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ABSTRACT

   In this paper the main points of electroless nickel im-
mersion gold (ENIG) surface finish are discussed. To 
increase the final quality of the surface, a mathematical 
model for electroless nickel plating process – a part of 
ENIG-surface finish – is proposed. Based on the model 
an online monitoring and a new control strategy are 
proposed. The methods are evaluated by simulations 
and it is shown that the most important deposition pa-
rameters can be controlled and the effect of the process 
perturbation can be eliminated with the proposed meth-
ods. Finally the benefit of the proposed methods is dis-
cussed.

INTRODUCTION

   Electroless nickel plating is a widely used process in 
many microelectronic applications including plated 
through hole boards (PTH) manufacturing (Mallory 
1990, Rohan et al. 2002). The manufacturing process of 
PTH is a complex operation of different chemical and 
mechanical processes (U.S. Environmental Protection 
Agency (EPA) 1995). High production volumes, tighter 
tolerances and the demand for better quality have forced 
producers to enhance and automate their production. 
Because of the complex processes and lack of research 
the automation level is still low and the main control is 
manual (Nuzzi 1983, Chen et al. 2002). 

   The base of the PCB is a glass fibre reinforced epoxy 
laminate, which is laminated on both sides with a thin 
copper layer. The laminated copper layer works as the 
circuit conductor and the circuit layout is transferred to 
the layer by using the print-and-etch –process. (Coombs 
2001)

   The final step in the manufacturing process is to pro-
tect the copper circuit from oxidation by electroless 
nickel immersion gold finish (ENIG) (Coombs 2001). 
During the process the copper circuitry is plated with a 
3-6 µm thick nickel-phosphor (Ni-P) layer followed 
with a thin (0,05-0,15 µm) gold (Au) layer. Gold is used 
because it doesn’t oxidise but dissolves into the solder, 
which makes it an excellent surface finish. However, 

gold cannot be plated directly on copper but an elec-
troless nickel layer is required to work as an oxidation 
barrier between the copper and gold layers (Rohan et al. 
2002).

   The ENIG-process has a very critical effect on PTH 
final characteristics. Especially, the Ni-layer and its 
phosphorous content are very crucial (Mallory 1990, 
Kwok et al. 2004). However, these characteristics can-
not be measured during plating and afterwards quality 
inspections are needed. Unfortunately at that time the 
possible errors cannot be corrected. Thus it is crucial to 
control the electroless plating reaction during the proc-
ess.

   This paper introduces a sophisticated process control 
method for automatic control of electroless nickel plat-
ing process. The key point is a mathematical process 
model which estimates the critical unobservable process 
parameters - such as deposition rate, deposition thick-
ness and the phosphorous content - online based on the 
measurable process. The aim of the control is to keep 
Ni-P alloy thickness and phosphorous content stable 
despite perturbations like changes in bath loading or 
effect of bath aging and prevent bath contamination.  

MODEL

   The process model was proposed and calibrated on a 
large sample of experimental data gathered from an 
industrial process in (Tenno et al. 2005a). The model 
was former validated using independent data in (Kan-
tola et al. 2005) where it was shown that the model is 
capable to estimate the unobservable processes accu-
rately from the online measurable processes.  

   Despite the intensive studies the reaction mechanism 
of the studied process is not known (Djokic 2002). This 
describes the complexity of the reaction. The developed 
model is based on the following electrochemical reac-
tion mechanism proposed in (Riedel 1991, Mallory 
1990, Kim and Sohn 1996).  

Anodic reaction - hypophosphite oxidation 

H2PO2
- + H2O H2PO3

- + 2H+ + 2e-.          (1) 



Cathodic reactions - phosphorous deposition, hydrogen 
evolution, nickel deposition 

      H2PO2
- + 2H+ + e- P + 2H2O,               (2) 

                2H+ + 2e- H2,                             (3) 

               Ni2+ + 2e- Ni.                 (4) 

In the reaction the hydrogen ion formation exceeds con-
sumption and ammonia is used for pH-index balancing 

      NH3 + H2O NH4
+ + OH-.               (5) 

Electro-Chemical Cell Model 

   The model is formulated as a two-directional elec-
trode model for reactions (1)-(4). The current densities 
of the reactions are calculated from the Buttler-Volmer 
equation and concentration controlled through empirical 
formulas which accelerate or limit reaction rates accord-
ing to reactant concentration. 

