the Invention 5 Field of the Inve vention pertains to a nethod
and an appapawgassdoor form ng abl ate i N substrat es, pcMCEPIASTIY
| aser abl ation of pol yner substrates, 10 also to products formed by

such apparatus and npthod,  Thi.s i RyQRL %np%%&ﬂcﬁ@lﬁ fgstains to the
formation of nOZZ|eS”$TW—%%%W%}4%1ﬂN?ﬂﬂ%TTRﬂTTﬂET—TﬂKﬁgTW—Inkjet print head
applications in particular. 15 Description of the Related Art The | aser

abl ation of features on pol yner rraterlals usi ng a . mask and inaging |ens
systemis well known. | n&3H5IL4 Jebset thg 8LEAOHRhe mask are illum nated
with laser light. The |aser Ilght that 20 passes t hrough the transparent
featu&gs of the mask is thep eTEQQQ QRLo %(%ﬁ%txgrate such as a pol yneric
filmwhere the abl ation promms—%-gwegﬁ-rl | ustrates a basic | ayout
of a conventional , exciner laser machining syste 1(2 2$a%%p| cally, the
system 10 i s coh#8l FBUCBY 18N BEFAEMS1 I id iR Pt & to the operator

of the Sy%ﬁﬁgrgﬁgscﬁwutgimﬁﬁg Phs e Adddne of 14 heupsl sgded aser system
24 and a servo system 14. The function of the servo systemi14 is to

poSi ti on thechesk 18 éadesubbﬂﬁatl@m@fcmﬂﬂwn@ffwbwmsre@lét ration of
the | rﬁtssl;led pattgrn vm%h respect 1o otaher f atures on_the.substrate
Z9. F ?nﬁ%ogﬁo LRI R sys nt&hgt R 3 *s;%ﬂQéﬁ ?%?%rfaced to

t he CO”pUt'ﬂ{1§Y§Iﬁ€éﬁltﬂ3ﬁ SPEVA FIYSER b rifa Gt efhd 2fsmyaomir ol an
attenuator 35 nodule 20, to vary the ampunt of UV radiation entering - 1

| bl bb'  of\m@pz 268060 £LpMPR ié@y PERISHY 971 ankk kgt bpkjet
Al ternati ﬁhttﬂgaéagﬁg}gggsgogge&gy e, waLied by adjusting the |aser

hi gh vol t age 'or a con set "poi nt fOr "energy, maintained by the laser's
I nt er nal pulse energy control | oop”

; e3e<FH6~TnxK' | LASER ABL @HW ﬂ/ﬂg@@:mﬂ ON DEVI CE Backgr pgmRqi03
ea

15 Description of the Related Art

The laser ablation of features on polymer
materials using a mask and imaging lens system is well
known. In this process, features on the mask are
illuminated with laser light. The laser light that

20 passes through the transparent features of the mask is
then imaged onto the substrate such as a polymeric film
where the ablation process occurs.

Figure 1 illustrates a basic layout of a
conventional excimer laser machining system 10.

25 Typically, the system 10 is controlled by a computer 12
with an interface to the operator of the system. The
computer controls the firing of the pulsed laser system
24 and a servo system 14. The function of the servo
system 14 is to position the mask 16 and substrate

30 chuck 18 for proper registration of the laser milled
pattern with respect to other features on the substrate
19. For this purpose, a vision system (not shown) is
often interfaced to the computer system. The servo
system 14 or computer 12 may control an attenuator

35 module 20, to vary the amount of UV radiation entering
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5 The Wbeampath is indicated in this figure with arrows 22 (not i rit®A8Ra03
to be actual ray paths, which are not typically parallel) which show the
{l'ow of WWwoenogysosi t hi n the system The UV power origi nates PCTUB®/3uUTIsSed
excimer |aser 24. The laser 24 typically 10 fires at 100-300 Hz for

econom cal chiy,ni W t S ' o] -40
nanosecondgﬂga%kgtgﬁé tf%ﬁ%%% |ndhgﬁiﬁgﬁmgxg?%§%a#gggs %2%?§3{f§% watts of
time average paveed byt gubakstpovwershemlasenchigkgeandtbgedoe o t he short

duration of the pulse. 15 These high peak powers are i rtant in machining
nmany mat er FgREXC rﬁﬁftﬁg%ﬂﬁrﬁhreﬁé% Y 1 HEs f%E%F?e?hQYE%ggn AFF Tt ¥pi cal |y
performs e PREE ot Borh of tues poce bl o foner one. In the first function

t he at®enuat or 2BecUVpbesm aptiloris Mndlegpaedt Lontbist Régupei wakht rai n. The
attenuator_20 thu sed, .allo e l.aser ¢ un_in_a_nparrow.band of pul se
energi es (3ht°%8 ng@g%aﬁQﬁﬁéﬁ%éeufréﬁmﬁf%ﬁa iﬁﬁyv8PF§8e Vﬁégﬁs)) al | owi ng
for nore sgabl goppekatiicen 19y efardield ONGyH BEM sMblht ReWF DB B6F X t he
system the attenuator 20 is set to dissipate sone of the power of the
I?fer. fs @h@rgﬁth§1@égﬂéd%‘ﬁﬁﬂ“ﬁggiﬁgzﬁégﬁsBZBZEnE¥g91ﬂﬁéﬁﬁeﬁﬁesih30 t he
at t enuat or u r [ n g . QY 4 1 EOr is
function, %ﬁgi #r%}g J(r?a%ua I%% glnél}%ét 0%431 at eh%rﬁpfa{fesacg%s%gg&% d. The
att enuat or fprateataneot-Bucdd \quadonanicasedashintagpwatas with speci al
dielectric coatin on.themto,redirect sone of - 2 WO 00/ 30800 1 5 APR
2003 PCT/ UBS9PB57 ShaEn it BHAGHH (s GOSNt B85 Bi RTBERROHGRD vi ¢hi n
the attenughep. hogsiengyphhe Otialudass bl excéimeti PAseL theiabtenpator-20 is
for short termcontrol "of |aser power. In this 5 case, the attenuator 20 is
not ori zed wethsepthé&dmst gpprragmimIwelor ek veeay spewgrantayvheeachenuator is
adjusted to provide t arr Hﬁpc y per, unjt-.area) at the
substrate 16 ag?%ggrd%%b%giéﬁ%%ﬁ%#o .4%%%%?%% %fté%ﬁa#%%gﬁo, t he WV energy
pr opagat esTh8sk Ohaghe peafx PEovwsE 1 dxd eisqumet 20¢€ oph i wa8hinifbembagm

expansi on telesgoge 26 serves the function of adjusting the cross sectional
area of th@aﬁééﬁ? §-properly fill the entrance to the beam honpgeni zer 28.
This has an i npeLbant Hef IRApan die svearad | 1898t emnesaluthapghy 15
creating the correct nunerical aperture of illumnation upon éxit fromthe
honngeni;etypiyéﬂéx!Q&aﬁﬁﬁﬁéﬂaﬁﬁﬁeﬂkﬂﬁﬁieﬁ%inb@ﬁ%yﬂﬁptthéSim?hégizonEa

hat - gaussi SREFCHERN RN R Br DT AEArTob B okhor et Bation
(usualdoyy veybtemk), tihe kearempraafird 20 petbprmatéithart oal bpthebéti vel y

flat and dropping off sharply at the edges),..In the transverse direction,

t he bean1h5¥gap9g5Fg&F;E%&%€EQQ?TN(ﬁqIéb?hgirfBOEEnﬁEéPPtan9ely gaussi an
like a nor gptedBalbePal lddnpdidates Ther expangi§radst 66508 2feal | ows some
| evel of relative adjustnment in the distribution of power in these

di recti onscpihireh taddees Thrutd BT chptleel ysedi nkhdowy Hhstortion of
the patter§ Being 39, Beed QA INGAHPE 36140 Qhe LooLheapgsol ution

,di fferencés In eSe tWwo axes. ween t Xpansion ope 26 and
honogers zeheRABei & theawrixtddatrdemndbDiidigly voltage 3Devébs) ,systens, due to

space Iinitg%ions, w | contm|1§§fem1- 3. V[)00/3080$ 1 5 APR 2003
PCT/ US99I 08#PW408h tR% MALe 3 § ARPEFH Y sPERT i hE® tABIalSFMabl e space.

General ly, y g Rblr ot iy He dHABALRA] Weehe COPPORERLSr DUt 1kNsgeNe areas,
the energy density or fluence can be quite high. Therefore, mrror
| ocati ons to dissipate some of the power of the laser. As the

optics degrade and begin to absorb energy themselves,

30 the attenuator 20 is adjusted to provide additional

light energy. For this function, a simple manual

attenuator plate or plates can be used. The attenuator

plates are typically quartz or fused silica plates with

special dielectric coatings on them to redirect some of
-2 -



5 are carefully chosen to avoid such areas of high energy density. Tn§ APR 2003
general, the designer of such a systemw |l try to limt the nunber of

fol ding MWPHS08O in order to mninimize optics replacement JSSTUSHINS77]
alignment difficulty. 10 The WIight next enters the beam honobgeni zer 28.
The pur posgnhof158erheneaef 2Rfwad@ iz tabSd @t Ry Aol f Qudb Ywi PhEASE
ilTumnation field at the mask plane. It also determ nes the nunerical
aperture ofhehattenuateat howsing.d (the sine of the half angle of 15 the
cone of |ight ippingi on t S i ch t at ed above, h an i npact
on overall syst erggg’gﬁt P@ﬁgng%ce@ucnec\ﬁ]laoﬁh Ogéar'f eo?%%%“%&%ﬂ%ﬁ beam are
hotter thafs ofber shoui term idontAdatd forl Assmig®set hat 1H henbgam be parsed
into snall er segnents which are 20 stretched and overlaid at the nmask

pl ane. 5Sever%® , nebfods LRHUAERTS 28 d Kk MAHPTrahev B e ik BT sone net hods

bei ng base LtLona ract i i , i S in US
Pat ent Nosgt%%%aﬂégbg%dlogr %tﬁ%%SS%bﬁ?’?{ %ﬁ%} aa?%e%]%%é%ofgt ed herein
by 25 ref eidhcetedheonptrbed deny hal soredmadedencai (énacdy vieepr hol ogr aphi c
optics, as in U S. gatent No. g 610, 733, both of which patents are

i ncor por at'¥ hy2Te? br 8hc ERSoFUBS tEGHS HITuPT WG RPTRTTOF TN BF Phy s
(described in "BYREhragki ¥e c@hehelenses repl inatatid, fussshgitbga for 30
exci mer | aser-beam honogeni zi ng", Ni kol adjeff, et. @al,” Applted Optics, Vol
36, N&O 3o pp.bedBlexpagsiong9)espama tdteldgdimimhogerTizerb@dnt he |i ght

propagates to a fiel %ens 32, i.ch serves to cqallect the,light fromthe
honogeni ze%x%"%fh%npgg SFnggo&\équrtv%Sn;{%let ﬁgurfcq:éllon (?L£5a WO

