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Samenvatting

Adhesie van afgezet koper op diëlektrica speelt een hoofdrol in de ontwikkeling
en betrouwbaarheid van printkaarten. In dit proefschrift wordt een fundamen-
tele studie van de adhesie van stroomloos afgezet koper op een diëlektrisch sub-
straat uitgevoerd. Het doel van dit werk is de ruwheid van het diëlektricum zo
laag mogelijk te houden om hoog frequente verliezen te beperken tijdens de pro-
ductie van "high density build-up layers". Verlagen van de ruwheid resulteert
in een vermindering van de adhesie omdat het contactoppervlak en de mecha-
nische verankering dalen. Om dit verlies aan adhesie te compenseren worden
nat chemische oppervlaktemodificaties ontwikkeld. In een eerste fase worden
deze oppervlakmodificaties ontwikkeld. Vervolgens wordt de invloed van deze
modificaties op de katalytische activatie en de afzetting van stroomloos koper
onderzocht. In de laatste fase wordt dieper ingegaan op de invloed van deze
modificaties op de adhesie van stroomloos koper. Parameters zoals de opper-
vlakmodificatie, ruwheid en de temperatuur van het koper depositiebad worden
gevarieerd. De interfases worden bestudeerd en de adhesie sterkte wordt be-
paald.
De eerste doelstelling van dit proefschrift bestaat uit het ontwikkelen van nat-
chemische oppervlakmodificaties om amine groepen te introduceren op het op-
pervlak van een geëtst epoxy hars. Het is gekend dat amine groepen op het op-
pervlak de adhesie met stroomloos koper kunnen verhogen. Deze doelstelling is
echter niet beperkt tot de ontwikkeling van de modificaties maar omvat ook een
volledige oppervlak karakterisatie door geavanceerde analyze technieken zoals
XPS, TOF-S-SIMS, ATR-FTIR, SEM en optische profilometrie. De modificaties
moeten dusdanig ontwikkeld worden zodat hun invloed op de ruwheid en de
topographie van het epoxyhars minimaal is. Wat betreft het technologisch as-
pect zouden deze modificaties snel en eenvoudig uitvoerbaar moeten zijn. Vier
natchemische modificatiemethodes worden ontwikkeld in dit proefschrift:

1. Introductie van cyanurylchloride gevolgd door koppeling met polyamines.

2. Adsorptie van polyamines.

3. Oppervlakmodificatie van polydopamine.

4. Chemische verankering van polyamines op polydopamine.
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De eerste methode bestaat uit twee stappen. In de eerste stap wordt cyanuryl
chloride chemisch gebonden op het oppervlak. Dit resulteert in reactieve C-
Cl groepen op het oppervlak. Deze reactieve groepen kunnen verder reageren
met polyamines (diethylene triamine en vertakt polyethyleenimine) in de tweede
stap. Na grondig onderzoek werd het duidelijk dat polyamines covalent gebon-
den werden op het oppervlak. Helaas vereist deze methode het gebruik van sol-
venten wat leidt tot grote dalingen van de ruwheid en zelfs schade aan het epoxy
oppervlak.
Adsorptie van polyamines (diethyleentriamine, lineair polyethyleenimine en ver-
takt polyethyleenimine) is de tweede methode ontwikkeld in dit werk. Deze mo-
dificatie wordt uitgevoerd in waterige oplossingen van polyamines. Een relatief
lage hoeveelheid amines wordt geïntroduceerd op het oppervlak via deze me-
thode.
Modificatie van het oppervlak met polydopamine is een recent ontwikkelde me-
thode. Deze polydopamine coating is een synthetische coating ontwikkeld op
basis van de chemische samenstelling en structuur van proteïne seqenties in de
baardharen van mosselen. De polydopamine modificatie kan uitgevoerd worden
op om het even welk materiaal door onderdompeling in een waterige oplossing
van dopamine.HCl in marine pH condities (pH = 8.5) in aanwezigheid van een
oxidans. Oppervlak analyse van deze coating op epoxyhars wordt uitgevoerd in
dit werk. In het bijzonder toont de SIMS analyze dat amine en catechol groepen
aanwezig zijn op het oppervlak na modificatie met polydopamine.
Polyamines covalent verankerd op polydopamine is de laatste modificatie ont-
wikkeld in deze thesis. Deze modificatie resulteert in hoge oppervlakconcentra-
ties van amines. Desondanks is het oppervlak niet volledig bedekt met polya-
mines. De laatste drie ontwikkelde methodes worden geselecteerd voor verder
onderzoek. Deze selectie is gebaseerd op het feit dat de ruwheid niet significant
gewijzigd wordt na modificatie. Bovendien worden deze modificaties uitgevoerd
in waterig milieu en de reactieprocedures zijn relatief eenvoudig. Als laatste stap
wordt een stabiliteitstudie van deze modificaties in een HCl oplossing (1 M) uit-
gevoerd. Deze stabiliteit is vereist wegens de sterk zure omgeving van de eerste
twee stappen van de katalytische activatie (net voor de stroomloze koperafzet-
ting). De geadsorbeerde polyamines vertonen een lage stabiliteit ten opzichte van
deze HCl oplossing. Polydopamine en chemisch verankerde polyamines verto-
nen een hoge stabiliteit.
In een tweede fase van dit eindwerk wordt de invloed van de geselecteerde
oppervlakmodifiecaties op de stroomloze koper afzetting bestudeerd. In deze
studie wordt het koper afgezet gebruik makende van commerciële oplossingen.
Omdat de koper afzetting bestaat uit een sequentiële immersie in verschillende
oplossingen worden deze individueel onderzocht. De meest cruciale stap in
dit proces is de katalytische activatie met Pd/Sn colloïden. Bijgevolg wordt de
chemisorptie van palladium op de gemodificeerde oppervlakken grondig bestu-
deerd. Daarenboven wordt een kwantitatieve studie uitgevoerd van de initiële
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koperafzetting. Finaal wordt de adhesie van het koper op de polyamine en po-
lydopamine gemodificeerde oppervlakken grondig bestudeerd.
Alle modificaties vertonen een verhoogde oppervlakteconcentratie van palladium
na activatie met Pd/Sn colloïden. Tegen de verwachtingen in is er weinig ver-
schil te merken tussen de modificaties onderling hoewel deze modificaties uit-
eenlopende oppervlakteconcentraties van amines vertonen. Palladium komt bij
elk staal voor in de oxidatietrap 0. Alle gemodificeerde stalen vertonen een ver-
hoogde selectiviteit voor palladium ten opzichte van tin.
SEM-EDS analyses worden aangewend om de initiële koperafzettingen kwantita-
tief en kwalitatief te bestuderen. Deze techniek stelt ons in staat om de koperdis-
tributie tot op micrometerniveau te bepalen. Bovendien kan de koperdepositie
kwantitatief bepaald worden. In vergelijking met de ongemodificeerde opper-
vlakken wordt er bij de geadsorbeerde polyamines minder koper afgezet. De
polydopamine stalen vertonen een vergelijkbare hoeveelheid koper afzetting. Bij
chemisch verankerde polyamines wordt er ongeveer dubbel zoveel koper afge-
zet. De koper distributie is homogeen in het geval van polydopamine en veran-
kerde polyamines. Geadsorbeerde polyamines vertonen een selectieve depositie
van koper in de poriën.
De ahesiesterkte wordt bepaald door middel van "peel strength" metingen na
stroomloos en elektrolytische afzetting van koper. De totale koperdikte bedraagt
20 µm tot 25 µm. De koperafzetting wordt bestudeerd bij drie verschillende tem-
peraturen: 23, 35 en 47 ◦C. Hoge adhesiesterkte wordt waargenomen als de po-
riën volledig gevuld zijn met koper.
De niet-gemodificeerde substraten vertonen de hoogste adhesiesterkte bij 35 ◦C
voor hoge ruwheidswaarden (> 0.8 N/mm). De polydopamine gemodificeerde
stalen resulteren in hogen adhesiesterktes bij 35 ◦C en 47 ◦C afhankelijk van de
ruwheid. Lage adhesiewaarden worden bekomen voor oppervlakken met ge-
adsorbeerde polyamines. Chemisch verankerde polyamines op polydopamine
vertonen de hoge adhesiesterktes bij een afzettingstemperatuur van 23 ◦C. In
het laatste geval worden enkel voor lineair poltethyleenimine waarden genoteerd
hoger dan 0.8 N/mm. Alle substraten vertonen stijgende adhesiesterktes bij stij-
gende ruwheid behalve voor polydopamine gemodificeerde substraten. Het al-
gemene besluit van dit proefschrift is dat door modificatie met polydopamine of
chemisch verankerde polyamines hogere adhesie sterktes kunnen worden beko-
men bij lagere ruwheden ten opzichte van niet gemodificeerde substraten. De
depositie temperatuur moet echter wel aangepast worden aan de aard van de
modificatie en de ruwheid van het substraat.





Summary

Surface properties of dielectric materials, used as build-up layers in electronic
circuits, have a large impact on the adhesion strength of electrochemically de-
posited metals. In most cases, these dielectric materials are composed of epoxy
resins. Altering the chemical and physical characteristics of epoxy surfaces can
result in an increased adhesion with deposited metals. Wet-chemical treatments
are preferred for altering the characteristics of polymer surfaces due to their low
cost in comparison to plasma or vacuum processes and their straight forward
integration in a printed circuit board production line. These treatments include
swelling, etching by chemical oxidation and chemical surface modification reac-
tions.
However, the rapid evolution of the microelectronics industry translates itself
into a need for higher density substrates with smaller features. In order to ful-
fill these requirements, one has to minimize the roughness treatment of dielectric
materials for two reasons. First, smaller features require the use of thin conduc-
tors. Second, low roughness is needed to avoid high frequency losses caused by
the skin effect. Since surface roughness is one of the key parameters for the im-
provement of (metal) adhesion, chemical surface modification can compensate
this lower adhesion.
Wet chemical modification strategies are developed in the first experimental phase
of this thesis. In the first experimental phase, surface modifications are devel-
oped. In a second phase, the influence of the surface modifications on the cat-
alytic activation and electroless copper deposition are investigated. In the final
phase, the adhesion of the electroless copper is studied profoundly. Parameters
such as surface modification, roughness and electroless deposition temperature
are varied. The interphases are studied and the adhesion strength is determined.
The first major goal of this study is to develop wet chemical surface modifica-
tion methods to introduce amine groups on the surface of an etched epoxy resin.
Indeed, it is known that amine groups can increase the adhesion towards subse-
quent electroless deposited copper. This goal is not limited to the development
of the modification methods but also includes a full characterization of the modi-
fied surfaces using advanced chemical surface analysis techniques including XPS,
TOF-S-SIMS, ATR-FTIR, SEM and non-contact optical profilometry. The modifi-
cations must be developed in such a way that they do not desintegrate the epoxy
material. In order to be technologically relevant, the modifications must be short
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in time and easy to execute. Four wet chemical modifications which introduce
amine groups on the surface are developed in this work:

1. Introduction of cyanuric chloride followed by coupling of polyamines.

2. Adsorption of polyamines.

3. Surface modification with polydopamine.

4. Grafting of polyamines to polydopamine.

The first method consists of two steps. Cyanuric chloride contains three C-Cl
bonds which can react with amines at increasing temperatures. In the first step,
cyanuric chloride is bond to the surface at specific conditions. Consequently, C-
Cl reactive groups are present on the surface after the coupling reaction. These
groups can covalently bond with polyamines (diethylene triamine or branched
polyethylene imine) in the second step. It became clear that although this method
introduces polyamines on the surface, the use of solvents leads to a large decrease
of surface roughness accompanied by surface damage.
Adsorption of polyamines (diethylene triamine, branched and linear polyethy-
lene imine) is the second method which is developed in this work. This reaction
is carried out in aqueous solutions of polyamines. This method introduces a rel-
atively low amount of amines on the epoxy surface.
Polydopamine surface modification is a recently developed surface modification
technique. This biomimetic polymer coating is inspired by the chemical com-
position of the mussel’s adhesive proteins. Polydopamine modification can be
carried out by introducing almost any kind of material in an aqueous solution
of dopamine.HCl in marine pH conditions (pH = 8.5) in the presence of an ox-
idizing agent. Surface analysis of this polydopamine coating on an epoxy resin
is performed in this work. In particular, SIMS analysis provides new insights on
the surface composition of the polydopamine coating.
Further modification of the polydopamine coating with polyamines is the final
modification developed in this work. Subsequent modification of polydopamine
with polyamines results in a large amount of amine groups on the surface. How-
ever, the polydopamine coating is not fully covered with polyamines.
The last three modifications developed have been selected for investigation of the
electroless copper deposition. This selection is based on the fact that these mod-
ifications do not significantly change the surface roughness after modification.
Moreover, the modifications are performed in aqueous media and the reaction
procedures are straight forward.
Next, the stability of these modifications towards a 1 M HCl solution is studied.
This stability is needed because the first two steps of the catalytic activation con-
sist of immersion in highly acidic solutions. Adsorbed polyamines reveal a low
stability towards this solution. Both polydopamine and polyamines grafted on
polydopamine show a high stability.
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In the second phase of this thesis, the influence of these selected surface modi-
fications on the electroless copper deposition is studied in detail. In this work,
the electroless copper deposition is performed using commercial solutions. Be-
cause the electroless copper deposition consists of a series of immersion steps in
different aqueous solutions, the influence of each step is investigated. One of the
most crucial steps in this process is the catalytic activation with Pd/Sn colloids.
After this activation, zero valent Pd catalyses the subsequent electroless copper
deposition. Hence, the relationship between the surface modifications and the Pd
chemisorption/binding state is investigated. Furthermore, a study of the distri-
bution and the quantity of initial electroless copper deposition is performed. Ulti-
mately, the adhesion of electroless copper towards polyamine and polydopamine
modified surfaces is studied profoundly.
All modifications result in an increased Pd surface concentration after activation
with Pd/Sn colloids compared to the non-modified surface. Quite unexpectedly,
there are little differences between the modifications mutually. The palladium
on the surface was almost exclusively in the zero valence state in all cases. Fur-
thermore, all modified surfaces show an increased selectivity for palladium ver-
sus tin. SEM-EDS is used to study the initial electroless copper deposition on
modified surfaces. Using this technique, the copper distribution can be studied
on micrometer level and the deposited copper can be determined quantitatively.
Compared to the non-modified surface, the surface with adsorbed polyamines
resulted in a much lower amount of copper deposition. Polydopamine surfaces
reveal a comparable amount of deposition. Polyamines grafted on polydopamine
samples show a 100% increase of the deposited copper. The copper distribution
is homogenous in case of polydopamine and grafter polyamines. The adsorbed
polyamines result in a selective deposition in the pores of the substrate.
The adhesive strength is determined by peel strength measurements after elec-
trolytic deposition of copper on the electroless deposited copper. The total copper
thickness is 20 µm to 25 µm. Three different electroless deposition temperatures
are studied: 23, 35 and 47 ◦C. High peel strength values (> 0.8 N/mm) are ob-
tained when the pores are entirely filled with copper.
The non-modified substrates had the highest peel strengths (> 0.8 N/mm) at
35 ◦C and for high roughness values. The polydopamine modification had the
highest peel strenghts at 35 ◦C and 47 ◦C dependent on the sample roughness.
Low peel strenghts were obtained if the substrate was modified with adsorbed
polyethyleneimine (PEI). In case of grafted polyamines, electroless copper depo-
sition with the highest peel strenghts was obtained at a deposition temperature of
23 ◦C. Only the grafted linear PEI resulted in peel strenghts above 0.8 N/mm. Ex-
cept from the electroless deposition on polydopamine modified samples, increas-
ing roughness leads to higher peel strengths. In conclusion, high peel strengths
can be obtained at lower roughness values compared to the non-modified sub-
strate. However, the electroless deposition temperature should be adapted to the
nature of the modification and the roughness of the substrate.
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General Introduction

1.1 Introduction

1.1.1 The relevance of adhesion

In order to join two materials an adhesive can be used. An adhesive may be
defined as a material which when applied to surfaces of materials can join them
together and resist separation. Adhesive is the general term and includes cement,
glue, paste,. . . and these terms are all used essentially interchangeably. The term
adhesion is used when referring to the attractive forces between the substances.
Adhesion is of vital importance for the construction, production, reliability and
development of material joints. The term material is not limited to substances in
the solid state in this case. Substances can range from solutions, glues, paints,
polymers, wood, ceramics and metals to even biological materials such as cells.
In most of the cases the purpose is to engineer a strong adhesive bond between
two substances. However, weak or no adhesion can also be a goal.
Alternatively, the surface properties can be altered in order to create a stronger
joint and avoid the use of an adhesive. Tailoring of material surfaces is of primary
importance when natural adhesion is absent. Both the physical and chemical sur-
face properties of a material can be altered. Physical properties include surface
tension, roughness and topography. The chemical properties consist of the na-
ture of functional groups and their spatial distribution(s) on the surface. A few
examples of polymer surface modification techniques are: roughening with sand
paper, etching with chemicals, flame treatment, plasma treatment and chemical
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surface modification.
Material surface properties can differ largely from their bulk properties. Gen-
erally, in order to obtain a good adhesion towards substances, material surfaces
need to be tailored and engineered. The big advantage is that in most cases the
contact between two materials is limited to a contact between two surfaces. For
example, if one of the substances is a liquid, the spreading of this liquid on a solid
substrate is used as an indication for good adhesion. One simple example is the
water drop shape on a steel or Teflon surface. In case of steel, the drop will spread
on the surface while on Teflon the drop shape is almost spherical.

1.1.2 The application field of this work

1.1.2.1 Introduction

After the second World War, plastics became a replacing material for objects made
of steel and natural materials such as wood. The main reason for that is attributed
to specific properties of plastics such as light weight, design flexibility and low
cost of manufacturing. However, in contrast to metals, plastic materials are lack-
ing properties such as reflectivity, brightness or electrical conductivity.
Especially in the automotive industry, replacing the exterior trim materials by
plastic materials (especially ABS) with a Ni/Cr finish attracted a lot of interest
since 1960 [1]. Therefore, a new coating method for plastics needed to be devel-
oped. In contrast to polymer coatings on metals, metal coatings onto insulating
substrates such as polymers was a great challenge since very few chemical or
electrochemical processes were available to promote adhesion of a metal onto in-
sulating polymer substrates. The invention and application of electroless metal
deposition on non-conductive substrates was a major breakthrough for this ma-
terial development [2].
Ever since, technological and economic benefits of the metallization of polymer
or plastic materials have led to the development of various processes. Today,
the application field of these metallized plastics ranges from bulk production of
decorative coatings in the automobile industry to technological objects such as
printed circuit boards in electronics [3]. Examples are provided in section 2.2.2.

