; e3eVWN6TuNB APR 2003 WO 00/ 30799 PCT/ US99/ 05637 MASK ORBI TI NG FOR LASER
ABLATED FEATURE FORMATI ON Background of Invention Field of Invention ThiAgR 2003
i nvention pertains to a nethod and an 5 apparatus that forns abl ated
fegtures in substrates inkjet print head applications. Description of the
Rel ated Art WO 0¥BE9I] aser abl ation of features on pol ymer neararsS9sdse37usi ng a
mask and i maging | ens system i's vveII known In th| S process features on
the mask are il | udMASKEt eR - R R RD |FEAA DRMAY
t hrough the transparent features of t he rrask is 15 t hen |maged onto the
substrate such as a polyneric f| | m wher e the abI ation process occurs.

Figure 1 illustrates a basic |Bagx ‘ pal exci mer | aser
machi ni ng system 10. Typically, the syst em 10 is controlled by a conputer
12 20 with an interface to the opgeral ¥r ghvtheisystem The conputer 12
controls the firing of the pul sed Taser system 24 and a_l ow speed, |ow
resol ution servo syBiEmmwentienf peet3gie 6o tah@esésa%ars%%m 14 is to
position the mask, 16 @nd subsbiabeachuicdd kR akakc BN PRESust FRQisSt rati on of
the laser mlled pattern with respect to other features on the substrate 19
prior to abl at PBfAhofFs seibstasgreakbdation ahivelptieposelstaratiasi d9rsyst em (not
shown) is oftenyjinterfacad daaqt QFpQ?&H’d{f&{s system The servo system 14 or
conputer 12 may control an 30 attenuator nodule 20, to vary the ampunt of W
radi ati on entering the system Alternatively, the |laser pulse energy may be
varied by adjusting the | aggbcription o 8ARR12003 MR 00/ 3D799
PCT/ US99/ 05637 hi gh voltage or a control set point for energy, naintained
by the | asé®'s inteflrllafssaréntiqy Torfiessliregoph THEYW beam path is
indicated in t ) o} i d al ray
pat hs, which a?é§%%%%§fégar%glqy Bg%% é{%d%%{ﬁrwé?% 2%@5\/ %ﬂsé&n g\%v g’fgﬁ%v ener gy
within the syskéﬁ’\vnTheIl\Ntd'G\ﬁePrQPF—@‘ﬁna’ft@é%teSt e po¢ seakleXedener | aser 24.
The |aser 24 typhGalhycdd rvﬁ%hatlagQQ ﬁ%gqetz Tl 1960P0M GAl diRghining with 10
pul ses that have a duration about 40 nanoseconds each. The typi cal
i ndustrial excPreses asiroush 11@@ tsangeatantoffeptpiseavet dge power 1sbut peak
powers may 15 each-AEgmAld Slue che s, Shard Aukankon g hispulsen These
hi gh peak powers are 1hportant 1 n machining nmany 15 materials. Fromthe
out put end of whereasks ahled ignencegss yysicsdisl.y traverses attenuator 20;
however, this is anppptjional;GoaPERELY J‘Q}asﬁr esg%u'& nyald |aser machining
systens. The attenuator 20 perforns either or of 20 two possible
functions. |In cRevérrsengdlymndloar {atentmaamiatos gpseonpehsates for the
degradation of 1l Becopi} Calnd kaBen e Al (RAELIT A0 WS dizaill albous the
laser to run in"a narrow band“of pul se energies (and ence a restricted
range of hﬁ@h vorhage jmbasifsee to the operator of the system. The

computer 12 controls the firing of the pulsed laser

system 24 and a low speed, low resoclution servo system
14. The function of the servo system 14 is to position
the mask 16 and substrate chuck 18 for proper

25 registration of the laser milled pattern with respect
to other features on the substrate 19 prior to ablation
of 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

30  attenuator module 20, to vary the amount of UV
radiation entering the system. Alternatively, the

laser pulse energy may be varied by adjusting the laser
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25 allowing for nore stable operation over the long term Wth new optics
in the system the attenuator 20 is set to dissipate sone of the powerg gp 703
the laser. As the optics degrade and begin to absorb energy thensel ves, the
attenuator 20 is adjusted to provide additional 30 Iight energy. For this
function, a YPAF¥°hmnual attenuator plate or plates can HETIE8H056The
attenuator plates are typically quartz or fused silica plates with speci al
di el ectric coat high woltdmanaro ar edinteet ssonwodhit- 2or ernex@yAPR 2003 WO
00/ 30799 PCT/ US9Q9/ | .35k L E0er 9Y; 1L Quar N absarhi heam dunp
wi thin the atte%%éggggﬁ%%rﬁnéﬁ%%g ot herlnp055| glg %unc%o of the
attenuat or 20 i dcbpr short termcontrol of |aser power. In this 5 case, the
attenuator 20 is notogi i.th_eifher r Of 8; O ¢ SELLVO tem and
the attenuator is adj?%éstzlg‘g k%/ggnnppg\%dg t%ﬁ&%ﬁregg?gfF?Jleér)lcelsg((%ernew%ﬁper uni t
area) at theSsubstrase2? orotpriggendpdoces®s coturdl raFrpmishe waticbnuat or 20)
the Wenergy pr g S . . £XPansi; S tignal ). The
beam expansi on gg?egégp@;r%égagé vgggﬁle&(ﬂur%ﬁlggnggwagﬁqﬁgﬁll%%%?hggcross
sectional area eherpe be@mrit dhgr gperéy. f iTHe UNepener apceyir@tielseabeam
honogeni zer 28. _Thi I r fec n oyger : em
resol ution by 1§Ece;r a ?%%a%ldelmc%%r trlgg%r ﬁljlﬁfer?%%l lgpg)g?t%fe%l%xﬁ m nati on
upon exit from ttheehoabgehl 260, HRyporatcaxwiival mhaskinbeansitdr e not
symetric in,horizontal, vs.. vertigal directd L TYpI cal th Xxci mer
beamis desg(r]i b&lﬁggg" %%t hhaat :%gtgugglr%%,{qn r?eﬂa(r‘)i‘lg?fatt %gtgﬁerpv\%ésr?ct%ﬁgsl aser 20
di scharge directboh. (ushaldypivedt ivdhdtridle exeamepr bdsde is 100epsShat "
(initially relatively flat and droppi of f_sharply_at the edge In the
transverse di reg#gﬁ)o% h%l%eeg%eﬁg Bap yprl’czlﬁusci ﬁfeglﬁs ‘S/'eai?)e? ofi] %ef%%ﬁ}ét | ooks
qual itativel y gasgswangs |dlee ta nbemaho25 duelidbnl bEyticeirpuelselhe expansi on
tel escope 26 al lgws spo | evel | ative adjustrment in the distribution
of power in theélﬂglealerkeI{L:%al’i1 nesa,q{ %it”gl%grae uces t%&?kdérelsmahco lnclélr?pfngflgl y
elimnate) dbstomtephad$.the pattern being 30 i naged onto the substrate 19
due to the resol utiop_diff.eren in these.t axes. Between the expansion
t el escope 26 and horrgﬁ%rﬂitz}éer %%%?ns: gﬂ%m%égtqelvgtasﬁgan% %Iﬂyneélerﬁg?ror 30.
Most systens) dug@ptoaSprcerdvariseat abhspuatidd 200nhawaver f evi-s83is a8 APR 2003
WD 001 30799 PCT/ US99/ OSfi 37 such mrrors 30 to fold,the system.into the
avai |l abl e space.c'p Shef al ??/r‘,lpcfr}%tmn?]réo l'rsesrﬁan?/t be' Sﬁgcéﬁs%lét%aecgﬁnégﬁponent S,
but in sone areagstthe. enBrigyutdensatyr 020 fdardiocescanther qui tethi gi.
Therefore, gjhrror | ocations r areful l.y chose o_avoi d ch areas of
hi gh ener gylﬂc)iensVf’y?ofsrjlllggenefﬁléﬁ%,t%fﬁg' deisjrll g%eer Q&ffsgu%ﬁmgtls%/ns't Z%ewi Il try to
limt the nunbemtetnbsetdr ) mampensaBes ifomortder degratat ivrz eofophiecs
repl acenent cost_and_aljgnment difficulty. e UV light..next enters the
beam honogeni zePpgéFa‘?’h%g%hr}'pf)Tsrléa 8&?%%51%00%1])2%;#?‘%”5%&1 sa]tloowc,sr églfae a
uni forni y i nt endesek| um nat i:'cm_af inalr_nzloatk_)etr‘ftb o_rfa$>k11pbaeme1jq1esal (@mddet er m nes
taE; ikl cal apgrture of L& ddy wahgat o el d,(Lhe pLlng §f the half
25 allowing for more stable operation over the long term.

