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Direct metallization of dielectric substrates for flex-cir-
cuits or fabrics for EM shielding by electroless method
requires the use of “once-through” or printable catalysts.
The mixed-potential time data have been used to evaluate
the activity of printable catalysts. The activity of the
catalysts was related to the minimum time required to
reach a steady-state mixed-potential. Catalysts activate
under varying conditions were compared. Results ob
tained show that the approach gives a reliable method g
measuring catalyst activity. With very good control of
bath conditions, the method is useful for comparative
purposes and useful also as a tool for improving catalyg
performance and elucidating the role of catalyst active
ingredients.
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Fig. 1—Potential-time curve for uncatalyzed nickel in electroless copper

desired circuit pattern is directly plated onto a dielectr (. 2400
layer? is of interest because the method allows finer lip 15 muy
and spaces, and offers better heat and chemical resigte ~ -#-30¢
because no adhesive layer is used. The technique allows Eo™~ .
o ; ; O (400 F — 45 oy e
metallization where required, thereby saving catalysts|a @ ;-..“_,-‘ - —————
reducing waste. Unlike the conventional method of cataly: gi i ﬁm‘r'{; \
in which the entire substrate is catalyzed and photoma: |
i - > o600f O
used to activate a selected portion of the substrate, the {c ,; ™" § .
step” metallization technique requires the selected portign i § .
; ) . =L, T - B M) oo mmm i
the substrate to be directly printed with a catalyst and { el PR -
vated before plating. The one-step method is also suitable 1B o L ' :
unconnected (multiple) patterns and metallization of fabyi 0 106 204 300 400 500
used for EM shielding. Electroless plating is the preferr Time, sec
method for depositing the metal on the dielectric substrat ] ) ) ]
because there is no underlying conductive path to a |(§| . 2—Mixed-potential changes in electroless copper bath for nickel

electrolytic plating. Interest in the field of fully-additiv
pattern plating has therefore resulted in extensive resg
and development directed towards improving the metho
which the catalyst pattern is printed and activated on
dielectric (catalyzation step), bath stability (plating step)
mechanical properties of the depositdn the catalyzation
step, a solution of palladium salt is mixed with an appropr
carrier polymer to form a printing ink. A printer or printir
pressis then used to print the circuit patterns on the diele
For the EM shielding fabric, a catalyst of very low viscog
is used for catalyzation. The fabric substrate is first pa
through a processing tank of the catalyst solution guide
rollers. As the fabric exits the tank, itis passed through ar
or squeegee to reduce the amount of catalyst on the sub
After drying, quite unlike the conventional Pd&INCl,
activation step for electroless plating, the printed or cataly
substrates are activated thermally or photochemically.
Unfortunately, the catalyst activation step has been fqg
to be a rate limiting (determining) step. For thermal act
tion, the temperature of activation and time of activation
important factors that determine the activity level of

Catalyzed and activated (13C) for different times. The arrow shows the
Cinitial inflection point for the 60-min activation time.
arch
d batalyst® Because of the requirements of good printability,
théhesion, and stability (non-blistering) in the electroless
ameith, the catalyst ink may contain several additives that affect

its activity. There is, therefore, a need to have a method by
iaighich the activity of a given catalyst formulation can quickly
tbe estimated or determined and compared to other formula-
Cliions. Such a method can be used as a tool in improving
ityatalyst performance and elucidating the role of various
sgelive ingredients in the catalyst. There are many methods by
d\iiich activity of catalysts can be determined and compared.
Dliffese approaches include:
strate.

(a) Determination of the resistance of a plated sample for a
zed given plating period.

(b) Comparison of cyclic voltammetric peak currents of the
und metal ion reducing agent used in the electroless bath.
vée) Comparison of the “induction period” (time) required for
are attainment of the mixed-potential of the initialization of
he electroless plating.
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Fig. 3—AFM images of nickel sample catalyzed and activated atQ %@ 45 min: (A) 3-D; (B) flattened.

