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Abstract 
A cyanide-stabilized electroless copper plating process with nickel as a stress-regulating additive was investigated. Small 
amounts of nickel or cyanide increase the deposition rate, while large amounts of cyanide decrease the deposition rate. The 
steady-state mixed potential shifts by – 0.23 V when about 0.05 at.% nickel is co-plated with copper. Cyanide by itself does 
not change the mixed potential. If nickel is also present, cyanide causes an anodic shift by + 0.09 V. Nickel changes the stress 
during deposition towards tensile, while cyanide changes it towards compressive. Both nickel and cyanide accelerate the 
transition to steady-state plating conditions.
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1  Introduction

Electroless copper plating provides seed layers for galvanic 
plating in the production of printed circuit boards (PCBs). 
This study investigates the operating parameters of an elec-
troless plating process optimized for copper-to-copper inter-
connections in many-layer high-density interconnect PCBs 
by large throughput horizontal processing. This process uses 
cyanide as the stabilizer [1–3], tartrate as complexant [4] 
and nickel to control stress during plating [5–7]. Electroless 
copper plating from a copper tartrate bath proceeds by

where E is the required potential of the substrate surface 
with respect to a standard hydrogen electrode (SHE) [8, 9]. 
The electrons are generated by oxidation of a reducer, for-
maldehyde in the present case, and transferred by the metal 
surface. Reactions

and

contribute about equally to the reduction of copper [7], and 
the potentials correspond to pH 12.7 [10].

As pointed out by Veleva, the role of cyanide in elec-
troless plating baths is not straightforward [11]. Cyanide 
prevents decomposition of the metastable plating bath by 
sequestering Cu+ ions that can form in the solution by partial 
reduction of copper [2, 4]. Plating stops if its concentra-
tion is too high [12], but it may also increase the plating 
rate [4, 11]. Cyanide also levels the deposits by attaching 
itself to highly active regions of the plating surface [13, 14], 
and it enhances ductility [1, 15], possibly by preventing 
incorporation of hydrogen in the deposit [4, 7]. To assess 
the interaction of cyanide and nickel as bath additives, this 
study reports the time dependence of plating rates, mixed 
potential, film stress and the amount of co-plated nickel as a 
function of the cyanide and nickel ion concentrations in the 
bath as independent variables. Unlike most prior work, this 
study focusses on the time dependence of these parameters 
during the plating process.

2 � Methods

Copper was plated in an autocatalytic process with formal-
dehyde as the reducer. The main components of the plat-
ing bath are shown in Table 1, with additional stabilizing 

(1)

[
CuTart2(OH)2

]4−
+ 2e− → Cu + 2Tart2− + 2OH−, E < −0.15V,

(2)
HCHO + 3 OH−

→ HCOO− + 2 H2O + 2 e−,E > −0.95V

(3)
2HCHO + 4OH−

→ 2HCOO− + 2H2O + 2e− + H2, E > −1.20V.

additives as described by References [4, 16]. The concen-
trations of nickel and cyanide ions were varied as indicated, 
and we refer to the normal operating point of the plating bath 
as 100%. The HCHO and NaOH concentrations were moni-
tored via titration and adjusted to the set points as needed. 
The plating solutions, with a volume of 200 mL or more in 
a beaker, were stabilized by aeration, and during deposition, 
the solution was agitated with a magnetic stirrer. Freshly 
prepared plating solutions were conditioned by plating for 
30 min.