With new optics in the system, the attenuator 20 is set

to digsipate some of the power of the laser. &As the

optics degrade and begin to absgorb energy themselves,

the attenuator 20 is adjusted to provide additional

30 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
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15 the cone of light inpinging on the mask), which as stated above, has an

i npact on overall systemresolution. Since certain parts of the excime§ APR )
beam are hotter than others, uniformillum nation requires that the beam be
pansed into snmal |l er segnents which are 20 stretched and overlaid at the

mask plane. SEVEYHI®methods for this are known in the art, PRIMUR9%SHE

nmet hods being based on traditional refractive optics, e.g., as disclosed in
U S. Patent Nos.thl 7133e%44nangy 54, d559, absthbofg Weiaghdamp wiclo¥rpor at ed
herein by 25 reference. Th . npy al so be based on diffractive or

hol ogr aphi c optitglse, a;tseflﬁagfg%%g%ﬁ No. 5,610,733, both of which patents
are incorporated by rmfeeprehee, poFsidnecdnhcnuousoff éllicefatieonatens2@rrays
(described in "D ffractive, m I replicated in fus jlica for 30
exci mer | aser - beam Ocrrmsléléﬁltglk%rﬁ,cecﬁﬁsc%%llagj?eﬁ?eretpowa r)' Aggl ?iéjdé Optics, Vol
36, No. 32, pp. S48l <B4881r:498Mqr RProomst hetbetmrdiontyerizber28 the |ight
propagates to a field |ens 32, which serves to_collect the light, fromthe
hor nogeni zer 28 Satneé)pﬁrroﬁuejﬁws c%]ﬁpsieernliot “YRto"t haencp the §tkﬁﬁu§tfg ** wo

oai 30~99 PCTI USa8iisged inagrogidenhe34orThet fiblehdeerisesr8? pey be sinple
spherical |enses, gylindrical lenses, anamrphic or a_caonbination thereof,
dependi ng on thednalgtplairggl)i %ﬁ tl?,ear e"*%u Er égrgﬂpa%%oppeiragéﬂrorgﬁfsogé tf%cfld | enses
32 are 5 inportant i rrashibei agtdrelasoenii, cthardaldil rgpeogyt beopabstaat e si de
of the lens . Jhe nmask 16 is_typicall | a in clgse proximty to the
fleld Tens 3 Tife miep e eatsi 4l hsateBrnlt f ity be FepH 4k ed on
the substrate 1%xpgmibtd paléecopd 26 weirgak| yhé afgertic2 bé 5dfuseisig t han
the size of the pattern desired on the subsirate 19. The i [ lens 34 is
desi gned to de- r?&benitﬁ?stghge 5% AT ﬁg g%ﬁ&%%amogol ﬁgﬁ?ﬁg??tp‘gln]to t he
substrate 29. Thilee hasrbheedesi tled pragpevhygehikeemang rhesWhaenar gy 15
density low at the mask plape and high at t substrate plane. H gh

o g {1 cat | ort NRATYS FRPESoeh Mo SBRLL MV o 4ErPUEavai Papi e at the
substrat e pl&ne.crdda imas khi6conye die rumeirtdai r ope ohremodmi 0L ual wit em coat ed

t fused si.li trate 20 with the pattern.be tched int
Che matal | c. | aybioby aifiof GPT Nt U 0F 25t her WHBA AEAABS: ARET AL vel y.

the reflecting assdnar saksavbi aguherdre dn hbeitased Sid.i caromskl substrate 16
may conprise a s'\(g uence of djEeI ectrics Ihayers such as .t hgse digc{osed 25

in U S Patent NOS.C4§93; 775YRHF 8 2985515 Hth B WHECRSEF& ¥ #Eor por at ed
herei n by referencetobh@apugposei 20f, 't heanimgi tigatl enswadéni sheoldexmgni fy and

relay the pattern ont.o the substra 19. If the ttern is reduced by
Lt attor of i NS e GPREASI T, (AT T nEeErer Y o6 BOATs o sod by AP
mul tiplied by thedfidrsiesstop fact orindtitbeyi nelgimigdlensl3d 4agpically 80%
or so). Inits sinplest far t he i magi | ens 34 i single el enent |ens.
Typical ly, the i‘#f’ﬁr%pﬁélgl ggénléﬁa‘?@ya%‘citoﬁ%ge?g%ﬂi fé‘ %h§ E\%ﬁnﬁbﬁ?e VO

00/ 30799 PCT/ | 1S9HL5637, ek raedan enss desiyghesl tindeaduee pabtdus aberration
and distortions in the inmage.. The | ing lens 34 is preferably designed
with the fewest BI& %Sngﬁ‘%ys%‘ﬁ/”‘i%g%aggkiﬁﬁﬁ‘%h ke d‘eéﬂOFE‘ﬁPi mage quality
in order to B i nereagd 1ike epive€al throughput and to decrease the cost of

t he i magi ng | ens 34, pically, the imging_ lens 34 is one of_ the nost
expensi ve parts of tﬁ%eéb@éﬁ?'f‘¥h‘?‘?1.te&§5ﬁ PEJ2andv S ﬁé’"‘lengﬁi"ﬁb Pens 34

creates a del0 npgnidivedatfagendit tiie tpat Hesor Dbut e ESkokbroin t he
substrate 19. Each tine the laser fires, an intense patterned area is

i |luninated on tHEUKESEREEECTR, B D Fedires REhidGSofCthe substrate

materi al resultscafplitdtelhl buphnadesd aieasrtMeAYosuhsd akeerRt BEL@d S may be
15 so imged, especially polyneric materials. Polyimdes avail abl e under

vari ous trad® nalftesuRtastRaptdhiviadsd Lopfrexte ' thg &eeRéUABSE common for

m croel ectroni C gjfferences in these two axes.
Between the expansion telescope 26 and homogenizer
28 1s shown a flat beam folding mirror 30. Most

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



applications and inkjet applications. The system 10 described in Figure 1
is a "typical" 20 system For non-demandi ng applications, the system cdnifiRell
further sinplified and still produce ablated parts, but with sonme sacrifice
in,feature tol erances, repeatability, or both. It is not unusual for
systens to meK®YSBHE departure fromthis typical architect BEBUS®B5@ri ven by
the particul ar needs of the application. There are many applications for

| aser abl ation ofupblyimydus Pt &pi &bbd Enevapphi tatd oz rvaidebilens

t hereof are not di jn._terns ; n e i.cal vias,
and the enphasi SQ?%@%,” rst?reaﬁqa%?gé, tg% rﬁlﬁﬁlgrﬁ)rr%eﬁgﬁtsgf%%?%eﬁie?e%}ggﬁow cost.

O her appl i cati orsmpergitre ity ideaemeianpasol shancesrandiarepdat asi lity.
Exanpl es of the Lallgl. appl heablons algn Ml i LEGYe anplLAA! oNa SYGD. as

i nkj et print head nozzl e manufacture and manufacture o rug di spensing
nozzles. -6 58 APR 2@DSIUMDY00N36799t PETNES0 $0883Fr¢as tdfe g ade gnAdEYIg

appl i cati ons, thgeﬁﬁi]%renﬁn . nggglgx A d%iszi%ne}?h Py AN rs%%ec@;nabi lity of

manuf acture are nuc re stringent’ than the~sinpler conductive path
features provi dediby Bryriter dématt Fbairumkies. oThéoSddey aniexbrsr ¢RI tect ure of

the systemis crthgal.d oQntakni Bc 1iohodholkeraneesoand s odughmen:

repeatability. | diti1on, process paraneters an e optical “conponents
all play inportadtffodesty.n obtaining the tightest possible tolerances,

down to the b-mcr . : nentd.on a : ' tihbgn rel ates
to the for ma??lon of g@%%ﬁ%‘s%%#lti ﬁ%%tét preir%t %ﬂgaggélgp?%@%%\r%@alﬁg'ot her
fluid flow appl i Thei pwsposBuriftnghehbohdgamigest 28 therpadrdatig et print head,
a small vol une of i i ri ; vapart Lzed._ . s a dropl et
of ink to shoot Pﬂ%%ﬁ ﬁ%nl%g\rél%%igcezfggné%ectl\ég g%‘%%@eﬁé %egﬁ&?sg directed at
the print nmedi a. pThee quali talsof dehernates rijeetupei itd hppesrdegerdent upon
the characteristi rd i p4i.cal. attki e he.orifice

i ncl ude the shapgﬁgngils%rﬁ%aa%éoéo%g?%ﬁ)tngﬂoef %tl % (%)rgjfiIé Cgflaeﬂ%c rfa%%rl%aﬁf aspect
for fluid fl dfv appki cate orfs liighthémpinpemfont hbevinaskbal [whichi @ nade in the

conventi onal mannggtggy%éox\%rlygg%gggoﬁ\%%ctsIO%p% erg}ﬁiihs%%énbe sl ope

dependent upon t RE“ T AC] uence (€nergy unit area), and
to a | esser extemtsolheliqunbéringt taseripulases ovfedh¢ cexriose bebe f eat ure.

Usi ng conventi onal , r Litl e c. f f i . control
or shape the vi ag\lﬂﬁr&s\?%;et.h\é&ét%}%’et 106 |r§] g%%w}éﬁ%n%?t gﬁgﬁéggy
di stribution of thetriald didaonbei peragdtirgcubellatesedmernt prdjictt roa

) : " : oh L aci X ‘

o o he e 20, EPLE: AL N ACHRIR L8160 e RBR DIKL 1D Shangg apertures

However, the masketheds SEAPRN2G03ranknuiBai0ShPCatUS99L 05 685%mef eat ur es used
he hol il e Al z i f h

to create the OmgFH{aﬁé'Aeel%omﬁ%tsegeoxe{é’aq%g%tohaﬁsg?g%%@Jh\g% 'eo%’hc%.r, the

i magi ng systen), ey nmay be i rmaged 1n e a or via. The
di sadvant age of thgs, n®¢ hbiddlesehatnt ieS sristlentraks5 4 ealrest @ad easily be

2 Typi cal i nik] ot Shr LAt Head RS CUP STy (1 CPhECT RERe 1S S e bl ated.
orifices or Ybasraferamcke. i IThHeheepbbymery fallsm babbhsad ecmtdid fomateénmer ati on
of 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 -



10 about 300 or nore ablated orifices per inch. The size of the orifi cgaz 2
may vary dependi ng upon the particul ar application, but generally have PR 003
exit dianeter |ess than about 35 microns. The entrance orifice diameter is
typically less than 100 mcrons, with an average 15 entrance di aneter of
about 50 ni cVY8A¥3YY about 60 nicrons being nore typical. THEWBIEEYi ve of
the invention described herein is to provide additional control over the
shape of the orifreelnn kand Bidon Thetheld d@rerandl PoRSSIEEALrol s of
mask features, 2?@&9@5@9 Jiaser shotsarand senkekt hahimsioblki By the
detail ed shape of 'the orifice. In addition to the ring-nmask nethod
described above, canbiheticretthedeef . shepinynchenokhei _PLeddtidgl e is to

di spl ace the beapyysihg @k iQpf bedl pIRLAAG: TH $:2PaCah e ascqrml i shed, for
exanpl e, by sgl nning a flat "or wedge-shaped optical element between the
mask and proj &ct LOROT St ISuEshaeHRRBOE jeTidsari bBagine Wit ttd@ St at es
Patent No. 4,940,884 Blacingd arSphani &gk ej-enent between the mask and the
projection lens has 30 the effect of npving the image in a circular orbit.
This notion changesThthenafi dbedsf Bapinal 1t flpredbyn ndledRy RIREIMARY dent
light at the surfgce,ofsidgy subst sat €. rlh&dhsadvaptages of dheemrt hod of

