METHODS OF DRILLING THROUGH-HOLES IN HOMOGENEOUS AND
NON-HOMOGENEOUS SUBSTRATES Technical Field [0001] The
invention relates to laser micromachining and, in particular, to the use of
high-power lasers to effect removal of substrate material and thermal
energy added during through-hole formation. Background of the Invention
[0002]Through-hole drilling is a basic process carried out in the
microelectronics manufacturing industry. Exemplary target materials in
which through-holes are typically drilled include multi-chip modules
(MCMs), ball grid arrays, pin grid arrays, circuit boards, glass cloths
(including FR4), hybrid microcircuits, and semiconductor microcircuits.
These target materials typically include separate component layers of
metal, organic dielectric, and/or reinforcement materials. Through-holes
are typically drilled mechanically; however, the growing need for small
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micn%%%t&"f’tge.sThese target materials typically include separate component layers of

metal, organic dielectric, and/or reinforcement materials. Through-holes are typically
drilled mechanically; however, the growing need for small diameter (e.g., less than
150 microns) through-holes has made mechanical drilling of them impracticable. As
the need for small-diameter through-holes increases, there is a consequent
increased need for high aspect ratio through-holes (through-holes for which the hole
diameter to hole depth ratio is equal to or less than 1.0). High-power laser drilling
has been used almost exclusively to form these through-holes.
[0003] Exemplary high-power lasers that are used to drill through-holes include
ultraviolet (UV) lasers, carbon dioxide (CO.,) lasers, and excimer lasers. Drilling
involves directing the laser to impinge the target material at a desired spot and
ablating the entire thickness of the target material to form a through-hole at the
desired spot. During drilling, ablated material is removed through the top opening of
the hole. Once the through-hole is completely formed, the remaining ablated
material may also be removed through the bottom opening of the through-hole.
Although laser drilling facilitates the formation of small-diameter through-holes,
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is that they typically exhibit poor wall quality. As the high-power laser drills
deeper into the target material, more of the thermal energy added

remains in the hole than can escape through the top opening, resulting in
a significant amount of thermal energy diffusing through the hole wall into
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damage to the target material located within the heat affected zone.
ProRigMRer, the inability to efficiently remove drilled target material through
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For example, target material debris remaining in the hole during laser drilling often
ignites and etches out into the heat affected zone. Because a gas plume typically
ignites within 10 nanoseconds of the start of each laser pulse, approximately 80% of
each laser pulse includes a plasma plume. This occurrence typically results in
undesirable resin etchback.

[0007] Additionally, superheated debris can change the nature of the ablation
process from predominantly ablative to less ablative and more thermal, thereby
creating a saturation depth that unfavorably imposes a practical limit on the power
density and repetition rate of the high-power laser. Limiting the power density and
repetition rate limits the extent to which the ablation rate can be increased.
[0008] A fourth problem with laser-drilling through-holes occurs when forming
through-holes in highly heterogeneous materials, such as FR4 cloths, which are

organic polymer resin-impregnated glass cloths sandwiched between electrically and

2



thermally conductive metal layers. Because the laser ablation
characteristics, such as melting and vaporization temperatures, differ for
each individual layer, laser processing through-holes is very difficult. For
example, the vaporization temperatures of woven glass reinforcement
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addresses the desire to use a high-power laser to drill through-holes having smooth
walls.

Summary of the Invention

[0011]An object of the present invention is, therefore, to provide an efficient and
economical method of forming a through-hole in a non-homogeneous substrate
using a high-power laser to effect controlled target material and thermal energy
removal. The resulting through-hole exhibits a smooth wall and minimal thermal
damage. The overall result is a method of performing laser operations that offers
improved performance in terms of processing quality, reproducibility of the
technological result, ability to drill high aspect ratio through-holes, and effectiveness
at low additional cost.

[0012] The present invention is a differential diameter hole drilling method by which

through-holes having improved hole wall quality may be formed in a target material.
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[0012] The present invention is a differential diameter hole drilling method
by which through-holes having improved hole wall quality may be formed
in a target material. 3 The method involves drilling a pilot hole having a
diameter that is less than the desired through-hole diameter and then
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hrghmpco(\]/lveenr Ssar tn%rtr%r%ﬁ/ ablates a portion of a target material to form a pilot hole.
The pilot hole may be drilled such that it extends completely through the thickness of
the target material or such that it extends only partly through the thickness of the
target material to form a blind via that does not penetrate all layers and/or materials.
Further, the pilot hole and the through-hole may be formed on the same major
surface of the target material or on opposite major surfaces of the target material.
[0016] A second preferred embodiment of the present invention is a three-step
method of forming a through-hole having a desired diameter. The first step of the
three-step method involves directing a first laser output for incidence on the target
material to form a portion of the through-hole in the form of a blind via having the
same diameter as that of the desired through-hole. The portion of the through-hole
may be formed on either major surface of the target material. In the second step, a
second laser output is directed for incidence on the target material to form a pilot

hole having a diameter smaller than either that of the through-hole portion or the final
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material to form a portion of the through-hole in the form of a blind via
having the same diameter as that of the desired through-hole. The portion
of the through-hole may be formed on either major surface of the target
material. In the second step, a second laser output is directed for
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following detailed description of preferred embodiments, which proceeds with
reference to the accompanying drawings.