1.1.2.2 Electroless copper in microelectronics

In this thesis, an epoxy resin surface is modified to increase the adhesion towards
electroless deposited copper. This topic demands a multidisciplinary approach
which includes polymer surface science, electrochemistry, adhesion and micro-
electronics.
The electroless deposition of copper is used in the fabrication of epoxy based sub-
strates for microelectronic devices, such as printed circuit boards (PCBs). The
electroless layer can be utilized as a seed layer for subsequent electroplating
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(semi-additive process), or can be deposited to full metal thickness (fully addi-
tive process)[4]. The major challenges facing electroless deposition for intercon-
nect include cost, deposition time, reliability, electrical conductivity, and excess
surface roughness.
The application field of this research is situated in the build-up layers in micro-
electronics, more specific in the (copper) interconnection industry. In order to
form a functional and operating microelectronic system, electronic components
must be interconnected and assembled. The need for further miniaturization of
PC’s, tablets, smart phones, sensors, etc. drives the microelectronic industry to-
wards the production of microelectronic compounds containing high density in-
terconnections.
Especially the epoxy surfaces with lower roughness are targeted in this work be-
cause of specific evolutions in microelectronic industry. One of these evolutions
includes the need for higher density interconnects substrates with smaller fea-
tures [5–9]. In order to obtain smaller features, one has to minimize the rough-
ness treatment of dielectric materials for two reasons. First, smaller features re-
quire the use of thin conductors. Second, low roughness is needed to avoid high
frequency losses caused by the skin effect [9, 10].
The skin effect is a phenomenon that occurs at high frequencies when the signal
propagates mainly on the surface of a conductor and not through the bulk. The
skin depth is a measure of the depth below the surface at which the current den-
sity drops to 1/e (= 0.37) of the current density at the surface. It can be calculated
for any material at a given frequency using following equation [7]:

δx = 109
√

ρ

π f µ0µr
(1.1)

where δx is the skin depth (nm), ρ is the resistivity of the metal (ohm.m), f is the
frequency (Hz), µ0 is the permeability of free space (1.26 106 H/m), and µr is the
relative permeability of the conductor. In the next decade, off-chip frequencies of
100 GHz will be required compared to 2013 industry standards of 5-10 GHz. This
dramatic increase in frequency will correspond to a decrease in the skin depth of
copper.
Decreasing skin depth associated with increased signal frequencies leads to a ma-
jority of the signal propagating along the surface of the metal conductor lines.
The effective cross-sectional area of the conductor is reduced when the signal
propagates in this manner. Increasing conductor and signal loss can be expressed
through following equations [7]:

Rskin =
ρL
A

(1.2)

LLOSSskin =
1
2

Rskin
Z0

√
f (1.3)
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In these equations Rskin is the resistance of the conductor accounting for the skin
depth, ρ is the conductor resistivity, L is the line length, A is the cross sectional
area of signal propagation, Z0 is the impedance, f is the signal frequency, and
LLOSSskin is the signal loss per length of conductor line due to the skin effect.
Signal losses caused by signal scatter on rough surfaces also increase when the
signal is propagating along the skin of the conductor in this manner. Therefore,
smoother interfaces between metal lines and the polymer dielectric surfaces are
required [7]. Since surface roughness is one of the key treatments for the im-
provement of (metal) adhesion, chemical surface modification can compensate
this lower adhesion.

1.1.3 Structure of the thesis
The build-up of this PhD is described in this section. The first chapter consists of
an introduction. This chapter includes the relevance and the application field of
this PhD work followed by the scientific goals and strategy.
The intention of the second chapter is to provide profound scientific information
and background of the major scientific subjects of this thesis. In the first part,
the principles of adhesion and electroless copper deposition are discussed. Next,
basic principles of the most relevant analysis techniques used in this work are
provided. The third chapter consists of a state-of-the art literature overview on
surface modification methods/techniques used to increase the adhesion towards
electroless deposited metals. Special attention is paid to surface modifications of
polymers.
Decent scientific work is always accompanied by a detailed and exact description
of the performed experiments. Therefore the entire chapter 4 is dedicated for this
purpose. The results and discussions of the scientific experiments is divided over
three chapters. Chapter 5 includes the description, analysis and evaluation of 4
different modification methods to introduce polyamines on the surface of ECN
resins. In the following chapter (Chapter 6), the catalytic activation and initial
electroless copper deposition on modified surfaces is studied. Furthermore, the
adhesive strength (towards copper) of surface modified epoxy substrates is stud-
ied. The influence of the modifications on the catalytic activation, initial ELD and
adhesive strength is discussed and evaluated.
Traditionally, the final chapter consists of general conclusions and future prospects
of the performed research.
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1.2 Scientific goals

As described above, the final goal of this work is to attain good adhesion be-
tween surface pretreated epoxy resins and electroless deposited copper. After the
surface modifications, electroless copper needs to be deposited and the adhesive
strength must be determined.
In this work, only one type of epoxy resin is studied: Probelec (Huntsman). Prob-
elec is an epoxy cresol novolak (ECN) type resin which can be used in the produc-
tion of build-up layers for HDI. This ECN resin can be etched to obtain surfaces
with low to high roughness values. Previously, the influence of the swelling and
etching on the roughness formation of dip coated Probelec surfaces on FR4 sub-
strates was discussed in detail by our research group. As a result, the strategy
here is the use the same dip coating procedure and etching processes in order to
obtain similar starting substrates for further scientific experiments.
The first major goal of this study is to develop wet-chemical surface modifica-
tion methods to introduce amine groups on the surface of an etched ECN resin.
Indeed, it is known that amine groups can increase the adhesion towards subse-
quent electroless deposited copper. A detailed description and overview is pro-
vided in chapter 2. This goal is not limited to the development of the modifica-
tion methods but also includes a full characterization of the modified surfaces us-
ing advanced chemical surface analysis techniques including XPS, TOF-S-SIMS,
ATR-FTIR, SEM and non-contact optical profilometry. The modifications must
be developed in such a way that they have a limited amount of influence on the
roughness and topography of the surface. In order to be technologically relevant,
the modifications must be short in time and easy to execute.
Next, the influence of these surface modifications on the electroless copper de-
position is studied in detail. In this work, the electroless copper deposition is
performed using commercial solutions. Because the electroless copper deposi-
tion consists of a series of immersion steps in different aqueous solutions, the
influence of each step must be investigated. One of the most crucial steps in this
process is the catalytic activation with Pd/Sn colloids. Hence, the relationship be-
tween the surface modifications and the Pd chemisorption must be investigated.
Furthermore, a study of the distribution and the quantity of initial electroless
copper deposition will be performed.
In a final stage, the influence of the surface modifications on the adhesive strength
towards electroless deposited copper are described and studied.
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1.3 Strategy and approach

Taking into account the various goals of this work, a thoughtful approach and
strategy need to be developed. In a first stage, strategies are developed to in-
troduce polyamines on the ECN surfaces. Next, the catalytic activation prior to
the electroless copper deposition is studied. Finally, the adhesive strength of the
electroless deposited copper is determined and the influence of the surface mod-
ifications is investigated.

1.3.1 Introduction of polyamines on the surface of ECN resins
The first goal is to introduce amine groups on the surface of roughened ECN
resins. To achieve this goal, four different modification strategies are explored:

• Introduction of a coupling molecule followed by polyamine surface modi-
fication

• Adsorption of polyamines

• Surface modification with polydopamine

• Grafting of polyamines to polydopamine

Figure 1.1 provides an illustration of the four modification methods described
above. Before and after each modification, the chemical composition, topography
and roughness of the surfaces are determined. For this purpose, a broad range
of analysis instruments is used including XPS, TOF-S-SIMS, SEM, EDS, Optical
profilometry and ATR-IR.
Generally, the only functional group on ECN surfaces which can be considered
for further covalent binding of other molecules is the hydroxyl group. The chem-
ical structure of ECN is provided in section 4.2.1. Consequently, a one-step mod-
ification with the desired molecule is too complicated and would require harsh
reaction conditions. In cases like this, coupling molecules which contain mini-
mum 2 reactive centers can be applied. Here, cyanuric chloride is chosen as a
coupling molecule because it reveals a temperature step-wise reactivity towards
weak nucleophiles like hydroxyl groups. In that way, this molecule can react with
the surface hydroxyl groups in a first step. In the second step, this covalently an-
chored molecule can react with (poly)amines.
The second strategy consists of immersion in an aqueous solution of polyamines.
This can result in the adsorption of these molecules onto the ECN surface. Hence,
polyamines are introduced to the substrate surface.
A more "exotic" method to introduce amine groups on the surface is the coating
with polydopamine. This modification method was first introduced by Messer-
smith and coworkers in 2007 [11]. Furthermore, it was inspired by the chemical
structure and protein sequence of mussel adhesive proteins (MAPs). Generally
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Figure 1.1: Schematic overview of the four reaction strategies used in this work to
introduce (poly)amines on the surface of an ECN resin. PA stands for an organic
polyamine.

there are two important advantages for this modification method. First of all, the
modification method is very easy and straight forward to perform in an aque-
ous medium. Second, the polydopamine coating can be deposited on almost any
kind of substrate.
The fourth strategy is based on another important advantage of the polydopamine
coating. Secondary modifications can be performed on the dopamine coating
with (macro)molecules containing R−N−H or R−S−H groups [11, 12]. Here,
this property of the polydopamine coating is used to introduce polyamines using
the grafting-to approach.
All four modification pathways will be evaluated in terms of (poly)amine surface
concentration and influence on the surface roughness. In a final stage, the most
suitable modification strategies will be used for subsequent investigation of the
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electroless copper deposition and adhesive strengths of the deposited copper.

1.3.2 Study of the deposition and adhesion of electroless copper
on polyamine modified ECN surfaces

The second phase of this research consists of a profound study of the electro-
less copper deposition on ECN substrates modified with polyamines. To deposit
electroless copper on a non-conductive substrate, a surface activation step with
a catalyst is required. In this PhD thesis, a dispersion of Pd/Sn colloids is used
for this purpose. Pd in the zero valence state is needed on the surface to initi-
ate subsequent electroless copper deposition. More information on this subject is
provided in chapter 2. Consequently, the first part of this research consists of the
investigation of the Pd0 presence after catalytic activation. Furthermore, the in-
fluence of the different surface modifications on the Pd0 presence is investigated.
To obtain good adhesion between the copper and the modified ECN surfaces, the
pores need to be filled initially with copper. These pores are introduced on the
surface because of a preceding etching step. Therefore, the initiation of the elec-
troless copper deposition on the modified surfaces is analyzed and discussed. In
the final stage of the research part, the adhesive strength of the deposited copper
is determined through peel strength measurements. The influence of the modifi-
cations on the peel strengths is investigated and discussed.
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2
Scientific Background

2.1 Introduction

This chapter aims to introduce the reader to technical subjects and/or scientific
principles applied in the experimental chapters of this work. Three major subjects
will be discussed.

The first subject is the metallization of polymers. The main principles of electro-
less deposition of metals on plastics will be discussed in detail. An overview of
the reactions, the mechanisms, and catalysts for electroless copper will be pro-
vided.

The second part deals with the adhesion of thin films. The definition of adhe-
sion and the different adhesion mechanisms will be described. Furthermore, the
method used in this work to measure adhesive strength, peel strength measure-
ments, will be presented. Important concepts and terminology such as interface,
interphase and practical adhesion are explained. Finally, typical methods to in-
spect and analyze the interface and/or interphase will be provided.

The last part embraces the surface analysis of polymers. In order to evaluate
the surface modifications and interfaces, surface analysis techniques are of prime
importance. The chemical surface analysis techniques which will be described
are XPS, TOF-S-SIMS and ATR-IR. The surface topography is studied by SEM.
SEM-EDS can be used to determine the chemical composition. Hence, SEM and
EDS will also be discussed.
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2.2 Metallization of polymer surfaces

In the following sections, different techniques for polymer metallization are pre-
sented. Since electrolytic and electroless metal plating is extensively applied in
the research part, these processes will be discussed in more detail.

2.2.1 Overview of metal deposition processes
Metallization or metal plating of polymers can be achieved via different methods:
solid and molten metal based deposition, gaseous phase based metal deposition
and solution based metal deposition.
During solid and molten based deposition, a thin metal sheet is deposited on a
polymer via hot stamping (100 - 200 ◦C). This method can be applied to various
kinds of substrates such as PS, PP and ABS. However, this application method is
limited to planar surfaces which restricts the application field.
Gaseous phase based metal deposition consists of a thermal evaporation process
followed by the metal condensation onto a substrate in a vacuum chamber. These
techniques can be divided into two main types: chemical vapor deposition (CVD)
and physical vapor deposition (PVD).
The most common PVD processes are evaporation and sputtering. PVD consists
of physical ejection of material such as atoms or molecules followed by condensa-
tion and nucleation of these atoms onto the substrate. Metal sputtering involves
creating ions, accelerating them on a target and forming atoms or clusters, which
are then deposited on the substrate [1].
Alternatively, chemical vapor deposition can be used to deposit metals on a sur-
face. Especially, the Cu ligand precursors in the CVD process have been exten-
sively studied. An overview and detailed information is presented in literature
[2]. The big disadvantage of PVD and CVD is that they require vacuum condi-
tions and can lead to high temperatures of the substrates mounted in the treat-
ment chambers. In general, the thermal stability of polymers is limited. There-
fore, some polymer materials can not be used for metal deposition through CVD
or PVD.
Finally, the last alternative to metallize polymer surfaces is through plating in
well-defined aqueous solutions. Conductive substrates can be plated using elec-
troplating. The deposition of metals on non-conductive substrates is possible
through electroless plating.
In the following sections, more detailed information is provided concerning elec-
trolytic and electroless plating since these two techniques will be applied in this
thesis to deposit copper on (surface modified) epoxy substrates.
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2.2.1.1 Electrolytic copper deposition

Electrochemical cells in which faradaic currents are flowing are classified as ei-
ther galvanic or electrolytic cells. A galvanic cell is one in which reactions occur
spontaneously at the electrodes when they are connected externally by a conduc-
tor. An electrolytic cell is one in which reactions are effected by the imposition
of an external voltage higher than the open-circuit potential of the cell. These
electrolytic cells are frequently used to carry out desired chemical reactions by
expending electrical energy. Processes involving electrolytic cells include elec-
trolytic syntheses, electrorefining and electroplating. The latter process is applied
in this work to deposit copper on electroless deposited copper substrates [3]. In
order to electroplate copper on these substrates, a copper anode is immersed in a
CuSO4/H2SO4 solution and electrically connected to a power supply. Next, the
sample to be plated (cathode) is immersed in the same solution and connected to
the power supply (Figure 2.1).

Figure 2.1: Schematic overview of the electrolytic copper deposition.
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When a voltage is applied, copper is oxidized at the anode and reduced at the
cathode. In that way, copper is deposited on the target substrate. Consequently,
the anodic and cathodic reactions are as follows:

Anodic Cu(s) −−→ Cu2+(aq) + 2 e− (2.1)

Cathodic Cu2+(aq) + 2 e− −−→ Cu(s) (2.2)

Important to mention is that a broad range of additives are present in commer-
cial/dedicated plating baths. These addition agents are used for copper bright-
ening, hardening, grain refining, surface smoothing,. . . A detailed description of
these additives and their function can be found elsewhere [3].

2.2.2 Electroless metal deposition on plastics

2.2.2.1 Introduction

Nonconductive materials, mainly synthetic polymers, cannot be metalized via
simple electrolytic deposition. Therefore, the surface of these materials has to be
activated with a metal reducing catalyst. This process is called electroless deposi-
tion (ELD) or autocatalytic plating, first described by A. Brenner and G.E. Riddell
in 1946 [4].
Nickel, gold, silver, platinum, palladium and copper are frequently deposited via
this process in the aim for industrial applications such as printed circuit boards,
hard memory disks, automotive parts and decorative elements [5]. Examples are
provided in figure 2.2.
Electroless or metal deposition is a process for chemical deposition of a metal
from a solution containing a reducing agent and a complex of an ion of the metal
to be plated onto a catalyzed substrate surface [7]. This means that the non-
conductive substrate needs to be catalytically activated prior to electroless metal
deposition. Commonly, this catalytic activation is performed by immersion in an
aqueous solution containing palladium, silver or gold.
The electroless deposition process is also called autocatalytic deposition because
many of these metals are autocatalytic. They will sustain further electroless metal
deposition even after the surface catalyst is covered by the metal deposit. All
metals which can be deposited via autocatalytic electroless deposition are also
well-known as hydrogenation/dehydrogenation catalysts.
In the following sections, a more detailed description of each component and its
function in the electroless copper deposition bath is provided.

2.2.2.2 Electroless copper deposition: bath composition

Electroless deposition is a complex process involving multiple simultaneous re-
dox processes at or near a substrate surface that is continually changing its com-
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Figure 2.2: Examples of applications of polymer metallization. This figure is ob-
tained from reference [6].

position, structure, and morphology as the plating process proceeds. The most
widely used copper deposition solution is composed of copper sulfate, formalde-
hyde, sodium hydroxide, EDTA (Ethylenediaminetetraacetic acid) and additives
in well-defined concentrations.
In the case of electroless copper deposition, the most common reducing agent
is formaldehyde. Alternatively, dimethylaminoborane (DMAB), NaH2PO2 (sodi-
umhypophosphite) and glyoxilic acid can be used as reducing agents [5, 8, 9].
Copper sulfate acts as a source for Cu2+ ions. Complexants (e.g. EDTA) are added
to avoid metal precipitation due to local pH changes. The complexants depress
the free metal ion concentration to a value determined by the dissociation con-
stant of the metal complex. In addition to preventing precipitation within the
solution the complexant also allows the electroless copper bath to be operated at
higher pH values [5]. The optimal pH of formaldehyde containing electroless Cu
plating baths is around 12.5 [10].
Today, electroless copper formulations contain so-called "stabilizers" materials in
small amounts (1-100 ppm) to keep the bath from depositing copper randomly
in solution. The stabilizers competitively adsorb on the active nuclei (dust or
metallic particles) and shield them from the reducing agent in the plating bath
[5].
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Reducing agent Complexant Stabilizer Exaltant

Formaldehyde Sodium potassium tartrate Oxygen Cyanide
(Rochelle salt)

DMAB EDTA Thiourea Propionitrille
NaH2PO2 Glycolic acid 2-mercaptobenzothiazole o-phenantroline

Triethanolamine Diethyldithiocarbamate,
Vanadiumpentoxide

Table 2.1: Examples of stabilizers and exaltants for 3 different copper plating
baths.

Additives that increase the rate to an acceptable level without causing bath in-
stability are termed exaltants or accelerators. These are generally anions, such
as CN–, which are thought to function by making the anodic oxidation process
easier [5]. Examples of stabilizers and exaltants in different electroless copper
plating baths are presented in table 2.1.

2.2.2.3 Electroless copper deposition: reactions and mechanisms

The partial reactions during electroless copper deposition are presented in equa-
tions 2.3 and 2.4. Cu2+ is reduced by formaldehyde, leading to metallic copper
and formic acid. Both reactions take place at the surface of the catalytic metal.