Copper was deposited on one side of 25 mm × 25 mm × 
1.5 mm glass-reinforced epoxy laminate (FR-4) substrates. 
The plating surface was de-smeared and activated with a 
palladium ion solution for several minutes at 40 °C, with 
the back side covered with 3M 851 circuit board tape. The 
tape was then removed, and the palladium ions were reduced 
with dimethylamine borane at 30 °C to form a metallic Pd 
nuclei that initiate electroless copper plating. Up to eight 
samples were plated in the same bath for intervals ranging 
from 1 to 60 min. Sample masses were recorded before and 
after plating, and the film thickness was calculated based 
on the bulk density of copper. Copper film adhesion to the 
substrate was tested with Nichiban CT-18 rubberized cel-
lophane tape on thirteen samples that represent the range 
of preparation conditions and plating times. No signs of 
delamination were seen upon removal of the tape. The plat-
ing potential (mixed potential) was recorded with a PASCO 
Xplorer GLX with respect to Ag/AgCl reference electrode 
with saturated KCl (Cole-Parmer RK-05990-60). For these 
measurements, 30 mm × 30 mm substrates were pre-plated 
with a 5 mm × 25 mm copper pad. Contact to this pad was 
made with a spring-loaded enameled copper wire with the 
enamel stripped at the contact points. The nickel-to-copper 
ratio in the films was measured with X-ray Fluorescence 
(XRF) with a Fischerscope XDV-SDD, and details of the 
analysis method have been reported previously [17]. Film 
stress was measured during and after plating by observ-
ing the substrate curvature of 51 μm thick Cu–Fe alloy 194 
dual-leg test strips (Specialty Testing and Development Co., 

Table 1   Bath composition and operating conditions

Parameter Working point (100%) Testing range

[Cu2+] 2.25 g/L 0.0354 M –
[KNaC4H4O6·4H2O] 35 g/L 0.124 M –
[HCHO] 4.4 g/L 0.147 M –
[NaOH] 9 g/L 0.225 M –
[Ni2+] 0.49 g/L 0.0084 M 0–200%
[NaCN] 0.0117 g/L 2.39 × 10−4 M 0–200%
Temperature 32 ± 0.2 °C –
pH 12.7 ± 0.1 –
Plating time 15–20 min 1–60 min
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York, Pennsylvania). The two legs of the strip (7.5 cm long 
and 0.5 cm wide) have varnish on one side, allowing the 
copper to plate only on the opposite side, and deposit bends 
the strip in the opposite direction. Film thickness, deter-
mined via mass gain, is used along with the measured spread 
of the legs to calculate the stress [18]. Micrographs were 
obtained with a Hitachi SU3500 scanning electron micro-
scope (SEM).

3 � Results

3.1 � Plating kinetics

Figure 1 shows the electroless deposit thickness as a func-
tion of plating time. For a stabilized bath, without nickel 
and cyanide (Fig. 1a), the plated thickness increases at a 
constant plating rate of about 0.10 µm/min. The further data 
in Fig. 1a show that, in the absence of cyanide, the addition 
of 5 to 7% nickel speeds up plating to about 0.13 µm/min, 
but it reverts back to 0.10 µm/min at higher nickel concen-
trations. With 100% cyanide and without nickel, the plating 
rate decreases gradually with time (Fig. 1b). This indicates 
that the cyanide ions lead to a progressive poisoning of the 
plating surface. As shown by Fig. 2a, at 145% cyanide, the 
plating rate decreases to 0.03 µm/min [12]. For 100% cya-
nide, the plating rate increases if between 3 and 100% nickel 
is added to the plating bath (Fig. 1b). While without cyanide, 
the highest plate is observed for 5% nickel, with 100% cya-
nide, the plating rate is highest at 30% nickel.

Figure 3 is a micrograph of a copper deposit with the 
nickel and cyanide concentrations at the working point. The 
de-smearing process prior to electroless plating creates a 

network of pores at the surface of the FR4 substrate. These 
pores have a typical diameter of 10 µm. The copper plates as 
a continuous layer on the walls of the pores, with nodules at 
the copper surface. The crystallites that form these nodules 
can be recognized by facets with a typical size of 0.3 µm. 
Consistent plating deep within the pores indicates the high 
throwing power of the plating solution.

In summary, for the range [CN−] ≤ 100% , the effects of 
nickel and cyanide ions on the plating rate are small. Larger 
amounts of cyanide reduce plating rates significantly. With 
both [Ni2+] and [CN−] at the working point, the plating rate 
is almost the same as for a solution without these ions.

