-2 - are rather Limted. This is primarily due to the |ack of
wel | - defined and reproducibl e hydr odynam cs, inability to provide
hi gh- speed solution agitation, and inability to attain high current

densities. Many nodern electroplating cells enploy fluid
velocities of several neters per second, while the HB cell or simlar
equi pnent has a practical limt at 20-30 cmis. Solution agitation is

typi cal |y conducted by means of air bubblind-or by nmagnetic stirrers, e.g.
stirrer 88. Therefore, the information obtained under low to moder at e

agitation is not di rROTATING!CYBINDERTHROWANG POWEFCEEECTRODE

I nformation obt&i Eﬁﬁ[ﬁ t¥h tt&e HB cell is limted to low current densities
due to the in s of |ow solution agitation. Current
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(pol arization), iCh s not a Sg on of part eomet ry an and other

i nt er.el ect r ode CgRplex upiforzy covemgecof pe %Mwmsﬁsﬁe@;wuoml |
requirements. Pla.te ﬁmsh standards and end-users’ specifications typically give

minimum and maximum thickness criteria. Knowing, a priori, whether or not such
requirements can be met, is quite challenging because the throwing power, as a
parameter specific to each particular plating solution, is not readily available.
Therefore, the plating engineer must develop the finishing processes which
reproducibly provide acceptable quality. To accomplish this, one must rely on
published information about the throwing power of commercially available plating
baths. However, little reliable information is available which quantifies the throwing
power. This is particularly true for modem electroplating solutions where high
current densities usually require high solution agitation.

Since the 1920s an apparatus known as the Haring-Blum (HB) cell has
been a standard tool for measuring throwing power. A schematic representation ofa
Haring-Blum cell, 80, is shown in FIG. 8. It is a rectangular container, 81, with
positions for one anode element, 82, and two equi-potential cathode elements, 83 and
84, placed on cither side of the anode. Current to the anode element and the cathode
elements is provided from a current source 85 via conductors 86 and 87,
respectively. By moving the anode element toward one or the other cathode
eiemcm, various ratios of distances between the anode and the two cathodes may be
preselected. The measurement is performed by weighing the deposit on each of the
two cathode elements after simultancous deposition on both. In the case of an

* “ideal"” weight distribution, i.e., both deposits have equal weight. However, the
reproducibility and the measurements performed with the Harring-Blum (HB) cell




on the part gepnetry and solution resistance can be reduced. An additional
benefit is.obtained when the pol arization brings about a nan-plating
process (e.g. hydrogen evolution) so that the "excess" current is
"consuned” w thout netal deposition. The transport .of matter is
t he key paraneter which can influence throwi ng power. Generally, the

pol ari zati on of netal deposition process (assum ng the sanme netal in

vari ous chemical environnents) is a result of~2+w effects; one is the
coordi nation shell composition and the other is the presence of additives.

The coor di nat i on sbeithenlimited.aThisi€priMatilyeduttts e REEGE We Qicﬂhé&{}?& &ﬁrﬁgﬂ ble
|m"red|atelyfollow t he de;.)oaﬁtlon ting a thin so ution [aye I C
is chenmically dif #gﬂna‘fm@n th R’°§Hf‘ih‘3’b‘ﬁ PecAfolutiopcagitation: apd daabilieiig
cont ami nants may agtaimhighrcurrengdensitiess t he nechani sm of deposition. The .

magni t ude of these effect
-3 - distribution are ai?ﬂﬁcw 8¥°°FR%‘“P?%§B0WP‘8¥ fiyid yelgcities of several
The transport of TAefeTSer seqond: while thedIB oell or sipuilanieqhiphent hasrcpractical Lienit atof

deposi ting met al .20.50 /st m&ﬂfg@ﬂaﬁbﬁ’@{ﬁéﬂi%&%ﬂcal ! As! o ir bcubb{mg or by

relatively wuniformacross the plated pa e tran

limted current APRAERSHF SETFEHE: SRS ﬁByﬂmf@tftésmfpgnammmgdaa@rdqw to
tertiary current :ﬂmtehgiiaﬁmshutm Ixém&'ﬁ)ﬁl?ht & frofdssé¥0 Tfkange in
e P

e ansport ) e Lk 06 A b o oo 0 o

give an el ectroc hdlmllmmmmp oflow sclutidmagitations lﬂmnﬂ&rﬁfti&@ lof thdbx'dét éthup to

ol tage are 1 akeaDiut BEION Sl fiEGk, AR arhBtale 6P pplitanSe o BEEB L. g

Metal Distribution And ThiQlWfiemagitation cen affectithe quiBtidistribution: thrapghrsecondary

ﬁg r fe ace Fi ni shi ngnd deitizy c@frént disiaon effdets ARPhAS Skt e hioid§ Bowes The-
electric field and its resulting primary current density distribution are the first order
parameters which govern metal deposit distribution. Typically, the current density
decreases as the distance from the anode increases. In order to overcome this
primary current density distribution effect, commercial plating apparatus are
designed to apply the kinetic and/or the transport of matter "adjustments" to the
current density.

- The kinetics adjustments can be divided into two kinds: the enhanced
polarization at retained high current efficiency and enhanced polarization at reduced
current efficiency. This results in the so-called secondary current density

 distribution, definable as a current density distribution which encompasses an
additional “resistance” at the interface (polarization), which is not a function of part
geometry and/or interelectrode gap. Thus, the strict dependence of current density
on the part geometry and solution resistance can be reduced. An additional benefit is
obtained when the polarization brings about a non-plating process (e.g. hydrogen
evolution) so that the "excess” current is “consumed” without metal deposition.

