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Synergistic Effects of 2,2'-Bipyridyl and Potassium Hexacyanoferrate(II)
on Electroless Copper Plating from Triethanolamine Bath
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The synergistic effects of 2,2'-bipyridyl and potassium hexacyanoferrate(II) on the plating rate and the
deposit quality were examined in the triethanolamine (TEA) electroless copper bath. The simultaneous addition
of 2,2’-bipyridyl and potassium hexacyanoferrate(IT) enhanced not only the plating rate but also the foil quality.
The elongation of the foil produced in the TEA bath containing these two additives was 10 times larger than
that produced in the bath containing only 2,2’-bipyridyl. The analysis based on the adsorption model revealed
that the simultaneous addition of 2,2'-bipyridyl and potassium hexacyanoferrate(II) increases the respective
adsorption equilibrium constants. From the analysis, the synergistic effects was attributed to the adsorption of
2,2'-bipyridyl and potassium hexacyanoferrate(II) on the surface with mutual interactions.

Electroless copper plating process has recently at-
tracted much attention because of its use in the man-
ufacture of printed circuits and its potential applica-
tion to many other electronic devices. Although the
process makes it possible to plate directly on nonmetal-
lic substrates, the serious drawback of the plating is
the low plating rate. In an attempt to accelerate the
rate the additives,? the ligands,? and the coordination
structures® have been investigated. Recently, we have
found that excess triethanolamine (TEA) is effective to
accelerate the rate*® and that the plating rate was over
20 times faster than the rate in the current ethylenedi-
aminetetraacetic acid (EDTA) bath. We demonstrated
that the high plating rate is due to the adsorption of
TEA-Cu(II) complex onto the TEA adsorbed surface.®)

The TEA bath requires some additives to prevent
bath decomposition and to improve the copper foil. The
foil quality in the absence of additives is too poor to be
utilized as printed circuit board manufacturing.” Ad-
ditives, such as alkali cyanides, 2,2'-bipyridyl, 1,10-phe-
nanthroline, and 2-mercaptobenzothiazole, are practi-
cal for preventing the bath decomposition.®) On the
other hand, additives such as 2,2’-bipyridyl,” potassium
cyanonickelate,’® and potassium hexacyanoferrate(II)
(K4[Fe(CN)g])'?) are applicable to improve the foil qual-
ity. Simultaneous use of 2,2’-bipyridyl and K4[Fe(CN)g]
in the EDTA bath has been reported to be effective to
improve the foil quality.*®

We have investigated the effects of 2,2’-bipyridyl in
the TEA bath based on the adsorption model, and
found that 2,2’-bipyridyl adsorbs onto the adsorbed
TEA-Cu(II) complexes.’® In this study we examined
the synergistic effects of 2,2’-bipyridyl and K4[Fe(CN)g]
on the foil quality and the plating rates in the TEA
bath. We have found that the simultaneous use dramat-
ically decreased the optimum concentration of respec-
tive additives to improve the quality. The adsorption
process of 2,2"-bipyridyl and K4[Fe(CN)g] was analyzed
based on the adsorption kinetics.>®

Experimental

The solutions were prepared with analytical grade
reagents and deionized water. The electroless copper solu-
tion contained 0.22 mol dm ™2 formaldehyde, NaOH, CuSOy,
TEA, 2,2"-bipyridyl, and K4[Fe(CN)g]. The solution pH was
adjusted to pH 12.8 by adding aqueous NaOH.

The plating rate dependence of the 2,2’-bipyridyl con-
centrations was measured at various Cu(II) and excess TEA
concentrations. Since TEA used to form 1:1 complexes with
Cu(II) ions,'®) the TEA concentration exceeded the Cu(II)
concentration was defined as the excess TEA concentra-
tion. The contribution of 1: 2 complexes is negligible at high
pH. The Cu(II) concentration was varied from 1.0x1072 to
6.0x1072 moldm ™2 and the excess TEA concentration from
1.2x107! to 1.0 moldm™3. After 5 and 10 min of plating at
60 °C, the plated substrates were weighed to determine the
copper plating rate. Pretreatment of substrate and plating
procedure are the same as described before.” A scanning
electron microscope (SEM) was used to observe the surface
morphologies.

