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Nomenclature

Symbols

Cni
Cp
C1

C3

Cq

Cs

Cé

Cr

Cs8

&
€10
Cif
C3 f
Caf
Comax
Ciref
C3ref
Caref
d$3
dl’(‘,
d$7

J3
Jy

bath loading (total area immersed per bath volume), cm?/dm?
maximum loading, dm?/dm3

volumetric charge density of nickel, C'/cm?

volumetric charge density of phosphorous, C/cm?
hypophosphite concentration, mol H, PO, /dm?
hydrogen ion concentration, mol H* /dm?

nickel concentration, mol Ni?* /cm?

sulphate concentration, mol SO;~ /dm?

ammonia concentration, mol N Hs/dm?

ammonium concentration, mol N H; /dm?
orthophosphite concentration, mol HyPO;3 /dm?
ammonium sulphate concentration, mol [N Hy|»S0,/dm?
hydrogen gas concentration, mol Hy(g)/dm?

feeding concentration of hypophosphite, mol HyPO; /dm?
feeding concentration of ammonia, mol N Hs/dm?
feeding concentration of nickel sulphate, mol Ni** /dm?
maximum concentration of sulphate, mol /dm?

reference concentration of hypophosphite, mol /dm?
reference concentration of hydrogen ion, mol /dm3
reference concentration of nickel ion, mol /dm?
dissociation-consumed hydrogen, mol H™/dm?
dissociation-consumed ammonia, mol N Hs/dm?
dissociation-produced ammonium, mol N H, /dm3
Faraday’s constant, 96487 C'/mol

vector of cost functions, J = [Js, J4]*

cost function of pH

cost function of nickel percentage
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v

us

Uy

Lg,
TN
Tp

*
TN;
*

Tp
Zt

current density of oxidation reaction, A/cm?
current density of phosphorous deposition reaction, A/cm
current density of hydrogen gas evolution reaction, A/cm?
current density of nickel deposition reaction, A/cm?
control gain, diagonal matrix of weights
temperature voltage, k = F//RT, 1/V

molecular weight of nickel, g/mol

molecular weight of phosphorous, g/mol

number of exchanged electrons, p; = p3 = py =2, py = 1
hypophosphite feeding rate, 1/s

ammonia feeding rate, 1/s

nickel feeding rate, 1/s

universal gas constant, 8.3145 J/(molK)

analysis accuracy of pH analyzer

analysis accuracy of Nickel ion analyzer
temperature, K

integration time

plating time, s

end time of the calibration sequence, s

vector of controls used for control, u; = [Qs7, Qay]”
thermodynamic equilibrium potential of

oxidation reaction, V'

thermodynamic equilibrium potential of

phosphor deposition reaction, V'

thermodynamic equilibrium potential of

hydrogen gas evolution reaction, V'

thermodynamic equilibrium potential of

nickel deposition reaction, V'

model-prediction error: Wiener process

thickness of the Ni-P-alloy film, ¢cm

partial thickness of nickel, cm

partial thickness of phosphorous, cm

target thickness of nickel, ecm

target thickness of phosphorous, cm

bath loading level

2



Greek Symbols

Qg1 - anodic apparent transfer coefficient of oxidation reaction

Qg2 - anodic apparent transfer coefficient of phosphorous deposition
reaction

Q3 - anodic apparent transfer coefficient of hydrogen gas evolution
reaction

Qg4 - anodic apparent transfer coefficient of nickel deposition reaction

o, - cathodic apparent transfer coefficient of oxidation reaction

e - cathodic apparent transfer coefficient of phosphorous deposition
reaction

a3 - cathodic apparent transfer coefficient of hydrogen gas evolution
reaction

a4 - cathodic apparent transfer coefficient of nickel deposition reaction

€ - analysis error: standard Gaussian variable

¢ - vector of optimal tracking trajectory, ¢ = [(3, ()7

(3 - optimal tracking trajectory of pH

(4 - optimal tracking trajectory of nickel percentage

m - overpotential of oxidation reaction, V'

no - overpotential of phosphorous deposition reaction, V'

ns - overpotential of hydrogen gas evolution reaction, V'

ns - overpotential of nickel deposition reaction, V'

k1 - 2klge

(1 - dimensionless empirical limiting coefficient of oxidation reaction

(o - dimensionless empirical activating coefficient of phosphorous
deposition reaction

i3 - dimensionless empirical limiting coefficient of hydrogen gas
evolution reaction

(g4 - dimensionless empirical activating coefficient of nickel deposition
reaction

v - robustness coefficient

& - vector measured pH and nickel percentage, & = [&3, £4]T

& - measured pH

& - measured nickel percentage

pni - nickel density, 8.9 g/cm?

pp - phosphorous density, 1.82 g/cm3

o, - alloy deposition model inaccuracy

on; - nickel deposition model inaccuracy

op - phosphorous deposition model inaccuracy

01 - hypophosphite model inaccuracy

o3 - pH model inaccuracy

04 - nickel ion model inaccuracy

o5 - sulphate model inaccuracy

0¢ - ammonia model inaccuracy



vi

oy - ammonium model inaccuracy

og - orthophosphite model inaccuracy

09 - ammonium sulphate model inaccuracy

019 - hydrogen gas model inaccuracy

v - setpoint for controls

¢ - mixed potential, V'

Y - reaction rate coefficient, 1/s
Abbreviations

CMI - Coating thickness Measurement Instrument

EDS - Energy Dispersive X-ray Spectrometer (a.k.a. EDX)

ENIG - Electroless Nickel Immersion Gold

HIE - Optical cross section thickness measurement

IC - Integrated Circuit

MEMS - Micro-Electro-Mechanical Systems

MTO - Metal Turn Over

PCB - Printed Circuit Board

PI - Proportional-Integral controller

PTH - Plated Thought Hole Board

PWB - Printed Wiring Board

SEM - Scanning Electron Microscope

SHE - Standard Hydrogen Electrode

XRF - X-ray fluorescence
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Chapter 1

Introduction

1.1 Motivation

In the past decade the world has encountered the revolution of portable electron-
ics. The electronic circuits are applied in new areas from automotive industry to
portable devices like mobile phones. This development is mainly because of the
success of electronic manufacturing to develop smaller, lighter and more reliable
products with an increasing number of functionalities. One of the most developed
manufacturing areas is the printed circuit board (PCB) manufacturing in which
one sided PCBs are replaced with multilayered plated through hole (PTH) boards
with dense packed integrated passive and active components. The new challenges
are related not only to PCBs but also to their manufacturing processes.

A good example of such a development is mobile technology where the mobile
devices, like cellular phones, contain more and more functionalities but are still
small sized and reliable. The mobility poses additional requirements because
the operating conditions might be moist and corrosive and the devices might be
roughly handled. These set high requirements for the PCB which forms the base
of the device and sets the limits for the size of the device. Because of the need
for finer geometry, more dense circuitry, higher quality and better reliability of
end products, there is a great interest to develop the manufacturing processes of
PCBs. Especially solder joint reliability and the corrosion resistivity of PCB’s
surface finish are of main interest [1, 2] not forgetting the profitability and envi-
ronment aspects.

In generally, PCB manufacturing process is a complex sequence of different chem-
ical plating and etching reactions [3, 4]. A part of a manufacturing line in which
one such plating reaction, electroless nickel plating, takes place is shown in Figure
1.1. As can be seen, several chemical baths, including pre and post treatments,
rinsing and plating baths, are needed even during one plating process. There-
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Figure 1.1: A part of electroless nickel immersion gold plating line used for
PCB manufacturing.

fore, the manufacturing of multilayered PCBs needs numerous process stages and
chemical processes. Because of the complexity of manufacturing and the used
processes, the automation level in chemical production lines is traditionally low
and the main control is manual [5, 6]. The higher production volumes, tighter
product tolerances and the eagerness for better quality with lower cost has forced
the producers to automate processes and to develop the process control. The
benefits of this are evident, because by a precise control the plating conditions
can be optimized, plating quality assured, cost of bad quality minimized and
process life time extended [4]. These have further effects on the final product
quality, production profitability and environmental aspects because less waste is
produced. However, the development of precise process control for the plating
reactions is a challenging task, because in most cases the final parameters of the
plated film cannot be measured during the plating reaction. This is the case
for example in electroless nickel plating which has a great effect on PCB’s final
properties.
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1.2 Electroless Nickel Deposition

Electroless nickel plating, also known as an autocatalytic nickel plating or as a
chemical nickel plating [7, 8], is a widely used plating process in many industries
from oil and gas industry to microelectronic manufacturing [9]. Some of its ap-
plication areas are shown in Figure 1.2. In electronic applications it is used in
integrated circuit (IC) interconnections [10, 11}, micro-electro-mechanical systems
(MEMS) devices [12, 13] and PCBs [9, 14].

{2

Figure 1.2: Electroless nickel plating is a widely used surface finish in many
applications including electronic, hard disc and machine component manu-
facturing.

The progress of the electroless nickel plating reaction is depicted in Figure 1.3. In
the reaction the deposited nickel is not provided by an anode but by some nickel
salt. The salt is dissolved in the aqueous solution resulting ionic nickel. The nickel
ions are then reduced by the electrons, not provided by an external current source
but by a reducing agent also dissolved into the solution. A substrate works as a
cathode and the deposition reaction occurs on its surface by a catalysis between
an anodic solution and a catalytic surface, where reduced nickel catalyzes its own
reduction reaction. [15]

If the original surface is not catalytically active, it has to be activated somehow
to start up the autocatalytic reaction. This can be done by either connecting
it to an active metal (e.g. steel), treating it with a strong reducer or it can be
immersed into a dilute palladium chloride solution [9].

Electroless nickel deposit provides very good protection against corrosion [16, 17].
It has a high abrasion resistance and a good adhesion with most metals, which
makes it an excellent surface finishing [7]. If compared to electroplating, electro-
less nickel has two major benefits: its hardness is greater and its thickness distri-
bution is more uniform [16]. However, in electroless nickel plating the becoming
deposit is not pure nickel, but contains a small amount of the reducing agent.
Most commonly used reducing agent in industrial applications is hypophosphite
[15] resulting in nickel phosphorous alloy [9]. The hardness, corrosion resistance
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A B C
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Figure 1.3: A) In electroless nickel deposition the reducing agent (HyPO5
and the nickel source (Ni?T) are dissolved into plating bath. B) The reduc-
tion reaction occurs in an active surface where hypophosphite oxidizes into
orthophosphite reducing the nickel ions into atomic nickel. C) During the

reaction some reducer agent is also reduced. If the reducer is hypophosphite
the plated nickel film contains some phosphorous.

~—

and morphology of the nickel phosphorous alloy is due to the phosphorous content
which can be used in the control of the alloy properties [9, 15, 18].

Although, electroless nickel is widely used and intensively studied, its reaction
mechanism is not fully known, which describes the complexity of the reaction
[19, 20]. It also makes the development of the process and its control challenging.

1.3 ENIG-Surface Finish

One important application of electroless nickel plating is electroless nickel im-
mersion gold (ENIG)-surface finish used in PCB manufacturing [14, 15]. In the
ENIG-surface finish, the electroless nickel alloy prevents the oxidation of a cir-
cuitry by working as a diffusion barrier between the coppered circuitry and pro-
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tective gold alloy [9] as shown in Figure 1.4. In addition, it also protects the
circuitry from mechanical tearing in contact surfaces [21].

Au
/NP
/ Cu

FR-4

Figure 1.4: In ENIG-surface finish, electroless nickel (Ni-P) works as a dif-
fusion barrier between copper circuitry (Cu) and golden surface layer (Au).

The base material used in PCBs is typically epoxy reinforced fiberglass
(FR-4)

The ENIG-process has a great effect on the PCB’s final quality. Especially the
thickness and phosphorous content of the electroless nickel alloy are crucial for
PCB’s solderability and corrosion resistance [14, 22, 23|. Unfortunately, these
parameters cannot be directly measured during the plating reaction. Instead,
they are measured afterwards indirectly in laboratory analysis with a delay of
several hours. At that time the possible errors cannot be corrected anymore but
the defective products have to be rejected. Therefore, it is crucial to control the
thickness and phosphorous content of the electroless nickel alloy already during
the plating process.

The ENIG-surface is lead-free, which makes it very usable for electronic appli-
cations were lead is tried to be replaced by other materials. For example in EU
the use of lead in electronic products is restricted by legislation so that after 1.7.
2006 the products sold in EU markets should not contain lead more than 0.1 wt.%
[24, 25, 26]. However, there is some critical problems involved in ENIG process
which restrict its use. One of them is so called "black pad”’-phenomenon in sol-
der joints which is observed to be caused by many factors, one of them being the
phosphorous of the electroless nickel layer [22, 27, 28]. There has been a great
deal of research done around the world to understand and solve this problem.
Although, it stands to reason that the ”black pad” is also caused by prior and
post nickel processes, the electroless nickel layer and its phosphorous content have
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a great effect on the phenomenon [27, 28|. In addition, they have also an effect
on other quality properties of PCB like on corrosion resistance and solderability.
Therefore, the development of an effective method for the control of electroless
nickel plating process is highly motivated.