00l 30800 R UsP94 954 tiBrging rean® 34heledn aldl defiises1 B2r iy be sinple
spherical |enses, cylindrical |enses, ananorphic or a conbination thereof,
dependi ng O tIREEPPFECEPI SRS BSAEF HoMpgsdr e P i acBhentha? 3Rel d | enses

32 are 5 iymorianhe i Oe ACBEe¥hngnkebeeealnl G '&?x\' e dhfsunstrate side
of the Ienls 32. Tte mask 16 1s typically plg)ce e os&e prr(?)m ity to the

fieldifencB3atiihe phskcoBreatr hugiex igatlt @pexthate icf tiol henirt icmt ed on
t he substrate 19..Thg 10 g ttgrn is_typically larger (2 to 5 tines) than
the size OFPTheEphtt ef R dedFr €8"6H egubstl?'g'a]ec .E:Slcffé“? Ff lens 34 is
desi gned tre0es reesi hiyet Bemmski 6 iinn Hdia zeoit=se vf . iveifwalit onto the

substrate 19. This has the desired property of keeping the Wenergy 15
density | xRt HNFaskTPPaRdladd Kitgh SFCiMee Lasdt rigt desganidedi gh

de- magni fi_gatd L L es lohy t-h i i il able at the
substrate af)sfian%b #%@néaésﬁklb%ggﬁéy @ga?lg?lrr?e%@#arto%{dﬁo% aenlf%rfae/l u}m' num coat ed
on a goartdd sghdrpeddsrertionubyspald y2Gexittiicalie pdte dremmbei ng et ched into
the nmetal lic er. by.phot ol |1, hograph r ot her_.known ns. ternatively,
the refl e(ﬁﬁonégla%end]l%r g%éoﬁ%%ng?ggﬁgﬁ%&gyt ﬁéarl (Feet Ols}f 1 &k substrate 16
may conpricepmpiasfiushtesharglel ect thes eldaeens, uchirs dimssratise! osed 25

in US. Patent Nos. 4,923,772 and 5, 298,351, both of which are incorporated
herei n by HgasteR, Fhe BEABoRBSOR tHPICRdgimFansiE3PRfike de magni fy

and rel ay dihe MRSk PaLLET B 2RL el hegaubstinatl € 11%e If ddigpattern is reduced

by a factor of Min eadach 30 di nen3Sion, then the energy density is raised by
MZ mu2%i plormbalyd ity t canyeai ssion factor of the imaging lens 34 (typically

B0% 01 20). TS SRSty PhTkeblel T ARG b AP e Plernt
WO 00/ 308@@1ative adjustment in the distribution of power in

these directions, which reduces (but does not

completely eliminate) distortion of the pattern being

30 imaged onto the substrate 19 due to the resolution
. differences in these two axes.
Between the expansion telescope 26 and homogenizer
28 is shown a flat beam folding mirror 30. Most

systems, due to space limitations, will contain a few
- 3 -



PCT/ US99/ 05771 el enent |ens designed to reduce various aberration anfi§ APR 2003
distortions in the inage. The imaging lens 34 is preferably designed with
the fenwestW@PEMIA®s necessary to acconplish the desired i maCHUMMEL1i n
order to 5 increase the optical throughput and to decrease the cost of the

i magi ng | eAgcB4miFyBireakloy td M lidagiagsyenem34nts one alathaprest

expensi ve parts of the beamtrain. As noted above, _ the inmaging | ens 34
creates a S249. nagarerad liymadd oMo pat 1ayY nPef PLAcefabRtYEeHn t he

substrate 19. Each, ti he | f Ln p .ped.area is
iIIuninatéﬁmﬁﬁgﬁﬁgt%ﬂggP%agg %%Skhghgggzbﬁﬁ?% %ﬁ%ﬁ?%gé%%géﬁg ggﬁstrate

mat eri al rEsWASeatahhbel lduinienatierh ar ebiserdBoye sunstrarel sebetoalss my be
15 so imged, especially polyneric materials, Polyimdes avail abl e under
variou8 traR %%ﬁ@guéélhC§§S@5bﬁﬁhf““xé%ds%ﬁhl%?eas af ehiHB RHSTIYonmoNn for
m cr oel ect i ppl keat, nd dyak| [.caki on h em 10
describedéég%fggfe }ﬁi§bggifgﬁigggféﬁfs s%tn?EF%?é%o%-%gﬁgﬁ I ng

applicati onisllttheysyst dimddan the funtber of npoblfied andretsl BOpiaduce

abl ated parts, but with some sacrifice jn featuxe tolerances,

F epeat abi 19T9ET FOLBERIMES SHICRRRACTER 15, SPBhEaEd ALRITEERE
departure dfyomm thigytypi cal architecture) 25 driven by the particul ar needs
of the application. There are many applications for |aser ablation of

pol ynePi ¢ mat er ThesUVSdAghippiextatsindier rtporbeanshenegeni zare 280t

demandi ng i.n terns of I n G legtrlcC ' and the enphasis
is on snal h%iE%Fpggehﬁghgggngﬁﬁ?iﬁéﬁ%ﬁ%sfgn glgé/%%g Fecgher applications
requi re veiyiflermbgi ngtealser adiddurdnchtspeaf adldi ay. tixampakks of the latter
applications are fluid_flow applications such as inkjet grint head nozzl e
manuf act urk! 3R - nahbf 8¢66r &S IINGG i MYRGT Ho2 2| dBETtUEe oL 1 5 APR

2003 WO 00&@@?9918&159%%%0%a&d N dHeses glengadi ng H&Pk}&ﬁéienéf the

requi renents fox exact size, shape, and repeatability of nanufacture are

much @bre tshe i cgeat ofhdnghite igiphpicdmna eprluehe vieaplat h weachras provi ded by a
m croel ectronijc vigP The, 5 d%&QLI d ecture.of the systemis critical

to obtaini%ﬁf??ah? XFérgﬁges aﬁﬂﬁf¥%é3%%t?%% £} %b?Y???W I n addition
process paresdietsoand Bhacepideralaicomporesnt Sf athe ptRyimapobtamt roles in
obtaining 1 he &L gL est O S e O\ ANGES: ; FPUN: 10 108 sug mgton 10
| evel . are ho ' d
that the beam be parsed intoc smaller segments which are
20 stretched and overlaid at the mask plane. Several
methods for this are known in the art, with some
methods being based on traditional refractive optics,
e.g., as disclosed in U.S. Patent Nos. 4,733,944 and
5,414,559, both of which are incorporated herein by
25 reference. The method may also be based on diffractive
or holographic optics, as in U.S. Patent No. 5,610,733,
both of which patents are incorporated by reference, or
on continuous relief microlens arrays (described in
“Diffractive microlenses replicated in fused silica for
30 excimer laser-beam homogenizing”, Nikoladjeff, et. al,
Applied Optics, Vol 36, No. 32, pp. 8481 -8489, 1997).
From the beam homogenizer 28 the light propagates
to a field lens 32, which serves to collect the light

from the homogenizer 28 and properly couple it into the
- 4 -



As wentioned above, the invention relates to the formation of nozzl es5fAPR 72003
i nkjet print head applications and other fluid flow applications. During

the firing"8P%0%0%ernal inkjet print head, a small vol ume ofPGTAKS9945774
vapori zed. The vaporized ink causes a droplet of ink to shoot through an
orifice (iimagihfeleoszlza). wrieh fiie Xt rpshedsat2t heypbenkimpdiea. The
quality of thermal _inkjet printing is dependent upon the characteristics of
the orifi cePheri€péal SaSES b RS I LRt hbeBPEFi cRNAREKRAE Ct 9 Shape and

surface condifl t q%[ . i a e Luid-fl ow
applicati o%g'h}ls‘}é]q?ﬁgfos rc%gje 0 c>qft’he |éa%$s&tlvﬁgg gn%ag%ﬁt:tl%g'conventi onal
manner haveavefylsteejgmlandsipdpesment ho25f1bkdslepsedependert upon the
i ncident radi ation fl uenc ,(ene2?§ %%éunit_area ,.and to a | esser extent,

t he nurberl@POFEEBF B Teged RRCThe +BagLRE. °BsitR§ conventi onal

net hods, veryetihtkessar eff @efd ielys bey done to control or shape~the via
wal |l slope. One 30 nethod is controlling the energy distribution of the

radi ati on hittifhet haskuB$t is eydircal Jy dpbacédninnagbag pysxémityhi s can
be acconpljshed by, ci;ng ring s ed apertures_on the nmask, such as
descri bed ¥R Uﬁ?té&gggatlgg’s%—s ent NO. B 8%%3%r|r-ﬂ)$\§v§r ?a?ﬁgrﬁ‘ask A
WO 00/ 3080@hdt 5i APRo28@3 R/ SI¥Y DY I Heatuhesrased1bo crraate the hole
profiles nust be very small (sub-resolution for the inmaging system, or

they Afy beathegedisntyrisaldy dide@eaiol €2 oko v atimpe) dkbasvaheage of this
met hod is e I es. c eas d ge nd al so add
difficul tyég%% égpgﬁgbtag BEh %aefs%q%aiién% %?%C%ZE%%E% 2051 Sapd! nkj et

print headimagtngquileest By iis desiigstty, dsmddniabyatkd macki €6s or vias
are made ipn the polp¥]rrer filmsuhstrate at_a concentration of 10 about 300

or more abt@tBREoFPPFESs Gfer MBFINT Fie TR Lt FRPBFFRFEed®may vary

dependi ng WRPS HLHS Rak! eldidle ARMIFAH Yot ke S8R BhtYUDaKBe2ByeXI t
dianeter |ess than_about 35 microns. The entrance orifice dianefer is
typi cabl y demsitHahowoetnitdicomaskyinlangm aneériabgh 18t chheafubstratet er of

