spectrum of a cera%inga‘flmrllIE %ﬁ%%ﬁg%@ u??%@r%%%%p%*&%%ﬁ“ﬁ’ﬁﬁﬁ%‘ﬁ passi ng

t hrough convendetrimerdtal ta deuesolutipt bfa techiriSapperatis utilEAthduabsper def | ectors)

due to di ffere%t.Bragg angles for-different wavel engths in"the wavel ength
spectrum . Suc v%ﬁ"%persion can be detrinental to the resolution of a

machi ni NG apDa0es7In el présth oo BsHARh bt tf B¥lrm dulBPdh o e Pr esent

i nvention, dispersion of the |aser m due to one or nore 5%tooptic

deflectors is eweaptadelecioys ip cerpeosated by prodming a-cdimeredisiensionadf tiehe | aser
such "that t nenas oegpliito Ak duR bl ibleh IR ROBHPLAE R iatata by i he
acoust oopti c 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 devicg 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
comipensation 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 the 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.



defl ector. Such counter-dispersion-nmay also be referred to as conpression.
For exanpl e, dispersion conpensation according to the present invention
can be owDaBnes¥4by using a pair of appropriately positiomea/Saoeloasi ent ed
acoustooptic devices (e.g., nodulators) or by using a single acoustooptic
device appropriately positioned and oriented at a certain angle. The

di spersion conpensati on acoustooptic device and the acoustooptic deflector
for scanning preferably have acoustic mediuns (e.g., acoustic crystals) of
the sane material type and acoustic velocity. For exanple, the materi al
may be TeO2 or other suitable acoustic crystal known to those skilled in
the art. The center frequency of the dispersion conpensation acoustooptic
device is preferably chosen such that the dispersion conpensation error is

m ni mi zed for Forea kimearly polatizzd mitrashoriopuised 14sQ0tR8h withansovenllicigilesssscan be
focused on a work piece usi a, focusj| n nit or, lens, which is preferably
a scanni ng | en¥He I%Mg?lg%,m@lﬂngégﬁww?mﬁﬂg? firestien obthe i st ance from

the dispersi ommmgasﬁ@&&sammmaw&aﬁ@% el rdrQ cirBfaryyf ront focal

| ength (forward working distance) of the focusing |lens. The worK piece is

g_ref erably FOSWIW%M?WBWP@MW@%RW@%WWW acit@dark wor ki ng
tance) t b ' ; : _'
a0t of gt Bt s R

generated in the surface of "a wo pl e endent on the
pol ari zati on slasarenergy israbsarbedrmerh predominastyialongsthe dibeetion otk ElRdtHR 8940

PCT/ S@02/ 00151_ .10 For, .a linearly.polarized ultrashort pulsed | aser beam
with an overal f‘el%iv%?fl (gx,récgpxg,ggpol%ggtgq ‘n,k‘éP‘FFe?na"Fﬂgl‘rWel?ﬂﬁ minRaly an el i ptic
shape wherein ifigedilo@Ehé Qitectibn biBe elRbthit BeldGiettr. ERSARSRIP Polahigatidh " €ct i on of

pol ari zation of the beam For a circularly polarized beamand a randomy

pol ari zed beantanhésontsellst aadianpepaiatlyshifieditp provide optimiaglemachinings si bl e
expl anati on fOémhfh?ngﬁghﬁgdr&@hiiﬂﬁhﬂﬁﬁem%hﬁ&%%o@?x@??eahﬁeéR the |aser
{ Ne rectron o

energy i s absorbed rmore predom nantly al ong the electric
field vector (aivantagaountoaise gilieneircuiar oo randomkkypolarizedatlwashout pulsed liser

predom nantly , abl ated along the direction of the electric field vector.
Accordingly, pB?" ('l zat i on

[0040} In addition, it was found that the ablation threshold of most of 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 mmlmm; 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 fluctuation facilitates generating smaller feature sizes. The
present invention using &ispersion compensation acoustooptic 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



can be controlled and appropriately shifted to provide optim zed nmachi ni ng
according to the present invention. For nmachining conplex features, it is
advant agewo3esdse either circular or random y pol ari zedpartSGaghast pul sed
| aser beans. [0040] In addition, it was found that the ablation threshold
of nost of the commonly used materials (e.g., gold, silicon, platinum
copper, alumna,,,, chromum titanium etc.) depend on the polarization
state of the ultrashort pulsed |aser begm The ablation threshold was
found to be a mininumfor a P-polarized ultrashort pulsed | aser beam and
hi gher for an S-polarized ultrashort pulsed |aser beam For a circularly
pol ari zed ultrashort pul sed | aser beam the ablation threshold was found
to be slightly higher than that for the P-polarization state. [0041] The
present i nvent natrachisvablepwith mechhinipal ecimaing devies! WeeordingBsttefprds@its t han one
twentieth of the focused spot. size of the ultrashort pul sed | aser beam

Thi s can be aPHF‘&\?B&“‘ﬁg“dﬁ@bﬁﬂ%Fyme % eren andsubsicron feamesswigh wry sl i ght | y
above the abl ahighipeel Andadeataly.0Of the material and by precisely controlling
the nunber of |aser pulses at” each target spot on the work piece. Also, an
ul trashort - pul K942] Qeesyse of theprgsent inveation 1s thel fgbrication of phetglithpgrapiticiat i on

facilitates ge%@g‘éﬂ&%ﬁgﬂgl Qfsg%gl?él%&%gﬁh;&ﬁo ’-eliﬂegf‘bsg‘%ﬁ%g%}{éé b v ntki on using

di spersi on conpensati on acoust VI Ces ors) enabl es
very precise cbhlank cin befrembreedrdinetty with arpulirashert ptilseblater beangizia siggé-siep on t he

wor k piece to be machjned. Al so. dispersion coppensati on acqQustooptic
devi ces accordPW(jesf'o.t}#"ﬁé‘ij @W@%@Mﬁm‘ea 8 e‘i“ﬁé‘cﬂmﬂuﬁgﬁﬂﬁht _pul sed
| aser beam at w@f the Absakbi ﬁgﬂ&ld@ﬂx&ﬁ@ﬁ%remséwwﬁ&uoﬁﬂaf&eﬁhgﬁcﬁe&ﬁﬁ@&emm' ch are

WO 03/028940 PCT/ S@2/00151 11 not achi evabl e wi th nechani cal scanni ng
devi ces. Accor SHbstgats. The prepanginveationican,prayide A fashang! cost effgetive techuigessfepl ex

m cron and subzpd.cra ; Wt | l@gg [ 0042]
One use of t hepf;i)er esegpgﬁégtﬁqﬁgﬁﬁ#%yxﬁ{gycfog Pﬁﬁhé??glﬁg’éﬁﬁ%%o o%?ﬁ%gr aphi c.
masks ( phot onasdpeble of Eabrigating eompplex pmtomasksewith micron nd sabsderon fegiukasyer of a
mask [0043] In addition, the present invention can be used for cleaning surfaces of work

pieces by an entirely dry process. The intensity of the ultrashort pulsed laser beam

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 epli)odiment of the inveqﬁon 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 illustratéd in FIG. 1 employs a laser source 10, which
generates an ultrashort pulsed laser beam 101, preferably of pulse width in the
range of a picosecond or a femtosecond. The pulse can be an amplified pulse or



bl ank can be renoved directly with an ultrashort pul sed | aser beamin a
single-step process. The ultrashort pul sed |aser beamintensity is

pr ef er ablwoaafesvad | ed such that the absorbing | ayer of tReTrse®k00181renoved
wi thout affecting the transparent substrate. The present invention can
provi de a fast and cost effective technique for photomask production in
conparison to conventional '|ithographic processes and is capabl e of
fabricating conpl ex photomasks with micrpn and sub-mcron features. [0043]
In addition, the present invention can be used for cleaning surfaces of
work pieces by an entirely dry process. The intensity of the ultrashort
pul sed | aser beam 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 uimaampliﬁeiﬂpalsbdepmdmg omdmnppﬂtaﬁrm t'l"he apparhtas & rof rektiRted

wor k- pi ece sanpl e.one or tinmes nd| t he reqU|renent of
cl eaning effi g?eeﬁ'é‘ff Piggs 0566’15??3%9 ,p El‘?dsl@’éﬁel"é}g@ﬁ BEARF 1 or
cl eaning has sgﬂﬂreamaam@bmeﬁxc@se%ndcdrm@aoﬂmﬁg |y ObeRisbB Eeplidiid) | aser

beanms such as m ni mal sub-surface damala sel ective-area cl eanl ng, the

ability to repibihe av@mﬂwmmwgt Bhgr ﬁf@ﬂl@ép'elsqﬂldﬁﬂeébeaﬂhbm préferably) , and -
avoi dance of d nventi on
is not i ntende@ to%tl)rgh% ﬁ{w\éﬁgt ﬁﬁggl\cljewh%gtﬁea %Bxggﬂ& fg)g%ﬁ% gfenpl ary

enbodi nent s of (dbjeetiyerlens® A, mpememgmlpﬁnmwmancdeﬁmumhg&mn greater

detail in refefepce to.the f| re 045 of, the invention
is a precisi onf ﬁglgxpng 5‘9% gq’“é{r ] aqgrbﬁé h‘tﬁt‘%chl ni ng;

sub-m cr o nmachingétadismOwill e R BE] BIIRY.OThé Hltdded Qﬂd%aﬂihﬁte%l@ﬁﬁmﬂﬁf&il on
scanner DCS, such as illustrated in FIG 1, for exanple. The ‘exenplary

appar at us i | | ulpssream 104 fropshe leng 43 they preferablispasses gupugh ajcirculshppeminggener at es