1.4 Outline of the Thesis

In this thesis, a new model along with a method for the control and estimation
of a electroless nickel plating process, is developed. The thesis content is the
following;:

Chapter 2: The developed process model for an electroless nickel reaction is
introduced. The model is based on electrochemical reaction mechanisms and
mixed potential reaction. The current densities of the reactions are calculated
from the Buttler-Volmer equation and controlled through the empirical formulas,
which accelerate or decelerate the reactions according to the concentration of the
species. The equilibrium potentials of the reactions are calculated from Nernst
equation and the concentration dynamics of the species in a bath is evaluated
from the mass balance, based on the current densities.

Chapter 3: The proposed process model is validated against independent data
gathered from an industrial plating line. The model is shown to be able to
estimate the process state, critical board and bath parameters accurately from
online measurable bath parameters. In addition, the electrochemical reaction
mechanism is analyzed numerically based on the mathematical model.

Chapter 4: A new model-based process monitoring system for electroless nickel
plating process is introduced and validated with industrial data. The system
provides an accurate estimate of the process state in terms of alloy thickness,
phosphorous content, electrochemical processes and bath concentrations for mul-
tiple bath with different make up concentrations.

Chapter 5: A new effective model-based process control algorithm is introduced
and simulated. The algorithms is based on a calculating an optimal tracking
trajectories for bath pH and nickel ion concentration. It is shown that the alloy
thickness and phosphorous content can be controlled by controlling the pH and
nickel ion concentration of the bath.

The author wants to note, that the reagent concentrations of the used electroless
nickel plating baths are presented to the extend relevant to the scope of the the-
sis. This means that the main reagents and their concentrations are presented
accurately. However, the additive concentrations, i.e., the concentrations of sta-
bilizers, complexing agents and accelerators, are not presented because they are
business secrets of the chemical manufacturers. In the thesis, the effect of the
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additives are taken into account through the coefficients of the model parameters.

1.5 Thesis’s Contribution

The main contributions of the thesis are:

1.

10.

A new model is developed for electroless nickel plating reaction based on
electrochemical reaction mechanism, mixed potential theory, Buttler-Volmer
equation and mass balance.

. The reaction model covers electrical reactions and chemical reactions and

takes into account the effect of reactant concentrations and the effect of
bath aging through empirical coefficients.

. It is shown that an electrochemical reaction mechanism can be used in

electroless nickel plating modelling if mixed potential theory is applied.

. The developed model is capable of estimating the unobservable processes

from measurable bath parameters.

. The developed model can be applied in different types of electroless nickel

plating reactions, i.e., the low and high phosphorous reactions, because
the effect of stabilizers and complex agents are modeled through empirical
coefficients.

. The developed model is validated against independent data covering metal

turn over (MTO) 0-5 and it is shown that the model is able to estimate ac-
curately the critical deposition parameters, alloy thickness and phosphorous
content, from online measurable bath parameters.

. The developed model is able to estimate accurately the concentrations of the

reactants and by-products, and the unobservable electrochemical processes
from the measurable bath parameters.

. The electrochemical reaction mechanism is analyzed numerically based on

mathematical model.

. A new model-based monitoring system for electroless nickel plating process

is presented providing an accurate estimate of the process state in terms
of alloy thickness, phosphorous content, electrochemical processes and bath
concentrations also for multiple baths with different make up concentra-
tions.

It is shown that the solderability measurements are not directly related to
phosphorous content but affected also by other parameters.
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11.

12.

13.

An effective algorithm for the control of the thickness and phosphorous
content of electroless nickel alloy is developed based on the electrochemically
balanced tracking trajectories of pH and nickel concentration of the plating
bath.

It is shown that the alloy thickness and phosphorous content can be con-
trolled by controlling the pH and nickel ion concentration of the bath.

The developed tracking control allows separate control of the film thick-
ness and phosphorous content and keeps the process in balance avoiding
spontaneous bath decompositions caused by the unbalance of reactants and
canceling the disturbances affected by the bath loading.



Chapter 2

Model Development for
Electroless Nickel Plating
Process of Printed Circuit Board
Manufacturing

2.1 Introduction

Electroless nickel plating is an important process in many microelectronic appli-
cations like in IC [10, 11], MEMS [12, 13, 29], and PCB [9, 14] manufacturing
techniques. If compared to electroplating, it has many advantages but also some
drawbacks. One of the drawbacks is a lack of effective process control which is
mainly because of the complex reaction mechanism and a few control parameters
[6]. A common way to control the process is to keep the concentrations constant
and control the alloy thickness by changing the deposition time [5]. However,
this is not a very effective or accurate control strategy for more demanding ap-
plications like PCB manufacturing where also the alloy’s structure and content
should be controlled. Therefore a new kind of control strategy is needed [30] and
a model-based method is one of these.

The feasibility of model-based methods depends on the accuracy of the used
model. In this chapter, a new process model for electroless nickel plating is
presented. The model is based on mixed potential theory and electrochemical
reaction mechanism, proposed originally by Brenner and Riddell [31, 32].

The model “s accuracy is tested against independent data gathered from an in-
dustrial plating process in Chapter 3 and applied to estimation of the process
state and to process control in Chapters 4 and 5, respectively.

9
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2.2 Modelling history

Several reaction mechanisms have been proposed to describe the plating chemistry
of electroless nickel plating process [9, 33, 34, 35, 36, 37]. Despite intensive
studies there exists no consensus of the right mechanism and further research is
needed [19, 38]. However, it seems that the most useful reaction mechanism is the
electrochemical mechanism [9, 35], especially if combined with mixed potential
theory [36, 39]. There has still been no strong evidence if the theory works for
electroless nickel deposition e.g. with hypophosphite [19, 39].

Despite the lack of consensus in reaction mechanism, several models of the elec-
troless nickel reaction have been developed. Some practical modelling techniques
and plating principles have been presented by Brenner [40] and Gorbunova and
Polukarov [41]. White and his colleagues have modelled several electrochemical
reactions using rotating disc electrode [42, 43, 44]. They managed to develop
a principal model for electrodeposition of amorphous Ni-P alloys [45] but not
for electroless deposition process. Kim and Sohn managed to formulate a model
for steady-state electroless nickel deposition using rotating disc electrode [35].
The model was complicated and its agreement with experimental data remained
unclear. Further modelling studies of the electroless process have recently been
carried out by Yin et.al. [46] and Touhami et.al. [47].

Despite intensive studies no accurate and practical reaction model has been found
so far [15]. This thesis presents a new model for the plating process. It is based
on the same principles as the model of Kim and Sohn [35] and uses the same
electrochemical cell model originally developed for porous electrodes in [48, 49].

2.3 Contribution

The following contributions are covered in this Chapter:

1. A new model is developed for electroless nickel plating reaction.

2. The electroless nickel reaction is modeled completely including electrical
and chemical reactions.

3. The model is based on the electrochemical reaction mechanism, mixed po-
tential theory, Buttler-Volmer equation and mass balances. It is shown that
electrochemical reaction mechanism can be used in electroless nickel plating
modelling if mixed potential theory is applied.

4. The model takes into account the empirical effect of reactant concentrations.

5. The model is capable of including the effect of bath aging.
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6. The model is capable of estimating both the observable and unobservable
processes from measurable bath parameters.

7. The effect of stabilizers and complex agents are modeled through coefficients
and therefore the model can be applied if different additives are used.

2.4 Reactions

For hypophosphite reduced electroless nickel plating reaction four mechanisms
have been proposed. These are atomic hydrogen, hydride transfer, metal hydrox-
ide and electrochemical mechanisms [9, 20, 33, 37, 50]. Nowadays the electrochem-
ical reaction mechanism is the most obvious [20] and because of its simplicity also
the most practical one. It is used also in this thesis as a basis for the reaction
model.

The electrochemical mechanism of the deposition reaction can be described through
the anodic and cathodic reactions [9, 50:

Anodic reaction

Cathodic reactions

HyPO; +2H" + e~ = P+ 2H,0, Us = —0.391V (2.2)
2H" +2¢” = H,, Us =0V (2.3)
Ni*t 4 2¢” = Ni, Uy = —0.257V (2.4)

In the anodic reaction hypophosphite oxidizes to orthophosphite. In the cathodic
reactions hypophosphite reduces to atomic phosphorous, hydrogen ions to hy-
drogen gas and nickel ions to atomic nickel. Both the atomic phosphorous and
the atomic nickel depose on the substrate’s surface forming nickel phosphorous
(Ni-P) alloy. The potentials U; - Uy are the equilibrium potentials of each of the
reactions, measured at standard 25°C temperature against the standard hydrogen
electrode (SHE). Therefore, they are also called as standard electrode potentials.

In the total redox reaction, the hydrogen ion production exceeds its consumption
and the excess hydrogen ions decrease the bath’s pH [51]. To balance the pH, a
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neutralizing ammonia is added to the bath and the following neutralizing reaction
takes place:

In the reaction ammonia dissolves into the bath forming ammonium and hydroxyl
which neutralizes the excess hydrogen ions. The base dissociation constant of
amimonia

[NH[|[OH]

K=""vm,

(2.6)

is Kb = 1.87° at 25°C and at 80°C 4-5 times bigger.

The ammonium is expected to react further with sulphate forming ammonium
sulphate:

OINH| + SO? = [NH,],S0,. (2.7)

The reduction of nickel ions in aqueous solution occurs through a series of transfor-
mations and displacements. In the bulk solution, the nickel ions are surrounded by
water dipoles and specific complex agents. While entering from outer Hemholtz
layer into inner Hemholtz layer (absorption layer), the water dipoles and complex
agents around nickel ion re-orientate allowing nickel ions migrate to the growth
points on lattice metal. The reducing agent is also transferred on or close to the
surface by the diffusion where it reduces the nickel ion. [46]

Although these steps play an important role in the electrochemical behavior they
are not observed in rate determining [51]. It is believed in [46, 52] that a boundary
layer, created by the viscosity of liquid at metal surface, may reduce the deposi-
tion speed because of lower concentration on metal surface meaning diffusion to
be rate-limiting. If that would be the case, as a consequence of lower concentra-
tion, the film thickness should be proportional to the root-square of plating time
according to the Fick’s law

z = at'/? (2.8)
where
x - film thickness, um,
a - constant, a > 0,
t - plating time, s

as was shown in [52]. However a linear relationship



Chapter 2. Model Development 13

x = at, (2.9)

with a = 9.4 um/h was found in [51], where the film thickness 3.8 + 1.3 pum was
obtained at plating time 25 + 8 min in 146 experiments, and 15 um at plating
time 90 min in 2 experiments, which matches well with linear prediction (true
intercept —0.4 um at zero plating time). If the diffusion would be rate-limiting,
the film thickness predicted as the root-square of the plating time should be twice
lower than obtained in the experiment.

Although the boundary layer may be rate-limiting in some electroless plating
processes, this was not observed in the experimental data on which this disserta-
tion is based. This might be because of the following reasons: The electric field
is strong enough for dehydration in the double-layer [51]. The boundary layer on
metal surface is very thin [53] because of the low viscosity at a high temperature
and because of the turbulent agitation with air and recycling flows that take a
place in an industrial plating line. Therefore, in this thesis, it is assumed that
the deposition process is controlled by the reduction reaction instead of diffusion
reaction. This rate determining reaction is represented as an electrochemical cell
model in Section 2.5.

The cell model is a distributed parameter model as many other models considered
in the plating literature [48, 52, 54]. Based on the cell model deposition and
concentration models are developed to describe the overall process. These are
represented in Sections 2.5-2.6 and compared with independent experimental data
in Chapter 3.

2.5 Electrochemical cell model

The electroless nickel deposition is a redox reaction described by equations (2.1)-
(2.4) with separate equilibrium potentials depending on the process circumstances.
While progressing simultaneously, the potential of each of the reactions is set to
one unique potential, so called mixed potential. In this potential, the overall
redox reaction is in equilibrium, while the partial reactions are polarized. The
difference between the mixed potential and the reaction’s equilibrium potential
forms the reaction’s overpotential. The overpotential determines the polarity of
each of the partial reactions. The hypophosphite oxidation reaction (2.1) is po-
larized as an anodic reaction while the rest (2.2)-(2.4) are cathodic reactions.
The reaction rates can be presented through current densities calculated from
Buttler-Volmer equation (2.10)-(2.13) for each of the reactions as shown in the
following:
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1 = i01M1[eXp (Vaa1p1k?7]1) — €xp (—V@clpﬂf?h)], (2'10)
Qg = Goofi2|exp (Vagapakne) — exp (—vaep2kne)], (2.11)
i3 = loai3[exp (Vaaspskns) — exp (—vaespskns)], (2.12)
iy = io4u4[exp (VOéa4p4/€T]4) — €Xp (—VOéc4p4/€774)]7 (2'13)
where

i, - current density (n = 1, ..., 4), A/cm?,

ioy - exchange current density, 17 mA/cm2,

ig2 - exchange current density, 2 mA/cm2,

ip3 - exchange current density, time-varying, mA/cm2,

iopa - exchange current density, 1.1 mA/cm2,

N, - overpotential, n, = ¢ —u,, V,

) - mixed potential, V|

u, - thermodynamic equilibrium potential, V',
itn, - dimensionless concentration of species,

v - robustness coefficient, 0.1,

k- temperature voltage, k = F//RT, 1]V,

T - temperature, K,

R - universal gas constant, 8.3145 J/(molK),
F - Faraday’s constant, 96487 C'/mol,

pn - number of exchanged electrons, p1 = p3 = py = 2, ps = 1,

aq1 - anodic apparent transfer coefficient, 0.46,

g2 - anodic apparent transfer coefficient, 0.5,

a3 - anodic apparent transfer coefficient, 0.56,

aq4 - anodic apparent transfer coefficient, 0.46,

Qe - cathodic apparent transfer coefficients (n = 1-4), agp = (1 — aep)-

The electroless nickel bath is a multi component solution. In addition to the nickel
source (nickel sulphate), the reducer (hypophosphite) and the substrate (active
surface), it contains a number of additional reagents; stabilizers and complex
agents, which stabilize the bath by controlling the reaction rates preventing bath
contamination [9]. This effect is taken into account through the model parameters
like through robustness coefficients v < 1, which make the model (2.10)-(2.13)
less sensitive to the uncertainties in the equilibrium potentials.