about 50 m s tg.about .G el 0Dy £, typ he.gbjpective of
t he inven?%géggéscgﬁggdgﬁeﬁgqﬁ%ﬁng?%ﬁ%&#ﬁe agﬁi¥?%%§%sc%nﬁﬁggkover t he
shape of t&e ohef fdeldn sdad taiven akblicheat riad t $wivst rprecpianeont rol s of

mask features, 20 fluence, |aser shots nd so forth,in controlling the
detai |l ed shape Ghet H‘@sgr w6 JY [¢ }g%ﬁ'%‘?‘gngf?f“t%@‘ﬁwﬁ fthsk” net hod
nmentioned abe¥enuanebleedmhhed Rfarap dridegosifics ¥wabkrangke is to
nove the mask itself within a certain prescribed 25 trajectory. The ability

to ch@fge Vhehhbhe gaskeriny bfiltigo et g bl ? i Bl mepriéifslaypswerful and
flexible o . [ Ir mask be continually

noved accgégiﬁgéggﬁgﬁgﬁéggﬁﬁﬁgéﬁgéﬁ'o égg?&lﬂgﬁéggfor each and every | aser
pul se. TheABOedretaiilvedyt, r ajhec refyl eaft itrly samdfewmihesriisgr dbagernbhuence on

the final sha of the_ablated. orifice. An ar at and net hod for '
cont rlol | i néh%ﬁgﬁﬁlagt 81655 i"@é:‘)%l'?lé’;?:f%tﬁ‘-ﬁ% :ﬁgg‘ﬁa%r‘g‘?[[‘?ﬁbsf’sadescri bed in co

pendi ng U. SeqifaheBt oApRliledalccen ckenizfe fuMDaic WA d 9n86E. disflosedl 5 APR
2003 WO 00/§8800 PCT/ US99105771
25 in U.S. Patent Nos. 4,923,772 and 5,298,351, both of
which are incorporated herein by reference.
The purpose of the imaging lens 34 is to de-
magnify and relay the mask pattern onto the substrate
19. If the pattern is reduced by a factor of M in each
30 dimension, then the energy density is raised by M?
multiplied by the transmission factor of the imaging
lens 34 (typically 80% or so). In its simplest form,

the imaging lens 34 is a single element lens.

Typically, the imaging lens 34 is a complex multi-
_5_



entitled "MASK ORBI TI NG FOR LASER ABLATED FEATURE FORMATI ON', filed dr§ IAPK&003
date herewith and i ncorporated by reference herein. Another nethod of

shapi ng t hWOd39808e wal | angle, 5 is to displace the beam usP@HUS/ 5Pt ca

met hod. This can be acconplished, for exanple, by spinning a flat or

wedge- shapgdefbhiCaler@ @@Ntg el wesnréhecaB8skr88dspalieestirand et Such a
nmethod is described in United States Patent No. 4,940,881. Placing a

spi nni ng 10ietembArnisetimedh g hena@ek afdet heapibfeéensn3kends has the ef fect

of nmoving the_inage.i .ci.rcul rbjt.-Ihis Lon_changes the abl ated
feature pr8FFF8r8g3¥b&%%iqﬂﬁéﬂé%ﬁ%e%%éIF%ﬁ?sgggéﬁgeggﬁfQ%ggﬁsﬁmk
substrate. tfhgcdbapdian age: dded Irednehagd §salhel theolderadidis of the
orbit cannot be easily changed during the machining cycle. If the optical

el enentss atBCREEFEs [Fie PP Ll afe SERT PednPRt LANE eBOSEREES2PSt &ME No.
4,118, 109, t I : di sadv. at e. . of the beam
is alter edcggf‘éi ﬁg ?ﬁ% grr%%lhﬁgoﬂv}ﬁ? c%]él [ m??éggﬁéighaf:bgsflﬂ%g&gﬁgbl e beam

di spl acenenenand4cadrploneatess ghooesst caxpensivdAnpaddist bdnakhel ibaatmati on is
that hole wall slope profiles are [imted to concave geonetry (see Figure
15)) when B¥8d%'n conjunction with a conventional |aser nask (e.g. one 25

with sinple apepbubes dd e d efdiest i gy PhgabeREbbRg ¢aatERY of Gl -€ach
abl ated feature), except at very |low fluences. Yet another nethod for
movi ng & hemagngéied timagsulsst rthe prttévesch wheabheknilér on lpdeween t he

mask 30 and th rojection,lens.. The mryor cap.be tilted_in_such a manner
that the | FHRECRBVES 1o a%parcg’so’ﬁ‘%%dt%? bi??efhg%ﬁﬁfz'wﬁ&i AYCERES nci dent
light at tphgrsebakdateeaA im|iorlehsegdvent sgetvé thbsrrathodois the linmted
sensitivity of control, since a small tilt of 1 5 APR 2003 WD 00/ 30800

PCT/ US99/ 0877estR& mmiatchincarph et e r awher r 2 b g2 BPEpRACERBHIL LEF athe
apparent Magk oSl AR s . SUGI P! LEOLSL LU nBELRE 23 oML U

t hi ckness to insure sufficient mechanica StdBl Ity anggﬁﬁatne s of the
refl edtd ngssuifhaged, TRispesiial hywirpe lym&esc foaterial ber Pbdygeviidesrti a, and
limts the banﬂg& th or hiqﬁesl speed gf t he devicg. Whgn %heT ¥§ten1
bandwi dt h PEFLAPLED W T VRFOYT nh 139D e sTARTpaPt BPRE Phaf™dan be

ef fectivel gpausesd™ arehape testhat@smod OF AR i éeoddebYeohecoptical ly or
mechani cally noving the mask inmage is to actually nove the substrate. This

has a di sa@PRALEGEIORGWEVET IHHERC tFRPhETR6HCBE - the substrate nust be very
preci se. The reqﬂkr%ﬁ%Q% ‘q;taéghfﬁﬁﬁasiﬂnﬂiﬁuggelt95tQeﬁtgﬁﬁcﬁﬁat the
the a rtn

projection 15 lens o | at1 on systems s the projection mask i mage
down ta® t heystikst.r affert eacgoribemndierg t dppl dsat iensr ggheCoysegumerthy, the

o7 nce 0SB B ILP 30uCTL T PEQRET LLSOELE) Y TS epproner
di scussed pheveitexeenle tdwmirifiacerobl foateré utbherangesavat ed by
additional mass of the substrate holders and notion stages used in typical
repeatability, or both. It is not unusual for systems
to make some departure from this typical architecture,
25 driven by the particular needs of the application.
There are many applications for laser ablation of
polymeric materials. Some applications or portions
thereof are not demanding in terms of tolerances, e.g.,
electrical vias, and the emphasis is on small size,
30 high density features and low cost. Other applications
require very demanding tolerances and repeatability.
Examples of the latter applications are fluid flow

applications such as inkjet print head nozzle

manufacture and manufacture of drug dispensing nozzles.
- 6 -



aut omat ed systens. As can be seen, there are nultiple ways by which lestm 2003
profile of a |aser ablated feature may be controlled to sone degree.

However, itWOd&M/3eH080 be seen that the currently avail abl e nerhTdsINeGsTR!
limtations which restrict their useful ness. What is needed, therefore, and

what is proyid I t i AMENEAON, 4 S laé]%@i))p abu met hod
for control ﬁlngﬂte[%é %I%glfa?ﬁ%%ﬁ] ﬁngelr \z;tgﬁ at ed 1i‘eatur S vﬁch ?sﬁsgry
fl exi bl e i neahtowsnget, hehapeat isord ofepmdttalpl B tty pes dinwfa¢icee panéi | es,
while at the sane tine providin aCCL{:rate and repeatable results. -

: 10
5 APR 2003 WFBOPS8806 tPETAS850/ R8RS FHRAYRVERE i BAtHFhe present
invention pgoyidessapiRiNek@M, aPRA IS X r&Od Pid | NnEiné he geonetry of
| aser ablated 5 features, and al so provides a unique product forned by such
met hod &nd depatdeds arThe tgnFats dthe Ry starents arritnitadiesotwo rotating
optical elenents with _different tion profile engi neer ed. | n_conbi nati on
to provide B°5PeBiPPed™ 5? ntﬁgtetrga%ﬁ: Soraq}cﬁéaﬁoaés G b%a?ﬁatl 1Ejaf'(:rf'?'bpti cal
el enent conthi Qyliesiba,t pedceisd) pafdmeatdan 0fd the Igseicdpam and the angl e
rel ationship between the two optical elenments determ nes the total radial
def | ecti on ePVPRBEBEAMA 1BePdFde THROUtESEr 1L qfuI WA imENS Heherachi ni ng
cycle, each a Is 5 j t ’:Qﬁ{it' 3 ate. The
order and p%gg%?gﬁklﬁg\%ﬁﬁ%&%t htg):%!lJrllcégcsrgcgeeslr]'ar%i on %Cﬁgt%bst’swa iej@%? ows the
final slapelendlorientation of the ablated feature to be accurately
controlled. Wth_the inclusion of re S%able nmoti on control hardware, the

20 pattern can bBSrBEBL&LERSGh AW Eeq R e (i F ettt
rotational speRdsigh bienbdR1eR ey Gakjea altieftethdsn ikt o4t £ 4ip4 ent
fluence patterns on the substrate and therefore change the wall sl ope of
t he abl at edaf@apthes Sdvdddifdgvy apml ig@dilidrgn, thriamuike DBrind ati onship
between the tug 10LaLLA0 s ARYES JRDRSAN PIdifl 1t P flbosy Anued! at ed
feature having the !

15 is vaporized. The vaporized ink causes a droplet of

1

ink to shoot through an orifice (i.e., the nozzle)
which is directed at the print media. The quality of
thermal inkjet printing is dependent upon the
characteristics of the orifice. Critical attributes of

20 the orifice include the shape and surface condition of
the bore.