U S. Patent No. 4,940,881 is that the radius of the orbit "g_ - 8 APR
2003 wo 00i 30799hPCT} 8 I8 IKD5ER T Leahpdtohd easubytepngett ddfieng t he

machi ning cyghe. Li. the optical..geheng Ar dges shaped,,,As cgigscribed in
United Stat eg PaFentt: No. 4, f%g,cfgs;? tﬁééerret(ﬁzog%al SO has)et he di sadvant age
that the angl e oBitheobetdm imntSeght deedrafurdmgheneubsrate iii.chThenits t he
smal | est possi bl ' engny.a IieahesSHPEQCESS Lot hel . An
additional lim tgwggﬁﬁégi%%a?%hol e \?\@F?nécf)omgjle pr o?iéflesﬁpare Inlférri ted to
concave geonetryifiseke Fguree @), imaghnased dntrocshunelbsiorts 119 -a
conventional 10 'rﬁ§§.r hIBSkd & gae%%é]&@ R gegﬁ%ﬁy% ) ehll@gy

[ or each a

reflecting or absSorbing coating ated feature), except~at very
| ow fl uences.l5 Andapparatew @&id tivet nedk fpkarsorndobhiighgatantlxblstbed rakefi ce

shape using two i Nng;optiga . Ckl | -pendi ng
U.S. Patent Appl pEafl MO #&%gﬁ%‘?ﬁdﬁ?ﬁ‘?ﬁgn%‘:‘“?%f A AR ABLATED
FEATURE FORVATI ONnDEME CELeXd |sdeonvhikabiatad lideenibhtratrl Higeer-por at ed by

reference herein. The ﬁé“’rﬁ Qq 91; cggef@%gi lfr% Palsnt mchgy i cation seri al
nunber 20 09/ 197, 127 Eas t%e agsvanelage over U. S. mPatent uI\Io 4,940,B81 in

that the profil eadfimihen hedatagalon easudetzlarfegebystbhta cdubdstgathe
relative rotagio % ities and; | e e t ating
2b! O02LnvehoGhdd &5 ARd 1 RRASERND! G Rt HE ‘ﬁeééﬁﬁ%@ﬁ%.,

optical elenents. IS manner, any desire ole 25 pr
concave, convex by phewdhhthoarawphieovbelisredknewnhpaangequiri ng a

compl i cat ed mask \SLLUGLUTR.1 el ANOLBSLIBRINOG /AL BXGDG: D8 damdg,0n the

substrate utilizes a npva € mrror between the mask and the projection
| ens. The mirror teanfheedidildda magd swestrpturadfemayhatmpiiesd mage noves in

a prescribed sequence of dielectrics layers, such as those disclosed

25 in U.8. Patent Nosg. 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 leng.

Typically, the imaging lens 34 is a complex multi-
-5 -



orbit, thereby noving the incident |light at the substrate. A major

di sadvantage of this nethod is the limted sensitivity of control, sihnﬂ:ép%lm3
small tilt of the mirror can be a rather |arge displacement of the g 8
APR 2003 WO %m@g;@g PCT/ US99/ 05637 according to a prescribed set of

coor di nates 1'0F" and every laser pulse. The detailed tFa]B¥¥8¥7 of this
notion has a strong influence on the final ablated hole shape. The ability

to change the holeggdorerpydartdittit ' ARFUEAdYRTERIE 3BSEFERECRI¥FMENnt is a

pover ful yet flexihl.q RLQceaseparanRfer - rhBvihgyihe mRgkiutgel f within a
certain prescribed trajectory can change the geonetry of the abl ated
feature in a deR¥eiadliadrranned nEitidithg Eeveek, e BiredFengngssary

strai ght -val | ed. £ ety 831 <0+ DbINEEY V- of ih\aggn%&&m@qn%%a@pt thnvention
provides a nethod of inproving the geonetry of |aser ablated features. In
the nethod of tHecTaRfentthencrEhed ughRBY ed @t EhidFTESPERIE AR hi gh

resol ution during.d he ablat (98 Ry 0GESS 342 11 ﬁi@ém@ Rependicsbar to the
optical axis of the system thereby causing ¥ e inmage to nove in a |like way

and change the feoneth yisopPnehel dpratadts exparelvh RAESsGhsthat®eahe mask
can be noved in.any, desired pattern, such as a circular pattern, spiral
pattern, or 20 nore general scan pattern to create the desired shape of the
wal | sl ope of the abflsategefeabore. thife laBpanedleeatif €réafebed mikle oval by

movi ng the pgskgdd,a Rl LBLECaE didacdUihngs thge MR Righgncygde. I n one
broad respect, this invention provides a 25 process useful for ablating
features in a stWettete leonpEseh ngtme thadilasengt 19Re s FSEPEERES t h

radi ation that has d.Ehr euo AiBsk chOoh Of MR Rl aked  beatage in the
substrate, wherein the nask is orbited perpendicular to the optical axis

during formatiom vs80 .t kEchénywpt thrersebytrarai MFwrisdl geredtaatt shape.
The process of {fis;nyantien JRY,be %lyg¥§gst§9a@é)ln@att%ﬂa\1§rﬁn§§'ybé)f

materials. For Instance, the process nmay be used to etch or expose patterns
in-11 - B~ fR 2083M0E0PS0FDYY ROT/YUSTIL 0B8R Epifar EntlYiBsReposi ti on.

Further, such ”l}f%ﬂaﬁol@%ﬁad@? - trt'#g‘d@ hBhEXNESS, Y KABHER™ A i Ci ent

mechani cal stability and flatness o e reflecting surface. This in turn,
makes for a ratBerlemt gee féptnast aprimonrifps Biehee Itid®indeh or hi ghest

speed of the deyice; . Men .t BRaSYSE hapdwi.dt hohs. limted, it places limts
on the scan patterns that can be effectively used to shape the ' holes. An

alternative to opti cBid pystemethatr e iBpdndni Aggue the masREvmagRl s to
actual ly nmoys tQ?séHPﬁt%@Eenoxhﬁémanding applications, the system can

be further simplified and still produce ablated parts,
but with some sacrifice in feature tolerances,

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.q.,
electrical vias, and the emphasis is on small gize,

300 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 -




has a di sadvant age, however, that the notion of the substrate nust be very
preci se. The requirenent for high precision is due to the fact that t&eAPR2003

roj ection t he abl ati on system shri nks the projecti i mage
ow SV8iafhe . %) Cons BETARMt, 02

down to th ate to concentrate the | aser energy. Cons t he
tol erances on the notion profile S&Shri'nk proportionately. This approach

al s
usual Iy has t hé-TsdheSeh SRR ingoBPetd Ca8 10RE / t FPEI KEWNLFESR™:Spto%ch

di scussed aboveex%es%et,h%&lagae, 20.PRRRLEMLLI 16 UL BeT rAGYEALRISE RAYe
additional mass of the substrate holderS and noti On stages used in typical

aut omat ed syst emsch A reamsthe ngeart, tthiser ¢ har e impllerplcondays ilve witdh t he
profile of a | aser ablated feature may .be éﬁtc ntralled to,.sane degree.
Hovever, 1t can SHSH T RO AV fo THEETEC) T8 a6 Abthods have
limitationsswhigdtd£sdd iddcHitRidtuiseldd ness syWhal iis needadal hey efore, and
what is provided by the present invention, is an apparatus and nethod for

control | ing 30 aRfeainiold |t BIt It@rapmian end Eaodues WMRRaRGaP MY £ 1 exi bl e
in allowng thecre it?ﬂ)ri)f ctés%! gaéryeﬂﬁ.ﬁ: Ydd | pcgé){il_é_%s], whi | e at
the same tine providing accurate an repeataﬁe results:™ Tn e present

i nvention, the amskondsed falls wont | impdtyamovetdled Gin obtBa APRIR0R3E ' 0

00/ 3099 PCT/ U599/ 05fi 37 organic or._inorganic_photoresist durin

seni conduct or fabPPeeRt FPIZINGE SAHFTHRGED FXH dtS oS RHRE SERA as
X-rays and jgl trpyy@iet light including deep ultraviolet |ight. The process
of this invention can 5 be enployed to ablate features in substrates that
ei ther conpletely travensetitreddsovat efhe . nvembler velatas, tortheat ures
with a given depth ich is less,thap the total_ depth of .the substt ,

of ton doscr | bedtaETALAER; BEAFER P ot o TS PRERE nafag: SRRt EEEEES 1 s
invention provi d88 atheppaiaidsfiusef abplotatbkheg hphiesngntBesBhstingt e,
conprising: a radiation source; a nmask Eosi ti.oned between_the radiation
source and a suB&t RaFBerBabeinkiali REAACWNEATr adi 8PR&A VPAHMERELr 4BKati on

15 source, hereinyLRe, MBS .iSTﬁéP@Q#SrQEeHDXhHQgQﬁEQEHQiEQBﬁﬁekothe
system optical axis when the substratie 1s being irradiated such that a

di fferent featuiskshapehpetfbhmedghhan weafdckavé . beenther medzille)t he nmask

t orbited, .20 As used in, the term"| feature” .i.ncl
hol os. _bores, viHi-Chngs, FIECchRt PLoE EnE aHE MERES and Hin g ol B

abl at ed throughthleemaubshkjke giiaflivngpdkt idaipeydetougdr hesubstrat e
("blind" features). Brief Description of the Drawings 25 FIG 1 illustrates
a typical |aser SRRCRCHPHG S§}§FeMeffico Pirid 18 Sas ko Gl aditaidibwres of

substrate. $0G t2d IJYFHRAL §3c3 ulRS @hdTRHIJY NS RLANUSId¥hdition 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 -



a conpound mask notion device during the ablation process. 30 FIG 3~8APR2%3
illustrates one possible system hardware architecture for controlling
notion of the mask. FIG 4 illustrates trigger feedback to the servo

cqntrol syswem/3e7h@ 8 APR 2003 WD 001 30799 PCT/ U599/ 0563 pdti§399/85637
illustrates the tine difference between a | aser pul se and when the nmask is

i ition. FTG_6 il| di ff tiles which b
Cronted w th {NEPAEEHIHSR I IETE G TP 19 ISty 28 i ol Chy

pattern which nayabe csiastesssBitibd FPreseinddmantdwseémy , Coeatheag a

nozzl e having an axis which is non-orthogonal to the substrate surface.