3.2 � Mixed potential

As shown by Figs. 4 and 5, the mixed potential is − 1.02 V 
at the start of plating, measured against Ag/AgCl reference 
electrode, or − 0.82 V with respect to a SHE. This value, 
close to the limit for Reaction (2), reflects the high catalytic 
activity of the Pd nuclei and the emerging Pd–Cu alloys for 
the oxidation of formaldehyde [19]. The potential at the start 
of plating is independent of both [CN–] and [Ni2+]. Thus, we 
assume that the CN– and Ni2+ ions in the plating solution 
have no direct influence on the potential, and the increase of 
E with time is due to cyanide ions adsorbed on the plating 
surface and co-plated metallic nickel.

Figures 4 and 5 show that, as plating progresses, the 
potential increases towards steady-state values. These 
steady-state potentials are co-determined by the ion con-
centrations [CN–] and [Ni2+]. Figure 4a shows that adding 
CN– ions to a Ni-free bath does not have a significant effect 
other than accelerating the approach to the steady state. Add-
ing nickel to the bath strongly affects the mixed potential. 

Fig. 1   Deposit thickness as a function of plating time for a [CN–] = 0 
and b [CN–] = 100% of the working point. The nickel ion concentra-
tion was varied as indicated

Fig. 2   Deposit thickness as a function of plating for a [Ni2+] = 0 and 
b [Ni2+] = 100% of the working point. The cyanide concentration was 
varied as indicated



798	 Journal of Applied Electrochemistry (2021) 51:795–802

1 3

Figure 5a shows that the steady-state potential without 
nickel, E − EAg∕AgCl ≈ − 0.72V , shifts to – 0.95 V upon 
adding 100% Ni2+ to the bath. This cathodic shift agrees 
quantitatively with the shift of the potential observed upon 
changing from a pure Cu substrate to a Cu90Ni10 alloy sub-
strate [20]. This cathodic shift requires between 3 and 10% 
of the working point nickel ion concentration, corresponding 
to [Ni2+]/[Cu2+] < 0.02 (Table 1).

Cyanide by itself has no effect on the steady-state poten-
tial (Fig. 4a), but it partially counteracts the cathodic shift 
of nickel by about 0.09 V (Fig. 4b). This conditional effect 
of cyanide suggests that it attaches to the nickel sites on 
the metal surface, thereby reducing their catalytic activity. 
Figure 6 summarizes the mixed potentials after 30 min of 
plating (near steady state). The two key features are (i) a 
cathodic shift of the mixed potential from about − 0.72 V 

Fig. 3   SEM micrograph of an 
electroless copper deposit plated 
on FR-4 with [CN–] = 100% and 
[Ni2+] = 100% for 20 min

Fig. 4   Mixed potential vs. a Ag/AgCl electrode, E − EAg/AgCl , as a 
function of plating time with [CN–] = 0 and 100%: a No nickel and 
b [Ni2+] = 100% of the working point. Solid lines are fits to the data

Fig. 5   Mixed potential vs. Ag/AgCl as a function of plating time: a 
[CN–] = 0 and b [CN–] = 100% of the working point. The concentra-
tion of Ni ions was varied as indicated. Solid lines are fits to the data
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to − 0.95 V upon adding more that 3% Ni2+ to the bath, and 
(ii) an anodic shift from about − 0.95 V to about − 0.86 V 
when cyanide ions are added to a bath that contains nickel.

The dependence of the steady-state potential on the bath 
composition can be summarized as

The numeric values, obtained by least-squares fitting, are 
listed in Table 2 and shown in Fig. 6. Here, Ess,0 = − 0.719V 
is the steady-state mixed potential for baths with [
Ni2+

]
≤ 3% . For baths with 

[
Ni2+

]
≥ 10% , the steady-state 

potential undergoes a cathodic shift ΔENi,0 = - 0.231V , and 
ΔENi,CN = 0.094V is a further anodic shift if both nickel and 
100% cyanide ions are in the bath.