Brief Description of the Drawings

[0019]Figs. 1a and 1b and Figs. 2a and 2b are fragmentary cross-sectional views of
a target material in different stages of through-hole formation in accordance with a
first embodiment of the invention carried out by initially drilling a pilot hole completely
or partly, respectively, through the thickness of the target material.

[0020] Figs. 3a and 3b are fragmentary cross-sectional views of a target material in
different stages of through-hole formation in accordance with a second embodiment
of the invention carried out in accordance with a three-step process including initially
drilling a blind via of a desired diameter, drilling a pilot hole of lesser diameter, and
drilling to complete formation of a through-hole of the desired diameter.



first embodiment of the invention carried out by initially drilling a pilot hole
completely or partly, respectively, through the thickness of the target
material. [0020] Figs. 3a and 3b are fragmentary cross-sectional views of
a target material in different stages of through-hole formation in
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drilled such that it extends completely through the thickness 12 of target material 8

(as denoted by pilot hole 10a in Fig. 1a) or such that it extends only partly through
thickness 12 of target material 8 (as denoted by pilot hole 10b in Fig. 2a) to form a
blind via that does not penetrate all layers and/or materials. Proper selection of the
laser parameters permits certain layers of target material 8 to remain unaffected
even if they include the same component(s) as ablated layers.

[0024] After the formation of pilot hole 10, a second laser output is directed at the
location on target material 8 to form a through-hole 14 having a diameter 15 that is
greater than diameter 11. Through-hole 14 extends through thickness 12 of target
material 8. Through-hole 14 may be formed by the same high-power laser that
formed pilot hole 10 or by a different laser. Through-hole 14 cleanly and evenly
penetrates all layers and materials of target material 8 and exhibits negligible taper

from its top end 16 to its bottom end 18. As shown in Figs. 1a and 1b, pilot hole 10a
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blind via that does not penetrate all layers and/or materials. Proper
selection of the laser parameters permits certain layers of target material
8 to remain unaffected even if they include the same component(s) as
ablated layers. [0024] After the formation of pilot hole 10, a second laser
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through-hole 14 having a diameter 15 that is greater than diameter 11.
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second preferred embodiment of t resent invention is a three-step .
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first stegjonfdinéabec20st e tanefbiooh g nbled dindeptyh saipgrtion f28tahthesugh-hole 14
... surface 20a of target material 8 a depthwi ortion 22. of through-hole 14
i o D s TR AT B it I R ORI e R e
desioéthinrough-hole. In the second step, pilot hole 10 having a diameter 11 smaller
than that of through-hole portion 22 and extending only partly through thickness 12
of target material 8 is initially formed on second major surface 20b of target material
8 such that pilot hole 10 extends through a portion of the bottom of the previously
formed through-hole portion 22. Completion of the second step results in formation
of a hole of diameter 11 in the bottom of through-hole portion 22. In the third step,
through-hole 14 having the desired diameter is formed by initially drilling through
second major surface 20b of target material 8. The through-hole has an axis 34 that
is preferably coaxially aligned with axis 30 to facilitate uniform heat distribution. This
process is typically preferred when the desired through-hole has a diameter of less
than 30 microns.
[0027] Skilled persons will recognize that fiducial marks (alignment targets) may be

placed on the target material to facilitate alignment of the laser output and the target
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desired through-hole. In the second step, pilot hole 10 having a diameter
11 smaller than that of through-hole portion 22 and extending only partly
through thickness 12 of target material 8 is initially formed on second
major surface 20b of target material 8 such that pilot hole 10 extends

mat&aughen RafB AftEg datiam ithrpevittsiesfaraeddareyahthele through-

portion 22. Completion of the second step results in formation of a hole of
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through second major surface 20b of target material 8. The through-hole
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[0028]i8Kimebgss distidb o THaiE résegassei sHaPinaty Metatessvdiend e cond

desired through-hole has a diameter of |ess than 30 microns. [0Q27

Prefaitfd ¢ BREHRENAIMAYORRIFBRIGR flitidal FRA REARIRIANRAHD & B?é}]%?a9f

th robggmr?wd Marﬁblepﬁﬂmﬁbllﬁahf@rriﬁgyffﬁ@fﬁ@i&’é@r@légﬂmﬁﬁi??éﬁ@&ﬁ%‘@? 2006t target
and the target 7 material when different target material majar surfaces are
cTrighduel

matgdah4 g R- KOO PORIICAS: %%?8,”%6‘/%!3%4[181%% ) ghi@rget
mataErfPAGRIdgioatesibaiteuzRebf Mattyantbtidasi ke lpsaepHtpUirdthajor

one of them using pattern recognitio chnology commonly known,to
surf e 808 RLIAAGE ATE [BbSep S MR L DB Yo SEL80H DEAIRG Surface
20b bR et iakees0ghensetrodgpratsiead enzyosimentwdydenajor surface 20a
implemente 22 of through-ho

of ta{ER TOFTRAR s peRRAR AR A1) SaRAEE 2Bt (b a0 Shdeal § e
secohih pestdiedel Bhibeyipemrich b seresdmajoesticiaceay(becs tolfgetvia.