The exchange current densities 7¢,, depend on the bath temperature 7" and acti-
vation energies F 4, according to the Arrhenius equation
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—E (T — T
in(T) = ion(Ty) exp ~22—T0) (214)
where
E4, - activation energy, kJ/mol,
T - reference temperature, K.

Because the bath temperature in industrial plating lines is well controlled between
79 - 80°C during the plating reaction, the temperature model is not critical for
current densities and a simplified model can be used [51]. An accurate approxi-
mation for the exchange current density can be obtained through the assumption
that the reaction rates double for every 10 degree change in plating temperature

[9]

i0;(80°C + AT) = i0;(80°C)[1 + AT/10°C].

According to the mixed potential theory the anodic current density is equal to
the sum of cathodic currents densities

i+ ia + iy + iy = 0. (2.15)

This is because of the electrical neutrality of the plating bath. The mixed po-
tential is a parameter adjusted by the deposition process itself to maintain the
electrical neutrality; If there is any change in the partial reactions like in the
concentrations or equilibrium potentials, the mixed potential assumes a value so
that (2.15) is always satisfied [51].

The equilibrium potential of each the reactions (2.1)-(2.4) depends on the reagent
concentrations according to the Nernst equation using unit activity for solid ma-
terial (deposed nickel and phosphorous), water and hydrogen gas, as follows

uw = U+ k(lges —1ger — 2pH), (2.16)
up = Us+0.26(lge; —2pH), (2.17)
us = Us—2kpH, (2.18)

ug = Us+rlgey, (2.19)
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where
k1 - 2klge,
c1 - hypophosphite concentration, mol Hy POy /dm?,
¢y - nickel concentration, mol Ni** /em?,
c8 - orthophosphite concentration, mol Hy PO;3 /dm?.

In equation (2.17) the empirical molar activity coefficient 0.2 is introduced to
maintain the phosphorous deposition process cathodic. This is because of the
stabilizer, used for controlling the plating reactions and preventing the sponta-
neous precipitation, are added into the plating bath. These stabilizers slow the
plating reaction and, despite their low concentration, they have a strong influence
on the reaction dynamics. Therefore, the phosphorous reactions does not follow
exactly the Nernst equation and an empirical coefficient has to be introduced to
calibrate the equation.

The equilibrium potentials U,, of the reactions (2.1)-(2.4) are evaluated at 25°C
while the plating reaction takes place at 80°C temperature. Although, the tem-
perature difference has a minor effect on the equilibrium potentials the difference
can be taken into account by correcting the equilibrium potentials through the
following temperature coefficients (mV/°C) [55]

AUy = —0.36 - 1073(T — 25°C),
AU, = —0.42 - 1073(T — 25°C),
AUg - 0,

AU, = 0.6 - 1074(T — 25°C).

In addition to equilibrium and mixed potentials, the current densities are also
depended on concentrations through the following empirical limiting coefficients
11, i3 and activating coefficients g, fi4:

= G A\ = 0.7 2.20
451 /\lcl + (1 — /\l)clref7 1 ) ( )

o= |dot+(1— Az)cf—;f} [1 NI } L M =05)=02 (221

C5mazx

Csmaz = 1.25,

= €3 A3 = 0.59 2.2
1 Ascs + (1= Ag)cares’ 3 ’ (2.22)

I PYR AP AE ) BV (2.23)
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where
i - ion concentration of species (¢; for hypophosphite, c3 for hydrogen
ion, ¢4 for nickel, ¢s for sulphate), mol/dm?,
Cirey - reference concentration of species (after makeup), mol/dm?,
Csmar - Mmaximum value of sulphate concentration, mol/ dms3.

The effect of the concentration can be seen more clearly from the coefficients
(2.20)-(2.23) than from the equilibrium and mixed potentials. In coefficient
(2.20), the oxidation rate is limited by a lower hypophosphite concentration, in
coefficient (2.22), the hydrogen gas formation is limited by a lower hydrogen ion
concentration and in coefficient (2.23), the nickel deposition rate is limited by a
lower nickel concentration.

These limitations (2.20), (2.22) are weak and their effect are eliminated if \,, = 1,
but for nickel (2.23) the limitation effect is strong. The coefficients (2.21), (2.23)
have the reverse effect and therefore they are regarded as activation coefficients.

The nickel deposition rate increases if the hydrogen ion concentration decreases
[9]. In the model this behavior is observed through the activation coefficient (2.23)
which magnifies the effect of the mixed and equilibrium potentials respectively.

The phosphorous deposition rate decreases if the hydrogen ion concentration de-
creases [9, 35]. In the model this behavior is seen through the activation coef-
ficient (2.21) which reduces the effect of the mixed and equilibrium potentials
respectively.

For simplicity, the previous electrochemical cell model is assumed to be deter-
ministic and accurate, and therefore no stochastic coefficient is introduced in
equations (2.10)-(2.23). The inaccuracies can be taken into account in the model
outputs, i.e., in the following deposition and concentration dynamic models, be-
cause these models are linear and the possible inaccuracies in the electrochemical
entries can therefore be assumed to accumulate to the inaccuracies of these mod-
els.

2.6 Plating rate

The deposition process can be decomposed into two independent processes - into
nickel and phosphorous deposition - and reunited by superposition into the cal-
culation of the nickel-phosphorous-alloy (Ni-P-alloy) film [51, 56].

Nickel deposition

According to the Faraday’s law, the total deposited mass in an electrode is related
to the total charge passed through it. Therefore, the nickel deposition rate is
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proportional to the current density of the nickel deposition reaction (2.4)

Mp;

d.’L’Ni = —i4 2FpNZ dt + O’NidVV, (224)
where
xn; - partial thickness of nickel, cm;
physically, this is a ratio between volume of nickel and plate area,
n - current density of nickel deposition reaction, A/cm?,
My; - molecular weight of nickel, 58.7 g/mol,
pni - nickel density, 8.9 g/cm?
oni - nickel deposition model inaccuracy,
|44 - model-prediction error: Wiener process.

Here the Wiener process is introduced to describe model’s inaccuracy, i.e., it
describes the error between the model estimated and the actual reaction rates.
This stochastic variable is motivated especially in the Chapter 5, where developed
control is simulated.

Phosphorous deposition

The deposition rate of phosphorous is, respectively, proportional to the current
density of the phosphorous deposition reaction (2.2)

dl’P = —Z‘Q%dt + UPdW, (225)
Fpp
where
xp - partial thickness of phosphorous, cm; physically, this is a ratio
between volume of phosphorous and plate area,
19 - current density of phosphorous deposition reaction, A/cm?,
Mp - molecular weight of phosphorous, 31 g/mol,
pp - phosphorous density, 1.82 g/cm?
op - phosphorous deposition model inaccuracy.

Alloy deposition

The overall deposition rate of the Ni-P-alloy film is proportional to the current
densities of the electrochemical reactions (2.2) and (2.4)

My, M
N =2 dt + o,dW, (2.26)

dr, = (—i
7 = “2Fpu; Fpp
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where
r, - thickness of the Ni-P-alloy film, x, = xn; + xp, cm
o, - alloy deposition model inaccuracy.

In PCB manufacturing the deposition rate is usually kept in the range of 12-15
pm/h to guarantee the alloy quality. The thickness of Ni-P-alloy film can be
calculated from the deposition rate by integrating (2.26) over the plating period
(15-25 min) using the respective current densities. The partial thicknesses of
the nickel or phosphorous can be calculated by integration of (2.24) or (2.25)
respectively.

Phosphorous content

The phosphorous content in the Ni-P-alloy film can be expressed as the volumetric
ratio between the partial and overall thicknesses

Py = 22100 % (2.27)
Lq
or as the weight ratio between the partial and overall weights

ppIp
Pwt -
pPPTP + PNiTNi

100 %. (2.28)

The Ni-P alloys can be classified into three categories according to its phosphorous
content: low P about 1-4 wt.%, medium P about 4-11 wt.% and high P over 11
wt.% [57]. The morphology of the alloy depends on the phosphorous content: low
P alloys are phosphorous supersaturated solid solutions of nickel nanocrystalline
while high P alloys have amorphous structure [18]. The medium P alloys are a
mixture of nanocrystalline and amorphous structures [58]. The Ni-P-alloy with
7-10 wt.% phosphorous is well solderable, corrosion resist and bondable [58] -
it meets the requirements for PCB boards. However, for some products the
phosphorous content should be higher [51]. In that case, the deposition rates
should be slowed down to prevent surface blackening with phosphorous film. The
blackening is observed to be caused by a too high hydrogen gas evolution rate
[59], i.e., its current density exceeds certain threshold.

2.7 Concentration dynamics

Although, electroless nickel plating is a batch process, the batch lifespan is in-
creased by compensating reagent consumption by feeding fresh reagents into bath.
The age is measured with metal turn over (MTO). The bath’s lifetime is normally
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3-5 MTO, meaning that the reaction has consumed 3-5 times its initial nickel mass
[51]. At that time the bath contains disruptive amount of reaction’s by-products
and it is discarded. These changes in the concentrations of species can be modeled
through mass balances and Wiener processes as discussed below.

Hypophosphite feeding and consumption

In the studied process the reducer is hypophosphite taking part in the reactions
(2.1), where it is oxidized to orthophosphite, and (2.2), where it is reduced to
phosphorous. Hypophosphite source is sodium hypophosphite, added to bath
during plating to compensate the hypophosphite consumption. The consumed
hypophosphite mass can be calculated from the current densities i; and iy and
the added mass from the measured refreshment flow rates. The concentration
changing rates can be calculated by the following equation and the actual con-
centration ¢; by integrating the equation over bath’s lifetime.

209 — 1
dey = [A 22F ! + Qlfclf]dt + o1dW, Cl(to) = Clref, (2.29)
where
c1 - hypophosphite concentration, mol Hy PO, /dm?,
c1y - feeding solution concentration, 3.8 mol HoPO3 /dm?,

@1y - hypophosphite dilution rate defined as the ratio between
feeding rate and bath volume, 1/s,
A - bath loading defined as the total metal area of
plates immersed in the solution per bath volume, cm?/dm3,
t - elapsed time, sec,
to - makeup moment for a newly made bath, s,
o1 - hypophosphite model inaccuracy.

Orthophosphite accumulation

In the reaction (2.1) hypophosphite is oxidized to passive orthophosphite. The
oxidation rate is related to i; as follows:

ng = A;—}dt + O'gdW, Cg(to) = 0, (230)

where
cg - orthophosphite concentration, mol HyPO3 /dm?

og - orthophosphite model inaccuracy.
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Nickel ion feeding and consumption

In the studied process the nickel source is nickel sulphate (NiSOy4) which dissolves
in aqueous solutions into Ni?* and SO7 ions. The nickel ion takes part in
reaction (2.4) where it is reduced to metallic nickel by the electrons donated
by hypophosphite. The consumed nickel is replaced by nickel sulphate pumping.
The model of nickel ion concentration follows the same principle as hypophosphite
model and is presented below

dC4 = [A% + Q4fC4f]dt + O'4dVV, C4(t0) = C4ref, (231)
where
cs - nickel concentration, mol Ni** /dm3,
csy - feeding concentration, 1.8 molNi** /dm?,
(Qsr - nickel dilution rate, 1/s
o4 - nickel ion model inaccuracy.

Hydrogen ion formation and removal with ammonia

During the electroless deposition reaction (2.1)-(2.4) the hydrogen ion production
exceeds its consumption. Because of the formed hydrogen the pH decreases, which
is balanced by ammonia additions. The neutralization reaction is

NH; + H;O" = NH} + H,O (2.32)
where
[NHs|[HT] Ky
K,="—">"—" ="/ 2.33
NHT  h (239
K, - acid dissociation constant for ammonia, K, = K,/ K},
K, - water dissociation constant, K, = 10~* at 25°C,
k; - advancing reaction rate, ky = 1.5-107* mol N Hj/s,
ky - inverse reaction rate, k, = 1.8 - 10° mol N H, /s.

