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circuit boards. The method is used for filling through-holes and micro-vias with
copper. The method includes the steps of: (1) preparing an electronic substrate
to receive copper electroplating thereon; (2) forming at least one of one or more
through-holes and/or one or more micro-vias in the electronic substrate; and (3)
clectroplating copper in the at least one or more through-holes and/or one or more
blind micro-vias by contacting the electronic substrate with an acid copper elec-
trolyte. The acid copper electrolyte is used to plate the one or more through-holes
and/or the one or more blind micro-vias. A first pulse reverse plating waveform
sequence is used to create a copper bridge in the center of the through-holes fol-
lowed by direct plating until metallization is complete.

[Continued on next page]



WO 2022/245576 A | [IN 100000000 A0 00 0O

Declarations under Rule 4.17:
— of'inventorship (Rule 4.17(iv))

Published:

—  with international search report (Art. 21(3))

—  before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))



WO 2022/245576 PCT/US2022/028462

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

FIRLD OF THE INVENTION

%

FO001Y The prosent invention relates generally 1o an electrolvtic deposition method fr

metallizing electronic substrates.

BACKGROUND OF THE INVENTION

a">

{00021 Electrabvtic me

o

etul plating solutions are used In many industriad applivations, including
anticorresion and decorative coatings, and i the electronics mdustry for metallizing sabstrates

psed in electromie devives, tneloding substrates that inchude one or mors vias, through-holes, and

trenches, For example, printed circudt boands, printed wiring bosrds and other stmilar subsirates
may be metallized with electrolytie copper. Copper has o better electricnl conductivity than many

other metals and allows for smaller features applicaticn. Agueous copper baths, inchuding baths

ff.:f‘

ased on selfarke acid and methave sulfontc acld, are used for the fabulcation of printed circui
boards {PUBY angd semdconducicrs,

TO003] Intereonneet features are features such as hlind miove-vias (BMVY), genches and throogh-
holes that are formed in o diclectric subsirate. These features wre motaliized, preforably with

coppiy, e render the intereonmect alectiically conductive. During clroult fabrication, o

”1
5
4
TRt
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5
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gloctroplated over select portions of the surface of the printed circuit board, into blind vias and
trenches and onto the wall of tuouzh-holes passing betwesn the surfaces of the circut board

base material, The walls of the throngh-holes are wetallized 1o provide conductivity between the

(}

> pranted cweuit boards.

1 N

{00041 As electronie dovives shonk angd get packed closer together on clrondt boards, heat
{ , g

managoment of electronies becomes an ssue. Many electronie devices are senstive 1o heat,
which can e them less efficient angd shorten their ife., Thus, iy nogessary 0 manase o
O D A ma INRONT 088 STN0IEnT 800 sHONOn NS RI%. IOuUs, U N ih-&z..&hdi} FARIRE $¥4) ?3»:%:3\. i&al

3

dissipation and provide 8 way to draw heat away from heat-generating compouents and divedt it
i other areas of a panel o other substrate for dissipation.

[O003T In clrcult board modules and clectronic devices, electronic compenenis mowted on the

cirenit board include swrfuce mounting-type electionic components and insertion wounting-type
glectronic components, Sarface movnting-type electroniv component are typically momnted e a

board by soldering o termumnal 1o a copper foil pravided on g front swrfuce of the cirenit board,

i
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3

Insertion mounting-type electronic components are typieally monnted on the board by mserting &
fead tenminal into & penctrating hole provided 1 the cirenit board and soldeving the fead werpunal.
[O006] Blectronie components mopnted on the cirewit board eot heat when current flow

through them. In addition, large amounis of heat can be generated in electronic components
which farge current flows, When the temperature of the slecironic component or the elvenit board

seat emitted by the electronie component, there is @ concern that an

o

risgs excessively due to
glectronic component or an electric cucnlt formed on the civewnt board can walfonction
[QGOT] Various methods have been developed 1o manage hest dissipation in elecironic devices

including, for example, filling through holes with conduonve metal-filled epoxy plogging

maerial, inserling copper colns under devices, wserling heat pumps into the cirouit boards, the
uze of conductive adbosives, attachment of heat sinks o the hest generating dev and

o~

electroplating of copper.
[O008] Rexin or paste plugging of through-holes has beew part of the twild-up technalogy w high

£

density imlerconnect consiructions and IC substrates for many vears, However, inoreasing cireait

density and stacked via constructions coupled with bigher power devives bave added an extra

dirnonsicn of thermas! munagement. It has been found that solid copper fitling of trough-holes

offers many advaniages over vesin of paste ;Enggimg including, for exanple, reducing the CTE
sismateh, providing 8 stable platform for stacking microviag, and offering thermal munagement

properties for high power deviges.,
{008 However, the mintaturization of electronic devices involves s combination of thinner corg
materials, reduced Hne widths and smaller diameter through-holes. Fiiling the through-boles by

D

opper phating bas become more and more Giffivell with higher aspect ratios, often resuiting in

ng I8 the manner of

e
ooy

farger voids and deeper dimples, Another problers wish teough-hole il

filling. Unbike vias which are closed ai one end and il from boltom {0 fop, through-holes pass

through 8 substrate and are open at two ends. When through-heles are beiny filled with copper,

pating perameters and bath additives gve chosen so that the copper begins to deposit on the walls
at the center of the twongh-hole where it bridges at the center to form two blind vias as shown
Figwre 1

D01G] Plating bath askditives enable the nght vepe of L I the nght coamntanation of additives 18

not chosen, the copper plating can result i aandesired conformal copper deposition on the sides

of the through-holes rather than filling of the through-holes,
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{O011] One problem with through-hole plating is that the copper fails to completely fill the
through-hole and both ends remuain enfilled. An incomplete throngh-hole il in which the middle
of the hole does not fully close can resuli in large cavities in the center of the hole as the wops snd
bottoms of the hole close off due 1o the deposis preferentially thickening frony what is veferred
as Vdog-boning”. The result is a pioching off of the top and hottom and cavities in the center,
Another tssue is the incomplete filling of the holes after a bridge is formed across the center of
the hole leaving deep depressions or open spaces st the tops and bottoms of the hole. The open
spaces at the top and bottony of the holes are referred to as “dimples™. Thus, it is desirable tha
the through-hole filling process be optimized 1o completely fill the hole and eliniuate the
presence of dumples, An ideal process completely fills through-holes with a high degree of
planarity, Lo, build up consistency, without voids, to provide optimuom reliability and electrical
properties and at as low as possible a surface thickness for optimum Hoe width and impedance
contrad in an electrical device.

{012} In order to address these problems, it is common to use two different copper eleciralvies,
A first copper bath is used (o (il the throagh-holes vatil a bridge s formed, oreating two blind
vias aned then & seonnd bath haviag a substantially different formulation specifically divectad o

fitling blind viag replaces the fist bath o complete the filling process, which is both time

consaming and inefficient. The through-hole filling process must be closely monitored to gavge
the time when the fivst bath where the bridge s formed must be replaced with a via filling bath
for the Hnal filling of the vis and failure to change bathy at the correct time can result in dimple
and veid formation. Moreover, using two distinet plating baths for a single process incresses the
onst 1o both the manufacture and the cwsio

[O013] LS. Pat. Pubs. No. 2021/0130970 1o Desalvo ot ol the subject matter of which is herein
meorporated by reference describes a method of filling through-holes and vias with copper in the

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

SUMMARY OF THE INVENTION

s
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[0014] It ix an object of the present tnvention to provide a relishle method of metallizing

through-holes and vigs (ucluding microvias) with high aspect ratios and withouot any voids or
defects,

HO0 3T Tt s another object of the presont invention © provide a reliable method of metallizing
through-holes and vias in a plating process arranged 1 & vertical configuration,

{0016} 1t s another obiect of the present wventing ¢ provide a relisbie method of moetallizing

through-holey and viss i a pladng process arranged in a horizonad configuration,

[QGITT I is still another object of the present invention 1 provide an improved methad of
{isaipating heat in a cireni! board by metallizing through holes with copper wid in which the
resulting solid copper structures, when locating beosath beat gevevating devives, are capable of
providing an effective means of tramsporting heat or thermal onergy from these devices 10 areas

of the sircuit board, panel, or other electronic subsirate, where H can be harmdessly dissipated
JOCIBY | iy still another object of the present ivertion 1o provide & ope-step process for filling

copper thron g} holes in a copper electradyie, which shortens the sumber of tanks in a Hue

anmber of rectifiers required for plating.

FO0RY It s sl another object of the present Wvention 1o elinninate potential separation 1ssues

hetween the vis fill plating and widge plating realized by other processes.