Each method above has some associated merits andTaéaset al12described a catalyzation process similar to the
merits. For instance, the time required to get a conductimee used in this study. Polyimide was used as the carrier
surface, as in (a), can be very subjective. Defining this tippelymer in their work, but they did not investigate the activity
is made more difficult if the metallic deposit is highlof the catalyst.
conductive. The cyclic voltammetric approach is attractive As a catalytic process, electroless metallization needs
because the partial anodic reaction of the reduct@and | palladium seeding for its initiation. The palladium seeding
hydrogen sorption in P8 has been related to the catalyticeduces the time required for the substrate surface to acquire
behavior of the substrate. The cyclic voltammetric methadpotential favorable for the initial metal deposits to be
depends on the solution pH because the anodic oxidatipriarmed. This time that elapses before the plating potential is
the reductant increases with increasing solution pH. Despiached is often referred to as the induction period. The
this, many reports have related the catalytic activity ofieduction period on a non-catalytic substrate appears to
substrate to the peak current or the potential (at a referendedrease on the application of a catalyst. Even for catalyzed
current density)of the bath reductant. The current or potersubstrates, application of accelerators tends to decrease the
tial is often obtained from a solution that lacks most of |tlieduction period. This is attributed to the role of accelerators
chemical components found in a typical electroless hath.changing the surface of the palladium seeding used for
Because the solutions used for the measurement of catatgsalyzation. The nature and distribution of the palladium
activity through the cyclic voltammetric technique do nateeds determine the catalytic activity of the surfddeis
often contain all the active ingredients found in a typlcakpected that the activity of surfaces catalyzed with the same
electroless bath, it is probable that the measured currentqatalyst and metallized in a bath of similar characteristics can
potential), and hence, the predicted catalyst activity diffee compared through determination of their induction peri-
from the true catalyst activity. ods.

Similarly, the induction period method depends on [the
composition of the electroless solution. Accordingly, a faitheory
and appropriate comparison of catalysts requires the useCohsider an electrochemical reaction j written as
experimental baths that are identical to a typical electrgless . _
bath. Horkan$ pointed out that the use of mixed-potential ZSﬁMi' —>ne 1)
measurement for catalyst activity was challenging because of i
high variability often observed. Thisistrue if the source ofithe
variability is ignored in the experimental set-up. As is shgwwhere § is the stoichiometric coefficient of speciesn
later, this variability can be minimized if the bath conditioni@action j, pis the number of electrons transferred in reaction
are kept constant. Both the induction time and the cycjiandz is the charge number of molecular spedlgs-or a
voltammetry methods also require the use of condugtikedox reaction, the partial current densities are represented by
substrates. It is expected that the higher the activity pth@ Butler-Volmer equations as follows:

catalyst, the shorter the time (induction time) required to
nucleate the surface of a substrate with the metal deposit. In ca  .a aq'F
addition to this, a catalyst of higher activity exhibits a higher i =1o| &P\ "pr 7, 2
oxidation current for the reductant than a catalyst of lower
activity.
The literature on one-step additive pattern plating is vefiyr the anodic reaction and
scanty. For the substrate catalyzation, Sausd2 investi-
gated laser decomposition of platinum metallo-organic fiims . o ag,.F
for electroless copper plating. The substrate was coated by 1; =1, €Xp _T‘{'_i'_'— n; (3)

spun-on platinum metallo-organic film, and by focusing|an
ion laser on the film, it was activated and used for electrgless

; 11 . :
platlniq. Kondoet ?I' 'photobretdutced gallad;um dorgljantl for the cathodic reaction. Herg, is the exchange current
complexes on ah aiumina substrate and employed S1eCtiogsisity, a,; (anodic) anda,; (cathodic) are the transfer

plating on the surface. It was also pointed out that thermal @ fficients. The surface overpotentiriis aiven b
photochemical means could be used to activate the catalyst; ' P RlS 9 y

however, the activity of the catalyst was not investigated.
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Fig. 4—Variation of steady-state mixed potential time (catalyst acti
with catalyst activation temperature.

n,=E;—¢,-U,, (4)

where E and ¢, are the electrode potential and solut

potential adjacent to the electrode surface, respectivgly. |

is the theoretical open-circuit potential for reaction j at
surface concentrations of species j. For a general refe
electrode (represented with subscript RE) placed nea
substrate, the theoretical open-circuit potential is givéa

PRVRE I SRS P S

U;, isthe standard electrode potentlal for reactig js the
Iocal surface concentration of speciepgis pure solven
density and subscripts RE and ref are used for the refef
electrode.