Fange of . pi cosiannar v v BN el B i RN AR | 05 pui <e

or WO 03/ 02894&@@&@@02’1@&&5@!@@@5thnn—mcfplabl&m&ﬁeqjht(mghd@pbmhrng on the
appl i cation. 18, a 1S .No e cte to eith GOp econd or
f ent osecond pu gn%' Eﬁ%’g m%é ﬁ‘?j ﬂ)grube@rpaW &rmpgh 1Spersion

compensation scanner DCS, which is non-mechanical and which may be a

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 rotate the polarization of the ultrashort pulsed laser beam
for maximum efficiency of the dispersion compensation deflector 16B in the
éxample of FIG. 6 (or the dispersion compensation deflectors 16 or 16A illustrated
in the example of FIG. 4). ‘
[06046] 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.



smal l er than those of the picosecond or fentosecond range nmay be used
depending on the application requirenent. The ultrashort pul sed | aser beam
101 pref ewabbBy2sipasses through a beamfiltering mechani smpCRSIGO0ITEY
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 nmechanismw || be described below The
filtered and collimted ultrashort pulsqg |aser beam 104 fromthe |lens 13
then preferably passes through a circul ar opening or diaphragm 14, which
further inproves the beamquality by triming the edge of the beam The
filtered beam 105 then preferably passes through a polarizer (e.g., a
birefringent mediun) 15. The beam 106 t hen passes through a di spersion
conpensat i on STy deils DEthe oftls bf pslarBafon SRR Hadhidtwitt HeCdisciR¥a e a

combi nation of three acoustooptic deflectors 16B, 18 and 20, such as
illustrated i nPel®.G 6, or four acoustooptic deflectors 16, 16A, 18 and 20,
such as illust ' Az ffon4dnifEE I BeatP 117 4 and

defl ector 16B ll'ogl‘)gflge’bgl may0 Le}' co{rlllg?%gﬁgghé(?lsa%gr SI oﬁuc%?rlg NSation

defl ectors or tienghprdoausing unip éordotusiop led\23¢ which isnméfemblyor sleddiricl 6A, and 16B

can further sepye t . l.ators f.0 S tixely bl.ocking and
transmtting t.{?és'ﬁgaglﬁﬁ&%’ %ﬁ%ékig?g}r?%ﬁéﬁ o mborn é?t%’r%rb'ﬁ%/ﬁge' ﬁer%?%rlggr wave
pl ate to rotatfohlik: foolsiig [@m 1308 flisell b8 thel suffacevp e work pRee basafictieam for
maxi mum ef fi ci ency of the di spersion conpensation deflector 16B in the

exanpl e of FI Guognteden 2 sfageddSstor poviag the srascpisen: | Bie stage mag hayedwe®ror 16A
illustrated i FlL.G. : . ' 1 from
t he di spersi onﬁggnmg%@égﬁdoﬁldg%ag ﬁ&ldeé&h#eggﬁg%?%gtag(ggﬂy & B@??hé%#i tter 21
(e.g., a sem tofzhewoskspivee inimuiltipld gxemomtlitebtions e Shé camega 2@ manitckd theprask e s
through a pol arization copverter. (or polarization shifter) 22, which
changes t he po"l ?%ﬁ%ﬁ"@ a oug?‘l}c F‘?‘P‘S@%rt pul sed | aser beamto

di fferent st ajed4ssit stvulisbeciotedith:a lond6r 1dre 2aiitiobiers ot Ishovad) suobhain 2.8t i on or
el liptical polarizatiagn

appl i cati on angatﬁﬂémﬁwg EN?E, %anin@gtlet%{ﬁlﬁ% g{%‘;‘bggéc% Qg?ggq?’?ﬁ% g%&?%@%@% 1 13
dispersion compensation scanner DCS (for beam scanning), the laser 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 bloclc.ing);
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 spoi depends 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



The details on the effects of polarization on mcro machining wll be

di scussed below. [0047] The pol arization shifted ultrashort pul sed | aser
beam 112 wban/opsasses through a focusing unit (or focusi n@CTIS&%P01ZB, whi ch
is preferably a telecentric |ens, scanning | ens, objective |ens, oi
imersion lens, or the like. The beam 113 fromthe focusing lens 23 is
focused on the surface or the work piece 24, which is nounted on a stage
25 for nmoving the work piece. The stage gpy have two or nore notion axes
and may provide for linear, rotational, and/or angular novenent of the
work piece in nultiple axes or directions. The canera 26 nonitors the work
pi ece (target) surface through the beamsplitter 21. [0048] It should be
noted that one or nore controllers (not shown), such as in U S. Patent

Appl i cati on No.thd@acinéd Tédfure sfoe wilbbe greatatfor shorteiewaveRnpthedodstc avkr ol t he
di spersi on conpensati ongs%%gner for beam scanning), the |aser source
e

10 (e.g., for 2BEXIF ¥EHs  1aFger - distances, peiwesndhe wagkpieos sprfese apdte pi ece
motion). In  aqdidsicaPric ddvieGRlk iPh bRiteCARbuRPM ihicA GRMRIR AR iUl at or s

(for beam bl ocking);  these acoustooptic nodul ators can be either internal
to the DCS or tfearespat- be additional- devices external to the DCS.

Nor eover, the Gkl flileloidnlbu BOA aliloodif EARREELAE s hidvibe GRIRML 7 (nOt

shown) progra arry esire I NI Ng process Scribed in
U S. Patent Aphecednning thlam iy fRStdiffrhCtion[oddet O [Thd bepatakion asheod thegwebsed | aser

beamis expected to have,a finite- vel engt bandw dth. Preferably, the
wavel engt h band&‘i %FF‘PTO%IH?P} t{‘g@e\?d%@"?gnﬂ?ﬁ“bp exp 8 This, finite
bandw dth | eads to di spersion ofgghoefyu trashort pul sed | aser beam on
passing through an acoustooptic devi’ée“(e.g., deflector) as illustrated in

when l?’é@;ué‘zd:gv%at{eges i d%ké%%@?%?%&wi”%ﬁ&&ﬁfvﬁﬁé’tﬁﬁ?&?_ﬁ@fﬁ hl
hape of the. IRt Tdets e e BHN. e af e BRI el P °°
acoust 0opt i ¢ deudapai] ah Btrgst N hAER 1Rk il A7 nitbchedthitE GighPEI oBRR fRON the

desi gn of the acoustoopt evi orter vel engt h“acoustic waves in
t he acoustic crsymilapeatrdunt iad fapprosinwataly 1:20 nm). The lower wavelength portionof .

the spectrum bandwidth will be deflected at an angle less than that of the higher
wavelength portion of the spectrum. Therefore, the dispersion of laser beam
occurs. The dispersion angle can be obtained from the separation angle 8

Ag:'llf;/va "-lzfa/va =Azfa/"a ’

where A,and A, represent the highest and lowes.t. part of the spectrum bandwidih
respectively and AA stands for the bandwidth of the spectrum. The spatial profile
of the laser 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=[86,2 +A6," .