The transport of matter is the key parameter which can influence
throwing power. ‘Generally, the polarization of metal deposition process (assuming
the same metal in various chemical environments) is a result of two effects; one is
the coordination shell composition and the other is the presence of additives. The
coordination sheil plays a role in the steps preceding discharge and immediately
following the deposition, creating a thin solution layer which is chemically different
than the bulk solution. Additives, byproducts and contaminants may also participate

- in the mechanism of deposition. The magnitude of these effects on metal



- Experinmental Cell for the Determnation of the Throw ng Power of an

El ectropl ating System', Journal of Electrochemnical Society:

El.ectrochem cal Sci-ence and Technol ogy, Vol. 134, No. 12, Decenber 1987,
pages 3011 et seq. Tan has devised his own cell design for throw ng power
measurenents. This nulti-conpartnent cell: contains anodes and cat hodes
covering a range of distances, while mxing is provided by gas spargers.
Al though the unifornmty of agitation has bee‘n3Trrproved over the Haring
Blumcell, it is still limted by |low solution agitation rates and
restricted sol ut dmmhunionrmaﬁﬁwmnrofd(&misport at‘/eﬂtu::on Thi's

I nventi on enbodi es a new ab
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i nventi on enbodi EETEI dERNLY, :iﬂBﬁFSF inthe; sercalind fettiagy cwimery density disgibutienand g
power of el ectr oleydet litleer ne&hingeﬁﬂtmd@au likfifed cafreatidétsity dafossithe é:lamd

cylindrical body apte for otation Its |ongitudinal axis an
i ncl udes a fixedP fa‘hﬁ ?ﬁtﬂﬁﬁ’&:‘éﬁf two cathode

el ements, at |east one oﬂ'\ﬂ)'l?ahmﬂeumhm lgive apeleacochemical heerpeeatadoreioahent .-

st predet orm ororapgeSer T b R Rttt gﬁmﬁgﬁ%mﬁt ne
anode el ement a ¥e¥uesmll volrage ase aken inte consideratians See |G- |'E$Fle"MDdQllerf i rst
di stance. The i nGiltuliEng M Distibutidh whfg]paw&\q]ﬁémeﬁcymeng@;ﬁ%a
anode el enent an ui.pot.entjall 0 eac e cat enent
measuring i ncl uo‘gﬁ&&ﬁﬂ%t&ﬂ\g@# PagRs @/afhoeee alsa FaigmsChyg han, "A Novel
pre- wei ghed Experimental Cell for the Determination of the Throwing Power of an Electroplating
i System", Journal of Electrochemical Society: Electrochemical Science and
Technology, Vol. 134, No. 12, December 1987, pages 3011 et seq. Tan has devised
his own cell design for throwing power measurements. This multi-compartment cell
contains anodes and cathodes covering a range of distances, while mixing is
provided by gas spargers. Although the uniformity of agitation has been imprdved
over the Haring Blum cell, it is still Limited by low solution agitation rates and
restricted solution volume.
Summary of the Invention
This invention embodies a new apparatus which enables the
measurement of the electroplating solution’s throwing power under welil-controlled
hydrodynamic conditions. With this equipment the throwing power of commercially
available solutions was measured in a comparison to the HB method for low-speed
solutions and also for high-speed solutions. -

" The invention embodies an instrument for and a method of measuring
the throwing power of electrolytes. The instrument is in a form of an elongated
cylindrical body adapted for rotation about its longitudinal axis and includes a fixed
conductive anode clement and at least two cathode elements, at least one of which is

- variably spaced from the anode clement. Preferably, one cathode clement is fixed
relative to the anode element a first predetermined distance and another cathode
element is spaced from the anode element a second variable distance which is a
multiple of the first distance. The instrument also includes means for providing
current to the anode clement and equi-potentially to each of the cathode clements.
The measuring includes providing each of the cathode elements with a pre-weighed




renovabl e netal, foil, rotating the instrunment while the anode and cat hode

el enrents . are conpletely subnerged in an el ectrol yte, applying
current to the anode and the - cat hode el enents, renoving the
metal foils fromthe cathode el enents and wei ghi ng the neta
foils with the deposit thereon to conpare the wei ght of deposited netal at
di fferent cathode el enent positions. .4 Brief Description of the
Dr awi ngs FIG. 1 is a schematic representation of an
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and at 50 to 5¢he mml failsswith the deposit thereomyto compare the weight of deposited metal gt G
4 is a plot of %ﬂ ?b peed on the throw ng power of

Rochel | e copper_ I g s utlons as neasured with anode el enent
to : ‘ B3ti os of from5/1 and 3/1 and at 200

to 2,000 RPM (20- 200 FIG llsasché‘zﬁitfémpmsenmnonofanRCI'PE FIG 5is a

pl ot of an effect of di £ rafios. onthethro n r f.or
Rochel | e copper plati ngﬁt(grbu‘f aé‘ &ﬁg‘ﬁg‘ﬁ&/ﬁ Wfé?el ow
and RCTPE;speed conditions wit h t hose of Haring Blumcell;

FIG 6-is a plot of co P
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rati os %}‘ 5/ 1 Rochelle coppenlow-speed plating solutxons, as measured with gnode clement o theot

of throfi ng _po atHdds Rl faddd) Firn %) 50 to 500 ®PM 5-50_

sol uti ons, | st ance rgt FE)S g?ﬁ'dn% angg,gﬁﬂp /1, and at Q

8is a schemat $epresent ation of a Haring-Blumcell. Det ai I ed
Descri ption FIG. 4maplotofah%ﬂéh&frétah§n% béat orbthé ilirowing

Thr ow ng- Power RecBHs get Highsesed plpping solutons s meass pm@%@ég%@% ”der
the throw ng ploveer catiodselenientratios of o 5/4fande3f1 and at ZOOmZW@QfﬁOO
conditions w t?*’nz a W de range of solution agitation.

The (RCTPE) in ﬂbs an el ongated cylindri cal | y-shaped measuring

i nstrunent, 11, adapt edFiGo15 is atplatiofian effectofidistanasrratioson thelthrowing ROWeOE .