One important aspect for fluid flow applications
is the slope of the via walls. Vias made in the
conventional manner have very steep wall slopes, with

25 the slope dependent upon the incident radiation fluence
(energy per unit area), and to a lesser extent, the
number of laser pulses used to create the feature.
Using conventional methods, very little can effectively
be done to control or shape the via wall slope. One

30 method is controlling the energy distribution of the
radiation hitting the substrate. In a projection
imaging system, this can be accomplished by placing
ring shaped apertures on the mask, such as described in

United States Patent No. 5,378,137. However, the mask
- 7 -



desi red shape. The angul ar rel ationship between the two optics is 1 PR 2003
controlled by altering the relative velocity of the optical elenents %é.%.,
accel erati W W308® decel erating the optical elenent). By conPEBUSIMY7he
conbi nati on of rotational velocity and rel ative angle between the opti cal

el ements, thgrabbat eddealdire-dme bend diord poohavesanyisel Ha vawkety of
chosen wal|l sl ope configurations. In addition, the apparatus and nethod -

11 1 5 #PRL2065uherEEHIOE0EPERP VSN 05MFFiags SYshed) hedi fheyr t her
al | ow t he axi a;Peor.i %%te@ iiq{}[ooftﬁgea@f)é@égdhgggt BEE%-E\O b h%onthrol | ed,
| némt ati n

t her eby perp?ﬁ’t € cre on of uni que and uséeful products. The process

of this ingeshizoantRydefemiioyekiitod abl ehetathar isekby 1ofamit erials. For
i nstance, the process nay be used to etch or exEose patterns in organic or
i nor ga®i c HRBEVEESI SETYFITG %R HIRATSrardbpriLleqt rOR AAEAGCHLENri ety of

radi ation %8?{%%?1911%%“’&@%% MY qﬂgéﬂ{l%\rgygeggg_l i ght, including deep 10

ul traviole he process of thi ntion can be enployed to abl ate
features in sub3trat eyrilat] dirtidiert conjphet béydt mader serrkatdybinrate (i.e.

hol i as), to abl at f eat f.a. Qi depth which is | th
the total BBt AngRsERY ST A O T b Ot PBed 18 AoeoPPra" feat e,

As used heggi ppet be 1P "diasersiiost tees dnchudeschakescibares, Vias,
nozzles, orifices, and the like, and may be fully abl ated through the

subst 24t e, abpubnBy Opart imeney athradigmh ewef taest pareipcehl.i ndhef edeares). 20
convent | onBl BRG] et TiRes TN T R et e SREHT ke Sbrkpepgst e ©
i rradiati ngpplsubstica,e butb dergir£l By ihdwst ant exithaikaseermaebisni ng system
of Figure 1, and further enploying the optical scanner of the present
i nvention. than about 35 microns. The entrance orifice diameter
is typically less than 100 microns, with an average
15 entrance diameter of about 50 microns to about 60
microns being more typical. The objective of the
invention described herein is to provide additional
control over the shape of the orifice in addition to
the traditional process controls of mask features,
20 fluence, laser shots, and so forth in controlling the
detailed shape of the orifice.
In addition to the “ring mask” method mentioned
above, another method of shaping the orifice wall angle
is to move the mask itself within a certain prescribed
25 trajectory. The ability to change the hole geometry
without any additional optic is a powerful and flexible
process parameter, which requires that the mask be
continually moved according to a prescribed set of
coordinates for each and every laser pulse. The
30 detailed trajectory of this motion has a strong
influence on the final shape of the ablated orifice.
An apparatus and method for controlling an ablated

orifice shape using mask orbiting is described in co-

pending U.S. Patent Application serial number 09/196,962,
- 8 -



Figure 3 schematically illustrates the optical elenments of the presen§ APR 2003
i nvention. 30 Figures 4a through 4c schematically illustrate different

phase rel WOONSPROPs bet ween the optical elenments of Figure FCHUIPNO57711 5
APR 2003 ( WO 00/ 30800 PCT/ US99/05771 Figures 5a through 5c further

schemati caldy;d]dastuabe bRemNaRe ro atdame i RekyesantiReopt i cal
el ements shown in Figures 3 and 4a through 4c. Figure 6 illustrates the

refracti oFQRMATIONNKt $iBedmorhrldkgh dateopierevitheardt. Figures 7 through
10 illustrate the Igégr shot %attern oht ai ned when the optical elenents are

rotated at'FTRROTYrFRePENESEFESEES BGids 11 and 12 illustrate the |aser

shot 10 patter bt Réreflebhod logr ishadiey aitgyl &Fifetatwanshapgbet ween the
optical elenments_by changing the relative velocity of the optical elenents
(phaseScorits d19 .dF$plares theabgam ysingamterthatl aneldpal pihhsi s
relatively,] S ul gr i_at ians ,of pt i el ements.

Fi gure 15 ?a}rpﬁ%%%éééﬁﬁ%gvsgﬁg’agloggggagrﬁ]fc%]’ce a%gﬁ%@gng ét?%%h#g concave,
or convex welde sélapeedsopedsulee lememtt e twddn cehaxhssk Fagare 16
illustrates a | aser shot pattern for 20 creating nozzles, having axis which

are non- orRURSRFEIOF ol BRE - suB¥CHafe St et S PR eI e | 1R+ B8RS nozzl es

arrays in gy thee LPgibudiynal; 0% s .of mrdasy of hESqgare inclined in
pr edet er mi ne Irections, for the purpose of diTecting 25 cT;I uids exiting
t heselfoz Alemenayise twadncoher ollskng@nichd heelptdiectiomcienn bfist he exiting

fluids. Detailed Descripti f the.l tion As. di bove, Fi 1
11 ust s at G4 50 BERT cOS0MPRy ot COF ATBHR/cHL I briat BE et PoSer rachini ng

system Z0.7iHi g uiier Loh | EHahakeghehebhagesd adalefk fpad£1 e floy mati on devi ce
of the present invention, referred to herein as_an optical scanner 50. As

seen i n FitHin thptivaldsainAdlhbo ats ths uekprsatef |882r machining - 13
15 APR 2%%%3%%&%%30899eP8IéQ§%%5Q§§élof this method is that the

15 vradius of the orbit cannot be easily changed during the
machining cycle. If the optical elements are wedge-
shaped, as described in United States Patent No.
4,118,109, the method also has the disadvantage that
the angle of the beam is altered during the orbit,

20 which limits the smallest possible beam displacement
and complicates process control. An additional
limitation is that hole wall slope profiles are limited
to concave geometry (see Figure 15), when used in
conjunction with a conventional laser mask (e.g. one

25 with simple apertures in the reflecting or absorbing
coating for each ablated feature), except at very low
fluences.

Yet another method for moving the image on the
substrate utilizes a movable mirror between the mask

30 and the projection lens. The mirror can be tilted in
such a manner that the image moves in a prescribed
orbit, thereby moving the incident light at the
substrate. A major disadvantage of this method is the

limited sensitivity of control, since a small tilt of
_9_



system 10 between imaging |l ens 34 and mask 16. Optical scanner 50 is!5 APR 2003
controll ed by conputer 12 and servo system 14. A generalized view schematic
of opticalwgoamseo 50 5 is shown in Figure 3. Optical scannerCcraiswst7ades
‘dual spinning transparent disks 52,54. First spinning transparent disk 52
and secon i.nng t spar i j nt, ¢t hi.,cknesses.
However, gﬁ%ﬁéQgt?gﬁ %gg g% gﬂ%ﬁﬁ%ﬁ%ﬁgf?ﬁg%n??%fﬁg%%ﬁgﬁgeég ?Pge., the zO
di sks 52, pgwwenpamakbkebdsdtesn . DiBkst by b4suely berrotrat mdsat bdi f f er ent
angul ar velocities 56,5S, .Line 60 depjcts a be of radiatjon,passing
through dieks® ST BAMUE ERGGKTRES ('R AT BT of SUpt +CAPREI BRERBELPRRe di sks
52,54 are yely; kpoyn,and rae flisiCl OB athe f AL £ 15-€X3gPEAr£hBeY. SThRat ent
nunbers 4,119, 109; " 4, 822,974; and 4,940,881. Figures 4a, 4b) and 4c

il lustBat eirsitderni emskef tfloer gptiadieschange Soexhban andFlgmies3. |t
shoul d be recaqgni zed at _Figures 4a, 4b.and 4c represent spegific
reIationsﬁ#ﬁ%q%%?égéﬂkgrgﬁé qgﬁs%ﬂ%ﬁ%egz?g4t%? %Y%FEUIa%gFﬂsﬁgﬁces in
time whil esylisks Bankiare rief ativiked} #¢!pldeesndenstoodnt Bae since di sks
52,54 are both constantly rotating, the extent_to which the disks 52,54 are
in or out $faphRabteyngl shatowstraie yebEeehbYigi vigusedkeri sBarehehpoi nt at
whi ch the tb Al 60 strikes the substrate after exiting second disk 54 wl|
al so be constantly changi ng, as discussed herein below. In Figure 4a, first
di sk 58 and secmndaltekna4 iaree trootgiteicahl phasemeshshithdlgngbeing each

di sk 52,54 30 havjng the sanme angle inst the origjnal path of ,the
i nci dent Hgéﬁn‘B‘?‘S}‘agf“éﬁﬁo&%(?%?qwaﬂf%k‘gog%,"'Sﬁea? ?BF%E@d. THa® is, the

di sks 52, 54, are gikhadadkape anded&r | hensef enenasc pbangst bat is
perpendi cular to the optical axis 62 of beam 60. Likew se, disks 52,54 - 14

1 5 APR 2~=ubs\r80e30860 RETMISW/ErTisar e Tht areduivenannt §PK t he sane

angle relative to opti.cal .axis 6 T b 6 ?agﬁ ing ftroma radiation
source i.394§r85?8 Sﬁ%%o&%ﬁéﬁﬁwsocﬁ%% é%g%ug%g ha éingiF?glgprst di sk 52
as finst exdrisbsanttd, ablehiieh forsmem shritnkartipatpeoneb6idnemhskt he
rotation of first disk 52, Upon exiting first disk 52, first exit beam 64

enters secHPPYi IRWBALS: LRy iISURHICR T f Rt CPRER bR eaF PaxieS83, and is

then furtk@ﬂef&{/fa@t:)ﬁgeﬁﬁéﬁqgﬂd sk Slesaisbet NGt SBEORNL88ht beam 68 is
yet 1O further"Tromoptical axis 62. Because second disk 54 is al so

spi nni ng, Bréfhie eilsoulshrigd TPk jenarolyicebhi s oarpreanll exit beam 68.