in = i0n n{exp( anpnk n) - exp(- cnpnk n)},  (6) 

where
n - reaction number: 1 - oxidation, 2 - P deposition, 3 - 
hydrogen evolution, 4 - Ni deposition, 
in - current density, A/cm2,
i0n - exchange current density, A/cm2,

i01 = 18,   i02 = 0.5, i03 = 2.5,   i04 = 1.6 mA/cm2,

n - overpotential, n = - vn,
 - mixed potential, V, 

vn - thermodynamic equilibrium potential, V, 
n - dimensionless concentration of species, 
 - robustness coefficient, 0.1,  

k - temperature voltage, k = F/RT, 1/V, 
T - temperature, K,  
R - universal gas constant, 8.3145 J/mol-K,  
F - Faraday’s constant, 96487 C/mol,  
pn - number of exchanged electrons, pn = 2, p2 = 1,

an - anodic apparent transfer coefficients, an+ cn= 1,
cn - cathodic apparent transfer coefficients,  

a1= 0.53, c2 = 0.62, c3 = 0.59, c4 = 0.47. 

Because of the current conservation the anodic current 
density is equal to the sum of cathodic current densities 

  i1 + i2 + i3 + i4 = 0.                  (7) 

   The mixed potential is a measured parameter in 
(Tenno et al. 2005a); as it should be when estimating 
the model parameters. In online use the mixed potential 
can be adjusted to satisfy (7) as is the case in this paper. 

   The equilibrium potentials of the reactions are calcu-
lated from Nernst equation using unit activity for solid 
material (deposed nickel and phosphorous) and water, 
and unit partial pressure (1 atm) of hydrogen as follows  

v1 = U1 + (log c2 - log c1 - 2pH),      (8) 

v2 = U2 + 0.2 (log c1 - 2pH),              (9) 

v3 = U3 - 2 pH,                              (10) 

v4 = U4 + log c4,                            (11) 

where -1 = 2k log e, 
ci - ion concentration of species (c1 - hypophosphite, c2
- orthophosphite or c4 - nickel), mol/dm3.

Alloy Deposition 

   The deposition rate of nickel and phosphorous are 
calculated according to current densities of respective 
reactions while the Ni-P-alloy film is composed by su-
perposition of these xa = xNi + xP.

Nidx
dt

= -i4
Ni

Ni

M
2F

,    Pdx
dt

= -i2
P

P

M
F

,       (12) 

where
t - immersion time, sec, 
xNi - partial thickness of nickel, cm; physically, this is a 
ratio between volume of nickel and plate area,  
xP - partial thickness of phosphorous, cm,  
xa - thickness of the Ni-P-alloy film, cm, 
i4 - current density of nickel deposition reaction, A/cm2,
i2 - current density of phosphorous deposition reaction, 
A/cm2,
MNi - molecular weight of nickel, 58.7 g/mol,  
MP - molecular weight of phosphorous, 31 g/mol,  

Ni - nickel density, 8.9 g/cm3.
P - phosphorous density, 1.82 g/cm3.

   The phosphorous content in the Ni-P-alloy film can be 
expressed as a volumetric ratio between the overall and 
partial thickness Pvol = (xP /xa) 100 % or as a weight 
ratio Pwt between the overall and partial weights.  

Concentration Dynamics 

   The concentration dynamics of species (nickel, hy-
drogen, hypo- and orthophosphite, etc.) can be calcu-
lated from the model according to mass balance as fol-
lows.  

Hypophosphite feeding and consumption  

dc1 = [A(2i2 - i1)/2F + Q1fc1f]dt + 1dW,  c1(t0) = c1ref,

where
c1 - hypophosphite concentration, mol H2PO2

-/dm3,
c1f - feeding solution concentration, mol H2PO2

-/dm3,
Q1f - hypophosphite dilution rate, 1/s, 
t0 - makeup moment for a newly made bath, sec, 
t - elapsed time, sec, 

1 - model inaccuracy, 
W - model-prediction error: Wiener process. 

Nickel feeding and consumption 

dc4 = [Ai4/2F + Q4f c4f]dt + 4dW,  c4(t0) = c4ref, (13) 



where
c4 - nickel concentration, mol Ni2+/dm3,
c4f - feeding concentration, mol Ni2+/dm3,
Q4f - nickel dilution rate, 1/s. 

Hydrogen formation and removal with ammonia 

dc3 = [A(i1 + 2i2 + i3)/F]dt - dx + 3dW, c3(t0) = c3ref,
(14)

where
c3 - hydrogen concentration, mol H+/dm3,
dx - dissociation-consumed hydrogen, mol H+/dm3.