Instrument 11 pechelle copper plating solutions, comparing measurement with RCTPE at low and
high-speed conditions with those of Haring Blum cell;
FIG. 6 is a plot of comparison of RCTPE and Haring Blum cell
throwing power data for selected low-speed plating solutions at distance ratios of 5/1
0a, ' and 3/1; ,
FIG. 7 is a plot of throwing power of RCTPE for select high-speed
plating solutions, at distance ratios of 5/1 and 3/1;
FIG. 8 is a schematic mpxesentauon of a Haring-Blum cell. -
Detailed Descnption
In FIG. 1 is shown a throwing power measuring unit, hereinafter
referred to as a Rotating Cylinder Throwing Power Electrode (RCTPE), which
allows measurements of the throwing power parameter under well-defined
hydrodynamic conditions within a wide i'ange of solution agitation. . _
The (RCTPE) includes an elongated cylindrically-shaped measuring
instrument, 11, adapted for rotation about its longitudinal central axis. Instrument 11
is suspendable in an electrolyte (not shown) which may be in its own container or in
a plating tank. An arm, 12, supports instrument 11 for suspension in the electrolyte
and includes a suitable drive means, such as a belt drive or a motor (not shown),




I s suspendable in an electrolyte (not shown) which may be in its own

contai her or in - a plating tank. An arm 12, supports instrunent
11: for suspension in the electrolyte and includes a suitable
drive neans, such as a belt drive or a notor (not shown), _

-5- enabling rotation of instrument 11 about its longitudinal axis. Drive
means is for providing rotation to instrunment 11 about its |ongitudinal
axis at a desired rate of rotation. The rate-éf rotation may be sel ected
within a range of from10 to 10,000 RPM which translates into solution
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source is connect:yhlndez 13rbeldve ther dnode eleoenticA slipringreleatrods soutaet, d fepl wcfs/@@ne
as drive shaft 19, %tﬂ%oﬁ@eﬁﬁdzﬂiﬁw&aﬂrea Y17k for HrdvidHg Cukar

sui t abl e neans s S ScCrews or an Intern

Upper cat hode el é?rﬁﬁtan@ tlement via an igsdated lqaﬁel%ngﬂﬁe%q t ks ¢athade slerpents may
be provided in a similar manner or, altematively, via a centrally located metal drive

shaft, 19, which is being used for rotating the cylinder. Contact 17 is electrically
connected to a positive (anode) side of an energy source, 20. The negative (cathode)
side of the energy source is connected to an electrical contact for the cathode
element, such as drive shaft 19. The shaft may be secured to the insulating cylinder
by suitable means such as screws or an internally threaded end cap. '

Upper cathode element 15 which is close to the anode element is fixed at
a predetermined distance from the anode element, while lower cathode element 16
can be placed at several coaxial positions relative to the anode and the upper
cathode, such as at four exemplary positions which give 5/1, 4/1, 3/1 and 2/1
distance ratios relative to the anode position, respectively. The first number of each
ratio denotes the distance from the anode element to the lower cathode elemetlt '
position and the second number of the ratio denotes the distance from the anode
clement to the upper cathode element position. _

The two cathode elements are positioned on the same side of the anode
clement. This is contrary to the positioning of the anode element between the two
cathode elements, as occurs in the Haring Blum cell. In the latter arrangement, the
cathode elements have minimal interference with each other’s electric fields. In the
present arrangement the cathode element nearest to the anode e_lement tends to
reduce the current flow to the farther cathode element. While in the Haring Blum
cell the arrangement favors a better current distribution, the present arrangement was
selected because of its practical application. This condition is more realistic than the
Haring Blum arrangement, because in reality plated parts are monolithic, facing the
anode from one side.- '
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. el ements have m ni m

a predeterm ned di stance fromthe anode el enent, while | ower cathode

el enent 16 can be placed at several coaxial positions relative to the anode
and the upper cat hode, such as at four exenplary positions which give 5/1,
4/1, 3/1 and 2/1 distance ratios relative to the anode position,

‘ respectively. The first nunber of each ratio denotes the distance fromthe
anode el enent to the | ower cathode el enent position and the second nunber
of the ratio denotes the distance fromthe anode £l enent to the upper -

cat hode el-enment position. The two cat'hode el enents are
positioned on the sane side of the anode el enment. This is contrary to the
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This condition is nore real | iustmmdnahlﬁmﬁlddaranm@p@deqhndcrg&mfta suijehlause

inreality plated padlé& Eﬁxfg ‘%ﬂl
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cnl sec. : and spaced from the anode element is provided on the cylinder for providing current

to the anode element via an insulated lead, 18. Current to the cathode elemerits may
be provided in a similar manner or, alternatively, via a centrally located metal drive
shaft, 19, which is being used for rotating the cylinder. Contact 17 is electricaily
connected to a positive (anode) side of an energy source, 20. The negative (cathode)
side of the energy source is connected to an electrical contact for the cathode
clement, such as drive shaft 19. The shaft may be secured to the insulating cylinder
by suitable means such as screws or an internally threaded end cap.

Upper cathode element 15 which is close to the anode element is fixed at
a predetermined distance from the anode element, while lower cathode element 16
can be placed at several coaxial positions relative to the anode and the upper
cathode, such as at four exemplary positions which give 5/1, 4/1, 3/1 and 2/1
distance ratios relative to the anode position, respectively. The first number of each
ratio denotes the distance from the anode clement to the lower cathode element
position and the second number of the ratio denotes the distance from the anode
elcnpm to the upper cathode element position. _

The two cathode clements are positioned on the same side of the anode
clement. This is contrary to the positioning of the anode element between the two
cathode elements, as occurs in the Haring Blum cell. In the latter arrangement, the
cathode elements have minimal interference with each other’s electric fields. In the
present arrangement the cathode element nearest to the anode element tends to
reduce the current flow to the farther cathode element. While in the Haring Blum
cell the arrangement favors a better current distribution, the present arrangement was
selected because of its practical application. This condition is more realistic than the
Haring Blum arrangement, bccausc in reality plated parts are monohthxc, facing the
anode from one side.



Instrunment 11 i.ncludes an el ongated cylinder, 13, of a suitable

el ectrical 'y non-conducting material, an anode el enent, 14, arranged
coaxially wit the-cylinder at an upper part thereof and a pair of cathode
el ements, 15 and 16, arranged coaxially with the cylinder in a descending
order along the length of cylinder 13 bel ow the anode elenment. A slip ring
el ectrode contact, 17, placed above and spaced fromthe anode el enent is
provi ded on the cyllnder for providing curr@nt to the anode el ement via an
insulated |l ead, 18. Current to the cathode el enents nmay be provided in a
simlar manner or, alteCyplhderdByor atileasaeleeuﬁ‘cnni hqn-bmtm‘ca'dg patsathenbof,)\ie¢ shaft
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fromthe anode el ement ot:&itdl‘ usE% tPOERBRMERS 11 @Bh having lower

ol aront. Thi's. PG EFmeY: | éa:ta?@h""” éﬂésa“ el oy TR 4O, e

the two cat hOdEﬁ@h@ﬂﬁfﬁs& ofﬁ&aﬁét?ldfsnmmdh& HoforadoRlesyonding variety ofdistande er
ar r angenent at hode el enents have mninmal interference with each

ot her's el ectr % el ds. In the present arrangenent the cathode el ement
nearest to the anode ellarapreferred émbodiment of ¢che ineentionr shownfih §WGt 2, instmument

farther cathod T BRERERRL
favors a bette}T gufwl?‘%gh?l on, Fﬁ‘;e‘ B&#&gﬁdaﬁfggﬁeaﬁ?ﬁlas sel ected
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monol i t hic, faC|n e anode Tromone sid
insulating annular spacers, permit the use of the instrument for a variety of distance
ratios. In this embodiment, the drive shaft 19 is provided with a shoulder portion 21
and a central shaft portion 22 of a smaller diameter than the shoulder portion. The
remainder of the cylinder is made up of annular non-conducting sections, 23, 24, 25,
26, and a non-conducting capping end section, 27.