Cathodic partial reaction:

[CuEDTA]2− + 2 e− −−→ Cu0 ↓ + EDTA4− (2.3)

Anodic partial reaction:

2 CH2O + 4OH− −−→ 2 HCOO− + H2 ↑ + 2 e− + 2 H2O (2.4)

This results in following overall reaction:

[CuEDTA]2− + 2 CH2O + 4 OH−

−−→ Cu0 ↓ + 2 HCOO− + EDTA4− + H2 ↑ + 2 H2O
(2.5)

A noticeable (unwanted) side reaction that can occur is the Cannizzaro reaction.

2 CH2O + OH− −−→ CH3OH + HCOO− (2.6)

This side reaction tendency increases with the alkalinity of the bath. While it can
be retarded to some degree, it is difficult to stop entirely [5].
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The cathodic partial reaction [3]

The total cathodic partial reaction is displayed in equation 2.3. However, the
electroactive species may be non-complexed or complexed copper ions. In the
first case, the cathodic partial reaction consists of simple charge transfer where
the first reaction (2.7) is the rate-determining step (slow step):

Cu2+ + e− −−→ Cu+ (2.7)

Cu+ + e− −−→ Cu0 (2.8)

The mechanism of the second case involves a sequence of at least two basic el-
ementary steps: formation of the electroactive species and charge transfer from
the catalytic surface to the electroactive species. Electroactive Cu2+ species are
formed in the first step by dissociation of the complex. In case of EDTA as com-
plexing agent this reaction is as follows:

[CuEDTA]2− −⇀↽−− Cu2+ + EDTA4− (2.9)

The subsequent charge transfer (equations 2.7 and 2.8) proceeds in steps, usually
with the first charge transfer (one electron transfer), serving as rate-determining
step. In review, this cathodic partial reaction is an electrochemical reaction pre-
ceded by a chemical reaction. In the case of the [CuEDTA]2– complex, it has been
shown that the reduction of the complex is preceded by its dissociation. A corre-
lation has been established between the rate of the complex dissociation and the
rate of copper deposition [11].

The anodic partial reaction [3]

The anodic partial reaction consists of at least two elementary steps: formation of
electroactive species and charge transfer from electroactive species to the catalytic
surface (electron injection). The formation of electroactive species proceeds in
three steps:
Step 1: Hydrolysis of formaldehyde forming methylene glycol.

CH2O + H2O −−⇀↽−− H2C(OH)2 (2.10)

Step 2: Dissociation of methylene glycol.

H2C(OH)2 + OH− −−⇀↽−− H2C(OH)O− + H2O (2.11)

Step 3: Dissociative adsorption of the intermediate H2C(OH)O– involving break-
ing of C-H bond.
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Around 1980, a general mechanism based on dissociative adsorption or dehydro-
genation during anodic oxidation of reducing agents in electroless plating solu-
tions has been postulated by Vandenmeerakker et al. [12–14]. The reactions are
shown below.

RH −−→ R·

ads + H·

ads(dehydrogenation) (2.12)

R·

ads + OH− −−→ ROH + e−(oxidation) (2.13)

H·

ads + OH− −−→ H2O + e−(oxidation) (2.14)

2 H·

ads −−→ H2(recombination) (2.15)

Here, RH represents the reducing agent. Reaction 2.12 is the dissociative ad-
sorption of the reducing agent catalyzed by a metal surface (in our case Pd or
Cu) at which the process takes place. This is the rate determining step. Subse-
quently, adsorbed hydrogen reacts via pathway 2.14 in the case of Pd and via 2.15
in the case of Cu. Applying this for formaldehyde as reducing agent results in the
generation of the adsorbed electroactive species C·HOHO– in the first step. The
further reaction steps are similar to the ones displayed above. Consequently, the
overall anodic reactions with formaldehyde can be derived.

CH2OHO− −−→ C·HOHO− + H· (2.16)

C·HOHO− −−→ CH(OH)2O− + e− (2.17)

CH(OH)2O− −−→ HCOO− + H2O (2.18)

In the case of palladium as a catalytic surface, the overall anodic reaction be-
comes:

CH2O + 3 OH− −−→ HCOO− + 2 H2O + 2 e− (2.19)

When Cu acts as a catalytic surface, the overall anodic reaction is:

2 CH2O + 4 OH− −−→ 2 HCOO− + 2 H2O + H2 ↑ + 2 e− (2.20)

In the case of copper as catalytic surface, it is known that the incorporation of
hydrogen into the copper layers causes brittle deposits. This brittleness can be
influenced by the deposition rate, the bath temperature and certain additives.
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2.2.2.4 The mixed potential theory: an electrochemical model for electroless
copper deposition

From 1970 to 1990, a number of papers appeared on the kinetics of ELD of Cu
[15, 16]. Both mixed potential analysis and classical chemical kinetics have been
used to determine the mechanism [5, 17–19]. The mixed potential theory (MPT)
is the most widely used model for electroless deposition and was introduced by
Paunovic and Saito on the basis of the Wagner-Traud mixed potential theory of
corrosion processes [20]. It describes electroless plating in terms of an initial spon-
taneous oxidation of the reductant at a catalytic surface, leading to electron charg-
ing of the surface until its electrochemical potential becomes sufficiently negative
to reduce the metal complex to metal [7].
The nature of the reaction results in a disagreement among various authors as to
the reaction order for each species. This partly arises from the fact that at least
three processes must occur for the reaction to proceed. The metal ion must diffuse
to the surface, the reducing agent must diffuse to the surface, and a reaction must
occur at (or near) the surface resulting in the metal deposition [19]. In general, it
is accepted that the copper deposition rate strongly depends on:

• The nature of the catalytic surface and the composition of the plating and
catalytic solution [21].

• The stirring speed [15].

• The pH [3].



20 Scientific Background

2.2.3 Palladium based catalysts for electroless copper deposition

2.2.3.1 Introduction

In general, three different activation methods using palladium have been devel-
oped: two-step process, one-step process and Sn free process. All these methods
aim to introduce Pd0 on the surface to be plated. It must be noted that a thresh-
old Pd0 surface concentration > 1015 atoms/cm2 is needed for electroless metal
deposition [7].

2.2.3.2 The two-step process

The first commercial catalytic system which was developped around 1950 by
Shipley was a two-step process. In that process, a non-catalytic surface is first
treated by immersion in an acidic solution of SnCl2 (sensitization), followed by
immersion in an acidic solution of PdCl2 (activation) [7, 22]. SnCl2 is thermody-
namically capable of reducing Pd2+ complexes.

Step 1: Sensitization

S∗ + Sn2+(aq) −−→ S∗ · Sn2+
ads (2.21)

Step 2: Activation

S∗ · Sn2+
ads + Pd2+(aq) −−→ S∗ · Pd0

ads + Sn4+(aq) (2.22)

The resulting Pd0 is an active catalyst for formaldehyde oxidation. The related
reactions are displayed in equations 2.21 and 2.21. In these equations, S∗ stands
for the non-catalytic (dielectric) surface.
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2.2.3.3 The one-step process

Experiments performed by Cohen and West in 1972 indicated the colloidal nature
of specific catalytic Pd/Sn dispersions for electroless metal deposition [23, 24].
From then on, intense studies on the composition, formation, activity and dimen-
sions of these colloids have been performed [7, 25–28].
Nowadays, these colloid dispersions are prepared by careful mixing well-defined
solutions of acidic PdCl2 and SnCl2. A certain aging time is needed before these
colloids are formed [7]. In a first stage, a complex is formed with a Pd:Sn ratio of
1:3. Hereafter, colloids are formed containing a reduced Pd metal nucleus. The
core is composed of a Pd-rich, zerovalent, crystalline Pd-Sn alloy (PdxSn1−x: 0.6
< x < 1.0), which functions as the catalytically active component for electroless
deposition. The core is stabilized via a surrounding beta stannic shell consisting
of µ-hydroxy bridged SnII and SnIV oligomers (negatively charged). There is a
large variation in the shell’s thickness and composition depending on the pH,
solution composition, temperature, oxygen exposure, catalyst age and processing
history [7]. The colloid dimensions are typically of 2 nm in diameter. Although
colloid sizes ranging from 1 to circa 5 nm have also been reported [7].

Figure 2.3: Schematic illustration for the electroless copper deposition containing
the one-step activation process.

Due to the inherent negative charge of the beta stannic shell, the catalyst dis-
persion is stabilized by means of electrostatic repulsion and hydrogen bonding
interactions with associated water molecules. Furthermore, the negative charge
of the outer shell is critical for the adhesive properties of the colloids towards
dielectric surfaces. This property is important to improve the adhesion of Pd-Sn
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colloids towards the dielectric surface. Besides surface roughening, the introduc-
tion of positively charged groups on the surface via various surface modification
techniques possesses a great potential to improve colloid chemisorption on these
surfaces.
Before exposing the activated surface to the electroless bath, the stannous chlo-
ride shell must be removed (stripped) in order to expose the Pd0 species. This
step is called the acceleration step. Common acceleration solutions are HCl,
NaOH, HBF4, NH4HF2, NH4OH, H2SO4 and NH4BF4 [29]. Nowadays, electro-
less plating solutions have been developed which have a self-accelerating func-
tion. This means that the acceleration step can be omitted in the processing. An
example of a typical process flow for the one-step electroless copper deposition
(without acceleration step) is illustrated in figure 2.3.

2.2.3.4 Sn-free catalytic systems

Elimination of the use of tin and/or palladium species during catalytic activation
has several advantages. First, it eliminates the use of environmentally hazardous
Sn species. Second, the catalyst composition is simplified. Finally, a PdCl2 aque-
ous catalyst solution is less sensitive towards oxidation compared to the Pd/Sn
colloid system.
The most popular approach to eliminate the Sn species is a partitioning of the
catalytic and adhesive functions of the Pd/Sn colloid between the particle and
the substrate surface, respectively [7]. This simplifies the nature of the catalytic
particles. Introduction of specific ligand functional groups on the surface which
interact with palladium eliminates the need for an adhesive β-stannic shell.
In this process, (acidic) palladium chloride solutions are used to activate the mod-
ified dielectric surfaces. In a following step the surface bonded PdII species are
reduced to form active Pd0 catalysts. The reduction of Pd2+ can be performed
in situ by reducing agents (NaH2PO2 in the case of Ni-plating, formaldehyde in
case of Cu-plating) present in the electroless plating solution [30–35]. Zabetakis
and Dressick note in a review paper that the affinity of the ligands present on
the surface should be high both for Pd2+ and Pd0 [7]. Chelating and/or good π-
acceptor ligands are capable of stabilizing the bond to the catalytically active Pd0

state preferably via π-backbonding interactions. Next to this, the palladium sur-
face concentration should be higher than 1015 palladium atoms/cm2 to acquire
electroless metal deposition [28]. Therefore, Dressick uses Pd based oligomers in
order to exceed the above mentioned threshold value. The oligomers are mixed
chloro-aqua complexes obtained via hydrolysis of PdCl4

2– at pH > 1 [7, 31, 36, 37].
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Cl:Pd molar ratio PdII species present in the solution (mol%)

Pd(H2O)4
2+ PdCl(H2O)3

+ PdCl2(H2O)2 PdCl3(H2O)– PdCl42–

8.4 - - 42 40 18
3.4 - - 90-95 5-10 5-10
2.4 2 15-25 50-60 1 1

Table 2.2: Composition of PdII-complexes of 3 different PdCl2/HCl solutions
used for Sn-free electroless copper deposition obtained from reference [39].

Other Sn-free activating aqueous solutions contain PdCl2 and HCl. Depending
on the Cl:Pd molar ratio, varying concentrations of different palladium com-
plexes are observed. At high Cl:Pd ratios (> 4), more anionic Pd-complexes
are present in the solution while at low ratios, anionic, neutral and cationic Pd-
complexes can be present (see table 2.2) [38].
Alternatively, instead of Pd2+, copper or nickel ions can be introduced to the sur-
face through the presence of carboxylate ions (polyacrylic acid) or other coor-
dinating groups. These surfaces are called ion-doped precursors. Next, prior
to the electroless deposition process, Cu0 or Ni0 can be formed via immersion
in a reducing agent solution (borohydrides, NaH2PO2 or hydrazides) [39–42].
The latter strategy is often applied for electroless Ni or Cu deposition on poly-
imide [43, 44]. Other Sn free catalytic systems based on Cu/Pd nanoparticles
[45], Ag/Pd nanoparticles [46], Ag/Pd nanoshells [47], colloidal Ag [48] and Pd
nanospheres [49] have also been developed as activators for electroless metal de-
position.

2.3 Adhesion of thin films and coatings

2.3.1 Introduction to adhesion
The concept adhesion can be defined as follows. Adhesion is the interatomic
and intermolecular interaction at the interface of two surfaces. It is a multi-
disciplinary topic which includes surface chemistry, rheology, physics, chemistry,
stress analysis and fracture analysis [50]. It is not easy to describe the mechanism
of adhesion in simple terms. It is generally acknowledged that different mech-
anisms work, alone or sometimes together, in every particular system. By the
end of the 20th century, four main mechanisms survived: physical or chemical
forces (adsorption and chemisorption), mechanical (interlocking), interdiffusion
and electrostatic attraction [51].
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In modern scientific and technological research, the nature of the substrates dif-
fers largely. This results in numerous different kinds of interfaces [52]. The most
commonly studied interfaces are between

• Solid substrates and organic coatings [53].

• Polymers and polymers [50].

• Metals and polymers [54, 55].

• Solid substrates and thin films [54].

Recently, the biomedical industry and more importantly the biomaterials sector
focuses on surface engineering of polymer materials in order to promote cell ad-
hesion/proliferation as well as maintaining cell functionality. This can be used in
various applications such as tissue engineering, biosensors and medical implants
[50, 56, 57].

2.3.2 Mechanisms of adhesion

2.3.2.1 Mechanical mechanisms of adhesion

Two different phenomena can contribute to mechanical adhesion mechanisms:
mechanical interlocking and/or increased contact area. In the case of mechanical
interlocking, increased adhesion is obtained via keying into the surface of the
substrate (cfr. Velcro). The mechanical interlocking theory of adhesion states that
good adhesion occurs only when an adhesive penetrates into the pores, holes,
crevices and other irregularities of the adhered surface of a substrate, and locks
mechanically to the substrate (figure 2.4). The adhesive must not only wet the
substrate, but also have the right rheological properties to penetrate pores and
openings within a reasonable time.

Figure 2.4: Illustration of the mechanical interlocking theory [58].

On the other hand, a rough surface simply increases the contact area between
2 materials which results in a larger amount of potential molecular bonding in-
teractions. The current debate surrounding mechanical adhesion concerns the
significance of interlocking in explaining surface adhesion [50].
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2.3.2.2 Interdiffusion theory

The interdiffusion theory was introduced by Voyutskii in 1963 [59]. This theory is
limited to polymer-polymer adhesion. Interdiffusion means that if two polymers
are put in close contact at a temperature above their Tg (glass transition temper-
ature), some chain segments reciprocally diffuse in the other moiety (figure 2.5)
[51]. The effectiveness of this concept depends on the degree of compatibility be-
tween the two polymers, reaching a maximum degree when they are equal. The
former is called autohesion. However, this theory cannot be extended to poly-
mer/metal systems.

Figure 2.5: Illustration of the interdiffusion theory [58].

2.3.2.3 Electrostatic attraction theory

The occurrence of an electrical double layer at the interface between two solids
results in an adhesion force established by electrical attraction (Figure 2.6) [51].
The electrostatic theory was subjected to three major controversies:

• The electrostatic double layer can be identified only after breaking the ad-
hesive bond.

• Its effect on the adhesive force is over considered.

• Some overlapping was made between electrostatic and acceptor-donor in-
teractions.

2.3.2.4 Adsorption and chemisorption theory

The adsorption theory is the most widely applicable theory and proposes that,
provided sufficiently intimate molecular contact is achieved at the interface, the
materials will adhere because of the interatomic and intermolecular forces which
are established between the atoms and molecules in the surfaces of the adhesive
and substrate. The most common forces are van der Waals forces, referred to
as secondary bonds. Hydrogen bonds are also included in this category. Next,
chemical bonds can also be formed across the interface. In this case, this is termed
chemisorption and involves ionic, covalent or metallic interfacial bonds being
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Figure 2.6: Illustration of the electrostatic attraction theory [58].

established. These types of bonds are referred to as primary bonds. Finally, it has
been suggested that interfacial molecular complex structures may be established.
An overview of the primary, secondary and donor-acceptor bond types with their
typical bond energies is presented in table 2.3.

Bond type: Bond energy (kJ/mol):

Primary bonds
Ionic 600-1100
Covalent 60-700
Metallic 110-350

Donor-acceptor bonds
Brönsted acid base interactions up to 1000
Lewis acid base interactions up to 80

Secondary bonds
Hydrogen bonds Hydrogen bonds (incl. fluorine) up to 40

Hydrogen bonds (excl. fluorine) 10-25
Van der Waals bonds Permanent dipool-dipool 4-20

interactions (Keesom)
Dipole-induced dipole < 2
interactions (Debeye)
Dispersion forces (London) 0.08-40

Table 2.3: Bond types and their typical bond energies.

In the ideal case, sufficient intimate molecular contact is achieved at the interface.
In reality, defects, cracks, surface contamination and air bubbles can disturb the
intimate contact leading to insufficient adhesion. In case of a liquid adhesive and
a solid substrate, the creation of intimate molecular contact through secondary
bonds can be expressed as wetting. The degree of wetting is determined by the
contact angle (θ) obtained from a liquid drop resting at equilibrium on a solid
surface (Figure 2.7).
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Figure 2.7: Schematic illustration of the contact angle and the relevant surface
free energies.

The surface tension or surface free energy (γSV) can be determined using Young’s
equation:

γSV = γSL + γLVcosθ (2.23)

where γSV is the solid-vapor surface tension, γSL is the solid-liquid surface ten-
sion and γLV is the liquid-vapour surface tension (liquid surface tension). Al-
though the liquid surface tension is easy to determine, the solid liquid interfa-
cial free energy is not. Hence, Young’s equation contains only two measurable
quantities: contact angle (θ) and the liquid-vapor surface tension (γLV). In order
to determine γSV and γSL, an additional relation between these quantities must
be found. A large amount of models and methods to determine the latter are
available in literature [50, 51, 60–63]. Furthermore, the surface topography and
geometry of the solid substrate also influence the measured contact angle and
consequently the surface energy [63, 64]. Note that good interfacial contact is
only one of the factors to obtain good adhesive strength.