E3

{O020] The prosent Invention provides a method for electrolytically flhog throogh holes

electronic substrates, such us printed cirenit boards or pwinted wiring boards, with copper In a

single-step, single soluticn plating procoss. The method deseribed herein provides oireut

g
designers sith a method for heat management of slectroniv systenms where higher packing of
higher power heat genersting devices is needed. The resoliing solid copper stroctures, when
Incated heneath heat generating devices, provide an effective rosans of fransporting beat energy
from these devices to other areas of the panel where it can be harmisssly dissipated. The result s

does that operate more officiently and thit exhibit a foug

fh
i
-

{00217 In one embodinment, the present buvvention comprises a method of plating & metal on an
glectronic subsirate, wherein the clectronic substrale comprises one or more features, wherein the

one or move featpres comprise one of one or moere through-holes andfor one or MO HHCHe-Vias

in the electronic substrate, the method comprising the steps oft
ak preparing the slectronie substrate to recetve metal plating thepeon;



WO 2022/245576 PCT/US2022/028462

5]

23

{00221 The puis

are chosen to g

give go

bringing the clectronic substrate and at least one counter electrode indo contact

i be

’

with an seid copper electroplating bath comypuising a soures of copper i

plated:

electrically polarizing first and second sides of the elecironi substrate 1o nitaie
metal plating thereon, wherein the acid copper electroplating bath plates the one
or more through-holes andfor the e or mors micra-vias using a plating cvele

antil metallization s complete:

wherein the p’iai‘img i‘.-}fi‘..}\:'.? comprising the steps of, in orden

clectronie substrate 1o cause copper to preferentially plate in the conter of
the one or more through-holes, wherein the copper merges together in the
coepter of the hole to form two opposing blind viss: and

3y divect plating for a second {nwe pened 0 Bl the two opposing blind vias

formed by pulse plating

Dy

whersin the paise plating step comprises applying an elegtrical curvent 1o
slectrodepostt mstad frong the actd copper glectroplating bath o the first side

and second side of the electronic subsirate, whevein the clecirical curvent s
applied as a puldse plating cvele comprising a repeatable sequence, the
repeatable sequence eomprising a sot of pulse plating perieds, the of pulse

‘{\Jiif‘ ¥ eriods inchudiy g, i any arder:

{1 at ioust a fird forward palse partod;
{10 ar least o frst reverse pulse period;

(ivi  af least arest perind.
e plating step forms the proper bridee across the center of the hole, The addivdves

od bottom gy via Gllmg of the resuliing blind micvovias, Without proper

aciditives, the blind microvias will either not {ill, leaving lurge dimples ¢ will pinch off gt the

tops due to dog bomng leaving cavities within the hlind microvia along with unacceptable

dimples,
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BRIEE DESCRIFTION OF THE FIGURES

[0023] Figore | depicts the steps of the single chamistry through-hole plating of copper.

0024} Figure 2 depicts the steps of through-hole plating of copper in sccordance with one aspect
of the present invention in which an optional shaping step is included.

&

(23] Figure 3 depicts an apparatus in one embodiment of the present invention.
k & : b &

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

{00261 As osed herein, 7,7 "an,” aud “the” refer wo both singular and plural referents anless the

context olearly dictates otherwise.
{00271 As used berein, the term “abopt” refers o & measurable value such as a parameter, an
amonnt, 4 temporal duration, and the Rke and is meant to include variations of +/-15% or lasg,

s

preferably vavuions of +/-10% or less, more preferably varlations of +/-5% or less, even more

preferably vanations of +/~ 1% or less, and still move preferably variations of +/-0.1% or fess of
and from the particularly recited valug, i 5o far as such variations ave appropriate to perform
hercin, Furthonmore, s also 1o be understood that the valpe o which the modifier “about™
refers is isell specifically disclosed herein.

JOOZE] As used berein, spatially relative torms, such as “haneath™, “below™, “lowsr”, “abhove”,
“oapper” and the like, are used for case of description to deseribe one eloment or feature™s
relattonship to another element(s) or femtureds) as lustrated fu the figures. It s further

25

unsderstood that the ferms Mot

2

and hack” are not intended 0 be lnting and are intended o
be interchangeable where appropriate.

0029 As used berein, the terms “comprises” ansl/or “comprising,” specify the prosence of
stated features, mtegers, steps, operations, elements, andfor components, but do not preciude the
presence or addiion of one or more other featres, niegers, stops, operaticnsy, elements,
components, and/or groups thersofl

[OG30] As used heraan the term “substantialiv-free™ or “essentially-free” if not otherwise defined
bevein for a particular element or compound means that a given element or compound is ot
detectabde by ardinary analytical means that are well known 1o those skilled inthe art of metal
plating for bath analysiz, Such methods typically include atomic absorption specirometry,
titration, UY-Vis analysis, secondary ton mass spectrometry, and other commonly available

analviically methods,
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{0031] The wrems “printed circnit board™ and “printed wiring board™ are wsed tnterchangeably
throughout this specification.

JO032] The teyms "plating” and “elsctroplating™ are used interchangeably throughout this
specificaton.

{00331 As used hereln, the term “inmediately™ meaus that there are no ntervening steps,

{034} As used heretn, the texm “dimple™ refers 1o a depression in the bridge or conformal
copper plating laver over the filled theough-holes andfor blind micro-vias,

[DO35] As used berein, the term “asynchronous wave™ refers to & wavelonn that during pladag
when periodic pulse reverse rectification 1s supplied separately to a fust side and a second side of
a substrate, the waveforms supplied to each side are cither phase dufted or completely different
e cach other,

{0036] As used herein the term “synclwonous wave” refers to a waveforn: that during phating,
when periodic pulse reverse rectiffcation is supplied separately to a first side and & second side of
a substrate, the waveforms supphed 1o each side are Kentical and in phase and are synchronous.
0037} Oune of the benefits of the present invention is that plating, especially copper phitting, I8
already a part of the PCB manufacturing process, so being able to nse copper plating to fill &
through-hole chiminates the need for other processes such as plugzing and sanding, copper
comng, efe.

[0038] Farthermore, the use of pure copper provides a much higher thermal conductivity than
conductive plugs and adhesives. Thus, there is an added benefit of thermal conductivity if it is
needed.

{0039} Musally, in one embodiment, the process allows for the complete flling of through-holes
in a single-step in a single copper slectrolyte. The benefits of using a single elsciralvie inchude
shortening the number of wnks in a e and thus equipment costs, and reducing the number of
tanks to maintain, and the number of rectiflers needed for plating. In addition, potential
separation issaes between via Bl plating and brivdge plating are also reduced or eliminated.
O] The general steps of the process to marnufacture a printed cirouit board that provides
rmproved heat dissipation include the following:

{0041] The mitial step is 1o mrovide the PCB with vartous deilled through-hole arrayvs. Thas, the
privted cirenll board comprises a metallized panel with an arcay or arrangement of diilled

threugh-holes. Through-holes, blind micro vias, and snch can be formed by vartous wethods,

~of
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iciuding, for example, mechanical drilling, laser drilling, plasia ctching, or single or double

Y -
S,

< .

{00421 Next, the through-holes are made condoctive nsing 8 rstallization technigee as is

o

generally known i the art, Varlous metallization techoigues may be used including, for

1.
-

example, sputter coating, eleciroless copper, carbon-based direct metallization, graphite-hased
divect metaliization, conductive pobymers, palladin-based divect metallization, among others,
Other nctaltization techniques would be known to those skilled in the art and would be usable v

Yo 3

the process desoribed berein. The primary wetallization Layer may be elec

5
e,
po
‘».

oless copper,
electrolytic copper Hashing, or a direct metallization layer formed by carbon, graphite, o

copduciive polvmer-based divect metallization

00437 Iy one embodiment, a condaetive seed Iaver is formed on the non-conductive surface to

inftkdte the slectroplating of vopper. The seed layer i electrically conductive, provides adhiesion
anat permits the exposed portions of s upper surface to be eloctroplated. Examples of the

conductive seed laver include, but are not Hmsied to, metal lavers suoh as copper or palladivm

that may be formed by electraless deposition, graphite, carbon, and conductive polymers.

{0044 The panl to be plated i preferably copper or a copper-coated sabstrate.

FO04ST Nexi, the metallized pansls are cleaned and gctivated using conventional protreatment
rechuniques such as acid or alkaline cleaning and aoid dip ov microetching with vinsing in between
{0048] Thereafter, the panels are contacted with the acid copper electrolyvte comprising a soare

of copper jouns, sulfuric acid, halide fons, and specialized organic additives comprising
suppressors, accelerators, and seeondary suppressors. The aod copper electrolyte, in

combination with a specialized rectification provedure ax deseribed herein, §s capable of filling

through-holes in the panel in a highly effective process, The aqueous actlie copper electrolyte

can be nsed in conventional vertical or horizontad plating equuproent. In coutrast, as discussed

aborve, prioy arl copper slectroplating provesses for plating thuough-hales can require a two-step

process, inclding s Hrst copper plating solution and plating consditions 1o olose g hole and a

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

D471 In one ensbodiment, the plating ovele comprises {0 pulse plating for a first time period,

o

N

wherein the pulse plating uses pulse roverse plating with a sultiple-step pulse wavelform on
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opposile sides of the electronic subsirate, followed by (b} divect current plating nsing forward
cyrrent for g second time period.