Contact 17 and anode clement 14 are spaced from metailic central shaft
22, while cathode elements 15 and 16 are in tight electrical contact with shaft 22.
Each of sections 23 and 24 has a portion with a reduced diameter so that the contact
and the anode element are insulated from shaft 22. The length of cylinder section 23
is such as to avoid shorting between the shoulder portion 21 and the contact. The
length of cylinder section 24 is sufficient to permit immersion of anode element 14
in an electrolyte and yet to avoid wetting of the contact sleeve by the electrolyte.
Section 25 is of a length enabling spacing between the anode element and upper
cathode element 15 a first predetermined distance. Section 26 is of a length, which
together with section 24 and cathode element 15 adds to a spacing between the anode
clement and lower cathode element 16 a second predetermined distance equal toa
multiple of said first predetermined distances. For example, in the embodiment
shown in FIG. 2, the spacing between anode elcmcnt_' 14 and cathode element is




Cylinder 13, or at |east electrically non-conducting parts thereof, is

made of an-electrically non-conducting material which is not adversely
affected by the plating reaction and is non-contam nating with respect to
the solution. Suitable material for the cylinder nmay be sel ected from such
insulating materials as epoxy, polyethylene, polypropyl ene, polyvinyl
chloride, Teflon, glass and other materi.gls possessing the above
qualities. Anode el enent 14 and cathode el enents 15 and 16 are made of a

. Gl A e BB

such refractmhodersi¢mént lfsis equalng Gwe times theamiandlengtht SThisreaukts imst al s

suttabl e Torgkfhd Bl dRISF (ankdid ¥EmRAAD Iower EitodR HILERAR 18]and ahbE LiBfnctiP! 2!
urall 0] 1 g

An operator mnay use a é I nstrunents ,. each_havin ower
cat hode el entorippescathode dlementr [S): Injthoseinstaneesomhenis ikdasirable 1@ tesythrowing

woul d perm t at' Shep Histant@ kitfdsyseetion 26 iy Batepladdd byt 18ast 86 Smal&di ng
vari ety of stance ratlos. ., . N a preferred Wnt qof the

i nventi on SWRWEPOFWQN“S@@H?&?@FF%“‘&“&H{B&:{'f@g : CFFalfaft 19
with a pl ;Jr?dsidbnefn?mmmmt fmhuwgawb\cadmef thldmusl rﬁhj'bcixa-]dmeﬂhefordt he
pur pose o avi ng on one rive shaft .. e n

cat hode el erfﬁm"gg?% re u%é@%‘?%‘%%@‘@é‘&é’?g‘?ﬁ%u a'fﬁ%h%cﬁnul ar

spacers, perpositionseeladee tf the anoderelementent for a variety of distance ratios.

In this enbodi nment, #%%{%i% algswrbg%gﬁgd‘%kgn@ﬂgﬂ&l%ggg ghortion

21 and a central sha [ler dianeter than t houl der
portion. Theighs#fitiakeyrhale, byrreansiof serewsand inotbernQyn BIIANAT, At i§ AMPEBAFUCL i ng

oo I ons 1172%%% efgéienfaecﬁea ﬁnﬁeﬂeﬁﬁ@&%ﬂm&ea%ﬁa; eledncﬁstahfim f27. )
whi | o cat hoEnERLHBH dn e BRREFrIed ciodiASHt; 3 IESSE EPPEL BP0 O J R s hat
22. shaft and the cathode elements are provided with matching threads. This ensures the
electrical contact and permits the use of a non-conducting end cap 27 securable to
the end of the central shaft by means of matching threads. The cap forces individual
portions of the cylinder in contact with shoulder 21 of drive shaft 19.

The measurement of the throwing power is performed by attaching pre-
weighed copper foils on two cathode clements and conducting the deposition under
well-defined conditions of cylinder rotation, that is, under identical mass transport
conditions. This is particularly important for the high-speed bath tests (e.g. 200

- RPM and higher) and is helpful in low-speed bath tests (e.g. up to 200 RPM) where
readings can be masked by hydrogen evolution which can interfere with rotation
generated transport conditions. . _

Two groups of tests have been performed. One group of tests consists
of low-speed measurements. These were used to make a comparison between the
information that was obtained from the Haring-Blum cell and the RCTPE, such as
the effects of solution agitation and the cathode distance ratio on the throwing
power. The high-speed tests were used to measure the throwing power of the high-
speed solutions and correlate the data to practical experience. The reproducibility of
the operation is excellent as shown in the following data.

Low-Speed Test .Matrix:

Parameters: | - Haring Blum Cell RCTPE
Current Density 5 ASF 5 ASF

Solution Agitation 25 cm/s (250 RPM) '5,10,25, c/s



Each of sections 23 and:24 has a portion with a reduced di aneter so that
the contact-and the anode el enent are insulated fromshaft 22. The |l ength
of cylinder section 23 is such as to avoid shorting between the shoul der

portion 21 and the contact.
to permt

wetting of the contact sleeve by the elect r(_)lsy_te.

