Throwing Power & Cathode Efficiencies

Solutions

By D.L. Rehrig

Electroplating

Throwing power, the property that expresses the capabil{
ity to produce uniform thickness on non-planar sub-
strates is measured for pulse-plated gold deposits usin
the Haring Cell. Throwing power was found to vary in
parallel with cathode efficiency except in the eight- and
nine-msecon times range, where throwing power in-

of Gold
Under Pulse Regimes

&N.V. Mandich

compositions that could not be plated by other methods. This
phenomenon has since been verified with a number of other
galloys, such as Fe-NiAg-SnitAu-Cd-Cu!?**Cr-Mo !¢ Pd-

Ni,'” Cu-Zn-Sn*and Ni-P*°In 1953, Bertoler@ used direct
current with superimposed alternating current for gold elec-
troplating. In 1955, Rockafellotvobtained a patent describ-

creased while cathode efficiency decreased. Cathode effiing copper and cadmium electroplating. This method was

ciency decreased with increasedn time. With long on
times (8-9 msec), the metal ions adjacent to the cathoc
were depleted and hydrogen evolution occurred.

Wave Forms

Brugnatellt was the first to report electrodeposition of g¢
by direct current, in 1805. Since that time, advances in

electrodeposition have primarily resulted from impro
ments in bath chemistry. Observations on the use of

direct current in electrochemical systems dates from ne
the beginning of gold electroplating. During the 19th cent
it was found that in non-stationary regimesg, when
alternating current (AC) and AC superimposed on DC
used, there is a frequency-dependent effect on the corr
rate of metals in electrolytic systenidpecreased polariza
tion and dependence of anodic dissolution (corrosion) @
c frequency were well characterized by 1909, when WoRlv
reported the first commercial application of superimpo
AC on DC. The Wohlwill method was used to control ano
corrosion in gold refining. A variation of a-c waveforms w
the bipolar DC or periodic reverse current (PRC) method
described by Rosirtign 1896. Patents were filed during t
first half of the twentieth century on various electroplat
methods with periodic reverse currehts.

The first reference on practical pulse electroplating
peared in 1934 when Winkférwas issued a patent fq
changing the alloy composition by varying the volta
which isin essence pulse electroplating. In addition, unip
or pulsed current (PC) could deposit certain Ni-Au al

later recognized as a form of pulse plating.

e When using non-stationary currents in the form of PC or
PRC for electroplating, it was observed, some years before,
that either a deposit of much finer grain size could be obtained
from cyanidé or acid copper solutiort$?* Other research

nlgvorkers have confirmed this for nearly all deposited metals.
j@drdman and Tisdwéllfurther discussed gold electroplat-

a@ng in 1954, covering also electrodeposition of gold and
natloys by a new method. Because of lack of commercial
agoiywer supplied at that time, applied research and industrial
rgpplication did not develop as would be expected. Recently
it was found that with certain pulse frequencies, better level-
areg can be obtained for bright nickel, bright gold and bright
bsioit copper solutions with much smaller quantities of organic
- brightening agents needé&d.
n ait was known that the morphology of gold and gold alloys
vilould be influenced by PRC or PC, but great interest devel-
segped when it was realized that pulse-plated gold deposits
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Fig. 1—Haring Cell.
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proved superior to DC-plated deposits for certain electrprilorowing Abiity ~ &Cathode Current Efficiencies
applications. The age of electronics and material shortagésckness distribution for deposits that are not planar, but are
gave new importance to gold as a commodity and a bogniriegular, can be quantitatively measured in terms of throw-
gold prices led to a demand for ways of reducing doidg efficiency. Throwing Power (TP) is a term also used,

consumption. Pulsing proved to be an answer, and |thisalitatively, plus somewhat different equations.

justified the expensive pulse rectifiers required. After t
theoretical contributions were made.

A comprehensive literature search reveals that the m
ity of the previous theoretical work was done outside

at, The throwing power was obtained for each of the pulse
waveforms, using the method developed by Haring and
njBium. > The object was to determine what effect the nature of
thiee pulse waveform would have on the metal distribution

United States. Practical applications were first implementethen deposition occurs on irregular substrates.

here, however.
It is known that the application of periodically changi
(pulsed) current or potential leads to improvement in

Cathode efficiency is a measure of the current actually
ngtilized in deposition compared to the theoretical maximum
tleeirrent available for deposition. The difference is indicative

quality of electrodeposit&:2By using periodically changing of the amount of current involved with side reactions. The

rates, compared with the deposits obtained by DC, smo
deposits of gold can be obtained from cyanide solufiois}
with the average current densities and electroplating ti
being kept equal. In addition, equal or better quality depg
of gold are obtained at higher current density under PC
under DC condition®®* A decrease of grain size of th
pulse-plated deposits is generally fothitito lead to in-
creased coverage of the substrate with the same quan

ptbbjective in determining cathode efficiency is to determine
the effect pulse waveform variations produced on the ca-

ntesdic deposition reaction.