[0048] The source of copper 1ons i the acid copper electrolyte may be copper sulfate. The
resistivity of the copper plating solution is greater when the concentration s increased. The
selubility of copper sulfate decreases when the sulfuric acid concentration is increased. The
concentration of copper sulfate in the scd copper electrolyte Is typically maintained within the
range of about 100 1o about 300 g/l., more preferably about 180 to abowt 280 g/, maost

preferably i the range of about 200 to about 230 /L.

{00491 The principal function of salfuric acid 8 to provide for maximunm solution conductivity,
Due 1o the Ingh conductivity of the solation, the anode and eathode polarizations are simall as is

the voltage requived for depositing copper. In addition, when very high cathode current densities

are used,  higher concentration of copper selfate ¥x required within the recommended Limits,
Changes in sulforie acid conceniration have more influence than changes i copper sulfute
concentration on anode and cathode polarization and on solution conductivity. The
concentration of sulfuvic seld in the acid copper electrolyte is typically naintaived within the
range of about 10 to about 1530 g/l more preferably about 60 10 shout 100 ¢/L.,

[0050] The aad copper electralyvie also contaios halide fons, most prefierably chloride fons,
Chioride tons enbaoce the adsorption and inhibition of the wetter, In addition, & small amount of
chioride ions acts as binding sites for the polvglyveols to the electrode surface. Chloride made be

added i the form of sodium chloride or as diuted hydrochiorie actd. Chioride fons in the actd

-

copper electrolvie act to eliminate striated deposits in high current density arcgs, Chloride jons

also aftect the sarface appesrance, structure, micro-hardness, crystallographic onentation and

g
internal stress of the deposits. Chionide fons are consumied by electrochemicalfchemicad changes

3

during electrolysis, partial inchasion into the deposit, deggout 1oss, bath dilution, and anode
maintenance. The concentration of chloride lons in the acid copper elecirolyie s fyploally
maintained within the rauge of ghout 2010 aboue 200 ppm, more preferably about 60 1o aboyt
E50 ppm, moest preferably within the range of about 70 to about 100 ppm.

{3031} The characterstios of copper deposits are influenced by various factors, inclnding
concentration of copper sulfate, free actd, additives, temperatore, cathode corrent density and the

nature and degree of agitation.
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{0032} In one embodiment, the aeid copper clectrolyte works well in the absence of any tron
ions, including ferne tons and fervons sons, Thus, the acid copper electrolyte s proferably a heast
essentially free of both forrie lons and ferrons jons, and more preferably is free of both ferric fons
and ferrous ions.

{00331 Fill-in behavicr in the dwongh-hole is infloenced at Ieast in part by conprolling the
deposition kisetics within the through-holes and on the horizontal portions and edges. This may
be achieved by ntroducing certain organic addifives inip the soid copper electrolyte o influence
the rate of copper 1ons that deposit on the respective locations. As discpssed above, the organic
additives include & conmbination of one or more agcelorators, one or more suppressors, andfor one
oF more seeandary SUPRessors,

{0054] Suitable accelerators neorporate organic compounds that contain sulfur and other
functiopal groups and 18 vesponsible for the formation of small grain refined deposit,. The

secelerator also acts a8 g leveling agent. The accelerator s consumed by incorporation into the

‘{ﬁ

electrolytic deposit al the catbode or by oxadation onto the surface of the anode, especially if

inscluble anodes are used. The accelerator can also be consumed by de-coupling in the presence

% 3

of metallic copper, generaling by-produacts, or by gir oxidation, anode maintenance or by deagont

sl

tosv'hath dilution.
[H035] Examples of sottable sccelerators includs one or more of 3-(henzothiarolvl-2-thio)
propyl sulfonie acid, sodiwm sall; I-wercaptopropane- sulfonie acid, sodinm salt ethylene

.

dithiodipropyl salionic acid, sedium salt; bis-{p-sulfophenyil-disulfide, disodinm salt; his-{w-

sulfobutyl-disalfide, disodinn saliy bis-{o-sulfohydroxvpropyl-disulfide, disodivm salis bis-{e-

sulfopropyl)-disuifide, disodinm salt; bis-{o-sulfopropylsudfide, disodivm salt; methyl-{o-
suifopropyli-disulfide, disodivm saly; methyl-{e-salfopropyi-trisuliide, disodivm salt; O-
cthyldithio-carbonie acid-S<{em-sulfopropyD-estor, potassiun salt; thioglyeolic acid;
thiophosphorie acid-Q-othyl-bis{orsulfopropyiy-ester, disodivm salty and thiophosphovic acid-
{ro~sudfopropyD-ester, trisodium salt. Other suitable sulfur-containing compounds and salts
thereat would also be known to those skilled in the ant and wounld be usable n the aoid copper
glectrolyte described herein. In a preferred embodiment., the aceelorator comprises bis-{rw~

sulfopropyh-sulfide or I-mercaptopropane- L-sulfonie acid ar a salt thereof

10
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e of about Q.1 to aboot 30 ppro, more preferably sbow 0.3

ot

typically muintained in the ra
about 20 ppm, most preferably within the range of about 4-10 ppm

{OOST] The seppressor coruprises a high wolecular weight organic compound, such as a
polvalyeol, having low soluldlity in the solption and a fow coefficient of diffusion. The
suppressor is adsorbed on the cathode surface, nontformly forming a diffusion faver that s the
transter of accelerator and secondary suppresson. In the presence of chioride tons, the degres of

ki
¥

adsorption and inlubiton s frther enhanced, 1o one embodinent, the molecular weight of the
suppressor 1% at least about 300, More preferably, the moleculay woight of the suppressaor is
between abont 300 and shont 5,000,

¥

(0038} The suppressor may be consumed during electrolvsis, in which reduotion of molscular
weight oocurs, or may be consumed by partial inclusion into the deposit. As with the
accelerator, the suppressor miay be consumed by anode maintenasce or by dragowt lose/bath
dilution.

0059} Examples of suitable suppressors include one or more of carboxymethyleethulose,
nonyiphenolpoelyglveoiether, octandiob-bis-{polyatioviene glveol sther), cctanol polvalkyisns
givead sther, olele acid polvglyveol ester, polyethvlene glyeol polypropylene glyeol

1o glyeod,

&

1”’4

copolymeniaate, polyethylene glyeol, polyethylene ghyeol dimethylether, polvpropylen

polvvinvialechol, B-naphthy! polyglven! ether, stearic acid polyglyeol ester, stearic scid gloohol
hs . ¥ 3 £ &

ceolether, and copolymers of propylene glveol and ethyviene glveol, Other suitable

L -

poly

G
o~
24
s
vl
(.

poedvgiveols and sinifar compuounds woudd also be Roown to those skilled in the art sod would be
usable as the suppressor in the acid copper electrolyte. In ove prefered embodiment, the wetter

corpprises copolymers of propylene glyveol and ethylene glyeol

Lot

3

{0060} The concentration of the suppressor o the acid copper electrolyte is typleslly muintained

,,,,

i the range of about G.1 to about 30 @/l more preferably wbout 1 to about 10 g/,

JO0G1] The secondary suppressor is {yplcally a medium melecular weight organie compound

e

containing key functional groups. In one embodiment, the secondary suppressor has a molecular
weight of hetween about 300 and abowt 10000, more preferably between about 300 and about
5000, The secondary suppressor has low solubility i the solution and 8 low coefficient of
diffusion and acts through selective adsorption on a readily accessible surface (e, i surfuce

and protruding high poinis), The secondary suppressor is consumed b

Jomd
Je>



WO 2022/245576 PCT/US2022/028462

electrochemical/chomical changes during the electralyais, by partial inclosion in the deposit, by

ixed

ancde maintenance, snd by dragout Ioss/hath dilation,

{0062} Examples of suitable secondary suppressors include polyamines, ethoxylated polyvamines,
polypyridine, polyimidazole, polyvinyl pyridine, polyvinvlimidazole, ethoxylaied polyvinyl
pyridine, and cthoxylated polyviny] inddazoke. In cne preforred embodiment, the secondary
suppressor comprises ethoxylated polyamines and/or polyvinyl pyridine.