If the balance of (2.32) is disturbed, the system finds a new equilibrium that re-
serves the ratio (2.33) by changing the concentration of the reagents, respectively.
The change dx is called equilibrium increment and its value is equal in all the
reagents:

dr = dx3 = drg = dur, (2.34)
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where
dr - equilibrium increment, mol H*/dm?3,
drs - dissociation consumed hydrogen ions, mol H" /dm?,
dvg - dissociation consumed ammonia, mol HT /dm?,
dr; - dissociation produced ammonium, mol HT/dm?.

If the reaction occurs in an acidic solution, as is the case in hypophosphite reduced
reaction, practically all the ammonia is consumed by the neutralization reaction
and the balance of reaction (2.32) is completely on the product side. Therefore,
the equilibrium increment is directly the added ammonia concentration:

dx
— = : 2.35
dt Q3rcay ( )
where
csy - feeding concentration, 0.4 mol N Hs/dm?,
()3 - ammonia dilution rate, 1/s,

In plating reaction the hydrogen ion production rate is related to ¢; and its
consumption to i and ¢3. By ammonia addition the excess hydrogen ions is
neutralized by the amount of dxs. Therefore the hydrogen ion concentration can
be modeled through mass balance as

11+ 29 + 1
ng = A%dt - dxg + UngV, 03(80) = C3ref, (236)
where
c3 - hydrogen ion concentration, mol H™/dm?
o3 - pH model inaccuracy.

The concentration of the added ammonia can be modeled calculating the differ-
ence of added and dissolved concentrations as follows

dC6 = Q3f03fdt - dIG + O'6dW, C6(t0) = O, (237)
where
c¢ - ammonia concentration, mol N Hj/dm?
0¢ - ammonia model inaccuracy.

If the acidic plating bath is assumed, all the ammonia is consumed by the neu-
tralization reaction and therefore dcg = 0.
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Ammonium, sulphate and ammonium sulphate formation and con-
sumption

As a consequence of the neutralization reaction, ammonium is formed in the bath.
This ion is active and, if formed excessively, it can react with sulphate ions SO~
forming ammonium sulphate as shown below

The formation of solid ammonium sulphate is unlikely because ammonium sul-
phate is highly soluble into aqueous solutions (760 g/dm? H,O at 20°C). How-
ever, if the ammonium sulphate precipitation is observed, it deposits sediments to
the bottom of the bath. The formation rate is proportional to the concentrations
of sulphate and ammonium, and the concentrations of the sulphate, ammonium
and ammonium sulphate can be modeled through mass balance as follows

Sulphate:
dC5 = [Q4f€4f — Z/}C5C7]dt + O'5dW, C5(t0) = O, (239)
where
s - sulphate concentration, mol SO~ /dm?,
¢y - ammonium concentration, mol NH, /dm3,
cay - sulphate feeding concentration,

equal to the nickel feeding concentration, 1.8 mol SO3~ /dm?,
(Qsr - sulphate dilution rate, equal to the nickel dilution rate, 1/s,

(0 - reaction rate coefficient, 1/s
05 - sulphate model inaccuracy.
Ammonium:
dC7 = d$7 - 2¢C5C7dt + 0'7dW, C7(t0) = 07 (240)
where
o7 - ammonium model inaccuracy

Ammonium sulphate:

ng = wC5C7dt + UngV, (241)

where
c9 - ammonium sulphate concentration, mol [N Hy]2SO,/dm?

09 - ammonium sulphate model inaccuracy.
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If the precipitation is not observed, its effect can be canceled from the equations
(2.39)-(2.41) by setting 1 = 0. The possible ammonium sulphate precipitate is
mainly passive but along with other solid by-products and impurities, it interferes
the electroless deposition reaction and might cause sudden bath contamination.
This can be avoided by effective filtering or changing the bath when MTO reaches
3-5.

Hydrogen gas evolution

The hydrogen gas formed in reaction (2.2) is related to iy. The gas evaporates
from the bath and does not disturb the reaction. The concentration of the gas
formed into the bath can be modelled as the following if the evaporation is not
taken into account

1
dClO = —A%dt + O'lod‘/v, (242)
where
dcig/dt - hydrogen gas evolution rate, mol Hs(g)/(sdm?)
010 - hydrogen gas model inaccuracy.

In general, the plating chemistry is rather complex and still incompletely under-
stood [9, 33] especially with respect to hydrogen ion. Its formation, utilization and
evolution to gas are more complex than shown in the reactions (2.1)-(2.3), (2.32)
as well as the influence of stabilizers, orthophosphite, ammonium sulphate, MTO
variation and other by-products. The Wiener processes are introduced in models
(2.37)-(2.36), (2.30)-(2.42) because of modelling inaccuracies which should be ac-
counted for in the development of the estimation and control strategy, discussed
in the following Chapters.

2.8 Conclusions

In this Chapter, a novel model for electroless nickel plating is presented. The
model is based on the electrochemical reaction mechanism and mixed potential
theory. In addition, the Buttler-Volmer equation, Nernst equations and mass
balance are used for the modelling of current densities, equilibrium potentials
and concentration dynamics, respectively.

The model is developed primarily for the ENIG process of PCB manufacturing
industry and therefore, its input consists of the online measurable parameters,
used commonly in the industry. These are the reagent concentrations and the
amounts of the added reagents, plating temperature, bath loading and plating
time. The model is capable of estimating the complete electroless nickel plating
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reaction including electrical and chemical reactions. It takes into account both
the theoretical electrochemical principles and the empirical effects of reactant
concentrations, including the effect of bath aging.

The model can be used for estimating the critical deposition processes and the
unobservable electrochemical processes of the electroless nickel plating reaction.
It contains parameters that are calibrated from the experimental data gathered
from an industrial plating process. The physical equivalence of these are the ad-
ditive concentrations, like stabilizer, complex agent or accelerator concentrations,
which have the same kind of effect to the real reaction as the parameters have
to the model behavior. By changing calibration, the model can be applied for
different types of electroless nickel baths with different additive concentrations.

Generally, the developed model is a promising tool for monitoring the unobserv-
able processes in PCB industry. Its accuracy is validated using independent data
in Chapter 3 and its application to process monitoring and control are presented
in Chapters 4 and 5.
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Chapter 3

Model Validation and Process
Analysis

3.1 Introduction

The model, introduced in Chapter 2, is validated against process data gathered
from an industrial PCB manufacturing line, in this Chapter. In PCB manufactur-
ing, electroless nickel plating is used as a part of ENIG-surface finish as discussed
before. For the model parametrization and validation several active and passive
experiments were carried out in the line with different MTOs. In addition to
normal online process measurements, some additional parameters were measured
in laboratory afterwards.

The recorded data are discussed in Section 3.3 and the validation experiments
in Section 3.4. Similar results observed in other experiments are discussed in
[51, 56, 60, 61].

3.2 Contribution

The following contributions are covered in this Chapter:
1. The proposed model is validated against independent data covering the
whole MTO range (0-5) and shown to be relatively accurate.
2. The model is capable of estimating the critical deposition parameters, alloy
thickness and phosphorous content accurately from online measurable bath

parameters.

27
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3. In addition to the deposition parameters the model is capable of estimating
the concentrations of the reactants and by-products.

4. Using the model it is possible to estimate the unobservable electrochemical
processes from the measured data.

5. The electrochemical reaction mechanism is analyzed numerically based on
the mathematical model.

6. It is shown that the electroless nickel plating reactions can be modeled using
the mixed potential theory and the electrochemical reaction mechanism.

3.3 Recorded data

The data for parameter estimation and model validation were recorded during
one week of active experiments and several weeks of passive experiments in the
industrial plating line. In the active experiments, some plating parameters were
changed according to the test schedule. Because the experiments were carried out
during normal production, the changes had to be inside production tolerances.
A part of the active experiment sequence is shown in Figures 3.1-3.4. In the
passive experiments the data were recorded along with normal production and
from many batches. During the experiment the MTO changed from 0 to 5, after
which the bath was discarded. Therefore, the whole bath’s life span with several
loading profiles and makeups were studied and the validation was extensive.

The measurements were gathered from industrial process control databases and
from process laboratory analysis. The alloy’s final characteristics were measured
afterwards using methods not used in normal production. Description of the
measurements is presented in more details in the following.

On-line measurements

The following measurements were measured on-line and recorded every 5 seconds:
1. Nickel ion concentration presented as nickel percentage where 100 % = 0.1
mol Ni*T /dm?, (c4)

2. pH, (—lgcs)

3. Nickel, hypophosphite and ammonia feeding rates, (Q4f, Q15 and Qsy, re-
spectively)

4. Plating temperature, (7')
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5. Bath loading, (A)
6. Plating time, ()

7. Mixed potential versus standard hydrogen electrode (SHE), (¢)

These on-line measurements are used as inputs for the developed model, which
estimates other needed bath parameters and predicts the becoming alloy prop-
erties. The chemical measurements like nickel percentage and pH measurement
might however involve uncertainties, which have to be also considered in the pre-
diction results. For this purpose the mathematical models of these analyzers are
presented in below.

pH analyzer

&3 = —lgcs +13e = pH + r3e, (3.1)
where
&3 - measured pH,
c3 - hydrogen ion concentration, mol H'/dm3,
rs - analysis accuracy
e - analysis error: Independent Gaussian standard deviation, N(0,1).
Nickel analyzer
Cq + T4
& = 10040—14 = 10%(cq + r4e), (3.2)
where
& - measured nickel percentage: 100 % is equal to 0.1 mol Ni*T/dm?3,
cy - nickel concentration, mol Ni*T/dm?3,
ry - analysis accuracy.

Both the nickel and pH analyzers are calibrated against reference solution once
per hour. In addition these values are also measured in the laboratory. The other
on-line measurements are measured with more reliable methods and thus they
are considered as exact values.

Laboratory analysis

Beside online measurements, the following parameters were analyzed in the lab-
oratory.

1. Hypo- and orthophosphite concentration
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2. Thickness of plating film measured using X-ray fluorescence analyzer (XRF)
a.k.a. coating thickness measurement instrument (CMI)

3. Phosphorous content measured using energy dispersive X-ray spectrometer
(EDS) applied in scanning electron microscope (SEM).

These analyses take place every 5 hours. Because of the low frequency, these mea-
surements can not be used as inputs for the developed model. The hypophosphite
concentration is however an important variable for the model and therefore the
model estimates hypo- and orthophosphite concentrations according to equations
(2.29) and (2.30). The laboratory analyses were mainly used for model validation.

Alloy properties

The most critical alloy properties are alloy thickness and its phosphorous content
[4, 60]. To measure these properties, a small test plate was plated within every
production lot and the properties were measured afterwards from the plate.

The thickness was measured using an X-ray fluorescence analyzer (XRF). Each
test plate was measured six times and the used thickness is the arithmetic mean
of these measurements.

The phosphorous content in weight percentage was analyzed using energy disper-
sive X-ray spectrometer (EDS) applied in scanning electron microscope (SEM).
Because phosphorous is not evenly distributed over the alloy [9, 62], 10 analy-
ses were made over the plating area and its cross section. The used value is an
arithmetic mean of these. EDS-analyses were taken after every 3 hours.

3.4 Model validation

Three active and several passive experiments were performed in the line. The
recorded active data were divided into estimation and validation data to be used
for parameter estimation and model validation, respectively. The passive data
were gathered in normal process conditions and used only for model validation.
In the following one active experiment used for model validation is discussed.
Additional results from the other experiments are similar and summarized in
Tables 3.2 and 3.3.

Validation sequence

The bath characteristics during the validation sequence are shown in Figures 3.1
- 3.4. During the experiment, bath loading was changed between three levels
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Figure 3.1: The bath characteristics during the model validation test: bath
loading and mixed potential.

(20, 40 and 60 cm?/dm?3). The bath loading is a violent jumping process where
a rack of plates is immersed and raised approximately every 20 minutes. The
loading shown in Figure 3.1 is a two hour moving average of the original bath
loading. This is because of better visualization and comparability with the other
parameters. However, the calculations are based on the original loading.

The mixed potential of the plating reaction was measured by immersing a copper
plate into the bath and measuring the voltage between the plate and standard
hydrogen electron. The measured mixed potential is shown in the same figure. In
theory, the mixed potential depends on concentrations, bath loading and plating
temperature. This is, however, hard to see from the figure because all of these
are changed during the experiment and not returned to their original values.
Still, correlation can be observed especially with loading, temperature, nickel
concentrations and pH.

The reference value of the nickel ion Ni?* concentration in the used plating
chemistry is 0.1 mol/dm?. During the experiment, the nickel ion concentration
was changed between three levels: 95, 100 and 105 % of its reference, which is
equal to 0.095, 0.1 and 0.15 mol/dm?, respectively. The nickel concentration
percentage along with nickel sulphate NiSO, pumping is shown in Figure 3.2.
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Figure 3.2: The bath characteristics during the model validation test: NI**
content and NSO, feeding rate.