The mechanical properties of copper foils were evaluated
using conventional tensile tester.!? Tensile test were per-
formed according to IPC standard. All copper foils were
annealed at 160 °C for 3 h after plating.!%'® The thickness
of all foils was in the range of 30—35 pm.

Results

Surface Morphologies. Figure 1 shows the sur-
face morphologies of deposit from the TEA bath in
the presence of (a) 2.4x10™% moldm~—3 K,[Fe(CN)g]
and 1.3x10~4 moldm—3 2,2"-bipyridyl, (b) 2.4x10~%
moldm ™3 K,[Fe(CN)g], (¢) 1.3x10™* moldm~3 2,2"-
bipyridyl respectively. The deposit quality from the
TEA bath containing one of K4[Fe(CN)g] or 2,2'-
bipyridyl was not satisfactory. However, the simultane-
ous use of these two additives was effective to improve
the quality. Figures lc, 2a, 2b, la, and 2c¢ show the
K4[Fe(CN)g] concentration dependence of the surface
morphologies in the presence of 1.3x10™* mol dm™3
2,2-bipyridyl.  Although K4[Fe(CN)g] higher than
4.7x107* mol dm~3 was required to obtain a good qual-
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Fig. 1. Surface morphologies of TEA electroless cop-
per deposited in the presence of the following ad-
ditives concentrations: (a) 1.3x10™* moldm™® 2,
2'-bipyridyl and 2.4x107* moldm™* K4[Fe(CN)sg];
(b) 2.4x10~* moldm~? K4[Fe(CN)g]; (c) 1.3x107*
moldm ™2 2,2'-bipyridyl. The TEA baths contain
3.0x10~2 Cu(II) and 1.5x107* moldm™ TEA.

Fig. 2. Effects of K4[Fe(CN)g] on the surface mor-
phologies in the presence of 1.3x10™* moldm™2 2,
2'-bipyridyl. The K4[Fe(CN)g] concentrations were
as follows: (a) 5.0x107° moldm~2; (b) 1.4x107*
moldm™3; (c) 7.1X107* moldm™>. The TEA baths
contain 3.0x107% moldm™2 Cu(II) and 1.5x107"
moldm ™ TEA.
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ity deposit surface'® in the absence of 2,2'-bipyridyl,
1.4x107* moldm~3 K4[Fe(CN)g] sufficed for a good
surface in the presence of 1.3x10™* moldm—3 2,2'-
bipyridyl. Figures 3a, 2c, 3d, and 3c show the 2,2'-
bipyridyl concentration dependence of the quality in the
presence of 7.1x10~* moldm 3 K4[Fe(CN)g]. While in
the absence of K4[Fe(CN)g] concentrations higher than
6.4x10~* moldm~3 2,2"-bipyridyl'® were necessary to
attain a high quality film surface, in the presence of
7.1x10™* moldm ™3 K4[Fe(CN)g] 1.3x10™* moldm—3
2,2'-bipyridyl was enough to attain a good surface.

Plating Rate.  Figure 4 shows the 2,2'-bipyridyl
concentration dependences of the plating rate in the
absence and presence of K4[Fe(CN)g]. The plating rate
decreased more steeply in the presence of K4[Fe(CN)g].
The effects of K4[Fe(CN)g] concentration on the plat-
ing rate are shown in Fig. 5. The plating rate also de-
creased with increasing K4[Fe(CN)g] concentration. 2,
2'-Bipyridyl enhanced the decrease in the plating rate
by the addition of K4[Fe(CN)g].

Physical Properties of the Foil. The foil proper-
ties obtained from the respective TEA baths are shown
in Table 1. The foil quality produced in the additive
free TEA bath was poor in spite of the high plating
rate. The addition of 2,2'-bipyridyl was effective to im-
prove the tensile strength, while K4[Fe(CN)g] has no
effect on the foil property. On the other hand, the si-
multaneous addition of 2,2'-bipyridyl and K4[Fe(CN)g]
dramatically increased not only the elongation but also
the tensile strength. The elongation of the foil produced
in the bath containing 2,2'-bipyridyl and K4[Fe(CN)g]
was 10 times larger than that produced in the bath con-
taining 2,2'-bipyridyl alone as the additive.

