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SINGLE STEP ELECTROLYTIC METHOD OF FILLING THROUGH HOLES I
PRINTED CIRCUIT BOARDS AND OTHER SUBSTRATES

FIRLD OF THE INVENTION

FO001T The prosent Invention relates generally 1o an electrolytic deposition method o

metallizing slectronic substrates,

BACKGROUND OF THE INVENTION

{002} Blectradyiic metyd plating solutions are used In many industeiad applivations, incloding

htraies

articorrosion and decorative costings, and 1o the electronies industry for metallizing sn

psed in electromic devices, including substrates that inchule one oy wore vias, through-holes, and

enches. For example, printed circudt boards, privied wirdng boards and other similar subsira
way he metatized with electrolytic copper. Copper has o better clectrion] conductivity than many
other metals and allows for smaller features application. Agueous copper baths, including baths
haged on soloric acid and methape sulfonie acld, are used for the fabrication of printed circult

hoards {POB) and sonuoonducicas,

FO003] Interconmect features are featores such ag blind miovo-vias (BMVY, renches and through-

holes that are formed in & diclectric substrate. These featres wre metaliized, preforably wi
copper, o render the intercemect slectvically conduciive. During cironlt fabrication, copper is

clociroplated over select portions of the sarfses of the printed cironit board, oo blind viag and

&

A

renches and onto the wall of through-holes passing between the surfaces of the cireult board

B

base material, The walls of the thragh-boles are wetallized 1o provide conductivity between the

cirenit Jayers of the printed oireuit boards.

{00047 As electronie dovices sheink sl got packed closer together on clrenit boards, heat

management of electrontes becomes an issue. Many electronie devices are seasitive o hes

wiich can make them less efficient and shorten their life. Thus, It is necessary 10 manage heat
dissipation sad provide 8 way to draw host away from heat-gonerating compousnts and divedt #
w other areas of a paned or other substrate for dissipation,

[O03T In clroudt board modities and clectronie devices, electronic components mounted on the
cirenit board include swrisce monnting-lype electrome compunents and insertion mounting-Hype

clentroniv components. Sarface mounting-type clectronie component are typically mounied ou g

board by soldering 8 terminal 1o a copper foll provided on  front surface of the cirenit board,

i1
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Insertion mounting-type electronie components are typically monnted on the board by serting a
fead ferminal into & ponetrating hole provided in the clrenit board and soldering the lead terminal.
0006} Rlectronic components monnted o the cireuit board emit heat when current flows
through them. In addition, lorge amounss of heat can be generated in electronic components v

which krge current flows. When the temperature of the slectronic component or the elvewit board

rises excessively due to beat emitted by the electronic component, there s g concern that an

gloctronic component or an electric cieenlt formed on the civewt board can nalfonction.
[O0O7] Varlous methods have been developed 0 manage heat dissipation i clostronie devices
including, for example, filling through holes with conductive metal-filled cpoxy plugging

i”ﬂ)iif‘l’\ii .\R\éhiﬁf‘ MY coins pnder devices, ‘1’;~cmﬂg heat

peanps nto the ciront bosrds, the

¥

use of conductive adbostves, attachment of heat sinks o the heat gengrating devices, and
glectroplating of copper.

[0008] Rexin or paste plngging of threugh-holes has been part of the tuild-up technology v high
density interconnect constructions and I substrates for many vears. However, Increasing clyouit
density and stacked via construetions coupled with bigher power devices have added an exira
dimension of therns! managetoens, 1t has been found thar solid copper filling of through-holes
offers many advantages over vesin or paste plugging including, for exavple, reducing the CTE
susmatch, providing s stable plaforn for stacking microvias, and offering thenmal ranagement
properties for high power devices,

{009 However, the minlaturization of electronic devices involves s combination of thinner core
materials, reduced Hne widths and smaller dismeter through-holes, Filling the th

opper plating fas become more mad more difficull with higher aspect ratios, often resulting in

larger voids and deepor dimples. Apother preblem with twough-hole filling & the manner of

filling. Unbike viss which are closed & one end and Bll from boltom o fop, theough-holes pass

through a subsirate and are open at two ends, When through-holes we being filled with copper,

gre chosen so that the copper beging 1o deposit on the walls

plating parameters and bath additives

at the center of the throngh-hole where 1t bridges at the center to forns teo blind vias as shown in

Figwre L

DAY Plating bath additives enabl the right tepe of Gl If the right combination of additives &

2

not chosen, the copper plating can resudt i audesired confornal copper deposition on the sides

of the through-holes rather than flling of the through-holex,
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{001 1] One problemn with through-hole plating is that the copper fatls to completely fill the
through-hole and both ends remato anfilled. An incomplete through-hole 5§ in which the middie
of the hole does not fully close can result in large cavities in the center of the hole as the tops and
bottoms of the hole close off due 1o the deposis preferentially thickening from what s referred ©
as “dog-boning”, The result is a proching off of the top and hottom and cavities in the center,
Another issue s the incomplete filling of the holes after a bridge is formed across the center of
the hole leaving deep depressions or open spaces at the tops and battoms of the hole. The open
spaces &t the top and bottom of the holes are referred to as “dimples™, Thus, it is desirable that
the through-hole filling process be optimized o completely il the hole and elimiuate the
presence of dimples. An ideal process completely fills through-holes with a high degree of
planarity, Lo, build up consistency, without volds, to provide optimum reliability and electvical
properiies and at as fow as possible a surface thickness for optimum Hoe width and mpedance
comtral 1n an electrical device,

{0012} o order to address these problerus, it is common to use two different copper eleciralyies.
A first copper bath is used o filf the throngh-holes vntil a bridge s formed, creating two blind
viss aud then & second bath haviag a substantially different formulation specifically directed o
filling blind viag replaces te frst bath o complete the filling process, which is hoth tdme
consoming and inefficient, The through-hole {illing process must be closely monitored to gange
the tme when the first bath whote the bridge is formed must be replaced with a via filling bath
for the final filling of the via and fatlure to chauge baths at the correct time can result in dimple
and void formation. Moreover, using two distinet plating baths for a single process increases the
onst o both the manufacture and the customer.,

{0013} LS. Par Pub. No. 202 1/0130970 1o Desalvo ot al, the subject maiter of which is herein
ncorporated by reference describes 1 merhid of filling through-holos and vias with copper in the

fabrication of printed circuit board, printed wiriug boards, and other electronic substrates.

SUMMARY OF THE INVENTION
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[D014] It ix an object of the present invention to provide a relighle method of metallizing
through-holes and vias (ncloding mdoroviag) with high aspect ratios and without any voids or
defects.

[OO13Y It is another objeet of the present invention o provide a rehiable method of metallizing
through-holes and vias in g plating process arvanged 1 g vertical configuration,

{0181 It is apother obieet of the present inventinn 1o previde a reliable method of metallizing

through-holes and vigs in 8 plating process avvanged in a horizomal configuration.

[GO17] It is still another object of the present tyvestion 1 provide an hoaproved methad of
dissipating heat in a cirewit board by metallizing through holes with copper and in which the

resubting solid copper structures, when locating beneath beat generaling devices, are capable of

providing an effective means of transporting heat or thermal energy from these devices 10 areas
of the oircuit board, pansl, or other edectronie substrate, where i can be harmlessly dissipated
FOOTBY ki still another otject of the present invention to provide a oge-step process for filling

copper throngh holes In 3 copper clectndvie, which shortens the sumber of tanks ina lae
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reducing egquipment costs, reducing the number of tanks (o analy
aumber of rectifiers reguired for plating.

e

FOOINT It v sl apother object of the present invention to elindnate potential separation jssues

hetween the vig fill phting and bridge phtting realized by other process
{00207 The prosent invention provides & method for electrolytically filling throogh holes i
electronio substrates, such s printed cirenit boards or printed wiring boards, with copper in a
singlo-step, single solnticn plating procese. The method desenibed herein provides oivouit
designers with a method for heat management of slectronic systems where bigher packing of

higher power heat generating devices is needed. The resoliing solid copper structures, when