0 e S e R 58 g
subsegoedt pajoessirigceT ROl wbsatget pratettal B anddsthedleg eritidal timemgions
iR S e R S B over
conveatwasktirowgnimiomaydessihymetiode0 2% rébiteatblaegeamiats fiat example,
o R e S R AR AT oo
strueffiveded\iyr o enethpdriib thef phestnainasysion arisighiéitaniuld have been
rem A e e e L IS IR S RO R g
formation of the pilot hole. Pilot hole formation reduces, therefore, the thermal
energy required to remove the remaining portion of target material and results in
reduced thermal damage to the surrounding target material matrix.

[0030] The selection of the pilot hole configuration is based on the specific target
material and the desired through-hole aspect ratio. Skilled persons will appreciate
that the first and second laser outputs may be repeated to produce stepped, tapered,
or vertically edged vias through multiple sets of layers.

[0031]Use of the method of the present invention to effect through-hole drilling on a
target material may be performed in various ways. In one preferred implementation,
a laser is used to drill all of the pilot holes in the target material. Next, the same
laser, operated with different operational parameters, or a different laser is used to
drill all of the through-holes in the target material. In an alternative implementation,

each individual pilot hole and through-hole is formed before the next pilot hole and
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spaced apart by about 2 microns from other through-holes or adjacent
circuit structures. Moreover, a portion of the total target material that
would have been removed as part of the process of forming the
through-hole is removed during formation of the pilot hole. Pilot hole

thro{RJABRNISTWeRR. INERRI A E1RShRITIOR rRAPISY spadladlB) (RMQVaVBI8eparate

remaining portion of target material and results in reduced thermal

lasegs thag &y eha'ene 0R FRG BRGER X A Sing R RISt aeh @s8lection of
[003Dp\RiliBAieteps igefatimsdase tom herweesifibiges MR /RNEubet 300

. desired through-hole aspect ratio. Skilled persons will appreciate that the

MICHRaE il SHOBTRPIEE ISR AYaH BE e e Ry IO iR stefshatbetween

abotAmEReidropk \diticatly fadoathyiaBdbsridsantmeubiste rets sPdayris de3thut beam 2
Use of the method of the present invention to effect th_rou?'%aole drillin

is befweemARAUAEMSIMSPBE feFHRFiINARBIR S ay @S iAER Sharre microns
are tYpiRINEpratiRice @ tyseeimpaathicdrticited thelkilptdwdesiiythe tyoal
material. N%t, thE sgme laser, opeg[ited ith different ggﬁratiprnal , q
ProGessiRM RN LRGN SFFO0EdRSE" BRAGR 6f BREMSTYA M ALEHed at
targteriateptngaiie bk dagsimitetraiyirnragotriigbngackpind istigdtol a
hole an thr"ﬁéjg%h-h le is fogned before the next&'lot le and
|

Perigigiygh! NG e BRASE CPAR RSSIe RERHS I RIy 5& EE@H%%%%W&WHS'Y
throeghasatth lesetisihat & spelalndfitieradoe malavaycutpsisdrddligheatumber
¢ |olaser. 032] Via diameters 6;ﬁr.efera'l_)}‘lny ran%%ggm léetween about 25
of bEAM LSRR SR ISR ‘.‘?Wﬁﬁ gﬂ?ﬁ' Rl rOZI ﬁlr’erly produce vias
[ooﬁﬁi\ﬁr@fmm(?@%m Sﬁmpeaakahgutt&qmiq%m ﬁm@aiﬁ%atiérmranﬁeh@uﬂgg

the preferred.spot sjze of output beam 2 is betwee ut 5 microns and . .
CroSResTUIIR Miaha a0 Rl RHEIEE R S0etniral S R M & Mult-
layepsadtieadtyoted anatig rdancenwiih ¢iiekb e asfs e avtispliglthy gressirpand

in which.the first and second laser be re sc?%u ntially directed at

ion

the AR ITVERRN MOLA SRR AN RIOR A o 9t oy S SPGlignal view
of aliinic@rpdiiphetyr fHreduhtlavie seiiendikingrapuhmitsteparpreiarahly two-layer

cop B SR e P AR B e
altethetinesiage degitlylabswloib0S3 g 9 dsarftbbraes BEMbakedeat by two opposing
oo BB R A0S R SR T Y BRI e
improved wall surface quality consequent to practice of the method of the present
invention. Specifically, the through-hole of Fig. 4 exhibits poor wall quality because a
significant amount of resin recession of the glass cloth has occurred. Resin
recession occurs when thermal energy added to the through-hole diffuses through
the hole wall into the resin surrounding the glass cloth, causing significant structural
damage to resin surrounding the glass cloth in the heat affected zone surrounding
the through-hole. In contrast, the through-hole of Fig. 5 exhibits excellent wall quality
and minimal resin recession.