The anodic and cathodic exchange current densities
expressed, respectively, as

c.
Y BT - | 10
Toj = Lojrer H[c
) i, ref

) [Cat-a]” (g

Yy
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=t TI[ 22 o= o
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wherey: is the exponent in the concentration dependen
the exchange current density.

[Cat-a]° and [Cat-c] are used to refer to a combination
both surface conditions and species concentrations th
not appear in the overall reaction but attenuate the rate
reactions. The exponents appearing on the concentr
terms in Egs. (6) and (7) are given by

_ 5y
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itthig. 5—Grain size growth with activation temperature (activation time, 45
min).

In Egs. (8) and (9),”p= §andq=0,ifg>0,elseifg<0,
g; =-gand g =
Using the approach of Whit al,'® we can recast equa-
ofons (2) and (3) as

L

=)
SR

Comparison of Egs. (10) and (11) with Egs. (2) and (3) shows

that the exchange current density (assumed to be a good

approximate measure of catalytic activity of the electrode) is

dependent on the catalytic terms. Further, at equilibrium, the
-efbged-potential theory postulates that

th i} = i3 [Car -a] [T EE S
'e..\,\, PN

r the
b\

RT

ﬂ (10)

i =—iy

}] 11)

5 are
(12)

The potential associated with this equilibrium condition is
the mixed-potential and corresponds to

Emp = Ed _¢RE

Applying the above and solving forffrom Egs. (10) and
(11) obtain

e L o > R E ol B ol
oWhere 3 and are defined as
at do
f th -
tion p= @ +a,) (14
F a (3
A= RT(a U +achﬂf) (15)
[Cat aj
Cat
( ) [Cat c] (16)
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- : = : . : : ultrasonically cleaned nickel samples. Similarly, ink without
J palladium ions was also prepared and used to catalyze some
samples. Following catalyzation, the samples were dried and
e w.‘»—__.____-ﬂﬂ,;,,_h._. ] activated at various times and temperatures. The catalyzed
: and uncatalyzed nickel samples were used to measure the
“induction period” of the electroless copper bath.
In another set of experiments, three commercial catalyst
inks@ C1, C2 and C3 (Advanced Performance Materials,
MO, USA) based on three different carrier polymers (polyvi-

e limastnaed ceperiinlonlt

EV
i
]
y—
F
S G T | I

Actiimed Chjper (Eatalynaly | nyl chloride, polyamic acid and polyurethane, respectively)
- | were used to catalyze copper substrates. Following the acti-
e e e e i o Oy vation step (the activation conditions are proprietary infor-

Time, sec x 10° mation), the mixed potential for the initialization of electro-

Fig. 6—Mixed-potential time data for Cu foils in electroless copper batleSS copperon the samples was followed as afuncf[ion oftime.
A commercial electroless copper bath was used in all runs.