The I ength of cylinder section 24 is sufficient

i mrersi on of anode elenment 14 in an electrolyte and yet to avoid
Section 25 is of a length

enabl i ng spaci ng between t he anode el enent and upper cathode el enment 15 a

first predeter mpy i ce.
with section 24 and ca
element and | o
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o test throwi ng power at other distance

y at least two snal’ler sections pernmitti®hpmmsitioni ng of
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ts may be used on the instrunent.
n%gsi tioned at 1, 3 7and 5 di stance

Catshode el enents 15

it is desirable
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For exanpl e,

and 16 nay be SBrigitemkreaitcentr al
nmeans of screws and in other

efficient electrical

de el
cat.hode el'enents may be
positions rel atARPSPRAE t he anode el ement.
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known manner .
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2. Palladium Plating Solutions:
Component Pd Acid
| Strike
Pd 3gl
NaCl - 60 gfl
Ni -
Dipotassium .
hydrogen phosphate -
Ammonium Chloride -
Ligand (proprictary) .
Additive II
proprictary brightener -
Additive IVS
perriet;i/brightener -
Potassium hydroxide -
HCI (33 %) to pH 3.9
3. Rochelle Copper Low Speed:
Component ' Amount
Rochelle Salt 15
CuCN 30 gN
KCN 50 g/
KOH 5g1

| ement 15).

22 by a tight fi
is inport
n these cat hode elenents and thq

Pd Plate

Sen

90 g/t

25 mi

topH 11.0

tios,

to five tines the unitary length. This

Gold| cnent to | onslardGdldde el enent

I n thg?ﬁ i nst ances when
a section 26

key hole, by

E’ﬂgtg} hat an

Pd Thick
& Ductile

Sgh

90 g/l
80 g/l

4 mil

to pH 8.0
to pH 8.0

 PdNi

NFS
Sgn

25¢1

80 g/

-

2mi
topH 7.7
topH7.7



central shaft I.n the preferred enbodinent, at |east the | ower portion of
the central shaft and the cathode el enents are provided with matching
threads. This ensures the electrical contact and permts the use of a

non- conducti ng end cap 27 securable to the end of the central shaft by
means of matching threads. The cap forces individual portions of the
cylinder in contact with shoul der 21 of -@r.i ve shaft 19. The
measur enent of the throwi ng power is performed by attaching pre- wei ghed
copper foiI;Kogﬁ%xo cat hode eLengghﬁkand conducting the deposition under
wel | -defined™é tions of cyli otation, that is, under identical nass
transport conditions. This is particularly inportant for the high-speed
bath tests (e.g. 200 RPM and hig . " Ul in | owspeed bath tests
(e.g. up to 200 RPM where readigﬁ §gﬁg%g@%g§k§3yby hydr ogen evol ution

whi ch can idﬁﬂﬁﬂ!ﬁ@NMﬁth_rotatioﬁﬂﬁgﬁﬁrated transport conditi ons.

TWo gr oups . aurk@itDenliRy® been penoo ASE{UMRS ofticPwide@pediSsd)S CONSi St's of

| ow speed urenments. These wer make a conparison between the
i nf or mat i oﬁ‘ﬁ‘é@%&%’hi ned froﬁﬁm SBl um cel | and the RCTPE, such

as the ef f edDistante Ratiot i on agi t as/lod/1aBA4 &1 cat hode di stance ratio on the

pover. of | he MRS 81 SOP Lt ont T e sh B, Wik 08 el 89

experience. The reproducibility of the operation is excellent as shown in

the fol | ow RgEaeRs: Low Speed Test Matri x:
Par anet er s: ) . Haring Bl um Cel | "RCTPE Current Density
5 ASF 1. Soft Gold Plating Seltion;| ut i on Agi t ati on 25 cn's (250 RPM)
5, 10, 25, crdeomponent_ Soft Gold - o-

Au 25 g/l

Conducting Salt 130 g1

monobasic potassium phosphate 4 g

Brightener salt o 3021

2. Palladium Plating Solutions: :
Component PdAcid Pd PdNi Pd Thick Pd

: _ Strike Plate NFS & Ductile NFS

Pd 10g1  25g1 25 gl 25 g/l
NaCl - e0gN - - _ -
Ni - - - 15g1 -
Dipotassium hydrogen : |

phosphate - 90 gn 90 g1 - ' -
Ammonium Chloride - = - - sogn 80 g/l 80
Ligand (proprictary) - soma - . -
Additive II proprietary _ , _ '

~ brightener - - - 4 mi/1 - -

Additive IVS proprietary ‘ :

brightener - - - 2miA -
Additive VS proprietary '

brightener - - - - 2 mi/1
Potassium hydroxide - topH11.0 topH80 tpH77  tpH77

HCI (33 %) topH39 - wopH80 topH77  topH77



D stance Ratio. : -5/1 & 3/1 5/1, 4/1, 3/1 & 2/1

Tenper at ure 35-40 (err] 35 - 40 (err]
Sofutions Tested & Their Fornulations: 1. Gold Plating Solutions:
Component Soft Gol d Hard CGol d Au
8 g/1 8 g/l Co :
100 ppm Conducti ng Salt 130 g/l 130 g/l
nonobasi ¢ potassi um 4 g/l - phosphdpe' Bri ght ener salt
30 g/l 30 g/l 2. Palladium Pl at| ng Sol utions: Conponent
Pd Acid Pd 8! Roehelle Cupper High SpeediNi Strike
& Ductile NFS, %un 3g/| 5 g/l 5 g/l
5 g/l NaCl Contponent e Mopnt - TN
- - Rochelle Salt | 603/!2 5 g/1 Dipotassium hydrogen
phosphat e - CuCN 90 g/l 4 42 g/l 90 g/l - Ammoni um Chl ori de
- - - 80 g/l 80 g/l Ligand (proprietar y) -
25 m /| - mtlve I proprﬁ_’eﬂﬂary bri ghtener -
4 m/l - Kletlve | VS proglogtary bri ghtener - -
- Pot assi um hy%roo - to pH 11.0 to pH
8.0 to pH? 25{93(33% to pH3.9 - to pH 8.0
to pH 7.7 3. Rochell e Copper Low Speed: Conponent Anmount
4. Ni Sulfamate High Speed Solution:
Component Amount
Ni sulfamate - 600 g1
Ni Chloride 10 g1
Boric Acid 45 g/l

The measured data is presented in an empirical form with the actual ratios of the
weights obtained. Equation (1) defines the throwing power, TP, measure used in
presenting the data. .

TP = WN/WF (1)
where WN is the weight of deposit at the near cathode and WF weight of deposit at
the far cathode. In each case, the number is a relative measure, in percent, of the
closeness to an ideal case of having a ratio of weights close to a unity. Thus, baths
with a good throwing power have ratios close to the unity, and baths with inefficient
throwing power have numbers which differ from unity.