device cause relatively greater dispersion. Hence, the anount of elliptical
shape of WO 03/028940 PCT/ S&2/00151 14 the machined feature spot wll be
greater fwpo osloosdier wavel ength acoustic waves and vice ve@CIsGIAIES]

| arger. di stances between the work piece surface and the acoustooptic
device result in a greater anmount of elliptical shape of the machined
feature spot. [0050] Dispersion occurs because acoustooptic deflectors act
as noving gratings. The scanning beamis its first diffraction order. The
separation angle 0 between the zero-order beamand first-order diffraction
beamis expressed as where A is the wavelength of the incident light, fo
Is the driving frequency of the deflector and v, is the velocity of the
acoustic wave propagating in the crystal. As noted above, an ultrashort
pul sed | aser {GB5MY0n oFd 96 b awfofa@&sxdmm@ﬁﬂsestm@ﬁeam tig/PabsentS peCt r um
band (approximately 10-20 n The Iower vvavel eng ortion of , the

spect r um bandiiveRt9RRFPYides oneiak (RoacEigtogpticde (9011’3%‘@3‘? e APRESIotOf t he

hi gher ~ wavel gagldbPgielor bro heoldifo ee&iew@ Tﬁee& fliéh confpndligper si on of
| aser beam occurs yp%e di specr03| orllﬁangl e calrI} be liﬂgt ai nced fromthe

separ ati on angpasne usedAfof byayn scayxdiiga/Foa exaviple,\eoe ahbyedispeasien * A represent t he

Ctanas for t e R nesigpblf SEEE b e R phor PR RRERY S O o,

beamw | be Séwab@ﬁtﬁdieﬂ&téﬂ@pzﬁ‘atuesstdewmbai béldve. Fcshodld ibe nod choweessul ting in
an elliptical beam_ This is illustrated in_ Fi gures 2A and 2

exenpl ary apfat the dispersion comPpRRsation seaunes can be3 SINGE-axis SCARDET, TAESr, ! ‘?awmbe t Wo
acoust oopti ¢ gl LBetQhser. eSS ver, HiffRGioh gRRinSPRAMRE fidh abdusteofte déviekd Y axes.

Al so, the spatia profil e of the | aser "beam can be stretched in both axes,
resulting in MY@BWW%fOIdWIOGF%FS&B@N n a di agonal manner; as shown
in Figure 2B. Eg! | SiHipen&tort o tﬂgyﬁg&qtfrom
di spersi on ané s]| Igm%ﬁﬁ a%?s 8%%,0 %&0 5qg and i's given by e0
= e0s2 +e0' 2 invention is to produce counter—d;spersmnmthcultrashort pulsed laser beam prior

to passing through the scanning acoustooptic device. In particular, the direction of
dispersion producéd by the dispersion compensation acoustooptic device is
of;posite 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 a 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 to A and 4,,
respectively, are shown, where A, > A, (for convenience, beams corresponding to
other wavelengths are not shown throughout this discussion, but it will be
understood that these beams are present). Given the Bragg relation well known to
- those skﬂled 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



WO 03/028940 PCT/ S&2/00151 15 [0051] In order to conpensate for

di spersion of the pulsed | aser beam the present invention provides one or
t wo acouswoopiss4@evi ces to conpensate for dispersion camrsgdGoyo@se or
nore acoustooptic deflectors in the dispersion conpensation scanner used
for beam scanni ng. For exanple, one or two dispersion conpensation
acoust ooptic devices nay be introduced prior to a two-axi s scanning
acoustooptic deflector apparatus as desggibed below. It should be noted,
however, that the di spersion conmpensation scanner can be a single-axis
scanner rather than a two-axis scanner. Mreover, diffraction gratings
rat her than acoustooptic devices may be enpl oyed for dispersion
conpensation. [0052] A principle behind dispersion conpensation accordi ng
to the prese“betvdeéh/@é&hi%I&dt&aﬂBMWG@BCMEhn%%E&B&&nBDS -hiRd
ultrashort pul sed | aser beamprior to passing through the scanning
acoust oopt i ¢ deam 8@4-n 0. ahgain; givam thetBregeielation ilrn op Se@l%@ﬁ%ﬂﬂﬂ produced
by the disper en “ﬁéﬁ?ﬁt' oL O that
caused by the%g%g%ﬁgng a?%%%?@%%%?c ed?ggﬁﬁ fﬁc de of the
di spersi on i s ahgle tiaaiean 301-hdte mr&@mmdbbylehbﬁmcm B@i-hisoust ooptic

deflector. This wll_b escri bed in greater det hel ow. 0053] Figure 3
il lustrates e%@ﬁﬁpg él’g ’gq'“g]ﬁa‘} b‘%ﬁ'}éﬂﬁh&tqp mor e
detail. - As E&ﬁur?d&m éé}ﬁcféflﬁﬁr ﬁﬂf&'ﬁéaﬁﬁ@b&— devi ce
200, and zero or er- eam ??02 égsél?}r,st order beam 301 enanate from device

200. Beam 30ma&4~nmd|mma wavelhn@hsbebuwmmmay(amdmﬂm\myomdmd as
described in Patent icati 9 7. as a narrow
band of wavel ’ﬁ Q%PW &n&m 'ﬁ? Aeé%: Jbz(bgtmg Sgr goes

di spersion as paoﬁdiﬁglhisp@émﬁe@mgnsadoﬂfurae\hm Hgsjvelcatdy] dbaaﬁmom 1 and
301-n corresp , respectivel e , > k (for
conveni ence, I‘FE%E,‘@F Py T8{o co. B‘P?Pé?‘y%af@fe‘féﬁg?&blaﬁ%%ff shown

t hr oughout  t higpehsiC10% WeddproVided dlbnalitlelbelif woulddafied digersidaimildhgse beans are
present). G ven the Bragg reI ation well known to those skilled in the art,

beam 301-1 i s thasfindicatedcbysheams BGl-band ¥dgt e t han beam 301-n.

[0054] In'a single-axis scanning arrangement, such as illustrated in FIG. 3, the
acoustooptic device 200 can be an acoustooptic modulator oriented at its Bragg
angle 0, for maximum efficiency. In addition, the acoustooptic deflector 201 can
be oriented at its Bragg angle for maximum efficiency. In one embodiment, the
acoustooptic device 200 and the acoustooptic deflector 201 are oriented such that
acoustic waves in the acoustic crystals of the acoustooptic device 200 and deflector
201 travel in opposite directions to each other, the acoustooptic de\(ice 200
producing dispersion in an opposite direction to that caused by the deflector 201.
Both the acoustooptic device 200 and deflector 201 can be driven at the same
center frequency, and the acoustic crystals of each can be made of the same
acoustié material and can have the same acoustic velocity. '
[0055] Even with dispersion compensation, there can be some resultant dispersion
in the emanating beam. However, the amount of this resultant dispersion can be

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



As illustrated, beans 301-1 and 301-n then enter deflector 201, resulting
in zero- order beans 303-1 and 303-n and first-order diffracted beans 304-1
and 304- nwo 0Bo2svys0 303-1 and 303-n can be bl ocked with a beamSdoveds( not
shown). The angl e WD 03/028940 PCT/ SQ&2/00151 16 between beam 303-1 and
beam 304-1 is 01, and the angle between beam 303-n and beam 304-n is On.
Again, given the Bragg relation, it can be seen that 01 > 0,, because % >
, . Thus, whereas beam 301-1 was initialliyy deflected at a greater angle

t han beam 301-n due to dispersion by device 200, beam 304-1 is

correspondi ngly deflected at a greater angle than beam 304-n in the
opposite direction as a result of diffraction by deflector 201. Thus,

paral |l el beans 304-1 and 304-n (and beans at wavel engths in between) may

accor di ngl y be[0056]Sis#tarty] fordiveaeis stanningothp dispatiatlcdgei®ition Seaiddr say egar d,
defl ector 201 nmay be viewed as rovi di ng, di,spersion conpensation for

devi ce 200. Eq'ﬂ?ﬁjg?f %W&WBW g%'?%ﬁosﬁwgi PFPT\fP EREFPARIING ASUSIOBEE di sper si on
conpensat i on f @flestofs! focdigierddloompematiie Ad exatiple FGha andBlcHRftstidy OVvi ded

al one, the beam woul d suffer dispersion simlar to_ that indicated by beans

by

301-1 and 301-r teatipagsion compensitionacapnrrds dlushied g G 4abHhS; such as
illustrated i nAEdM‘?“ﬂ‘?%@“m%“ﬁ%‘ﬁgﬁgd%ﬁgﬁ%g%ﬁg‘%feﬁgf‘?ﬁ’ an acoust ooptic

nodul at or oriented a Bragg maxi nmum Iciency. In
addi ti on, the awvusisiptiodeflectodd8 kushithat t2Gtoustinwates imthe acdusiic aystils sf Br agg

angle for maxi pumefficiency. . ln enbqdi nent, the .acqustooptic device
200 and the ac@gﬁ%‘t}?@& ‘%&%‘f éé%f@%‘ﬁéwnﬁ%ﬁ?%ﬁgmh?m? coustic
waves in the agmestSimilsdy Hedcsustoptid\@evite Q94 LAPDG he diRied SucB e @Rd def | ect or
201 travel in opposite directions to each other, the acoustooptic device