cont i gur at 1ohe 1 E8, S Bl sah e b e 85 PRRTELIEEE ch ¢ ha
secondoexihibeam GBproach alisgnresdd vabdvepteéxedpaxtBab2thén Figure 4c,
di sks 52, S4 are out of

hase | ess than 180 degrees. The second exit beam 68
i1 be e e s Aoty e G b E e SRt AR BalE. SHet o whi ch
the disks $2n9¢rate @l dehrPhase mMesh diskge52uddaaig Lopschhan 180

degrees out of phase, but nore than 90 degrees out of phase, the second
exit beam ®8tematefalslyskiems-n i nnerarea76. Wien di sks 52,54 are | ess than

90 degrees out se b e i S.,.LD.F.gure:4a, the
second exit bea%26§g\%l ?Jle %taﬁelq{'vm{t}%%é S?J?gﬁglrgle% 4}élyéﬂgybge&§ﬁé§eci at ed
t hat wst hepné i pablEy leheff ar dssr tdlslatedl fastiiré heapobeon of each di sk

52,54 rnay be expressed as follows: 30 el ct a : eol + I g + ~1tze2c
t ~ - eo?2 FoppeoLled to some degree. (gHowever, it can also be

seen that the currently available methods have
limitations which restrict their usefulness. What is
needed, therefore, and what is provided by the present
30 invention, is an apparatus and method for controlling
the profile of laser ablated features which is very
flexible in allowing the creation of multiple types of
orifice profiles, while at the same time providing

accurate and repeatable results.
- 10 -



WD 00130800 al = 0 8oi = eoz noi = ~oz then 5 eaiff (1) - ez ( t )15 &R 2003
t ) - 'r~ Ccz tz 1 5 APR 2003 PCT/ US99/ 05771 In these formul as,

repr esent swohme/3osoot i al di sk angle, co is the speed, and a ISPC’M&JSQH/(EKH

accel eration. It should be noted that the above mat hematical fornulas 10

are limted to the case where di sks 52,54 are undergoi ng const ant

accel eration. Figures 5a, 5b, and 5c further denonstrate the concepts

di scussed with respect to Fiwumasydaf dhe dndedtidr gure 5a shows an
arrangenment of disks 52,54 that 15 are in phase, as in Figure 4a. In Figure
5a, the beam of ?fa%ll%??%ﬁnﬁol’éﬁ?ﬁl:%OBpPFGéﬂld&sska LG E74 is. refract ed,

exiting as gé;epla%t agbﬁér&wu%gl g hef fg%%heftfﬁnéﬂ“elégélg'é@iaéé@e of

beam 60, as cted y phantom|liné 62, Show ng ‘the optical axis of beam
20 60. 5t ﬁeatoimlsxhamdlalshepdepudtason o ifugumerdshict i fietmeald Sy 52 i s set

at an angle W|th| n k hol der 78, whic be confl t o cooperate
with a devitBER }%CPICE d ﬁeﬂaﬁi‘tﬂssergg %’Lg d:tq'%ﬁ es the entire
di sk aSSemméﬁfé&uwp@aégatw@xrétéz1n§50m1%ﬂureqe‘$@n@ Wi, ot her
hand, disks 52,54 are 180 degrees out of phase. Thus, in Figure 5b the

second exi GifEenesg imot bpnaprefibask angimecges viin rccarﬁwmlmutso 62.

Fi gure 5c shoms(%he c%$éég££%éeggahn %gk%gnt@%13Q¥gb%§§e%%’54 are 90

degrees outp (% ase I r'st éxi eam I‘e% ains its pat h
t hr ougho seg@irt d:llﬂklée{ﬂ(éh@rhem’s cbhtstbaxiels heamHed ticzdlot refracted by
second disk 54). It shoul d be_not ed that the - 16 1 5 _APR 2003 WO

00/ 30800 PRSI oy af eFRerehtsest PERBUABS SRe BRIlenFSRHATHIP t o

scal e, andy@r&,d F@Ee'@&@néﬁgléglcemgﬁah@ ke e e Pt h i@ beam

such as a [aser beam as the beam passes through disks 52,S4. 5 The
mat hemat i cmadfwr]md@ﬁlemtmmnaif bheehpbmyedBE@a(;wecmfm éLatércerpna&h of the

beam are descr d,bel ow, first e referred.to herein as "speed
control -, S AL GHETH the TashThibdr FERIEs RAE S SRS Bt ol -
Speed ront polairfefersnt 0L dbgr Condbhi eRelBubkeratidhe fidestord sacond di sks

52, 54 have no relative acceleration and_are rotating at different speeds,
With a spe®@Sidticon wip cHhigh rehat PYEF§S| aPGE Ogr ddicesuWlftiFadiRe) . Phase

control retang,jo ¢ fﬂﬁ'&'itéﬁébéé‘héﬁﬁ 69@e5&%§&&ﬂ%§%@@%ﬂa¥‘e§d 52, 54 are

15 initially rotating at 1dentical speeds, wth e disks 52, b4 havi ng a
rel ati ve adesltenat i om. bé\herceutrhecdyf teptirodlell.a bdh tthreough a single

optical elenent (as sh mn in EI yre l|s cak r&¥ t he uatlons 20
deflect - PRCHESR Fh {FEFS ?% T?% wher& %ﬁ'%& Sesif'qi) /nz)
20 pattern can be repeated on subsequent substrates. The
relative rotational speeds of the two optics can be
altered to create different fluence patterns on the
substrate and therefore change the wall slope of the

ablated features accordingly. In addition, the angular
25 relationship between the two rotating optics may be
controlled to produce an ablated feature having the
desired shape. The angular relationship between the
two optics is controlled by altering the relative
velocity of the optical elements (e.g., accelerating or
30 decelerating the optical element). By controlling the
combination of rotational velocity and relative angle
between the optical elements, the ablated feature may
be formed to have any of a variety of chosen wall slope

configurations. In addition, the apparatus and method
- 11 -



nl,. n2 = indexes of refraction 25 then for phase control: x (t ) - d&b APR 2003
sects cos (Wt ) + def lect2 cos (a~2t + ediff (t ) ) and y(t) - deflects
Sin(wt) +wiedowee® sin(w2t + ediff (t) ) and for speed contwralrusssasrzt 1
5 APR 2003 WD 00l 30800 PCT/ US99/ 05771 x(t) - deflects cos (colt) + deflect2

cos (c~2t) 4 aznd t) .z fl J 1 )iyt t j .~2t) o, then,
for either dp%ase %%%t%’%regg sfggggle?o%tlrl\ﬁv% tgjeﬁ g%%%f(%xfféﬂgéhfé( %J)fz +
y(t)2) In theseahDavetiaseaburepr eseiles ddre raliled) thekelopgl e, wis the
speed, and a is the disk acceleration. Figures 7 , 9 and 1Q illustrate

8
the | aser SIRAMULFHATLENR GBEATALE WieMTHiBHe 2 siSeful Bradeatat
di fferent speedsrhétpfggegg %@e'ﬂhti'%atint‘%tﬁ'ﬁﬁ?qnalﬁgglbef? %ﬁ%%?@ddtéks 52,54

can be changed to create a different pattern of ts”on the
substrafe ahldterabyachehyeofhmatlelrditdd .f ediar esnsdhcs] opkel5

dingly. In Fi 7, th d. of disks, 52 54 b to b
neut {1 o eff=O9RAE MR BabPoPROBOER: HER uGts RO SRR ST TaF| 351 111 all of

the space idtsd bp fasrgbhgcbphecore ik exaile SdmFéoHAB¥ort he speed
of 20 disk 52 is 2Hz, the speed of disk 54 is 8Hz, the speed ratio is 4,

t he defl ectiahricabhenpesiopt Pcipraegyef nadidtidgen sepecesi oauchte is

256Hz, and the nunber_o [ i 0. It . be seen that if smal
speeds are a{fse?&r%%%ha%gsi {Aﬁgggvﬁr@%ﬁe 121 g#ﬂl elnocfﬁ%lplgrp eé(i%pl t hen t he

randonigat it fvibeet otaghen offhkheroasers YPtthis imserhf ichesinto create
a uniformfeature., In_Figure_ 8, the speed of the disks is also insufficient
to obtain PuRTRIAYEB hPeaPlabeufeatireas jir substrrRtepeeBator disk 52 is

0.5 Hz, the spged 30mbobrdiskcP4vesslD e dlisshasd [atéio 15,180, the

defl ection 1's one per optical elenent, the |aser - 18
or viasg), or to ablate a feature of a given depth which

is less than the total depth of the substrate, often

15 described as a “blind” feature.

As used herein, the term “laser feature” includes
holes, bores, vias, nozzles, orifices, and the like,
and may be fully ablated through the substrate, or only
partially through the substrate (“blind” features).

20

Brief Description of the Drawings

Figure 1 schematically illustrates a conventional
excimer laser machining system employing a mask for
irradiating a substrate.

25 Figure 2 illustrates the laser machining system of
Figure 1, and further employing the optical scanner of
the present invention.

Figure 3 schematically illustrates the optical
elements of the present invention.

30 Figures 4a through 4c schematically illustrate
different phase relationships between the optical

elements of Figure 3.