The difference of the concentration time constants can easily be seen from the fig-
ure; the nickel concentration can be rapidly raised by the nickel sulphate pumping
but lowering takes time and is dependent on loading. It can also be seen that
the higher the loading, the higher the nickel ion consumption, which is to be
expected. This can clearly be seen especially in the end of the experiment where
higher pumping is needed to keep the concentration stable if the loading is high.

The same kind of effect can also be seen from the pH graph shown in Figure 3.3.
During the experiment pH was controlled by ammonia pumping and changed
between 5.05-5.15 as shown. Also here the pH raise is quicker than lowering.
Compared to nickel ion concentration lowering the pH is slower. In this compar-
ison the difference of loading level has to be taken into account.

The plating temperature and the plating time were kept as constant as possible
during plating, because of the limits of the used chemistry and the ongoing PCB
production on the line. The too low bath temperature might have stopped the
reaction and too high might have resulted the bath contamination [9]. As can
seen from Figure 3.4, the temperature is constant staying between 79 to 80°C
during the experiment. The minor changes are due to loading events where the
warm plates are replaced by those of room temperature.

Also the plating time had to be extended while MTO was raised as shown in
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Figure 3.4. This is because the plating rate decreases along bath aging and be-
cause the plating time is linearly proportional to the alloy thickness, as discussed
in Chapter 2.4. Therefore, the longer plating time was used to compensate the
slower reaction in the end of the experiment. The long plating time in the begin-
ning of the experiment is due to plating startup. In the startup the concentrations,
the temperature and the other bath parameters are tuned to appropriate levels
to ensure alloy quality. The unbalance of the parameters in the startup can also
be seen from the mixed potential curve.

Table 3.1: The measurements used as inputs for the model in different
partial model validations. The data numbers refer to the numbers of on-
line measurements in Chapter 3.3.

Task Data Compared Data
Used

Comparison of the model predicted Film thickness, 1-7

and XRF/EDS measured thickness Phosphorous percentage

and phosphorous

Prediction of the nickel in comparison Nickel concentration 2-7

with the online measured nickel

Prediction of the pH in comparison pH 1, 3-7

with the online measured pH

Prediction of the hypo- and ortho- Hypophosphite 1-7

phosphate concentrations in comparison | Orthophosphite
with the laboratory analysis
Prediction of the nickel in comparison Nickel concentration 2,3
with the online measured nickel in
passive experiments

Prediction of the pH in comparison pH 1,3
with the measured pH in
passive experiments
Prediction of the board and bath Respective laboratory 1-7
parameters analysis

The model accuracy is evaluated based on these data. The estimated parameters
and the data used is shown in Table 3.1. The process state is evaluated from the
model using the online measurements 1-7 explained in Section 3.3. The model
accuracy is analyzed by comparing the estimated state to the laboratory analysis
as discussed in the following.
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Deposition model validation

While considering the PCB manufacturing, the most critical values of the nickel
alloy are its thickness and phosphorous content. Although, these values cannot
be measured online during the plating, the developed model can estimate these
values from the standard online process measurements, i.e., Ni>* concentration,
pH, plating time and temperature, as discussed in Chapter 2.6.

The accuracy of the deposition model is evaluated by comparing the measured
alloy thickness and phosphorous content to those computed from the model as
presented in Figures 3.5 and 3.6. The accuracy is also calculated numerically as
a standard deviation of the measured and predicted values and then represented
in normalized units as a percentage from the admissible technology range. These
accuracies are presented in Table 3.2.

Table 3.2: Numerical accuracies of alloy thickness and phosphorous content
(wt. %) models [60].

Parameter Admissible range Accuracy %
Estimation data | Evaluation data

MTO 0-5 0-2 3-5

Alloy thickness | 2.5-5 um 9 9

Phosphorous 7-10 wt. % 18 10

In Figure 3.5 the estimated alloy thickness curve has the same shape as the
measured one. This implies that the relations between the bath conditions and
deposition rates are correct and that the structure of the model is correct. The
absolute values, however, differ from each other, especially in the beginning of
the experiment. The reason for that is the high nickel ion concentration in the
beginning, which makes the empirical activation coefficient (2.23) too high. This
inaccuracy can, however, be corrected by increasing the value of ¢4, s in the equa-
tion (2.23). Therefore, it can be stated that, although the model is accurate in
general, it lacks of accuracy in high nickel ion concentrations if this parametriza-
tion is applied. The error is still relatively small if compared to the admissible
range and, in practice, during normal production the nickel concentration is not
that high, which improves the accuracy of the estimate. Also, if the model is
supposed to be used in high nickel concentrations, it can be re-calibrated respec-
tively. The peaks in the curve are due to peaks in the deposition time shown in
Figure 3.4.

Although, the alloy thickness estimate is accurate, the phosphorous content es-
timate lacks of accuracy especially in the beginning of the experiment as can be
seen from Figure 3.6. In general, the form of the estimated graph is close to the



Chapter 3. Model Validation and Process Analysis

5 T T
Measured
Predicted

B
)

Thickness, um

w
e

3.4

3 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

Elapsed time, h

Figure 3.5: Measured and model predicted alloy thicknesses during model
validation test.
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measured one, but the two first measurements on the opposite sides of the es-
timated graph indicate that the proposed phosphorous deposition model misses
some relations. However, the same data set was analyzed by using multivari-
able regression methods in [63] and no explanation was found for this inaccuracy.
Therefore, it is likely, that this disagreement between the estimated and measured
phosphorous contents is because of an exception from normal in the preceding
processes, like in the activation of the surface.

In practice it has been observed that high loading corresponds to low phospho-
rous content. One theory to explain this phenomenon is the relation of the bath
loading and the hypophosphite. If the loading is low, the hypophosphite con-
centration on the substrate’s surface is high and multiple hypophosphite ions are
reduced to phosphorous and further co-deposited. If the loading is higher the
concentration is lower and less hypophosphite is reduced. The other parameter
that has been observed to affect the phosphorous content in practice is pH. The
relations between plating and product parameters are complicated and not fully
understood [9]. These are explained in more details using the model in Section
3.5.

Despite weaknesses in the phosphorous model, the absolute estimation error is
still reasonable if compared to the admissible range shown in Table 3.2.

Validation of the concentration dynamics model

Besides deposition prediction, the model can be used for reactant’s concentration
estimation as presented in Section 2.7. One critical concentration is the hypophos-
phite concentration which is estimated according to equation (2.29) and used in
the nickel deposition model (2.24). It is not measured online during normal
process control and therefore, accurate hypophosphite concentration estimation
is crucial for whole the deposition model.

Other important concentrations are orthophosphite, nickel ion and hydrogen ion
concentrations which can be calculated according to equations (2.30), (2.31) and
(2.36), respectively. Although, the nickel ion concentration and pH can be mea-
sured and adjusted accurately by the process control system, the model estimated
values can be used for model validation.

The model estimated and laboratory measured hypo- and orthophosphite are
presented in Figure 3.7 and the numerical accuracies in Table 3.3. As can be seen
from the figure, the shapes of the estimated and measured curves are the same.
This implies that the basic model structures in (2.29) and (2.30) are correct.

However, there is a significant absolute error especially between the measured
and estimated orthophosphite concentrations. This can be partly explained by
the low sampling frequency of the laboratory analysis (ones per every 5 hour).
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In practice, the orthophosphite estimate has only a minor effect on the anodic
reaction’s equilibrium potential (2.16) as discussed in Section 3.5 and therefore
its inaccuracy is not critical to the deposition model.
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Figure 3.7: Measured (M) and model predicted (P) hypo- and orthophos-
phite concentrations during model validation test.

Estimated and online measured nickel concentration is presented in Figures 3.8,
and the numerical accuracies in Table 3.3. The nickel model (2.31) follows the
measured values accurately while the estimation error stays below 7 % of the
admissible range (90-105 %). This refers to a correct model structure and model
parameters. Because the model is based on a mass balance equation, where nickel
is consumed according to the deposition model (2.24) and added by the refreshing
pumping, it gives a strong indication that the proposed nickel deposition model
is accurate.

The pH model (2.32)-(2.36) validation is presented in Figure 3.9. The estimated
value follows the measured values accurately, although the rise in pH disturbs the
pH model balance in the end of the experiment. This is because of the diminished
capability of the buffer liquid, which make the behavior of pH more nonlinear
than to which the model (2.32)-(2.36) is calibrated. Despite that the estimation
error stays below 5 % of the admissible range (4.2-5.3) as shown in Table 3.3. In
general, pH modelling is a challenging problem [64] and therefore the accuracy
of the proposed model is good considering its simplicity. In practice, pH is an
online measurable parameter and in the calculations the online measured value
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Table 3.3: Numerical accuracies of pH, nickel ion (Ni**) and hypophosphite
concentration models [60].

Parameter Admissible range Accuracy %
Estimation data | Evaluation data

MTO 0-5 0-2 3-5

Nickel 90-105 % 9 7

Hypophosphite | 22-45 g/dm3 7 14

pH 4.2-5.3 3 5

can be used. Therefore, the pH model inaccuracy is not critical for the deposition
model.

The model accuracies of the concentration dynamics are evaluated experimen-
tally and summarized in Table 3.3, where the accuracies are divided to the model
calibration data and to independent validation data. The numerical accuracies
are calculated as a standard deviation of the predicted and measured values in
normalized units as a percentage from the admissible technology range. The ex-
periments are slightly different in the metal turn over MTO, which is observed to
effect positively on the alloy’s phosphorous content. The MTO can be estimated
from the orthophosphite accommodation and therefore the effect is taken into
account in (2.21), where the activity is increased along with the orthophosphite
accumulation.
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3.5 Plating reaction analysis

The electrochemical model forms the core of the plating process model and there-
fore it has to be accurate and well balanced to guarantee the accuracy of the
overall model. The accuracy of the model cannot be directly validated because
no measurements are available of the electrochemical parameters. However, the
electrochemical model can be assumed to be precise if the other models derived
from the electrochemical model are accurate as is the case in this research. In ad-
dition, the current densities of nickel and phosphorous deposition reactions along
with the respective deposition rates can be validated indirectly by the reference
values derived from the film thickness, phosphorous weight percentage and plat-
ing time measurements as shown in Figures 3.10 and 3.11. As can be seen the
current density and reaction rate estimates are close to the calculated real values
confirming the model validity. For further analysis all the current densities are
shown in Figure 3.12 and respective equilibrium potentials in Figure 3.13.
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Figure 3.10: Current densities of nickel and phosphorous deposition reac-
tions calculated by measurements (M) and predicted by model (P).

In addition to the electrochemical processes also the unobservable chemical processes,
like reaction rates shown in Figure 3.11, can be estimated. The estimates can be
used for plating mechanism analysis discussed below.

The alloy thickness and phosphorous content are determined by the deposition
rates (Figure 3.11) and plating time (Figure 3.4). The plating time is precise and
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Figure 3.11: Deposition rates.

can be set directly. The plating rates, however, are determined by the current
densities which are dependent on the reactant concentrations. The effect of the
concentrations is set directly by the empirical constants (2.20)-(2.23) and indi-
rectly by the overpotentials. The effect of overpotentials is more complicated and
depends on concentrations, temperature and area through mixed and equilibrium
potentials shown in Figure 3.13. The mixed potential is determined by the plat-
ing process so that the charge conservation requirement (2.15) is fulfilled. The
equilibrium potentials are dependent on the concentrations through Nernst equa-
tions (2.16)-(2.19). These complex relations between the nickel and phosphorous
deposition reactions and the concentrations are discussed below.

Effect of nickel ion

The nickel deposition rate increases with nickel ion concentration as can be seen
by comparing Figures 3.10 and 3.11. This is because the nickel concentration
decreases the value of the limitation coefficient (2.23) and decreases the absolute
value of the nickel deposition reaction’s (2.4) equilibrium potential (2.19) shown
in Figure 3.13. Because the mixed potential is not directly influenced by nickel ion
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Figure 3.12: Current densities of partial reactions.

concentration, it changes only slightly as can be seen from the Figure 3.1. There-
fore, the change in equilibrium potential u, increases the respective overpotential,
which increases the current density 74 as shown in Figure 3.12.

The nickel ion concentration has only a minor effect on the phosphorous deposi-
tion reaction through a mixed potential change.

The same kind of influences of the nickel ion concentration on the electroless
nickel plating reaction dynamics are also observed in [33, 65, 66]

Effect of pH

In previous studies [9, 33, 47, 66, 67] it has been shown that the nickel deposition
rate increases if the hydrogen ion concentration decreases (pH increases). The
same effect can be seen by comparing Figures 3.9 and 3.11. The reason is the
increased activity (2.23) and, in a wider scale, the increased overpotential of the
nickel reactions created by the change in mixed potential. The mixed potential
change is caused by the more negative equilibrium potentials (2.16)-(2.18), which
disturbs the equilibrium of the current densities and, as a consequence of this,
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Figure 3.13: Equilibrium potentials of partial reactions.

mixed potential changes so that the electrical neutrality (2.15) is again reached.
The effect of the mixed potential change is partly compensated by the raised
MTO and therefore this effect is hard to see from Figure 3.1. The increase in
the current density of the nickel reaction can, however, be clearly observed from
Figure 3.12.