2.3.2.5 Polymer/metal interface and adhesion

The system of interest in this work consists of a metal deposited on a polymer.
Consequently, metal-polymer adhesion, mechanical interlocking, chemical bond-
ing and van der Waals interactions can all play a role in adhesion [65–67]. In the
specific case of electroless Cu deposited on dielectric materials, it was observed
that both chemical bonding and mechanical interlocking contributed to the over-
all adhesion [65, 68]. Traditionally, epoxy materials are roughened via wet chem-
ical treatments (swelling followed by etching) resulting in an adhesion increase
toward deposited metals through increased mechanical interlocking.
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2.3.3 Adhesive strength determination

2.3.3.1 Adhesion of thin films and coatings: definition

Although a lot of instruments and methods are available to measure the adhesion,
there still is a great deal of confusion about what exactly is measured when one
attempts to measure adhesion of a film or coating. The answer depends on the
definition of adhesion. Mittal dealt with the term adhesion by dividing it in three
different categories [54]:

1. Fundamental adhesion

2. Thermodynamic adhesion

3. Practical adhesion

Fundamental adhesion is defined as the summation of all interfacial intermolec-
ular interactions between the contacting materials (ionic, covalent, coordinate,
metallic, hydrogen and van der Waals forces). If the type of interactions between
the two materials is known together with the contact area, then the fundamental
adhesion can be calculated. From the other point of view, fundamental adhe-
sion represents the energy required to break chemical bonds at the weakest plane
in the film-substrate adhering system under the adhesion measurements used.
Subsequently, these two forms of adhesion could be quite different as the former
refers to contact formation and the latter represents contact break, and the weak-
est plane during the disruption of an adhering system may not be where the
contact was initially formed. In what follows it is the latter form of fundamental
adhesion which is relevant [54].
Thermodynamic adhesion is defined as change in free energy when an interface
is formed or separated. It is expressed as:

WAB = γA + γB − γAγB (2.24)

where WAB is the reversible work of adhesion. γA and γB represent the surface
free energies of materials A and B, respectively. γAγB is the interfacial free energy
[54].
The practical adhesion signifies the force or work required to remove or detach a
film or coating from the substrate irrespective of the locus of failure. The relation-
ship between the practical and the fundamental adhesion is expressed as follows:

Practical adhesion = f (fundamental adhesion, other factors).
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A lot of "other factors" influence the practical adhesion of a coating or film. Some
of these are:

• Stress in the film or coating.

• Thickness and mechanical properties of the coating.

• Mechanical properties of the substrate.

• Work consumed by plastic deformation and viscous dissipation.

• Mode of failure.

• The technique used for adhesion measurement and the parameters of the
technique.

2.3.3.2 The locus of failure

When a film/coating is detached from a substrate, three different failure places
can occur:

• The failure can be located in the interface. From a practical point of view,
an interfacial failure is very uncommon as most often there is no clear-cut
interface to start with.

• Very often failure occurs in an interphase or an interfacial region, or a com-
bination of regions with different properties.

• When the failure occurs in the bulk phase of the film or substrates it is called
a cohesive failure.

In order to improve the practical adhesion, it is very interesting to know the
precise location of failure, so a suitable approach can be taken to strengthen the
weakest link.

2.3.4 Adhesive strength measurement techniques

2.3.4.1 Introduction

A whole bunch of adhesion measurement techniques is presented in the literature
[54, 69]. Adhesion measurement methods of thin films can be classified into three
categories: nucleation methods, mechanical methods and miscellaneous meth-
ods. Mechanical methods use some means of removing the film from the sub-
strate. The most popular techniques for measuring adhesion between metals and
polymers are peel test [68–74], scotch tape test [55, 69, 75] and pull test [65, 69, 76].
Here, only the peel test method will be discussed because this is the evaluation
method applied in the experimental work.
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2.3.4.2 Peel test measurements

The peel test involves peeling a specified width of the film at a specified angle, 90°
and 180° being the most common. An example of a 90° peel test setup is shown
in figure 2.8 . The film can be peeled from the substrate in two ways: by direct
holding onto the film or by applying some sort of backing material to the film
and then holding onto the backing. The results are expressed as energy or work
done per unit area (J/m2 or N/m) [69].

Figure 2.8: Illustration of a typical setup for a 90° peel test [77].

2.3.4.3 Surface contamination

Surface contamination can impair the surface properties of many processes. The
contamination changes the surface properties which results in unexpected pro-
cess failures and surface behavior. Surface contaminants can be classified in dif-
ferent ways as shown in table 2.4.
One well-known example of a surface contaminant is PDMS (polydimethylsilox-
ane). PDMS is a highly surface active lubricant that can cause adhesion failures
between layers of a coating. Another key contamination concern for surface anal-
ysis and processing is from improper sample handling. Surface contamination
from fingerprints, plastic containers, or contaminated tools can completely alter
the surface properties [78]. Surface contamination can be removed by a variety
of methods including: UV/ozone, plasma, solvent, chemical, laser . . . .TOF-SIMS
and XPS are the best suited techniques to analyze the composition of organic sur-
face contamination.
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Classification of surface Contamination Forms of contamination:
contaminants: classification:

• Reaction layers (chemical
compounds)

• Adsorbed layers (primar-
ily hydrocarbons, mois-
ture)

• Variable composition
contaminants (due to
preferential diffusion of
one component)

• Particulate contaminants

• Particle contaminants
(dust, hair, fibers, metal-
lic microfragments)

• Organic contaminants
(human oils, skin flakes,
greases, residual resist,
plasticizers)

• Ionic contaminants (plat-
ing residues, water solu-
ble acids, metallic ions)

• Microbial contaminants
(spores, bacilli)

• Chemical (film-organic,
inorganic, particulate)

• Microbial

• Radioactive

• Light

Table 2.4: Overview of surface contaminations classified in 3 different ways.

2.3.5 Interface and interphase: a clear definition

2.3.5.1 Introduction

In general, the word interface means the surface which forms a common bound-
ary between two spaces or two parts of matter. An interface primarily describes a
solid/solid, liquid/liquid, or liquid/solid contact, but even solid/gas, liquid/gas,
solid/vacuum and liquid/vacuum systems are sometimes embraced by this tech-
nical term in the literature [57]. Strictly speaking, an interface is a mathematical
plane or a sharp frontier with no thickness [54]. An interphase, as distinct from an
interface is any region between two contacting bulk phases where the properties
are significantly different from but related to those of the bulk phases.

2.3.5.2 Interface/interphase analysis

Interphase analysis in the field of adhesion is of major importance. In this sec-
tion the techniques to analyze interphases are discussed. First of all it is impor-
tant to determine the locus of failure after a destructive adhesion test like peel
or pull test. Both peel areas can be inspected by a variety of techniques ranging
from chemical to physical information output. The most popular techniques to
analyze the (surface) chemical composition are SEM-EDS, XPS, AES, SIMS and
Infrared spectroscopy. On the other hand the surface morphology or quantitative
roughness can be determined using AFM/SFM, profilometry (stylus or optical)
or SEM.
Another point of interest is the visualization of the interphase through cross sec-
tion analysis. In that way, scientists can inspect the interphase for irregularities
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(bubbles, voids or cracks), diffusion, separation,. . . . Different techniques exist
to prepare a cross section prior to inspection like molding of the substrate in an
appropriate polymer or resin followed by grinding and polishing (chemical and
electropolishing), cleaving, ultramicrotomy, ion beam milling and focused ion
beam milling [52, 79–81]. Afterwards these samples can be inspected via opti-
cal microscopy or electron microscopy. A series of examples of these techniques
regarding microelectronics failure analysis is provided in the literature [79].
More advanced techniques are able to perform in depth analysis and/or profil-
ing. These techniques can be separated in two groups: nondestructive in-depth
analysis and destructive depth profiling. Examples of the former are Elastic Ion
Scattering and angle resolved (AR) AES and XPS. Depth of analysis for Elastic
Ion Scattering is in the order of 0.1 µm to 5 µm with a depth resolution smaller
than 0.1 µm. In case of ARXPS and ARAES the maximum penetration depth is
5 nm to 10 nm depending on the composition of the analyzed volume. The depth
resolution is 2 to 3 monolayers. ARXPS and ARAES are useful when the region of
interest is close to the surface of the sample, e.g., for ultrathin films on substrates
and for surface interdiffusion processes [52, 82].
Today, there are two main approaches to destructive depth profiling using surface
spectroscopic techniques (AES, XPS and SIMS)[52]:

• The removal of surface layers by ion sputtering with either simultaneous or
consecutive cycles of surface analysis.

• The cross-sectioning of the sample followed by a line scan using traditional
surface analysis.

No further details are discussed regarding these depth-profiling techniques. Ex-
cellent books are available for further reading [52, 82].

2.4 Polymer surface analysis techniques

2.4.1 Introduction

This section briefly describes the main principles of (chemical) surface analysis
techniques which are applied in this work. Almost all surface analysis in this
work is performed on polymer type materials. Therefore, in the following dis-
cussions, the techniques are described in view of polymer surface analysis. In the
experimental part, the applied parameters and a justification of these parameters
for (surface) analysis are provided (section 4.5). Two main groups of analysis can
be distinguished based on the information obtained. The first group of surface
analysis techniques provides chemical information of the analyzed surface vol-
ume. Important parameters are the depth of analysis, the type of analyzed signal
and the chemical information derived from it. In the next section, four techniques
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are discussed: XPS, ATR-IR, TOF-S-SIMS and SEM-EDS. Although SEM-EDS pro-
vides chemical information from a depth of several micrometers, it is generally
not considered as a surface analysis technique. Therefore, it will be discussed in
section 2.5.4. Table 2.5 presents an overview of the above mentioned techniques
and their most important parameters in case of polymer surface analysis. A more
extensive list of alternative techniques is available in literature [52, 83].
The second group measures surface morphology and/or surface roughness. The
techniques discussed are restricted to SEM.

Technique: Probe in/out: Smallest information Information: Comments:
depth/width (nm):

XPS X-rays/electrons 5/7500 Chemical comp., Quantitative,
binding state vacuum techn.

ATR-IR Infrared light 2000/2000 Surface comp., Specific ATR
binding state crystal needed

SIMS Ions 0.1/1000 Surface comp., Static mode,
contaminations vacuum techn.

Table 2.5: Properties of the (chemical) surface analysis techniques: XPS, ATR-IR
and SIMS.

2.4.2 X-ray photoelectron spectroscopy

XPS is a highly surface sensitive technique, which can provide information on
composition, binding and functionality of polymers at the surface. The main
principle of XPS is based on the photoelectric effect discovered by Hertz in 1887
[84]. A solid sample is irradiated with soft X-rays in UHV (Ultra High Vacuum).
X-ray absorption by atoms in the solid leads to the ejection of an electron (pho-
toionisation) either from one of the tightly bound core levels or from the more
weakly bound valence levels (or molecular orbitals). Based on the conservation
of energy the XPS equation, in case of a conducting sample in contact with the
spectrometer, is as follows:

hν = EK + EF
B −Φsp (2.25)

where EK is the measured kinetic energy of the emitted electron, hν is the energy
of the exciting X-ray photon, EF

B is the electron binding energy in the conducting
solid relative to the Fermi level and Φsp is the work function of the spectrometer
(figure 2.9). The Fermi level is defined as the highest occupied state.
The intensity and energy of the photoelectron emission is analyzed, producing an
XPS spectrum. Out of this spectrum, the elemental composition of the analyzed
volume can be obtained. Moreover, relative amounts of binding/oxidation states
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Figure 2.9: Principle of XPS. This figure is obtained from reference [83].

of specific elements can be obtained by peak deconvolution followed by peak
integration of high resolution elemental spectra (core level spectra).
Concerning the build-up of an XPS instrument (figure 2.10), the most important
parts of an XPS spectrometer are:

• A monochromated X-ray source (Mg Kα or Al Kα).

• A UHV system connected to the sample chamber.

• An electron energy analyzer (mostly a hemispherical sector analyzer) with
electron detector.

Non-conductive samples (polymers, metal oxides,. . . ) are charging during anal-
ysis. Modern XPS instruments use a flood gun as a charge compensating unit
which shoots electrons at the sample with kinetic energies of 1 - 10 eV.
In case of polymer analysis, the depth of analysis is 5 - 10 nm. This can be lowered
via Angle Resolved XPS which lowers the angle between the sample and the
electron-optical unit of the spectrometer.
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Figure 2.10: Typical build-up of a simple photoelectron spectrometer. This figure
is obtained from reference [83].

2.4.3 Attenuated total reflection infrared analysis
In comparison to XPS and TOF-S-SIMS, ATR-IR does not require a sample cham-
ber under vacuum. This makes it cheaper and more straightforward. Generally,
infrared spectroscopy provides information on chemical composition of the ana-
lyte. Polymer or organic samples can be probed on the molecular level by vibra-
tional spectroscopy, i.e. the excitation of vibrating modes of bonded atom groups
by light energy. The best known technique is transmission infrared spectroscopy,
where incident infrared light is absorbed by the sample. The transmitted or ab-
sorbed infrared light is plotted against the wavenumber or wavelength. The main
issue with solid samples is that they absorb all the incident infrared light due to
the total thickness of the substrate. ATR has been widely applied to surface char-
acterizations because it can be applied to any sample in the air atmosphere only if
the sample can be put into contact with the internal reflection element (IRE) [85].
An ATR-IR instrument is equipped with an internal reflection element, also called
ATR crystal (figure 2.11). An infrared beam is directed onto an optical dense
crystal with a high refractive index at a certain angle θ. The refractive index of
the sample n2 has to be lower than the refractive index of the optical dense crystal
n1. Then, total reflection is obtained when θ > θc, with θc = arcsin(n2/n1) [51].
The internal reflectance creates an evanescent wave that extends beyond the sur-
face of the crystal into the sample held in contact with the crystal. In regions
of the infrared spectrum where the sample absorbs energy, the evanescent wave
will be attenuated or altered. The attenuated energy from each evanescent wave
is passed back to the IR beam, which then exits the opposite end of the crystal
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Figure 2.11: Illustration of the working principle of ATR-IR analysis [86].

and is passed to the detector in the IR spectrometer. Examples of optical dense
crystals used for ATR-IR spectroscopy are Ge (n1 = 4.0), KRS-5 (n1 = 2.38), ZnSe
(n1 = 2.40) and diamond (n1 = 2.42).
The depth of analysis for this technique is 0.5 - 5 µm. Following equation can be
used to calculate this depth of analysis dp(µm):

dp =
λ

2πn1(sin2 θ − n2
12)

1/2
(2.26)

where λ is the wavelength of the IR light (µm), θ is the angle of incidence, n1 is
the refractive index of the IRE, n2 is the refractive index of the sample and n12 is
the shorthand notation for n2/n1. Although ATR-IR is mainly used for qualita-
tive analysis purposes, quantitative measurements are also possible to perform.
From a quantitative point of view, the Lambert-Beer law is not generally valid.
There is some absorbance/concentration proportionality, particularly when ab-
sorption coefficients are low, but the use of intensity ratios of bands present in
the same spectrum seems more suitable. The most serious obstacle that interferes
with quantitative applications is poor reproducibility in ATR measurements [85].
Calibration curves based on samples of known concentration have also been sug-
gested.

2.4.4 Time Of Flight Static Secondary Ion Mass Spectroscopy
A SIMS experiment consists of following steps: primary ion bombardment, en-
ergy transfer, particle desorption, particle mass analysis, and particle detection.
In this technique, the sample is bombarded with a primary ion beam, typically
Ar, Xe, Ga, or Cs ions, accelerated to 5 - 25 kV and focused on the surface of the
sample. The primary ion strikes the sample surface and transfers energy and mo-
mentum to the sample in a process called the collision cascade. These transfers
result in desorption of neutral species, secondary electrons and secondary ions.
In the final phase, the secondary ions are mass analyzed and detected [78].
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The instrumentation of a TOF-S-SIMS analyzer (figure 2.12) primarely consists of:

• An UHV system.

• A primary ion source (ion gun).

• An electron source for charge compensation.

• A TOF mass spectrometer.

Figure 2.12: Typical build-up of a time-of-flight secondary ion mass spectrometer.
This figure is obtained from reference [83].

Static SIMS involves the bombardment of a solid sample with a low density flux
of positive ions (or neutral atoms) and the mass analysis of the positive and neg-
ative secondary ions which are emitted from the sample surface. The two pro-
cesses involved in the production of secondary ions are sputtering and ionization
[87]. In case of TOF-S-SIMS, the bombardment is performed with an ion gun us-
ing a pulsed beam. The duration of each pulse is in the order of nanoseconds.
Next, the extraction field is switched on and the secondary ions are analyzed
with a TOF mass spectrometer. Negatively and positively charged ions are de-
tected separately by changing the polarity of the electric field of the extraction
unit. The whole spectrum is acquired in parallel.
During secondary ion time of flight analysis, the extraction field is switched off.
This moment is used to compensate charging on the surface. Indeed, the com-
bination of positive charge injection (primary ions) and secondary electron emis-
sion leads insulating samples to charge up positively during analysis. In the case
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of TOF-S-SIMS, electron sources with high fluxes of low energy electrons (10 -
70 eV) are applied. However, they have to be pulsed so that the electrons are
sprayed onto the sample.
Modern TOF instruments can achieve a mass resolution of m/∆m > 7000 at m/z
28 and > 10 000 at m/z 500. This excellent mass resolution can be used to confi-
dently assign a recorded peak to its corresponding fragment structure. A second
advanced feature of the TOF-S-SIMS method is that it can be used to identify
polymeric species. The fragmentation observed in the mass spectra can be quite
useful in determining the chemical structure of the polymer surface. Moreover,
the mass range of the spectra is virtually not limited by the apparatus parameter.
Hence, molecular masses of some thousands of Daltons may be observed. In the
case of polymers the wide scan spectra show peak clusters appearing from the
elimination of monomer units [83]. Wide scan TOF-SIMS spectra were also used
to determine the molecular mass and molecular mass distributions of low molec-
ular mass polymers. The polymer molecules with a low molecular mass have a
high tendency to migrate to the polymer surface and form the top layer of the
polymer which could make problems for polymer processing in the electronics
industries [83, 88].
Nowadays, numerous examples of modified polymer surfaces analyzed by TOF-
S-SIMS are provided [78, 83, 87, 89]. Several databases exist with mass spectra for
a variety of polymers [78, 87].
S-SIMS provides information on the molecular composition of the outermost layer
of the sample. Hence, the depth of information is in the order of 1 nm. It is very
clear from many practical examples that the sampling depth of S-SIMS is signif-
icantly lower than that for XPS, under typical operating conditions (i.e. take-off
angles > 45°, with respect to the sample surface) [87].
SSIMS is inherently more surface sensitive compared to XPS. The surface contam-
ination by adsorption causes more problems, not only is the available surface for
analysis reduced but also the spectrum of the contaminating material has a much
greater impact on the acquired spectrum in S-SIMS than would be the case for the
equivalent XPS experiment [78, 87].