Discussion

In the EDTA bath, the simultaneous addition of
2,2"- bipyridyl and K4[Fe(CN)g] improved the foil
quality.®'? The elongations of copper foils produced in
the EDTA bath containing 2,2’-bipyridyl alone as the
additive and containing K4[Fe(CN)g] alone were 2.0 and

Table 1. Electroless Copper Properties

Additives Plating rate Elongation Tensile strength
pmh!? % Pa

No addition 8.5x10'  3.0x107? 1.2x107

2,2'-Bipyridyl ¥  2.2x10' 1.2 3.5x108

K4[Fe(CN)g] ®  7.2x10*  5.0x107! 6.2x107
2,2'-Bipyridyl ©
and 1.5x10'  1.2x10* 2.5x108

K4 [Fe(CN)a]

a) 6.4x10~% moldm~3 2,2'-bipyridyl. b) 7.1x10~%
moldm™3 K4[Fe(CN)g]. ¢) 6.4x10~% moldm~—3 2,2/~
bipyridyl and 7.1x10~% K4[Fe(CN)g]. Other compo-
nents were as follows: 3.0x10~2 moldm~3 CuSOy,
1.5%x107! moldm~3 TEA, 8.0x10~2 moldm~3 HCHO,
and 1.8x10~! moldm~3 NaOH. Bath temperature was
60 °C.

Fig. 3. Effects of 2,2'-bipyridyl on the surface mor-
phologies in the presence of 7.1x10™% moldm™3
K4[Fe(CN)g]. The 2,2'-bipyridyl concentrations
were as follows: (a) 0; (b) 3.6x10™* moldm™3;
(c) 1.3x107® moldm™3. The TEA baths contain
3.0x1072 moldm~2 Cu(II) and 1.5x10~! moldm™3
TEA.
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Table 2. Summary of Data

2,2'-Bipyridyl K4[Fe(CN)g]
with with
Alone Ka[Fe(CN)g] ® Alone 2,2'-Bipyridyl »
Ka1 0.0 0.0 0.0 0.0
(mol~! dm?)
Koo 2.8x10! 0.0 6.6x10? 2.0x10%
(mol~! dm?)
Kas 1.9x10* 2.7x10* 0.0 0.0

(mol~! dm?®)

a) 7.1x107% moldm™3 K4[Fe(CN)g).
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Fig. 4. 2,2'- Bipyridyl concentration dependences

on the platmg rate in the TEA bath containing
3.0x107% moldm~2 Cu(II) and 1.5x10™" moldm™3
TEA: (.) in the absence of K4[Fe(CN)g]; (x)
7.1x107* moldm™ K4[Fe(CN)g].
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Fig. 5. K4[Fe(CN)g| concentration dependences on the
plating rate in the TEA bath containing 3.0x1072
moldm™® Cu(Il) and 1.5x10™' moldm™3 TEA:
(®) in the absence of 2,2-bipyridyl; (x) 1.3x1074
moldm™2 2,2'-bipyridyl.

0.8% respectively, while the copper foil in the bath con-
taining both 2,2'-bipyridyl and K4[Fe(CN)g] had 5.5%

b) 1.3x10~% moldm—3 2,2-bipyridyl.

elongation.!? Osaka suggested that the synergistic ef-
fects is ascribable to the aggregates formation of 2,2’-
bipyridyl and K4[Fe(CN)g] on the reactive surface.!?
The synergistic effects in the TEA bath were larger than
that observed in the EDTA bath as shown in Table 1. In
order to reveal the mechanism of the synergistic effects,
we analyzed the plating rate decreases by the addition
of the additives based on the adsorption kinetics.