Resuts  &Discussion
] The effect of temperature and time of activation on catalyst
‘ activity was investigated by following the mixed-potential
(Enn) palladium-ink catalyzed nickel and copper samples. The
mixed-potential-time curve for an uncatalyzed and unactivated
nickel sample in an electroless copper bath is shown in Fig.
= 1. Copper deposition cannot be initiated on nickel in the
07 absence of a catalyst because nickel does not catalyze HCHO
\ Sieddarredrnrdatarasd | oxidation. Accordingly, the potential-time curve for the nickel
R E ' sample is seentoincrease in the noble direction relative to the
0% o R e e A starting potential. Thus, there is no identifiable mixed-poten-
' 200 400 &0 800 |00 tial in the figure. In the absence of palladium in the ink, a
Time, sec _result similar to Fig.1lis expecteq if a copper substrate sample
Fig. 7—Effects of catalyst coating thickness (catalyst C2) on the n ixlgdlmmersed in an electroless mCI.(el bath. .
potential variation in the electroless copper bath. Figure 2 shows the results obtained when catalyzed nickel
samples were activated at 150. As activation time in-
creases, the mixed potential for the sample becomes more
In Eq. (13), K1), G, (1) and Cat (t) are dependent on timelegative. In addition to the more negative increase in poten-
At the initiation of deposition, however, the change, (% tial at higher activation times, an inflection in the potential-
with time is very small compared to the changes in Cdt {itne curve is observed. This inflection occurs before a
brought about by the activity of new surfaces and catalysiteady-state potential (mixed potential) value is reached. The
species. Thus, during this initial period, the dependencel@gth of time it takes for the inflection to appear seems to
E., (t) ontime is purely a result of the catalytic activity of theary with the time of catalyst activation. For instance, in Fig.
sugstrate on which deposition is occurring. After the suB-the observed times for the inflections are 59, 53 and 44 sec
strate has become totally covered with the fresh metal|fifer the samples activated for 15, 45 and 60 min, respectively.
deposit, a near constant,E(t), independent of changi g The interesting observation, however, is the variation in the
surface film, will be obtained. This is true because |tihength of time it takes for the mixed-potential of each cata-
catalytic activity of the deposit is thought to remain nearlyzed sample to reach a steady-state (level out) value. It
constant when the active species concentratjgmhanges appears to be a function of the activation time. A close
ata slow rate. Consequently, by following the changeg,ir Eexamination of the data obtained at 15-min activation time
during the initiation period, the activity of a catalyzed surfasdows that the steady state mixed-potential attained was very
can be correlated with the time period required to acquiréeauous, quite unlike the data obtained at the longer activa-
constant mixed potential. It is postulated that the more acthi@n time periods. In addition to the weak (not well-defined)
the catalyst, the shorter the initiation time. steady-state mixed potential region for the 15-min activated
In this investigation, the induction period method wagample (in comparison to the 45-min or the 60-min sample),
used to study the activity of catalyst inks formulated for|tlfephysical examination of the sample showed the absence of
additive pattern plating. The goal was to explore the feagibiMcleated copper at the end of the immersion time in the bath.
ity of using the induction period technique to provide &his is in contrast to the samples activated at longer time
quantitative measure of the activity of catalysts for compaieeriods. Figure 3 shows 3-D and flattened AFM images of a
tive purposes. 150 °C catalyzed and activated sample (45 min activation
time). The distribution of palladium particles observed is not
Bxperimental  Procedure uniform. This may play a significant role in the subsequent
Solution A was prepared by dissolving 72.3 grams of poly\activity of the catalyst layer. _ _
nyl butyral in 400 mL of methanol with vigorous stirring. [In  Figure 4 summarizes the results obtained for two activa-
a separate container, 0.77 g palladium acetate was disgoN@d times studied. The figure shows that as the activation
in 2.3 g ammonium hydroxide and stirred until the aceftdige increases (for a given activation temperature), the time
was completely dissolved to form solution B. Solution B wad§quired for the catalyzed sample to reach a steady-state
slowly added to A with stirring to form the catalyst ink. Thé&ixed potential in the bath decreases. The minimum time
catalyst ink was used to coat (using draw-blade rollers) gfluired to attain a steady mixed potential is here regarded as

]
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Table 1
Mixed-potential Data for Copper Samples

Mixed Potential (E )
Time, sec E,V

First Inflection Point
Time, sec E,V

Sample

The characteristics of the mixed-potential time results for
the commercial catalysts were similar to those observed in
the polyvinyl-butyral-based catalyst. Figure 6 shows a com-
parison of results obtained with catalyst C1 for bare
(uncatalyzed) copper, unactivated (catalyzed) and activated

Bare copper 64  -0.626 264 -0.670 (catalyzed) copper samples. Two time periods were observed
for some of the catalyzed samples: (i) a small “inflection” in
CL-A: catalyzed, - » 112 0.734 the p_otential-time curve anq (i) a secorjd period in which the
not activated gradient of_the_ poten_tlal-tlme curve is nearly zero...Th|s
Catalyst C1 second period is again assumed to reflect an equilibrium
condition when the initialization of electroless copper has
C1-B: catalyzed, 17 0977 82 -1.091 been completed. The results obtained for the commercial
activated with catalysts with copper subsf[rat_es are summarized in Table 1.
Catalyst C1 Based on the mixed-potential time in the fourth column of the
table, the method does indeed provide the necessary activity
C2: catalyzed, 81 -0.909 312 1.116 infqrmation. It can be seen that a_“c!ean” copper sheet is less
activated with active than when_thg same material is catalyzed and actlyated.
Catalyst C2 The results also indicate that catalyst C1 is the most active of
the three. This is in agreement with the observations of the
. : ; - catalyst supplier.
gg‘iv;?gyviﬁg’ 12 1.026 137 1225 The effect of a catalyst on a freshly deposited copper
Catalyst C3 surface was evaluated--electroless copper deposited on mylar
was compared to similar samples that were catalyzed with
Tabe 2 catalyst C1. The results obtained are summarized in Table 2.