Since the transport of matter is apparently the key parameter in
conducnng these measurements, the magnitude of this effect was established first.
The RCTPE system offers an opportunity to investigate the throwing power
dependence on solution agitation under well-defined conditions. This effect was -~
measured on the Rochelle copper bath for both low and high-speed conditions. The
comparison was made for two distance ratios, 5/1 and 3/1(Figures 3 & 4). The low-
speed measurements are presented in FIG. 3. At low agitation rates of 50 and 100
RPM (5 cmy/sec and 10 cm/sec) the throwing power is good (weight ratio is close to
1). With increased solution agitation the measurements diverge. At 500 RPM (50
cm/sec) the weight ratio at 5/1 distance ratio is approximately 1/2 of the weight ratio
at the 3/1 distance. The effect is possibly due to an overall lower current efficiency
of the process. At the 5/1 distance ratio the metal deposition process is clearly less

- efficient (only 1/2 the metal deposited) than at the 3/1 distance ratio. This indicates
an excessive hydrogen evolution at 5/1 ratio. Data presented in Figure 3 suggest that



Rochelle Salt - -15 g/l QuCN 30 g/l KON

50 g/ "KOH 59/l .

-9:- K[err]qurr] 15 g/l

Hi gh- Speed Test Matri x Pararreters - RCTPE Current Density

100 ASF (Unl ess otherw se specified) Solution Agitation 25, 50, 100, 200
cnls Distance Ratio- 5/1, 4/1, 3/11&.211 Tenperature

35-40 C (Except N sul famate, which was plated at 60 Cerr]) Sol uti ons:

é0| CSiOfAL Col d Pl flei15g- s§8éd‘ HOQQSsesCﬁ%PJ' gc mvesnggw&/qt IWCFBBH"HQ%FQ"' poss?bf;

1130 g/| rmonobas?¥0 RBMEXSi amysest) @ idssieeg. at 100 RPM (1(Bemsbé)ener sal t
30 g/l 2. Palladium Pl aftjeigghighdtli f¥dSurements are presented in FIG 4. Convergence is

quite good, for the 5/1 and the 3/1 distance ratio. This is especially true for the 1000
(100 cm/sec) and 2000 RPM (200 cmy/sec) rates. Here the weight rato is close to
unity, which matches the empirically established good performance of the Rochelle
copper solution. Therefore, the 1000 RPM (100 cmy/s) is adopted as the nominal
solution velocity in the RCTPE measurements of the throwmg power for high speed
solutions.

FIG.5 shows the throwing power data as a function of the distance -
ratio, from 2/1 to 5/1 for low-speed Rochelle copper as measured using both the
Haring Blum cell and the RCTPE. Although the distance ratio was changed
considerably, the observed values stayed within narrow limits for the RCTPE. The
Haring Blum data varied over a much wider range for the same distance ratios,
suggesting that the RCTPE method is more internally consistent, which is required
for plating process characterization.

Reference information on a variety of low-speed plating solutions was
established for comparison of the Haring-Blum cell and RCTPE at distance ratios of
5/1 & 3/1. FIG. 6 shows data presented in the descending order of weight ratio for
the 5/1 distance ratio. Superior performance was demonstrated by Pd Thick Ductile,
PdNi NFS (non-foaming) and, as expected, Rochelle Copper. The RCTPE data was
highly convergeant, while the Haring Blum data was quite divergent and spanned a
wider range of values. In addition, the range of values of the RCTPE data is
supported by practical experience with the tested plating solutions.

. FIG. 7 shows the performance of a variety of high-speed solutions
mcasmed with the RCTPE at 1000 RPM (100 cmy/s). Rochelle Copper again showed
superior petformance. Soft gold and palladium nickel alloy were also quite good.
The graph also shows a clear convergence of the data, as did the low-speed data
presented in Figure 6.

A throwing power rating system, which is presented in the Table below,
was prepared to evaluate the RCTPE as a potentially useful tool for measuring
functional performance of plating solutions. The TP data were divided into
categories from excellent to poor. As a reference, the same terminology was used as
in ASTM 02.05 Designation: B-507 "Standard Practice for Design of Articles to be
Electroplated on Racks", which defines the throwing power cnpablhty of plating
solutions.




Conmponent : . Pd ‘Acid Pd PdNi Pd Thi ck Pd

Strike = Plate _ NFS & Ductile NFS Pd 10
g/ l’ 25 g/ | 25 g/ | 25 g/ Nad 60 g/l - -
N - - : 159/ | .-

Di pot assi um hydr ogen phosphat e - 90 g/l 90 g/l

- Ammoni um Chl ori de - -12- 80 g/l 80 g/l 80
g/l Ligand (proprietary) - 50 m /I - . - -
Additive Il proprigta rd ght ener - -, .4 m/l

- - Addi t‘?ﬁ'@ﬂé"& gﬁ{}gfﬁr y brightener Throwing Power Rating_

2 m O75-1.25 - Additive VS proprietaryEkesiight ener -
2 m/| Pot ass'Q%hydroxi de -

- - e :
to pH 11.0 to pH E}‘g Z'O{G{)—,Splq 7.7 to pH 7.7 HCO ( 7 ~ to pH
3.9 - -t &HHBH025%0 pH 7.7 to pH 7.7 Fair

- 10- 3.. Rochel | ¢ Xonepeis H gh Speed: Conponent pgor © Anpunt
Rochel l e Salt . 6[9:&9” C%JC?N 42 g/l , KCN .

67 gl ¢ table below are presented the results of a comparison of various

plating solutions using the above arbitrary scale. It is clear that the RCTPE gave
internally consistent results which are also in better agreement with the ASTM

guidélincs.
Bath ASTM Haring Haring RCTPE - RCTPE
| Rating Blum - Blum
B Distance :
Ratio - 5:1 3:1 +5:1 31
Rochelle Cu, LS  Excellent Fair Fair Excellent Excellerit
~ Rochelle Cu, HS  Excellent Poor Fair Excellent Excellent
SoftGold, LS  Good Poor Fair Good Good
Soft Gold, HS Good - - Good Good
Ni Sulfamate, LS~ Fair ~ Poor | Good - Fair
Ni Sulfamate, HS Fair - - Fair Good

. Additional advantages and modifications will readily occur to those
skilled in the art. Therefore, the invention in its broader aspects is not limited to the
specific details, representative devices, and illustrated examples shown and
described. Accordingly, various modifications may be made without departing from
the spirit or scope of the general inventive concept as defined by the appended claims

 and their equivalents. .