[0034] Because the glass transition temperatures differ for varying glass-based
materials used in multi-layered circuit boards, a depthwise differential power profile
which varies for each multi-layered circuit board being drilled may be used in
connection with all of the embodiments of the present invention. The preferred

depthwise differential power profile is empirically determined for each target material.
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layered circuit board in accordance with methods of, respectively, the prior
art and the present invention. More specifically, Figs. 4 and 5 show a
cross-sectional view of a 60-micron-diameter through-hole drilled using a
one-step trepan on a two-layer copper-coated FR4 panel 50 having a

For BYEASRS Qfa%%%l@iﬁrﬁféﬂtfﬁ%é@mwéﬁ Fnaingileys r@ﬁﬁlé‘ﬂ%sat

cloth 52 and glass fiber resin 54 bounded by two cc)fposmg Iayers of

APPSR, 280brariSBHSAHENSENILIRg A Red Y IRt 4npishiale@Raes from
glasénseanad Véelulnsuﬁ@reeugtaairwrﬁ@néegg%ﬁé@mw@ee&éf@n@w%%euﬁgtbeced in

theE})‘\)esent invention. Specifically, the through-hole of Fig, 4 exhibits poor

Ui Be ALDE ARG HreRAY SnidS a5 F@éiﬁeré(@é‘%fénJijﬂ?ér@E@seﬁeCts

inclfdniy hesivesessloRapid thecRIMafiiciconrs Wﬁmmﬁlﬁh’ﬁi’é ebeYBRRERM result
to the throu<11,h -haole diffuses through the hole wall into the re

. In
in PQOFYENAHE TG RE IRRe e N A9 RiGRIRc ahP S IRERALP MY i%a%%h%l@uﬂ“ the
targeufmeﬁmmnb%Iassigﬂmbanttbgrh@ﬂtrﬁfeﬁmgqnerergwtdf@cape when

throu contrast, the through-hole of Fig. 5 eXthItS excellent wall
the RSakis dRiT I dad e e R OV s &) F R e dalimerature.
Thutetheeraies oiffee ioresamngvelassrosiseticnatsriaid sess ithe wall quality of the

ulti- I%@fbﬁi%it boards, a depthwise differential power profile which
res Té?@é Iti-layered circuit board being drilled may be used in

[oommmb@@swﬁhuﬁ{}eﬁttbﬁ rRoketlinfenisepfafiaineiseer iaperﬁmsT be a wide

referred depthwis tial power profile is empirically determined for
v o e FRAREHENS o e L R QGBE R R AR AP Yea R Bl erits
including Gaviile resialsetid Btltﬂépf@?téﬂa@'yu%%ﬂa@ gldsts, ety dritingramics,

hen the target material changes from s clpth to n there is a
MO RALRR S 07 BHELAD S Syl o plaed T DNEHBUGHERBlsonductor
micrbeimanﬁomer}relﬁ@rvedttasgamaael\lerwnmunmereblﬂt@‘fgtzm relnforced

._Including, resin re on and t for plasma plume, both o
P A UL R pobl N1 GIaHY PR RO UHE RSB AIE corponent
IayefertrfatnelradzfcaeidotrlwIand/meremfgectenaéatlaialdxmsa significant part of
xces therm I ene to e e whe aser is drilling through the

100 AR AL oL R A R e LI SRR o o
molybelemeaermmfkeﬂnpahaign‘rilppllaﬂimunprgmtlneawmllhquahgsténiher combinations
therS Tm h%rs})oelf%)}%r Ap A % (:egge?té%‘?é‘gﬁé‘tés thic %(leefss their thickness
is typically between about 9 microns and about 36 microns.
[0037] Exemplary organic dielectric layers include bismaleimide triazine (BT),
cardboard, cyanate esters, epoxies, phenolics, polyimides, or polytetrafluorethylene
(PTFE). Although these layers may have any appropriate thickness, they typically
have a thickness that is between about 50 microns and about 400 microns, which is
greater than the thickness of the metal component layers.
[0038] Exemplary reinforcement component layers include fiber mats, dispersed
particles of aramid fibers, ceramics, or glass (either woven or dispersed into the
organic dielectric layer). Although these layers may have any appropriate thickness,
their thickness is typically between about 1 micron and about 150 microns, which is
less than the thickness of the organic dielectric layers. Skilled persons will
appreciate that reinforcement component layers may be introduced into the organic

dielectric layers as a powder. The consequent powdery layers may be
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variety of target materials, including homogenous and non-homogenous
materials including various metals and brittle materials such as glass,
silicon, and ceramics, MCMs, ball grid arrays, pin grid arrays, circuit
boards, and hybrid and semiconductor microcircuits. A preferred target

nonBYMEGIE IR & HblRyEre eribelRss pevesreadniissapprediaoaid: the metal

Printed circuit boards typically include separate component layers of

COMRRRANHIEISANE, HRIFEH 1o I JS NIRRT RO DS E IRR ARSI

inte GNP ABPRDIRIGIS iRCIHER A HBHAUEL EPRPRSVERID, molybdenum, nickel,
mo:&alladium platinum, silver, titanium, tungsten, or combinations thereof.