200  produci ngapsiseraseo thepcawstie spisl efdhepcouseqptin devdce; 164 anddlgBlestprby t he
defl ector 201. 20 el dipodEMSLRALI dictld:C e WoBRBpH el BE 1O 01 Can be
ce er ust

driven at the sane frequency, and the aco c crystals of each can

be made of t hedsloter IQ&MddﬂgcmﬂByamaﬂOandﬁumtmmmehmmumpamtic

vel oci ty. [O0SGL oEeR: dybdls O SRERA' 0 SAERENSRL spRinch RSk Sl e SO
acoustic velocity and material. The distance “b” illustrated in FIG. 4 is preferably

made as short as possible 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 one 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
illustrated 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, amount of this resultant dispersion
can be decreased as the distance between the acoustooptic device 200 and
def | ect orwP@®3/028940 decr eased. In addition, there is a finiPeTiseapnewsdt h "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.
WO 03/ 028940 PCT/ SE2/00151 17 [0056] g mlarly, for two-axis scanning,

t he di spersion conpensation scanner nmay enploy two acoustooptic devices
positioned prior to correspondi ng acoustooptic deflectors for dispersion
conpensati on. An exanple of such an inplenentation for the dispersion
conpensation scanner is illustrated in FIG 4 and FIG 5. Acpustooptic
di sper si on conpmpeshii@dedicy i 68 sukh thas tHRracaRtie Wavetih flid A¢Bustebptid@itstioopt i C
defl ector 15 such.that fhe acoustigémaves in the acoustic crystals of the

acoust oopti c &B\YFIE@ 1p 4 digeetiogaptpted | deggeeg ithe Flogkisgslierstienrelftivet®t i ons to
each ot her. Shdhdo@itlcWvavh RaveHRg SO bt HbhE: ThoRtdn 25, 10T | ent ed

such that the acoustic waves Tn the acoustic crystal of the acoustooptic
devi ce 16A andtipsosds, the oripgationds sychithnt ipsedsicesa wed bems 188 each ot her.

The acoust ooptd.g, 1ﬂ§%i A and 20 are
driven at the sane efg er%é? %&éﬁ?&bgﬁwgﬁ%%s%%%@iﬁéf each are
_Ir[ﬁded\_/vi E h the shemlirfﬁlﬂz i#(tﬂm&bam: nls;}llgﬂgjgbmahe ef&c};tsmﬁ})hiemfwdugmbptk da(r?]ides[rat erial.
e distance "pb" illustrated in s prefer made as,short as
possible to mfﬁ‘mlzléxtsh‘éw’é Gtﬂn{tﬁh%‘}d %@éﬁ%&%"%‘?@%%’?"ﬁﬂ@

conpensat ed SCaANeAGdS 88 hrkildb ard PR{HbY @Bfzted Rr EBYMO6r GRRMIRMRH a
di stance between an acoustoopti cal di'spersion conpensation unit (e.g.,

conpri si ng devireguency red thatithe sgupstiermaystals are sude wih thecame spesticrtions.uni t (e. g. ,
conprising def&@@%ﬁi@m&@wﬁ&@%@m:&&ﬂ e difarfdl L& ﬂxaéxp‘.’%iféngmw y .
arrangenent f or e I Spersi on conpensati on scanner or -axI's scanni ng
utilizes one anmiesehgt ascpodsitslp er minimize theeHiptieity afthe Waulianidispesionad of two

such devices &g penated scanniag beam 111" "rile distanct “c* may be considered a distance
. between an acoustooptic dispersion compensation unit (¢.g., comprising

acoustooptic device 16B) and an acoustooptic deflection unit (e.g., cbmprising
deflectors 18 and 20). N
[0058] As illustrated in FIG. 6, wave plate 17 is introduced between the
acoustooptic device 16B and the acoustooptic déﬂector 18, and wave pla.tc‘ 19is
introduced between acoustooptic deflectors 18 and 20 to rotate the polarization
state of the ultrashort pulsed laser 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
smmmnwmdqmwnqmﬁwofmcﬁm&mmﬂdﬁﬁmﬁmxcmumanybedmmmd
at the center of frequency bandwidth. Accordingly, to achieve the best results -



and 5. Referring to the exanple illustrated in FIG 6, FIG 7 and FIG 8, a
single acoustooptic dispersion conpensation device 16B nmay be enpl oyed

rat her thap o3pegv4@coust ooptic devi ces, such as devi ces 16PamsGLEA0151
illustrated in FIG 4 and FIG 5. The acoustooptic di spersion conpensati on
device 16B is oriented such that its first-order beamis dispersed al ong
the sanme axis and direction as that of the resultant beam 111 emanating
fromthe acoustooptic devices. 16 and 168 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-order beamemanating from 16A in FIG
4. This result is obtained by orienting the acoustooptic dispersion WO

03/ 028940 PCT/ SQ02/00151 18 conpensation device 16B such that the acoustic

wave in the ac(u.gtmspmndmiwqmﬁtyb,smetalrgbve.irfawcdnrtyﬁchyrbchBda&ﬂameat ed 135
degrees in the c F%se direction.relative to the acoustic wave traveling

in the acoust offSfer Of eranninggangs Hhenefpres cemplete dispersion Gampepsation can b

orientation i Solsifidd 4t fid cehtral PR G SR Freuéticp BRidwAMn beam 108 emanating from
16B in FIG 6 of the sane characteristic as dispersed beam 111 shown in

FIG 4 (the be&l@ﬁﬂé&mﬂﬁgwrﬁwqm@n@p%e@sbedfbwabﬁhmﬂ@om| c devices
16 and ' 16A sh st ooptic

devi ce 16B angﬁ%&ﬁ%@#&; %ﬁ%@gﬁgépgrgﬁéﬁﬁ%’%éﬂé@@ or the sane
or different c QI"—_‘_s;ay r made with
the sane fp'('ac! ca |o{rtlﬁsﬁﬂlé§%tg fré@gmé’oustlc Ve Og;?{? %{le mat eri af The

the ol |1 pti ci t el Heieia %“”“%?%8%831’4%8??% N AN
The di st ance " sdanning, rbspectivelyl. déa diffraction gtating is uséakinviendrof an acoosisdptiopt | C

di spersi on conpensagi on unit | Si ng_-acoust | ¢ device 1613
andpan acoustga hﬁ Qéﬁ%ﬁ&ﬂ?‘%‘dﬁﬁr%’m‘e&ﬂ% ‘?#@tg%%ef: Y &B1ee1 g and)
20) . [0058] Asgj ﬂn%%fﬁ@i&dstbébhl?h&mﬁdn%ﬂ%ﬁzm&Je?ctib‘édhtBHVEOduced bet ween

the acoustooptic device 16B and the acoustooptic deflector 18, and wave

plate 19 is |m068d®mm@pm&ﬁ@cﬁ@@p@spnmmm@tﬂmmaommﬁo rotate
the pol ari-zat| ﬁlgscanmngmnge The ratio of dispersion error to dlsperswnunderthls

condition is illustrated 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 controlled 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?+Y? ), 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,



state of the ultrashort pul sed | aser beamto maxi m ze the efficiency-of the
acoustooptic device. Efficiency in this regard refers to the relative

i nt ensi tiwe 03f028%he first-order scanning beam and t he zer @Carsgoe/omsam
maxi m zing the efficiency refers to maximzing the intensity of the
first-order scanning beamrelative to the zero-order beam [0059] As far
as a two-axis deflector is concerned, an exanple of the dispersion angle
of the | aser beamas a function. of bandyg dth of driving frequency is shown
in FIG 2C As illustrated in FIG 2C, dispersion increases linearly with