2.4.5 Scanning electron microscopy and energy dispersive spec-
troscopy

2.4.5.1 Scanning electron microscopy

In SEM, an electron beam strikes the sample and generates deflected electrons
which are used to create an image at high magnification [80]. A small electron
beam is generated via the acceleration of electrons (0.1 - 30 keV) with an elec-
tron gun and electronic lenses. A deflection system allows the electron beam to
move over a defined surface in a discrete way. Every location is analyzed by an
electron detector generating a contrasted image due to different specimen beam
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interactions. Finally, a digital image is generated on the computer screen. This
build-up of a SEM instrument is illustrated in figure 2.13. The minimum image
resolution can be as low as a few nm. However, optimal measurement conditions
and sample properties are necessary to reach this resolution.

Figure 2.13: Typical build-up of a SEM instrument. This figure is obtained from
reference [80].

Backscattered electrons (BSE) and secondary electrons (SE), generated within the
interaction volume, are the two principal signals used to form images in SEM.
Secondary electrons are loosely bound outer shell electrons from the specimen
atoms which receive sufficient kinetic energy during inelastic scattering of the
beam electrons to be ejected from the atom and set into motion. The definition
of secondary electrons is based purely on their kinetic energy and not on their
origin. All electrons emitted with energies smaller than 50 eV are considered as
SE. The escape depth is in the order of 1-10 nm. The total secondary electron
coefficient δ is given by:

δ =
nSE
nB

=
iSE
iB

(2.27)

where nSE is the number of secondary electrons emitted from a sample bom-
barded by nB beam electrons, and i designates the corresponding currents. The
yield of the secondary electrons from pure-element targets is relatively insensitive
to atomic number (figure 2.14).
Escaped electrons with energies higher than 50 eV are called backscattered elec-
trons. Their maximum energy equals the energy of the accelerated electrons from



40 Scientific Background

the incident beam. BSE are beam electrons whose trajectories have intercepted a
surface, usually, but not necessarily, the entrance surface, and which thus escape
from the specimen. Backscattering is quantified by the backscatter coefficient η,
which is defined as

η =
nBSE
nB

=
iBSE
iB

(2.28)

where nB is the number of beam electrons incident on the specimen and nBSE
is the number of backscattered electrons (BSE). The backscattered coefficient can
also be expressed in terms of current. The backscatter coefficient increases nearly
monotonically with the atomic number of the specimen (figure 2.14).

Figure 2.14: Comparison of backscattered electron coefficients (η) and secondary
electron coefficients (δ) as function of atomic number; the acceleration voltage
applied is 30 keV. This figure is obtained from reference [80].

The escape depth of BSE is in the order of 1 µm depending on the energy of the
electron beam and the specimen elemental composition. Thus, SE micrographs
contain topographic information while BEC (Back Scattered Composition) micro-
graphs reflect variations in composition at the surface of a sample.

2.4.5.2 SEM analysis of polymers

From a SEM analyst point of view, polymers are categorized as non-conductive
dry synthetic organic materials. These solid materials can easily be mounted
on a metal holder and inserted into the vacuum chamber of the SEM instru-
ment. However, when the electron beam strikes the polymer, the surface starts
to charge. This phenomenon is referred to as charging and is a common feature
of most secondary electron images of non-conducting specimens. This is because
the secondary electrons are emitted with such low energies, 5 - 50 eV, that local
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potentials due to charging can have a large effect on the SE detector. This charg-
ing results in weird and distorted images. The most common and simplest way
to eliminate charging problems is to deposit a thin layer (10 - 20 nm) of conduct-
ing material on the sample surface. Sputtering and evaporation are the suited
techniques to deposit a variety of noble metals and their alloys or carbon [81].
In this work, SEM analysis is performed using the secondary electron mode and
the backscattered electron mode. The former mode provides information on local
fine-scale surface texture. The latter can result in compositional or topographic
contrast images.

2.4.5.3 Energy dispersive spectroscopy

Next to scattered electrons, the electron beam generates X-ray photons in the
beam-specimen interaction volume beneath the specimen surface. X-ray photons
emerging from the specimen have energies specific to the elements in the speci-
men. These are the characteristic X-rays that provide the EDS analytical capabili-
ties. Other photons have no relationship to specimen elements and constitute the
continuum background of the specimen (Bremsstrahlung).

Figure 2.15: Inner shell ionization in an atom and subsequent de-excitation by
electron transitions. The incident electron is elastically scattered. The unscattered
direction of the incident electron is shown by the dotted line. The difference in
energy from an electron transition is expressed either as the ejection of an ener-
getic electron with characteristic energy (Auger process) or by the emission of a
characteristic X-ray photon. This figure is obtained from reference [80].
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Figure 2.16: Fluorescence yield ω as a function of atomic number for electron ion-
ization within K, L and M electron shells. This figure is obtained from reference
[80].

When an electron beam interacts with a tightly bound inner shell electron of a
specimen atom, an electron from this shell can be ejected. The atom is left in
an excited state with a missing inner shell electron (figure 2.15). The atom re-
laxes to its ground state through a limited set of allowed transitions of outer shell
electron(s) filling the inner-shell vacancy. The energy difference between electron
shells is a characteristic value for each element. The relaxation of the atom results
in the release of excess energy in two possible ways. The first one is the Auger
process. Here, the difference in shell energies can be transmitted to another outer
shell electron, ejecting it from the atom as an electron with specific kinetic en-
ergy. The other way is the characteristic X-ray process. The difference in energy
is expressed as a photon which has a sharply defined energy.
The partitioning of the de-excitation process between the X-ray and Auger branches
(figure 2-15) is described by the fluorescence yield omega. For the production of
K radiation the fluorescence yield ωK is:

ωK =
#K photons produced
#K-shell ionizations

(2.29)

The X-ray process is not favored for low atomic numbers. The characteristic X-
ray process dominates for high atomic numbers. The fluorescence yields of the L
and M shells are also shown in figure 2.16.
The characteristic X-rays can be analyzed via an EDS (Energy Dispersive Spec-
trometry) or WDS (Wavelength Dispersive Spectrometry) detector. Here, only
the EDS detection method is discussed.
During the EDS analysis, a spectrum of counts (or counts per second) versus
energy is generated. This spectrum reveals the characteristic X-ray peaks super-
posed on a continuous background signal. Continuum X-ray production (Brems-
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strahlung) is responsible for the background signal. Characteristic X-ray lines
result from transitions between subshells. However, atomic theory tells us that
only transitions between certain subshells are allowed. This means that not all
transitions between shells results in characteristic X-rays. The applied accelera-
tion voltage during analysis is the maximum energy at which the spectrum will
reveal characteristic energy peaks of the atoms present in the analyzed volume.
The conversion of the X-ray peak intensities to elemental compositions of the
sampled volume is not straight forward! The X-ray intensity generated for each
element in the specimen is proportional to the concentration of that element, the
probability of X-ray production for that element, the path length of the electrons
in the specimen, and the fraction of incident electrons that remain in the speci-
men and or not backscattered. Different methods like the ZAF and PRZ methods
have been developed, however this is beyond the scope of this thesis.
Important to mention is that the detection limit for most elements is 0.1 - 0.2
wt%. Finally, there are three major advantages of conventional quantitative X-
ray microanalysis [80]:

• Small analytical volume.

• Elemental mapping combined with SEM micrographs.

• Nondestructive analysis capability.
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3
Literature overview

3.1 Surface modifications to enhance the adhesion to-
wards copper

3.1.1 Introduction
When electroless plating was introduced to deposit metals on plastics, it became
clear that a good adhesion between the plastic and the deposited metal was cru-
cial for any kind of application. Nowadays, these applications range from decora-
tive elements to high tech electronic devices (section 2.2.2). Up till now, electroless
metal deposition still remains one of the cheapest and straight forward processes
to integrate in a production line. However, the majority of plastic surfaces are
inert and therefore they suffer from poor adhesion. On some plastic surfaces, it is
even impossible to deposit metals at all.
The first strategy which was developed for increased metal adhesion consists of
polymer surface roughening using wet etching. In this case, increased adhesion
was generated due to mechanical interlocking.
Increasing the adhesion by chemical surface modification of inert/hydrophobic
polymers was applied later. Since the electroless deposition is based on surface
activation with palladium, surface modification strategies were developed to in-
crease the interaction with palladium complexes. In that way, inert polymer sur-
faces could be plated with metals. Generally, these specific surface modifications
methods aim to introduce and/or increase a number of functional organic groups
on the surface. A whole range of surface modification techniques/strategies to
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increase the adhesion of ELD metals are provided in this chapter: plasma modifi-
cations, wet-chemical modifications, polydopamine, self-assembled monolayers
and polyelectrolyte multilayers.
Each of the following sections starts with a brief description of the modification
technique followed by an overview of its use to increase the adhesion towards
ELD metals. Next, the nature of the interactions with surface functional groups
and palladium complexes is discussed in detail.

3.1.2 Plasma modifications of polymer surfaces

3.1.2.1 Plasma: a broad definition

Sir William Crookes introduced plasma as the fourth state of matter in 1879 [1],
while the term plasma was first used by Tonks and Langmuir in 1929 [2]. An
ionized medium consisting of electrons, ions (charged atomic or molecular frag-
ments) and possibly of neutrals and photons is called plasma. Plasma is obtained
when gases are excited into energetic states by radio frequency (RF), medium
wave (MW), or electrons from a hot filament discharge [3]. Two types of plasma
can be distinguished. The first type is the equilibrium or thermal plasma. Here,
the pressure is so high or the field is very low that charged particles do not move
very far before the next collision. The kinetic energy of the charged particles may
tend towards the kinetic energy of the neutral particles. These plasmas reach
very high temperatures (5000 - 10000 K) and are consequently not applicable for
polymers. Therefore, this will not be discussed in this work.
The second type is called non-equilibrium or non-thermal plasma or low pres-
sure plasma. In this case, the pressure is small enough or the fields high enough
so the electrons and partly the ions will, on the average, have a kinetic energy
corresponding to the random motion of the molecules. When treating a poly-
mer surface with low pressure plasma, 3 different phenomena, depending on the
operation parameters, can occur:

1. Introduction of functional groups (modification).

2. Etching (RIE: reactive ion etching).

3. Coating deposition by plasma polymerization.

Operation parameters involve sample/chamber geometry, pressure, gas flow rate,
chemical nature of the applied gas mixture and electromagnetic parameters (fre-
quency, power,. . . ). In this chapter, surface modification via plasma modification
and plasma post irradiation grafting is emphasized. Other techniques such as
plasma syn-irradiation and plasma polymerization are well documented but will
not be discussed here because they have not been applied for adhesion improve-
ment with ELD metals.
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3.1.2.2 Plasma modification of polymers to increase the adhesion with elec-
troless deposited copper

Commonly, plasma modification of polymer surfaces with gases such as O2, N2,
N2/H2 and NH3 have been used prior to electroless metal deposition to im-
prove palladium chemisorption and metal adhesion [3–10]. In general, oxygen
plasma treatment results in the introduction of C−O−C, C−OH, COOH func-
tional groups on the polymer surfaces. While nitrogen and ammonia plasma
treatments generate C−N, N−C−−O, and C−−N moieties on the surface.
The first study on palladium and tin chemisorption on plasma modified poly-
mers was reported in 1996 by Charbonnier et al. [4]. Plasma modifications using
different gases like O2, N2 and NH3 were performed on different polymer sub-
strates such as PC, PS and PP [5–7].
After the plasma modifications, the substrates were introduced in three palla-
dium containing catalyst solutions: two step catalyst, one step catalyst and an
acidic PdCl2 solution. After the activation, the surfaces were analyzed with XPS
to determine the Sn and Pd (surface) concentrations and their binding states.
The surfaces treated with oxygen plasma mainly adsorbed SnCl2 via coordina-
tion with C−−O and C−O groups (Figure 3.1). The presence of Pd was attributed
to the fact that Pd complexes are bond to these oxygen coordinated Sn species via
chlorine bridges.

Figure 3.1: Possible interactions of Sn and Pd species with plasma activated poly-
mer surfaces during catalytic activation. Figure adapted from reference [4].

The nitrogen and especially the ammonia plasma treatment resulted in much
higher and more exclusive palladium chemisorption. The authors stated that pal-
ladium is chemisorbed on the surface via sigma bonding with a nitrogen donor,
preferably on amine species. The ammonia plasma treatment introduced more
amine species on the surface compared to the nitrogen plasma. This resulted in
more Pd chemisorption. Unfortunately, these publications do not provide any
data on the adhesion strength of plated copper on these modified substrates.



54 Literature overview

Treatment of polyimide by two subsequent plasma steps has been reported by
Kohl and Lee [8, 9]. Lee used a combination of O2 and N2/H2 inductively cou-
pled plasmas, respectively. Higher peel strengths were obtained compared to the
single plasma treatments. The oxygen plasma was used to introduce roughness,
while the N2/H2 plasma created amine and amide functional groups on the sur-
face. The latter resulted in a better chemisorption of palladium catalytic species
via Pd-N bond formation.
Kohl et al. modified polyimide and ECN resins with argon and/or ammonia
plasma [8, 11]. The combination of argon plasma followed by ammonia plasma
resulted in the highest copper adhesion in the case of polyimide substrates. Ar-
gon plasma introduced roughness on the surface via RIE (Reactive Ion Etching)
while subsequent ammonia plasma generated N−−CR groups on the polyimide
surface. In the case of ECN resins, surface roughness was introduced via wet
chemical etching followed by ammonia plasma treatment. Kohl was able to dou-
ble the copper peel strength in case of low roughness plasma treated substrates
(RMS from 20 nm to 100 nm).
In conclusion, plasma modifications can be used on almost all types of polymer
substrate surfaces. Although it is restricted to 2D modification processes. The
introduction of nitrogen containing functional groups, especially amines, leads
to the highest increase of adhesion towards plated metals. This was attributed
to an increase of Pd chemisorption. The big disadvantage of this strategy is the
need of vacuum conditions which hampers the introduction into a commercial
process. Nowadays, atmospheric pressure plasmas using specific gas mixtures
are being developed. Therefore, it is possible to introduce this technique in roll to
roll processing of flexible substrates (see secion 3.3.5).

3.1.2.3 Plasma-induced graft (co)polymerization or post irradiation grafting

Introduction

This surface modification technique aims to introduce selective functionalities on
the surface via the grafting-from method. Non-thermal plasma treatment with
argon or helium gases is known to generate mainly radical species on the sur-
face. The radical species can initiate the subsequent "grafting from" polymeriza-
tion. Three different post irradiation grafting synthesis strategies can be distin-
guished. First, the plasma activated surface is brought into direct contact with
the monomers in gas phase. Second, an immediate transfer of the substrate into
a monomer solution is established. The third strategy includes plasma treatment
followed by contact with oxygen from the ambient air. Reaction with oxygen cre-
ates peroxides and hydroperoxides on the surfaces. These peroxides act as initia-
tors when irradiated with UV-light (or thermally treated). Practically, the treated
substrates are placed in a monomer solution and irradiated with UV light. The
peroxides generate radicals on the surface and initiate the "grafting from" poly-
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merization.
The selective functionalities on the surface can be tuned by choosing an appro-
priate monomer. In most cases, derivatives of acrylates and methacrylates are
applied. Other monomers such as vinyl imidazol, vinyl pyridine, styrene,. . . can
also be used.
The post irradiation grafting method is applied on a variety of surfaces for dif-
ferent research goals. It is used as a strategy for polymeric biomaterials surface
modification for different applications such as implant biomaterials, biosensing,
surface diagnostics, affinity chromatography,. . . [3, 12–14] More important in this
work, this modification strategy is applied to increase adhesion of electroless de-
posited copper to polymer surfaces.

Increasing the adhesion of electroless copper via post irradiation grafting

The research group of Neoh and Kang applied the post irradiation grafting strat-
egy on polymer surfaces to increase the adhesion with electroless deposited met-
als [15–25]. In nearly all cases, the third synthesis strategy was applied to modify
the surface of polymer substrates. A schematic overview of the post irradiation
grafting strategy used by the group of Neoh and Kang is provided in figure 3.2.
Important drawbacks of this reaction strategy are:

• The need for a vacuum plasma instrument.

• Monomer mixtures have to be degassed prior to reaction.

• Hazardous monomers and solvents are used.

• Purification steps using solvents have to be performed after modification.

• Large total process time.

Nevertheless, on the academic point of view, interesting results and conclusions
are provided concerning the interaction of PdII species towards oxygen and nitro-
gen containing functional groups and subsequent electroless deposited copper.
In most cases the post irradiation grafting modifications are followed by electro-
less copper deposition using PdCl2 in the two-step or Sn-free catalytic activation
steps. The references provided in the following text parts contain more informa-
tion on the conditions and optimizations of the post irradiation grafting reactions
with different monomer types.
In 1999, Kang et al. modified PTFE substrates to increase adhesion with evap-
orated copper [18]. Post irradiation grafting with acrylic acid (AAc), glycidyl
methacrylate (GMA) and 1-vinyl imidazol (VIDz) resulted in increased adhesion
compared to the unmodified and Ar plasma modified surfaces [23]. Kang con-
cluded that this increased adhesion is due to interactions of functional groups
present in the grafted polymer with copper. Copper interacts preferably with
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Figure 3.2: Schematic illustration of the reaction pathways applied by Kang et al.
to modify substrate surfaces with post plasma irradiation grafting followed by
electroless copper deposition. This figure is adapted from reference [22].