Iocated heneath heat generating devices, provide an effective weans of transporting hoat eoergy
from these deviees to other aveas of the panel where it can be harmlessly dissipated. The result is

devi crate more efficiently and thay exhibit a longer lfe.
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{00217 In one embodinent, the present invention comprises a method of plating a metal on an
glectronic subsizate, whereln the slectronic substrate comprises one or more features, wherein the

one o move {eatires comprise one of one o mere through-hinles andfor 0ne oF MO FECO-Vias

in the electronic substrate, the method comprising the steps oft
a} preparing the sleotronie substrate to reopive metal plating thereon;
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)] bringiug the electronte substrate and at least one counter electrode into contact
with an acid copper electroplating bath comprising a soures of copper tons ta be

plated:

g glecttically polarizing first and second sides of the electronin substrate 10 Intifate
metal plating thereon, wheredn the aoid copper electropliating bath plates the one

or move through-holes anddor the ane o1 micre picro-vias using o plating ovele

pnvell metallization s complete

whereln the plating cycle comprising the steps of, in orden
pulse plating for « frst time poriod on a finst side and a second side of the
clvctronic sobstrate 1© ssuse copper to preferentially plate in the center of
the one o more through-holes, wherein the copper merges together in the
center of the hole 1o form twe oppesing blind vias; and
2y divect plating for a second Hhwe period o fill the two opposing blind vias
formed by pudse plastig

wherein the pulse plating step comprises applying an eletirical current 1o

slectindeposit mstad frons the acid copper slectroplating bath to the fivst side
and second side of the electranic subsirate, wherein the elecivical current 13

applied as a pulse plating cycle comprising & repeatable sequence, the

repeatable sequence comprising a setof polse plating perieds, the set of pulse

plating periods including, i any order

{1} at Teust a fist fovward pulse pariod;
(i} af feast & frst reverse pulse period;

(11} ab least a second forward pulse period; and

(ivy  at least a rest peringd,

3.

{0221 The pulse p an forms the proper hridge aoross the center of the hole. The additiees

ave chosen to give hottom up via flling of the resudting blind microvias, Without proper
adiditives, the blind microvias will either not fill, leaving large dimples ¢r will pinch off gt the
fops due o dog bomng feaving cavities within the blind miorovis along with unacceptable

dimples,
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BRIEF DESCRIPTION OF THE FIGURES

[0023] Fig

{0024 Figure 2 depicts the steps of through-hole plating of copper in accordance with one aspuc

ure | depicts the steps of the single chemistry through-hole plating of copper.

of the present invention i which an optional shaping step is jncluded.

&

{0025] Pigure 3 depicts an apparaius it one embodiment of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

{0261 As used herein, 8,7 Tan,” aud “the” refer 1o both singular and plural referents anless the

context clearly dictates otherwise.
{00271 As used hereln, the term “about”™ refers to & messurable valoe sach as a parameter, an
amonat, a temporal duration, and the Bie and is meant to include variations of +4-15% or less,
“\!:;'T»

proferably vartations of +/-10% or less, more preforably varlations of +/-3% or less, even more

preforably variations of #4150 or losy, and still more preforably variations of +/-0.1% oy fess of
and from the particudarly recited value, in so far as such variations ave appropriate to perform
hersin, Furthsomore, 10 also 10 be understood that the value 0 which the modifier “about™
refers is isell spesifically disclosed hersin.

3t

[OO28] As used berein, spatially relative terms, such as “beneath™, “below™, “lower™, “above™

5

“ppper’ and the like, are used for ease of deseription to deseribe one element or featare’s

relationship to another clement(s) or featureds) as Hlustrated o the figures. It is further

understood that the oo “hont” and “back” are not intended o be lmiting and wre intended o
be interchangeable where appropriate.

[OOE5] As used herein, the terms “comprises” andfor “coraprising,” specify the prosence of
stated fomtures, integers, steps, operations, elements, anddor components, but do not preclude the
presence ov addiion of oue or more other featnres, Inlegers, steps, operations, elements,
compontents, and/or groups thergofl

[O030] As ased heren the torm “substantially-free™ or “essentially-free” if not otherwise defined
heveln for a particular clement or compounnd means that a given element or compound is not
detectable by ordinary analytical meany that are well known 1o those skilled in the art of metal

plating for bath analysis, Such methods typically include atomic absorption specirometry,

secirometry, and other commoniy available

z

titration, UV-Yig analesis, secondary 1on mass

analvtically mothods,
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{0031} The rorms “printed cirenit board™ and “printed wiring board™ are weed nterchangeably
thronghout this specification.

[O032] The terms “plating” and “electroplating™ are used interchangeably thronghout this
specificaton.

{00331 As used hereln, the term “immediately”™ meaus that there are no Intervening steps.
{0034} As used herein, the term “dimple™ refers 10 a depression in the bridge or conformal
copper plating layer over the filled through-holes andéor blind micro-vias,

[O035] As used berein, the term “asynchronous wave” refers to a wavelonn that during plating,
when periodic pulse reverse rectiffcation 18 supplied separately to a fisst side and a secoud side of
a substrate, the waveforms sapplied to gach side are either phase shifted or completely different
fram cach other,

{00381 As ased heretn the term “synclwonous wave” refors to & waveform that during phating,
when periodic palse reverse rectification is supplied separately o & first side and a second side of
a substrate, the waveforms supplied 10 each side are identical and in phase and we synchronous.
{0037} Ove of the benefits of the present fnvention is that plating, especially copper pliting, is
already a part of the PCB manufacturing process, so being able to use copper plating to fill &
through-hole eliminates the need for other processes such as plugging and sanding, coppex
cong, et

[0038] Purthermore, the use of pore copper provides a rouch higher thermal conductivity than

conductive plugs and adhesives, Thus, there is an added benefit of thermal conductivity it is

nesded.
{00397 Floally, in oue swbodiment, the process allows for the complete flling of through-holes

in a single-step in a single copper electrolyte. The benefitz of using a single elsctrolyie include
shortening the number of tanks in a line and thus cquipment costs, and reducing the number of
tanks to maiotain, and the number of rectifiers needed for plating. T addition, potential
separation issoes between via Gl plating and bridge plating are also reduced or eliminated.
OG0} The general steps of the process to mumufacture & printed chouit board that provides
improved hegt dissipation inelude the following:

{0041] The inxial step is 1o provide the PCB with various deifled through-hole avrays. Thas, the
printed circull board comprises a metallized panel with an arcay or arangement of drilled

through-holes. Through-holes, blind micro vias, and snch can be formed by vartous methods,
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including, for example, mechanical drilling, laser drilling, plasma etching, or single or double

Yext, the through-holes are made conductive nsing & metaliization technigue as is
generally kiows i the art, Various metallization technigues nay be used inclnding, for
example, sputter coating, electroless copper, carbon-based direct metallization, graphite-hased
divect metallization, conductive polvoers, palladivm-based divsct metallization, among others,
Other metailization technigues wonld be knowa to those sialled in the art and would be asable v
the process deseribed horetn, The primary wetallization Lgrer may be electroless copper,
electralytic copper Hashing, or & direct metallization layer formed by carbon, graphie, or

conductive polymer-based divect metallizaton,

FO043T In one smmbodiment, a condootive seed laver is formed on the non-conduetive swrface to

is clontrically conductive, provides adbesion

e

inftiate the slectroplating of copper. The seed lave
and permits the exposed portions of #s upper surfiot 1o be eloctroplated. Examples of the

rductive seod layer include, bot are not Hmited o, metal lavers sush as copper or palladivm

that may be formed by el ton, graphite, cavbon, and conductive polymers.
H044] The panel to be plated i3 preferably copper or a copper-coated subsirate,

FOD45T Nesd, the metaliized pansls are cloaned and sctivated ssing conventional protreatment

g

techrsigues such as acld or alkaline cleaning and scid dip o microetehing with ninsing in between

steps.
{00487 Therealter, the paneds are contacted with the acid copper electrolyte comprising a sonre

of copper tons, sulfuric acid, halide jons, and speciadived organic additives comprising

sors, accalorators, and secondary suppressors. The aoid copper electrolyte, i

nation with 3 spectalized rectification provedare as desoribed berein, is capable of filling
through-holes in the panel in a highly effective process. The agqueous sciidin copper electrolyte
can be ased in conventional vertical or horizontal plating equipment. In coutrast, as discussed
above, prioy art copper electropiating processes Tor plating throngh-hades can require 2 two-step

s, including a first copper plating solution and plating conditions to olose a hole and a

o

second copper pliting solution and plating conditions to fill the two blind vias thus formed.