- 12 -



1 5 APR 2003 WD 00/ 30800 PCT/US99/ 05771 repetition rate is 256 Hz, an /%lJR%PUi]
nunber of |aser shots is 210. Thus, in Figure 8, it is denonstrated tha

t he rot ati Vie0038¢ed of one optical disks 52,54 is sl ow conpeEBUSI957HE

| aser firing tinme, then a 5 mgjority of the |aser shots will occur in one
quadr ant, therely; Jald Or 83 nght-Bggabbat ed -k aatuienetditgspeed of di sks
52,54 and the speed ratio between disks 52,54 increases, the pattern of

| aser shot sildnsthm sabshe aphkabecovabstronshipi betmweess tdisowaptlidcah Figure 9

In Figure 9,. the speed fox.disk 52 is.65 Hz, the speed for disk 54 is 87
Hz, the spse®MSitiD §E°MH 35" ?ﬁ%uﬁgfl gcf"flgn‘lﬁstglﬁ@p’ﬁ?z‘r “ptical elenent, the

| aser repetitiomrjypatesis 2bPuskratnd the pefkactllon avers shiefise is 210. The
faster speeds and snaller 15 ratios grOV|de a sufficiently uniformpattern

of | asep shuwstam ttdippumtucan vePricatnedemshited features. The drawback of
this operating nfiqurati I h rn._of | r_shots is very
sensitive to (e%&qu%%snﬁ o?ﬁf%‘gg%nﬁb ﬁggugg%é eoft%g’l %%s%eegz,%’ﬁthe 20 speed
of the two geitinmeisisksed2whdn €hangpogchbeelpeetdtel agid hestafedi sks 52
or 54 by even a single Hertz will dramatically alter the ablation pattern.
Thi s ef f ectetcdiee st BT edrpEPERYSFi gures 9 and 10, where the only
difference is t dfbgﬁ£&”§h&01§h§1§§sgggggiQ?QI1§@%§d§@bgﬁsk 54 has been
i ncreased by one rtz. Another disadvantage of this particul ar operating
confi gud at ipat tiexrrt kst ahreed i lght apoeréng the bagdilkfreredtficomlpart to part
because the optical .30 rel ationship between di sks 52,54 is _naqt, controll ed.
Thi s neans%Fﬁﬁgqﬁu¥q?r%ﬁthﬂﬂflﬁg?gﬁﬂFﬁe ¥a§PRBEG8c fPeat S e poi nt
for each paidiociys o5 @spesHed &yt eUemaht sl Qpheekatiardo1gpeeds. - 19 1
5 APR 2003 _ - WD'00I1 30800 PCT/ US99/ 05771 Thus, for the purpose of creating
uni f or m abl at ed Fieatnaesl 3 ard shbsitARELrehe GHator wrda@lbmatdl fifeer ent
speeds for _di , I e.re h .l.ess what is

ot herw se %5%%%ﬁ%§§%%ﬂ$%@%?§He§e %r%ggggﬁ%eg%yg%géog%af&gﬁ abl at ed

f eat ures hawviptd carl adiemexites . r epeat abl e shape can be nade by additionally

controlling the _angul ar_ re]ationshi p between di 52 .and .di,sk 54. This may
be acconpl i shed Fﬂ'ﬁq‘l’ﬁ%ﬁg? n’gf:{%t’F%FgFi SSWVEPSCF‘?éa&ede&EH?dic& 95 54, 10 as
by accel er afzh@n o &tdai'dhBsecoPavel "dr tBnbegutR1ilshdipekssH2, 54 are
started in phase, with the followi ng paranmeters. The initial speed for disk
52 is 75Hz megigalraseddr dorike skr58irg FBHB: disk 52 is accelerated by a rate
of -1.48Hz/sec. . i i n e I the | aser
repetition ratngggﬁg%ggﬁg{%ﬁgé%ﬁﬂ%%é %fffgggrgg gtggfgeg%ggﬁﬁﬁ Figure 12,

t he di3ks anreastiarg edbzxmitefhaphisg, axi shwhithotlrex nopapcabiogiesi1aiei ng
identical to those described wih reference to Figure 11. \Wen conparing 20
Fi gures 11 “&ndPE SURSTEA S LA T hat by sinpl e decel eration of one

optical el ement rilig-deam Pt st sa€bangedzleamairagkl ¥n Whizmdded angul ar
control between disks 52,54 provides additional flexibility to the system

as conpar edongithstingl worentell FRCEYgupbsngzzles are inclined in
predetermined directions, for the purpose of directing

25 fluids exiting these nozzle arrays, and controlling the

relative direction of the exiting fluids.

Detailed Description of the Invention
As discussed above, Figure 1 illustrates the basic

30 layout of a conventional excimer laser machining system
10. Figure 2 illustrates the laser ablated feature
formation device of the present invention, referred to
herein as an optical scanner 50. As seen in Figure 2,

optical scanner 50 is inserted into laser machining
- 13 -



25 .through 10, such that an exact path may be specified for each of 1thaPR 2003
| aser pul ses. The positioning of each | aser shot is repeatabl e because the
angul ar relvad omswsbs p bet ween di sks 52,54 is controll ed such phatustdies?7
orbital pattern can be duplicated, thereby 30 allow ng repeatable features

to be forng stFé- uf(?sbé‘g‘wggg }%Fggg%gﬁtern%t ?ez%/i dtntéeslg | al (gééd?cﬂ the

beamis rel&tively 1 nséensitive ular ations; thus | ng to a

superior neidiathdrse 28 contrblARR 29033MR ¥ B0RDGRCHAISAI/ 05771 shapi ng
the abl ated features as conpared to the purely "speed control” nethod of
Figures 7 tSWhRfh 9. Figure 15 illustrates how the ablated feature-in the

substrate can hay&;d,otdft gk, vﬁgwg\%en%rtigfry%ﬁbiv@au SR gy TRAsUr ed

fromthe bore axis. The wall shape may be adjuste y controlling the
starting - iposhdvon amdFaguekeBat i Optofcatlhesahirsiesr 530 Sidicndded dldbws

material to be ablated at di ffgrgnt ra%ezs fromjinside the hole and thereby
create dif R EHIRGE FrABSBALGRS. FRESabid Xy, t & Woth SPIHE Mt tern of |aser

shots (and dha{shyvshapgi shespabhdoketba P Y RIndhS i tiinsFhadal ng the
accel eration and starting position of each optical element 52,54 is a
power ful artisK &d bhay phavesdipiearatet hiltksledwes bedlowawami | Gigks 15

heretofore._Jt. shoul d be_ not h the_u of gnly a single rotating disk,
as descri ber’u2| ’i%slfﬁ at B SE%FE&,%EQ@, 881" ah tg}lo eessonq(%y' & contave wal |
shape {see il 154 vihahaupathelede fakeeonpl imialied smPe Axptdict ures
whi ch add significantly to the cost of the mask. In the context of fluid
control noZAteted %‘br%h@@eﬁﬁPF ERgME a's VIERE T idds Fsidbabl LM FO with

straight a Qﬂéf&xavxﬁéérﬂsafpfﬁd%ic%ng%%fs%&rrﬁgd,tgqxfwghﬁtaiobf;&er- Further, to

achieve difféerent wall shapes 25 wth l'y a single rotating di sk,
di fferent rskst nudettrodselipragetataddi g simgnidalcaitercosts tikd he

manuf act ur i r S The du otating disks 52, 54 of the present
i nvention é]’%i){)%g% %{‘ g%??i‘é’gﬁb %H%Htﬁ & St qS eCl;ﬂ‘ﬁeéi’ agr]cfr, in that no
conpl i cat ed:@hpBsSK S ructurpstane neededs and itde ame m\sk ¢an be used to

create different wall shapes, sinply by controlling the rotational speed
and rel ati Aackeel4? a88bn of the disks 52, 54. - 21 WO 00/ 30800

Figures 4a, 4b, and 4c illustrate side views of
the optical scanner 50 shown in Figure 3. It should be
recognized that Figures 4a, 4b and 4c represent

20 specific relationships between transparent disks 52,54
at particular instances in time while disks 52,54 are
rotating. It will be understood that since disks 52,54
are both constantly rotating, the extent to which the
disks 52,54 are in or out of phase is also constantly

25 changing. Likewise, the point at which the beams 60
strikes the substrate after exiting second disk 54 will
also be constantly changing, as discusgsed herein below.

In Figure 4a, first disk 52 and second disk 54 are
rotated in phase, with the angle of each disk 52,54

30 having the same angle against the original path of the
incident beam of radiation 60 as the disks 52,54 are
rotated. That is, the disks 52,54 are tilted at an
angle to the reference plane that is perpendicular to

the optical axis 62 of beam 60. Likewise, disks 52,54
_14_



1 5.APR 2003 PCTI US99/ 05771 A particularly unique ability of the presempp )
invention allows the ablated features to have an axial orientation whichis
not perpenWNacu/aBot o the surface of the substrate. That is, popUsKEs7Taf the
orifice my 5 be tilted with respect to the substrate surface. Such a
vari abl e ax3l xcaehaﬁfwtwnmginw@noehg' S8mkS aRENleCYRA U @RF 1 NG @
spiraling laser shot pattern (as depicted in Firgure 16), while allow ng the

center of emthadl cakkss 62r bi Thet besodly eteinfatt iing £xypmescri bed 10

di rection dur',nqb].:he abl ati on_process gu{%t}]l al se%r. shot_ pattern is not
possi bl e Wt oSNNS °sTRGFacF6ta 'ﬁ&ugﬁn ¢S tel £2as shown in
U S. patenigyagiiaid, 940 88ds whi B cansnby maveithe lhaht Yoand & rcul ar

pattern. 15 The ability to create an ablated orifice with a non-orthogonal
axi s isba shgalf ifcarms alvakhteudad paAvEArage s dukl gicd thleowodgytliicrat i ons. For

exanpl e, as wn_ i n, Fi 17 g .of two _or Jmore_nozzl.es may be

posi ti oned © u%ﬁﬁ%tatd*%}gu%‘;i S %?S%a%%ygéggl gllrss(gzﬁllgﬁ{r é@t’e%ltr(?\ﬁard a common
predet er m eed tPBddm 44 dngere ddconadividuak Bezal @9 s@anake oFfisarged in
arrays 84, 85, 86) 87, with four nozzles 82 per array 84, 85, 86, 87. In
each array fg®m @ptigrml eis ne? nosbfesSgbhgre tunghed rokgrgtaesc Smon poi nt
88, 89, 90 T td Vir 1y nt.er .o chearra 4, 85, 86,
87. Such aﬁe%hnégn?iaﬁﬁ?%fé%{ﬁg %%éz‘gl%gecégaw[a?ﬁitngee%@hggr rlgy¥’§§, 85, 86, 87
si gni ficantthy tihepr dizesy duriexhn@akes 6Re aBebkuget secontr diskhe4di rection
in which a, fluid drop, is_rgroj ec%ed hrough each nozzl e _82. This 30 control

t hereby al F§w@IGi© ﬁFg’JHH I 1B L IRANpF L CHABT cBRLEEEENCE df drops after
exiting the ReRald Bdom AdLshd@té¥et Ypebh 680 control the relative

pl acenent of drops of fluid on a target material, such as placenent of ink
froman inkjet pgm Rigunal 9n paperdiskerdBy54 aze 180 GegPRe2008two 0030$00
PCT/ US99/ 05¢7 ffecting i priaf.a, Lt .w Ll recogni zed by