IBBRdneee payhe RIRIERHRS HALPS I PFB AR tRIBRANES SHIS RFRSR &'

micisryRicalipiairseescans pbd duies Wi aRthrliPbe s ash BO3KIminum oxide
xemplary organic dielectric layers include bismaleimide triazine fBT

(Al2Qa} g5 NV g AN S R QO P RER Bl e TR IR TR M@ erial. T)ﬁe powder
partRpgetrafieseibyiansr (RiHFGh NG obiglighesthyssvitayshfitieitynechanical

.. appropriate thickness, they typically have a thickness that is between
inte gl IOuRRHL GRRCRING SRERAP ARG iR ILAGhi Reberigrmed.
Foll &ty @ﬁﬁliﬁtlgthﬁ@‘@r@é_ lﬁg@b@ﬂanrslab'%&a{@ﬁaﬂrﬁéﬁm@l_ | mh(#féjfvf@ff?fk?ﬁvés off
component layers include fiber mats, dispersed particles of aramid fibers,
the BiERiR-ang RS QB RILPISIDE POMHIEH BRI R 12D AR UEARS and
durddyepubdthaiegh these layers may have any appropriate thickness, their
ckness is typically between about 1 micron gnd about 150 microns,
1004 e A PR B 2SI BRSO e ol Ed nethod of
the pm@ﬁnﬁm&rﬁpﬂcmmﬂm%rpﬁ@m@?mwgmmwg|mrslm6(w¢ lasers,
. introduced into the organic dielectrjc layers a owder. T onsequent .
ol RS e P a Kb T Bat N0 CvuATer, Skfley bersons wil
apprsristashallthésthspprrdinis taat eedeaii pedndyasest @ amitclield tikers
and reinforcement component layers may be internally noncontiguous
opefg) i gy

RSHFLAAC A esh IR CRESSTORAIJECAGIRS QL Ao Breave lasers
coofferaepbyithighgimessuseriteiisilly obenicigito proddnmsatireeale-pewdamission
or S B B R e PR Ay
morarehiotte sdgelbsernsbuocgsitatitaddre”sbiacredwas stitivietiienedteriacalich as
wavggere%mng?%‘éf%%c NOFDRRAIPRS Sy ere Sring: 198%s output pulses
are selected to facilitate substantially clean drilling and via formation in the above-
mentioned target materials. Because the preferred drilling parameters relating to
each type of laser vary, each type of laser is discussed in greater detail below.
[0041]One preferred laser for use in connection with the method of the present
invention is a UV, Q-switched, solid-state laser that preferably includes a solid-state
lasant such as Nd:YAG, Nd:YLF, Nd:YAP, Nd:YVOy, Yb:YAG, Ti:Sapphire, or a YAG
crystal doped with holmium or erbium. One advantage of using UV is that the focal
length tolerance facilitates the machining of nonuniformly thick targets. Preferred
wavelengths include, but are not limited to, 532 nm (frequency doubled Nd:YAG),
355 nm (frequency tripled Nd:YAG), and 266 nm (frequency quadrupled Nd:YAG)
with primarily a TEMy, spatial mode profile. An additional preferred wavelength is
152 nm, and skilled persons will appreciate that lasers emitting at other suitable

wavelengths may also be used in connection with the method of the present
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Following drilling, the green material is fired at a high temperature, which
drives off the binders and fuses or sinters the powder particles into an
extremely strong and durable substrate. [0040] Although any high-power
laser may be used in connection with the method of the present invention,

inveﬁiﬁ@fr‘ﬂ.pl&fv&(&f@ﬁlﬁgﬂééﬂiﬁﬂé\‘é%9 HUENEBISY 4980 inaesv daeiouV-3500
solid-state laser and excimer lasers, and COZ2 lasers. Skilled persons will

lases sold tukighivpve Heriranies ebMgenialebisuy bplamia olbqiReek
prefBe®I§ S1oRTaEs InTagea0EIRRRI Wit e BRBaliFRCHNIEIRR 6A Bout 1 micron

continuous-wave lasers cooperating with a shutter periodically opening to
and 3BoMie’ dBIfIR0Sus-wave emission for specified times and to thereby form

[0042FExXBHIpRsy IR davetcablatifie Ruavideswitdhie & hsifessiatdaseeroutpes include
that can be selected based on other criteria such as wavelength, spot

avergoe epRf Ay SRsIHG S BreHardRRRAR U EHIRIPYRR i plrasurgrLover the
beaﬁEMedr%ataﬁﬁtgtp@bﬁé@migwjat@ém@hikﬁoqlhanép(]éaéagrém%ﬁieh@mgr spatial
.above- mentioned target materials. Because the preferred drillin ,
maiGAXER Rl ERSARRD UL AON PP IR AR SLaraP b bestuhout 1 microns
to alAGe %ibﬂcﬂf&?ﬁe@@tﬁibﬁdﬁt@-oi@é@l@marﬁé@f@gd18&31\1/:"%?&8(%#)6 and
connection with the method of the present invention is.a ,. Q-switched,
pref@%@%ﬂ%ﬁ%& fHauf Pé*b%o@mﬁc%’%@f@%!&ﬁ%s%%%ﬂf érfh) fligaces of
gredist YA, 100 WlifiwasY(MRINOVEY (Dé, SPoiYah&ad! i: PR phEfsres @ péidmeters are