I ncreasing driving frequency in both scan axes. [0060] For acoustooptic
defl ectors, the best performance, including intensity stability and
spatial quality of the first-order diffraction, can normally be obtai ned

at the center quarfer-squepble dyankpalatizer. Mooovet thg ipylaritaion chiverer 22fe best
results WO 03/ ggege%g{/g%c/g 2 /oeoefll 15?&0 e.g., best machining quality), the

target surface®can . ( the center of the scanning
range. Ther ef o[0865L Thetapeofthe madhiied RolkRaPEspEAS bdife fAAriREon QXL AFART at the

central part of, the fr ncy, bandw dth. [0061 timal di spersion
corrpensaltoi on cﬁlr?ag@'%ﬂﬂ’ﬁéai?ég‘&émsmm[@@v 9’]2*{qu2%$1'@¢111?&0 i ersion
conpensati on deydagfus(Rcshding 3 (R prid ' ﬂg@ﬂ Fheol S1: ted with the
centte[1 freq?englsr/ﬁ of uw\diygfﬂlijgﬁ%t'h%ﬁgeéﬁﬁ @;ﬁ%ﬁﬁiz@%gand Y Mz
are the cent er ckoulay i vlendiie folarization stateooefth ort e@béand 013 is

scanni ng, respe.c:t'vg{al%)1 f gliFff actjon grat iggg | S, used instead of an
accoust oopti ¢ cna@q: , ?%“84’ ipﬂ%“?ﬁ)‘%f’ﬂge’gﬁ b Whish isprefeeably: auaser- espond
to the effecti wavgplatiifte be@miident Pherdth iAGRME KRS ASY i ERnfkiyen of Z Mz
as descri bed above. %%062!,A S@Ot conpletely free of di sper si nycan be

expected at thElGelf i i€ higJe is o foaamtndgmiyaodeizedrmerashartipolsed
di spersi on err ggertiRadilaBek h%ﬂiﬁﬂ@;%ol&r&hﬁon&ﬁ%fﬁ?, Hi&ikbpl’éi&ﬁﬁlf&ed In
rs to ed

Figure 2D. Dispersion error refé [ he anount o unconpensa
di spersi on. [ Ode®larizer erguy othenmedsis guioai Dindemlygiofarizéiclight.h For alincarlpf

di spersion err %Izl}lﬂad state (S or P polarization) of the ultrashort pulsed laser beam 113

_ produced by the polarization converter 22, which is preferably a half wave plate,
the machined hole becomes a nérrow groo';'e, such as illustrated in FIG. 11 and
FIG. 12, the direction of which depends on the direction of polarization of the
beam.
[0066] A possible explaﬁation for the polarization-dependent 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 péiarization states of the.ultrashort pulsed laser beam may be applied,
depending on the direction of cut. Of course, circularly and rémdomly 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



di spersion can be controlled to be under 30% at a di spersion conpensating
nodul at or center frequency of Z MHz (or at an equivalent |line spacing if a
di ffractiwoogoasmg i s used). Mreover, the error at the eemsGabopart of

t he scanni ng range can be below 6% In other words, the center frequency of
t he di spersion conpensation acoustooptic device can be chosen such that
the di spersion conpensation is optimzed for the entire scanni ng range.
Figure 2D illustrates X- axis and Y-axiszdriving frequencies ranging from
80 MHz to 130 MHz (the frequency for Z correspondingly being given by Z =
X2 +Y2 ), but it should be wunderstood that the driving frequencies are not
intended to be limted to these values. [0064] Pol arization of the

ul trashort pulsed |aser beamcan inprove the efficiency of cutting. The
pol ari zati on offor micremachindngoand sphyiniceeindchining ab@ading RNthd Prevett ifventiy i

pol ari zation cq t r.shifter which is preferably a hal f-wave
plate, WO 03/ Ofgéaﬁ%e %@fﬁ@%/sbﬂ%fg W%feaﬂé%‘@s-bﬂﬁ@el%g%e ulgashento| ari zer .
Moreover, the [pulsed lazatbeain is pavavéred wihiph podiichhPdcalthdy £ psfb! € bet ween
t hese opti ons. ~%086511 The shal%),e of the _rracﬁ?ned ‘hol e can depend on the

pol ari zati on st™§iOMHGR Using dispersipn corapepsation aconstpopsie deflsetion apRafatssy i ng to FI G
9, a precision Amfhkr g ﬁl‘ekl:?: [ 0. I nventi on
provi des a machi ned E%‘f%ta\%é‘?fﬁﬁg cl F%ﬁf@?ggﬂgﬁg&mﬁ?@%?%o BYFzation state
of the ult rashepatiabeasglution eandre ab bmaslBn bsbelow.r Anll abviyushgresolutiesl by t he

pol ari zation c 22, whi is preferably a quarter- wave plate if the
beam i nci dent %ﬁé?%‘%%ﬁﬂ%p?sﬂ%a%sm%m%c%a YR &F AF oy asd0 pppG, 10,
the machi ned haparts per aiillion) d@low@! The HBRAG HcInR RIWeER tyd AtbitRey Adet PUl Sed

| aser beam 113 produced by the polarization converter 22, whi c%féles

preferably a d PfS 108 the o oo, fryndonyAceesimecap sangp framnl pangsrsondto20! ar i zed
Ul frashort pul e ClondREpaIn S e @ik i o b e, b8 ool ¢ )
22, which is prsidveer s¢ainging spestl (longey eandém heeess tinmd ispossiblac Th presedtecones a
harrow groove, iﬁ\ye%gdtiaﬁasi d:cle Easp%&ﬁ‘é; 91' ﬂrgc Fiy%on&ojllix?gntge number of pulses of the
ultrashort pulsed. laser beam at 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 ;ubstgnﬁany 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 noged in U.S. Patent Appljwation 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 ablation threshold of the material. To achieve such features, the
number of pulses af each machining point should be precisely controlled and
optimized for different feature sizes. In addition to the ultrashort pulsed laser



FIG 12, the direction of which depends on the direction of polarization of
the beam [0066] A possible explanation for the polarization-dependent
hol e shapwoiog/oedvat the ultrashort pul sed | aser energy i sPabsaopedsnore
predom nantly along the direction of the electric field vector. Al so, the
abl ation threshold of the material may depend on the direction of

pol ari zation. The ablation threshold of the material mnay be relatively | ow
for S.polarization, circular polarizationzand random polarization states
and relatively higher for a P polarization state. For the present

I nvention, which can provide a pol arization-dependent machi ned hol e shape,
it is preferable to use a circularly or randomy polarized ultrashort

pul sed | aser beam for machining conplex features in both X and Y

di rections. Forenstgytand ghesnumberybft ultrdshorelaser pulses, Brepatiationzat fivonatdmh g of t he

ul trashort puls be. appl i dependi_ng on, the direction of
cut. O course,&glr ?Eﬁgaer'ﬁg%?ﬁ‘g%%{ﬁ&b‘ﬁio*%ﬂﬁﬁdﬁﬁ?ﬁﬁ% e fggaghievaled to cut
strai ght |ines SmalleeflhctuftRAG¢iriafibg @ﬂﬁ&ﬂ@&ﬁ&tﬁﬂpbﬁ@@ﬁﬁrgf&ﬁhﬁwe present
i nvention can be applied for generating conplex featur€s th very high

preci sion and at¥ealFamgchined featura sizes tg bewshipyed DM adnRErABEsEOGUIES thadl f or

m cr omachi ni ng Gwentiean FRG i ' resent .invention is
capabl e of prod%{(%i ng smfi}?ﬁres W%#ﬁp@ﬁ%%@?gﬁé@ﬂ%{ﬁ%gy%@nﬁme The

ul trashort pul energylodsleruliveshont lasenmises, ermehbed éfpulsegincidestiat b gived accur acy

and spatial resolution using dispersion. conpensati acoust ooptic
defl ecti on appat'ra%t?’tj%.o8 aﬂ#@{%@?f%%%@g&gfgﬁg@ﬂgpﬁs@cggﬁmm ion is that
the scanni ng r ef0069]tThempresent itveationttas Wi pplidatich BMicldR odSul-Rr@s 4 nNm or

bel ow. And obvi ousl resol ution_ above 4 run is possible. The scanning
posi ti onal accﬂw}/maﬂ% thﬂk“ﬁ@OEGfH&ﬁhﬂ( masks (photomadky) asr | ower .