FIG 8 illustrata®y Ppziaged riyke i thevikftak ol o?igi YiRli nalhéxes of |
arrays of nozzl i in L0 pr j ir i f he purposer -
of directing fl(g?%i%é‘g%ll%#% ?ﬁeéﬁ%ngée‘%aﬁ g/é;%;}l c@%r%ﬁ %%gﬂ%ﬁ% relative
direction of5t hfeakuténgeihueasil Pebvaidathded canptabso ohdfhéiffivenlitpn 15

As di scussed abov&, Figure 1 il]lustrates the basic |ayout of a conventi onal
exci mer | aser nat iﬁ¥ﬂ€n§§sF%n¥ﬁ%,m? | RHF 1P SRFQGE€§ st em 14 control  of

mask 15, substrate chyck dfpangdiatheneatoriR0. ndsanahed abeyentiy the
typi cal system 10 of Figure 1 servo sg;ten124 is 20 a | ow speed) | ow

resol ution systehewhnéhsturct sonslt abpabpdroyifegest er mask aGeamgde
substvate 25 prpr o SRLGGLET Sty SUUBIEALE, 18; Secp erstam daes no

nove during the™ab r'oss movenent of mask

16 and subsl0 at abdQt(BogesRNBréSabhatbe orfl€icet peveralkhm | IThaetsdare) to
align mask 15 and substrate 19. In contrast to the machi ning system of
Figure 1, the nRéktle gzedirsst ReYpVasyi €ersnding prefet s RAEHLcHH ats

capabl e of novi agpqticaitQBnS,p%ﬁ@Sggﬂgrthp Bdveesg! Whii@n 4l f¥ANR s s

per pendi cular to " the optic axis the systemduring irradiation of the
substrate. Figutéa2 sbbhetmBiscalilcyonspr efert enthrasnceomeafiiay &ldmedmr syst em
i ncludi ng a high s%eed ag&i l.~PR 2003j¥§%00I30799

ve mask.-13_ 8
PCTI US99/ 05637 SEamNEAG 2suls ySEam A8 A 8gFacEd it A1 Hs & S which is
~~pi ggybackdf" emiteranke |dwmeaed cFervauty Siemitdonhed ighdut remm t he beam
Condi tioning optics (which may consi st of the conmponents described in FIG
1 of 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, v
20 fluence, laser shots, and so forth in controlling the
detailed shape of the orifice.
In addition to the ring-mask method described
above, another method of shaping the orifice wall angle
is to displace the beam using an optical method. This
25 can be accomplished, for example, by spinning a flat or
wedge-shaped optical element between the mask and
projection lens. 8Such a method is described in United
States Patent No. 4,940,881. Placing a spinning
element between the mask and the projection lens has
30 the effect of moving the image in a circular orbit.
This motion changes the ablated feature profile by
moving the incident light at the surface of the

substrate. The disadvantage of the method of U.S.

Patent No. 4,940,881 is that the radius of the orbit
-8-



S attenuat or, beam expansi on, honopgeni zation, and field | enses, as ~ 8 APR 2003
appropriate for the application) sufficiently overfills the features on tRhe
mask 16 so wgbdsegrask notions on the order of approximately +/- 100

m crons or |ess (caused by high speed scanning 10 subsyste 9&!}159850&6%

achi eved wi thin the honmogeneous region of the illumnation field. The |ight
passi ng t hr oughaRRetnhskeprsitheAhrREYLdIBYingmghagmPERiN2AY BKHELSt he fi xed
substrate 19. L : reei b Ki i n th : t the
Schermtic 15 i FFubtPaPPSitar’ BibAbAes Hel W08ke8 LhaBld Dol e REb b8 o
systens may al 3a beisedt sShkeesAraasktuNed 4pllbBelppactheemethbdselsabl ati on

is well known. One representative ex |l e of a type _of mask which can be
used in the pr&efi Egeofilﬁﬁfié’af‘tﬁﬁei 'ﬁsggt FB% ‘F‘@gg@s&fi 58§ PR3, &5 Pat ent

5,378,137, bncanperakedubehgl RnY ok8her eRfsen TYRMG R ¥hed sHBINGOMPIi SEs_a
clear, fused quartz substrafe having a thin opaque or reflective |ayer. The

opaque nat eri alPosepbbe dekayddisgpflackmems thdt chaplisetespproerssd ont o t he
25 substrate, an_ultravi gl et enhance oating, or .any.other -suitahle
reflective or 3t°ﬁlgfv?ﬁlse gﬁ’ac?ﬁlgl&&gﬁaﬂg l@&%ﬁg%?nnﬁfsti -qaé;yzlro & é'lag@t ric
coatings. The rsafdpecipreF idle0RAMI4 ieddlidn@oorohkRe v gfednfethat t@fgred such

that it conprises a series of apertures or other structures 30 through
whi ch the |ightfisadses) uMhiaratEsd i GANHaNChd heridiib st reanventd@nd
aperture ofjyt hg Jmsk € d (I | n; ubstrate.
The type oflol a?er enp oy}%d&\?\h@'l %iéﬁ%}ﬁ%my%%gfgﬁ%ﬁésﬁ&a@ efo be

abl at ed. For i nstfdrecs, indeopaEsrerbingl £oat8 ndPRE 40 082 MO £ BP9

PCTI US99/ 05637 %‘i—ﬁlm used to nake ink%et pri% heads and el ectronic
packagi ng appl i‘cath i SASRRT AT W HAN HRENKRRh as Kapton' "' and

Upi 'ex" "', having a gdighkhess:©é apprad i el Zdht Sol Fohg tAeSeblated
applications an 5 exciner |laser is comonly enployed, such as KrF exciner
(248 nanonet er 9rifkceesharx cilebnd (B08 YRR reptignl eehemenesyisf or

features | afger . uf. 35 1 a 1 u :
abl ate pol ;alll m eés. nlé]‘--'g(gnjt('al—rl a'?c,) n%%%g%?x%iﬁé%%%%n%oﬁ‘ﬁ%%ggxﬁg&ﬁr%‘ggéég a
pul se wi dt h of mimther 309 NBEHDsER2DNdsnt bledh YSASEBRYABAATEDNFEABURENMe scal e

of Laser, repel LR ahs and-iBak IpLLoK, The nouer ol Lhe loserormy be
to deliver a flugesLpdtatB® by reference herein. The invention of
copending U.S. Patent Application serial number
20 09/197,127 has the advantage over U.S. Patent No.
4,940,881 in that the profile of the hole wall can be
altered by controlling the relative rotatiocnal
velocities and phase angle between the two rotating
optical elements. In this manner, any desired hole
25 profile (i.e., concave, convex or straight) can be
obtained without requiring a complicated mask structure.
Yet another method for moving the image on the
substrate utilizes a movable mirror between the mask
and the projection lens. The mirror can be tilted in
30 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

the mirror can be a rather large displacement of the
-9 -



| S substrate in the range from about 400 to about 1000 or nore
mllijoule/cnR2. In the practice of this invention, when the subst r at 28iAER A003
pol ymer such as a polyinmide film the polymer may be provided froma reel
and positioned on 20 the substrate stage in the |aser system The |aser is
then repeat €dPY"Hit’sed for a predeterm ned amount of tine RGEBYHEY t he
polymer to forma pattern of ablated features. A varjety of factors affect
the geonetry of BRECFHRULE, & REFITF HPLSEtoPLsEPUEt TS dorheafsk, 25

| aser power, flugpgesvawiheseef phaser pHes@scadnda sordrdtdbryl Beaddigion to
the mask trajectory, of this invention. The finished polyner is then

P
renoved, with freehiwiAfe? BEFARY pbdi t4e0wEd O8nt el Wy &L1rREINARKE 16

novenent can be aghbeVedrien avali ey Y Ofcnihgeayse AS1Lenthidied aheMeut t he
mask 16 can be nmechanical |y noved, t hrough the use of an_ el ectromechani cal

servo notor ot i®8YRFVABAL RRFePAt S ICHITRECE 8 BRI YEF i ndirectly,
to the mask. Such)éxsSeld@ro¥ebenpisamiequat eiolohgl O speed.itkews-1~ 8 APR
2003 WO 001 30799 PCT/ US99/ 05637 resol ution notion, such as initial

al i gnnent of theWhERk® %6 SEF§240bBYP2FEPRY. tHBURTRPTY iitth CA288RvBh8ystem i s

not useful for pgeyhelng dethenBi gh1sheeketigl £8SHI4dd anPTRYeABAL &n,
necessary in the |l aser machining 5 operation due to the typically high

systeminertia ahBCHitES CREVEKs, S are agrseigRieddld egr E5RERTYRL ai |
bel ow. For hi gh speed, high resolution novenent, the mask 16 i s connected
to a piezoelextric material or 10sdapparabdsinsaehid@s a |inear or rotary
pi ezoel ectric mcropaositioner, which is "pi hacked" qonto | ow speed servo
system 14. Repr esent atis X SF6AT| ?W?‘?W%)P&??%ﬁggs'? ‘Eﬁtqéclﬁicl‘?f
m cropositioner Sirﬁ;ﬁﬁ)\ﬁi\k@ [& e geérr@EE}be&SiliésbﬂsébU@?é%%eagdﬁEsh In
m croposi tioners may have typical 15 resolutions of 0.1 ~. m having varying
travel ranges, rbRarfEHEIRg &spBEAEVHHT Vel 5EFt P2Fange oV 25f Biehent i oned
nmechani sms can bgpéeadidy nigAneeteTLd ot RrTRgKE NS 6L LARYE RE-bEBAk
t echni ques. T%e mask scanni ng sgcstt em hardware architecture i s 20
illustrated th Fiyut @BRIeTRFIPPRILTE Fegitesdfit aPF V2 arfd iforfl FRftI ng
architecture. Refestdung drerEbguEgusind hevd asale NBEhidtdd rSystieRei saypsual |y
controlled by a co ter or mcrocontroller 12 _which_ includes an ablation
syst em control | ef? chéﬁﬂ?ea thgsBPORDTHY QY &Pes3bbat ofhitEr tLght PBI EPthe | aser
| i ght source 24. sBestrafd .at The syst era.cyat makkar iSmndidasen control ler 52
comuni cate with a real tine servo controller 54 that, manages the x,y
motion of the | aR®FT5dEk SEER BfAr dughr KEbaTs PRRESYR axiRI 4R PGHEEFET o ng
ot i on st ages) 62mobd, gsidrag@speshi y&t tarrA tRosrthod fleedikack«syshepe 60 sends
real tine positiog i.nfor ion back to the real tinme servo controller 54