{0063} The concentration of the secondary suppressar in the acid copper elecirolyie is typically
maintained in the range of about 0.001 1o about 200 ppm, more preforably about 8.001 o shawt
FHOD ppm, most preferably about 0001 to about 30 ppm

{064} Table | summarizes the ngredients of a typical copper clectrolyie for ose in the process

described herein:

Table §. Typleal Ingredienis and Concendrations of Copper Klectrolyie

‘ Ingredient | ' LConcentration Range

- Copper solfate 100-300 g/L
Sulfuric acid 10150 g/
Chloride jons 40-200 ppm
Accelerator 4-10 ppm
SURPIESsOT - =10 g/L
Secondary Suppressor (.001-50 ppm

{0065 ] The substrate may be contacted with the agueous acid copper electrolyie by various
means known in the art including, for example, immersion of the sabstrate into the bath,

praying, of use of ather plating equipment. By using specialized pulse rectification, polse wave

- & g

s

forms ave injtially used that result in accelerated filling of the middle of the through-holes to

create a “hridge” while minimizing the amonnt of sweface copper plated, which can be

gy et by

accornplished in both honzontal and vertioal systems. The optimized oyele described herein

e pecurs gquickly and effic

&

ensures that formaton of the hrig ently. By minimizing the amoum of
time 1o form the bridge, the amount of surface copper plated can also be mindndzed. This

important in the I subsivate indusiry becauss less copper that is deposited and finally etehed to

12
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define the circuitry resulis in better the line resolution capatulitios. Sinve the trend s always o
finer and finer cirenitry, the ability to maximize tace resolotion i an advantage of the process
described herein. This s direetly redated 1o the amount of copper thad meeds o be finally stehed
at the end. In other words, betler resolution means capabihitios for finer lines and tighter spacing.
{00661 As the center of the through-Bole closes, the wave form i3 transitioned to steaight DC
cwrrent in the same acid copper electrolyvte.  The resalt is & continnons plating of the through-
hole untid it is completaly flled.

{OU07] The use of o mulii-step waveform as described herein can produce good results as
compared with wavelorms of the prior art. While various waveforms have been developed that
utilize forward {cathodic) pulses of certain duvation and intensity interspersed with reverse
{anodicy palses of certain duration and mtensity, the waveform desceribed heredn 5 3 multi-step
waveform that in one sinbodument includes pulses of higher wtensity during the pulse duration
of the forward pulse.

10068 In one enabodiment, the wavelorm tneludes & repeatable sequence, the repeatable
SEQUEnCS comprsing a sof of pulse plating periods, the set of pulse plating g}&;ﬁi@ds including, in
any ordes:

{068 (4 first forward pulse period(s);

} (it first reverse pulse pertodisy;

0711 GHYy second forward pulse periodis); and

[OO72] {ivy  rest pertod,

HO73T In one embodiment, the set of forward palses and reverse pulses has a durstion of sbow

one second, more preferably the set of forward pulses and reverse pulses has a duration of

i

exactly one second. In another emabodiment, the set of forward pulses and roverse pulses may
have a duration of between about .5 and about 5 seconds, so long as the proponion of the
doration of the pulses remains substantially the same. The durstion of the set of Torward and
reverse pulses could be further defined and caleulated as would be known to these skilled i the
art.

{0074] In one embodiment, the duration of the first forward pulse period i3 substantially the
same as the doarabion of the second fovward pulse penod. More preferably, the duration of the
first forward pulse peniod is the same as the duration of the second forward pulse period. In

addition, the intensity of the pulse of the forward pulse period is preferably at least substantially

13
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the sare as the infensity of the pulse of the secomd forward pulse peried, except for 8 time period
of a high intensity pulse within at least one, and preferably sach of the fivst forward polse period
and the second forward pulse peried as further explained below.

{00751 In addition, at least one of the fiest fovward pulse pertod snd second forward palse period
{more preferably sach of the frst forward polse period and the second forward palse period)
comprise a higher wtensity pulse of a shorter durstion within the flvst forward pulse perind
and/or the second forward pulse period. If the each of the first forward pulse and the second
forward polse coruprise a high intensity pulse of a shorter duration, the higher intensity pulse of
the shorter duration within each of the st foreard pulse period and the second forward pulse
pericd of the sequence may have the same infensity or may each bave & different intensity. The
intensity of the high intensity pulse within the fivst forward pulse period {otherwise &
first high intensity pulse) and the intensity of the high intensity pulse within the second forward
pulse perind {otherwise known as the second high intensity pulse) slso each have an intensity
that is higher thar the infensity of the Tt forward pulse period and the second forward pulse

sertod. For example, the intensity of the first higher intensity pulse and the second high intensity
I 3 ¥ 3

pulse may be in the range of 100% to S00% of the intensity of the first forward pulse or the

v

second forward pulse. In ope smbodiment the first bigh mmnaif}f pulse has an imtensity that is

LO0-300% higher than the infensity of the Grst forward pelse and the second high intensity pulse
has an intensity that is 100% 1w 300% higher than the intensity of the second forward pulse. In

another preferred embodiment, the intensity of the second high intensity pulse {5 higher than the
urensity of the first high intensity pulse.
0761 It is forther contenplated that the higher intensity pulse of a shorter duralion may ocow

at the beginning, middle or end of the first forvard pulse anddor second forward pulse. Iihe

higher uensity pulse oocurs at the beglaning of the fisst forward pulse andfor the second

forward pulse, the effect is that the pulse Ysiops down™ from the higher intensity pulse. Ou the
other hand, if the higher intensity pulse occors at the end of the frst forward pulse andfor the
seeond forward pulse, the effect is that the pulse “steps up™ o the higher wtensity pulse,
HO077] The higher intensity pulse has a doration that is shorter than the duration of the first

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

intensity pulse and the second high intensity pulse is each approximately 3G-40% of the daration

st 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 about 30 1o about 300
ms, more preferably about 100 to about 200 ms, most preferably about 100 1o about 170 ms. For
example, within the first forward pulse andfor e second forward palse, the higher intensity
puise may have a duration of between about 20 ms to about 200 ms. More particularly, for a
forward pulse having a duration of sbout 100 to about 170 ms, the higher intensity palse may
have a duration of about 30 1o about 50 ws, depending on the particular application.

{0074} In additinn, the duration of the reverse pulse period is preferably within the range of
about 30 w0 about 150 ms, more preferably about 90 to abont 140 ms, move preferably abost 100
o about 13 ms, most preferably within the range of about 110 to about 120 ms.

{0079] The duration of the rest period s preferably within the range of showt 30 1o about 150 s,
more preferably about 80 to abont 130 my, most preferably within the range of about 110 10
abowt 126 ms,

{0080 Figare | depicts the steps of through-hole plating of copper in accordance with the

present ivention.

{00217 As set forth in Figure |, through-holes are driffed or ctherwise formed i the oivouit

board, A primaey metallization step such as glecivoless copper or direct metallization is
performed after deilling t© rendey the laminate surface within the theough-hole andfor hlind

nHere-via conductive, Optionally, the primary metallization fayer may be Qash plated with a thin
laver of copper o increase conductivity and increase robustness, MNexi, pulse plating 18 inttiated

3 5

i accelerate filling of the muddle of the twongh-holes while ndnimizing the amount of surface

copper plating. Next, as pulse plating is completed, the center of the through-hole closes, and the
wavetorm i thereatter transitioned to DU current in the same acid copper plating solution to

plate the through-hole watil it is completely meallized.
{0082 The procesy described harein con be used for metalliang a sobstrate having & thickness of

hetween 0.003 and about 3 mum, more proferahdy between shont 001 and abowt 1.0 mum, moost

t

preferably hetween about (L0F to about (U3 mm. Through-hole diameters generslly range from
v 8 R

about 4,003 and sbout | mm, preferably about 0.01 0 abowt A8 mm, most preferably abont
{0.075 1o about Q.25 mm. Thus, the process described herein s suitable for metallizing through-
hodes having an aspect ratio of belween abowt 0,521 and about 601, move preforably between

about 8.5:1 and sbont 401, moest preferably between about (0511 and about 3: 1.
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{0083] The electrolytic plating of through-holes deseribed herein combines pulse plating and

direct current plating w a preseribed msuner o achiove complete filling of the Swough-holes in a

by

&

single-step, single bath plating process.
{0084} Table 2 depicts an exsmple of the provess prrameters {for divect current and pulse plating

gurrent.