(r andom access. 1 miitH SR Blsd 4 Bl RSl BRFbGrdlilf (T P OO

dependi ng on t hibincfilyspasternitigz end étber applivations.d CarredtlyrphoimsksGiv fabticitad, S| ower

scanni ng”speed §J B5ke L ANOM, BEES bRl el T comhiufy S5
the multiple steps involved in the fabrication process. Using the present invention,
however, photomasks can be fabricated by a 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. - i | )
[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 ab}ates or removes material from layers 300 and 301 without



i nvention has the capability for precisely controlling the nunber of pulses
of the wultrashort pulsed. |aser beam at each target point. - Even at very
hi gh repewDto3oes94e at es of 300 KHz or nore of the ultrashoPCTswozedsl aser

t he nunber of pulses can be controlled down to one pul se at each target
poi nt. The pul se-controlling factor depends on the rise tinme of the
acoustooptic crystals in the acoustooptic deflectors and di spersion
conpensation devices. Precise pulse contgol, high position accuracy, and
hi gh scanning resolution in nanoneter range is beneficial to machine or
abl ate conpl ex features on the surface of the work piece 24. Anot her
advantage of the present invention is the utilization of acoustooptic
defl ectors and acoustooptic di spersion-conpensation devices for scanning,
t hereby provi didigoving mMBriAERAAME GallstrRs 807)| This SMSBeSithie S By uBSsielhe t hE
systemis substantiagg%binnune to vibration even at very high scanni ng

speeds. This afkrily 5 the precassRyessters yeh thapibp thresheldsnereyiferr on- scal e,
nanomnet er - scal ng&%%ﬁ} ri 195%3 . Waae) Pat ent
Application No,.?e 9 ?%‘%@g@g%ence lf%@ veé%&@tfégﬁg@gﬁg#ﬁ{ég#tq%& can
provi de feat ur esatingddyersr300land3@1h eUSingths présay divestionga photbissk havihg ashor t

pul sed | aser beam.b reci se antralling the ultrashort pul sed | aser

beam above thec%?lﬁ%lfegﬁ“?smb%@ﬁﬂcw 'Pﬁémgﬁtséﬁpibil. _ J‘ﬁ"rﬁuu o/ ch _
features, the pildediaser Bbamudifeicoadtodps BevitdE.NTHE SiFpdd3 dMows BamIFinP thePr €Ci SEl Y
controlled and optimzed for different feature sizes. In additron to the

ul trashort pul §@8k blaglebervgsngmachingg pgripdsT/Thixapprrosisan befastarapdosnd t he
nurmber of ultr foéctilvé‘%&lh%d?wt%% ve%a%é&%mﬁéeﬁgekﬁﬁé#?ﬁ aBlk dfn the

energy of the ultrashort ser pulses -can a e sna t feature size
achi evabl e.  Stfabiricgtingfphotomasksi withssub-ani¢ran featugesof t he ul trashort | aser pul se

energy may all | ].er chined feature si to be achi eved. Machi ned
feature sizes 8&7@@3%3%8@#%@?&&??@% ‘fzfﬁ% l?’ﬁéﬁ'g‘&&“”%’é?ﬁngﬁot si ze can
be obtained by ueBRidfer dleddihelthesurROs 08 Wolkl pitdeS by hi £dipélp dty process usigl ses, the
nunber of pul ses incident at a given targetspot, .and_ the energy

fluctuation of “H?aﬂ‘%l.’ﬁfefi.lﬁﬁ{ WI@E@P"B&W“‘?(YG@@T ofdpproximgatel 008 nyvent i on
has wi de appli ¢abidbnd o df $rtBseBéndy UPhd Tnfehiy and energy of the ultrashort pulsed

laser 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 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 any 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 bleaning
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. For
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 particles) 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



contour formation, direct fabrication of photolithographic masks

(phot omasks) at very high speed, precise and accurate nmachining of netals
ahd ot herwoaBmedsad s, thin filmpatterning, and ot her applPCTsGIPES1
Currently photomasks are fabricated by using |lithographic processes, which
are expensive and time consumng given the multiple steps involved in the
fabrication process. Using the present invention, however, photonasks can
be fabricated by a single-step nachining,process, where the absorbing

| ayer of a mask blank is directly rennved using ultrashort pulsed |aser
abl ation without affecting the transparent substrate. For exanple,
referring to FIG 13, a nmask bl ank (work piece) conprises a transparent
substrate 302 (e.g., transparent to UV radiation), on which a coating

| ayer 300, whiitis foasble coembodp drriptention in@petific fomhdthér thidhoseagimat i on, has
been deposited g UV absor terial can be chromum gold, platinum
t ungst en, YﬁﬂﬁﬁﬁWPmdgﬂgﬁﬁgﬂﬁg?aEE%PFYRﬁﬁQWEW“Q%W@ﬂﬁﬁﬂpﬁémédheﬂnmﬁ t he
like. The th' Cdfffiﬁ‘éﬁv&i‘uoﬁh%%& ghgémécﬁ}iﬁé Qxefew‘m%&ga% Qg@og g to the

process. If the coating |ayer oes not ave a to the
substrate 302, nqabebmmldbmddesu@ummnyM$ ’Imescbbebﬁm@@feﬁmnﬁ@l@ﬁéﬂisce to
substrate 302,.ma at ed e substrate 302 prior to applying the
coating | ayer 49 66/ n‘f‘@d’%‘}’s MP@@F@ WP“?‘hémgé'éé’WaHP’és @42 s
mount ed on th%@mm%cthlmlwf%m%Mﬁeﬁ 5 688ibkdcad! S
controlled such that the energy is sufficient to ablate or renove the

mat eri al fron1@4ﬂ9“+ayers 300 and 301 but not sufficient to ablate materi al
fromthe substrate 302. As shown in FIG 14, the ultrashort pulsed. |aser
beam 113 abl ates or renoves material fromlayers 300 and 301 w thout WO
03/ 028940 PCT/ SX02/00151 23 renoving material fromthe substrate 302. This
can be achieved by choosing the materials and/or the process paraneters
such that the threshold energy for renoving the substrate material 302 is
hi gher than that for renoving material from coating |layers 300 and 301
Usi ng the present invention, a photomask having conplex features can be
fabricated in a single step by scanning the ultrashort




pul sed | aser beam usi ng acoustooptic devices. The stage 25 all ows
translating the nask bl ank between machi ning periods. This approach can be
faster amdormmafoesv4cost effective conpared to conventi onal [PCTiseye/a@ki c
processes and is capable of fabricating photomasks with sub-m cron
features. [0071] In addition, the apparatus and techni que of the present
invention can be utilized for cleaning the surfaces of work pieces by an
entirely dry process using ultrashort pglsed | aser beans (preferably with
pul se wi dt hs of approxi mtely 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 dwhiatdeslameed ibe control |l ed by varying the input power to the
respective acoustooptic crystals (for |ower input power, efficiency and
hence beamintensity are |lower, and vice versa). The intensity is
controlled such that theAgR&isioh IpRY-t iféla coniefsingd the work piece 24
is lower than the ablation threshold of ﬁ%ﬁﬁg? piecg@24. The beamis

t hen scanned over taasengnurce that emits 8 anlpddassnbeast nore tines depending on the
requi rement of clegni. effjci . i r | sed | aser beam
of pulse width in ?ﬂ%ﬂggﬁééLgﬁ&ﬁgﬁés%ﬁ@%&%%%%ﬁyh%I%%Q?#%%toggégﬂd for

cl eani ng has a nunadgbcwingadil dnt fogess thepulsedhigibbsn fremabedifpeetordanage i s
absent or very mninmgl, damage to sensitiye parts, i avoided, the nethod

i s suitabl e foforpepsagen %%F%@I“@&h?ﬁfﬁ* “’\t{’ﬁ@""e&‘? E'SPFG“%WWWWI} i qui ds and
hence no hydr oghiel Gomipttek (the process is dry), and very snal

contam nant particles (e.g,, dust particles) including particles smaller

than 100 nm can Welinisenping, deyige thay scansdhe pijsed dasebeamsn g disyt digeationi bed wi t h
reference to e i OV it 11 be readily apparent
to those skille % %?&aﬁg%r %@%”&%ﬂ%ﬁ%ﬁmp / SG02/ 00151 24 it is
possibl'e to enbody afirst dispessivn compensatinnalevits thatf compensated for thedispetsionse of t he

nbodi ts d [ . Thi ith [ f h
gpi ?i![rren S ecsa%geldti)%dthg c;\t/se Tglgmrrc%}/ be done w thout departing fromthe

2. The apparatus of claim 1, wherein the pulsed laser beam has a
wavelength in the range of approximately 100 nm to approximately 1500 nm, a
- pulse width in the range. of ggﬁroximatély 1 microsecond to.approximately. 1 L
| femtosecond, énd a pulse reiaééﬁon 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 nm to
approximately 100 microns depending on the scanning range.