{00471 I one enabodiney, the plating ovele compuises (10 pulse plating for a first time period,

wherein the pulse plating oses pulse roverse plating with a multiple-step pulse wavetorm on
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opposite sides of the electronic substrate, followed by (b} dircet currest plating using forward
ewrrent for & second time pariod.

[0048] The source of copper fons tu the actd copper electrolyte may be copper sulfate. The
resistivity of the copper plating solution i3 greater when the concentration s incregsed. The
solubility of copper sulfate decreases when the sulfuric acid concentration is increased, The
conceniration of copper sulfate in the acid copper electrolvite is typically madntained within the
range of gbout 100 1o about 300 g/L., more preferably about 130 o about 280 gL, most
preferably i the range of about 200 1o about 250 g/l

{00491 The principal function of salfuric acid is 1o provide for maximum solution conductivity.

Due 1o the high conductivity of the solation, the anode amd eathode polarizations are simall as is

the vollage requived for depositing copper. In addition, when very high cathode current densities
are used, a higher conventration of copper splfate iy required within the recommended lnts,
Changes in sulfurie acid conceniration have more influence than changes in copper sulfute
concentration on annde and cathode polarization and on solution conductivity, The
concentration of sulfuric acid in the acid copper electrolyte s typically maintaived within the
vangs of abont 18 to about 1530 g/l more prefersbly about 60 1o shout 100 &L,

[0030] The acid copper eleniralyte also containg halide fons, most preferably chilovide fons.
Cliforide tony snhance the adsorption and inhibition of the wetter, In addition, a small amount of
chioride fons acts as bnding sites for the polyvglyeols o the elecirode snrface. Chloride made be
added in the form of sodhun chloride or as diluted hydrochlorie actd, Chloride fous in the actd
copper electrobyite act to eliminale striated deposits in high current density aress, Chloride jons
also affect the sarface appedrance, structure, micro-hardness, crysiallographic orientation and
internal stress of the deposits. Chioride tons are consumed by electirechemicalichemical changes

3

during slectrolysis, partial Inclusion into the deposit, deagout loss, bath dihution, and anode
maintenance. The concentration of chloride lons in the acid copper electrolyie is typically
maintained within the vange of sbowt 2010 show 200 ppm, more preferably about 60 o about
E50 ppm, most preferably within the range of about 70 {0 sbout 100 ppm.

{031} The charactensiics of copper deposits are influeniced by varnious factors, inclnding

concentration of copper sulfate, free actd, additives, emperatare, cathode corrent density and the

aature and degree of agitaticn.
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{00521 In one embodiment, the scid copper electrolyte works well in the absence of any iron
ions, including ferric tons and fervous fons. Thus, the acid copper electrolyte is preferably at least
essentially free of both forrie lons and ferrons jons, and more preferably is free of both ferric ions
and ferrons lons,

{00337 Fill-in behaviey In the dwongh-hole is infloenced af least in part by controlling the
deposition kisetics within the through-holes and on the horizontal portions and edges. This may
be achivved by Introducing certain organic additives inio the acid copper electrolyte o influence
the rate of copper fons that deposit on the respective Jocations. As discnssed above, the organic
additives include a combination of one or more accelerators, one of more suppressors, and/or one
or more seeondary SUpEESsons

{0054] Suitable accelorators fneorporate organic componnds that contain sulfur and other

functional groups and is vesponsible for the formation of small grain refined deposit, The
accelerator also acts as ¢ leveling agent. The accelerator is consumed by incorporation into the
slectrolyiie deposit at the cathode or by oxidation onte the surface of the anode, especially if
inscluble snodes sre used. The sccelerator can also be consumed by de~coupling in the presence
of metallic copper, generating by-prodacts, or by gir oxidation, anods maintenancs or by dragout

wh dilation.

sxamples of spitable scoelevators nclude one oF more of 3-(henzothiarelyl-2-thio)-

Ty

propyl sulfonie acid, sodinm saly; Swercaptopropane- -sulfonic geid, sodinm salt; ethylene
dithiodipropy! sulfonic acid, sedium sali; bis-{p-sulfophenyl}-disulfide, disodinm sali; his-{w-
sulfobutyh-disalfide, disodivm sall; bis-fo-sulfohydroxypropyl-disulfide, disodium salis bis-{aw
sulfopropyli-disuifide, disodinm salt; bis-{e-sultopropylsulfide, disodivm sali; methyl-(o-
sutfopropyl-disulfide, disodivm saly; methyl-{o-sulfopropyll-trisulfide, disodivm salt; O-

cthyldithio-carbonie acid-S<{m-sulfopropyD-sster, potassinm salt; thioglyeolic ascid;

thiophosphorie acid-C-othyl-bis<{wesalfopropyester, disodivm salt; and thiophosphoric acid-
{ra~sulfopropyD-ester, trisodium salt. Other suitable sulfur-containing compounds and salts

thereot would also be Known to those skilled in the art and would be usable in the soid copper

trolyte described herein. In @ preferred embadiment, the accelerator comprises his~{e-

sulfopropyD-sulfide or 3-mercaptopropane- L-sulfonic acid or a salt thereofl

10
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[0056] The concentration of the one or more accelerators {i the acld copper clectrolyte is

typically maintained in the range of about .1 to abont 30 ppn, move preferably sbout 0.5 o

about 20 ppm, most preferably within the range of about 4-10 ppm.

{00571 The suppressor conyprises a high wolecnlar weight organde componnd, such as a
polyedycol, having low solulility in the solntion and a low coeffictent of diffusion. The
suppressor is adsorbed on the cathode surface, antformly forming a diffusion layer that fimais the
transier of accelerator and secondary sappressor. In the presence of chioride ions, the degree of

adsorption and inhuibition s further enbanced, In one envbodiment, the molecular weight of the

suppressor 18 at least sbout 300, More preferably, the molecular weight of the supgre
between abont 300 and ghout 5,000,

{O038] The suppressor may be covstmed during electrolvsis, in which reduction of moleeudar
welght coours, or may be consumed by partial inclusion into the deposit. As with the
accelerator, the suppressor may be consumed by anode maintenasce or by dragout loss/bath
dilation.

0059 Examples of suttable suppressors inclade one or more of carboxymethviceihdose,
nomyiphenolpolyglyeolether, octandiol-bis-{polvalkylone glyveol ather), cctannl polvalkylens
glvead sther, olole anid polvglyeol ester, polvethylene glyeol puivpmp Hewe glyool
copolymerisate, polyethylene giyeol, polvethiyiene glveo! dimethylethers, polvpropylens glveol,

polyvinvinleohol, B-naphthy! polyglyeo! ether, stearic acid polvalveol ester, stearie soid sloohol

polygiveolether, and copolymers of mropylene glyeo! and ethiviene glyeol. Other suitable
potvgiveols and simifar compounds would also be kaown 1o those skilled in the art and woulkd be

usable as the suppressar in the acid copper electrolvie, o one p:.'::ff:-.rrf:{i embodiment, the wetie

comprises copobvers of propvlene glycol and ethylene glye

FO060Y The concentration of the suppressor 1o the acld copper electrolyte is typleally maintained
in the range of about (.1 to abont 50 @/, more preferably abowt 1 1o about 10 g/,

{0061 The sccondary suppressor is typically a medium molecular weight organic compound
containing key functional groups. In one embodiment, the secondary suppressor has a molecular

weight of hetween ahogt 300 and abowt 10,000, more preferably between sbout 308 and abony

5,000, The secondary suppressor has low solubility In the solution and 3 low coefficient of

RS

2

L,_r

diffusion and acts through selective adsorption on a readily accesaible surface (e, far swrface

and protruding high points). The secondary suppressor is consumed by

J=>
Jos
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electrochemicalichomical changes during the electrolysis, by partial inclusion in the deposit, by
ancde mamtonance, snd by dragout fossthath dilution,

{00621 Examples of suitable secondary snppressors include polyamines, ethosylated polvamines,
polypyridine, polyimidazole, polyvinyl pyridine, polyvinylimidazole, ethoxylated polyvinyl
pyridine, and ethoxylated polyvinyl inddazole. In one preferred embodiment, the secondary
suppressor comprises ethoxylated polyamines and/or polyvinyt pyridine.

{0063} The concentration of the secondary suppressar in the acid copper electrolyie is typieally
maintained in the range of about 0.001 o about 200 ppay, more preferably about 8.001 to about
100 ppm, most preferably aboat 0001 to about 36 ppy.