- - -
P - . -



KOH = . -+ 10 g/l Klerr]CJerr] 30 g/l 4. N

Sul famat e H gh* Speed Sol ution: Conponent Amount Ni

sul f anat e 600 g/1I N Chloride 10 g/I Boric Acid

45 g/l The measured data is presented in an enpirical formw th the actual
rati os of the weights obtained. Equatic_)r13(_1) defines the throw ng power,
TP, measure used in- presenting the data. TP = WW

(1) where W is the weight of deposit at the near cathode and W wei ght of
deposit at the far cathode. In each case, the nunber is a relative neasure,
I n percent, We daim:c| oseness to .an ideal case of havi ng a ratio of weights
close to a unity. Thus, baths with a good throw ng power have ratios cl ose
to the unity, and baths with inefficient throwi ng power have nunbers which
differ fromiunityAn instrument for Measeariig ethtgwingppoweofofmant electraly®ppahicht | y
t he key paranmeter in conducting these neasurenents, the nagnitude of this
ef fect was est ablPEBWEFEEK | rst. The RCTPE system offers an opportunity to

i nvestigate the thraew p . pl%g}e ! | b aty] hoxic -
wel | - defined con |teﬁ%ﬂré%%dgg?ect mg@ﬁ%%ﬁgé@hgﬁ%ﬁg ‘hgé%%ue cogf‘olesr]
bath for both | owherest, hsafd-cyliaddcat oboldyt ihaving Subsstamtiallpr usiformyadiametde dndr
two distance ratios, 5/1 and 3/ 1(Figures 3 4). The | qu, speed

nmeasur ement s arecﬁF’é’S’é’ﬁ‘geﬂPﬂ’l’ialﬁYGf gtaligp ?Hﬁ)aégﬁlq‘%ﬂt%ﬁv% granged 3lome1 oo
RPM (5 cnmfsec an n%fﬁl ; ' Qe | bl N 1P byS
close to 1). Wtﬁhell%\bc eaélggl) %F&E%B&é\ﬁd{]?%fi onht%rg %gg‘gﬁ?\éﬁn%ﬁtsc%?yg?g . At
500 RPM (50 cnl seoh-cohductingglannulant elemants5/ 1 di stance ratio is approxi mately

1/2 of the weight ratjo gt the.3/1 djistance. The effect is.possibly due to
an overal | |ower °Eﬁr?%_eﬁfﬁeﬂcpa§‘%m% HEEYS oiF e ShOky ﬂe@l‘gy"i‘%‘?-ﬁ%‘ﬂ?@ -
ratio the netal qRg@shéd ewﬂgpsgﬁx_el &ylindAedl Bodyadswalf hh Gppét ertdofbiéofl/andt he.
met al deposited) than at the 3/1 distance ratio. This indicates an

excessi ve hydrogeah least|twoi ofi said Betalliet dnpulaba¢lempnts sangt short meatallje rcatlmpde

suggest that clements positioned coaxially of and along the length of said body in spéced

relation each to another and to said anode element, said cathode elements being
on the same side of the cylindrical body relative to the anode element; one of
said cathode elements being at a fixed distance from the anode element, and
the other of said cathode elements being at a second selectively variable
distance from the anode, said second distance being greatei than the fixed
distance and being a whole number multiple of said fixed distance, and
means for providing cutfent to the anode element anci equi-potentially to said
cathode elements such that, upon immersion of said instrument in an electrolyte
with said anode element and the cathode elements submerged in the electrolyte,
and application of plating potential to the anode and the cathodes, an electro—
deposition takes place on the cathode elements.

2. The instrument of claim 1 in which said second distance is selected from a

range of from 2 to S multiples of the fixed distance from the anode element.

3. The instrument of claim 1 in which said cylindrical body comprises a drive

shaft passing through said plurality of metallic annular elements and non-



the | owspeed processes. shoul d be investigated at |ower solution agitation,
possibly 250™RPM'(25 cnmisec) or less, e.g. at 100 RPM (10 cni sec).

The hi gh-speed neasurenents are presented in FIG 4. Convergence is quite
good, for the 5/1 and the 3/'1 distance ratio. This is especially true for
the 1000 (100 cm sec) and 2000 RPM (200, iﬁ“{d_sec) rates. Here the weight
ratio is close to wunity, which matches the enpirically established good
performance of the Rochelle copper solution. Therefore, the 1000 RPM (100
cnm's) is adopted as the nomnal . solution velocjty in the RCTPE
measurements of t RRAGUSHBZARMYIY Slgments, begingingsith @ noaspadycting annular element
FIG 5 shows the b i : istance ratio,
from2/1 to 5/1 f%ﬁﬁﬁwgﬁg‘?%@%ﬁ@% p%&eigﬁgggﬁggégﬁe nSsi ng both the
Haring Blumcell and the RCTPE. Although the distance ratio was changed
consi derably, the_observed val ues stayed w thi Es;{]ﬁrrow llimts for the

RCTPE. The #ari ngheinstumensol glaimd igyduch, opg ohsqifl msans foruoyiding; greresh i,

di stance rati os, u j tis taACerREnsR t i r € adi Yeai
consi stent, whi chuil%sgérne?%c%ﬁ glgﬁ&n?ol? % %tl ng&pr%gcagggv‘%ﬁlé#gc@gl%g%gﬁ sald,
Ref er ence i nf or maplupalitg rofahe annwdary elefnehts vansipleaing [h alectnigaliy icondustive wasgtact

est abl i shed for con;ﬂ i son of the Haring-Blumcell and RCTPE at di stance
rati os of 5/1 & 3WMith the Gaidecathodg Llqments- by esented in the descending order of
wei ght ratio for the 5/1 distance ratio. Superior performance was
denonstrated by Pd Thick Ductile, PdNi NFS (non-foam ng) and, as expected,
Rochel | e Copper. The imtmmgent aifacleies 1hingwhiche eashe of)said, caigde celemen &