(4)E
SS

=

⎧
⎪⎨⎪⎩

E
SS,0 if

�
Ni

2+
�
≤ 3%

E
SS,0 + ΔENi,0 if

�
Ni

2+
�
≥ 10% and [CN−] = 0

E
SS,0 + ΔENi,0 + ΔENi,CN if

�
Ni

2+
�
≥ 10% and [CN−] = 100%

The time dependence of the potentials in Figs. 4 and 5 
shows a transition from the value at t = 0 , E(0) = −1.016V , 
to the steady-state values Ess given by Eq. (1). The transition 
follows, to a good approximation, an exponential relaxation

with a rate constant r given by

Least-squares fits to the data with Eqs. 4, 5 and 6 are 
plotted in Figs. 4 and 5, and the numerical parameters are 
summarized in Table 2. The rate constant without nickel and 
cyanide is r0 = 0.090min−1 . Even small amounts of nickel 
accelerate the rate to r0+rNi = 0.190min−1 . Cyanide also 
increases the transition rate to the steady state by 0.054min−1 
when [CN−] = 100%.

Interestingly, the curve for 
[
Ni2+

]
= 10% and [CN−] = 0 

in Fig. 5a shows a maximum after 5 min of plating that is 
not described by Eqs. 4, 5 and 6. This maximum suggests 
that there are two processes acting: initially the potential 
increases from E(0) , controlled by the catalytic activity for 
formaldehyde oxidation of the Cu–Pd surfaces of the palla-
dium seeds, towards Ess,0 , typical for plating on a pure cop-
per surface. However, because of co-plating of nickel in the 
film, Ess shifts to Ess,0 + ΔENi,0 , the value for Cu(Ni) films. 
The maximum corresponds to the instant when the rate of 
decrease of the catalytic activity of the disappearing Pd sites 
is matched by the rate of increase of the catalytic activity of 
the Ni sites of the Cu(Pd,Ni) alloy surface, and it appears 
that the nickel sites require a few minutes to become catalyti-
cally active. No maximum occurs in the mixed potential at 
lower nickel concentrations, where the amount of co-plated 
nickel is insufficient to induce the shift by ΔENi,0 , and for 
nickel concentrations of 30% and higher, where the shift 
towards Ess,0 + ΔENi,0 is more rapid.

3.3 � Film composition

As already discussed, the plating rate and mixed potential 
are determined by the metallic nickel content of the plated 
film rather than by the amount of nickel ions in the bath. The 
composition of the Cu1–xNix films, determined by XRF, is 
shown in Fig. 7 as a function of the ion ratio in the plating 

(5)E(t) = Eeq +
[
E(0) − Eeq

]
e−rt

(6)r =

{
r0 + [CN−]rCNif

[
Ni2+

]
= 0

r0 + [CN−]rCN+rNi if
[
Ni2+

]
≥ 1%

Fig. 6   Mixed potential vs. Ag/AgCl, E − EAg/AgCl after 30  min of 
plating as a function of plating bath composition. a Data as a function 
of the nickel concentration. b The same data plotted as a function of 
[CN–]. Solid lines show the steady-state potentials obtained by least-
squares fits to the data

Table 2   Parameters for the best fit of the mixed potential defined by 
Eqs. (4), (5) and (6)

E
ss,0 − EAg/AgCl = −0.719 ± 0.006V [−0.52Vvs.SHE]