sitsThe actual current contributing to the deposition reaction

tHameasured by the weight gain of the sample. The theoretical
eweight deposited is calculated according to Faraday’s laws.
For the gold system being considered, the equivalent weight

itlsd2.7 mg/amp-min.

well as quality of the deposited metal, decreased porosity,

surface resistance and increased density of the metals. |tidaing-Blum  Cell

be expected that an increase in compactness is assotiatégpical Haring-Blum cell is a rectangular electroplating
with a decrease in internal stresses, and increased ductthiyk containing positions for an anode and two cathodes

and hardness of metal deposits. While the effect of

dfrig. 1). Simple, though versatile, it can be used to measure

stationary currents (PC and PRC) on morphology is yslblution conductivity, polarization and throwing power. The
documented, current density distribution of the macroprofileample substrates, in our case, were brass Hull Cell panels
in pulsed regimes has been treated in relatively few|maranged in parallel. This arrangement places a uniform
pers®32|t seems that this distribution improves depositioh électric field on the cathodic substrates when they are electri-
done by PRC. In situations where hydrogen is codepositadly connected. The perforated anode is positioned so that
(current efficiency less than 100%), the current densttye distance from one sample is L times greater than the
distribution can be better in nonstationary regimes as godistance from the other. This gives a primary (or linear)
pared with direct current. current density ratio, L, between the two equipotentially
placed plane cathodes at different distances from the anodes,
typically 5 to 1. The weight of each sample cathode is
100 g w w - d v 8 . | recorded before and after deposition. The ratio of the weight
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Fig. 4—Throwing power vs. lagntime and cathode efficiency vs. log
Fig. 3—Cathode efficiency vs. log time. time for 9% duty cycle.
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gains gives the metal distribution ratio, M. If, in an exp¢
mentin a cell with L =5, the weight of the deposit on the 1
cathode is, for example, four times that on the far cathod
= 4. From the Haring-Blum expression for throwing pow

100(L-M)

[TPle = (1)

or, in this case, (5-4)/5 x 100 = 20%. For “perfect” throwi
power, thatis, M = 1 (equal weights of deposit on both far
near cathodes), this formula yields a throwing power o
percent. Intuitively, one would prefer “perfect” TP to
called 100 percent. Further, for no deposit on the far cath
TP comes outto minus infinity; again, one intuitively dislik
a plating variable to be expressed as infinity. Also, the re
depends on the value chosen for P (usually, as stated,
2 or5).

According to the suggestions of Paand Heatle§?, the
Throwing Efficiency, the term used by them for TP, W
calculated from the modified Haring-Blum relationship:

100(L-M)

(TPl =—

(2)

This expression, similar to Eq. (1), produces values for T|
+100 to e. Both expressions are difficult and confusing
interpret. Aformula for TP that avoids those objectionsis
of Fields®®
100(L-M)
TPy = ———— 3)
L+M+2

In this expression, when M = 1 (perfect TP), [¥]100%
regardless of the value of L. When L = M, [TR]0; and
when M = (no deposit on far cathode), [TR} -100%
instead of .
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Fig. 5—Throwing power vs. logn time and cathode efficiency vs. log

bri- One other method for calculating throwing ability will be

eased—the expression for throwing power by Subramatiian:

e, M

er: 100(L-M)

[TPlg= ———— 4)
M(L - 1)

Equation (4) was used for the most of the calculations
because it provides a wider spread in numerical values (100%
n 25%) that can be plotted clearly on the same coordinates as
A athode efficiency. Objections to use of Eq. (1)-(4) have been
ised by Jelinek and Davfecause use of different equa-
H&ons will result in different numerical values for a given
oBl ting bath and TPs calculated will vary with different linear
ios. They offered a graphical method for analyzing the TP
shpasurements directly in terms of a Linear Throwing Index.
i plotting the M vs. L values, the reciprocal of the slope
"ihdicates the TP. D-T. Chin further developed the throwing
index concept by using log-log coordinates for M andl L.
a‘ghis Logarithmic Throwing Index gives the best fit for
eéxperimental data and still retains a single-valued parameter
for measurements of TP: M 2/ where A is constant for a
given plating bath at given operating conditions.

S
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Experimental  Procedure
Cl?aning
PO Removal of protective plastic coating from brass Hull Cell

—

O panels.

[hat Acetone rinse - 5 min.

3. Methanol rinse - 5 min.

4. Water rinse - 5 min.

5. 15% HCl dip - 2 min.