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

nanoseconds to 100 microseconds. -

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

piece.



of the invention. The exenplary enbodi nents are nerely illustrative and
should not be considered restrictive in any way. The scope of the

i nventi orwn93gessem by the-appended clai ns, rather than tRreTSGoZRUSNg
description, and all variations and equivalents which fall within the
range of the clains are intended to be enbraced therein. WO 03/028940
PCT/ S&2/ 00151 25 What is clainmed is: 1. A precision |aser-scanning
apparatus, conprising: a |laser source phat emts a pulsed | aser beam a

di spersi on conpensati on scanner that scans the pul sed | aser beam and a
focusing unit that focuses the pul sed | aser beam fromthe di spersion
conpensati on scanner onto a work piece, wherein the di spersion conpensation
scanner conprises a first scanning device that scans the pul sed | aser-beam
inafirst direction and that causes dispersion of the pul sed | aser beam
and a first dispersion gonpensati devi ce that conpensates for the

di spersion caused®by tﬁﬁﬂﬁwwgwsggﬁwﬁ}%@ﬂﬁav?E@?m@mﬂwh%waaa&ahtus of claim
1, wherein thenpiind@GedohtDh iP 8 Fardd Of Spprol@MQL 005 nicronlt Sprafimaee
approximately 100 urn to approxi mately 1500 nm a pulse Wdth in, the
range of apprd@Pmi¢rehy | microsecond to. approximately.1 fentosecond, and
a pulse repetition rate in the range of approximately 10 hertz to

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

di spersi on conpensgtion Wﬁﬁmbaﬁclanﬁs,mmmeagﬁmmﬁmismwe range of
approximately 1 urn to approxi-mately 100 m crons pendi ng. on the scanning
range. 4. The masplngrgwolgionof apnrpximatgly qneityentipgh of 8 Sross-srgtipnthdiametst cess

.tine of the djryRefuliedTastOSERANS @ fbcaledSEATRhe duffade'b ihOwbrRPiiRe Of
approximately 1 nanoseconds to 100 mi croséeconds. .

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 depolarizer.

10. ’fhe 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 for 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 cross-sectional size.



5. The apparatus of claim1, wherein a pulse energy and an intensity of
the pul sed | aser beamare sufficient to machine a surface of work piece.
WO 03/ 0289003@e8pAGE02/ 00151 26 6. The apparatus of clai mPEI/SGoep@sn t he
apparatus has a spatial machining resolution in the range of approxi mately
0.05 mcron to approximately 100 m cron. 7. The apparatus of claimb5,
wherein the apparatus has a spatial machining resolution of approximately
one-twentieth of a cross-sectional dianeier of the pulsed | aser beamin a
focused state at the surface of the work piece. 8 The apparatus of claim
5, further conprising a polarization converter that provides a

pol ari zation state to the pul sed | aser beam 9. The apparatus of claim 8,
wherein the polarization converter is selected fromthe group consisting
of a quarter-wave pisite, arHeappariay6f dimlie, whdein tie BERRGHRF bdEbprisest0. The
apparatus of claim38, wherein the polarization converter is selected to
provi de the pol arl z&PF’(ﬁ?l“sY'ﬁl% a dispisteR ARDEYFiEY cgual tsor sentarthana depirgd

machi ned feat ur, ﬂg b bg{,}F f&%@@ b did\PorkQidee;Pi ece or

dependi ng upon an atﬁ%ﬁ tﬁgée4 hol d g‘? \%/ork |eﬂ§@ 11. The apparat us
of claim8, wherei naﬁt&tfmhmglenamabfwcmthepu@dlmtbmm@wﬂlewm of a
l'inear polarization state.fo | al .feature a circul ar
pol ari zation state ?5‘?°°Pr§ W%%n%&&@@ma%?%fe é‘?sﬁ#@s er bsdim smpating o,

pol ari zati on stfythefp] hdl®G@AENi ng a circular feature. 12. The apparatus of
claim8, further conprising a beamfilter that spatially filters the

pul sed | aser beam anddppbvmébﬂtbmkW%‘@aPP@%Pf%aMlﬁ?fheanuem red
cross-secti onal M%Qﬁ@%ﬁg%@é&@ﬂ 00151 27

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
laser 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 further provides modulation of the pulsed
laser beam wherein the beam is selectively transmitted or blocked.



13. The apparatus of claim 12, wherein the beamfilter conprises: a pin
hole with a dianeter approximtely equal to or greater than a desired spot
size of twe opwb®ed | aser beam when focused onto the work pCE#S&02/00161 r st
focusing lens that focuses the pulsed | aser beamonto the pin hole; . a
second focusing lens that collimates the pul sed | aser beam emanating from
the pin hole;-and a diaphragmthat blocks an outer portion of the pul sed

| aser beam enmanating fromthe second faegusing | ens. 14. The apparatus of
claim1l1, wherein the dispersion conpensation scanner further conprises: a
second scanni ng device that scans the pul sed | aser beamin a second
direction different fromthe first direction and that causes di spersion of
the pul sed |aser beam wherein the first dispersion conpensation device
conpensates for dispersion caused by both the first scanning device and

the second scanning  _devige. 15. Th atus.of, claim 14, wherein the
first and second scadini ng%ﬁﬁWPgFlgggﬁ%@téhﬁ?ﬁ’p PR FEEEANY wherein the
first dispersigRviaedBeieairkisperdidt colpensation déviderradilts &a Bprdiaerfivi Ny a

| i ne spacing suitable for conpensating the dispersion caused by the first
and second scabslowgpreximately 300 over e cABISHFA 1898%f cl ai m 14, wherein the
first scanning the device, the second scanning device and the first

di spersi on conpensati on device are acoustooptic devices. 17. The apparatus
of claim 16, whereing he fThe appasand of elainn 6, wierem thg firsland seeendascanning

acoust ooptic deflectors, ang wherein the. first dispersjo onpensati on
device is an aémmqee%ﬁ&t&e‘{IFFQFCWPWM%&S%%@ti on of the
pul sed |aser ppambnbsd @héteinlif: MSOMRpbsionebAsdkaRhYicticaiRDeicitidat Aar bl ocked.
WO 03/ 028940 PCT/ SE2/ 00151 28 18. The apparatus_of claim 16, wherein

di spersi on conpeghsreldtiyp to the first scanning device such that the first dispersion
compensation device produces a negative dispersion that counters the resultant

dispersion caused by the first and second scanning devices.

20. The apparatus of claim 16, wherein the first compensation
device, the first scanning device and the second scanning device are made qf the
same material and have the same acoustic velocity, and whereil} 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
diﬁpersiog compensation device being 6perated with the center frequency of

Z MHz, given by z=5X’4-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 diréction 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.



provi ded by the first dispersion conpensation device results in a

di spersion error bel ow approxi mately 30% over the entire scan range. 19.
The apparwbDuws/oefo4@] ai m 16, wherein the first and second seanrsGoyooidevi ces
are oriented such that the first direction is perpendicular to the second
direction and wherein the first dispersion conpensation device is oriented
at an angle relative to the first scanning device such that the first

di spersi on conpensati on devi ce produces 2 negative di spersion that counters
the resultant dispersion caused by the first and second scanni ng devi ces.
20. The apparatus of claim 16, wherein the first conpensation device, the
first scanning device and the second scanning device are made of the sane
mat eri al and have the sane, acoustic velocity, and wherein the center
gcousti c frequency 22 tha‘héiappifamfghgﬁal,imrd@me@sﬂﬁdemwﬁcaﬁm@ t hat

i spersion conpensation is qQptim zed for the entire scanning range of the
appar at us, t hed§¥igesgre WWPE?&Y‘%B%WW%%W@% ﬁ‘@l’eé%% at gd with
the center fregysnayatioh dévibsare diffMBfonBtatiags having'a liee spaihefiafe Wiz and Y

ML3Z are the cent'er frequencies of the first and second scanni ng devices,
respectivel y. ecgampenppsting Sisedispersipnspused by the first\apdsespnd scprning dayicesi on
conpensation scanner further conprises: a second scanni ng device that
scans the pul sed | aser beamin a second direction different fromthe first
direction and that czuses Thesparausof chim 2hewlmndin éa firktond sedoadisgangingl a
second di spersi.on conpensation devjce that conpensajes for dispersion
caused by the §@‘6€Fﬁ&g£g‘§rfﬁftﬁ§d5§ﬂ‘dc‘g‘§w%“(?§ VEEESHED J9YFIRPHC 29 20
The apparatus @fyi€dsai m 21, wherein the first and second scanning devices
are acoustooptic devices and wherein the first and second di spersion
conpensation devices are diffraction gratings having a |ine spacing

sui tabl e for COMPensAt i NOrelian kPR i D3 CALEEE irkd o bhdiing ABAecsecONd

scanni ng devi ces.
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 transmitted or
blocked.

25.. | _ The apparatus of claim 23, wherein the first and second scannilig
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 in a

dispersion error below approximately 30% over the entire scan range.