t hose skil ?éd%ﬁh%%%'e aqﬂ?l% Ecg?rggn u%%tr:%érra %%B%%tz:%l é)sqﬁ grllagar re%ﬁ%g may be

abl at exb t obaah &ve Hdinqeacefsartyed rescht that aepantli enliar bappl bgation. 5 |t

can be seen from exam nin Fjggre 17 tfat the axis of at |east one nozzle
82' in eachSoftta mENL gELEROPEYCAL AKX PgAEd with a first common axis
92, while a secand FiRaate A2, "aDIkeacH, 841 a¥e88ut85f BBas871kgsdl igned with
a second comon axis 94. Simlarly, 10 each nozzle 82 of each array 84, 85,
86, 87 is &abrgnd@Onidduregd edetl? nfoeen@ontibh BgR®. 69hwhllobsi ng arrays 84,
85, 86, 87 i I d,in . ep, nozzle Loare
abl ated i nagyglzlgg%é'? el%g{éél%%l%% %%18 edgp%%%gﬁt ogi ?égt §5§§Ptaxes of
t he nexzl esolwhizmrthecréeiatles %%, 34 naby changEnghkbe . abWathodipkit ern by
altering the rotation of disks 5 4 in a predeterm ned panner. As noted
above, t hesﬁof’fl EX& gfrfg%r@ﬁn i*%%s‘?’?%’t"*éﬁsi ﬁuffi g rB{]‘]ﬁei' sPHSePgFe n
appl i cati opgawhene ded Aft 2F theasadi vhdugbcdhapsxexi beag tBe nozzles
is desired, for exanple, to allow or prevent the coal escence of drops after
exiting theipdzAfads sathyme %@?ﬂ’éﬂ?&%ﬁ?@r i Waeni digksdPapB4t areoal esce or
not can be trqlle Y i I ai.j.pn . gngj i nal axes
of 25 the %%%zgl gglaﬁnn%eogﬁeaéa%%%/%%% gé*ggéuisﬂég ?%%Ihgg %gl ﬁ%‘gﬁgads for
i nk j 25 pr st déns Fikauwend anozdiessamdind eeckit dbaamt 68swiihlt Fallange of 8 to
35 mcrons, ,and preferably between 10 and 25 microns) and aerosol nozzles
pl at es forwéﬁg‘ll%ﬁqt&@rg?c% as medicinal 30 inhalers (having nozzles wth
exit diameters ak hRss ddalpiRatated CHOPSnt RERLE caDgyPEREErably in the
range of 0.5 to 3.0 mcrons). The inventive optical scanner described
herei n profpdest lsisgrilfate staaladvith dges woeikont aéreaehhdilskob2, 523 15
APR 2003 V\%? 00@%0800 PC'I;/eLéSQaQé 01;571@0‘,999!“ rolling the wall shape of an
abl ated feltdr &’ Ieﬁ{pﬁffrstl Sulsr tHe Thvention al | ows preci se, repeatable
pl acermmmt of individual |aser shots in any of a variety of mariners. The
i ndi vi dual | aser shots may be placed in

B,(t) = 001 + Woa t + ¥ a, t?

O,(t) = 002 + Oo2 & + % 0 t?

where

- 15 -



5 widely varying yet easily controllable patterns to achieve the desli’ &R 2003
wal | shape and axial orientation of the ablated feature. - 24 1 5 APR
2003 What weoskedowed is: 1. A nethod for form ng an arbitrarpdyusihosen
‘conpl ex shape for an ablated feature in a substrate, where the feature is
abl ated using a | aser machi ning systemincluding a mask and i nmagi ng | ens
system the nethod f&n ioﬂtrolling the shape of the ablated feature

conpri sing: providin a.jiést rotat abl e transparent plane-parallel plate
and a second rot at abl"8 trarféparent pl ane-parallel plate between a mask and
an imaging lens of ag] aserg,machining system wherein each of the first and
second pl ane-parallel plates are tilted with respect to an optical axis of
t he i magi nghérns and rotated about the optical axis of the imaging |ens;
identifying a plurality of discrete sequential, ablation positions on a
substr&te at whPah:f{hk suBsttlate §is{tdo e bl hied to forman arbitrarily
chosen conpl ex shape for an ablated feature; calculating a plurality of
sequential plane-parallel plate positions for each of the first and second
pl ane-paral | el phategdd MikRctadn 6 "BYS Ot PRSKiLDEDHINgE e 1 Magi ng

| ens to each of the sequential ablation positions; continuously rotating

the first 18econd Plane-pesad | ehn@ll at €8 vhehdaskehateveracaeheration
between the first and second plane-parallel plates such that the first and

second pl ahe- papultebepnated et thoughosachabherpbiseduéntrmatapl at e
positi gns é?%diﬁﬁﬁttetdhetcga&l% | JROL &Q%fécﬁigistﬁf §Eq%€98“ al ablation

posi tions, e relative acceleration between the first and second
pl ane- par ahh@érgbathes cxordtranitl exkcribdrahadnat each of the sequenti al

abl ation positions a pul se radiation_is firegﬁfronlthe | aser, the pul se

of
of radiation dife8U¢&S 1A% omfl EHE? GkEUFFReT ARBOREEBAESpFSRe- parall el

pl ates andcéﬁag%eg R Rt E Wi on e@@ﬁﬁé@gu@mfﬁéua@gaaiapnwpsaﬁaon on the
substrate. 2. e method of claiml1, erein the laser fires a rate in the
range of 100-t oF3g0riez SaTrahans e dfrangenenti af wdiekst he, bl thahgl es of

(1 phine. BOLELLELHLAL o300 ARl VAL ol EL ol ol 2
whi ch eachopulsadiat ircadieat icort guas syst 1 dabudhsia s2fwhetrevetotsdi ffractive
homogeni zef PLLOLLY 'y MNP D% L0 "B3K: 5830 of anilR 2903
offset from the original line of beam 60, as depicted
by phantom line 62, showing the optical axis of beam
20 60. It is noted that in the depiction of Figure 5a,
first disk 52 is set at an angle within disk holder 78,
which may be configured to cooperate with a device (not
shown) such as a servo motor, which rotates the entire
disk assembly 80 around optical axis 62.
25 In Figure Sb, on the other hand, disks 52,54 are
180 degrees out of phase. Thus, in Figure 5b the
second exit beam 68 is refracted back and merges with
optical axis 62.
Figure 5c shows the configuration in which the
30 disks 52,54 are 90 degrees out of phase. In Figure 5c,
the first exit beam 64 retains its path through second

disk 54 (that is, first exit beam 64 is not refracted

by second disk 54). It should be noted that the

- 16 -



The. method of claim1 in which the imaging | ens systemhas a 195 APR 2003

demagni fication in the range of 2X to SX. The nethod of claiml in whic

t he | magi nyO &Yd88ystemis tel ecentric on the substrate si dePCTARB/0RBTIA y. A
. AY. AF. A3y. A@By A .Ay. A3e. AFR A

R Al y. ALU A Ac AS

156 MO ~z?§§\§|}ﬁ 55 ?achgi]e%a] caj ca] ﬁ%]])ca]ggg] gé c%g]écan]d?a]tc’\as] a}‘aﬁ cMa] ca] ca] ca

] ca] ca] ca] aﬁd] aa]ec’m]tth] ci‘ra]ee:t’l‘@#@at@ca]mal.ab(;a]aday show theb mhth

JK23] | w cajc ] calc ].cal ca cal ca] ca] ca]

ca] ca] ca] cS%cﬁ] % csé% ]acsa]%a‘} %Jfa.é %%ﬁ%"? @é@% R '3(e(2)~y

toje [V]] ca]lg@,]l Qﬁ]é}q’ij ofd 09 ca] ca] cal ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca

U] ca] cal] ca] ca] ca] cal] ca] ca] ca] ca] cal 2) ++++, ~,, -#..00222227199999: 7: c:

+<r<zupkf a\ W ] | Gdec ajadd]eed tedah] a;r@\ai@a] wa}e:a] ma]ycb@] eajdatiesh)tea] caV] ca]

cal] ca]calca ca c I N g Ef EEE“F_ FFFGGGEEEGE
VHLl z} I J!]| ﬁ%ﬁfﬁ%‘iﬁ]ﬁe} ] a'g] %’a%tgg]gcg]@g c%}z%%] %Xg] ch’%Eaeléi ca] ca] ca] ca] ca
] ca] ca] ca] garea] (f@]xc&]m]dwé@a&@ﬁéﬁﬁédatcahaaéiiﬂ'(&lé I@lelerVVD NNNNNNOOOPP#QQ
QQRRRRS, SSSS| vql b] X]1]1]ca] ca] ca] ca] ca] ca] c™a] ca] ca] ca] Cagx;% al ca] ca]ca] ca
] ca] ca] caUFeaF&4}¢a] c%i] 2] koY chlreafeapcaAPESESTATEPT ¥ eE777] | "aaa

h$ ~
2] o) 0o} cab) CaPorl LT Sa) b cHoy e a] SoCEPLa T £ Baf Caf 5! RhaRhoaTG: H i

Zr ]r rr ]m ]r r whblsyasmm«{aquagm W ¢ ¢ aadl)] daTka] Baj ca];ch]atva] &) ca]I Ca]4§§] gag] cg]B
ca]ca]ca]ca a cal ca calc al xx n
y+25e{ vql g’b’]%(]a]:]l] @L]acézﬂec]ae] JCQJ} ‘31‘]‘% %‘Eﬁ] 58} }88] é‘g @&}fgg]lrt?aﬁ] cal cJaU] cg] ca
] ca] ca] ca] E%la@%ca]vﬁ%]kpad ] crd€abCRheah\ £ 8 relatively larg

M { E{ vql gb] ]1]ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]hca] ca] ca] ca] ca] ca

] caU] ca] calprapsaic dhed] ci®a] cfkajeafentrel refers to t

I
910% U ()1@.@%al]l&y( ety (3t  ilDsatiRES) - sp8edBYMELH) thds} AEREDY% UF$10%

' -yl 10% ) .
Ve ()-y 05%, 54 having a relative acceleration.