Table 2. Process Pavameters for Divect Current angd Pulse Plating

'§’me of current Parameler ' Ranges
Direct Current i Forward current 0510 7.0 ASD
- Pulse Plating Forward curent 3.5 10 5.0 ASD
‘ Single S0% to 300% forward current
Rﬁwérs»ﬁ cuirent Up to dx forward ourrent density
Freguency 051050 He
"""" Forward pulse periad 200-400 ms
""""""""""" Heverse p alse pericd 3G3-2530 ms
de sme Up to 160 milliseconds

FO0S3] Table 3 describes an example of the steps in the process, including current density and

cyele times that have been dotermined o prodose a good resudl, 1t is noted that Step 1 i an
optional step i the provess and the process can be perfonued with only Steps 2 and 3. In

gnother enbodiment, Step 2A I mcloded as an optional step to be performed between Steps 2

&

andd 3 as further explained below,

Table 3. Seps in plating process

Step Number Current Meode Current Density (ASTY | Cyede time (min)
j Direct Owrent 2.5 i-10
2 Pulse Crerent 1.5-3.3 (buse 3 5-180
ZA Syachronous Palse 1.5-3.5 (hase} 3H-80
,,,,,,,,,,,,,, Curren{
3 Divect Current .5-3.5 S-1R0

16




WO 2022/245576 PCT/US2022/028462

[0088] As desoribed hereln, the process uses g special type of metallization by means of 2 pulse
reverss current. In one embodiment, the repratable sequence comprising the set of pulse plating

veriods applied (0 D the substrate is the same as the repeatable sequence apphied to

the second side ¢ fn another embodiment, the repeatalde sequence applied tw the

¢ applied & the second side of the

e
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fivst side of the su
suthstrate, except done i reverse order. B another ewbodivent, the repeatabde sequence apphisd

the s

s

(0 { the substrate s difforent from the repeatable sequence apphied to the first

~
s
%
[ 92
2
ad
=
=
=

P

side of the board. Thus, while the set of pulse plating periods on the second side of the substrate

P
%)

may be aligned, for example, so that the first high intensity pulse on a first side of the substrate

codncides with the rest periad on the second side of the subsirate, the fiest high intensity palse

v

e af differemt

and the second high mtensity polse on the sec

intensities than the intensities of ¢ gl intensity palse and the second hizh intonsity puise

ot the fivst side of the subsirate even i the pulses themselves are of the substantially the same or

e insdividnally

cans of one or

metailized, Parthermore, sach of the rectifiers can be ¢
mere nHerocontrollors to nput the repratable sequenees for the first side and the second side of
I0RET In still anothe : i plarality of two or

mare or even thiee or move repeatable sequences arranged i & repeating senes. What is

i ‘\Iili‘f 1% theit #ach ?ep‘ﬁf

ranpge of about 8.5 1© 5 seconds, more proferably about |

second, while the duration of the Best forsaard pulseds), second forward pulse(s], reverse pulseds)

0y

and rest period within the set of pu ee{s) may be

varied.

’J‘l

[OG89] In another embodiment, the durations of the st forward pulse L reverse pulse

3

83, and rest perind ave varied as the plating cvele

perindisy, second forward pulse

proceads. In addibion, the ::z{?szpiii'udﬁ andfor peak current densities of the frst forward pulse

perim«: s}, reverse piise period(s), seeoud forward pulse peviod(s) and rest period along with the

trat fugh intensity pulse and the seoond high intensity palse can be varied as the plating eyele

proceeds,
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[0090] It is Qurther contemplated that these changes in the set of palse plating periods may be
made indepondently on the st and second sides of the substrate. That is, If undesirable plating
properties are observed {Le., bridging is not at the center of the mmngh«hmi& voids ave observed,
ete.), the set of pulse plating periods may be modified to correct the deficiencies and the
corrections may be made on the Hrst side of the substoate and/or the second side of the substrates
and the modifications may be the same or different on opposite sides of the substrate (o achieve
the resulis.

0091} That ik, depending on a thickness of the substrate andfor the diumeter of the theough-
holes, it may be desirsble 1o start the plating ovelde at a higher carrent density and as the plating

eyele proceeds, sequentially reduce or ncrease the current density to achieve wore efficient

s

throngh-hole plating,

{00921 In still another ewbodivaent, a first pulse plating ovele is performed us outlined above,
which pulse plating cvale may be an saynchronous plating evele in which the repeatable
sequence on the first side of the substeate i3 the samw as the repestable ssquence on the second

side of the substrate, except in reverse order, Thereafter o second pudse plating ovele may be

performed w0 shape the copper bridge formed in the fiest plating oyele as Hlvatrated o Figure 2.
This second pudse platiog cycle may be g regular pudse plating oyole with svachronous
wavetforms on the first and second side of the substrate.

[O093] I this second pulse plating eyele is used, the regular pulse plating cyele nses a
forwardfreverse current ratio of 11 to 14, more proferably about 1:2. The forward plating pulse
i e range of 10-200 ms and the reverse plating pulse is in the vange of about 8.5 o about 1D
ms, Flating is performed for about 20 minutes 10 about 3 hours, more proferably shout 30
muputes o sbowt 90 minutes, more preferably about 30 1o 45 minvies to shape the copper bridge.
This pudse platimg cycle can be ased, for example, when plating twongh-holes having & smaldl
diameter fwhich, for example, may be (L2 vam or fess) where there 1§ 8 tendeney to form V-

shaped blingd vias. In this tustance, the bridging creates 8 V-shape that is very deep, which is

difficult 1o plate ssing dvect plating without any divaples or volds as ustrated in Figure 2,
{0941 Thus, the second pulse plating ovele 18 wsad to shape the bridge from the deep-V shape 1o
a U shape, The transition from the fivst pulse plating ovele utilizing an asyachronous waveform

to the second platiog oyele vtihizing a synchronous wavelorm helps to shape the copper bridge 1o

wh-holes withowt any dimples or volds, Monitoving

3

sHow for more uniform plating of the theo
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may he perfarmed by observing and adjusting the cvele during the initial design/set up phase. In
ome embodiment, the second plating ovele s built into the oyele as an element of tme and
depending on the dlameter of the i.{‘;_rm.igh«-hu}ﬁ& being plated.

[O0R5] In one embodiment, the provess incindes a step of monitoring certain paramneiers of the
through-hole flling and moditying the time pertods of one or more of the steps in the plating
segquence or modifving the amplitude/peak current density i wadeguate through-hole plating 13
ohserved and/or if the certain parameters wre outside of acceptable values.

{00867 The peak current density of the at least one forward current pulse at the work- pies;te 1a
preferably adjusied to 13 Addmy at most, Particularly preferable Is a peak curvent dens fihe at

least one forward ourrent pulse at the workpiece of about § Addm”

[O097] The peak current density of the at least one reverse current pulse a1 the work piece will
preferably be adjusted 0 g valoe of no more than 60 Adday. Particularly preferred is a peak

current density of the at least one reverse current pulse at the workpiece of show 20 Addm™.
FO0O8T In the further progress of the metallization process at least one parameter of the palse

reverse current can be varied, wherein this parameter s chosen from a group comprising the ratia

L

of the duration of the forward current palse to the duration of the reverse current pulse and the

ratio of the peak current devsity of the forward current palse to the peak current density of the
reverse current pulse. It hag been proven t o be o partionlarly advaniageous to inerease the mio of

the peak current density of the forward current pulse 1o the poak current density of the reverse
current pukse when maetallizing the workplecs andior to decrease the ratio of the duration of the
forward carrent pulse 1o the duration of the reverse current pulse as further explained above
{00991 As desaribed heveln, the aqueous acidic copper electrolyte can be used in conventional
verttcal v horizontal plating equipment. The plating systen can be designed as a vertica! hoisy,
VP, or bonzontal systern with inert or soluble anndes. In a preferred embodiment, the system is
a vertical system with inert anodes,

{0100} Examples of suitable anode msterialy include iridivm oxide coating on titantun mesh or
wined metal oxide coated avodes, Other suitable anode materiads would alse be known to those
skilled in the wrt. The anode s also optionally, hut preferably, shielded o optirize

macrodisribation,

18
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[G101T In one embodiment, the anode material is iridinm oxidefantalum oxide coated thanium,
One suitable anode is available from De Nora S p.A under the tradensme De Nora DY Other

suitabde snode materials would be Tuown to those skilled In the st and are also usahle

[0102] The substrate or at least a portion of #s surface may be contacted with the agueous acid
coper plating solution by various methods, including spraying, wiplng, dipping, immersing, or by
other suitable means.

[0103] The process described horein also preferably includes cleaning, stohing. reducing, rinsing

and/or drying steps as is geperally known in the @t

bed

i

{0104] The acid copper electrolyie described hereln is equipped with a solotion nranifold system
comprising an avay of nozzles for providing direct solution impingement against the panel.
Nezzles on either side of the panel ave directly aligned with cach other and, with the pamps, are
capable of solution fows of 0w 5.0 Limuv/nozde.

JOLHO5] Plating can be done 19 panel, pattern, or button plating mode as is generally known to
those skilled n the an.

{0100} After plating, the panels can be ssed as is or the pavels can be ran through typical
provesses such as planarization o copper reduction or further Iayvers can be buill up where
addittonal blind mucro-vias may be stacked on the copper filled through-holes.

{0107} In one embodiment, snd as showy in Figore 3, the apparatns inchudes

Ad a platiug tank 5w which the acid copper clentralyte 1y madntained;

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

) an array of eductor novzles 2 or cone nozzles arranged to simoltancously impinge both
sides of g cireuit board Immersed in the plating tank 3;

Dy a plating rack 4 for secoring the PCBs; and

E} an elgctroplating power supply rectifier 3 or phuralty of rectifiers, cach capable of divect
current and pulse reverse plating connected to suitable control memns, which may include one or
more nucrocontollens.