o B S DB K e

pulsiengietihshrefesedsnerielengihabooiusieo idrascoohtimites) tarfeBgrefdrably from
frequency doubl d:YAG), 355 nm (frequency tripled Nd:YAG), an
a0 AR ER S PR e LB N AP R AN PR SRR and
abomad® prefil€hdpaaditicalipsafernedovdsstangibeissdihg oMmhandrgkitlathterial at
ersons wil| appreciate that lasers emitting at other suitable wayelgngth
par LS G CoRFRERLI EPHL AR Qe TR S Berly SReo
perdoveitiragneiataphaythesuneiciatiytersiii ledasents cha bodptidiifed for the
tUV-35 0 laser sold py L%ﬂﬁwa e Electronics O%Mountai(}} View,
mateigioRg RRStssEr Ha %‘iﬁﬁ%(ﬁ&&?%?&ﬁ% TRHEBYPBREY &0 RigRESS
diffesizet tdigrivi@perabout 1 micron and about 7 microns. [0042] Exemplary
r.iahmeters of the UV, %-S}Nti)tched S Iid-%trate Iaaer output iqclude .
[oozﬂﬁ e laser system dulput beam preterably produces a spot area having a
diameter of less than about 25 microns. Although the spot area and diameter
generally refer to 1/e? dimensions, these terms are occasionally used to refer to the
spot area or diameter of the hole created by a single pulse. Skilled persons will also
appreciate that the spot area of the output beam is preferably generally circular.
However, noncircular vias may also be ablated through similar processes. Such vias
may, for example, have square, rectangular, oval, slot-like, or other major surface
geometries. Skilled persons will also appreciate that the output beam can be imaged
or clipped of its wings or tails, particularly for first step processing, if desired for
specific operations.
[0044] The following Table 1 provides process parameters and overall throughput
data for drilling the through-holes using the second preferred method of the present
invention using a UV, Q-switched, solid-state laser. The pilot holes were drilled in
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average energy densities greater than about 5 microJoules (J) measured
over the beam spot area, more preferably greater than 30 J; spot size
diameters or spatial major axes of less than about 100 microns, and
preferably between about 1 microns to about 50 microns; a repetition rate

the AftreatesikiRR abRWidahiaeza ddirbrandti e ieidlyotratentifan-iigidss of

20 kHz; and average intensities or irradiances of greater than 100

the fafgRIdRaIEHRAR JN& LB et ilpckdn 8P BarafReess are
selected in an attempt to circumvent thermal damage effects by utilizing
temporal pulse widths that are shorter than about 300 nanoseconds (ns),
and preferably from about 0.1 picosecond (ps) to 150 ns, and more
preferably between about 1 ns and about 100 ns. The power

Tablequireiesy Plesases pirressing ThivedasgeDamaterial at particular
wavelengths are scaled in proportion to the spot size used. Skilled

persohs will appréciate that thesé parameters Will vary and dapilbg ofset Avg hit
% be E

. . Settl M Eff. spot 1. ..Tool f i A 1t
aapptimized fosthe |materiald rocessedsiand that different Parametersme | s
et H e A S o e

EB e (06) |1 (RSN | ipjeropphy éﬁ*ic(qns)l.\.-év e JRDL s (W)
U s TVUME62 30 YIS TAY Sy [VRTOL TS Tao®T 9y abtlit 57 274

ey

optput beampreferably producesa spot area having a diameter pftess

0tHam about 25 Midroré IAFhdudhltHelsdot and diamiter gk TV ERE
thai about 25 microns. Although.the spot aréa | - generally

) 1.8
refer 10 1/e? dimsensions, these terms are[oceasiomally used [foreienio fhe
o 4 (AR L 1308 P Py AP 18, oy 05 18

e - +FO,\ hela NPV I I P
DO{ g meter o tne noie G eatGa PY & SgrePpthSeoKiet—; 45

S
nersons3will also _lappreciate that thel sfot aréf lof the outputlbeam &5 45
! 7.5 N 0 303 28 60 T

L 6.63 |, 30 4 \ . , 04
e&ramy genealy aifcular] FHOWeVETy NONCHCUlaE Vias miay aiso[bes | s

=

ablated through similar processes. Such vias may, for example, have

QY Be S9LUSH 91 SRS SRR SHILASE. SROMSIISR.