6. Water Rinse - 5 min.

7. Second water rinse - 5 min.

8. Final cleaning - following deposition all samples were
cleaned with cascade water rinse, followed by two dis-
tilled water dip rinses, then dried.
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Fig. 6—Throwing power vs. lagntime and cathode efficiency vs. log

time for 33% duty cycle.
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Bath Chemistry

Deposition was carried out in an Engelhard-tyf
bath having the following chemical composition
75 g/L dibasic ammonium citrate, 75 g/L ammo
nium sulfate and 20 g/L potassium gold cyanide

Bath Parameters

The pH was maintained at a constant 5.0 - 5.5 wi
additions of citric acid or potassium hydroxide a
needed. Agitation was vigorous and constant, usi
an external pump and a magnetic stirrer. The tel
perature was maintained at 60C, with current
density of 0.5 A/drh

©oO~NO U WN PR

Power Supply
The power supphleads to the plating electrodes 15
were twisted and kept short as feasible to minimi: 14
RC effects. An oscilloscope was coupled to th 15

electrodes to monitor the shape of the voltac 16
waveform continuously. 17
@ Model 2010, Pulsco. 18

19
Experimental  Results 2(1)
The cathode efficiencies were calculated for sampl o
deposited at each of the waveform conditions « ,,

plotted in the figures. One sample set had const: 24
agitation; another was deposited without agitatio’ 5
This second set was deposited in the Haring Cell 1 26
measuring macrothrowing power in the form of TF 27
The calculated values of TP are plotted against I« 28
ontime in Fig. 2. 29

At duty cycles less than 50 percent, a simile 30
pattern in TP duty cycles exists. With the exceptic 3t
of the outlying point at 0.1 mseafor 9%, there is

an upward trend in efficiency withntime reaching  *After Pan

amaximum at 1 msec. Fontimes greater than one
msec, TP tends to decrease.

Exceptions to this trend were samples deposited atlor]

Haing Cel Results

Duty On-Off Cathode Throwing Throwing Throwing

No. Cycle,% time Effic., % Effic., %* Power, %** Power, %***

9 0.1-1 78.2 94.8 75.9 78.6
9 0.3-3 64.8 84.8 67.9 52.8
9 0.5-5 57.3 86.0 68.8 55.1
9 0.7-7 76.3 92.1 73.7 70.0
9 1.0-10 76.2 94.5 75.6 77.5
9 2.0-20 69.2 93.1 74.5 72.9
9 4.0-40 68.3 86.6 69.3 56.5
9 6.0-60 57.4 86.7 68.0 53.0
9 8.0-80 58.0 76.3 61.0 39.2
9 9.0-90 71.9 78.3 62.7 42.0
33 0.5-1 72.2 94.0 75.2 77.8
33 1.0-2 70.8 92.6 74.1 71.4
33 2.0-4 70.0 924 73.9 70.8
33 4.0-8 71.4 90.3 72.3 65.1
33 6.0-12 61.5 83.7 66.9 50.6
33 8.0-16 66.3 81.7 65.4 47.3
33 9.0-18 14.3 83.0 66.4 49.4
50 1.0-1 59.3 82.5 66.0 48.4
50 2.0-2 59.0 85.3 68.2 53.7
50 4.0-4 61.8 85.8 68.6 54.8
50 6.0-6 60.5 84.6 67.6 52.2
50 8.0-8 60.9 82.3 65.8 48.2
50 9.0-9 61.2 82.8 66.3 49.1
66 2.0-1 57.3 76.6 61.3 39.6
66 4.0-2 51.9 73.3 58.6 354
66 8.0-4 54.9 75.8 60.6 38.5
75 6.0-2 48.5 82.9 66.3 49.2
75 9.0-3 29.5 93.7 74.9 74.8
90 9.0-1 38.5 99.0 79.2 95.3
2.5 1.0-3 56.9 84.6 67.2 52.4
D.C. 63.6 90.9 72.7 66.6
00(K-M) . 100(K-M) ~ 100(K-M)
**After Fields ***After Subramania
K-1 K M(K-1)

goercent. The same increase in macrothrowing power has been

times and high duty cycles. Duty cycles of 75 and 90 peraefiotind for long cycles with periodic reverse currentin copper
with 9 mseaon, had high TP of 94 and 99 percent, respedeposition'?

tively. Direct current deposition had an efficiency of
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Fig. 7—Throwing power vs. lagntime and cathode efficiency vs. log

91 The cathode efficiency results are plotted in Fig. 3 as
Cathode Efficiency vs. logntime for the set of samples with
high agitation. There is a decrease in efficiency with in-
creasedon time. The most drastic reduction in efficiency
occurs with 9 mseon. This is attributable to the local
depletion of metal ion species available for deposition at the
cathode during peak current flow for lomgtimes. The result

is hydrogen evolution from water electrolysis and drastic
reduction in cathode efficiency.