{OHOR] fo one embodiment, the apparatas may comprise standard vertical hoist or astomaic

plating equipment. In another srubodiment, the sppavatus may comprise horizontal plating
sguipment. However, vertical plating equipment is preferred.
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FHO09] The plating tank preferably comprises a temperature controller to ropulate heating and
canling, which is comnected (0 & heating and cooling system that is capable of malntaining the
acid copper slectrolyte at the desirable bath temperatore +/-1L.53°C, In a preforred embodiment,
the electrolvte Is maintained at o temperature of between about 10 and about 307, more
preferably between about 18 and ghout 45°C, more preferably between about 30 and abowt 30°C,
most preferably ot o tenuperature of befween abowt 22 and about 253°C.

{0110} The scid copper electrolyte is optionally, but preferably, agitaied. In one embodiment, 8

clean air agitation sparge dual pipe may be aligned underneath the cathode. Agitation may also

&

be accomplished by mechanical movement of the bath sach as by shaking, stirring, or continnous
punping of toe electeoivie soligion, or by alivasonic treatment, clevated tomperanivg, or gas

such as purging with alr or annert gas (Le., argon or nitrogen). Other means of agitation

R

1

wouhd also be known 1o those skidled 1 the art

{111} The anode to cathode ratio is preforably targeied at greater than 1075, and may be up to

1:2, preferably about 111, What is woportant is fo have encugh surface area 1o oven the curremt

distribution across the entive PCB.

{0112} The plating tank is also preferably equipped with an automatic copper oxide

replenishment system (0 maintain the concentration of copper sulfide 1o within a desired level

{n addition, the apparains also preferably includes a copper oxide mixing tank aud 2 copper oxide
seder for introducing copper oxide into the replenishment system. The plating tank also

ineludes means for replonishing othey ingredients of the acid copper electrolyvte and for

monioring the concentration of the ingredients.

0113 The cleciroplating racks may be coated stainless steel or may be partially or non-coated

plating racks. Optionally, the electroplating racks may comprise a coated copper core,

{0114] The copper electroplating tank is also preferabdy outfitted with a continuous solution

filtration system that is capable of filteaing particle of about 1 micron or more and that s

designed o handle at least 3 solution turnovers per howr, preferably at least 4 solution wirnovers

per hour and more preferably at least 3 solution turnovers per how,

A

[O115] The apparatus also preferably nclndes g controller capable of managing heating, cooling,
and chemieal additions with the plating tank,
{(Hi6] Finally also highly destrable that the copper slectroplating apparatos be outfitted

with a ventilation system as would generally be known to those slalled inthe art
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{31171 The electroplating power suppdy reetificr 3 15 configured © handie both divect cwrvent and

pulse roverse current. Thoe rectifier may be water or air cooled. The rectifier may comprise a

X

,,.‘.,

f the subsirate and & second

[

single rectifier or may cowmprise a Drst reotifier Tor & first side ¢
regtifior for the seeond side of the subsirate, each of which is programumable with a multisiop
capabnlity.

{181 In one embodiment, the rectiffer(s) iWare programmable with maltiple steps, lncluding &8
least 4 steps or least € steps or even ap io 13 steps. In one preferved enabodiment, the rectifier(s)
whare progranmable with 8 steps which define @ single set of pulse plating periods as forther

¥

explained herein, which ¥ steps may mnclad examnpie

[ 1 a first pudse of o fiest forward duration and fiest forward intensity;
G120 ) asecond pulse of a second forward duration and second forwand Intensity;

{0121}
{0122;

L¥%)

} i third polse of the Nest forward durstion and fist forward wntensity:

&

a fourth pulse of a reverse duration and reverse intensity;

231 5 a fifth pulse of the frst forward duration and Hirst forseard fntensity;
FO1247 &3 a sixth pubse of a thivd forward duration and third forward inteasity;
JO1251 N a seventh pulse of the fivst forwand doration and first forward intensity; and

01261 &) @ rest period.

FOI27T Table 4 sets forth an oxample of 8 pulse plating ovele having § steps in acoordancs with

the prosent invention.

Table 4 Pualee plating cyele.

(4 ASIY) | Btepl | Step2 | Sfep3 | Stepd | StepS | Stepd | SepT 1 Step ¥

Side I 1 100130 230300 | 100-130 | (3807 ~ 100130 130-180 | 100-130 {
S5 370

§ -
Ride § 0 B0-230 | BO-250 | RD-230 0 SO-33(0 T OSGA250 1 SOA250 1 RGM2SD D OBG2SD
{ss}

Side 2 100-130 { O0-130 ) 150-180 1 00130 1 200y ~ | 100-130 | 236-300
{Fet} (=37
Side 2 1 S0-330 | RO-2S0 1 G250 1 BOLA30 | BO-230 ¢ BO-ASG | RG-250 | RGA250

ms)

¥ % deseribes the valpe as a pereent of base current density

22



WO 2022/245576 PCT/US2022/028462

fO128] As discussed above, as the center of the through-hole bridges or closes, the wave form is
transitioned 1 stranght DO carrent o the same acid copper aiiectmiyte, The resultiz g
continaous plating of the through-bole antil it i completely filled, Thus, the rectifer(s) isfare
programuned o ransition the palse reverse waveform nsed for bridging to divect corrent and to
continue plating waill the throngh-holes are completely filled

[012%] The box manfold/vertical pipes are designed to inchude the array of eductor nozedes or
cone nozzles. Opposing noxzles sre designed front to back side. The nozzles are preferably
arranged in g staggered pattern and may be wrranged about 2 to abont § om apart, move
preferably about 3 1o gboot & om apart, most preferably abowt 4 1o about § cm apast in both
harizontal and vertical divection.

{01307 The provess further explained by means of the following examples:

Ap acid copper slectrolyte was made up according 1o the following purameters:

Ingredient

Make Up

Copper sulfate

240 /L

Sudfurie acid

90 2L

80 ppm

\‘ &N CE ¥ s
& %&‘@‘f&:z ) : .85 miJL
Suppressoy 10 mb/A
Secondary suppressor 2 mldL
Bath Temperature 23°C
The concentration of copper sulfate was maintained with the addition of copper oxide, on
either a roanual or antomatic basis, based on Amp hours of operation andfor with chemieal

titration analysia,

The concentration of selfune atid and chlonide fons was replenished based on chemical
giiration analysis.

Replenishent of the accelerator, suppressor, and secondary suppressor was
accomplished with an antomatio dosing system, based on Amp hours of operation andfor cyelic

voltametrio stripping (CVS) analysis,

.
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A flash plating layer was deposited by DO plating at & carrent density of 2 ASD for a
period of 10 minutes. Thereaftor, pulse reverse plating was performed at a current density of 2.4
ASD for a period of 60 minntes to oreate a copper bridge in the through-holes, followed by DO
plating at a curent density of 2.5 ASD for a periad of 60 nioutes until the through-holes were
filled in a vertical plating process.

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

seqguence of)

Side A 1 Side B

Step Puration Amplitude Step Duration Avaplitude
{ms) (%) {ms) (%)
Step 1 120 Li0 Step 1 120 : 110

Siep 2 120 260 Step 2 120 0

Step 3 140 110 Step 3 140 110
Step 4 120 TN Step 4 120 130
Step 3 120 110 Step 3 120 {10
Step & 120 150 Step 6 e 330

Swep? | 140 110 Swep? 140 11D

Step 8 20 0 Siep § 120 260

An observation of a cross-section of the plated circuit board showed good plating with no

dimple.

Example 22

An acid copper electrolyte was roade up a8 in Example L
A flash plating laver was deposited by DO plating at a current deasity of 2 ASD fora
peried of 10 minstes. Therealier, pulse reverse plating was performed at a current density of 3.0
ASIY for a period of 43 minutes to oreate a copper bridge in the throngh-holes, followed by 3¢
o

plating at a current density of 2.0 ASD for 99 minutes until the through-holes were filled in

vertical plating prooess.

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

sequence off

Side B

Ampiitude Step Pugation Amplitude
{1ms) } {ms} {%e}

Step 1 : 128 128 Step | F2S 120

125 0

,m
¥
(¥4
o]
fory
o~
P
o
L3

i
1

Siep 3 125 120 Step 3 135 10
o S

Pt
',}'(
pae.
[

=4
Al

Step 4 12!

%
=
g
[
.
1
o
ot
¥l
Lo
14
R
e
L
2]
A
ft
o

3
]
g
(%33
1
L
o
"
o
@
e
-
)
P
WM
T
o
2
<

74
=
7
o]
]
3ol
A
P
=
!
g
by
£
mmns
‘s
i
T
L5
2
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260
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Ryecd
&
g
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ot
]
.13
=
merr”
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et
e
s
o]
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o
[
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An observation of a cress-section of the plated circuit board showed good plating with no

dimpie.