mo@%g@%@%ﬁbﬁ% SO appréecia € outpu Can be image
Corumoiipfé ofiicsoviaglidingilas g iincilady Rir-rstittddamesdsamgviérsely excited
o B RS s A e o e e
wavmmhmbwls(l@bj@me isdmgﬂwbpre%metﬂ Qmiélihmefahd atnsﬁn‘ﬂ_imiemm the
e e B TS A R o e T s verv
diffichitkmese & Qbdagaretadiit sab Jtraiesrthaj Headioevawediyiegl nedadiic [ayers.
Thu8 ¥, 158818 &rERERSR BN APpHEITS I e LD gt RYL G Bither no
overlying copper or an overlying copper layer in which via openings have been
previously etched by standard chemical means. Such "pre-etched" or "conformal
mask" multilayered substrates may also have no woven reinforcements such as
glass fibers in the dielectric layers. For example, a blind via can be formed in a
target material composed of a layer of dielectric material covered on either major
surface by a layer of metal. The formation of the blind via can be self-limiting such
that via formation stops after the beam cuts through the dielectric material. The
reason is that the beam pulse power density is insufficient to progress depthwise
beyond the dielectric material to vaporize the remaining metal layer, even if beam
pulses continue to strike the target. The depthwise self-limiting capability in blind via
formation is advantageous because multilayered targets can present unpredictable,
inconsistent target depths that result from warpage, nonuniform layer thickness, or

nonuniform flatness of the mounting fixture.
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Drill Offset Avg hit Rep Settle Max ER. spot Tool type from Avg rate
Array Step Bite size Velocity rate time hit rate size diam. (T, S, focus
power (vias/s) # # Pulses (microns) mm/s kHz Res FP ms vias/s
(microns) (microns) P mm W 4 1 5.56 166.7 3060 Y 027.12860 T -0.2

[0046]124ifl balobictid46 HoderhaviAg 3RiIPM T drilifed hady iR s ddPbe
3031860 T-0.218 36.63167.5304N03032860T-0.418 44.36

madesie hende ity §HiNgsA06 e-ge5e es fnpemENEs M0\ dgRagingdrom the

unde%'ﬁ r@%r?n@ré%é@? h8hdnibr03TAR 6eohelot the pRebaht IvkbatthAhbuld,
33560 T-0,51.8[0045]CO2 lasers can also be used in connection

therﬁfﬂﬁ%@%ﬁ@é@ﬁf‘lﬂ@@rﬁm% th?ﬁrﬂ?JW@'@Q HARria-drilling lasers include
RF-excited lasers, transversely excited atmospheric (TEA) lasers, and
fast-axial-flow lasers. However, because the wavelength of all CO2 laser
is between about 9 microns and about 11 microns, the laser output is
highly reflected by metals, such as copper. Consequently, it is very
difficult to use CO2 lasers to drill substrates that feature overlying metallic
layers. Thus CO2 lasers are preferably applied to layered substrates
having either no overlying copper or an overlying copper layer in which
via openings have been previously etched by standard chemical means.
Such "pre-etched" or "conformal mask" multilayered substrates may also
have no woven reinforcements such as glass fibers in the dielectric
layers. For example, a blind via can be formed in a target material
composed of a layer of dielectric material covered on either major surface
by a layer of metal. The formation of the blind via can be self-limiting such
that via formation stops after the beam cuts through the dielectric material.
The reason is that the beam pulse power density is insufficient to
progress depthwise beyond the dielectric material to vaporize the
remaining metal layer, even if beam pulses continue to strike the target.
The depthwise self-limiting capability in blind via formation is
advantageous because multilayered targets can present unpredictable,
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inconsistent target depths that result from warpage, nonuniform layer
thickness, or nonuniform flatness of the mounting fixture. 13 [0046] It will
be obvious to those having skill in the art that many changes may be
made to the details of the above-described embodiments without
departing from the underlying principles of the invention. The scope of the
present invention should, therefore, be determined only by the following
claims. 14 Claims 1. A differential & r hole drilling method by which

a throughAeligrdrayingl inpreed Mk sivilfreerHetismby aMich a through-hole

predetermined diameter is formed in a target material having a thickness,

haviggnBRERYE HWRESIHHECE et EENORRS R MLGRRI SRR AEHBRIG daryed in a

targeveiadiial Inatig SPILRITES) tompYRiajget material within a first spot
area; directing the first laser out{)ut to imgin e the target material at a ﬁr?itrst

staStFitF BN R ULRAIPRAHAY IREAIRY Csbr Aeiell ¢RI g R T QUesar

spafaitBpbaking @ pethové ergstistrneadromihestaging ooiregontinually
es,thereby formi

chay ing a pilot hole h,avingz a pilot hole diameter that _
coﬁ%%ﬁ&ﬁ&s”ﬂ& Hétc]n%%ﬁgéfé#BPMQ trRiegs NG dardrbmaeriARLadR #arting
poirpregatesmingshcisenaiar spighartiieughrhole g enefainthecsenapdtaseng a path

output having sufficient energy density over a second spatial spot size to .
WhORE I eUaR S A oL o Bl Sop e LRI GhENT 9 & pilo

holeskgoing lagsopiplet diaimstiaomh diedargsponaietntiaé disesord stariifrst spot
ared A5, Ry S-SR s S ERET P, S TFL iy L saly

chajegrsatihgrale fomaingsa toipobiialinghstititiends tieroyaietisty over a
oo T e e e B L DS o e

pregdiesetminetbdiaoueianadsr butpatien ieigheyththegargetenirtesiaing theecond
e R M B e P s nhnener
outiridcag ungatimihozeldistditsrérdial iiefetesthaiaglplding coetiashdy changes,
thergt%i/r?o%milrr]lév QiWr(t)TJ%h-hole that extends through the thickness of the target
material and that has a through-hole diameter corresponding to the diameter of the
second spot area to the predetermined diameter, the formation of the through-hole
involving the addition of thermal energy that escapes through the pilot hole and
thereby limits thermal distortion of the through-hole wall and enhances its surface
uniformity.