I

t
(referred to as °tl'0%&daldof orentt dite 3pdesepl Eervithadibedebiebsdi nel ude,

but are not |im tegeudd can8 ARR= 2683 WY QLK 304 9 LGHIUSIR1@R637 to LVDT
sensors, strain %ﬁfge sensors, capacitive sensors, and _inductive sensors.
Wien the |aser sourtdFi@aofpdh el rideydechitMarg&dsaser, such as an
excimer or TEA C02 | ag€lonedrkBed oot puthichanasterdstdesiakst he | aser
are highly dgfendent upon a steady firing or repetition rate. A typical
repetition rate RBEYCHE 260113607 HED1AF I EnECRARERS i 1 13 RAPSEF2EA. unst eady
repetition rate, céhsrigfidpshingda@iat ey das babvessd he 8l eqlsiadesn may be

that has passed through a mask to form an ablated

feature in the substrate, wherein the mask is orbited
perpendicular to the optical axis during formation of

30 the feature thereby forming a selected wall shape.
The process of this invention wmay be employed to

ablate a variety of materials. For instance, the

process may be used to etch or expose patterns in

-11-



10 inconplete or vary fromlaser shot to |aser shot, charging of the hi %h
vol tage capacitors may vary, and perhaps other undesirable effects. - 8 APR 2003
Further, the | aser manufacturer typically optinizes the |laser for the case
of . steady fwbiongoo$ the |laser. Thus, the need for 15 optinmal |aser :
performance in turn places rigorous timng demands on the not VB @M rol of -
the mask m cropositioning notion stages 62, 64. This is further conpounded
by the high fi3PPRESRE el RORELYEXer, Rurdhedy dayendiisgoxsr augti ¥ely high
bandwi dth for Lhe, 20; pua(a! {1 POSIdgs AN NG 4 YBALQNSIS! Iagah gk 16,

t he mask hol der, m cropositioners %sz 64, servo anplifiers , position

f eedback devi cec&filnnd dedl flatmeeserod wentred leart iS5y sTire alwiegh flhriisng

rates of the Iaser%géeclude t he use of a conventjonal, servo system as 25 -

such a system I3 TWEPs|BIKED HRBVE der LRt RS oV B Fa eI 200- 300

Hz. The ovey al {heYSALM, PAPEVGAL R diRe st fapitdd Uk i hSQ¥SFidde SYHIRMA the
conponents. In particular, the nechanical system nay have sone i nherent

ti me constant.spoteorbaxdwpiieh idelpobiedorit aeberk Wevitce B0 tden af f ect
system bandw di{ h) and_the actuator_providi t he tion n ve ne
gc%g,p%t\:/(ieﬁasaggia Zco'axg be efﬂ%ctlvef}gru%ed o] srh%r?ge }%e

del ay. For exanp evice 1s sTm 0 charygi
capacitor throughea.resistor, and therefore has sone inherent RCtinme -17
- 8 APR 2003 WD 001 30799 PCTI U599145637 constant. In addjtion, the power

supply for the servBnorlprEREtaYSt B BBLBFRYLYialST SBABNRRfEREHE "OF 119 e
constant. Fdﬂereﬁerﬁaskhﬁmsgsr k! téygl':?ﬂhe?g%fﬂw@”fiﬁe”yéﬁsg?a onsigered as a

whol e when designing the system an mponents nust be sel ected and
tested to provhde a dntadrab&adwi, dhbwappropthatethermbheonesfrederepetiti on
rate of the radiation, _sourc or _a gi ven.hard\/\@ e set, .several _different

. F .
control schene§“ F«SrBBEsf“HFE. PPh YT EaBE SESRBI ex ay TEFI 1B TRBF eh®ht this

invention woul dib® beebhisdesr ishaleaser cakt eacthenget taa gosteetisystemis
in position (W thin some prescribed follomjng_error%é However, as di scussed
above, for bestengsef saef gbdatden Kystegephmiskst the Rrojestéggymask
repetitionjgat i | i ELi-qu | [ YRR O trol
schene. In addﬁrﬁg% gﬁ?ﬁp#§b§9%?%ggﬁ#%%f%s%%%ﬁ%&gﬁﬁpgﬁf%kgﬁﬁ %ggggchieve

t he hi ghest nasErgy .t Doosggues, lywhitdie itelaranmee toanthec owarion

consi deration. Any..practical .control schene st. therefore acco date the
steady firing SFILG FHEY A Th BHP TGS 200 HLE0GPRECAGNG. at the
same time, plaggidigyass WididhnsOhesRld]l e f e tdasiihed
position when the |laser fires to achieve a repeatable |aser machining i
process. Fi gur ¥rzhanryeath yVistustshtadd the SHREDIAS tigsoci ated with

the timngyef Lhedasersd|#lnthanLIBLIALLOUY dadySiGm (HdSlor Wi T eal

time servo controller 54 for fhe mask motion y or may not be connected to

the | aser triggarbstoatoe B56ldens eand rigyern ssages S6satdtior tiymissalhe | aser

firing rate with

automated systems.

As can be seen, there are multiple ways by which
the profile of a laser ablated feature may be

25 controlled to some degree. However, 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
invention, is an apparatus and method for controlling

30 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. 1In the present

invention, the mask itself is continually moved
-10 -



30 its steady clock output by its connection to the | aser controller,

Wien real tine controller 54 is not connected to trigger source 56, th&APR 2003
internal tinme base of the real time controller 54 generates the sequence of
times at whigh the mask is to be in a desired -18 8 APR Z003 WD 001 30799
PCTI US99/ 0563 PB8%Ption. In this case, an external signal YXGUERY8s3Trom t he
abl ation systemcontroller 50) is required to synchronize the start of the
| aser burst and JrasiiroPkohno¥grme EPEPFes entsbaiimentent hendieaion | me servo
captur e of the ASRIAr aok Bou ion T ret o A PR WA

har dwar e speed laariXt-aevensid Jherayigletseyehtal ingdssiibbedempi ces of trigger
sour ces, incl udi n e cl 10 realy LYo gontroller
54, the internal gﬂrtgggog&t%g@ll’ta'seﬁ%%o ;OE%?er St%%orrlggggét?efr{na cl ock.
Figure 5 shows &4 iemplopgqdeneealfats 'fsarures ofn saetaktkasehashot s,
represented by the 150Ukl e oRAGSD.SOLLA: DA SupduBenCi AL, S 4D
propagation 15 delays ol lowing errors, system’inérfia, and ot her

I nherent syst emdractioss, orhéeatyreswivafiht heg ek deptinwhhehdési Feap (x, vy)

B gure s, "the tiE St en aret aelon SR BRI AL Febly, Asdisfudecs. 10
suffi ci ehtly smedd at obenadtefeamimeppr esent ed by the dashed bars. The tine
di fference t ween t ni. t he position
of the rraskb,i%s appr oglgrrg?ed éﬁzg%rﬁggu g%%/t th-d[L g%%ét%ﬁt aneous

vel ocity of the pmsikidezbaheppdfadots abethe frs kngkdgict hoheer Lora on the final
of the i maging ISRE Etnrenc oA 1y PROPRLIGE Mkl doneBER IR L B
preci sion appl i qasignispegl aeewm téver gprdiafiemhesdurglet apdt tesnborra8® t he
substrate of less tha . ] S ,are ) .

demagni fication syéot%e%rg?ﬁll‘gl% gﬁzﬁhat es ?giéﬁgfa% lfj%lsei ?érllgtéfgr%r of 1

m cron or |ess. afudretr wggeeisdurcenassr ibi capalole atheoadtigal position of

the -19 8 APR;%Q%%ndicular to the system optical axis when the
substrate 1s being irradiated such that a different
feature shape is formed than would have been formed if
the mask were not orbited.