Example 3:

An acid copper electrolyte was made up sccording to the following parameters

{ngredient

Make U

Copper sulfate

24 oL

Sulfunic acid

90 /.

Chloride ons

80 ppm

Acoelersior

.83 ml/L

Suppressor

10 mLAL

Secondary suppressor

2 mb/L

Bath Temperaturs : 23

A {lash plating laver was deposited by DO plating at a carrent density of 2 ASD for a

pertod of 10 vuinutes. Thereafter, pulse roverse plating was performed @ & current density of 2.4

ASD for & period of 40 minntes to oreate & copper bridge in the twough-holes. Thereafter
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synchronons pulse plating was performed at 8 currest density of 2.7 ASD for a period of 40
minies to shape the bridge, followed by DC plating at a current deasity of 2.5 ASD for a perfod
of 60 mivutes until the through-holes were filled in a vertics] plating process.

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

bridging step followed a sequence oft

Side A o Side B

Step Duration Amplitnde Step Duration f”;mplitm‘iﬂ
sy ) {5} {98}

Step | 120

Step 1 120 110
Step 3 126 260 Step 2 120 i

Step 3 140 L1 Step3d 140 {0

Step 4 120 330 Stepd | 120 150

Siep 3 120 1O Stepd 120 1

“Siep 6 120 150 Step 6 120

Ll
i
.
i

B

i
)
-
)
o
s

Step 7 140 I Step 7 &

264

127
Faed
£
e
f—
i
-3
o~
et
N""\‘
o
w0
ik
[e
oy
s
£
S
3
]

3

The syuchronous pulse plating in the shaping step had the following parameters:

Parametey Value

Reverse/PForward Ratie 21
Forwand Time 100 ms
Reverse Time 5 ms

An observation of a cross-section of the plated civcwit board showed good plating with no

dimple when plating high aspect ratio through-holes.

Example &

=l

An acid copper slectrolyte was wade up as in Exanple 3
A flash plating layer was deposited by DO plating at & currest density of 2 ASD fora

period of 1) minotes, Thereafter, pulse reverse plating was performed at a current density of 2.4

"?'.'3
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ASTE for a perted of 40 miputes to crente a copper bridge in the through-holes. Thereafter
synchronous pulse plating was porformed at a corrent deusity of 2.7 ASD for a period of 40
minutes 1o shape the bridge, followed by DC plating at a current density of 2.3 ASD for a period
of 60 minutes antil the through-holes were filled 10 a vertdeal plating process.

substrate followed

The pulse plating wavelorm on a first side and & second side of the

Side A

Step Duration Amplitnde Steps Daration Amplitude
{ms) {83 {ms) {6)

Step 1 o 110 Step 1 110 SR

Step 2 110 264 Step 2 110 {

The synchronous pulse plating 1o the shaping step had the following parameters:

Parameisr Yalue
Reverse/Forward Ratio 201

Forward Time 160 ms

Reverse Thne 3 ms
R‘\-\I“-‘ 1( 1'1 ‘\‘ng

An obssrvation of a cross-section of the plated circuit board showed good plating with no
dimple when plating high aspect ratio through-holes,
{311 Thus, it cay be seen thal the p{‘ﬂi‘.ﬁ‘.é‘%‘.;{i&sm‘iﬁcd herein allows for the metallization of
threugh-holes and/or Wind micro-vis S8 do 88 exhibit any defects, such as snacceptable

voids, cavities, or excessive dimples,
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WHAT IS CLAMED I8

L A method of plating a metal on an slectronic substrate, wherein the electronic substrate
comprises one or more features, whersin the one or more features comprise one of one or more

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

a) preparing the electronic sphstrate to receive metal plating thereon,
b} bringing the clectronic substrate and at least ope counter electrode into contact

with a copper electroplating bath comprising a souree of copper fons to be plated;

¢} electrically polarizing frst and second sides of the slectroniv substrate to initiate
muetal platig thereon, wherein the copper electroplating bath plates the one ar
more through-holes andfer the one or more micro-vies using a plating ovele wudl

metallization g complete;

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

1y pulse plating for a first tiroe period on a first side and a second side of the
clectronic substrate 1 cause copper ¢ prefereptially plate in the center of
the one or more through-holes, wherein the copper morges tngether in the
center of the hole 1o fonm two opposing Wind vias: and

2} direct plating for a second tine period 1o 8] the two opposing blind vias
formed by pulse plating:

wherein the pulse plating step comprises applying an electrical current

glectrodeposit metal from the copper electroplating bath to the first side and
second side of the electromnie substrate, whorein the electrical current is applied
as a pulse plating cyele comprising a repeatable sequence, wherein the

repeatable sequence comprises a set of pulse platiag periods, each set of puls

f
plating penods nclading, in any orden

{1 at least a frst forwaed pulse pertod;

{1y at loast a fivst reverse pudse period;

(i} af least a second forward pulse peried; aund
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3

(ivy  at least a rest period.

~

2. The method according fo claxm 1, wherein the step of preparing the printed cireuii board

to accept electroplating thereon comprises the step of cleaning the printed cirouit board prior to

metallizing the one or more through-holes andfor one or more miore-vias,

3. The wethod according to claim 2, further conprising the step of microstching the cleaned

o

printed cireuit bowd.

4, The method aceording to any of elabins 1w 3, wherein the one or more metallized
throagh-holes andfor one or mre micro-vias do not exhibit any defects.

-~

3. The method according to any of claims 1o 4, wherein the metallized electroplated
copper deposit completely flls the ope or more throogh-holes anddor the one or more blind

macro-vias and deposits a conformal copper deposit on the electronie substrate.

8. The method acconding 1o any of claims | 3, wherein the scid copper electroplating hath

is maintained at 8 temperature of betwesn sbowt 10 and about SO°C.

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

current plating using forwaed carrent for a time pertod prior to step 1,

B The method according o elaim 7, wheretn direct current plating for the first time period
deposits a Hash copper layer on the surfaces of the one or through-holes andfor ong or more blind
WHETO-VIAS,

T

8, The methad according to any of clanms 110 3, wherein the electvonic substrate Iy
contgeted with the acid copper electroplating solution by a method sslected from the group
consisting of spraying, wiping, dipping, and immersing,

10, The method according to claim 9, whﬁf;‘ein the electronic subsirate is contacted with the
acid copper electroplating bath by immersing the slectrowic substrate in the acid copper
clectrolyie.

P The method according 1o any of claims 1o 3, whereln the pulse plating cvele comprising

the repeatable sequence applied to the first side of the electronic substrate is the sume as the
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pulse plating cyele comprising the repeatable sequence apphied 1o the second side of the

glectronie substrate.

12, The methed according to any of claims 1 to 3, wherein the pulse plating eyele comprising
the repeatable sequence applied 1o the fivst side of the clectronic substrate is different from the
pulse plating cycle comprising the repeatable sequence applisd o the second side of the

electromo sobstrate,

13 The method according to claim 1, wherein the sot of pulse plating pericds includes 8

steps, the 8 steps consisting of, In any orden

at a {irst pulse of a first forward duration and first forward intensity:

s} a second pulse of a second forward duration and second forward intensity:
¢} a third pulse of the first forward duration and fivst forward intensity:

e a fourth palse of a veverse duration and roverse intensity;

2) 1 fifth pudse of the first foreard duration and frst forward intensity;

£ i sixth polse of a thivd forward duration and third forward intensity

&) a seventh pulse of the fivst forward duration and first forward intensity; and
h§ a rest period,

t4, The method according to any of claims | 1o 3 or 11 o 13, wherein euch set of pulse
plating periods has a duration of belween about 0.5 and abowt § secounds,
{5, The method according to claim 14, whereln cach set of puise plating periods has a

duration of 1 second.

16, The method according to any of claims Lo 3 or 11 10 13, wherein the sequence
comprises a plurality of two or more repeatable seqnences arranged in a repeating series.

17 "The mothod sceording o elaim 12, whersin the pulse plating cvele is an asynchronows
plating cyole, wherein the repeatable sequence applied to the first side of the substrate 15 the
same as the repeatable sequence apphied (© the second side of the substrate, exeept in roverse

order,

18, The method according to olaim 17, wherein after the asynchronous plating cyele is
performed for a penod of e, 8 second pulse plating cycle with synchronons waveforms on the

first side and the second side of the substrate is applied.
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3

wherein the asynchronous plating eyvele preferentially plates the copper in the center of
the one or more throvgh-holes such that the copper merges together in the center of the whole to
form twe opposing blind vias and the second pulse plating oyele shapes the thus formed two

opposing blind vias.

19, The method according to claim 18, wherein the second pulse plating evele uses a
forward/reverse current ratio of betwesn about 111 to 1:4 and wherein the duration of forward
palses is in the range of abowt 10 10 200 wes and the duration of the reverse pulses is in the range

of abont 8.5 1o 10 ms.