{00647 Table | summarizes the ingredients of g typical copper electrolyie for use in the provess

desceribed berein

Table i Typleal Ingredients and Conventrations of Copper Klectrolyie

Ingredient ‘ Loncentration Range
- Copper sulfate 100-300 /L.
Suifuric acid -150 gl
{hioride jons 40-300 ppro
Accelerator 4-10 ppm
SUpPPressor ' -1 g/l
Secondary supprassor 4.001-50 ppm

{0065} The substrate may be contacted with the agueous acid copper electrolyie by various
means known i the art incloding, fov example, immersion of the substrate into the bath,
spraying. or use of other plating equipment. By using specialized pulse rectification, palse wave
forms are initially nsed that result In accelerated filling of the muddle of the threugh-holes o

create a “hridge” while minimizing the amoont of sieface copper plided, which can be

accomplished in both horizontal and vertical systems. The optimized cyci:: described beveln
ensures that formation of the bridge oceues quickly and efficiently. By minimizing the amowmt of

time o form the bradge, the amount of swrface copper plated can also be mindmized. This

important in the IC sobsirate indusiry because less copper that is deposited and finally etehed o

12
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define the circuitey results in better the line resolution capabalitios. Since the rend is always w

finer and finer eircnitry, the abilify to maximize tace resolotion i an advantage of the proc

described herein, This s directly redated @ the amount of copper that needs to be finally stched

.,\

at the end. In other words, better resolution means capabilities for fner Hines and tighter spacing.
{0661 Ax the center of the throvgh-Ticle closes, the wave form i3 transitioned 0 steaight DC
ewrrent in the same actd copper electrolvte. The resalt is a continnons plating of the through~
hole uotll & is completely filled.

{0067] The use of & multi-step waveform as described hereint can produce good results as
compared with wavetorms of the prior art. While various waveforms have been developed that

utilize forward {cathodic) pulses of certain duvation and intensity interspersed with reverse

{anodic} palses of certain duration sad intensity, the waveform described herein i3 & munlti-step
waveform that in one embodiment inclndes pulses of higher intensity during the pulse duration
of the forward pulse.

[OG68] In one embodiment, the waveform fncludes a repeatable sequence, the repeatable
sequence conynising a sof of pulse plating pericds, the set of pulse plating pertods Inchuding, in

any order:

{068 (0 first forward pulse period(s)
IDO74GY (D first reverse pulse perlodis )

}
[DOT1] G second forward pulse perfodis); and
{u{‘““i iv rest period.
3

(0731 In one embodiment, the set of forward pulses and reverse pulses hays a durstion of abowt

[

o

ene second, more proferably the set of forward pulses and reverse pulses has & duration of
exactly one second. In another embodiment, tie set of forward pulses and roverse palses may
have A durgtion of batwesn about 3.5 and abowt 3 seconds, so long as the propoion of the
doration of the pulses remains substantially the same. The duration of the set of forward and
reverse pulses could be farther defined and caleulated as woold be known to those skilled in the
art.

{0074] In one embodinent, the duration of the first forward pulse period 33 substantiadly the
sarne as the duration of the second forward pulse period. More preferably, the duration of the
first forward pulse period is the same as the duration of the second forward pulse period. In

addition, the ntensity of the pulse of the forward pulse period s preferably at loast substantially

13



WO 2022/245576 PCT/US2022/028462

the same as the infensity of the pulse of the second forward pulse period, exeept for 8 time period
of a high intensity pulse within at least one, and preferably sach of the fivst forward pulse period

and the second forward pulse peried as further explained below.

(D075} In addition, at least one of the first forward pulse portod and second forward pulse perind
{more preferably each of the first forward polse period and the second forward palse period)
comprise a higher wtensity palse of a shorter durstion within the flvst forward pulse period
and/or the second forward pulse period. I the each of the first forward polse and the second
forward polse comprise a high intensity pulse of & shorter diwation, the higher intensity pulse of
the shorter duration within each of the frst forward polse period and the second forward pulse
pericd of the sequence may have the same mntensity or muy each have a different intensity. The

intensity of the high intensity pulse within the fivst forward pulse period {otherwise known as the

first high mtensity pulse) and the intensity of the high intensity pulse within the second forward

puise perind {otherwise known as the second high intensity polse) also each bave an intensity
that s higher than the intensity of the first forward pulse period and the second forward pulse
period. For example, the intensity of the first higher intensity pulse and the second high intensity
pulse may be in the range of 100% to 3009% of the intensity of the first forward pulse or the
second forward pulse. In ope embodiment the first bigh intensity pulse has an intensity that is
100-300% higher than the intensity of the st forward pulse qud the second high intensity pulse

has an intensity that is 100% 1o 300% Mgher than the intensity of the second forward pulse. In
another preferred embodiment, the intensity of the second high intensity pulse {s higher than the

wrensity of the fiest high intensity pudse.

{00761 It is forther contemplated that the higher intensity pulse of a shorer duration may ocow
at the beginning, middle or end of the first forward pulse anddor second forward pulse. I the

higher intensity polse cccurs at the beginning of the first forwaed pulse andfor the second

forward pulse, the effect i that the pulse “sie " from the higher intensity pulse. Onthe

other hand, if the higher intensity pulse occars at the end of the first forward pulse andfor the
seeond forward pulse, the effect is that the pulse "steps up™ 1o the higher intensity pulse,

100771 The higher intensity pulse has a doration that is shorter than the duration of the first

Te

forward pulse and the second forward pulse. In one embodiment, the duration of the fst high

intensity pulse and the second high intensity pulse is cach approximately 30-40% of the daration

of the first forward pulse or the second forward pulse. For example, each of the first forward

14
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pulse period and the second forward pulse period may have a duration of sbout 38 o about 300
ms, miore preferably about 100 to abont 200 ms, most preferably about 100 10 about 170 ms. For
example, within the Girst forward pulse andfor the second forward pulse, the higher intensity
pulse may bave a duration of between about 20 my to about 200 ms, More particolardy, fora
forward pulse having a daration of sbout 100 to about 170 my, the higher intensity palse may
have a duration of about 30 10 about 60 ms, depending on the p;—mimi:\ appheation.

{BUTE] In addition, the duration of the reverse pulse period is preferably within the range of
about 30 to about 1530 ms, more preferstly about 98 to abowt 140 ms, more preferably aboot 100
to about 1380 ms, most preferably within the range of about 110 1o ahout 120 ms.

{00797 The duration of the rest period is preferably within the rangs of sbout 30 10 about 150 ms,
more preferably aboat 80 to abour 130 my, most preferably within the range of about 1Ot
abowt 120 ms.

0080 Figare | depicts the steps of through-hole plating of copper in accordance with the
presest invention,

{00817 As set forth in Figure |, through-holes are drilled or otherwise formed i the oirout
board. A primacy metatlization step such as electvoless copper or direet metallization is
performed after drilling 1o render the laminate surface within the through-hole andfor hiind

nmHere-via conductive. Optionally, the primary metallization layer may be Qash plated with a thin

layer of vopper o increase conductivity and increase robusiness. Nexi, pulse plating is indtiated

10 accelerate filling of the middle of the tvongh-holes while ndnimizing the amount of surfuce
copper plating, Nex{, as pulse plating s completed, the center of the through-hole closes, and the
waveform is thereafter transitioned to DO current tn the same scld copper plating selution to
plate the through-hole witll it is completely wetallized.

{O0S2T The procesy deseribed borein can be uasd for metadlizing a sehstrate having a thickness of
betwesn (0003 and about 3 gun, more proforabdy between sbout 0,01 and about 1.0 mm, most
prefevably befween about .05 to aboot 8.5 mm. Through-hole diameters generslly ranze Fom
ahout 005 and about 1 mm, preferably about OG0T o abowt 8 mm, most preferably abont
0075 10 abowt Q35 mm. Thug, the process desceribed herein {s snitable for metallizing through-
hotes having an aspect ratio of between abowt 0.5:1 and aboat 611, more preferably between

about ©.5:1 and sbont 411, mest preferably between abont 0.5:1 and about 311
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{00831 The clectrolytic plating of theough-holes described herein combines pulse plating and
dirett current plating w a presevibed msuner t5 achiove complete filling of the through-holes in a
single-step, single bath plating process.