Also phosphorous deposition rate increases along with pH increase as can be seen
from Figures 3.9 and 3.11. This is because of the increased activity (2.21) of the
phosphorous deposition reaction. The effect is not, however, as radical as on the
activity of the nickel deposition reaction (2.23) and therefore the alloy’s phospho-
rous content decreases as shown in Figure 3.6. The increase of the phosphorous
deposition rate is limited also by the decreased overpotential of the reaction as
can be seen by comparing Figures 3.1 and 3.13. Therefore the phosphorous re-
action’s current density is increased only slightly if compared to nickel reaction’s
current density.

In general, higher pH corresponds to higher reaction rates (Figure 3.3 and 3.11)
which is exploited in process control to speed up the aged bath [5, 9]. A high reac-
tion rate may cause bath contamination [9, 65, 68] or undesirable film blackening
[69] observed frequently in the process.
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Effect of orthophosphite

Orthophosphite is only produced, not consumed, by the reaction, as can be seen
from equation (2.30) and from Figure 3.7. Therefore, its concentration is re-
lated to MTO, which makes it hard to analyze the independent influence of
orthophoshite concentration on the reaction kinetic. Maybe because of this, its
influence has not been completely analyzed in former studies. The influence can,
in some extend, be analyzed by the reaction model as follows. The nickel depo-
sition rate decreases if the orthophosphite concentration increases as can be seen
by comparing the Figures 3.7 and 3.11. The effect is seen more clearly if the
whole bath lifetime is observed. The reason for this phenomenon is the decreased
absolute values of the mixed potential created by the decreased equilibrium poten-
tial (2.16) of the oxidation reaction shown in Figure 3.13. The resulting reduction
in the overpotential of the nickel reaction diminishes its current density as can
be seen from the Figure 3.12.

Also the phosphorous deposition rate reduces along with the orthophosphite con-
centration increase as can be slightly observed from Figure 3.11. This effect is
not, however, so radical if compared to nickel deposition reaction and therefore
the phosphorous content of the alloy increases along with orthophosphite concen-
tration as can be seen in Figure 3.6 and observed also in [18]. The reason for
the decreased deposition rate and the respective current density is the changed
mixed potential, discussed above, which decreases the phosphorous reaction’s
overpotential.

Effect of hypophosphite

The effect of hypophosphite is hard to see from the Figures, because for produc-
tional reasons the dominating nickel ion concentration was changed along with
hypophosphite as seen by comparing Figures 3.7 and 3.8. However, the effect
of hypophosphite can be explained with the help of the model as follows. The
increase of hypophosphite concentration increases the absolute values of the equi-
librium potential of oxidation reaction (2.16) and decreases the absolute value of
the equilibrium potential of phosphorous reaction (2.17), as can see from the re-
spective equations (the term lgc; is oppositely signed in the equations). As a
result the mixed potential stays nearly constant. Therefore, hypophosphite has
no effect on the nickel deposition rate but increases the overpotential and the reac-
tion rate of phosphorous reaction. Therefore the hypophosphite increases slightly
the alloy’s phosphorous content. The same kind of behavior is also observed in
[9, 33, 67].
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3.6 Conclusions

In this Chapter, the developed process model has been tested against independent
data gathered from three active and several passive experiments conducted in an
industrial PCB manufacturing line. It is shown, that in all the experiments,
the model is a relatively good agreement with the measured data and responds
correctly to the changes in plating conditions. With the aid of the model, also the
complicated reaction mechanism was discussed and explained mathematically.
The resulting new perspective is in a good agreement with the literature and
former research results.

In addition to these experiments shown in the Chapter, the model has been former
validated with two different industrial plating chemistries from different manu-
facturers. These chemistries produce electroless nickel alloys with a remarkable
higher phosphorous contents (10-12 wt.%) than the chemistry shown here (7-10
wt.%). Also in these experiments, the model showed similar accuracy and per-
formance as in the test showed. However, because the additives of the plating
chemistries differ greatly from each others, the model had to be re-calibrated
separately for each of the chemistries.

Based on these results, it can be stated that the proposed model is capable of
estimating the unobservable product and bath parameters of electroless nickel
plating process, online from the standard measurements used in circuit board
industry. The accuracy, performance and adaptability of the model make it usable
for industrial PCB process monitoring and control applications.



Chapter 4

Process Monitoring

4.1 Introduction

A new monitoring system of electroless nickel plating process, used in printed
circuit board manufacturing, is presented in this Chapter. The monitoring system
is based on the developed electroless nickel model of Chapter 2. It is shown
that critical board parameters can be estimated online from standard process
measurements of an industrial electroless nickel plating line. Besides product
parameters, the model provides online information on the electroless plating bath
in terms of the electrical and chemical characteristics, useful for failure source
detection and process control.

The proposed model-based monitoring system provides the current process and
product parameter states faster and more completely than traditional laboratory
analysis based systems. In the case of a failure, it allows fast detection of the
failure source, which is essential for failure correction.

4.2 Motivation

The conventional control method in electroless nickel plating is to keep the bath
parameters (concentrations, temperature) constant and assume constant reaction
rates [5]. However, this is a poor policy in practice, because the process becomes
slower during bath aging which can be compensated by a higher pH-level [4, 9].
Also the by-product development and loading changes disturb the reaction rates
and the reaction balance [9].

In more sophisticated methods the bath parameters are changed during plating
to compensate for the changes. Because the board parameters cannot be mea-
sured online, the changes are rough and based on the operator’s experience [5].
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Problems arise especially when the process is changed and new control rules have
to be learned [4].

Nowadays, modern plating lines are computer controlled [70] but despite the
intense automation in process industry, the automation level is still low here
[3]. Although computer drives the line according to a preprogrammed plating
program, the control decisions are still made by the operator and are based on
his experience. This is because of complex manufacturing processes and lack of
direct product parameter measurements. Especially, in cutting edge production
the tolerances are tight, and rough, operation-based control is not acceptable
anymore. Therefore, if a fully automatic and accurate process control is not
possible at the moment, the plating quality can be improved by providing a
more detailed process information to the operator. This kind of new monitoring
concept is proposed in this Chapter.

4.3 Contribution

The following contributions are covered in this Chapter:

1. A new, model-based monitoring system for electroless nickel plating process
is presented.

2. It is shown that the monitoring system provides an accurate estimate of
the process state in terms of alloy thickness, phosphorous content, electro-
chemical processes and bath concentrations.

3. It is shown that the proposed monitoring model is adequate for state esti-
mation also for multiple baths with different makeup concentrations.

4. Tt is shown that the solderability measurements are not directly related to
phosphorous content but affected by other process parameters also.

4.4 Monitoring system

The monitoring system is based on the developed process model presented in
Chapter 2. The data flow chart of the model is shown in Figure 4.1. The model
allows online estimation of the product parameters (film thickness, phosphorous
weight percentage), along with the electrochemical parameters (deposition speed,
mixed and equilibrium potentials, current densities) and the chemical parameters
(reaction rates, hypo- and orthophosphite density, hydrogen gas evolution rate)
from the online measured pH, nickel concentration, flow rates, bath temperature,
plating time and bath loading.
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The process monitor is integrated to an industrial process control system where it
is in interaction with the plating bath through the intermediate layer for the bath
controller and a flightbar controller as shown in Figure 4.2. For history analysis, it
has also access to the laboratory analysis database. Each of the system elements
has multiple functionalities, discussed in the following.

Bath controller This controller keeps the plating chemistry in balance by control-
ling the pH to follow a target profile and keeping the nickel concentration at a
constant level.

Flightbar controller This crane controller moves the plates from one bath to an-
other according to a preprogrammed schedule. It manages the logging register
and takes care of the bath temperature.

Laboratory database The laboratory analysis carries out the final quality checking
and supervises operators if corrections are required. The quality checking is
based on the product parameter analysis from the plated products where the film
thickness is measured with a XRF analyzer, wetting time and force with wetting
balance analyzer. If unsuitable quality is observed the lot is discarded.

The laboratory analysis include also the bath parameter supervision: the pH and
nickel concentration analysis every 4 hours and the hypophosphite concentration
every 6 hours. If some systematic deviation between the online measurements
and the laboratory analysis is discovered, the controllers are re-calibrated.
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Figure 4.2: The monitoring system where the monitoring engine is inte-
grated with the plating bath through the intermediate layer.

Process monitor This computer characterizes the process state in terms of electri-
cal, chemical and board parameters as shown in Figure 4.1. The system can also
represent the plating history of the previous batches up to the current moment
to be compared with the results measured later in the laboratory analysis.

4.5 Monitoring results

The proposed monitoring system was tested retrospectively on a large sample of
industrial data shown below. The data represent the bath behavior during six
baths.

Deposition precesses

In Figure 4.3, the estimated and measured film thicknesses are shown. The film
thicknesses were measured by using two different methods. The XRF measure-
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ments (also known as coating thickness measurements, CMI), give a high reso-
lution measurement of the thickness while the validity of these values and the
calibration of the XRF analyzer were secured by low resolution (0.5 pm) thick-
ness measurements from the cross section of a sample (marked in the figure as
HIE) by using an optical microscope. The estimated and the XRF measured
film thicknesses are relatively close each other. There are still periods where the
values differ from each other. The reason might be inaccurate measurements or
exceptional changes in process conditions, like manual additive additions. Un-
fortunately, the sparse set of measurements prevents a more accurate analysis.
The most accurate measurement would be gathered by cross section analysis
using SEM, but it would be too time consuming and expensive for production
purposes.

Figures 4.3 and 4.8 reveal the relation between the estimated film thickness and
the MTO, which is natural; the higher the by-product or the orthophosphite con-
centration the lower the deposition rate. This phenomenon can be compensated
by raising the pH respectively as shown in Figure 4.7. As can be observed, the
target profile depends stepwise on the MTO currently. However, more stable
deposition rates can be reached by a better choice of the pH target profile [61].

The peak values of thickness can be explained with the start-up pH of the bath
and the corresponding peaks of the measured nickel concentration which can be
observed in the Figures 4.7 and 4.9, respectively. The rapid oscillation is because
of the changes in bath loading and plating time.

In Figure 4.4, the estimated phosphorous weight percentage is shown. The phos-
phorous weight percentage measurement is not included in the standard process
measurements and therefore, no reference values are presented. However, by com-
paring Figures 4.4, 4.7 and 4.8, the known relation between phosphorous content
and the pH and MTO can be confirmed implying the system’s validity. The peak
values of phosphorous may be explained with the corresponding peaks of the
measured nickel density and the start-up concentrations of a new bath, as was
the case also in film thickness.

A wetting balance measurement is included in the standard measurements and
the results are shown in Figure 4.4. Time T is the time in seconds in which the
solder reaches 2/3 of its maximum force. Forces F1 and F2 are the solder’s max-
imum forces in m/N at 2 and 4 seconds after soldering. The wetting parameters
are shown in same scale, which is seconds for the wetting time T and m/N for the
wetting forces F1 and F2. According to literature [9, 18, 29, 30, 71|, the phos-
phorous content characterizes the inner stress and corrosion resistance of the film
and is closely related to PCB solderability. Besides phosphorous, solderability
is affected also by many other factors like the cleanliness of the surface, board
aging at high temperature, nickel concentration in gold bath and gold thickness
after final plating. Because of these, the phosphorous content shows only some
weak correlation with the wetting time (correlation coefficient = 0.14) and almost
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Figure 4.3: The online estimated, XRF measured and optical cross section
(HIE) measured alloy thicknesses. The reference value for the thickness was
4 um

no correlation (-0.028, -0.023) with the wetting forces. Therefore, it seems that
against the common notion, the phosphorus content of the film is a poor indicator
for these characteristics.

Electrochemical processes

Electrochemical processes form the basis of the plating reaction and therefore
some critical reaction parameters, like partial processes state and balance, can be
observed by monitoring the electrochemical processes. The current densities and
equilibrium potential along with the mixed potential are presented in Figures 4.5
and 4.6. The unbalance of these partial processes indicate bath contamination
the reason of which can be derived from the states of the partial reactions. If this
information is provided to the operator, possible problems can be reacted properly
and more quickly than is the case with the traditional monitoring system.
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Figure 4.4: The online estimated phosphorous content in wights percentages
along with the measured wetting time (T) in seconds and wetting forces (F1,
F2) in mN. The reference value for the phosphorous content was 9 wt.%

The overpotential, i.e., the voltage between the mixed potential and equilibrium
potentials shown in Figure 4.6, controls the current densities of the partial re-
actions shown in Figure 4.5. The current densities are related to the deposition
speeds of nickel and phosphorous and eventually to the film thickness and phos-
phorous content shown in Figures 4.3 and 4.4, respectively. Therefore, problems
in these product parameters can be observed early by monitoring the electro-
chemical reactions. The curves shown in the figures are typical for well-balanced
processes indicating that the phosphorous is evenly distributed over the nickel
layers. The higher reaction rates in the beginning of the baths are due to the
initial concentrations and process start up.