COOH and epoxide groups (Cu-O) over nitrogen groups of imidazole (Cu-N).
Consequently, the adhesion of evaporated copper was larger in the case of p-AAc
and p-GMA (figure 3.3) surface grafted surfaces. A subsequent oxygen plasma
treatment of substrates with an outer layer of polyGMA results in high adhesion
strengths (1.5 N/mm) towards evaporated copper [18].
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Figure 3.3: Abbreviations, full names and structures of the polymers discussed in
section 3.1.2.4.
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These results inspired the group of Kang to modify PTFE substrates with p-GMA
to improve the adhesion towards electroless deposited copper [20]. After modi-
fication with p-GMA via post irradiation grafting of PTFE (polytetrafluoroethy-
lene), additional treatments with APTES (3-aminopropyltriethoxysilane) or PANI
(polyaniline) were performed. In case of treatment with hydrolysed APTES, the
authors claimed the introduction of amine groups on the surface. When PANI
was used as subsequent treatment, the epoxy moiety on the surface reacts with
the nitrogen group of PANI. After reduction, amine groups were observed on the
surface. The APTES treated p-GMA modified substrates resulted in the highest
adhesion (1.0 N/mm) towards electroless deposited copper (two-step process). In
case of PANI modifications, it was even possible to deposit copper using the Sn-
free palladium chloride activation process. Finally, additional Ar plasma treated
modified surfaces resulted in peel strengths of 1.0 - 1.3 N/mm.
Earlier, Charbonnier et al. reported that the introduction of nitrogen functional
groups increased the interaction with Pd catalytic systems in the electroless depo-
sition process [4–7]. Based on these findings, Kang modified PTFE substrate sur-
faces by post irradiation grafting with 5 different nitrogen containing monomers:
4VP, 2VP, VIDz, VPD and AAm (chemical structures available in figure 3.3) [22].
Electroless copper deposition with acidic PdCl2 in absence of SnCl2 was only
possible on the substrates modified with 4VP and 2VP. The latter resulted in high
Pd/N atomic ratios measured with XPS after activation. Moreover, the Sn-free
activation process was beneficial to the adhesion of electroless deposited copper
compared to the two-step activation process (0.7 N/mm versus 0.5 N/mm). The
increased adhesion was attributed to the strong interaction of the pyridine func-
tional groups of the grafted polymer with Pd and Cu.
Later, these authors used methacrylate monomers substituted by tertiary and
quaternary amines to modify a polyimide surface via post irradiation grafting
[25]. In all cases, the majority (85 - 95%) of the observed Pd after activation with
PdCl2 (in 0.1 M HCl), is in the complexated state. Surfaces modified with qua-
ternary amines resulted in higher Pd/N ratios determined by XPS. Consequently
these surfaces showed a smaller induction period for copper deposition com-
pared to p-DMAEMA modified surfaces (with the same graft concentration). The
increased adhesion of p-Q-DMAEMA versus p-DMAEMA is attributed to the
additional primary amine group of the latter. In this case both Cu-N and Pd-N
complexes in the interface contribute to the adhesion with electrolessly deposited
copper. Finally, Neoh and Kang concluded that an interface consisting of an in-
terpenetrating network of grafted polymer chains in the copper matrix or layer is
generated after electroless deposition. Within this interface, the presence of Cu-N
bonds contributes to the increased adhesion [24].

Conclusions

Post irradiation grafting shows great potential to increase the adhesion with elec-
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troless deposited metals. The use of monomers containing tertiary and quater-
nary amines is the most successful. However, this modification suffers from the
use of hazardous compounds, complex instrumentation and harsh conditions.

3.1.3 Wet chemical modifications

3.1.3.1 Etching and roughening of polymers

Wet chemical etching is essentially an isotropic process that produces roughened
polymer surfaces due to polymer heterogeneities such as flexibilizing agents and
additives. It is commonly used in industrial PCB production due to the low cost
of the process. The introduction of roughness increases the contact volume be-
tween two layers and potentially provides better adhesion via mechanical inter-
locking. However, each treatment needs to be optimized.
The most commonly used etching solutions are aqueous solutions of strong oxi-
dizers such as KMnO4/NaOH and K2Cr2O7/H2SO4. However, etching requires
specific solutions and treatment conditions for each type of polymer. For ex-
ample, polyimide is etched with KOH or NaOH solutions, sometimes combined
with ethanolamine or aliphatic amines [26–28]. In case of epoxy/phenolic resins,
etching with alkaline permanganate solutions after a swelling step has become a
standard process step in PCB manufacturing. Treatment with a sweller solution
prior to etching leads to an increased etching speed. The exact role and functions
of these swelling and oxidizing treatments on epoxy resins will be discussed in
the next section. Here an overview is provided on reported research concerning
etching of epoxy resins prior to electroless metal deposition.
In 2004, our research group reported a number of papers dealing with the study
and kinetic modeling of wet chemical treatments of Probelec (a commercial photo
definable ECN resin) surfaces [29–33].
The author developed a model as to how the polymer chain is broken down at
its surface. This model implies certain mechanisms that cause the formation of
roughness on the Probelec surface. The most important conclusions of these pa-
pers are:

1. Etching with alkaline permanganate solutions of the Probelec resin mod-
ifies the type of functional groups at the surface in comparison with the
untreated sample. The etching results in a pore type roughness.

2. Polar groups at the surface react with the oxidizing agent and the different
surface concentration leads to a difference in etching speed.

3. Usage of a sweller agent increases the number of polar groups at the surface.
This causes an increase in the number of polymer break down groups.

4. Usage of a sweller causes polymer chains to bend under the influence of
the strain caused by the presence of sweller molecules in the free volume of
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the polymer. This bending exposes the polar groups present in the polymer
chains at the surface.

5. The swelling agent rearranges polar groups in the polymer into packets and
the etch solution then preferentially attacks these packets forming pores.

6. Chemical changes at the surface occur during a very short exposure time to
a permanganate solution, after that a steady state exists. Therefore, in case
of longer exposure times, only the roughness is changing further.

The increase in roughness is linear with time for oxidative treatments until a cer-
tain treatment time, indicating a constant speed of roughness increase. The faster
the of roughness increases, the smaller the treatment time at which the linear
increase of roughness stops. In the case of limited reaction times, the speed of
roughness formation of the swollen and oxidized samples (S + O) is proportional
to the speed of the oxidized samples (O).

d(RMS)S+O
dt

= K
d(RMS)O

dt
(3.1)

The acceleration K > 1 and is dependent on the sweller and oxidizer treatment
times.

3.1.3.2 Roughening of polymer surfaces to increase adhesion with electroless
deposited copper

In general, the research approach in this case consists of following steps:

1. Swelling and etching of the polymer surface at different times, temperature
and sequences.

2. Analysis of the roughness in numerical terms by AFM/SFM/profilometry
followed by the topographical description of the roughness via SEM-analysis.

3. Influence of the treatment on the chemical composition of the polymer sur-
face determined with XPS and ATR-IR

4. Copper deposition via ELD followed by electroplating.

5. Evaluation of the copper adhesion on the modified polymer.

Ge et al. investigated the influence of commercial sweller and oxidizer treatments
on a photo definable ECN resin and a polyester [34, 35]. Etching treatment re-
sulted in poor adhesion with ELD copper. The use of a swelling step, prior to
etching, resulted in faster and more uniform etching and finally in higher adhe-
sion. However, when the etching time was further increased, decreased adhesion
was observed due to an affected bulk structure. They also concluded that an
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optimization of the number and shape of the cavities on the epoxy surface was
decisive for strong adhesion.
Five years ago, Siau reported a lineair correlation between copper peel strength
and surface roughness of Probelec [36]. The roughness was introduced via con-
secutive swelling and etching (KMnO4/NaOH) treatments. Copper was deposited
via ELD followed by electroplating. A surface RMS roughness of 500 nm (mea-
sured with AFM) led to peel strengths of 1.5 N/mm (total Copper thickness 20
µm).
Recently, Hayden et al. investigated the adhesion of ELD copper on roughened
Probelec surfaces at low roughness values (RMS from 20 nm to 100 nm) [11].
Roughened surfaces were prepared via swelling and etching (KMnO4/NaOH).
Again, a linear correlation between copper peel strength and roughness was ob-
served. At 100 nm RMS roughness the measured peel strength was about 0.6 - 0.7
N/mm (total copper thickness of 40 µm).
Post curing after electroless metal seeding of chemically etched build-up dielec-
tric film substrates can lead to increased adhesion [37]. Different reasons for this
increased adhesion were coined up: increase of interfacial energy, post curing re-
moved the micro-voids at the metal/buildup film interface and the change in the
mechanical properties of the metal layers [38].
Other resins which can be roughened with KMnO4/NaOH solutions (prior to
ELD) are phenolic resins. In 2013, Wang et al. reported a Sn free activation step
for electroless copper on an etched glass fiber containing phenolic resins [39]. A
mechanism for phenolic resin break-down during etching was presented. Rea-
sonable adhesion of the deposited copper was obtained compared to non-treated
substrates.

3.1.3.3 Wet-chemical modifications of epoxy surfaces to increase adhesion with
electroless deposited copper

Next to a modification of the surface roughness, chemical modifications of the
surface can increase the adhesion through increased chemical attraction/bonding
between two different materials. The major advantage of this modification tech-
nique is its easy incorporation in the manufacturing process of PCBs. Indeed, this
technique does not require expensive vacuum instruments (in the case of plasma
modifications). However, the use of hazardous solvents and reagents is hamper-
ing their introduction in the process line. Therefore, the ideal modification media
are aqueous solutions containing non-hazardous reagents which can modify the
substrate surface in a relatively short time and at low temperature.
In 2005, our research group reported on wet chemical organic surface modifica-
tions of etched ECN resins to improve adhesion with ELD copper [40, 41]. The
modification strategy included 2 steps (figure 3.4). First, cyanuric chloride is co-
valently bound to the surface via reaction with hydroxyl groups. Next, the re-
maining reactive sides on the coupled chloro triazine were used to bind nucle-
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ophilic nitrogen and sulfur containing molecules. Three different nucleophiles
have been introduced via this method to the ECN resin surface: iminodiacetic
acid, imidazole and 2-mercaptopyrimidine. In case of certain imidazole and imin-
odiacetic acid modifications, the adhesion with copper was slightly improved
from 0.9 N/mm (untreated, fully etched) to 1.1 N/mm. Moreover, these modi-
fications resulted in different grain sizes of the deposited copper and deposition
rates.

Figure 3.4: Schematic illustration of the reaction of cyanuric chloride with the
ECN surface followed by nucleophilic substitution of the coupled triazine. Nu
stands for a molecule containing a nucleophilic moiety.

An alternative method for the oxidation of epoxy polymers prior to ELD of cop-
per has been developed by Kim et al. in 2006 [42, 43]. They oxidized the epoxy
surface via immersion in an aqueous TiO2 dispersion followed by UV irradiation.
This process resulted in an increased surface concentration of oxidized groups
such as C−−O, OH and COOH. Increased quality of the deposited copper was ob-
served compared to untreated samples. However, there was no quantitative data
presented concerning the adhesion strength of the deposited copper.

3.1.3.4 Polymer surface modification with polyelectrolyte multilayers

The introduction of polyelectrolyte multilayers (PEMs) on surfaces was first de-
scribed by the French researcher Gero Decher in 1991 and published six years
later in Science [44, 45]. PEMs are thin films formed from two oppositely charged
polyelectrolytes, alternately adsorbed onto a surface one layer at a time [46].
PEM films can be deposited on a surface via dipping, spin-coating or spray-
ing processes [47]. This method creates highly tuned, functional thin films with
nanometer-level control of film composition [48]. Next, the reaction products are
cheap and green, and the reactions can be carried out in aqueous environment.
Moreover, PEMs can be applied selectively on surfaces using micro-contact print-
ing or inkjet printing.
In view of electroless metal deposition, polyelectrolyte multilayers of polyacrylic
acid (PAAc) and polyallylamine hydrochloride (PAH) were introduced on the
surface of glass and polystyrene [46]. In that way, positively and negatively
charged surfaces can be generated when the top layer predominantly exists of
PAH (pH 7.5) and PAAc (pH 3.5), respectively. It was proven that on both top lay-
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ers, Pd complexes could be bonded to the PEM surfaces. Both positively charged
tetraaminepalladium(II) chloride and negatively charged sodium tetrachloropal-
ladate can be bound to PAAc and PAH, respectively. Subsequently, the activated
surfaces were plated with Ni using a standard alkaline electroless bath formula-
tion.
Recently, Lee et al. reported on a facile method of nickel deposition on various
hydrophobic polymer surfaces (PE, PP and PS) [49]. This method consists of a
straight forward dip and rinse modification procedure using a PAH aqueous so-
lution at pH 6.5. Hydrophobic interactions between the long carbon chains of
PAH and the polymer surfaces were responsible for the adsorption. At a pH
value of 6.5 (< pKa (PAH) = 8.7), PAH is partially protonated leading to a good
spreading on the substrate surfaces. It was stated that an electrostatic interaction
was established between the positively charged PAH groups and the negatively
charged Pd complex (Na2PdCl4

–). Although the polymer surfaces were metal-
lized after immersion in a nickel plating bath, the deposited nickel suffered from
delamination and poor adhesion.

3.1.3.5 Conclusions

Different modification strategies like wet etching, wet-chemical, plasma and the
introduction of polyelectrolyte multilayers can be applied to increase the adhe-
sion towards electroless deposited metals. Concerning the wet etching, increased
roughness leads to increased adhesion of ELD metals. Moreover, mechanical in-
terlocking can provide even higher adhesive strengths.
If chemical groups are introduced to the polymer surface by wet-chemical or
plasma modifications, amine groups result in the highest increase of Pd species
on the surface after catalytic activation.
In general, these modification technologies can lead to adhesive strengths rang-
ing from 0.2 to 1.5 N/mm. However, in some cases the copper was not plated
until 5 µm prior to peel testing. If the thickness is limited less internal stress is
present in the copper. Therefore, it is difficult to compare these results mutually.

3.1.4 Polydopamine surface modification for adhesion improve-
ment with deposited metals

3.1.4.1 Introduction

In 2007, Messersmith and his coworkers developed a mussel adhesive protein
(MAP) inspired poly-dopamine coating [50–53] which can be deposited on a wide
range of materials (polymers, ceramics, metals, metal oxides, (super) hydropho-
bic surfaces, etc.) [54–57].
The approach of the polydopamine coating was inspired by the adhesive proteins
secreted by mussels for attachment to wet surfaces. Mussels are promiscuous
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Figure 3.5: Biodistribution and amino acid composition of mussel adhesive pro-
teins of Mytilus edulis. (A) Photograph of a mussel attached to a glass surface,
showing the byssal threads and adhesive pads. (B) The biodistribution of Mefps.
Mefp-3 and Mefp-5 are found at the pad substrate interface. (C) The amino acid
sequences of Mefp-3 and Mefp-5, which have the highest known DOPA contents,
at 21 and 27 mol%, respectively. This figure was obtained from reference [51].

fouling organisms and have been shown to attach to virtually all types of inor-
ganic and organic surfaces. It was shown that the structural mimic of Mytilus
edulis foot proteins Mepf 3 and Mepf 5 (figure 3.5) is a powerful building block
for spontaneous deposition of thin polymer films on virtually any material sur-
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face and that the deposited films are easily adapted for a wide variety of func-
tional uses [50, 51, 58].
The clues for these mussels’ adhesive properties is believed to lie in the amino
acid composition of proteins found near the plaque-substrate interface, which
are rich in 3,4-dihydroxy-L -phenylalanine (DOPA) and lysine amino acids (figure
3.6). Dopamine is a molecule which contains both the catechol group from DOPA
and the amine group from lysine. This molecule was used as a starting point for
the biomimetic approach in developing the dopamine coating.

Figure 3.6: Chemical structures of 3,4-dihydroxy-L -phenylalanine (DOPA), lysine
and dopamine.

The polydopamine coating is applied via a straight forward dopamine oligomeri-
sation in aqueous marine conditions (figure 3.7) [50]. Actually, the polydopamine
coating on polymer surfaces has good stability and durability in various environ-
ments, except in strongly alkaline solution (pH > 13) [50, 59]. The exact molecular
composition of the final coating is not clear yet. However, amine, catechol and
hydroquinone functions are believed to be present on the surface of this coating
[60]. Usually, the thickness of this coating is 5 - 50 nm and can be increased by
multiple dopamine additions [61, 62].
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Figure 3.7: A schematic illustration of thin film deposition of polydopamine by
dip-coating an object in an alkaline dopamine solution. This figure is obtained
from reference [50].

The most popular applications of polydopamine modified surfaces is located in
the field of biomaterials [63–66], (anti)fouling [67–69], tissue engineering [70] and
cell adhesion/proliferation [56, 71–75]. The polydopamine coating can be used
as such or can be modified through covalent bonding of a variety of specific
bio(macro)molecules [60, 75, 76]. The oxidized quinone form of catechol is highly
reactive towards various functional groups including thiol, amine and quinone
itself via Michael-type additions or Schiff base reactions [77–80]. However, later
research showed that electrostatic interactions also contribute to the binding of
proteins to polydopamine coatings [81]. Additionally, polydopamine surface de-
position has been used successfully in other applications such as anti-corrosion
for microtribology, enhanced dispersion for electrocatalysis and fouling-resistant
membranes for water purification [82, 83].
Dopamine can also be incorporated in polymers through initial modification of
the monomer(s) with dopamine like molecules [84–87] or post modification of
polymer chains (figure 3.8) [88]. Examples of polymer chains which have been
modified with dopamine are polyethylene glycol [89–93], polyethylene imine [94,
95], pluronics [96], hyaluronic acid [77, 94] and polypeptides [72, 97].
Dopamine mimetics have also been synthesized as surface ATRP initiators for
subsequent surface modification via the grafting-from approach [98–102]. An
excellent overview of catechols (especially dopamine) as versatile platforms in
polymer chemistry and their applications can be found in literature [88].
Important in this thesis is that catechol groups are known to have a high affinity
for transition metals [53, 103, 104]. In most cases polydopamine is used to modify
or tailor the interfacial properties of metals, metal oxides and semiconductors.
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Figure 3.8: A schematic overview of the application possibilities of dopamine (=
D) and polydopamine.

3.1.4.2 Formation, structure and morphology of the polydopamine surface

When Messersmith published the polydopamine modification in Science, some
initial statements on the thickness of the layer were included [50]. After 24 h,
the film thickness reached a steady state. A maximum thickness of 50 nm was
observed. Based on XPS measurements on 25 different substrates modified with
polydopamine, they concluded that the minimum film thickness is about 10 nm
due to the absence of elemental peaks from the initial underlying substrates. Im-
portant to mention here is that they only used one type of dopamine reaction
mixture (dopamine.HCl 2mg/ml, 10mM TRIS, pH 8.5).
The first detailed investigation on the formation kinetics of polydopamine layers
was reported by Vincent Ball in 2009 [105]. In this report, the deposition kinet-
ics and layer thicknesses on silicon oxide substrates were studied using QCM
(Quartz crystal microbalance), ellipsometry, XPS and AFM. They stated that the
layer thickness is strongly influenced by the presence of humidity (XPS versus el-
lipsometry analysis). A continuous growth of the film is only possible when non-
oxidized dopamine molecules are regularly provided to the surface. Concerning
the deposition mechanism, they stated that deposition of "dopamine-melanine"
is a process initiated by the interaction of monomeric species or small oligomers
with the substrate. Dopamine is assumed to deposit on a substrate surface in the
same manner that polymerization in solution occurs. The absorbed radicals ini-
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tiate the polymerization reaction, leading to oligomers and their nanoaggregates,
which form a continuous film and fully cover the substrate surface. Monomers,
nanoaggregates (2 - 20 nm), and a relatively few small polydopamine particles
(20 - 50 nm) coming from the solution are also capable of being incorporated
into the deposited polydopamine layer by covalent bonding, pi-stacking or other
noncovalent interactions [106].
Later, in 2011, Ball’s research group studied the influence of different buffer so-
lutions and oxidants on the polydopamine formation. Important here is that the
morphology of the deposits was discussed [107]. Based on AFM measurements
they reported that the deposition consisted of cluster like deposits with a lat-
eral dimension of a few 100 nanometers. This was confirmed by Müller et al.
who studied polydopamine depositions in dry state with SFM (Scanning Force
Microscopy) [108]. Finally, thinner (5-10 nm) and more uniform polydopamine
layers can be obtained by performing the deposition in an oxygen atmosphere or
by decreasing the deposition time [82, 109].