Bl um data was quite di.vergen nd spanned a w der range of. val .
addition, the ranﬁ‘@“ﬁ‘?seéaqg H’@Eal 3?3%?591%%5@%}5?‘2?? §“s°ﬁ‘g°§osr“{% 85%"? g%ﬁ?%eal
experience wth. themegsted plating solutions. : FIG 7 shows the
performance of a variety of high-speed solutions neasured with the RCTPE at
1000 RPM (100 cm’'s). Rochel | e Copper agai n showed ' : '



superi or performance. Seft gold and pal | adi um nickel alloy were also quite
good. The graph al so shows a cl ear convergence of the data, as did the
| ow- speed data presented in Figure 6. - 15 - A throwi ng power rating

system which is presROREPING ¢W@MW@W&%§F& eval uate the
RCTPE as a potentially usefu 00 Or neasurin T or mance of
plating sol utiongysklg data were divided into categories from excell ent
to poor. As a rezéo'rgerrcgr?t he same term nol ogy was used as in ASTM 02. 05

Desi gnati on: B-507 "Standard Practice for Design of Articles to be

El'ectropl ated on Racks” rhily Qhvéditites peietd %96 %aRodBparabali bhiynithod
pl ati ng sol ution

. . - _12-
DerGht CRati o, NegoFrgeasuring throwing powes f n3legtEsPiabing solutions.
0.75-1.25 The instrument is in a formxefldmnélongated cylindrical

1.25-2.0/0.75-.5 . . 22 0; 2
Fai S Zpgfiy<r'o§gtable about its lca‘i’éiitudlnal %:(()gsr. ard iﬁc?u&gsl 2

the tabl e bel ow Fixedr eondusdimee anade telestent andaat sherst twei oaghode

Do Save. Lot o SR ARy | (Bly SBe s Mo Lttty

Wwith t%e ASTM gui%g‘gl i%,p@ae gadhanot%er cathodesthg spaced P?%‘Pih@e agOSe a

Haring RCTPE wvariableR@iBfance which is a mult¥plegof the othem distance.

Elsurln Distance 3: ?ite' Ynstrument providescurrent t0 the anode ard 1equi-
potentials to the cathodes. ZXach cathode has a pre-~weighed
removable metal foil, and the instrument is rotated with
the anode and cathode submerged in an electrolyte. The
metal foils are removed and weighed to compare the weight
of deposited metal at different cathode element positions.

FIGURE 1.



Rochell e Cu, LS Excell ent Fair Fair Excel | ent

Excel | ent Rochel l e 'Cu, HS Excel | ent Poor Fair Excel | ent
Exeel | ent Soft Gold, LS Good Poor Fair Good
Good Soft Gold, HS Good - - Good

Good NI Sul famate, LS Fair Poor Good - Fair
‘Ni Sul famate, HS Fair - Fair _

Good Addi ti onal advant ages . and nDdlflcatlons will readily occur

to those skilled in the art. Therefore, the invention in its broader
aspects is not limted to the specific detaails, representative devices, and
illustrated exanpl es shown and descri bed. Accordingly, various

nodi fications may be nade w thout departing fromthe spirit or scope of the
general inventive concept as defined by the appended clainms and their

equi val ent s. - 13 - Ve
claim 1. An instrunment for measuring throw ng power of an

el ectrol yte, which rlfes .~ an elongated cylindrical body
adapted for rotation about the |ongitudinal axis . t hereof, said

cylindrical body having substantially uniformdianeter and
conprising a plurality of metallic annular el ements which are arranged

al ong t he | ongi t.udi nal is of the padw-and which are separated from
each ot her by non- condudti ng, annulfr el enents, 1.
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one of said netallic annular elenents is a short netallic anode el enent
positibned coaxially of the cylindrical body toward an upper end thereof,
and at least two of said nmetallic annular el enents are short
metal | i ¢ cat hode el ements positioned coaxially of and al ong the
| ength of said body in spaced rel ati on each to another and to said
anode el enent, said cathode el enents being on the sane side of the
cylindrical body relative to the anode el enent, one of sai d cat hode
el enments being at a fixed distance fromthge anode el enent, and -~ t he
other of said cathode el enents being at a~second sel ectively variable
di stance fromthe anode, said second di stance being greater than the fixed
di stance and being a whole nunber nultiple of said fixed distance, and
means for providing thzgnt o the anode el enment and equi-potentially to
sai d cat hode nt& such that, upon imersion of said instrunent
in an electrolyte with said anogde el enent and the cathode el enents
‘subnerged in the electrolyte, . apd application of plating potential
to the anode and the cathodes, an el ecfro- _ deposition takes place on
-the cat hode el enents. 2. The in ment of clgfm 1 in which said
'second distance is selected froma |[E5] range of Trom2 to 5 nultiples of
the fixed distance fromthe anode 3. The instrument of claim
1 in which said cylindrical body conp§ S Bdrive shaft passing
through said plurality of netallic u el enents and non-
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conducting annul ar el ements, beginning with a non-conducting annul ar

el enent - and ending with a non-conducti ng annul ar. cappi ng el enent.
4. - The instrunent of claim1 in which one of said neans for providing
current to t he cathode elenents is an extension of a drive shaft,
passi ng through said plurality of the annular elenents and being in
el ectrically conductive contact with the said cathode el enents. 5.

The instrunent of claiml in which each of said cathode el enents further
conprises a netal foil renovably secured tojan outer surface of the

cat hode el ement . — - 15 - ROTATI NG
CYLI NDER THRON NG PONER ELECTRODE Abstrac This i nvention
pertains to an ap%rlaéus and nmet hod for measuring throw ng power of

el ectroplating so ilens.3The instrunent is in a formof an el ongated
cylindrical body rotatable about its longitudinal axis and includes a fixed
conductive anode el enent and at |east two cathode el enents. Preferably, one

fﬁtehgﬁgdieséfi xed rel ati 250 o]t he anode and albﬁﬂ%lrcfcﬁiﬁ(%gg is spaced from
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vari abl e distance which is a nultiple of the other distance. The instrunent
provi des current’to the anode and equi- potentials to the cathodes. Each
cat hode has a pre-wei ghed renovable netal foil, and the instrunent is
rotated with the anode and cat hode subnmerged in an el ectrolyte. The netal
foils are renoved and wei ghed to conpare the wei ght of deposited netal at
di fferent cathode el enent positions. [er] [err]
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