[0084] Table 2 depicts an exsmple of the provess parameters for direct current and pulse plating

current.

Table 2. Process Pavasneters for Divect Current and Pulse Plating

Type of current Parameder Ranges

Direct Current | Forward curremt {0510 7.0 ASD

Pulse Plating Forward curent 0.5 {080 ASD
Single or mpiti-sfep SO to 300% forward current
Reverse cogrent Upto dx forward carrent density
Freguency 051w 5.0 He
Forward pulse period 200400 ms
Reverse pulse pericd 30-250 ms
Dead time Up to 160 milliseconds

(0831 Table 3 describes an exanple of the steps in the process, including curvent density and
ctwk’. timies that bave been determined 1o produee a good restlt, 1t s noted that Step 1 i an
optional step i the provess and the process can be perfonued with only Steps Zand 3. In
gnother embodiment, Step 2A is incloded as an optional step 10 be performed between Steps 2

and 3 as further explained below,

Table 3. Steps in plating process

Step Number Curvent Maode Carrent Density (ARSI | Cyde time (min)
i Direct Qwrrent 2.5 i-10
2 Pudse Curvent 1.5-3.53 {(base} 5-180
2A Synchronous Palse 1.53-3.3 {hase} 30-80
,,,,,,,,, Current
3 Divect Current 535 S-1R0
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[00RAT As desoribed heren, the process uses & special type of metallization by means of 2 pulse
reverse current, In one embeodiment, the repeatable sequence comprising the sot of polse plating
perieds applied to a fist side of the subsirate is the sane as the repeatable sequence apphied to
the second side of the substvate. In another embodiment, the repeatalide sequence applied to the
fivst side of the substrate is the same as the repeatsble segquence applied © the second side of the

substrate, o

ept done in reverse order. In anothey embodinent, the repeatable sequence applied
0 the second side of the substrate is different from the repeatable seguence applied to the fast
side of the board. Thus, while the ser of pulse plating periods on the second side of the substrate
may be aligned, for example, so that the first high intensity pulse on a frst side of the substrae
codneides with the rost poriad o the second side of the subsirate, the first high intensity palse

dndd the second high intensity polse on the second side of the substrate may be of different

intensifies than the intersities of the frst high intonsity pulse and the second high intensity pulse

on the fivst side of the subsirate even if the pulses themselves are of the substantially the same or
exactly the same durstion,
DOETT By meany of the two rectifiers, the two sides of & privved ciroutt board can be individoally

wiallived. Purthermore, each of the rectifiers can be separately progranmmed by means of one or

more microcontrollor to input the repeatable sequences for the first side and the second side of

the subsirate.
HORET In stiil another embodiment repeatabie sequence may comprise 2 plarality of two or

more or even three or move repeatable sequences arranged in 8 repoRting sevies. What is

fraporiant is that sach repeatable sequence has the same frequency periad, which may be within a

range of about 8.5 10 5 seconds, mare proferably about 1 second, and most preforably exactly one
seeond, while the duration of the frst forward pulseds), second forward pulse(s), reverse pulseds)
and rest period within the set of pulse plating periods that comprise the seguence(s) may be
varied.

FOUBST In ancther embodiment, the durstions of the first forward pulse period(sk reverse pulse

period{s), second forward pulse perind(s), and rest perind wre varied as the plaing oyele
proceeds. To additton, the amphitede andfor peak caorvent densities of the first forward pulse
pertod(s}, roverse pulse period(s), secoud Torwand pulse pericd(s) and rest period along with the
firat high intensity pulss and the second high intensity palse can be varied as the plating eycle

proceeds,
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{00907 It is further cantemplated that these changes in the set of palse plating periods may be
made independently on the fivst and second sides of the substrate. That is, If undesirable plating
woperties are observed (Lo, bridging is not al the center of the through-hole, voidy are observed,
ete.), the set of pulse plating periods may be modified to comect the deficiencies and the
corrections may be made on the first side of the substrate and/or the second side of the substrates
and the modifications may be the same or different on opposite sides of the sabstrate (0 achies

the results,

[O0917 That is, depending on a thickness of the substrate audfor the dlameter of the tuough-

holes, it may be desirable o start the plating ovele at a higher current density and as the plating

sequentially reduce or increase the current density to achieve more efficient

EYC

threugh-hele plating.

[O042] In still another ewbodivaent, a first pulse plating cvele is performed a3 cutlined shove,
which pulse plating cvele may be an ssynchronous plating evele in which the repeatahie
sequence on the fivst side of the substrate i the same as the repeustable sequence on the second
side of the substrate, except in reverse order. Thereafter o second pulse plating cvele may be
performed 1 shape the copper bridge formed in the first plating cycle as Hlustrated in Figure 2.
This second pulse plattog covcle may be g regudar pulse plating {‘.};Qﬁi@ with svachronous
waveforms on the first and second side of the substrate.

fO093] I this second pulse plating oyele is used, the regular pulse plating

-

forward/reverse current ratio of 101 to L4, more preferably about 122, The forward plating pulse

of about 8.8 1o about 1D

ts i a range of {200 ms and the reverse plating pulse is in the range
s, Plating 18 peeformed for about 20 winutes 1o about 3 hours, more preferabdy aboot 30
niinutes o gbowt 90 minutes, more preferably abiowt 30 10 45 minvies to shape the copper bridge.

This pulse plabimg cycle can be nsed, for example, when plating throngh-holes having  small

diameter (which, for example, may be (.2 mm or less) where there 18 a tendeney to form V-
shaped blind vias. In thiy ustance, the bridging creates a V-shape that is very deep, which is
difficult to plate using dwect plating without any dimples or voids as Hustrated in Figure 2,
{3094] Thus, the second pulse plating ovele is uaed 1o shape the bridge from the deep-V shape 1o
a U shape. The transition from the fivst pulse plating ovele utilizing an asyachronous waveforn
tos the second plattog oycle vtilizing o synclronoes waveform helps 1o shape the copper bridge to

sllow for more uniform plating of the through-holes without any dimples or volds. Monitoring
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may be performed by observing and adjusting the oycle during the initial design/set up phase. In
one embodiment, the second plating evele s batlt into the cyele as an element of tHme and

twough-holes being plated.

depending oo the diameter of the

[O0RS] In one embodiment, the provess includes a step of monitoring certain pavameters of the

through-hole filling and moditying the time periods of one or more of the steps in the plating
equence of modifving the amplitudedpesk corrent density i wadeguate through-hiole plating ¢

shserved and/or if the certain parameters wre outside of accep{abiie vatues.

{O0¢

The peak current density of the at least one forward current pulse at the work- picee ia
prefersbly adjusied to 15 Addm?® at most. Particularly preferable s a peak current density of the at
least one forward current pulse at the workpiece of about § Addm”,

{0087} The peak current deasity of the at least one reverse curront pulse at the work piece will
preferably be adjusted to & value of no more then 60 Afdm®. Particularly preferred is a peak
current density of the at least one reverse carrent pulse at the workpiece of ghows 20 Addm®.

FD0OS] I the further progress of the metatlization process at least one pavameter of the palse

reverse current can be varied, whereln this parameter s chosen from a group compiising the ratio
of the duration of the ferwand current pulse to the duration of the reverse current pulse and the

ratio of the peak current devsity of the forward current pulse to the peak current density of the
reverse current pulse. B has been proven to be partionlarly advantageous to inorease the ratio of
the peak current density of the forward current pulse 1o the peak current density of the reverse

current pulse when metallizing the workpiecs andfor to decrease the ratio of the duration of the

forward corrent pulse 1o the doration of the reverse current pulse as further explained above,
(D099 As desaribed hereln, the aqueous acidic copper clectealyte can be used in conventional

vertical v horizontal plating equipment. The plating systen can be designed as a vertical hoist,

VP, or borizontal systern with inert or soluble anndes. In a preferred embodiment, the system i
a vertical system with inest anodes,

{0100] Examples of suitable anode muaterials include iridium oxide coating on ttanium mesh or
twbned metal oxide coated anodes. Other suitable anode materials would alse be known o those
skilled in the wt. The anode is also optionally, but preferably, shielded o optiraize

macrodisiribution,
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FGLOTT In one embodiment, the anode material is ridinm oxidedantalum oxide coated tianium,
One snitabde anode s avatlable from Do Nora 8 p A under the tradensme De Nora DT, Other

» usable,

suitabde anode materials would be kuown to those skilled in the art and arve ¢

[O102] The substrate or at least a portion of #s surface may be contacted with the agueous acic

coper plating solution by various methods, including spraving, wiping, dipping, Immersing, or by

other suitable means.