The following approximation is used for control. It is 
valid for a steady-state process of ammonia feeding and 
consumption.  

           dx = Q3fc3fdt, 

where
c3f - feeding concentration, mol NH3/dm3,
Q3f - ammonia dilution rate, 1/s. 

Orthophosphite accumulation  

dc2 = Ai1dt/2F + 2dW,   c2(t0) = 0,

c2 - orthophosphate concentration, mol H2PO3
-/dm3.

   Ortophosphite accumulation can be used to derive the 
bath age, meaning the accumulation of by product. The 
bath age can be presented as metal-turn-over (MTO) 
meaning how many time the bath has consumed its ini-
tial nickel.  

   The Wiener processes are introduced to show the 
model inaccuracy that should be accounted for in devel-
opment of the estimation and control strategy insensi-
tive to uncertainty.  

Measurements

   The needed online measurements and the model pro-
vided estimates are shown in Figure 1. All measure-
ments (nickel ion concentration, pH, plating time, bath 
temperature, loading and refreshment flows) are part of 
the normal process control system of the plating line.  

   The bath loading is defined as a total metal area of 
plates immersed in the solution per bath volume and the 
state of bath loading is equal to the number of baskets 
immersed. 

A = APz,    (15) 
where   
A - bath loading, cm2/dm3

z - loading level, z = Z/N,  
Z - state of loading,
N - maximum number of baskets (rack for plates) in 
use, N = 3, 
AP - maximum loading for all baskets immersed (a 
product constant), cm2/dm3.

The state loading is a finite-state Markov process de-
fined by the down loading rate up and up loading rate; it 
is a completely observable process in this paper. 

From these measurements the critical alloy thickness 
and phosphorous content are calculated along with re-
agent- and by-product concentration later exploited in 
the monitoring and control applications.  

The accuracy of the proposed model was validated us-
ing independent data gathered from industrial produc-
tion line by comparing model estimated values to meas-
ured ones. The valuated accuracies for alloy thickness 
and phosphorous content are shown in Table 1. 

Table 1: Accuracies for the proposed Model 

Parameter Admissible 
range

Accuracy % 

Film thickness  2.5 - 5 m 9-17
Phosphorus  7 - 10 % 10-18 
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Figure 1: The Needed online Measurements of the 
model and produced Online Estimates

ONLINE MONITORING 

   The developed model can be exploited in several 
ways in process control. Simplest is an online monitor-
ing system where it provides critical information about 
the unobservable process online to operator as illus-
trated in Figure 2.

   In the online monitoring concept the developed proc-
ess model is used to estimate the needed process pa-
rameters (alloy thickness, phosphorous content) accord-
ing to online measurable parameters (pH, nickel ion 
concentration, temperature, loading and plating time). 



The monitoring system only supports the operator’s 
actions taking no part to the control actions.  
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Figure 2: Schematics of the online Monitoring Concept 

AUTOMATIC BATH CONTROL 

   A more sophisticated application is an automatic con-
trol algorithm. It has been shown in (Tenno et al. 
2005b) that the alloy thickness and phosphorous content 
can be controlled by controlling the pH and nickel ion 
concentration of the bath.  

   The main perturbations for the process are the bath 
loading (15), hydrogen formation and bath aging. These 
have great effects on process dynamic. To keep the 
process stable the loading should be kept as constant as 
possible, excess hydrogen should be neutralised and 
bath aging compensated by increasing pH-index. Unfor-
tunately changes in loading cannot be avoided in indus-
trial PTH production and control has to be used to 
eliminate this perturbation. The control algorithm has to 
calculate the appropriate pH-index according to bath 
age or MTO. To prevent contamination, the process has 
to be constantly balanced as discussed in following. 

   The proposed control concept is roughly depicted in 
Figure 3. The desirable values for the alloy thickness 
and phosphorous content are given to the process model 
along with available online measurements. According to 
this the model calculates trajectories for the bath’s pH 
and nickel ion concentration and a controller adjust re-
freshment pumping so that bath parameters achieve the 
calculated trajectories.