It can also be seen that the peak values of the current densities in the middle
of the last bath are mainly caused by the high pH, shown in Figure 4.7, and
the peak in the nickel concentration, shown in Figure 4.9. These parameters
are over their references in that point, which increases the activation coefficients
(2.20)-(2.23) and further the respective current densities. Especially, the nickel
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Figure 4.5: The online-estimated current densities of the reactions.
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deposition rate is high in that point because both of these parameters have an
effect on the activation coefficient of the nickel reaction (2.23).

The radical raise in the nickel current density has also an effect on the other
current densities because of the electrical neutrality requirement (2.15). The
electrical neutrality is reached through the changes in mixed and equilibrium
potentials, as discussed earlier. However, the effect of the this is relatively small
as can be seen from Figure 4.6, where the potentials are almost unchanged and no
significant change in the polarizations of the reactions is observed in that point.

Because the plating time was not changed in that point, the effect of the current
density peak can be seen also from the film thickness, shown in Figure 4.3. No
respective peak can be found from the phosphorous content, shown in Figure 4.4,
which confirms that this unbalance of concentrations affects especially the nickel
reaction.

The bath unbalance, which change the reaction polarization and is involved in
the bath contamination, could be observed through a radical change in the level
of the mixed potential shown in Figure 4.6.

Concentrations

In Figures 4.7, 4.9 and 4.10 the model estimated pH, nickel and hypophosphite
concentrations are presented along with the respective online and/or laboratory
analysis. The concentrations of the species control the partial reaction rates,
which is exploited in process control. Especially the pH is crucial. It is used to
compensate the reaction deceleration, caused by the by-product formation and
bath aging, in the manufacturing line. Therefore, it is adjusted according to
the MTO as can be seen from Figures 4.7 and 4.8. The model predicted and
measured pH-indexes are in relatively good agreement with each other and in
moderate agreement with the results measured later in the laboratory.

The nickel concentration can also be used for process control, but in normal con-
ditions it is kept constant by the bath controller. Because of the importance of
nickel concentration, its value is measured also in the laboratory and the bath
controller is calibrated according to these results. The disagreement of the mea-
surements can be seen from Figure 4.9 where also the model estimated value is
presented. The estimated value shows good agreement with the bath controller
but not with the laboratory analysis. The reason for that might be an error in
the volume flux measurement of the nickel sulphate addition. However, if the
laboratory measurements are kept as the most precise ones, it is noteworthy that
the estimate seems to be more accurate than the bath controller.

The hypophosphite concentration, shown in Figure 4.10, has also an effect on plat-
ing reaction, but it is not as critical as pH or nickel concentration and therefore
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Figure 4.9: The measured, model-predicted and laboratory-analyzed nickel
concentration.

it is analyzed in the laboratory less frequently. In general, the model predicted
hypophosphite concentration seems to be close to the laboratory analysis and the
estimate error stays below 5 % of the target value (35 g/dm?). However, between
the days 5 and 7 the estimate error raises up to 14 % of the target value, which
cannot be explained based on the used measurements. One error source might
be the volume flux measurement of the hypophosphite addition. In the stud-
ied process the hypophosphite is assumed to be consumed at the same rate as
nickel, while the aim is to keep these concentrations constant. Therefore the bath
controller does not control hypophosphite concentration itself but hypophosphite
is added along with and related to nickel additions. This strategy is not very
successful as can be seen from the figure, where the measured values change vig-
orously. Also, if the Figures 4.9 and 4.10 are compared, almost no correlation
can be seen between the laboratory analysis of nickel and hypophosphite concen-
trations, which implies that the nickel and hypophosphite consumptions are not
related. This is evident, if the reaction mechanism (2.1)-(2.4) is observed. There
the nickel takes a part only in one reaction (2.4) while hypophosphite is involved
in two reactions (2.1) and (2.2). This contradiction implies the need for the more
sophisticated process control, in which also the hypophosphite concentration is
taken into account independently.
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Figure 4.10: The online-estimated hypophosphite concentration, compared
to the results measured later in a laboratory.

4.6 Conclusions

A novel monitoring system for electroless plating process was presented in this
Chapter. The monitoring system characterizes online the complex process of elec-
troless nickel plating in terms of the electrical, chemical and product parameters
from standard PCB industry measurements, using the process model discussed
earlier in Chapter 2. The monitoring system provides online the same data that is
normally measured afterwards in the laboratory analysis. In addition, it provides
estimates of alloy’s phosphorous content and electrochemical parameters, which
are critical for the effective process control, but unfortunately unobservable in
normal process control.

The monitoring system provides all the critical information of the plating process
in a clear and compact form, offering fast preprocessing. Therefore, it enables a
fast failure detection and correction, which is essential in PCB manufacturing.

The monitoring results may also be used for the process model validation if re-
spective measured values are available. In these cases, the process model showed
good agreement with the measured values with multiple baths having different
initial concentrations and loading profiles.
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Therefore, it can be stated, that the proposed monitoring system is capable of
state estimation of an industrial electroless nickel plating process. Also the ac-
curacy of the proposed process model is shown to be adequate to be used in
applications on an industrial plating process.
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Chapter 5

Process Control

5.1 Introduction

Electroless nickel is commonly used coating in many industries like oil and gas
industry, machinery, etc. [9]. In these traditional applications the alloy prop-
erties are not critical and no accurate process control is needed. Maybe, this
is why there is no effective automatic control available for the electroless nickel
plating. However, in new electroless nickel applications, like in printed circuit
board or semiconductor manufacturing, the requirements for the alloy are strict
and tolerances tight, e.g., in PCB manufacturing, electrically isolated contactors
are only a few microns thin and packed close to each other. To plate these the
traditional operator based process control is not adequate but a more precise
control is required [30].

In this Chapter a control algorithm of electroless nickel plating process is pro-
posed. The control algorithm is designed especially for PCB manufacturing where
it is capable of stabilizing the critical board parameters i.e. the thickness of the
plating film and its phosphorous content, at desired levels by controlling the pH
and the nickel ion concentration of the plating bath. The algorithm can, however,
be applied also for other applications of electroless nickel plating. The algorithm
consists of optimal trajectory calculation for pH and nickel ion concentration and
a feedforward Pl-control by which the trajectories are reached. The trajectory
calculation is based on the process model described in Chapter 2. Besides an
effective process parameter control, the control algorithm keeps the process in
balance avoiding a spontaneous bath decomposition caused by the unbalance of
pH, nickel source or reducing agent concentrations [65, 68, 72].

Electroless nickel plating is a highly disturbed process by the bath loading [46,
73, 74]. In addition to the fact, that the existence of loading, i.e. the substrate, is
essential for the progress of the plating reaction, it determinates the total reaction
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and reagent consumption rates affecting, therefore, radically to the plating para-
meter and disturbing the bath’s balance. In this Chapter a new control scheme
is developed. The scheme is capable of eliminating the disturbances affected by
the loading process.

5.2 Controlling history of electroless nickel plat-
ing process

The traditional way to control the electroless nickel plating process is manual.
This kind of process control is found to be adequate in traditional applications
like in oil and gas industry or machinery were the alloy is used only for corrosion
protection. While the applications have become more challenging, the interest
in automated process control has increased [5]. Because of the complexity of the
process and the ignorance of its precise mechanism, the automation level is still
low and control is more or less operation based.

The most usual way to control the process is to keep the bath parameters constant
and assume constant reaction rates [5]. However, this is not the case in practice
because, although the concentrations and temperature could be kept constant,
the bath loading would change disturbing the reaction [46, 73, 74]. Even if the
loading would be constant, the by-product deposition and bath aging disturb
reaction reducing reaction rates [9)].

In more sophisticated control strategies the bath aging is compensated by increas-
ing the pH stepwise according to MTO as shown in Chapter 4. This strategy is
still inaccurate and does not control the phosphorous content of the alloy. It
actually inflicts a pareto optimization problem between the alloy thickness and
phosphorous content. This is because the raise of pH increases the alloy thickness
and lowers its phosphorous content and vice versa, as discussed earlier in Chapter
3 and discovered also in [9, 33, 47, 66, 67]. Therefore, it is impossible to control
accurately both the parameters applying only pH control. This concept does
neither take into account the by-product deposition which decrease the plating
rates and might result in bath contamination [9, 46, 75].

Although the previous control strategy is used in PCB manufacturing, there is a
need for more precise control [6]. The controller should be capable of controlling
both the alloy thickness and its phosphorous content separately. It should also
be capable of preventing bath contamination and by-product effects. That kind
of new control algorithm is proposed in this Chapter.
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5.3 Contribution

The following contributions are covered in this Chapter:

1. An effective new control algorithm for the electroless nickel plating process
is developed.

2. The applied tracking trajectory is electrochemically balanced, relevant to
the global target and to the current state of process. Therefore, the pro-
posed tracking control keeps the process in balance and avoids the sponta-
neous bath decomposition caused by the unbalance of pH, nickel source or
reducing agent.

3. It is shown that the alloy thickness and phosphorous content can be con-
trolled by controlling the pH and nickel ion concentration of the bath.

4. Tracking of the nickel concentration and pH allows separate control of the
film thickness and phosphorous content. Their control is not in disagree-
ment anymore as it was when a single control (pH) is applied.

5. The algorithm compensates the disturbances due to the bath loading. The
known state of loading switches controls faster than its aftereffect in pH or
nickel concentration.

5.4 Control strategy

In printed circuit boards, the thickness and phosphorous content are the prime
parameters of electroless nickel alloy [3, 9, 22]. Unfortunately, these are unob-
servable and analyzed afterwards in the laboratory with a delay not suitable for
effective control [73, 76]. A better control method is to evaluate these parameters
from online measurements according to the process model presented in Chapter 2.
The estimates are then applied for calculation of the electrochemically balanced
tracking trajectories of the pH and nickel ion concentration which are observed
to have an effect on the parameters [9, 33, 47, 65, 66, 67]. The trajectories can
be reached by controlling ammonia and nickel sulfate pumping accordingly. A
schematic diagram of the proposed control concept is described in Figure 5.1.

This stabilization control is completely automatic and its reference values are
obtained from current process state. This control strategy is contradictory to
the traditional method in which the references are set heuristically based on the
delayed laboratory analysis. It also enables separate control of the alloy thickness
and phosphorous content abrogating the disagreement between the control of
these two parameters, which exists if the traditional single pH control is applied.
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Figure 5.1: The schematic diagram of control system [4].

5.5 Optimal trajectory

The desired thickness of the plated Ni-P-alloy film is a constant equal to the
central point of the admissible range, z, = 4 um, while the desired phosphorous
content is P, = 8.5 wt.% [3, 9, 22]. The partial thicknesses of nickel and phos-
phorous can be calculated as target values for the control from the desired alloy
thickness and its phosphorous content:

x?\h = Lg — (L’}) .I';) = xanol/]-OO; (51)
where
xy; - target thickness of nickel, cm,
xp - target thickness of phosphorous, cm.

These targets can be achieved and the bath contamination is avoided if an elec-
trochemically balanced tracking trajectory is used for adjustment of the pH and
nickel percentage. The balanced trajectory is calculated through the electrochem-
ical system including the charge conservation requirement (2.15), the electrode
reactions (2.10-2.13) and the thermodynamic equilibrium potentials (2.16)-(2.19).
It includes also the deposition rate (2.26) and target (5.1) requirements, coupled
with the relationship

where
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Cni, Cp - volumetric charge densities of nickel and phosphorous, C'/cm?,
2Fpni Fpp
Cni = , Cp=—-. 5.3
M My " Mp (53)

A target value for the current densities i and i4 can be solved from equation
(5.2). These target values can further be compared to the model estimated cur-
rent densities dependent on pH and nickel ion concentration. To keep the reaction
balanced, the charge conservation requirement (2.15) has to be fulfilled through-
out the process. This prevents that no reaction is over-accelerated by excess
nickel source or ammonia pumping, which would result in bath decomposition

[65, 68, 72).

The simplest way to calculate the electrochemically balanced trajectory is to
minimize numerically the function

* *

Flin,.a(cs ca,0)) = (i + o + iy +1a)? + (12 — CP?P)2 + (ia — CNiTN)Q (5.4)

with respect to hydrogen and nickel ions concentrations, c3 and cg4, respectively,
and mixed potential ¢. Therefore, the balanced trajectory is a triple of the
hydrogen and nickel ions concentrations and mixed potential as presented in the
following. Here the hydrogen ion concentration is presented as pH (3 and nickel
ion concentration is presented as nickel percentage (4, meaning that 100 % is
equal to 0.1 mol/dm?® Ni*T.

C3 = - lg 03(617 CS>7 <4 = 10364<Cl’ 68)7 gb - ¢<cl7 68)' (55)
where
(3 - optimal trajectory of pH,
(4 - optimal trajectory of nickel percentage.

The mixed potential cannot be directly controlled but it is set by the deposition
process itself or more specifically by the reactant concentrations [73]. Therefore
the only possible control parameters are the pH and nickel percentage which are
also dependent on hypo and orthophosphite and implicitly on mixed potential
via complex electrochemical dependencies.