{0103] The process described heretn alse preferably includes cleaning, stching, reducing, rinsing

and/or drving steps as s geperally known in the at.

{01047 The acid copper clectrolyte descrbed herein is equipped with a solution wmanifold system

cotuprising an arvay of nozzles for providing direct selution hnpingement against the panel.

Nozzdes on either side of the panel are divectly aligned with each other and, with the pomps, are
capable of solution flows of 0 10 5.0 Lnin/nozde.

JO105] Plaring can by done 1o panel, pattern, or bution plating mode as s generally knownio

those skilled wihe an.

{106 After plating, the panels can be ssed as 15 or the pavels can be mn through typiea
processes such as planwrivation or copper reduction of further layers can be built up where

addittonal blind nuero-vias may be stacked on the copper filled through-holes.

{0107] In one embodiment, snd as shows in Figure 3, the apparatas includes:

A) aplating tank § in wihich the acid copper elentralyvie is madntained;

B a solution delivery system {not shown) comprising « dual box manifold or a vertical pipe
ranifold;

Ch an arvay of eductor nozzles 2 or cone nozzles arranged to simoliaucousty impinge bath

sides of 4 cireuit board Immersed in the plating tank 3;

9] a plating rack 4 for secnring the PCBs and

1
}
H

E} an electroplating power sapply rectifier 3 or plurality of rectifiers, cach capable of direct
current and pulse reverse plating connected to suitable control memny, which may include one or
more icroconttoliers.

[OHOE] In ope cxnbodiment, the apparatns may comprise standard vertical holst or automatic
plating equipment. In another soabodiment, the apparates may comprise horizontal plating

sguipment. However, vertical plating equipment is preferved.
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109] The plating rank preferably comprises a temperatiuve controlor to regulate heating and
conling, which is conmected 1© 4 heating and coading system that is capable of maintaining the
actd copper electrolyte at the desirable bath temperatore +/-1.5°C, In a prefosred embodiment,
the electrolvte 1s maintained at o temperature of between about 10 and about SO°C, more
preferably between aboot 13 and shons 45°C, more preferably betwesn about 20 and about 30°C,
mest preferably at @ temperatare of between about 22 and about 25°C.

{01107 The acid copper electrolyie is optionally, but preferably, agitated. In one embodiment, &

clean aly agitation sparge dual pipe may be aligned underneath the cathode. Azitation may also
be aecomplished by mechanical movement of the bath sach as by shaking, strring, or continnous

purnping of the ele soligtion, or by nlivasonic weatment, clevated fomperature, or gas
feeds, such as purging with air ov an iner! gas (Le., argon or aitrogen). Other means of agitation
would also be known o those skilled in the art.

\A»
o

{31111 The anode to cathode ratio 15 preferably targeted at greater than '3, and msy beup to
1:2, preferably about 1:1. What is mmportant is to have spough surface area {0 even the current
distribution across the entive PCB.

{0112] The plating tank is also preferably equipped with an autowmatic copper oxide
replenishment system O maintain the concentration of copper sulfate to within a desived level.

1n addition, the apparatus also preferably includes a copper oxide mixing tank and a copper oxide

feeder for introducing copper oride into the replenishment system. The plating tan
includes means for replenishing other ingredients of the acid copper electrolyte and for
monioring the concentyation of the ingredients.

{01131 The electroplaimg racks may be coated stainless steel or may be partially or non-coated
plating racks. Optionslly, the electroplating racks may comprise g coated copper core,
{01 14] The copper electroplating tank v also preferaldy outfitted with a continuous solution
filtration syster that is capable of Gltering particle of gbont 1 micron ar more and that &s

q ¢

designed to handle at least 3 solution turnovers per hour, preferably at least 4 solution turmovers

&

per hour and more preferably af least 3 solotion turnoy

v per hour,
[O115] The apparatus also preforably inclades g controller capable of managing heating, cooling,
and chemical additions with the plating tank.

{31167 Finally also lughdy d

ole that the copper electroplating apparains be outfitied

with & ventilation system as would generally be known to those skilled in the st

2%
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fO1 171 The electroplating power suppdy rectifier 3 s configured © handie both direct current and
pulse reverse enrrend. The rectifior may be water or air cooled. The rectifier may comprise a
single rectifier or may covoprise a fvst reotifier Tor o fest side of the substrate aud & second
rectifior for the scoond side of the subsirate, each of which s programmable with & maltisep
capability.

{G1I8] In one embodiment, the rectifien(s) isfare programmable with muitiple steps, tnchuding &t
least 4 steps or least € steps or even up te 13 steps. I one preferved enbodimen, the rectifien(s)

sdating peviods as farthey

# ¥

wiare programmable with 8 steps which define a single set of pulse

explained horein, which & steps may melade, for example;

OB a fivst pudse of a first forward duration and St forwird intensity;
G201 2 a second pulse of a second forward duration wnd second forward intensity;

01211 3 s third polse of the fest forward durstion and fiest forward ntenstiy

Lk

01221 4 a fourth pulse of & reverse duration and reverse intensity;

ORI S a it pudse of the first forward doration and Brst foreeard inensity;

{01247 &) a sixth pulse of o thisd forward duration and third forward Infensity;
25N & seventh polse of the fiest forward dovation and first forward intensity; and

01281 © @ rest period.

F27T Table 4 sots forth an example of 8 pulse pluting ovele having § steps in accordance with
the prosant invention,

Table 4. Pulee plating oyele.

(FASD) | Stepl | Btep2 | Stepd | Stepd | Siep8 | Step s | Step7 | Step®

Side 1 100-130 | 230-300 | 100-130 100-130 | 130-180 | 100-130 ] ©
(%)

Bide 1 | B0-230 | BO-25G | BD2SG RO-Z50 ¢+ NGRSO L RO-ZS0 L RGAASD

{ams}

Side 2 100-130 { TO0-130 | I30-180 1 100-130 | {2800 ~ | 100-130 | 236300
{7} 370

Side 2
{ms)

R0-230 1 R0-230

{1 | 80230 | BO-250

0250 | BO-25Q 1 B0

[«.2]

F % deseribes the valpe as a pereent of hase current density

22
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[O138] As discussed shove, as the center of the Yuough-hole bridges or closes, the wave form I8

fransitioned w straight DO corrent in the same acid copper electrolvte,  The resultis g

continnous plating of the through-hole pntil it i3 completely filled, Thus, the rectifer{s) is/are

progranuned o ransition the polse reverse waveform used for bridging to divect carvent and 1o

continue plating wotil the throngh-holes are completely filled.

[012%] The box manifoldéivertical pipes are designed to include the array of eductor novzles of

cone nozzles. Opposing noxddes ave designed front to back side. The nozeles are preferably

arranged In g staggered pattern awnd may be arranged about 2 (o0 abont § om spart, more

preferably about 3 to aboot 6 om apart, most preferably about 4 1o abowt 3 cm apart in both

harizonial and vertical dirsction,

{0130] The process farther explained by means of the following example

Exmmuples 1;

An acid copper slectrelyte was made up sccording 1o the following parameters:

Ingredient Make Up
Copper sulls 240 g1,
Sulfuric acid Q¢ o/l
Chio Q’é ons 80 ppm

seelrator {1.83 mldL
. BN
Suppressor 10 mb/L
Secondary SUppressor 2 mbdL
Bath Temperature 23°C

The concentration of

either 2 ranual or aptnmate bas

titration analysis,
The cone

ieration analysis

Replenishment of the accelerator, suppressor, and seon

accomplished with an automatic dosing aystem, based on Amp houors of operation andfor eyelic

voltametrio

stripping (CVS) analysis,

D copper sulfate was

is, based on Amp bours of operation andfor with chemical

entration of sulfuric acld and choride fons was replenished hased on chemical

waintatoed with the additton of copper nxide, on

ndary suppressor was
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A flash plating layer was deposited by DC plating at & corrent donsity of 2 ASD far a
peviod of 10 minutes. Theresfter, pulse roverse plating was performed at a current density of 2.4
ASD for a period of 60 minunies o create a copper bridge in the through-holes, followed by DC
plating &t & current density of 2.5 ASD for a puried of 60 minutes until the through-holes were
filled in & vertical plating process.