27. The apparatus of claim 23, wherein the first and second

comi)ensation devices and the first and second scanning devices are made of the



23. The apparatus of claim21l, wherein the first and second scanni ng
devices and the first and second di spersion conpensation devices are

acoust oopwpD®3/02k9¥ ces. 24. The apparatus. of cl aim 23, whereirrsGobveo1si rst and
scanni ng devices are acoustooptic deflectors and wherein the first and
second di spersion conpensation devices are acoustooptic nodul ators that
further provide nodul ation of the pul sed | aser beam wherein the pul sed

| aser beamis selectively transmtted ong bl ocked. 25.. The apparatus of
claim 23, wherein the first and second scanning devices are oriented such
that the first direction is perpendicular to the second direction and
wherein the first and second di spersion conpensation devices are oriented
such that a direction of an acoustic wave in the first dispersion
conpensat i on d@ifeGmitdrial PRI POS the Gath@dcougicaveldtity aind eherain the canwo asdustc wave in
the second dlsper5|on conpensati on device, the fi angd econd dlsper5|on
conpensat i on RSy Of thschirst 3ng sepopd dispersien ?ﬂn?ﬁgﬁa'l?‘bafwf‘ﬁﬁfs i‘ t he
resul t ant %%r(ﬁﬁpg 1&1% Qyont,ygpt{d,,g@tfoamg chife QEEnG mblagﬂﬁew ces. '26.
The apparatus o al m 23, "wherei n 'di spersi on conpensation provided by the
first and secoapgpamdiusper si on conpensati on devices results in a dispersion
error bel ow approxi mately 30% over the entire scan range. 27. The apparat us
of claim 23, wherein the first and second conpensation devices and the
first and second scamgni ng Adamhabef seanaingagmised lasdrdbeiiDon 3/ vaiRE piece for

PCT/ SG02/ 00151 30 sane materjal and have the same acoustic velocity, and
wherein the cem@vma&%@m‘h‘?E%@R?? QOMPFIREsY  r st and second di spersi on
conpensat i on devi CeSplifing ?ﬁﬁ&ﬁk&‘&ﬁﬁ@hﬂh@?@d@wn conpensation is

optim zed for the entire scanning range of the apparatus. 28. A method of
scanning a pul sed |abewumshmmdﬁﬂgmwdwwn@mébﬁwv piechmchi ni ng or cleaning the

work piece, conpri SIs;anmngthepu]sc:dlz=1s¢:rb<:amontheworl:pn:ceusinga'firstscanning
device that scans the pulsed laser beam in a first direction and that causes

dispersion of the pulsed laser beam; and .
compensating for the dlSpCtSlOD caused by the first scanmng device using

a first dispersion compensation device.

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

30. The method of claim 28, further comprising ma;hining 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.



emtting a pul sed | aser beamfroma | aser source; focusing the pul sed

| aser beam on the work piece; scanning the pul sed | aser beam on the work

pi ece usiwg@ oa/otdonst scanning device that scans the pul se@Crasoe/oéamin a
first direction and that causes dispersion of the pulsed | aser beam and
conpensating for the dispersion caused by the first scanni ng device using

a first dispersion conpensation device. 29. The nethod of claim28, wherein
the pul sed | aser beam has a wavel ength 4n the range of approximately. 100
nmto approximately 1500 nm a pulse width in the range of approxinmately 1
m crosecond to approximately 1 -fentosecond, and a pulse repetition rate in
the range of approxinmately 10 hertz to approxinmately 80 negahertz. 30. The
nmet hod of claim 28, further conprising machining a surface of the work

pi ece by ablating megeri alTHe ihddE chith BACRrthet bomphisngedcverdngd cl ai m 30,
wherein the machining has a spatial resolution_ in the ran%e of

appr oxi mat el y @obszatiopro thetnylsadlases bear od predeermingd polirzatigpstte/ R5oR &1 o
PCT/ SQ02/ 00151 %; % H&d ltqlﬁgm @b p@& further conprising
converting a 6 ar i{%ﬁﬂ-on 2@5 e g;tl}ltgéed ﬁ%aser beamto a predeterm ned
pol ari zation state prior to scanning the pulsed | aser beamon the work
pi ece. 33. The nethod,of claimg32 fucthsr Sk [ 00 t he
predet erm ned pol ari c2j%l'ti on@%?@@ﬁmgzgﬁl&ggﬁog@ges?% Efsi%ﬁ{gge of a
machi ned  f eat U giclepmbiRd 96KRATAbE State Aepehding updnacdesinéd dhape ofarskachined e or

dependi ng upon "an ab. ation threshold of the work piece. 34. The net hod of

clai m 32, furt Heaumsderbe generiedsynthe surfage of the werkpiece OE deRspHite WP Aer peam to
provide the pul ged | aser DeFMMdd pReglesi red cross-sectional  size.

34. The method of claim 32, further comprising spatially filtering the
pulsed laser 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.



35. The nethod of claim 28, further conprising: scanning the pul sed | aser
beamin a second direction different fromthe first direction using a
second scwprisiegsdevi ce t hat causes di spersion of the pul sedT/SGo2/0diaser
beam and conpensating for dispersion caused by both the first scanning
device and the second scanning device using the first dispersion
conpensati on device. 36. The nethod of claim35, wherein the first scanning
t he device, the second scanning device gnhd the first dispersion
conpensati on device. are acoustooptic devices. 37., The nethod of claim
36, further conprising nodulating the pulsed |aser beamusing the first
di spersion conpensation device, the first dispersion conpensation device
bei ng an acoustooptic nodul ator. WO 03/028940 PCT/ SG02/00151 32 38. The
net hod of claim 36, 3her eiThedietidalof cRit 36 WARRSRssioPéMPet@bopy the first
di spersion conpensation device results in a dispersion error bel ow

appr oxi mat el y Dooyids¢ by thenfarsidisnersionscompenseipgalevicoresyltsdn glispersion erret aj m 28,
further conpri Qg j BUhsS & amin a second direction
di fferent fronﬁgﬁgap@%?st g%?%%??on uégﬁéﬁgﬁégggnd scanni ng devi ce t hat
causes di spersion of the pulsed |aser beam and conpensating for

di spersi on caused by.,4 he Q cani ice using.a second dispersion
conpensati on devi ce.3§40. ?ﬁ‘%%‘%&g‘%ﬁlg‘?&ﬁ%gﬁ”ﬁ% inthe first and
second scanni ng devicamfingihd phlsel Thick Séantinch ssesmd ditestion HifeGém frogomPensat i on
devi ces are acoustooptic , devices. 41. The nethod of claim40, further
conpri si ng moddirsdirgefionsing g,second sqanaing deyics thal s3uses dispsrsionyof thedsed econd

di spersion comyensghhOgnflevices, the first and second dispersion

conpensati on devi ces bel ng acoustooptic nodul at ors.
compensating for dispersion caused by the second scanning device using a

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 claim 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.



42. The nethod of cl aim40, wherein dispersion conpensation provided by
the first and second di spersion conpensation devices results in a

di sper si owoassv4bel ow approxi mately 30% over the entire PcarsGoangst 43.
The nethod of claim40, for use in the direct fabrication of a photonask,
wherein said work piece, conprises a substrate transparent to ultra violet
(UV) radiation and a UV absorbing | ayer di sposed on said substrate, the

met hod further conprising: controlling the energy of the ultrashort pul se

| aser beam such that the energy is sufficient to renove at |east a portion
of the UV absorbing |ayer while not renoving material fromthe substrate.
WO 03/028940 PCT/ S&2/00151 33 44. The nmethod of claim40, wherein said W
absorbing layer is selected fromthe group consisting of chrom um gold,

pl ati num tungsten, nolybdenum and alloys thereof. 45. The nmet hod of

claim40, for use in,clean] a f, porti.on. t.he work pi,ece, the
net hod furt her conprqﬁsi ng:iﬂ%ﬁ?‘b?d‘%?%m?ﬂew'jﬂ?@ﬁgﬁwwsof%]ﬁm&%d | aser
beam such that dheeensndte gap coistrl sfThisinhOERd, Ritinm, tWagsthr K piece is
| ower than an abl ation threshold of the work piece, whereby contam nant
particles are riolghdegum, and allgysehereofi east a portion of the work piece. 46.
The nmethod of claim45, wherein said contam nant particles conprise

particles snmaller than approximately 100 urn in di aneter.
45, The method of claim 40, for use in cleaning at least a portion of

the work piece, the method further comprising:

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 rembved 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.