20 As usged 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).

Brief Description of the Drawings

25 FIG. 1 illustrates a typical laser machining
system employing a mask for irradiating a substrate.
FIG. 2 illustrates a laser machining system uging
a compound mask motion device during the ablation
process.
30 FIG. 3 illustrates one pogsible system hardware
architecture for controlling motion of the mask.
FIG. 4 illustrates trigger feedback to the servo

contxrol system.
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WO 00130799 PCTI US99/ 05637 mask can be calculated within a tine periog
determ ned by the system propagati on del ays, the speed of the positi® APR 2003
f eedback devoomswmsed the speed of data capture. Wthin thesepdfgdonats
limtations, the mask position S can be quantified at the tine of |aser

firing. A | aser f| rlig%%at ZslolttLiztIcaocr%;s‘Hlondt e éé@e]pe%%%g@eseq shots,

while the error urin e nmas p05|t|on iI's ess than 30

m cr oseconds. Dié@regsmlwr&ﬂdalwmhe&m sk piossiblmwodioriase in 10
conjunction with the s sten1arch|tectur escri bed above. ggfme;@ﬁ% n the
preferred embodi mentfI&: skt bfuPodtedriit 500%9109’{? N6 S vectors

are pre cal cul ahed.p ghg§@éy§@t&5§hl@ﬁégﬂgeégﬁtXlﬂbéﬁ@iéﬁons of desired mask
| ocations corresponding to the | aser triggering. However, they also

contai n PVT 3 nf or rrathG foribluseberesfa pbisres Szoepat téen achich hager
trigger points reca culatln t hese internediate n_the potion

profile, the syRE efit Dar ¢ r“%h%% Bﬁe%%??n+9%%n%§oggggﬁt?ﬁ%ag}?$afectory

to mnimze thenézzzg h@ﬁﬂﬂ@nanfaﬁggewEYc@f1§hﬁo@vgfahbgéﬁﬁleﬂbaﬂﬂelts
har moni cs. The PVT vectors are |oaded into the real time servo controller

54 in advance ofubg5eatereeEsarag. The servo controller 54 continuously
adj usts the mask Ve' QEFty%t 91&8@9%&@% ?ﬁg?ié' §0r29<POS &}-.QBE ghet he

specified tines. e recogni ze such a“control system may be
oper at ed |n1@|tmengata¢mnhnoaﬂas nﬁnaeraymhefenbasEESfamengnamdnbdgmnspeed

novenent of the naak are,.co troIIe fromthe ggne cl ock SO#D& %@ in an
30 asynchr onousPrEAREPTPRREHe AL 5EEF 1PPFi n§OEnGRRI BHEREED o de ﬁFlBE t he

mask are controkheadqakr amikndgrendenbzghack r$aysCasnt. coyred1AQYS taRer at i on
is preferred for greater acclracy. Al'so, control systens may use a "cl osed

| oop" control, aélweedba@ntAanpévm@@dezb@amg- Agids.8 APR 2003 1VO

001 30799 PCTIU899/05637 the position of mask 16 during the ablation

process, or Detailed Description of the Invention

15 As discussed above, Figure 1 illustrates the basic
layout of a conventional excimer laser machining system
10, including servo system 14 control of mask 16,
substrate chuck 18 and attenuator 20. As noted above,
in the typical system 10 of Figure 1 servo system 14 is

20 a low speed, low resolution system which functions to
properly register mask 16 and substrate 19 prior to
ablation of substrate 19. Servo system 14 does not
move during the ablation process and only provides
gross movement of mask 16 and substrate 19 (movements

25 on the order of several millimeters) to align mask 16
and substrate 19.

In contrast to the machining system of Figure 1,
the mask 16 used in the practice of the present
invention is capable of moving at high speeds and high

30 resolution in a plane perpendicular to the optic axis
of the system during irradiation of the substrate.

Figure 2 schematically represents this concept of a

laser system including a high speed active mask

-13-



an "open | oop" control where no feedback about the position of mask_ 6@ 52003
provi ded during the ablation process. The preferred "PVT" control syst r$1
described 5 above uses closed | oop control, although open | oop systens

coul d al soM§E0038®A. The system software is paranmetric in na@cavesseosdst he
preferred enbodinent is a nmufti-threaded software architecture. PVT vectors

for the nmoti onsddriigff AupsadehOabi TRrLBEGEKAl wAkE n8adf Lomctia abl ation
controller 50. Internmediaté trajectory points and velocities are cal cul ated

in such a way "5 alo ifakeigeybaesedéf PREPeRhendok AD¢ERe SETFOVSYSERE syst em
bandw dt h. Mil.t pl e,thr u . f.L.ow of .i nf of pon to
bandht o1 WL pl o, theats aeplsgy Lo mpeRa Clecllovial il S

ti'me servo ¢ i'sTsynchroni W th
abl ati on cont mady eforii.stPesi tihen chbeedhaak ssysisemi G dpriov irkdes. dateef back to f
t he abl ati Sn controller 50. Figure 6.illustrates how the ablated feature in

20 the substr & CHRIREve D238 RHPGRE 1B nOLMEISH - Zabihrd i Sitdde, as
measur ed fromidyedor ¢ axi 3, oH18 MRl lroshape Ry 10 adjdsted by sel ectively

controlling the notion of 'the mask 16 as describe above, which all ows
mat eri al to beswhfxtisthtdty diviehdriddts tdeed datomamsinde RS nawk Hd escand

thereby create different wall sha . The ability to modify. the, pattern of
| aser shots (anit H%“’PSSBQ“OSW tcﬁjg% |°r§rert rﬂaé o A y"'/c'h &gq ng the
motion of the meskodd ds RefOWIFube@t iRy bdgedy mn@%amt er which
has been unavail able 30 heretofore. A particularly useful ability of the

present i nfent PERS BT ANt & hecaib R eFiTicaas o5l kbl hake BOBRISMESRT ent at i on
axi s of the orf T9ce ney i CIRRISEEE 0 b0 see PR FL8erYEea7 be
tilted with reshectghothdenassibsts atlers uifaged Sucimagiagi adhs 2% al
pattorn (a5 eRPEetht ot Freh 8T EERE 117 al 1 i WOLE oS CRRREPOSRERACRYS
circular "orbithok® skOWM¥adihfihd nade PEESEr Lhedsghemgtien during the
abl ati on process. Such a | aser shot pattern is not possible with, for
exanpl e, al5 illustration of Figure 2 is non-limiting, and other
control systems may also be suitable.
A mask used in the practice of laser ablation is
well known. One representative example of a type of
mask which can be used in the practice of this f
20  invention is described in U.S. Patent 5,378,137,
incorporated herein by reference. Typically, a mask
comprises a clear, fused guartz substrate having a thin
opaque or reflective layer. The opaque material may be
a layer of chrome that has been sputtered onto the
25 substrate, an ultraviolet enhanced coating, or any
other suitable reflective or otherwise opaque coating,
such as multi-layer dielectric coatings. The reflective
or opaque coating on the mask is patterned such that it
comprises a series of apertures or other structures
30 through which the light passes, ultimately illuminating
the substrate. Each aperture of the mask corresponds
to a resulting feature in the substrate.
The type of laser employed will be a function of
the substrate to be ablated. For instance, the polymer
-14 -



single rotating optical elenent as shown in U S. patent nunber 4,940, 881
whi ch can only nove the light in a 10 circular pattern. The ability tlbAPR 2003
create an aWpateIorifice with a non-orthogonal axis is a spEMddoadly
advance and advantage in fluid flow applications. For exanple, as shown in

Figure 8 a oroun of tuo.or pt e, nogel g5 By 15.Be posiLigoed,such that the

axi s of each nozzl'e Ts di conmon pre ernlnedopalnt. I n
Figure 8, indi yad#algifhazabesi8adtdxsfsalsatgetcahlaraapslddnids, 8ach87, with
four nozzles 82 per array 84, 85 86, 87. 1n each array 84, 85, 86, 87, the
nozzles 82 {' 26 &P@teRyl aac Uratexa  chaYHRI pai Rhigkness ofo, o1,
respectively, i : f h a y 8 u an
orientation of ggﬁggEQ%g§ég &?? in ggght§§?3y§§%?§§%?23%§ ég

si gni fi cant by iaxwimees laser ésamphapnieembloyed,t sucbntsoKrFhexdimetrti on

in which 25 a f)uid drop i s _projected through ea ozzle 82. This control
t hereby al | ows G%BpP@ﬂ9m9§Fr%&r S%a%SFg,eFﬁgm85aﬁ38geH@BOSFESFﬁbs af ter
exiting the nozaltesmdivdliter katd ¥ehyurkk tamrgeenthah theutehstive

pl acement of drops of fluid on a target material, such as placenent 30 of
ink froman i n}&rgns nt2 Edd COn paAPLF, MaYicPebysedf bet phdatde qual ity of
print. It wll Yol jzed b skill I re. t nunber of
nozzl es and arﬁ%@ghﬁggﬁ%é agﬁapgggg%ﬁécﬁ#gvgqfﬁ@ekggggfg}§Q$%§%ﬂ¥ for a
particul ar 1@pplpeaiices 4 puls®? width APRa2OQE A0 QRINMBADIAST| LBEIBHO5f i 37
It can be seen from exam ni n% Figure 8 that the axis of at |east one nozzle

82' in each of % rEKY &SN dgfe FAng Scaliyndd WaSeF FRGET 1 hidiFSaxi s

92, while a second moazlgdizn of BRCHRIALBEhSTafRb & $d s aligned
with a second comon axis 94. Simlarly, each nozzle 82 of each array 84,

85, 86, 87 is atelpretkdiddpendimeatremrinismt covhoiveexist afteredlor mi ng arrays
84, 85, 86, 87, nozzl es ' e t ed, i-n one st nozzl.es_.82" are
ablated in a se%%{lrgﬁ?rée s‘fsepl,n g%‘c? i%y%%?%ﬁc_o %eeﬂd‘?efzf et et(r?fueaﬁl?eecﬁ ztnré axes of

t he nozzl eslB2 aulesttr£ed eth byhsirgige chasgialgputhes @bl b | Asopatiern dy
altering the notion of the nmask iy a predeterm ned manner. As noted above,
the nozzle arrdAEFeERtL11I1t$48®d 15 in Figure 8 is useful in applications

where control of In the practice of this invention, when the

substrate is a polymer such as a polyimide £film, the
polymer may be provided from a reel and positioned on

20 the substrate stage in the laser system. The laser is
then repeatedly pulsed for a predetermined amount of
time to ablate the polymer to form a pattern of ablated
features. A variety of factors affect the geometry of
the feature, including use of structures in the mask,

25 laser power, fluence, number of laser pulses, and so
forth, in addition to the mask trajectory of this
invention. The finished polymer is then removed, with
fresh polymer being positioned on the stage.

The mask 16 movement can be achieved in variety of

30 ways. As described above, the mask 16 can be
mechanically moved through the use of an
electromechanical servo motor or 1ts equivalent which
is connected, directly or indirectly, to the mask.