3.1.4.3 The chemical structure of polydopamine

Concerning the chemical structure, great controversy exists among the scientific
community. Four different models have been proposed in the literature [110]:

• Polycatecholamine model.

• Eumelanin-type (polyvindole) model.

• Quinhydrone model.

• Physical trimer model.

The first two models are traditional models postulated by application-oriented re-
searchers before 2012 (figure 3.9). In the polycatecholamine model, the resulting
structure is a linear polymer of catecholamine units linked through biphenyl-
type bonds. In case of the second model, the building units of the polymer
chain consist of 1,6-dihydroxyindole (DHI) [50]. DHI is a key cyclization prod-
uct of dopamine. This model is based on the biosynthetic pathway of natural
(eu)melanins [107, 111]. However, these two models were based on speculation
and lack solid experimental evidence [110].
In 2012, two research groups started to re-examine the nature/structure of poly-
dopamine. The group of Bielawski used solid state NMR and crystallographic
techniques to analyze the structure of polydopamine obtained from the precip-
itate using the procedure of Messershmit [112]. They came to the conclusion
that polydopamine is not a covalent polymer, but is rather a supramolecular ag-
gregate of monomers (consisting primarily out of DHI and dopaminochrome).
Those monomers are held together through a combination of charge transfer, pi-
stacking and hydrogen-bonding interactions. This model is called the quinhy-
drone model.
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Figure 3.9: Traditional and recent models of the polydopamine structure. This
figure is obtained from reference [110].

The second group who re-investigated the polydopamine structure in 2012 was
the group of professor H. Lee [113]. They stated that non-covalent self-assembly
(physical trimer model) and covalent polymerization co-contribute to polydop-
amine formation. The covalent polymerization follows the same pathway as pro-
posed in the eumelanin-type model. Through proton NMR and HPLC-MS anal-
ysis, the presence of a physical trimer was postulated. This physical trimer of
(dopamine)2/DHI is derived from a self-assembly mechanism leading to a sig-
nificant component of polydopamine.

The latest progress concerning the polydopamine structure elucidation came from
the group of Sebastian Beck [114]. They demonstrated that polydopamine cannot
consist of single indole units just held together by hydrogen bonding (see quin-
hydrone model). Instead, C−C connections between the monomer units exist. A
structured model of polydopamine was developed which consists of mixtures of
different oligomers wherein indole units with different degrees of (un)saturation
and open-chain dopamine units occur.
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3.1.4.4 Polydopamine modification to enhance the adhesion with electroless
deposited metals

In this work, the primary goal is to increase the adhesion of epoxy resins towards
electroless deposited copper. Therefore the epoxy resin will be coated with poly-
dopamine. In fact, this is not the same as modifying a metal surface. Only few
publications exist which make the link between polydopamine surface modifica-
tions and increased adhesion with deposited metals. The paper of Messersmith
published in Science describes a proof of principle for metal deposition from so-
lution on nitrocellulose films, coinage metals, plastic objects, Au, Si3N4, TiO2,
SiO2, PC, PS, PEEK, Nb2O5, Al2O3, NiTi and glass substrates [50]. The latter sub-
strate contained patterned copper via a photolithographic process. The electro-
less copper was deposited via immersion in a copper chloride solution containing
EDTA, boric acid and dimethylaminoborane (reductans) at pH 7. This deposition
method does not require activating the substrate surface with catalyst particles.
However, information concerning metal layer thickness or adhesion was not pro-
vided.
Quite recently, the influence of a polydopamine coating on copper deposition
through metalorganic chemical vapor deposition was studied [115]. The poly-
dopamine modification did not lead to proper copper deposition due to the in-
stabilility of this coating at 195 ◦C.
Some examples of electroless silver plating on polydopamine modified surfaces
can be found in the literature [103, 116–119]. The first example is the fabrica-
tion of silverized glass fibers and silver-coated microspheres [103, 117]. In the
latter, silica particles are modified with polydopamine followed by seedless elec-
troless silver deposition in different ammoniacal silver nitrate solutions. Glucose
was added to reduce the absorbed [Ag(NH3)2]+ ions. The second example in-
volves the production of silver nanoparticles on aluminum oxide membranes and
polystyrene [118]. The polydopamine modified surfaces are treated with silver
nitrate solutions to create silver nanoparticles via electroless deposition. These
materials can be used as supported metal catalysts for reduction of organic com-
pounds such as ortho nitroaniline.

3.1.4.5 Conclusions

Polydopamine modification is a straight forward surface modification method
for almost any kind of substrate. Although its chemical structure on the surface
is still a point of discussion, it has proven to be useful in a large variety of ap-
plications. Moreover, polydopamine modified substrate surfaces can be used for
subsequent tailored modification processes.
The potential of the polydopamine modifications prior to ELD has been reported.
In this work, this modification strategy will be used on ECN resins to study its
influence on the electroless copper deposition.
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3.1.5 Ligand induced electroless plating
The latest evolution in the catalyst development for electroless plating on poly-
mers is driven by the total exclusion of the use of palladium and tin. Elimi-
nating these metals in the process leads to cleaner and cheaper chemistry. The
most logic way to deal with this quest is to use the autocatalytic properties of
cheaper metals such as copper or nickel. Nevertheless, independent of the cata-
lyst composition, the main difficulty of this process consists of chemisorbing the
catalyst as metallic particles on polymer surfaces [120, 121]. Several methods to
generate Cu or Ni metallic species on the polymer surface have been reported.
These methods include introduction of specific ligands (via surface modification)
for complexation [121–124] and/or ion exchange reactions [125–127], or direct
incorporation of metallic particles in the polymer/resin [128]. In most cases,
the chemisorbed metal ion has to be reduced. Generally, sodium/potassium
borohydride or dimethylaminoborane containing solutions are used for this spe-
cific reduction step. Alternatively, plasma or VUV treatment can also be applied
[129, 130]. The reduction is then followed by electroless metal deposition.

Figure 3.10: Schematic illustration of the ligand induced electroless plating pro-
cess. This figure is adapted from reference [131].

In 2010, Serge Palacin and Thomas Berthelot coined up a new name for the metal
complexation process pathway: "Ligand Induced Electroless Plating" (LIEP) [124,
131]. This is a simple process to obtain localized metal plating onto flexible poly-
mers such as PET, PVDF (Polyvinylidene fluoride) and ABS sheets. The process is
based on the covalent grafting by the GraftFast process of a thin chelating poly-
mer film, such as polyacrylic acid (PAAc), which can complex copper or nickel
ions (figure 3.10) [121, 132]. Reduction of these ions in the host polymer leads
to Cu0 or Ni0 species which act as a seed layer for electroless copper or nickel
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growth. The advantage of this process lies in the properties of the grafted PAAc
layer. The roughness of the PAAc layer is higher than that of the starting poly-
mer surface. Moreover, metal complexation not only occurs at the surface but
also deeper into the grafted PAAc layer. This generates an increase in adhesive
strength due to increased mechanical interlocking.
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3.1.6 The use of silane based SAMs to increase the adhesion
with electroless copper

3.1.6.1 Self-Assembled Monolayers: a definition

The functionalization of surfaces with SAMs (Self-Assembled Monolayers) is a
widespread method to tailor physical and chemical surface properties. SAMs are
highly ordered 2D structures that form spontaneously on a variety of surfaces
[133]. The most commonly used SAMs are thiols on gold and silanes on hydroxyl
containing surfaces (silicon oxide, glass,. . . ). The preparation is possible via gas
or liquid phase deposition. The use of SAMs in technology has been motivated by
their potential applications in devices, chemical sensing, heterogeneous catalysis,
biosensing, biomimetics and bio-compatibility [133–136].
In this work, the research interest is mainly focusing on silane SAMs because
they have been used to increase the adhesion with electroless deposited metals
[120]. In contrast to the thiols on gold, silane based SAMs on silicon oxide are
more problematic to prepare since the quality of the monolayer is very sensitive
to the reaction conditions: effects of water, cleanliness, solvent, silane concentra-
tion and temporal extent of the adsorption [134]. Reaction parameters should
be optimized in order to avoid competing reactions such as polycondensation or
physical adsorption of the silane molecules on the surface.
The reaction of the bond formation between the silicon oxide surface and the
silane (figure 3.11) proceeds as follows [137]:

1. Hydrolysis of the silane component due to the presence of adsorbed water
on the surface.

2. Covalent adsorption of the hydroxysilane product.

3. A post heating step to obtain "horizontal polymerization" (i.e., the forma-
tion of Si-O-Si bonds between adjacent surface silane molecules).

The silanes used for SAMs formation are trimethoxy, triethoxy or chloro substi-
tuted silanes with one functional organic group R. The latter will determine the
surface chemical property after modification. A broad spectrum of functional-
ized silanes is available creating lots of possibilities to produce a tailored surface.
Moreover, further patterning (by chemical transformation) of these SAMs can be
accomplished [133].
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Figure 3.11: Schematic illustration of the formation and structure of SAMs on a
silicon oxide surface. This figure is adapted from reference [138].

3.1.6.2 The use of silane based SAMs to increase the adhesion with electroless
copper: a thorough silane selection

Two decades ago, Calvert and Dressick started to use silane based SAMs on sili-
cone and fused silica surfaces to increase palladium catalyst chemisorption [139–
141]. They demonstrated that a Pd/Sn catalyst adheres sufficiently to lead to
electroless metallization of surfaces modified with terminal olefin, amine, thiol,
hydrocarbon, heterocyclic and phosphocholine. An overview of the silanes chem-
ical structure used in the following text part is provided in figure 3.12.
The above mentionned researchers discovered that pyridine (PYR) and amine
containing ligands (ABTS) can interact with PdII solutions via covalent interac-
tions to generate catalyzed surfaces amenable to electroless metallization pro-
cesses without the use of a Sn activation step. Later, in 1997, ethylene diamine
(PEDA and EDA), bypirydil (BPYR) and phenylphosphine (PHOS) containing
silanes were used to enhance the number of adsorbed palladium chloride species
through Pd-P and Pd-N bond formation [142].
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Figure 3.12: Chemical structures and abbreviations of the silane derivatives.
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The use of a Sn free process requires an in situ reduction of the chemisorbed PdII

species. Dressick and Zabetakis postulated that ligands have to bind with both
PdII and Pd0 species [120]. Therefore they recommended to use chelating and/or
good π-acceptor ligands capable of stabilizing the bond to the catalytically active
Pd0 state via π-back-bonding interactions (section 2.2.3.4).
EDA (3-(2-aminoethylamino)propyltrimethoxysilane) was grafted on a glass sub-
strate by Delamarche et al. within the development of the "Plate & PEP" method
for TFT (thin film transistor) fabrication [143, 144]. A thorough optimization of
the modification conditions was described. They immobilized Pd/Sn colloids in
an acidic solution via the EDA functions to enable uniform electroless deposition
of NiB.
In 2008, Holtzmann et al. modified a silicon nitride surface of an AFM tip with
APTES [145]. This treatment enabled the electroless deposition of Ni-P and Cu
using a Pd-Sn colloid activator. The increased interaction between the colloids
and the modified surface was ascribed to electrostatic interactions between pro-
tonated amine groups and the negatively charged core (SnCl3

–) of the Pd/Sn col-
loids.

3.1.6.3 Conclusions

In conclusion, the introduction of SAMs on substrates such as silicon, silicon ni-
tride, silica and glass enables subsequent electroless deposition of metals. APTES
is the most frequently used silane for this modification. In all cases it results
in sufficient adhesion with ELD copper (depending on the targeted application).
Alternative silanes like EDA, PEDA and PHOS can also be used.

3.2 Interaction of aqueous Pd-complexes with nitrogen
donors

3.2.1 Introduction

So far, the influence of different surface modifications on the adhesion with elec-
troless deposited metals has been discussed. In this section, a more profound
discussion of the interaction of specific surface functional groups with palladium
species is presented. As mentioned before, the presence of Pd0 containing species
on the surface is necessary to induce subsequent electroless metal deposition (see
section 2.2.3). However, a large variety of solution compositions and process se-
quences for the surface activation with Pd0 have been applied and reported in
literature. In general, they can be categorized as one or two step activation, or
Sn free activation. Independent of these activation methods, the common goal is
to obtain enough Pd0 species on the surface. In all cases, an aqueous solution of
PdCl2 and HCl is used to activate the modified surfaces.
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In the previous section, the most successful results, in view of copper adhe-
sion, are obtained with surface modifications which introduce nitrogen contain-
ing functional groups. Some researchers ascribe the increased copper adhesion
to increased chemisorption of Pd0 species and additional interactions with de-
posited copper [22, 146]. Here, the focus lies on how the palladium species inter-
act with nitrogen containing functional groups on the surface.
Following questions can be posed:

1. What is the ratio of Pd/Sn and Pd0/PdII of the chemisorbed species?

2. Do they appear as Pd0, Pd0Lx, PdII
y ClzLx,. . . (L stands for ligand)?

3. What is the influence of the pH of the solution on the Pd complexation with
different nitrogen donor ligands?

Only the answer to the first question is provided in most of the published work.
The second and the third questions still remain a problem today.

3.2.2 XPS analysis of palladium species on polymer surfaces
The most suited technique to study the state of surface chemical bonds is XPS.
XPS is a technique which allows the researcher to differentiate oxidation or bind-
ing states of atoms present on the (polymer) surface (depth of information 5 -
10 nm). In the case of palladium, the Pd 3d core-level spectrum consists of a
spin-orbit doublet composed of a 3d3/2 (340 - 342 eV) and 3d5/2 (335 - 339 eV)
component. The most intense peak is the Pd 3d5/2 peak. The binding energies
observed in XPS for palladium in the zero-valent state are reported as 335 eV
(3d5/2) and 340 eV (3d3/2) [147, 148].
In case of Pd2+, the electron density around the positively charged palladium
nucleus decreases. Hence, the binding energy of the remaining core electrons in-
creases. Therefore, the peak maxima of the Pd 3d spin-orbit doublet shift towards
higher binding energy values. Binding energies of 337 - 338 eV (Pd 3d5/2) and 343
- 343.5 eV (Pd 3d3/2) for Pd2+ species have been reported in literature (figure 3.13)
[5, 8, 21, 22, 25, 141, 147, 149–152]. In most of the cases, the palladium detail spec-
trum of activated surfaces reveals peak maxima in between the values for Pd0

and Pd2+ after the activation procedure. After peak deconvolution, the individ-
ual contribution of the Pd0 and Pd2+ can be derived. This leads to an estimated
value of the Pd0/Pd2+ atomic ratio.
Some authors claim the observation of an additional intermediate value for sur-
face bound Pd2+ (3d5/2 at 336 - 337 eV), referred to as Pd∗ [22, 25]. They state
that Pd∗ is palladium coordinated with nitrogen functional groups introduced to
the surface prior to activation. However, in all reports concerning XPS analysis
of Pd activated surfaces, the Pd surface concentration does not exceed 5 at.%.
Consequently, the intensity of the Pd signal is relatively small. This can lead
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Figure 3.13: Graphical overview of the energy ranges of the observed peaks in
the XPS spectra for different Pd-species extracted from literature data.

to doubtable interpretations after deconvolution. Exceptionally, TOF-S-SIMS is
used to identify molecular fragments which can be assigned to the presence of
Pd and Sn species on the surface [152].

3.2.3 Overview of XPS studies performed on nitrogen function-
alized surfaces activated with catalyst solutions containing
palladium chloride

Surface amines (pKa 10), imines (pKa 2.5) and pyridines (pKa 4.5-6.5) are par-
tially protonated when introduced in highly acidic aqueous media (assuming a
small substrate in a large quantity of acidic solution). Consequently there is a
competing reaction between the incorporation of Cl– via protonation and nega-
tively charged palladium (oligomer) complexes. The complexation between sur-
face amine or imine groups and palladium complexes is also a possible reaction.
In 1980, Osaka was the first to perform a spectroscopic characterization with XPS
of Pd-catalyst-surface binding [147, 149]. In his work, copper surfaces are cat-
alytically activated using mixed acidic PdCl2/SnCl2 catalysts prior to electroless
nickel deposition. Before the catalytic acceleration step, the Pd 3d5/2 peak con-
sisted of a mixture of Pd0 and PdII. After the acceleration (which increased the
catalytic activity), the binding energy shifts towards a lower energy which means
that more Pd0 is observed.
About a decade later, Hamaya reported on electroless Ni deposition of APTES
treated glass beads [153]. A Sn free electroless process was used by subsequent
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immersion in a PdCl2 solution and NaH2PO2 solution. After treatment in the hy-
pophosphite solution, a peak shift towards lower binding energies was observed
for both doublet peaks from Pd (3d3/2 and 3d5/2) in the XPS detail spectra. Mean-
while, the peaks ascribed to Pd2+ diminished.
In 1994, Calvert et al. investigated Pd-catalyst-surface binding on modified silicon
surfaces [141]. The surfaces were modified with a pyridine substituted organo
silane ((2-trimethoxysilyl)ethyl-2-pyridine). Binding of PdII by the pyridine mod-
ified surface can occur by physisorption, ionic (electrostatic), or covalent mech-
anisms alone or in combination. After activation of this surface with PdCl2-
oligomer solutions, Calvert concluded that the highest energy peak for the 3d5/2

component at 339 eV corresponds to pyridine bonded palladium. In this case, the
interaction was considered to be mainly covalent with a minor ionic contribution.
Later, the research group of Romand and Charbonnier (1996) investigated the in-
teraction between several Pd-catalytic systems and plasma modified polymers
(polystyrene and polycarbonate) [4]. Plasma treatment with three different gases
(O2, N2 and NH3) was applied to modify the polymer surfaces. Both Sn and Pd
detail spectra were analyzed after surface activation with the one step and two
step catalytic systems. The oxygen plasma modified surfaces resulted in high
Sn2+ chemisorptions and lower values for Pd2+ and Pd0. Nitrogen and ammo-
nia plasma treatment led to a larger uptake of palladium, mainly in the Pd2+

state. They concluded that Sn2+ interacts mainly via oxygen surface groups (al-
cohols and carbonyls) and Pd2+ interacts with nitrogen surface groups, mainly
amines. This selective interaction of Pd2+ was proven by chemisorption compari-
son of a single PdCl2 solution of nitrogen and ammonia plasma treated polymers.
Other plasma modified polymers such as polyethylene, polymethyl methacry-
late, polyethersulfone and polytetrafluoroethylene showed similar results.
In the work of Neoh and Kang, modified surfaces are treated with a Sn free acidic
PdCl2 solution and the nature of the chemisorbed palladium on these surfaces is
evaluated with XPS. Prior to Pd activation, the polymer surfaces were modified
through post irradiation grafting. Doing so, several functional groups (incorpo-
rated in the monomers) like 4-vinylpyridine, tertiary and quaternary amines can
be introduced on the surface [24, 25]. Apart from the Pd2+ and Pd0 species de-
tected on the surface, the authors discovered a new Pd species characterized by
2 signals at 336 (3d5/2) and 341.5 eV (3d3/2). These signals were attributed to
Pd∗ which represents coordinated palladium with surface introduced nitrogen
functional groups. In contrast, Dressick attributed this signal to PdO [141].
However, in the work of Neoh and Kang, the detection of Pd0 species is not
argued very clearly. The presence of these species means that Pd2+ must have
been reduced to Pd0 by a reductans. However, no reducing functional groups are
present neither on the modified polymer surface nor in solution. It is likely to
assume that due to the small amounts of Pd species present on the surface, the
assignment of the different species in the detail spectra is somewhat difficult and
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tricky. Moreover, the Cl:Pd ratio in all cases is 19. This implicates that anionic
species like PdCl4

− and PdCl3(H2O)2– are the dominant species in these solu-
tions (see section 2.2.3.4). No assignment for these species has been reported in
their work.