Optimal Trajectory 

   The desired thickness of Ni-P-alloy film is a xa = 4 m
and phosphorous content Pwt = 8.5 %. The partial thick-
nesses of the nickel and phosphorous can be calculated 
as target values for control from these desired values  

xNi
* = xa - xP

*,  xP
* = xaPvol/100.          (16) 

These target values can be achieved and the contamina-
tion is avoided if the reaction is continuously balanced. 
This means that the pH-index, nickel percentage and 
mixed potential should satisfy the charge conservation 
requirement (7) involving the electrode reactions (6) 
and the thermodynamic equilibrium potentials (8)-(12). 
It also includes the deposition rate (12) and target (16) 
requirements, coupled in the relationship  

- 4

Ni

i
C

=
*

Nix
,  - 2

P

i
C

=
*

Px ,   

where
xNi

* - target thickness of nickel, cm,  
xP

* - target thickness of phosphorous, cm, 
 - plating time (22 min), s, 

C - charge density of Ni- and P-ions, C/cm .

Numerical minimisation of the function f = f{i(c3,c4, )}

f = (i1 + i2 + i3 + i4)2 + (i2 - CP

*
Px )2 + (i4 - CNi

*
Nix

)2 (17)

is the simplest method to calculate the balanced proc-
esses for the hydrogen and nickel concentration and for  
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Figure 3: Schematics of the Proposed Control Algorithm 



the mixed potential. The target values are coupled proc-
esses (meaning implicit use of the mixed potential); 
they depend on the hypo- and orthophosphate concen-
trations 

3 = c3(c1,c2), 4 = c4(c1,c2),  = (c1,c2).     (18) 

The plating process is well controllable as long as the 
balance between the target values holds.

Tracking Control 

   The tracking control problem can be approximately 
solved as a minimum variance problem. The model 
(13), (14) is linear in state and control variables for 
fixed current densities and nonlinear for free current 
densities; however it is weakly depended on the state 
variables through the almost invariant current densities. 
In this situation, the following feed-forward PI-control 
is justified and is a logical successor to the existing con-
trol in PTH board processes. 

ut = APzt  - Kp[ t - t + Ti
-1

t

0

( s - s)ds], 

where
 - measured hydrogen and nickel concentrations, =

[ 3, 4]T,
 - target calculated from minimization of the criterion 

(17) as parameters = [ 3, 4]T dependent (18) on the 
hypo- and orthophosphite concentrations,   
u - controls: ammonia and nickel (hypophosphite) feed-
ing rates, u = [Q3f, Q4f]T,
AP - maximum loading, 
zt - bath loading level (observable process),   

 - control setpoint for average bath loading,  
Kp - control gain: diagonal matrix of weights,  
Ti - integration time.  

This control depends on the model through the target. 
As a feed-forward control, it compensates the bath load-
ing changes.  

   Although the operator does not need to take a part in 
control and the possibility of human error is avoided the 
reliability of the method can be guaranteed by random 
laboratory analysis.

SIMULATIONS

   The proposed control algorithm was tested by simula-
tion shown in Figures 4-8. During the simulation the 
reference values for alloy thickness and phosphorous 
content were changed according to sequence shown in 
Figures 5 and 6.  The bath loading process was simu-
lated as Markov pure jump process shown in Figure 4. 
Every process was also exposed to Wiener process with 
5% noise-to-signal ratio. 
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   As can be seen from Figures 4 and 5 the alloy thick-
ness and phosphorous content follows the given refer-
ence values accurately without any effect of loading 
perturbations. In Figures 7 and 8 it can be seen that the 
control is able to keep the control parameters close to 
the optimal trajectories which verifies the control capa-
bility to avoid contamination affected by vigorous pa-
rameter changes.  
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BENEFITS

   The obvious benefits, from the proposed online moni-
toring and control concepts, are improved quality and 
thus reduction of cost of bad quality. It also makes ex-
pensive measurements like phosphorous content analy-
sis needless.

   The electroless nickel process is not the only process 
where the proposed control concepts can be used. There 
are several similar chemical processes in only PTH 
manufacturing where the proposed control concepts can 
be used. 

CONCLUSION

   Electroless nickel plating process has a critical role in 
printed circuit board manufacturing process. Especially 
thickness and phosphorous content of the alloy affect 
final quality of PCB. The controlling of these parame-
ters in traditional methods is uncertain and ineffective. 

   A sophisticated monitoring and control concept was 
proposed. The online monitoring is based on electro-

chemical process model. It helps an operator to estimate 
online the development of the critical alloy parameters. 

   The proposed control algorithm uses the developed 
process model to calculate optimal nickel ion concentra-
tion and pH trajectories according to the given reference 
values. The accuracy of the algorithm was evaluated by 
simulations and shown to be functional. 

   The concrete benefits of the methods are increased 
quality and reduced costs of laboratory analysis and 
quality inspections. 
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