The pulse plating waveform on a first side and & second side of the substrate followed a

sequence of:

Side A 1 Side B

Step Duration Amplitude Step Duration

{ms} (%) {ms)

Step i 120 Step 1 120
Step 2 120 260 Step 2 120 R

Step 3 140 110 Step 3 140 110
Step 4 120 =330 Step 4 1320 130
Step 3 130 110 Step 3 120 {10
Step 6 120 150 Step 6 124 330

Step 7 140 110 Step 7 140 110

Step 8 120 it Step § 124 266

A observation of a cross-section of the plafed circelt board showed good plating with no

dimple.

Examnle 22

An ackd copper clectrolyie was made up as in Example 1

A flash plating laver was deposited by DC plating at a cuvrent density of 2 ASD for s
periad of 10 minwtes. Thevealier, pulse reverse plating was performed at a current density of 3.0
ASD for a period of 43 minutes 1o oreate o copper bridge n the through-holes, followed by DC
plating at a current density of 2.0 ASD for 90 minutes until the throogh-holes were filled in a

vertical plating process.

3
B
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The pulse plating waveform on a first side and 2 second side of the suhstrate followed &

sequence off

Side A - Side B

Step Duration Amplitade Step Duration Amplitude

{mis) {8} fms) {%)

Step 1 125 120 Sepl 125 120

Step 2 138 260 Step 2 135 O

L
et
o]
o
<o

Step 3 125 120 Step 3 125
4 125 2330 S
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(¥ 43
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An observation of a cross-section of the plated circuit board showed good plating with no

dimple,

Example 3
Ag aoid copper electrolyte was made up according to the following parameters:

Make U

Ingredient

Copper sulfate 2448 o/1.

Suifuric acid 90 ol

Chloride iongs 80 ppm

Aceelerator .85 mbA

Suppressor 10 mL/L

Seeondary soppressor 2 mbLAL

Bath Temperatwe 23%¢

A fhash plating laver was deposited by DO plating at a corrent densify of 2 ASD for a
pertod of 10 minutes. Thereafter, pulse revarse plating was performed ut & corrent density of 2.4

ASD for a perind of 40 minntes to oreate g copper bridge in the through-holes. Thereafter
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synchronons pulse plating was performed at 2 current density of 2.7 ASD for a period of 40

3 ASD for a pericd

mingtes to shape the bridge, followed by DC plating at a curront deasity of 2.

x

of 60 minutes until the through-holes were filled in a vertical plating process,

The pulse plating waveform on a first side and a second side of the substrate in the

bridging step followed a seguence oft

el

Side A Side B

Step Duration Amplitude Step Dumation Ampiims}c
(s} {%%) {nis} 3

}
Step | 120 110 Step 1 120 1o

Step 3 120 260 Step 2 120 £

Step 3 140 10 Step 3 140 110

Step 4 120 330 Stepd 120 150

Step 5 120 110 Steps | 120 110

Siep 6 120 150 Step 6 120 -330

Sigp 7 140 i Step 7 140 118

Step 8 {30 D Step R 128 260

The synchronons pulse plating in the shaping step had the following parameters

Parvametsy Value
Reverse/Forward Ratio 201
Forward Time 100 ms
Reverse Time 5 mg

An observation of a cross-seetion of the plated circwit board showed good plating with no

dimple when plating high aspect ratio through-holes.

Example &
Ap acid copper electrolyte was wade np g8 i Example 3
A flash plating layer was deposited by DU plating af & currenmt density of 2 ASD fora

perind of 1) minutes, Thereafter, pulse reverse plating was performed at a current density of 2.4
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ASTY for a peried of 40 minutes to crente a copper hridge in the through-holes, Thercafter
synchronous palse plating was porformed at a current deasity of 2.7 ASD for a period of 40
minutes io shape the bridge, followed by DC plating at a current density of 2.3 ASD for a peried
of 60 minutes nntif the throngh-holes were filled 1 8 verteal plating process,

The pulse plating waveform on a first side and a second side of the substrate followed a

Side A aide B

Step Duration Amplinde Step Duration Ammplitude
{ms} { Gy {ms} {%)

Step 1 i e Step 1 1D 1o

Step 2 110 264 Step 2 110 &

Step 3 116 110 Step 2 110 : 110

Stepd 170 -330 Step 4 170 150

Step 3 110 1o Step § Ho 110

it
-l
o
ey

Step & 150 Step G 170 2330

Step 7 110 i

e

it Step 7 110 11¢

Step 8 110 0 Step & 1o 268

The synchronous pulse plating i the shaping step had the following parameters:

Parameisr Value
Reverse/Forward Ratin 2
Forward Time 100 ms
Reverse Thme > ms

An observation of a cross-section of the plated cireutt bowrd showed good plating with uo

dimple when plating high aspect ratio through-holes,

{0131} Thus, it can be seen that the procesg described herein allows for the metallization of

trough-holes andfor blind micro-viks S5 do 880 exbibil any defects, such as unacceptahle

voids, cavitios, or excessive dimples,
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WHAT IS CLAIMED 18;

1. A methed of plating a metal ou an electronic substrate, wherein the electronic substrate

comprises one or more features, wherein the one or more features comprise one of one or more

through-holes and/or one or more micro-vias in the electronic substrate, the method comprising

)

preparing the clectronic sabstrate to receive metal plating thereon;

bringing the electronic substrate and at least ove counter electrode Into contacy

with a copper electroplating bath compurising a souree of copper ions to be plated;

glectrically polarizing first and second sides of the electvonic substrate to initiate
metal plating thereon, wherein the copper electroplating bath plates the one oy
more through-holes and/or the ene or more micro-viss using a plating oyvele wntl

metallization i complete;

wherein the plating cyele comprising the steps of, wn order:

1} pulse plating for a first time period on a first side and @ second side of the
clectronic substrate o cattse oopper 16 preforentially plate in the cenfer of
the pne ar more through-holes, whereiy the copper morges together a the
center of the hole to form two opposing Wind vias; and

2y direct plating for a secoad time pertod 1o &8 the two opposing blind vias

formed by pulss plating;

wherein the pulse plating step comprises applving an eloctrical curtent 10
electrodeposit metal from the copper electroplating bath to the first side and
second side of the electronie substrate, whorein the electrical current is applied

as a pulse plating cvele comprising a repeatable sequence, wherein the

repeatable sequence comprises a set of pulse plating periods, each set of polse

3

1

plating periods inclnding, in any orden:
{ at least a st forwaed pulse period;
(i atloast a fivst reverse pulse peried;

R

~\:

(i) af least g second forward pulse period; and
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(v at least a rest period.

2. The method aecording o claim 1, wherein the step of preparing the printed civeuit board
o secept electroplating thereon comprises the step of cleaning the printed cireuit board prior to

metallizing the ove or more theough-holes andfor one of more mwicro-vias.

3 The method according to claim 2, further comprsing the siep of microstiching the cleaned

printed circuit board.

1t 3, wherain the one or more metallized

4. The method acearding to any of ¢l
throngh-boles and/or ong or more micro-vias do not exhibit any defects,

A The method according to any of claims 1o 4, wherein the metallized electroplated
copper deposit completely fifls the one or more throngh-holes andfor the one or more blind
micro-vias and deposits a conformal copper deposit on the electronio substrate.

&, The method according to any of claims 1o 3, wherein the acid copper electroplating bath
is maintained af 8 temperature of between about 18 and abowt S0°C.

7. The method secording 1o any of claims | o 3, further comprising the step of divect

current plating using forward corrent for a time period prior to step 1
! 8 8 B L

8. The method according to claim 7, wherein direct current plating for the first tme period
deposits a Hash capper layer on the surfaces of the one or through-holes andfor one or more blind

THOPO-Vias.

8. The methad according to any of clajoms 1o 3, wherein the electeanic substrate is

contgcted with the actd copper electroplating solution by a method selected from the group

consisting of spraving, wiping, dipping, and immersing,

1 The method sccording to claim 9, whereln the electronic substrate is contacted with the
actd copper electroplating bath by immersing the slectronic substrate in the acid copper

clectiolyie.

11 The method according to any of claims | to 3, wherein the pulse plating oyvele comprising

the repeatable sequence applied o the first side of the electronic sobstrate is the same ss the
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pulse plating cyele comprising the repeatable sequence applied 1o the second side of the
electronio substrate.