Such a servo system is adequate for low speed, low

-15.-



the individual drops exiting the nozzles is desired, for exanple, to g’:ﬂ h?\%
or prevent the coal escence of drops after exiting the nozzles 82. The A 03
tendency for individual drops to coal esce or not can be controlled 20 by
altering th¥08f3%Atati on of the |ongitudinal axes of the norzi/esssiossseach
array. Particular uses include print heads for ink jet printers (having
nozzles W th exkbothe{®h &hStLdnt hgusRNGe i B840 35 JAKSANDE ak preferably
bet ween 10 and 25 microns) and aerosol 25 nozzles plates for applications
such as medi ci RafFki hhated ssehavrage nb2z| dEoWRer ex§uchli ariaBfes gifstalks t han

about 5 m crons_dj d e 0.,5 3.0

m crons). The ?ﬁvgﬁgl\%géﬁggkfggb%ﬁﬁgé%%%%%&é{%gg%? %’d kgjtfhﬁer ein

provi des si gni teeabtit adyanbagaena¥eheotbetryrei hoglse ol asentmathimondg he wal | ('\
shape of an_abl ated feature. articular_the invention allows precise, )

I n
repeat abl e Dl aCBREAELER AHA 'v"Png? Feeerathyt RigR SXFEoP WPeariet3nds
manners. The i Bdhidegkebaser  BhaksapBYars2dssed 8 AR 2003, V001 80799
PCT/ US99/ 05637 ' be placed in wdely varying yet easily controllable
patterns to achedew.the desired wall shape and axial orientation of the
abl ated feature. S -24 nisi 8_AP ZgOShWat Es clainkd is;, 1. Qprocgss for
form ng an arbi txax?f?.ry &ﬁgsgﬁ’e@‘g‘rp &% sﬁgﬁg %‘Bkoanm%ﬁﬁ?%‘alf‘é TuRd%tn a
substrate, tahezeikheohaatu®d tcs aabliatedldstprgcamdtasex1ndehi ni ng system
i ncJ_udi ng gn i magi ng mask anal an 1 .magi ng | Ens system the pxocess for
control i ngt h@PPRABEVSH EHEhaRSatted INBAYUPE EBRPEYSPAGZOBLBPLELRAg a
mechan~. sm f or ' . i : o b it i d t a
| aser _ and the%&%&gﬁéég%s%%@f ent P?gﬁ%gg&%?urlgﬁigtgyl%? gﬁgggete
sequenti al . ablsstdven syssie drs. oRepragentes itve , anonkildmitiags elrstmpadke i s to:
be ab7.ated to foaman arbitrarjly chosen cor;r;p\l e shafpe f%(rw a% abl at ed
feature; cal cul®dt iSMy'a "HFFRITY e S fiEN S é‘lﬂﬁ‘@g‘ieti SlCh S'tfe mask to
direct an i mgegmfchhenresk tduaahicddRdiBdnRed aRs, tavaeRmfcaihe
sequential . abJ.ation positions; and continuously noving the mask such that
the mask mives BEFVHGHBECIPHI0 thetbe QIRHIE M2hYHSY FeavE] 199@%d causes
the inmage of t ﬁmﬁﬁ V, u : nt i abl ati on
posi tions, theqfr%ve rﬁl%o%@tsﬁ)eé%%k%%h t O;B';lt tq'ﬁe‘_:lz1 qsg'f the sequenti al
mask positions af guersmofonadli metham sns dan dok fremdihe chrasarted e pul se
of radiation irradiating the substrate with radiation that has passed
vhr ough t he nas"_rglear%ast}‘?'ng“‘sflr%i ﬁﬁnﬁ‘?%%orﬁ/]stte?ﬁ%rbl%' sequential abl ation
position on the -25 ThanaHPRs3@888ing system hardware architecture is

20 illustrated in Figure 3. This is one representative

——

and non-limiting architecture. Referring to Figure 3,
the laser machining system is usually controlled by a
computer or microcontroller 12, which includes an
ablation system controller 50 and a laser controller 52
25 which controls the laser light source 24. Both
ablation system controller 50 and laser controller 52
communicate with a real time servo controller 54 that
manages the x,y motion of the laser mask 16, through x-
axis and y-axis micropositioning motion stages 62, 64,
30 respectively. A position feedback system 60 sends real
time position information back to the real time servo
controller 54 (referred to as “closed loop” control}.

Possible feedback devices include, but are not limited

-16 -



suhstra~.e to forman abJ.ated feature in the subsl~rate . 2. The process
of claim1 whexe~_n the nmask is noved by a p~.ezoel ectr.~.c posit-~. orBeAPR 1003

that ~_s aR& g %2 to the mask. 3, The process of c7.aim1l, wherE~.n th

mask is a - %“f"t ned, metal J.~. c mask. 4. The process of cffcé'i’“ﬁf’?’“wﬁerel n
the substrate i.s a onrrer fllm 5. The process of _ cJ.ai.m1l wherEin the
feature is an. tCP rLYRY Fenns,. SH4R1a RGP oS .J capadg.t iffe process of,

claj.m 1 whergl ﬂ‘e aafrp:l”ﬁ{ddéﬁﬁﬁ‘t—:' escetn%g:lasbl ated feature has a waJ. J.

shape whi ch |s su stantl aJ.J.'y conve:r~ ‘The process of ~ c~ai.zn 1
wherein the arbp.trWhamithe sbia‘:i exbwatileatied o daitalr ertesssweranvaghs). shape

which is substanti.al I concave The process of claim erein the
T e Iy R Rad F0ER M 8 Tl e o ERe

substanti ak. J. yh&t rehdut Sut T&}@ﬁ@@&%&fc@@ﬂ Nk , 1 elfe iyHBek is a
patterned d~.el EQrzc mask. J. O The process of cJ.aim1, wherein, the

maslt is toxzn@@P@hd%lnE useen s¢ | $tesadybsiring. orllrem@tpxmels%t@f A.aimJ.
wWhErei n t he iﬁ?a {*gﬁgt—.o@lé fyggg arfgg &&stﬁ&\ Ei:h PR 2003
7 c ea}tlure

7.2. The pr oces WhHet et n e ab a~L as an exit

dianeter. in theseange Fiesd athan unébsady epetLtiomsratd3. tide process
of. claiml, wherein the J._aser pulses in the range of. 200-300 i~z . 14.
An, apparat us FREFESNERS. Of obh ngRanbafvrer &he 76196%1‘%@%%&%@% ex shape

for an ablyptefnfsabibeei ByavatPStLahelatkresAPPAL St UssELRRLEI NY; a pul sed
| aser source; a mask positioned betwken t e J.aser. source and a substrate

to be irradi at edanginhgzadi aheohlghpwlhegéz.asgacsbqrsemagndaayneahdnS sm

eri os of pr edBYERRERed CaAuGHRP Al FaRLRSREBOS F1 ont P hPBop BRE 1anekd" @

per pendi cul ar hafuEhetapei-Calpsysiem aptimiﬂéb that 1uhBR Q@Q‘htﬁé” s@sef

radiation, is fixed fromthe 7.aser_ source the mask has noved to the next
of steady firing of the laser. Thus, the need for

15 optimal laser performance in turn places rigorous
timing demands on the motion control of the mask
micropositioning motion stages 62, 64. This is further
compounded by the high firing rates of the laser,
thereby demanding a relatively high bandwidth for the

20  overall positioning system (consisting of mask 16, the
mask holder, micropositioners 62, 64, servo amplifiers
58, position feedback device 60, and real time servo
controller 54. The high firing rates of the laser
preclude the use of a conventional servo system, as

25 such a system is too slow to provide accurate movement
at rates of 200-300 Hz.

The overall system bandwidth is a function of
several system components. In particular, the
mechanical system may have some inherent time constant.

30 For example, the position feedback device 60 can affect
system bandwidth, and the actuator providing the motion
can have some delay. For example, moving a piezo
device is similar to charging a capacitor through a

resistor, and therefore has some inherent RC time

-17 -



sequential mask position. 15. The apparatus 0): cla~.z~, 1~ wherei n_gahgp 200
| aser source i.s an excinmer |laser.. 16. The apparatus of claim19 wher i%
the mask is noved by a piezoelectric positioner. that is attached to the
mask. 7.7. WRSAPHar at us of claim 14 where~.n the mask j.s poyedsdmssa voice -
coil positionex that is attached to the mask. -27 ~ 8 APR 20D3 f 1~. The
appar at us 0~ Cu@#R ke Wnoreziygihg oABSknkS peRER! stpped by 2nEUSREEUartz
base a,nd at | east one area o~ a di ej.ectr_l c 7_ayer. ‘that ar |east
partially reduces phefatsywstam assialilyshes soheongiedhaceasic £ime9. The
apparatus of claim 14 Further rp.S~. Ng _a_projection |e bet weEn fi he
z~,ask arid t he" ¥ Hatkat e %%O%é é%ﬁarogtelféﬁ&f s&f&&%mpfffgﬁm&n&en t he

| aser source puhses bE&~cdhei danrge af 230 wheh? desidhing the

f
AL A@BY. AL@. AH . AL AL A A2. A A A . Ayl . AR ATH A ?2. A AU Al . AL Al H AA A AA, . AH. A
FU. AA. Af . ASPYq$FUSIEST: and the components must be selected and tested

f}xsnid _ZU ca] c 8?1 2] sal&sal sl Cﬁﬁ]&ﬁl q.ﬁ)lg] LAal&al qaleal cal ca] cal
N N\ N | f

'C) ? I/IC:]?;% i?”?{%ff%ciidg]igpﬂ:% c;q%?ccfa]?tdﬂ aaa]{if]tda:]rcacmaqam] ca] cal ca] ca]

ca] ca] ca] ca]ca] ca] calca] calcalcalcalcalcal,.:; .

uwV] j v(*j 1} xsnid_Z] cnga?c%ﬂE ?Lﬁ%%ﬁac%ﬁ a3 TRt 3 T52%] ca] ca] ca] ca

] ca] ca] ca] ca] catsateslcaltrahes] £28d Gedslwrd calThe least complex way to
24@8l nPS}} xsni d_Z] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caj
ca] ca] ca] callka] Eé@ptarentcahta] taler] tel) ciwkd e/t "t ugxgsghe ' Lasgy () =*>

* A% N* OF id Z
| el ca ba] ca] Al EETEar | 816 CAMEELOE] EAMERN°R SR SR EBA SR ERRER] Bl o
... 11171 u0v0[ 2i BoR22p3344kibegbi] thunhgadrabrhV] capeayen] cagcal ca] ca] ca] ca

| cal oal cal cal calsal calcal gl cal cgleal cal ogl sal cglepvl cal cal cpl 4] 50g"89) 00

poa s Y| <<<<<=mpgBrF¥iesnakdaZkelhad] capeni cabsal-sakcalnakraleabgabeal calca
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! ===x>y>y @EaaoBBB#
C$CSH G Gu difficult with this type of control scheme. In

| @zl PJJ$SKKKL6L A

f ba] ca] ca) oa] AT OHEIE] FAFnf CRECRE cSPAET B4] o el c 4P AR RERGNRSNED. KR
RSTTTTVWDW [ " [ . [ =lct{ilevd yYhePhlibheglkgmaXkelied] cakeoahbalhea], cahdalhcdlscahcal cal ¢
aleal cal ol cal catealoaloal Sl cahethoabeals?l sal o el e sk Pl enler™

scheme must therefore accommodate the steady firing of {

A

20 the laser in the range of 200 - 300 Hz, and, at the
same time, place the mask within some small tolerance
of the desired position when the laser fires to achieve
a repeatable laser machining process.