Adsorption- Kinetics. Figure 6 shows the adsorp-
tion model in the TEA bath.® In the TEA bath, excess
TEA adsorbs onto the naked surface. The TEA-Cu(II)
complexes adsorbs onto the adsorbed TEA and is re-
duced to Cu(0). TEA on the TEA-Cu(II) complexes in-
activates against the reduction by formaldehyde. Three
possible adsorption sites for additives are <1> on the
naked surface, <2> on the adsorbed TEA, and <3> on
the adsorbed TEA-Cu(II), as shown in Fig. 6. When
additives adsorbs on the naked surface, the additives
prevents the adsorption of TEA. The additives ad-
sorbed on TEA interferes with the adsorption of TEA-
Cu(II) complexes. Further additives on TEA-Cu(II)
complexes inactivates Cu(II)—Cu(0) reduction.'® The
adsorbed TEA—Cu(II) complexes overlaid with neither
excess TEA nor additives are reduced to Cu(0) with
formaldehyde. The adsorption equilibrium constants
of each process are expressed as K,i, Ka2, and K,3
respectively.'®

The plating rate is propertinal to the fractional sur-
face converage of active TEA-Cu(II) complexes based
on the adsorption model. Therefore the ratio of the

rates in the presence of additives “r”, and those in the
is expressed as follows

absence of additives “rca—o” 13).

TEAKLed tive TE |
///////////////////////////////////////////////////////////

Fig. 6. Three possible adsorption sites for additives
on the plating model.
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(1+ K3C.) (14 K2Cy1)

1
(1 + K3C. + Kazca) ( )

(1 + K2Cx1 + KaSCa)
where Cy1, C., and C, are the concentrations of ex-
cess TEA, TEA-Cu(II) complexes, and additives, re-
spectively; K; and K, are the adsorption equilibrium
constants for excess TEA onto the naked surface and
onto the adsorbed complexes, respectively; K3 is the
adsorption equilibrium constant of complexes onto the
adsorbed TEA; 03 and 65 ,ca—o are the fractional sur-
face coverages of active complexes in the presence and
absence of the additives, respectively. The respective
adsorption equilibrium constants for additives were de-
termined by measuring the plating rate dependence on
additives concentration.'®

By using K;, Kj, and K3 determined in the previous
study,®® K,i, K.o, and K,3 were estimated from the
optimum fits between the observed data and the cal-
culated curves from Eq. 1. The calculated rates were
represented by the solid curves of Figs. 4 and 5. As
shown in Figs. 4 and 5, Eq. 1 reproduced well the addi-
tives concentration dependence of the plating rate. The
values are summarized in Table 2 along with the values
of 2,2'-bipyridyl alone.'®

Synergistic Effects of 2,2'-Bipyridyl and K4[Fe-
(CN)g]- As shown in Table 2, while 2,2'-
bipyridyl adsorbs strongly onto the adsorbed TEA-Cu-
(IT) complexes,'® K4[Fe(CN)g] adsorbs only on the ad-
sorbed TEA. The low adsorption activity of K4[Fe-
(CN)g] on to the naked surface is ascribable to the high
hydrophilicity. 2,2'-Bipyridyl effectively inactivates the
adsorbed TEA-Cu(II) complexes by the direct interac-
tion, while K4[Fe(CN)g] competes with the complexes
in the adsorption process to the adsorbed TEA and pre-
vents the adsorption of the complexes. The difference in
adsorption site between 2,2"-bipyridyl and K4[Fe(CN)g]
is considered to cause the difference in the deposit qual-
ity and the plating rate.

When 2,2'-bipyridyl and K4[Fe(CN)g] were intro-
duced simultaneously in the TEA bath, the respec-
tive adsorption equilibrium constants were increased as
shown in Table 2. K,3 for 2,2'-bipyridyl and K, for
K4[Fe(CN)g] were about 1.5 and 3 times as large as the
values in the bath containing one of the additives. The
large K,3 and K,» for respective additives enhanced the
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additive concentration effects on the plating rate. The
increase in the adsorption equilibrium constants indi-
cates that the adsorbed K4[Fe(CN)s] interacts to some
extent with the adsorbed 2,2'-bipyridyl. The interac-
tion between adsorbed 2,2’-bipyridyl and K4[Fe(CN)g]
on the surface is considered to be effective to improve
the metal foil property.

The authors wish to express their thanks to D.
DiPietro for his kind corrections of English.
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