20, The method according to olaim 1, wherein the duration of each first forward palse period
and second forward pulse period s independently in the range of sbout 80 o 230 ws, the
duration of each reverse pulse period s in the range of abont 38 (o abowt 1530 mg, and the

duration of egch rest period is iy the range of about 50 1o about 1530 ms.

21 The method according 0 any of claims 1 o 17, wherein at loast ane of the pulses of the
first forward duration and the first forward intensity or the pulse of the second forward daration
and second forward tatensity comprises a higher intensity pulse of a shorter duration within the
first forward duration or the second forward doration, wherein the higher intonsity pulse has an

inensity that 1 about 10% 1o abo i‘f*f}i}"'«‘ of the ntensity of the first forward intensity or the

second forward puensity,

22, Anapparaius for electroplating s metal on an glectronic substrate, wherein the electronic
substrate comprises ane of more featuves, wherein the one or more fCAIRISS LOMPrise one of
more through-holes and/or one or more blind microvias in the electronic substrate, the apparatas

COMPYIsing:

al means for securing the e bistrate

{t at least one counter slectrode;

() aplatng tank for holding a copper electroplating hathy;

{¢d) an array of nozzles arvanged o simultaneously impinge a frst side and a second

side of the electronic substrate arranged in the plating tank;
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{2} means for electrically polanizing first and second sides of the electronic substrate
o indtiate metal plating thereon;

3

wherein the means for slectrically polarizing the first and second sides of the electronic
substrates comprises one or more rectifiers, whevetn the one or wore rectifiers are gach capable
of direct andd pulse reverse plating, whersin the one or muore rectifiers ave each comnected to 8
wicrocontroller capable of being programmed with g plating cyele comprising @ pulse plating

cyele and a second direct cuarrend eyelesy

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

y pulse plating for s first time period on a fivst side and a second side of the

P,

electronic substrate 1o canse copper to preferentially plate in the center of
the one or more through-holes, wherein the copper merges togother in the

center of the hele to form two opposing biind vias; and

2y divsct ;;ﬁaiing for & second tme perind to il the two opposing blind vias
formed by pulse plating;

wherein the one or maore rectifiers are programmed with a frst repeatable sequence

coanprising & set of puise plating peviods each set of polse plating perieds being conmposed of| in
§ & I &P Bt !

any order, (1) at least a frst forward pulse period; () at least a festreverse pulse period; (Bh &
feast a second forward pulse period; and (ivy at feast a rest peviod, that is applied to the first side
of the electronic substrate and & second repeatable sequence, the repeatable sequence comprising
a set of polse plating pentods each set of pulse plating periods being composed of, in any order,
{1} at feast a fest forward pulse period; (1) at least & {irst reverse pulse period; (i) at Jeast a
conrd forward pulse porfods and (1v) at least a rest period, tha is applied 10 the second side of

the electronic subsirate,

wherein once the pulse plating Iy completed, the one or move rectifiers are programmed

O fravsinon (o divedd current.

23, The apparatus sccording o claim 22, whereln the one or more reetifiers wre programmed

to framsition 0 a regular pulse plating cycle comprising forward plating pudses and reverse
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plating pulses between steps 1) and 2} for a peniod of time to shape the two opposiag blind vias

formed 1 the center of the thoogh-holes.

24, An electronic substrate comprising one of more foatures wetgllized by the process of

Py

claim 1.

28, An glectronic substrate comprising one ar more features metaltized by the process of

claim 1R,

26, A method of metallizing an clectronic substrate comprising one or more high aspect ratin

through holes, the method comprising the steps oft

& preparing the clectronic substrate to receive nretal plating therson;

3 bringing the electronic substrate and at feast oue counter electrode mto contact
with an acid copper electroplating buth comprising a seurce of copper jons o be
plateds

o electrically polarizing first and second sides of the clectronic subsirate to initiate

metal plating thercon, wherein the acid copper slectroplating bath plates the oug

ES

& more through-holes using a plating cycle antll metallization is complete;

wherein the plating oyele comprising the steps of, in orden

3

1} asynchronous pulse plating for a first thme period on a first zide and &

D

second side of the electronic substrate 10 cause copper to preferentially
plate in the center of the one o more tirough-holes, wherein the copper
merges gether in the center of the hole o form two opposing blind vias;
23 synchronons pulse plating to shape the two opposing blind vias formed in
the center of the through-holes; and
33 direct plating for g second time period o il the two opposing blind viag
formed by pulse plating;
wherein the asynchronous pulse plating step comprises applving an electrical
current o electrodeposit metal from the acid copper electreplating bath to the
first side and second side of the electronic subsirate, wherein the electrical

¥

current is applied as a polse plating oyele comprising a repeatable sequence,

o
O
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v‘.}‘-’
N

glectrop

the repeatable sequence comprising u set of pulse plating periods, each set of
pulse plating periods inchuding, in any order;

{1} at feast g first forward polse period;

{i1) at least g first reverse pulse perind;
(i afleast a second forward pulse period; and

{v)  at loast a rost period.

A printed crromit board, wherein the printed cireuit board comprises:

a metatlized panel in which one or more through-holes are formed;
wherein the printed cirenlt board comprises a conductive seed laver thereon o initiate

lating of copper
whereint the tiwongh-hole comprises;

ay afirst copper plating taver in the center of the one or more through-holes,

k2

Ie)

wheretn the coppoer mergers together in the center of the through-hode to form

Lk

wo opposing blind vias

(o
et

opiionally, a secomd copper plating layer deposited over the fisst copper

7

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

blind vias formed by the first copper plating laver and

¢} acopper filhng layer, wherein the copper filling Javer is deposited over the
first copper plating laver and the optional second copper plating layer to il

the one or more through-holey;

wherein the cne or more through-holes are completely filled with copper, withowt any

vpids, dirnples or other defocts.

28, he printed circuit board according o clanm 27, wherew all of layers a) to ) are prosent.
28, The printed clroull board according to olaim 27 or olaim 28, wherein the fizst copper
tayer, optinnal second copper laver, and copper filling laver are apphied using the same acid

copper plating clectrolyie.
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D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:] No protest accompanied the payment of additional search fees.
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Continued from Box No. Ill Observations where unity of invention is lacking

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group |, claims 1-4, 6-13, 17-20, 22-26, is drawn to a method of plating a metal on an electronic substrate, the method comprising the
steps of: preparing the electronic substrate to receive metal plating thereon; bringing the electronic substrate and at least one counter
electrode into contact with a copper electroplating bath.

Group 1, claims 27-29, is drawn to a printed circuit board, wherein the printed circuit board comprises; a metallized panel in which one or
more through-holes are formed.

The inventions listed as Groups |-l do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons: the special technical feature of the Group
I invention: pulse plating for a first time period on a first side and a second side of the electronic substrate to cause copper to
preferentially plate in the center of the one or more through-holes, wherein the copper merges together in the center of the hole to form
two opposing blind vias; and direct plating for a second time period to fill the two opposing blind vias formed by pulse plating; wherein the
pulse plating step comprises applying an electrical current to electrodeposit metal from the copper electroplating bath to the first side and
second side of the electronic substrate, wherein the electrical current is applied as a pulse plating cycle comprising a repeatable
sequence, wherein the repeatable sequence comprises a set of pulse plating periods, each set of pulse plating periods including, in any
order: (i) at least a first forward pulse period; (ii) at least a first reverse pulse period; (iii) at least a second forward pulse period; and (iv)
at least a rest period as claimed therein is not present in the invention of Group II. The special technical feature of the Group Il invention:
the printed circuit board comprises; a metallized panel in which one or more through-holes are formed; wherein the printed circuit board
comprises a conductive seed layer thereon to initiate electroplating of copper; optionally, a second copper plating layer deposited over
the first copper plating layer, wherein the optional second copper plating layer shapes the blind vias formed by the first copper plating
layer; and a copper filling layer, wherein the. copper filling layer is deposited over the first copper plating layer and the optional second
coppere plating layer to till the one or more through-holes; wherein the one or more through-holes are completely filled with copper,
without any voids, dimples or other defects as claimed therein is not present in the invention of Group .

Groups | and Il lack unity of invention because even though the inventions of these groups require the technical feature of the electronic
substrate comprise one or more through-holes and/or one or more blind vias, wherein a first copper plating layer in the center of the one
or more through-holes, wherein the copper mergers together in the center of the through-hole to form two opposing vias, this technical
feature is not a special technical feature as it does not make a contribution over the prior art.

Specifically, US 2021/0130970 to MacDermid Enthone Inc. teaches the electronic substrate comprise one or more through-holes and/or
one or more blind vias, wherein a first copper plating layer in the center of the one or more through-holes, wherein the copper mergers
together in the center of the through-hole to form two opposing vias (Paras. [0060-0069]).

Since none of the special technical features of the Group | or Il inventions are found in more than one of the inventions, unity of invention
is lacking.
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