2. The differential diameter hole drilling method of claim 1, in which the
target material includes opposed first and second major surfaces and in which the
first laser output impinges the first major surface of the target material to form the
pilot hole and thereafter the second laser output impinges the first major surface of
the target material to form the through-hole.

3. The differential diameter hole drilling method of claim 1, in which the
generating and directing the second laser output to impinge the target material
includes forming a portion of the through-hole before forming the pilot hole, the
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target material includes opposed first and second major surfaces and in
which the first laser output impinges the first major surface of the target
material to form the pilot hole and thereafter the second laser output
impinges the first major surface of the target material to form the
through-hole. 3. The differential diameter hole drilling method of claim 1, in
which the generating and directing the second laser output to impinge the

Portighyh i dbViaH IR AR S RGHE & YSHBIS BRIRR BRI AR B ErgRNdING only

partfpﬁwaggherwlmub%stggﬂ{%@@a@@t%ﬂﬂ@rmrough -hole having the
predetermined diameter and extending only partly throu (ﬂjgh the thickness

of the targEdGA{TENUAHARBRIEFIRIGI NG ISR iRt et gvBich the
pilotoiie AnintndieRdhghrieceeane spedtveng ahalsthrie dasresd eliréugh-

pilot hole axis and a throu rF%h hole axis, and In which the directing th

noleLanaaCEt RS SRS R S ASPap ey g e target
matﬁh?n?@lllﬂm%%pgﬂgﬂbf(d?g&nﬁ’goﬂl jr: hﬂ@ @kﬁﬁo% é’rﬂ?@ ﬁulmmdaaéxbi@meteir
(0] ri method of cla N 1ot Xrengs only t
e ah e U IR eles R TR bR et eh the
pilothﬁtb%déh &MQGﬁMWCbeW&WOLPF; M@%@hl@kﬂeléc&flhﬁ@ W@Iﬁﬁfﬁ’%ﬂa"lh the
thickness t et ria rential dia er noile arti
ot o e B R A 6 e e e PG g 3t TR e the
piIot]hiﬂé;é@;(:t@ﬁﬁs&hfd\g;ﬁlﬂﬁéethilﬂdrtb@mgﬁth@Qﬁbgiiﬂmgt@ﬂr%ﬂhOd of cl?lrg 1 hln
the arg mater mpris omo ou matera T
CitrentiaT BEILESE AN TR DR B R nReL ot St | dpgiich the
throg%t&ﬁtﬂbdmmlwh Ibfltlilawﬂwbﬁla%mmr?mmn board. 10. The
i renti ter hQ riing m (0] clam9, inw
oy AL A Sk 010 SR AETHR SR o g the
targeginfatedd| poimiedseiscaihbndidmblehed differstetiall diameter hole drilling

method o ich the f|r nd s cond | tputs
et B8 St e el h R A S RS0 a1 Bl jpavnicn the
targdtaﬁmmdkderdpﬂmraeﬂmmafy@mme’lléctrnwhldrrdh& bbalaiser is an

Na: %AG emlttlgﬁ)ferleﬁ?arl t()iearrT?et[]éf'jlrv hnoq n%lenq cI 3? clalm 9, in which the
multi-layered electronic circuit board comprises a multi-layered fiberglass reinforced
printed circuit board.

11.  The differential diameter hole drilling method of claim 1, in which the
first and second laser outputs are generated by one of a UV laser and a CO. laser.

12.  The differential diameter hole drilling method of claim 11, in which the
UV laser is an Nd:YAG emitting a laser beam having a wavelength of 355 nm.

13.  The differential diameter hole drilling method of claim 1, in which the
first and second laser outputs are generated by the same laser.

14.  The differential diameter hole drilling method of claim 1, in which the
first and second laser outputs are generated by respective first and second lasers.

15.  The differential diameter hole drilling method of claim 1, in which the
first starting point and the second starting point are in the same spatial location on
the target material.
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13. The differential diameter hole drilling method of claim 1, in which the
first and second laser outputs are generated by the same laser. 14. The
differential diameter hole drilling method of claim 1, in which the first and
second laser outputs are generated by respective first and second lasers.
15. The differential diameter hole drilling method of claim 1, in which the
first starting point and the second starting point are in the same spatial
locAfon ohhE SRR ALGLAEEES eleTdl g SRSARFARIBIEY Rold Which the
first SHAlFBSRd Al el dednaviishitepbist atartineaiferehasgdhel $6saishs on
starting point are in different spatial locations on the target material. 17.
the tRraelimaistiRl diameter hole drilling method of claim 1, in which the path
is generaliphepditle htibhaigiietentialsl@ameigmietrsHibinganathomabhich the
claim 1, in which the path is generally circular. 17
path is generally spiral.

18.  The differential diameter hole drilling method of claim 1, in which the

path is generally circular.
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