The plating process is well controlled and in balance as long as the target concen-
trations (3 and (4 fulfill the requirement (5.4) with real mixed potential. Other-
wise a change of the mixed potential takes place in bath effecting all the reactions.
Unfortunately, this change takes place even if the pH and nickel percentage are
kept constant because the hypo and orthophosphite concentrations are never con-
stant. Besides feeding rates they depend on the utilization and consumption rates.
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Therefore, to control the alloy thickness and phosphorous content, the pH and
nickel percentage cannot be kept constant but forced to follow the time-varying
optimal trajectory. This tracking control problem is solved next.

5.6 Tracking control

The thickness and phosphorous content of the plated film can be kept at the
desired levels by tracking the optimal trajectory of the pH and nickel percentage
discussed above. The simplest way to solve this tracking problem is to use the
following feedforward PI-control w,:

t
w = Ay = Kol — G+ - [ (6= Gl (5.6
where
¢ - optimal tracking trajectory vector, ¢ = (3, ()7,
& - vector of measured pH and nickel percentage, & = [&3,&4)T
u; - control: vector of ammonia and hypophosphite/nickel feeding rates,
Uy = [QSf; Q4f]Ta
A, - maximum loading, dm?/dm?,
2z - bath loading level, z; = Z/N,
Z - state of loading, Z=(0, ... ,2),
N - maximum number of racks in use, N=2,
v - setpoint for control fluxes,
Kp - control gain, diagonal matrix of weights,
T; - integration time.

The parameters have to be tuned depending on the bath volume and other process
parameters. In tuning, it is noteworthy, that overshoot is not desirable, because
the control is based only on chemical additions. Therefore, the excess chemi-
cal cannot be pumped out from the bath but the process has to consume it.
The overshoot of nickel percentage and pH might also cause bath contamina-
tion. Therefore, if the levels have to be changed radically and the capacity of
peristaltic pumps is low, the integrating term of the controller might saturate
and an integrator antiwindup has to be applied to the controller. To fulfill these
requirements, the parameters Kp and 7; of the Pl-controller can be tuned by
minimizing the following cost function vector J.

. 2 0.001
S [5] fend 1 (& — G3)” + T 0006 G dt 5.7)
4 0 4 4 1+exp (—1000(€2—C4))

where
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Js - cost function of pH,
Jy - cost function of nickel percentage,
tena - end time of the calibration sequence, s.

The cost function is basically the square of the error signals but it contains also
the sigmoid of the error signals, which gives more weight for the error in which
the actual pH or nickel percentage is over the optimal trajectory. This limits the
overshoot of the controls and prevents situations in which the control is ineffective.

The control is related to the process model only through the electrochemically
balanced tracking trajectory, relevant to the target values and to the current state
of process, which makes the control robust. The known state of loading is fed
forward to control. This is a faster and more stable control than if the loading
effect is compensated through the pH or nickel measurements. The tracking
control of nickel percentage and pH allows a separate control of the film thickness
and phosphorous content. Their control is not in disagreement anymore as it
is when a single control (pH) is applied. The efficiency of the proposed control
scheme is demonstrated through a simulation experiment discussed below.

5.7 Control simulation

The proposed control (5.1)-(5.6) is tested in a series of simulation experiments,
of which one is presented. During the simulation the control corrects the initially
low thickness x, = 3.7 um, and phosphorous P,; = 7.8 % up to the target values
xqa = 4 pm, Py = 85 %. The target value for thickness is then elevated to
r, = 4.3 pm and then returned to the optimal value. Respectively the target
value for phosphorous content is later reduced to P,; = 8.2 % and returned to the
optimal value. The behavior of the reference trajectories can be seen in Figures
5.3 and 5.4.

The real process conditions is simulated by introducing some realistic distur-
bances. As in the real process, also in the simulator the main disturbance is bath
loading. Because the loading can be assumed to be a discrete process where the
state of the loading changes between certain levels, it can be reliable simulated
by a finite state Markov jump process. The loading, simulated by using Markov
process, is shown in Figure 5.2. In addition, every partial process is also exposed
to a Wiener process with a 5 % noise-to-signal ratio, to simulate the uncertainty
of the measurements.

The reference and controlled values of the alloy thickness and phosphorous content
are shown in Figures 5.3 and 5.4. The controls, i.e., pH and nickel concentrations
along with the optimal trajectories and respective control addition are shown in
Figures 5.5 and 5.6. In Figure 5.6 the nickel concentration is presented as percents
with 100 % corresponding to 0.1 mol Ni** /dm3. Despite the perturbations, the
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proposed control is able to stabilize the alloy thickness and phosphorous content
at the desired levels regardless of the vigorous reference changes. Only small
changes in the feeding rates are required as can be seen from the figures.

Especially alloy thickness control is effective but it also has a slow response in
stepwise level changes. This is because of the limited gain of the Pl-control
preventing the overshoot of the concentrations and because of onesided control
of the concentrations. The onesided control means that the nickel concentration
and pH can only be increased by the control additions while the decreasing rate
is set by the loading which cannot be used for control during production.

In phosphorous content graph (Figure 5.4), the effect of the onesided control can
be seen clearly. In the beginning, when phosphorous content is raised to the
desired level, the control is delayed. This is because of the slow decreasing rate of
nickel concentration shown in Figure 5.6, caused by the low loading as shown in
Figure 5.2. The pH, on the other hand, is effectively controlled and the response
is rapid even when the level is reduced as can be seen from Figure 5.5. This shows
how much the reaction produces excess hydrogen ions, lowering the pH. Also the
bath loading level is high at that moment adding the hydrogen ion production.

In practice the control is accurate and reasonable considering that the aim of the
control is to keep the alloy thickness and phosphorous content constant without
such large level changes. The simulation shows also that the main error source
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is the onesided control. Therefore, the PI-controller is justified and there is no
need for a more complex control algorithm. The control concept is also capable
of preventing the bath decomposition increasing the bath lifetime to some extent.
However, the control is not capable of avoiding bath contamination caused by the
solid by-products, which work as a nucleation agent [8, 9, 75]. Therefore, to reach
an effective control, a stable process and a uniform product quality, an effective
bath agitation and filtering have also to be assured.

5.8 Conclusions

Electroless nickel plating is a widely used method in many applications. In the
traditional applications, the alloy properties are not critical and no accurate
process control is needed. However, in new applications like in printed circuit
board manufacturing the requirements for the alloy are strict and tolerances tight.
Especially thickness and phosphorous content of the electroless nickel alloy affect
radically the final quality of the PCB. To control these, the traditional operator
based process control is not adequate and a more precise control is required.

In this Chapter a new sophisticated control algorithm for electroless nickel plat-
ing process was developed. The algorithm uses the developed process model to
calculate the optimal nickel ion concentration and pH trajectories according to
the process state and the given reference values of the alloy thickness and phos-
phorous content. The trajectories are tracked by a Pl-controlled pumping of
ammonia and nickel sulphate.

The accuracy of the algorithm was evaluated by simulations and shown to be
functional. It was capable of eliminating the effect of disturbances produced by
unstable loading and inaccurate process measurements. It balanced the nickel
alloys thickness and phosphorous content at the desired levels and avoided the
spontaneous bath decomposition, caused by the unbalance of reactants.

It was also shown, that the alloy thickness and its phosphorous content of an
electroless plating can be controlled by controlling the pH and nickel on concen-
tration of the plating bath. This control concept allows separate control of the
alloy thickness and phosphorous content abrogating the disagreement between
the control of these two parameters, which exists if only a single, pH control is
applied.

The proposed control algorithm offers a sophisticated and totally new kind of
approach for the control of the electroless nickel process. Its capability to control
the alloy thickness and phosphorous content independently, based on the state of
the plating bath, offers remarkable improvements for the current control concepts
of the electroless plating industry. Because of the proposed control, not only the
quality of the plated film can be improved, but also the process conditions can be
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optimized and bath contamination avoided, which enable the longer bath lifespan.
Therefore, it can be stated, that the quality of the alloy and effectiveness of the
plating process can be improved considerably by the proposed control. However,
the control concept has been tested only by simulation, not in a real industrial
plating process, which would enable better validation of the concept. Despite
this, it has been shown, that the proposed control concept has a potential for a
real industrial application.
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Conclusions

The electroless nickel plating is a widely used plaiting method in various industrial
applications including PCB manufacturing where it is used as a part of ENIG
surface finish as a diffusion barrier between coppered circuitry and golden surface
layer. In this thesis, a new model along with a method for the control and
estimation of a electroless nickel plating process is developed.

The thesis is current, because ENIG is one of the lead-free surface finishes used
in PCB manufacturing and in EU area the use of lead in electronic products is
restricted by legislation starting from 1.7. 2006. Therefore, it is likely that ENIG
will become more common surface finish in the future. However, there is some
critical problems involved in the electroless nickel process of ENIG finish which
restrict the use of ENIG in PCB manufacturing.

It is well-known that the alloy thickness and its phosphorous content have a
dramatic effect on the characteristics of electroless nickel deposit. In PCB manu-
facturing these affect especially solderability and corrosion resistance of the PCB
surface which are critical for the final quality of the PCB. Therefore the alloy
thickness and phosphorous content should be controlled during the plating, which
is difficult because lack of real-time measurements.

The developed novel model for electroless nickel plating process is based on elec-
trochemical reaction mechanism and mixed potential theory. In addition, the
Buttler-Volmer equation, Nernst equations and mass balance are used for the
modelling of current densities, equilibrium potentials and concentration dynam-
ics, respectively. Because the model is developed primarily for the ENIG process
of PCB manufacturing industry, its input consists of the standard online measure-
ments of the PCB industry. From these, the model produces accurate realtime
estimates inter alia for alloy thickness, phosphorous content, by-product concen-
trations and current densities of partial reactions. Based on these estimates, a
new monitoring and control system is developed for the process.

73



74 Chapter 6. Conclusions

The developed model has been tested against independent data gathered from
three active and several passive experiments conducted in an industrial PCB man-
ufacturing line. In addition to these experiments shown in the thesis, the model
has been former validated with two different industrial plating chemistries from
different manufacturers. In all the experiments, the model shows good agree-
ment with the data and correct response to the changes in plating conditions.
Therefore, it can be stated that the proposed model is capable of estimating the
unobservable product and bath parameters accurately from standard measure-
ments of the PCB industry.

The complicated reaction mechanism of electroless nickel plating reaction is dis-
cussed and explained mathematically in the thesis by using the model. This new
perspective is in a good agreement with the literature and former research results.

The model is applied in model-based monitoring of an industrial plating process.
The monitoring system is shown to be capable of estimating online the same data
that is normally measured afterwards in the laboratory analysis. In addition, it
provides estimates of alloy’s phosphorous content and electrochemical parameters,
which are critical for the effective process control, but unfortunately unobservable
in normal process control. This information can be used for fast failure detection
and corrections in the PCB manufacturing line.

Based on the model, a new sophisticated control algorithm for the plating process
is developed. Using the model, the algorithm calculates the optimal nickel ion
concentration and pH trajectories according to the given reference values of the
alloy thickness and phosphorous content. These trajectories are tracked by PI-
controlled pumping of ammonia and nickel sulphate. The accuracy of the control
algorithm was evaluated by simulations and shown to be functional being capa-
ble of eliminating the effect of disturbances produced by unstable loading and
inaccurate process measurements. It balanced the nickel alloy’s thickness and
phosphorous content at the desired levels and avoided the spontaneous bath de-
composition, caused by the unbalance of reactants.

It is also shown, that the alloy thickness and its phosphorous content of an elec-
troless plating can be controlled by controlling the pH and nickel on concentration
of the plating bath. This new control concept allows separate control of the al-
loy thickness and phosphorous content abrogating the disagreement between the
control of these two parameters, which exists if only a single, pH control is ap-
plied. This is a remarkable improvement for the current control concepts of the
electroless plating industry.

In this thesis, it has been shown that the developed monitoring and control algo-
rithms are promising tools for a better control of electroless nickel plating process
and they have potential also for commercial applications. In the future work, the
algorithms have to be implemented in an industrial plating line for an online use
which would enable better validation in a real process environment including pos-
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sible exceptions from a normal conditions and process errors. This would reveal
their potential weaknesses and validate their usability in industry.

During the research, the adaptation of the developed modelling, monitoring and
control principles also to other electroless plating reactions was not studied. How-
ever, there seems to be no theoretical restrictions for that, but because the re-
action mechanisms and reagents of electroless plating processes differ from each
other, the model should not only be calibrated, but also its structure might be
needed to be changed. This might not be a problem for several processes, like to
electroless copper plating, because of their more simply and well known reaction
mechanisms. The applicability of the proposed algorithms would offer effective
tools for the process control of many processes in many industries and therefore
it is a task to be researched in the future.

In general, the thesis presents a complete view of electroless nickel plating process
introducing the basics of the plating reaction, its applications and the previous
efforts conducted to develop the process and process control. It also summarizes
the main problems related to electroless nickel plating and its control, especially
from the PCB industry point of view, and offers several validated novel solutions
for these. The proposed methods have a great potential for industrial applications
and therefore, the thesis forms a strong basis for the further development of
electroless nickel plating process and its control.
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