12, The method according to any of claims ¥ to 3, wherein the pulss plating cyele comprising
the repeatabile sequence applicd to the fisst side of the clectronic substrate Is differsnt from the
pulse plating cyele comprising the ropeatable seguence applied o the second side of the

electronic subsirvate.

13, The method according to claim 1, wherein the set of pulse plating periods inclodes 8

steps, the 8 steps consisting of, in any ov

a} a first pulse of & first forward duration and fivst forward intensity;
) a second pulse of a second forward duvation and second forward intensity:
&) a third pulse of the fiest forward duration and first forward intensiiy:
i) a fourth palse of a veverse duration and reverse intensity;
£} a fifth pulse of the frst forward dusation and fest forward inensity;
f} a sixth pulse of a third forwaed durstion and third forward infeusitn
£} a seventh pulse of the fivst forward duration and first forwand intensity; and
by a rest period,
B, The method according to any of clains 1 1o 3 or 1 to 13, wherein sach set of pulse

plating periods has a duration of between about 0.5 and about § secouds.

15, The method according to olaim 14, wherein cach set of pulse plating periods has a

duration of | second.

16, The method according to any of claims {103 or 11 10 1§, wherein the sequence

comprises a plurality of two or more repeatable sequences arranged in a repeating series.
17, The mothod sccording 1o elaim 12, whersin the pulse plating evele is an asynchronous

plating cycle, wherein the repeatable sequence applied to the (st side of the substrate i3 the
same as the repeatable sequence applied © the second side of the substrate, except in revers

orier,

18, The method according to olaim 17, whersin after the asynchronous plating eycls s
performed for a peviod of tre, » second pulse plating cycle with synchronons waveforms on the

first sude and the second side of the substrate is applisd.
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.3

sherein the asynchronous plating evele preferentially plates the copper in the center of
the one cr more throvgh-holes such that the copper merges togethor in the center of the wholeto
form two opposing blind vias and the second pulse plating oycle shapes the thos formed two

opposing bind vias,

19, The method according o claim 18, wherein the second pulse plating eyele uses a
forward/reverse current ratio of between about 1 to 114 and wherein the doration of forward
palses is in the range of about 10 10 200 wms and the duration of the reverse pulses iy in the range

of abont 4.5 to 10 ms.

20, The method aceording to claim 1, wherein the duration of each first forward palse period

and second forward pulse period s independently in the range of shout 80 o 230 s, the

e

duration of each reverse pulse perind is in the range of aboot 30 1o about 150 ms, and the

duration of each rest peaiod is i the range of about 30 to about 150 ms.

21 The method according o any of claims 1 1o 17, wherely at lesst ane of the pulses of the
first forward duration and the first forward intensity or the pulse of the second forward duration

and second forward intensity comprises a higher intensity pulse of a shorter duration within the

first forward duration or the second forsard doration, wherein the higher intensity pulse has ap

intensity that 18 about 100% 1o about 300% of the intensity of the firai forward intensity or the

second forward ntensity.

22 An apparatus for electhroplating & metal on an slectronic substrate, whersin the elecironic

substrate comprises ane of more featuves, wherein the one or more featnres comprise one or

more through-holes andfor one or more blind microvias in the electronic substrate, the apparatas

conprising:

{a) means for securing the electronic substrste;

{ at least one counter electrode;

{c aplating faak for holding a copper electroplating hatly

{h) an array of nozzles arvanged w0 simulaneously fmpinge a fivst side and a sscond

side of the electromic substrate anvanged in the plating tank;
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{2 means for electrically polarizing first and second sides of the electronie substrate

k4
i

1o indtiate metal plating thereon:

X

wherein the means for electrically polarizing the fivst and second sides of the electrontc
substrates comprises one or more rectifiers, whevein the one or more rectifiers wre each capable
of divect wad pulse reverse plating, whersin the one or more rectifiers are each commected to a
microcontroller capable of being programmed with g plating eycle comprizing a pulse plating

cyele and a sccond direct current eyele

wherein the plating cvele comprising the steps of, in order:

1} pulse pluting for a first e period on a fivst side and 2 second side of the
electronic substrate 1o canse copper to preferentially plate in the center of
the one or more throagh-holes, wherein the copper merges together in the
center of the hole to form two opposing blind vias; and

2y divsct plating for a second thime period to 7l the two opposing blind vias

formed by pulse plating;

wherein the one or maore rectifiers are programmied with a fest repeatable soquence
comprising a set of paise plating peviods each set of polse plating periods being composed of in
any order, () at Ieast a fest Torward pulse pertod; (10 at least o firstreverse pulse perdod; (B &
least a second forward pulse pertod; and (ivy at least a rest period, that s applied to the firsd side
of the electronic substrate and a second repeatable sequence, the repeatable sequence comprising

a et of palse plating periods each sot of pulse plating periods being composed of, in any order,

(1) at Jeast a first forward pulse period; :iji‘i} at least a first reverse pulse period; (1) at Jeast a

secand forward pulse period: and (1v) at least & rest perind, that is applied 10 the second side of

the electronic substrage,

wherein onee the pulse plating Is completed, the one o move rectifiers sre programmed

1o trapsition o diredt current,

23, The apparatus geeording to claim 22, whereln the one or more rectifiers sre programmed

to trausition 10 a regular pulse plating cycie comprising farward plating pulses and reverse
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plating pulses between steps 1) and 23 for a peviod of time to shape the two opposing blind vias
formed i the center of the thoogh-holes.

24 Anelectronic substrate comprising one of more features wmetatlized by the process of
claim 1.

25. An electronic substrate comprising one or more features metailized by the process of
clatm IR

26, A method of metallizing an electronic snbstrate comprising one or more high aspect ratio

through holes, the method comprising the steps ofd

[ preparing the elecironic subsirate to recsive nietal plating therson;

) bringing the glectronic substrate and at least one counter electrode into conact
with an acid copper electroplating buth comprising 8 source of copper ions 1o be
plated:

¢} clectrically polarizing first and second sides of the electronic sabstrate to nitiate

wmetal plating thercon, wherein the acid copper slectroplating bath plates the one

v maore through-holes nsing & platng cycle nntll metallization is complete;

wherein the plating oyele comprising the steps of, in orden

1} asynchronous pulse plating for a first thme perfod on a firstside and &
second side of the electronic substrate 10 cause copper to preferentially
plate in the center of the one oy more through-holes, wheretn the copper
mierges together in the center of the hole o form two opposing blind viay;

ind vigs formed in

23 syochronons pulse plating to shupe the two opposing
the center of the through-holes; and

3} direct plating for a second time period o fill the two opposing blind vias
formed by pulse plating;

wherein the asynchronous pulse plating step comprises applyving an electrical

current o electrodeposit metad ftom the acid copper electroplating bath to the

fivet side s second side of the electronic substrate, wherein the electrical

current is applied as a pulse plating eyele comprising a repeatable sequence,

L3
O
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the repeatable sequence comprising a set of pulse plating periods, each set of
pulse plating periods including, in any order:

{i} at foast a first forward pulse period;
() atlcast a fisst reverse pulse perind;

(i) af least a second forward pulse pertod; and

Py

{v)  at least a rest period.

-

270 A printed cironis board, whersin the printed cirenit board comprises:
a metallized panel in which one or more through-holes are formed;
whersin the printed cirenit board comprises & conductive seed layer thereon i inktate
electroplating of copper:
wherein the thvongh-hole comprises;
ay afivst copper plating layer i the center of the one or more through-holes,
wherein the copper mergers together in the center of the throngh-hode to form
two opposing blind vias;
b} optionally, a second copper plating laver deposited over the first copper

s

plating layer, wherein the optional second copper pliting laver shapes the

X

\

blindd vias formed by the first coppey plating laver and

¢} acopper filhog laver, wherein the copper filling laver is deposited over the
first copper plating layer and the optional secoud copper plating layer to {ill
the one or more through-holes;

completely filled with copper, withowt aay

wherein the one or more through-holes

viids, dizaples or other defonts.

I8 The prnted cirenit board according o claim 27, wherein all of Tayers a) to ©) are present.
29, The printed clreult board sccording to olaim 27 or olatm 28, wherein the fixst copper

tayer, optional second copper layer, and copper filling laver ave applied using the same acid

copper plating clectrolyte,