Figure 4 schematically illustrates the concepts

25 associated with the timing of the laser firing and
motion control systems. First, the real time servo
controller 54 for the mask motion may or may not be
connected to the laser trigger source 56. Laser
trigger source 56 determines the laser firing rate with

30 its steady clock output by its connection to the laser
controller, 52. When real time controller 54 is not
connected to trigger source 56, the internal time base
of the real time controller 54 generates the sequence

of times at which the mask is to be in a desired
-1%8 -



PPVVVWWXXXTY} xsni d_ Z]c]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca],ﬁaﬂpﬁ%n3
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! Tyyy
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10|x&10%& ()- NBIx<&%’ﬂ ?\/Bﬁsrﬁ‘%?v/ﬁ‘ot) E‘éﬁ’tﬁﬁé’ ﬁ/g?‘lo%%‘ %‘4 (Yloug ()-DIO
ez{| WU 10 10#deveral laser shots, represented by the regularly

10##! &10%¢#& () - VB! &10%& () - MB! &10%&' (% VB! &10%& () MB! &L0%& ()- MB| } xdrP. ! ;

MOo%O O & () - MFPRFAD. 4) %}Bﬂﬁnﬁb%ﬂ]%“ﬂaM\d@d%@mP%&)%@?) (1 10% &

()- 10##dp 15

1127 e, T 1 nd 093 & (JSVET 1 RT0N] T ) ST G aRR KR (IS S R () - et

mL0%O O & () - M3dther 1nherent system factors, the time when the mask
MLOYOOE: () - MBwe x| 3 et ta oM a4 M2 ' 33402838 (111 (VADyP3&ldinac
from the regularly occurring laser pulses. In Figure
5, the time at which the mask is in position (within a
20 sufficiently small tolerance) is represented by the
dashed bars. The time difference between these two is
represented by 1. The error in the position of the

mask is approximated by the product of 1t and the
instantaneous velocity of the mask.

25 The effect of the mask position error on the final
ablated results is reduced by an amount proportiocnal to
the demagnification of the imaging lens, which is
typically in the range of 2X -~ 5X. For high precision
applications, placement errors of the light pattern on

30 the substrate of less than 0.2 microns are desired.
Thus, for a 5X demagnification system, this translates
to a mask position error of 1 micron or less. With

trigger source verification, the actual position of the
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| @zI PlJaBH7 position, velocity, and time (“PVT”) vectors are pre-
calculated. These vectors include the x,y positions of
desired mask locations corresponding to the laser
15 triggering. However, they also contain PVT information
for a number of points between the actual laser trigger
points. By precalculating these intermediate points in
the motion profile, the system performance can be
optimized by selecting a trajectory to minimize the {
20 resonant frequency of the overall system and its
harmonics. The PVT vectors are loaded into the real
time servo controller 54 in advance of laser
processing. The servo controller 54 continuocusly
adjusts the mask velocity to reach the specified
25 positions at the specified times.

It will be recognized that such a control system
may be operated in either a synchronous manner (where
laser firing and high speed movement of the mask are
controlled from the same clock source), or in an

30 asynchronous manner (where laser firing and high speed
movement of the mask are controlled from independent
clock sources). Synchronous operation is preferred foxr
greater accuracy. Also, control systems may use a
“closed loop” control, where feedback is provided about
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The system software is parametric in nature and
the preferred embodiment is a multi-threaded software
architecture. PVT vectors for the motion trajectory and

10 time interval are read from the ablation controller 50.
Intermediate trajectory points and velocities are
calculated in such a way as to make the most efficient
mask movement given the system bandwidth. Multiple
threads are used to manage the flow of information to

15 the real time servo controller 54, which is
synchronized with the ablation controller 50. Position
feedback system 60 provides data back to the ablation
controller 50.

Figure 6 illustrates how the ablated feature in

20 the substrate can have a straight, concave, or convex
wall shape, as measured from the bore axis. The wall
shape may be adjusted by selectively controlling the
motion of the mask 16 as describe above, which allows
material to be ablated at different rates from inside

25 the hole and thereby create different wall shapes. The
ability to modify the pattern of laser shots (and
thereby shape the wall of the bore) by simply changing
the motion of the mask 16 is a powerful and flexible
process parameter which has been unavailable

30  heretofore.

A particularly useful ability of the present
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

221 -
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5 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
10 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 8, a group of two or more nozzles may
15 be positioned such that the axis of each nozzle is
directed toward a common predetermined point. In
Figure 8, individual nozzles 82 are arranged in arrays
84, 85, 86, 87, with four nozzles 82 per array 84, 85,
86, 87. 1In each array 84, 85, 86, 87, the nozzles 82 ¢
20 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
25 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
30 of ink from an inkjet print head on paper, thereby
effecting the quality of print. It will be recognized
by those skilled in the art that any number of nozzles
and arrays may be ablated to achieve the necessary
result for a particular application.
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zj{{{al| _@= &ﬁlle a second nozzle 82'' of each array 84, 85, 86, 87

5 is aligned with a second common axis 94. Similarly,
each nozzle 82 of each array 84, 85, 86, 87 is aligned
with a predetermined common axis. When forming arrays
B4, 85, B6, B7, the nozzles 82' are ablated in one
step, nozzles 82'’ are ablated in a separate step, and

10 so on. The different directional axes of the nozzles
82 are created by simply changing the ablation pattern
by altering the motion of the mask in a predetermined

manner.

As noted above, the nozzle arrangement illustrated
15 in Pigure 8 is useful in applications where control of
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
20 by altering the oriencation of the longitudinal axes of
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
25 nozzles plates for applications such as medicinal
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 mask orbiting apparatus described
30 herein provides significant advantages over other
methods of controlling the wall shape of an ablated
feature. 1In particular the invention allows precise,

repeatable placement of individual laser shots in any

of a variety of manners. The individual laser shots may
-23.
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0 patterns to achieve the desired wall shape and axial

orientation of the ablated feature.
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C 1! D1: ! 100&'X Jordcess for forming an arbitrarlly chosen complex
shape for an ablated feature in a2 substrate, where the
feature is ablated using a laser machining system
including an imaging mask and an imaging lens system, the
process for controlling the shape of the ablated feature
comprising:
providing a mechanism for moving an imaging mask,
the mask positioned between a laser and the
imaging lens system; identifying a plurality of
discrete sequential ablation positions on a
substrate at which the substrate is to be ablated
to form an arbitrarxily chosen complex shape for an
ablated feature;
calculating a plurality of sequential positions fox
the mask to direct an image of the mask through
the imaging lens to each of the sequential
ablation positions; and
continuously moving the mask such that the mask
moves through sach of the seguential mask
positions and causes the image of the mask to move
through each of the sequential ablation positions,
the movement of the mask such that at each of the
sequential mask positions a pulse of radiation is
fired from the laser, the pulse of radiation
irradiating the substrate with radiation that has
passed through the mask and the imaging lens

system to each sequentisl ablation position on the
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strate.

2. The process of claim 1 wherein the mask is moved by a

piliezoelectric positioner that is attached to the mask.

3., The process of claim 1, wherein the mask is a

patterned metallic mask.

4., The process of c¢laim 1 wherein the substrate is a
polymer f£ilm,

5. The process of claim 1 wherein the feature is an

inkjet nozzle in a polyimide £ilm.

6. The process of claim 1 wherein the arbitrarily
selected ablated feature has a wall shape which is

substantially convex.

7. The process of claim 1 wherein the arbitrarily
selected ablated feature has a wall shape which is

substantially concave.

8. The process of claim 1 whexein the arbitrarily
selected ablated feature has a wall shape which is
substantially straight.

9. The process of ¢laim 1, wherein the mask is a

patterned dielectric mask.

10. The process of claim 1, wherein the mask is formed on

a fused silica substrate.

11. The process of claim 1, wherein the mask is formed on

a fused guartz substrate.
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12. The process of claim 1, wherein the ablated feature
has an exit diawmeter in the range less than about 30
microns.

13. The process of claim 1, wherein the laser pulses in
the range of 200-300 Hz.

14, An apparatus useful for forming an arbitrarily chosen
complex shape for an ablated feature in a substrate, the
apparatus comprising:
a pulsed laser source;
a mask positioned between the lazer source and a
substrate
to be irradiated with radiation from the laser
source; and
a mechanism for continuocusly moving the mask in a
two-dimensional pattern through a series of
predetermined sequential mask positions in a plane
perpendicular to the optical system axis such that
when each pulse of radiation is fired from the
laser source the mask has moved to the next

sequential mask position.

15. The apparatus of claim 14 wherein the laser souxce is

an excimer laser.

16. The apparatus of claim 14 wherein the mask is moved

by a pilezoelectric positionerx that is attached to the

mask.

17. The apparatus of claim 14 wherein the mask ls moved

by a voice coil positioner that is attached to the mask.
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19. The apparatus of clajm 14 further comprising a

projection lens between the mask and the substiate.

20. The apparatus of claim 14, wherein the laser source

pulses in the range of 200-300 Hz,
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