The cathode efficiencies (CE) of the samples deposited in
the Haring Cell without agitation are plotted in Figs. 4-7. As
in the case of the samples deposited with agitation, the
cathode efficiency decreases with increagingime. The
lack of agitation increased side reactions at shoriéimes
as well. The efficiencies for the samples were 20 to 40 percent
lower than for the same deposition conditions with agitation.
The deposits formed by direct current at low agitation had a
CE of 63 percent and a throwing power of 72 percent.

Plots of TP vs. logn time were made along with plots of
CE vs. logontime on the same sets of coordinates. A plot at
the 9% duty cycle is shown in Fig. 4, 33% duty cycle in Fig.
5, 50% duty cycle in Fig. 6 and 66 duty cycle in Fig. 7. The
plots illustrate that the TP closely follows cathode efficiency.

time for 66 duty cycles.
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The exception is the 9 msen time with 75 and 90 percer
duty cycles as shown in the Table, Nos. 28 & 29. In these
cases, TP increases notably while CE drops and hydr
evolution occurs.

The overpotential for hydrogen evolution is reached
longontimes. The concentration of depositing species, a
complex, at the cathode interface is only a fraction of
species concentration in the bulk solution. As these sp¢

t13. N.V. Mandich,4th Int'l Pulse Plating SympAESF, Orlando, FL
two (1991).
DdénA. Ruffoni & D. LandoltElectrochim. Acta33, 1273 (1988).

5. lbid., 33,1261 (1988).

. T.A. Eckleret al, Plat. and Surf. Fin.67,60 (Sept. 1980).

1q Y. Fukumotoet al., Proc. AESF 71st Ann. Tech. Cpifession K
JOI0 1 984).
trl‘_@. J. Cl. PuippeTrans. Inst. Met. Fin63, 108 (1985).
CGI§SD.S. Lashmoret al, Phys. Rev. Lett48,1760 (1982).

are depleted by deposition, the resistance at the cathpgles. Bertolere, Galvanotecnica, (Italiain)l41 (1953).

increases. In other words, the limiting rate of mass transf
the deposition species governs charge transfer. Greate
age is required to maintain constant current flow and
potential for hydrogen evolution is reached as the depos
ions are depleted at lormg times. The increase in throwin
power suggests the overpotential fos ¢bolution being
reached preferentially in the specimen areas that exper
higher deposition rates at lower duty cycles not accompa
by H,. There is an improvement in the distribution

deposition accompanying the hydrogen liberation. The

epof S.C. Rockafellow, U.S. patent 2,726,203 (1955).

2#t-F.Q. Jernsted, Proc. AES Ann. Tech. Cd38,,63 (1949);37, 151
the (1950).
it J.R. White & R.T. Galask®Jat. and Surf. Fin.75, 123 (May 1988).
gz . D-T. Chin & J.Y. WangElectrochim. Acta36(5/6), 625 (1991).

25. D. Gardam & N. TredsweTrans. Inst. Met. Fin.31, 418 (1954).
26. M.S. AroyoPlat. and Surf. Fin.82, 123 (Nov. 1995).
e?)CeK Popov, M. Maksimovic, B. Ocokoljic & B.J. Lazarevic, Surf.
nied Technol., 11, 99 (1980); K. Popov, M. Maksimovic & D.C. Totovski,
Or 3. Serbian Chem. So&, 319 (1985).
IIP8. H.Y. Cheh & R. Sardl. Electrochem. Soc1,18,1713 (1971).

provement in throwing power is not of practical value9. A.B. Vincentet al, Plat. and Surf. Fin.77, 71 (Dec. 1990).

however, because the deposit obtained is spongy and b
as a result of the Jevolution, making it unsuitable in mo
applications of gold deposits.

Findings
The throwing power of pulse electroplating was found gre
than DC with a certain pulse waveform, less with ot
waveforms. The throwing power was also linked to cath
efficiency; the two characteristics were found to parallel €
other. For longntimes {.e., 8 and 9 mseon), exceptions
existed. In these cases, CE dropped, hydrogen evol
occurred, and a brown deposit formed; TP, however,
creased. Best TP, coupled with high CE and bright ¢
deposits were found with short duty cycles.(9 and 33%).

Gold deposits formed by pulsed current have spe
characteristics not common to other deposition meth

Pulses can be produced with a multitude of frequenci

durations, and magnitudes. From the observations mag
exploring 30 pulse waveform conditions, TP and CE
clearly affected the pulse waveform. The apparent advan
of pulse deposition is its capability to alter those two dep

properties by simple electronic manipulation of the puls

waveform, rather than by involved chemical variations,
more traditional approach to tuning electrodeposition.

Editor’'s note: Manuscript received, June 1999.
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