ΔENi,0 = −0.231 ± 0.004V

ΔENi,CN = 0.094 ± 0.002V

E(0) − EAg/AgCl = −1.016 ± 0.002 V [−0.82Vvs.SHE]

r0 = 0.090 ± 0.004min−1

rNi = 0.100 ± 0.004min−1

rCN = 0.054 ± 0.010min−1∕100% CN–
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bath. The data show that the Ni/Cu ratio in the film is pro-
portional to the ion ratio in the bath. The relative amount 
of nickel in the film decreases with plating time: at 2 min, 
the Ni/Cu atomic ratio in the film is about 1/6 of the ratio in 
the bath, and after 60 min of plating, it decreases to about 
1/25, similar to previous results [7, 17]. Based on Fig. 5a, 
a nickel concentration between 3 and 10% of the working 
point is sufficient for the cathodic shift of the plating poten-
tial, corresponding to a Ni/Cu ion ratio in the bath of less 
than 0.023. The corresponding alloy composition is in the 
range from 0.03 to 0.09 at.%. Because this nickel content at 
the film surface is small, the catalytic activity of the nickel 
atom sites for Reactions 2 or 3 must be correspondingly high 
to drive the cathodic shift of the mixed potential.

3.4 � Film stress

Good adhesion of the copper films requires moderate tensile 
(positive) film stress, since compressive stress causes blister-
ing [21]. A significant cause of compressive stress during 
plating is the incorporation of hydrogen into the plated film, 
which can be avoided by the addition of around 100 mg/L 
of nickel [21]. In the present case, both the nickel and the 
cyanide concentration are important for the film stress. Fig-
ure 8a shows the stress-thickness product during plating with 
varying nickel content and the cyanide concentration kept 
at 100%. The stress-thickness product is proportional to the 
curvature of a bilayer of the Cu–Fe alloy substrate and the 
plated film, such that compressive/tensile stress bends the 

substrate away from/towards the film side. Without nickel, 
stress is compressive during plating, and then switches to 
tensile within about 1.5 h after plating as shown by Fig. 8b. 
With nickel at the working point (100%) or 200%, stress 
during plating is tensile and remains approximately constant 
after plating. Plating rates on the smooth metal substrates 
employed here are lower than those on the rough FR4 sub-
strates in Figs. 1 and 2.

Fig. 7   Dependence of the nickel content of the film on the ratio of 
nickel and copper ions in the bath at the start, during and at the end of 
plating. The cyanide concentration is at its working point

Fig. 8   Product of film stress and film thickness for deposits with the 
indicated concentrations of nickel in the bath, with the cyanide con-
centration at the working point. The films were deposited for 30 min 
(closed symbols) and 60 min (open symbol). a Data during plating, 
as a function of thickness, b after plating, as a function of time after 
plating

Fig. 9   Product of film stress and film thickness for deposits with the 
indicated concentrations of cyanide in the bath, with the nickel con-
centration at the working point. The films were deposited for 30 min 
(closed symbols) and 60 min (open symbol). a Data during plating, 
as a function of thickness, b after plating, as a function of time after 
plating
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Figure 9 shows that the effect of cyanide on the stress 
is opposite to that of nickel, with the stress during plating 
switching from tensile to compressive as cyanide is added 
to a bath that contains 100% Ni. If stress is compressive 
during plating, then it reverts to tensile after plating. With 
the cyanide concentration at the working point, the stress is 
mildly tensile, and at [CN–] = 200%, it is compressive. The 
stress of the films is summarized in Fig. 10 as a function of 
composition. The indicated values are the highest positive or 
smallest negative values during the post-deposition relaxa-
tion phase. Again, we can see that nickel increases the stress, 
and that cyanide decreases it.

4 � Discussion

We have investigated the properties of a cyanide-stabilized 
electroless copper bath that uses tartrate as the complex-
ant. Plating kinetics, mixed potential, film composition and 
deposit stress were measured as a function of the nickel and 
cyanide ion concentrations. Cyanide ions have the primary 
effect of stabilizing the bath by complexing Cu+ ions that 
form as an intermediate step in the reduction of copper in 
Reaction (1) [2]. A further effect of cyanide is to improve 
the ductility of the deposited copper [1, 22], attributed to 
adsorption of CN– ions and thereby reducing hydrogen 
entrapment and embrittlement [4]. Adsorption of CN– ions 
is also the likely cause for a small decrease of the plating rate 
seen in Fig. 2a. A further benefit of adding about 100% Ni 
is that it maintains the initial higher plating rate throughout 
the process. Nickel is also effective in accelerating deposi-
tion with other types of stabilizer systems [17]. In the case 
of organic additives with high affinity to the plating surface, 

plating can stall completely if nickel is not added to the bath 
[17].