Where the deflection of a beam through a single
optical element (as shown in Figure 6) is calculated by

the equations:

20
deflect = thickness*sin(i-r)/cos(r)
where r = sin"'(ny*sin (i) /n,)
ni,n, = indexes of refraction

25 then for phase control:

x(t) = deflect,; cos(mt) + deflect, cos(w,t +

Oairs (L))

and

y(t) = deflect; sin(w;t) + deflect, sin(w,t +

30 Baiesr (t))

and for speed control:

- 17 -



U& () -!y! 10%JU& ()-y!10% & ()-3S10% U& ()-!s!109&' ()- "EzyZ; *F10%5 NDRPR 2003
U& ()-2z3310% U& ()-10z 10% & ()-!s9%3"10%U& ()-m!98"10%)& ()-m 9%3"10%
&' () - m uVAFONOB08Hp | & () 5910%4| & ()-M10 U U 10 U U 10 U U | rCrasedhsa& () -

| :110% U& ()-F810% U& , [QUVAF! Inf "10%& ()-6!tf "10%& ()-6!f

"109%&' ()-6!f "10 &f( %ﬂ &' 0% H WUG94F' 10 10! S°f

"109%& ()-6!if "ﬁ. % §§? in BédF&F?ﬂ %%21%) ecg 26'?

"109%6%& () - 6VONH4|@W'1O%T &'() 6! @ 10%y& ()- 6'@W‘10@6f&f() 6f #10%
and

y(t) = deflect; sin{w,t) + deflect; sin(w,;t);
then, for either phase control or speed control:

5 radius(t) = sqgrt(x(t)? + y(t)?)

In these formulas, 9 represents the initial disk

angle, ® is the speed, and o is the disk acceleration.
Figures 7, 8, 9 and 10 illustrate the laser shot
10 pattern obtained when disks 52,54 are rotated at
different speeds. It can be seen that the speed ratio
between disks 52,54 can be changed to create a
different pattern of laser shots on the substrate and
thereby change the ablated features wall slope
15 accordingly.

In Figure 7, the speed of disks, 52,54 can be seen
to be insufficient, as the pattern obtained does not
substantially £ill all of the space intended to form
the bore. In the example of Figure 7, the speed of

20 disk 52 is 2Hz, the speed of disk 54 is 8Hz, the speed
ratio is 4, the deflection is one per optical element,
the laser repetition rate is 256Hz, and the number of
laser shots is 210. It can be seen that if small
speeds are used, such as those in the example of Figure

25 7, then the randomization of the location of the laser
shots is insufficient to create a uniform feature.

In Figure 8, the speed of the disks is also
insufficient to obtain a uniform ablated feature. In
Figure 8, the speed for disk 52 is 0.5 Hz, the speed

30 for disk 54 is 75 Hz, the speed ratio is 150, the
deflection is one per optical element, the laser

- 18 -
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1033, the deflection is one per optical element, the
laser repetition rate is 256 Hz, and the number of
laser shots is 210. The faster speeds and smaller
ratios provide a sufficiently uniform pattern of laser
shots to produce well-formed ablated features.

The drawback of this operating configuration is
that the pattern of laser shots is very sensitive to
(e.g., controlling only the speed of disks 52,54) the
speed of the two rotating disks 52,54. Changing the
speed of either of disks 52 or 54 by even a single
Hertz will dramatically alter the ablation pattern.
This effect can be seen by comparing Figures 9 and 10,
where the only difference is that in Figure 10 the
rotational speed of disk 54 has been increased by one
Hertz.

Another disadvantage of this particular operating
configuration is that the light pattern can be
different from part to part because the optical
relationship between disks 52,54 is not controlled.
This means that the first and last pulse may not occur
at the same point foxr each part. This is especially

true at slow rotational speeds.
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an accurate, repeatable shape can be made by
additionally controlling the angular relationship
between disk 52 and disk 54. This may be accomplished
by changing the relative velocity of each disk 52,54,
as by acceleration (e.g. “phase control”).

In Figure 11, disks 52,54 are started in phase,
with the following parameters. The initial speed for
disk 52 is 75Hz, the speed for disk 54 is 75Hz, disk 52
is accelerated by a rate of -1.48Hz/sec., the
deflection is one per optical element, the laser
repetition rate 256Hz, and the number of laser shots is
210. In Figure 12, the disks are started out of phase,
with all other parameters being identical to those
described with reference to Figure 11. When comparing
Figures 11 and 12, it can be seen that by simple
deceleration of one optical element, the beam path is
changed dramatically. This added angular control
between disks 52,54 provides additional flexibility to
the system as compared to that illustrated in Figures 7
through 10, such that an exact path may be specified
for each of the laser pulses. The positioning of each
laser shot is repeatable because the angular
relationship between disks 52,54 is controlled such
that the orbital pattern can be duplicated, thereby
allowing repeatable features to be formed.

Figures 13 and 14 demonstrate that the radial path
of the beam is relatively insensitive to angular

deviations, thus leading to a superior method for
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allows material to be ablated at different rates from
inside the hole and thereby create different wall
10 shapes. The ability to modify the pattern of laser
shots (and thereby shape the wall of the bore) by
simply changing the acceleration and starting position
of each optical element 52,54 is a powerful and
flexible process parameter which has been unavailable
15  Theretofore.

It should be noted that the use of only a single
rotating disk, as described in U.S. Patent No.
4,940,881, can produce only a concave wall shape (see
Figure 15) without the use of complicated mask

20 structures which add significantly to the cost of the
mask. In the context of fluid control nozzles, a
concave wall shape is the least desirable shape, with
straight and convex wall shapes being preferred, in
that order. Further, to achieve different wall shapes

25 with only a single rotating disk, different masks must
be used, again adding significant costs to the
manufacturing process. The dual rotating disks 52, 54
of the present invention provide a significant
advantage over the prior art, in that no complicated

30 mask structures are needed, and the same mask can be
used to create different wall shapes, simply by
controlling the rotational speed and relative

acceleration of the disks 52, 54.

- 21 -



Y. "10%1& ()-6![,y "10%g& ()-6![,y "109%]& ()-6!,y "109%X& ()-6!d

" 10% T & ()-6le,y Y1 ovoos () - 6 aaaaaaaar P1#910% h&: ()-I&Y 109hh& () -

h& () -

h& () -

Y AR A

10 WO 00/80800 10 1 Y "10% & () 6! [ y PCT/US99/05771
"10%iu& () - 6abchdd, eewUsr P11 f “109%908& ()--'}f "100& ()--'f "109%& ()--!f

- 10%& ()"'f " 1R°“B'&‘%t(l)cu1' r1yl QM e 851 009993t <t Rd! breddQo h& () -1 S510%

10

15

20

25

30

invention allows the ablated features to have an axial
orientation which is not perpendicular to the surface
of the substrate. That is, the axis of the orifice may
be tilted with respect to the substrate surface. Such
a variable axial orientation of the orifice is achieved
by creating a spiraling laser shot pattern (as depicted
in Figure 16), while allowing the center of each
circular “orbit” to slowly drift in a prescribed
direction during the ablation process. Such a laser
shot pattern is not possible with, for example, a
single rotating optical element as shown in U.S. patent
number 4,940,881 which can only move the light in a
circular pattern.

The ability to create an ablated orifice with a
non-orthogonal axis is a significant advance and
advantage in fluid flow applications. For example, as
shown in Figure 17, a group of two or more nozzles may
be positioned such that the axis of each nozzle is
directed toward a common predetermined point. 1In
Figure 17, individual nozzles 82 are arranged in arrays
84, 85, 86, 87, with four nozzles 82 per array 84, 85,
86, 87. In each array 84, 85, 86, 87, the nozzles 82
are angled toward a common point 88, 89, 90, 91,
respectively, in the center of each array 84, 85, 86,
87. Such an orientation of the nozzles 82 within each
array 84, 85, 86, 87 significantly improves, for
example, the ability to control the direction in which
a fluid drop is projected through each nozzle 82. This
control thereby allows or prevents, for example, the
coalescence of drops after exiting the nozzles 82.
Alternatively, it can control the relative placement of
drops of fluid on a target material, such as placement

of ink from an inkjet print head on paper, thereby
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5 It can be seen from examining Figure 17 that the
axis of at least one nozzle 82’ in each of arrays 84,
85, 86, 87, is aligned with a first common axis 92,
while a second nozzle 82'’ of each array 84, 85, 86, 87
is aligned with a second common axis 94. Similarly,
10 each nozzle 82 of each array 84, 85, 86, 87 is aligned
with a predetermined common axis. When forming arrays
84, 85, 86, 87, the nozzles 82’ are ablated in one
step, nozzles 82’’' are ablated in a separate step, and
so on. The different directional axes of the nozzles
15 82 are created by simply changing the ablation pattern
by altering the rotation of disks 52, 54 in a
predetermined manner.
As noted above, the nozzle arrangement illustrated
in Figure 17 is useful in applications where control of
20 the individual drops exiting the nozzles is desired,
for example, to allow or prevent the coalescence of
drops after exiting the nozzles 82. The tendency for
individual drops to coalesce or not can be controlled
by altering the orientation of the longitudinal axes of
25 the nozzles in each array. Particular uses include
print heads for ink jet printers (having nozzles with
exit diameters in the range of 8 to 35 microns, and
preferably between 10 and 25 microns) and aerosol
nozzles plates for applications such as medicinal
30 inhalers (having nozzles with exit diameters of less
than about 5 microns diameter and preferably in the
range of 0.5 to 3.0 microns).
The inventive optical scanner described herein

provides significant advantages over other methods of
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the ablated feature.
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calculating a plurality of sequential plane-parallel plate positions for each of the first and
second plane-parallel plates to direct an image of the mask through the imaging lens to each of
the sequential ablation positions;

continuously rotating the first and second plane-parallel plates with a relative acceleration
between the first and second plane-parallel plates such that the first and second plane-parallel
plates move through each of the sequential plate positions to direct the mask image to each of the
sequential ablation positions, the relative acceleration between the first and second plane-parallel
plates controlled such that at each of the sequential ablation positions a pulse of radiation is fired

from the laser, the pulse of radiation directed through the mask, first and second plane-parallel

plates and imaging lens system to each sequential ablation position on the substrate.
2. The method of claim 1, wherein the laser fires a rate in the range of 100 to 300 Hz.

3. The method of claim 1 in which the tilt angles of the plane-parallel plates are

substantially equal.
4. The method of claim 1 in which the laser is a pulsed excimer laser.

5. The method of claim 1 in which each pulse of radiation passes through a refractive or

diffractive homogenizer prior to illuminating the mask.
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