Mixedpoental ~ Daa
For Feshly Deposied Hedroess — Copper

Sample First Inflection Point  Mixed Potential (E )
Time, sec E,V Time, sec E,V

No catalyst 4.2 -0.916 15.2 -1.19

Catalyzed & 12.7  -0.808 57.3 -1.14

activated

Catalyzed, 155 -1.036 29.7 -1.14

activated &

accelerated
Sample accelerated in mixture of hydroxime, NaOH & HCHO; catalyst:

the time required for complete copper nucleation of the ni
sample surface. The ease of nucleation is assumed

proportional to the catalyst activity, thus the minimum ti
required for a steady-state mixed potential is used

measure of the catalyst activity. Consequently, Fig. 4 i
cates that the catalyst activity increases with increas
activation temperature for any given activation time. It g
shows that (within the narrow temperature and time rang

The result shows that the fresh copper surface that is not
catalyzed is more active than the catalyzed copper. This

observation does not contradict an earlier observation in

which another copper sample (cleaned commercial copper)
was observed to be less active than the catalyzed copper.
Whereas results of Table 2 were based on freshly deposited
electroless copper, those of Table 1 used commercial electro-
) lytic copper. The results in Table 2 thus show the importance

- of a fresh copper surface in the autocatalytic process.

The effect of catalyst coating thickness on the time re-
quired to attain equilibrium mixed potential was studied.
1Figure 7 shows a comparison between coating thickness of

4.5um and 2.5um with catalyst C2. A slight difference in the
Crlneasured time for steady-state mixed potential was ob-

served. Whereas it took 372 sec for theitb-thick catalyst

to reach a steady-state mixed potential, 388 sec were required

for the thicker catalyst. Possibly, the differences observed are
~kgjated to the differences in the transport of the active species
tdrpass transfer resistance) to the catalyst particles. Thinner
mims will probably offer lower resistance than thicker films,
aéh'ds reducing the time required to achieve a steady state
hduxed-potential. Figure 7 suggests that the initial inflection
ePpint observed on the mixed-potential time curves might
idgclude effects resulting from catalyst thickness. In addition
4@ fhe effects of catalyst thickness, the observed differences
JBay include the effects of such other factors as the species

L

this study) the activity of the catalyst increases with catgly8

activation time at a given temperature. The results obta
for activation conditions of 15 min and 180 show that
minimum energy conditions.¢., the product of activatior
time and input thermal energy. Heat input per unit ti
(power) is proportional to the activation temperature)
required to make the catalyst actfve.

In a previous study,the activated catalyst grain siz

diameter was observed to increase with activation temg ha

ture. Figure 5 shows the relationship between the activg
temperature and grain size diameter for the 45-min-activ|
samples shown in Fig. 4. The grain size diameter incre
with temperature as expected, inasmuch as a higher a
tion temperature favors a greater growth rate for the agg
erating palladium particles that result from the reductior
the palladium ion.

i centrations and bath condition, as pointed out earlier in

the derivation of the mixed-potential time equation [Eq.
(13)]. The significance of the result is that a fair comparison
nRf catalyst activities must be based on the same conditions,
acluding catalyst thickness and bath conditions. Thus, the
utility of the method could be appreciated if a number is
reassigned to the induction time of, say, Cu in an electroless
th of known characteristics. Using such base data, more
tfdyantitative information could be obtained regarding the
oRlfect of activation temperature, active catalyst components
48l on the activity of a given catalyst.
ctiva-
Q
y dhe mixed-potential time data for a printable catalyst has
been used to evaluate electroless catalyst activity. A method

66

PLATING & SURFACEFINISHING



by which catalytic activity is measured is seen to be beneficiél. |. Ohno, O. Wakabayashi & S. Haruyathd lectrochem.

to the electroless plating industry in the quantitative comg
son of catalyst formulations. For a catalyst ink manufactt
the technique described can be used to enhance g
control and productivity. Further, it can aid the understan
of the role of the active ingredients used in the cats
formulation. The method can also be used to define 1
precisely the optimal activation conditions (temperature
time) for a given catalyst.

Editor's note: Manuscript received, July 1999.
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