The strongest effects of nickel are a cathodic shift of 
the steady-state mixed potential by 0.23 V, even for small 
amounts (> 49 mg/L), and a stress change towards tensile of 
about 0.18 GPa upon adding 0.49 g/L. The ability of nickel 
to suppress compressive stress has been reported previ-
ously [5–7]. The addition of 100% (0.0117 g/L) cyanide 
counteracts the nickel-induced shift of the mixed potential 
by + 0.09 V, and for 200% the stress reverts to compressive. 
This raises the question about the directness of the link 
between the electrochemical and stress effects of nickel and 
cyanide. Co-deposited nickel prevents incorporation of the 
hydrogen generated by Reaction (2b) into the deposit, either 
by catalyzing hydrogen oxidation Hads + OH−

→ H2O + e− 
[10, 23] or by catalyzing desorption by 2Hads → H2 , thereby 
preventing compressive stress during plating [7]. Co-alloyed 
nickel also shifts the steady-state potential by catalyzing 
the oxidation of formaldehyde [6, 20]. As to the opposing 
effect of cyanide, CN– ions may adsorb preferentially to the 
nickel sites of the Cu(Ni) surface, disrupting their catalytic 
activity. This assumption is supported by the observation 
that the effect of cyanide on the mixed potential is condi-
tional on the presence of nickel. Similarly, when plating on 
coarse-grained copper substrates, nodular shapes appear at 
the ridges of the substrate surface at the start of plating when 
plating with nickel-containing electrolytes with organic sta-
bilizers. These do not form with in this cyanide-stabilized 
plating bath, indicating the specific interaction of cyanide 
with the catalytic nickel sites [13].

When we consider the case of adding nickel ions to the 
cyanide-free plating bath, the steady-state mixed potential 
changes by –0.23 V (Fig. 5a), while the plating rate changes 
only moderately (Fig. 1a). Thus, a significant cathodic shift 
of the potential does not lead to much faster reduction of 
copper. Similarly, the anodic shift of the plating potential 
when adding cyanide to a plating bath with 100% nickel 
(Fig.  4b) corresponds to no change in the plating rate 
(Fig. 2b) We conclude that, at least in the present case, the 
change of the mixed potential is not so much driver of the 
deposition, but rather an indicator of the extent by which 
Reactions (1), (2) and (3) limit the plating rate.

5 � Conclusion

The role of cyanide in electroless copper plating processes 
is not straightforward, as already recognized by previous 
studies. While it stabilizes the bath against decomposition 
by sequestering cuprous ions, it can also accelerate plat-
ing as seen here for small concentrations. The effects of 
cyanide and nickel on the deposit stress during plating and 
the steady-state mixed potential are antagonistic. However, 

Fig. 10   Largest stress of films during relaxation (maximum/minimum 
depending on sign): a varying nickel concentrations and cyanide at 
working point and b varying cyanide concentration with nickel at 
working point. Dashed lines are linear fits to the data
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small amounts of nickel and cyanide have, separately and 
jointly, an accelerating effect on the plating rate.

With cyanide and nickel at the working point, the bath 
formulation gives rise to good plating rates (0.10  µm/
min), and the mixed potential reaches a steady state within 
about 6  min. The deposits with constant tensile stress 
(50–100 MPa) that contain about 1.0 at.% Ni. As shown by 
the time dependence of the mixed potential, the combina-
tion of the synergistic and antagonistic effects of nickel and 
cyanide creates a stable operating performance.
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