Recently, the group of Paul Conway investigated Pd and Sn formed after Pd/Sn
colloidal activation with XPS and TOF-SIMS [152]. The substrate was a smooth
glass sheet modified with aminopropyl-trimethoxysilane (APTS). Increased im-
mersion time in the catalytic solution led to an increase of the Pd0/PdII ratio. Af-
ter 8 min of immersion all palladium was in the zero valence state. SIMS analysis
reveals the presence of Pd+ and PdNH+ at the surface.

3.2.4 Conclusions

In conclusion, there is little discussion about the attribution of Pd2+ and Pd0 in the
XPS spectra. In general, the palladium species which are activated clearly result
in the presence of PdII and Pd0 at the surface. In some cases, peaks are observed
in the Pd detail spectra which cannot directly be attributed to Pd0 or Pd2+. There
is still some discussion on the attribution of these species to N-coordinated Pd
species and/or PdO.

3.3 New methods to create patterned copper deposition

3.3.1 Introduction

Both in chip and flexible electronics production it is necessary to generate pat-
terned copper on semi-conductor and plastic substrates, respectively. In case of
chip fabrication, many techniques have been developed for patterned copper de-
position such as photolithographic film patterning, chemical vapor deposition,
physical vapor deposition and inkjet printing of copper [154]. There is a big dis-
crepancy in feature size of the patterned copper in the microelectronic industry
(< 5 µm) compared to flexible electronic production (10 - 200 µm).

In this section, the generation of patterned copper using palladium activated pro-
cesses will be discussed. The first case is photopatterning on silicon substrates.
The two following cases are envisaging a completely other application namely
patterned copper generation on plastic substrates using micro-contact printing
and inkjet printing. Finally, plasma printing for area-selective metallization of
polymers will be discussed.



3.3 New methods to create patterned copper deposition 81

3.3.2 Photopatterning of surface attached ligands for selective
electroless metallization

In 1991, Calvert et al. published a paper in Science on patterning of SAMs using
deep UV photochemistry [139]. Later, various other molecular self-assembly pro-
cesses, in conjunction with ELD of metals, were developed by the same group
by using UV, X-ray, proximal probe, ion beam or electron beam [120]. The goal
of this patterning process is to develop processes suitable for the manufacture of
nanoscale metal features useful as plasma etch masks, diffusion barriers and elec-
trical interconnects. The main principle is presented in figure 3.14. The essence of
this technique is the use of TSI (top surface imaging) to chemically convert certain
areas on the modified surface (defined by a mask). These converted areas have
a different affinity for the subsequent chemisorption of a Pd based catalyst for
ELD. The dimensions of the catalyst particles, the deposited metal and the mask
are determining the feature size of the final patterned substrate.

Figure 3.14: Schematic illustration of patterned copper deposition on a organosi-
lane modified surface by deep UV light illumination through a shadow mask.

Another example, which is based on the same principal, is available in literature
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[155]. Here, silicon wafers were modified with octadecyltrimethoxysilane to ob-
tain a SAM. This modified surface was irradiated with 172 nm deep-UV light
through a mask. The deep-UV light destroys the C−C and C−H bonds of the
SAM. The remaining patterned SAM surfaces prevent the chemical formation of
palladium nanoparticles and subsequent electroless nickel deposition.

3.3.3 Patterned ELD metals via microcontact printing

In contrast to photolithography, soft lithography was developed in order to con-
trol specific properties of surfaces at micro- and nanoscale levels through the use
of a parallel fabrication process for surface patterns. Soft lithography is a general
name for all processes based on molding of a soft polymer using hard masters.
Examples are replica molding (REM), micromolding in capillaries (MIMIC), mi-
crotransfer molding (µTM), solvent assisted microcontact molding (SAMIM) and
microcontact printing (µCP) [156]. The latter was developed and introduced by
Whitesides G.M. in 1993 [157].

Figure 3.15: Schematic illustration of the stamp fabrication and subsequent pat-
terened electroless copper deposition process.
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µCP uses a micrometer scale patterned stamp to transfer different types of com-
pounds to a substrate. Commonly, the stamp is made of PDMS which is casted
on photoresist patterned silicon (master), cured and peeled off. Next, the stamp
is soaked in a molecular "ink" that is imprinted on the surface by applying soft
(manual) pressure. An illustration of the stamp production and its application
for printing of Pd containing solutions is presented in figure 3.15.
Although µCP is a very simple technique, it does present some problems [156]:

• Swelling of the stamp during "inking".

• Excess of ink results in enhanced diffusion of the imprinted molecules on
the patterned surface.

• Hydrophobicity of PDMS is a problem towards polar inks.

• Deformation of the soft polymer stamp during pressing.

• Contamination of the patterns with low molecular unpolymerized frag-
ments from the stamp.

In 1996, Whitesides applied µCP of palladium colloids to obtain micron scale
patterning of electroless deposited copper on glass, polyimide and Si/SiO2 sub-
strates [158]. The obtained copper lines (500 nm width) were clearly resolved.
The adhesion of the deposited copper depended on the chemical nature of the
silanes used for the siloxane layer formation. The adhesion strength decreased
in following order: NH2 ∼ NHCH2CH2NH2 ∼ SH > CN� CH3. As concluded
from the previous chapter, amine groups resulted in the highest adhesion values.
Later, Whitesides and other researchers used this technique to deposit patterned
electroless copper or nickel on other substrates such as titanium covered surfaces
[159], biaxially orientated PS [160], PET [161], PEMs [162] and glass [163–165].

3.3.4 Patterned metallized films on polymers through inkjet print-
ing of Pd ink solutions

Patterned metallized polymers can be obtained using (non-contact) inkjet print-
ing. During the inkjet deposition process, drops of ink are jetted directly to a
specified position on a substrate. Today, the majority of inkjet printers are based
on the drop-on-demand (DOD) methods. Most of the printers on the market use
either thermal or piezoelectric DOD methods. Figure 3.16 illustrates the main
principle of inkjet printing. The major advantages of inkjet printing are the low
instrumentation cost, the possibility of integration in a roll-to-roll process and the
speed of the process. More detailed information on the properties of the ink (vis-
cosity, surface tension, compound concentrations, stabilizers,. . . ), the role of the
substrate and the drop formation methods can be found in literature [166, 167].
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Figure 3.16: Schematic representation of the drop-on-demand inkjet printing pro-
cess. This figure is obtained from reference [168].

Predefined metal regions can be printed with activating ink, followed by electro-
less metal deposition. Metal patterns can be generated on both plastic [169, 170]
and inorganic surfaces [171]. In case of plastic substrates, the aim is to fabricate
flexible, low cost and lightweight electronic devices, such as smart label and flex-
ible display [170]. Next, this technique eliminates the use of expensive lithogra-
phy and high-vacuum processing such as plasma and CVD. Moreover, material is
only deposited on desired locations, thereby eliminating the amount of chemical
and material waste generated in the classic PCB formation process [172].
One important alternative approach is the use of a copper conductive ink con-
taining (nano)particle suspensions with plastic binders [173, 174]. However, they
require a subsequent reductive sintering process at a temperature of 200 ◦C which
causes problems in case of plastic substrates (except for PI) [170, 175]. Other alter-
native techniques which do not require high temperature steps such as metallo-
organic deposition (MOD) are currently of interest [175].
Here, the discussion will be limited to inks containing palladium as activator for
subsequent electroless copper or nickel deposition. Other inks which have been
reported in the literature are based on silver containing solutions [170, 176]. The
activating ink consists of an aqueous solution of PdII which can act as catalytic
nuclei. Next, the PdII ink should have excellent storage stability, low viscosity,
and tailored surface tension for easy jetting.

In 2010, Kim et al. reported on the synthesis of PdII ink for inkjet printing on PI
films [175]. Prior to the printing process, the PI was treated with a KOH aqueous
solution to increase the roughness and the binding of the surface with PdII [177].
The increased binding of PdII on etched polyimide was ascribed to the presence
of carboxylate groups. The PdII ink was prepared by hydrolyzing PdCl2 with
NH4Cl in water followed by stabilization with H2O2 and 2-propanol. Doing so,
a stable PdCl2(H2O)2 solution with a tuned surface tension was obtained. After
inkjet printing, the printed foil was immersed in a sodium borohydride solution
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Figure 3.17: Schematic illustration of patterned copper deposition on plastic foils
using inkjet printing.

to reduce palladium to the metal state (Pd0). Finally, the substrate was immersed
in an electroless plating solution (figure 3.17). The width of the copper tracks was
about 600 µm and the track to track width was around 600 µm.
A nano-palladium catalyst solution for inkjet printing and subsequent electroless
nickel deposition on PET was developed by Ger et al. in 2011 [178]. A thermal-
responsive Pd nanocomposite was synthesized. This nanocomposite is composed
of palladium nanoparticles and sulfate end capped styrene-N-isopropyl-acrylamide
co-oligomers [179]. They claim that these sulfate end groups could reduce Pd2+

to form Pd nanoparticles on the surface of the co-oligomers. After inkjet printing
and electroless nickel deposition, excellent adhesion of the nickel deposits on the
untreated PET substrates is obtained.
In conclusion, the process of metal deposition on inorganic or thermally stable
substrates via inkjet deposition is well known and developed. The transfer of this
process to flexible plastic substrates still needs some improvements: decrease of
the metal line width, optimal reduction of PdII and improvement of the quality
of the deposited metals.

3.3.5 Patterned plasma treatment for area selective metallization
of polymers

From 2005, the Fraunhofer Institute for Surface Engineering and Thin Films ini-
tiated their research on patterned (atmospheric pressure) DBD treatment for area
selective metallization of polymers. The surface modification process was called
"plasma printing" [180]. The aim was to introduce amine groups on selective ar-
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eas on the surface of polymer films such as PI, PET, PEN, PC, PP, and PMMA. . . Introduction
of amine groups was obtained by using specific gas mixtures such as forming gas
and APTMS in nitrogen or helium. The gas mixtures were optimized to obtain
a maximum amount of surface amine groups [181–184]. As a result, increased
palladium chemisorption and high values for the adhesive strength (> 1 N/mm)
of ELD copper were obtained [185].

Figure 3.18: Schematic illustration of the static experimental setup for plasma
printing experiments. This figure is obtained from reference [185].

First, the area-selective amination was obtained via introduction of a patterned
dielectric mask between the electrodes [180]. A few years later, this process was
adapted for roll-to-roll air plasma treatment of polymer films [185]. Here, the
printing mask is integrated in the grounded electrode. The core components of
the set-up are a grounded micro-structured metal mask and a parallel arranged
high voltage electrode covered by a dielectric material such as ceramic or glass.
Up till now, only the static version (Figure 3.18) has been tested with treatment
times of maximum 10 seconds. However, the future plans are to introduce the
metal mask on a printer roller. The principle is shown in figure 3.19 together with
an example of a printer roller.
After the plasma printing, electroless copper was deposited through immersion
of the film in three solutions: PdCl2, sodium hypophosphite (reduction of Pd2+)
and a standard electroless copper plating bath. The line width and space width
of the metal deposition were 200 and 250 µm, respectively.
In conclusion, air-plasma area-selective treatments can replace the wet-chemical
electroless deposition during the production process for flexible printed circuits
in the near future. Doing so, the use of a large amount of hazardous chemicals
and photopolymers can be avoided. However, more efforts are needed concern-
ing the reduction of the line and space width, the transfer to a roll-to-roll process
and the decrease of the treatment time. Finally, this plasma-printing process can
also be used in a variety of other applications where patterned surface modifica-
tion of 2D and 3D objects is necessary [186–188].
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Figure 3.19: Principle of roll-to-roll plasma printing (left) and a printer roller
(right). This figure is obtained from reference [185].

3.4 General conclusions

3.4.1 Ideal nature of the surface chemical group for enhanced
adhesion towards electroless copper

Independent of the surface modification technique/strategy, it became clear that
nitrogen containing organic functional groups on the surface lead to the most
interesting results. Especially amines including tertiary amine and quaternized
amine groups increase the palladium chemisorption and the adhesion towards
electroless deposited metals.
Two different opinions on the nature of the interactions between the palladium
activating complexes and amine groups were coined up. Some authors ascribe
the interaction as a through chemical bond. Namely, palladium complexates
with the nitrogen electron donating group. On the other hand, as the palladium
activating solution is generally acidic in nature, the amine groups are partially
protonated. This leads to the presence of positive charges on the surface. Most
of the palladium complexes (aqueous solutions) and colloidal suspensions con-
sist of negatively charged complexes and colloids, respectively. Therefore, elec-
trostatic interactions between the positively charged protonated amines and the
negatively charged palladium complexes or colloids can be established. Despite
the strength of modern chemical surface analysis techniques such as XPS and
SIMS, it still remains a challenge to characterize and confirm the exact interac-
tions between palladium and surface functional groups.
A minority of the scientists claim that increased adhesion with copper can be
ascribed to the complexating of copper with nitrogen functional groups on the
surfaces.
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Modification techn.: Wet chemical Wet chemical Polydopamine Plasma PIGR
etching modification

Properties:

Process time + - +/- + -
Non-hazardous comp. - - -/+ + + - - -
Integration in production + + + +/- +/- + + +/-
Product costs + + +/- + + -
Treating 3D objects + + + + + + + + + +/- +/-
Versatility in organic - + + + + + + + + + +
functional groups

Table 3.1: Overview of the pros and cons of different modification strategies ap-
plied to increase the adhesion with electroless deposited metals. PIGR stands for
post-irradiation grafting.

3.4.2 Adhesive strength values of ELD metals

As described in section 2.3, it is nearly impossible to compare adhesive strength
values obtained from different research reports. First of all, a large variety of
techniques is used to measure these values. Second, the total thickness of the
copper varies from 1 to 40 µm. Finally, different chemicals have been used to
obtain plated copper which can lead to big variations in the physical properties
of the copper. Therefore, it makes little sense to compare the values of adhesion
strengths extracted from different reports. However, trends can be observed in
each individual report.

3.4.3 Industrial relevance of surface modification techniques

Both surface etching and surface modification treatments on polymer substrates
can increase the adhesion strength towards electroless deposited metals. In table
3.1, an overview is presented of the discussed surface modifications/strategies
in this chapter together with their advantages and disadvantages in view of the
total process.
Wet-chemical etching still remains a popular treatment in the PCB industry. How-
ever, rough surfaces are not always desired in specific application areas and the
introduced chemical functionalities cannot be tuned. Moreover, the chemicals
used for this purpose are toxic. The same remark is also valid in case of wet-
chemical modifications. In this case, a serious effort is needed to decrease the
treatment times. Wet-chemical modifications can introduce a large amount of
functional groups when a coupling molecule is used. The versatility of organic
functional group introduction is very large in case of post-irradiation grafting and
polydopamine modifications. Unfortunately, the post-irradiation technique im-
plies the use of vinyl or acrylic based monomers which are quite hazardous. On
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the other hand, the polydopamine route allows the introduction of a variety of
molecules after the initial modification. However, the latter is a time consuming
process.
Modification steps which require plasma modification have one big drawback
namely the use of vacuum equipment. Moreover, only 2D objects can be treated.
Nowadays, a lot of effort is performed to circumvent these two major drawbacks.
Atmospheric pressure plasma jets have been developed which can treat local ar-
eas guided by a robotic arm [189, 190]. Remote atmospheric pressure plasma
treating systems can also be used to tread 3D objects [191]. Atmospheric pressure
plasma treatment is gaining a lot of interest in the industrial world and has al-
ready been integrated in roll-to-roll processes of polymer films and textiles which
are subsequently plated with electroless metals [180, 185, 192].
In this work, wet-chemical modifications including polydopamine will be inves-
tigated to increase the adhesion towards electroless deposited copper.
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4
Materials and Methods

4.1 Introduction

This chapter provides the experimental details of the substrate preparation, re-
actions and characterization techniques used in this thesis. The first section de-
scribes the deposition of an epoxy cresol novolak (ECN) resin on FR4 through
dip-coating followed by pre-curing, photo-curing and post-curing step parame-
ters. Next, the roughening procedures via swelling and etching are provided.

The second section describes the parameters for the surface modification reac-
tions performed to introduce polyamine groups on the ECN surface. Four differ-
ent reactions are included: chemical coupling of polyamines via cyanuric chlo-
ride, polydopamine, grafting polyamines to polydopamine and polyamine ad-
sorption.

In the third section, the experimental parameters for electroless and electrolytic
copper deposition are provided.

Finally the surface characterization methods are described. The analytical princi-
ples and technical background of these techniques/instruments are provided in
chapter 2.
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4.2 Epoxy cresol novolak (Probelec) dip coating on FR4

4.2.1 Probelec 81/7081: technical information

Probelec 81/7081 (Huntsman, Switzerland) is a negative working high resolu-
tion liquid photo-imageable material, which allows mass forming of microvias
for fabrication of high-density interconnects (HDI). It is specially formulated as
a dielectric between circuit layers. This high-resolution photodielectric allows
mass photo formation of microvias enabling the construction of high density in-
terconnects. It is optimized for screen printing and curtain coating applications.
Probelec is composed of four major components:

• 40-52 m% solvent

• 4-10 m% photo imagable dielectric

• 38-46 m% inorganic fillers (silica, alumina and Ca/Mg carbonates)

• Cationic photo-initiator

From a chemical point of view, the organic part is constituted of an epoxy or-
tho cresol novolak prepolymer dissolved in an appropriate solvent (2-methoxy-
1-methylethylacetate). The chemical structure of this prepolymer is displayed in
figure 4.1.
The prepolymer is an oligomer formed via condensation of formaldehyde and or-
tho cresol. Part of the phenol functions are derivatized via reaction with epichloro-
hydrin. This generates epoxy moieties bond to the prepolymer via an ether group.
During illumination, a cationic (lewis) acid is generated and starts the ring open-
ing polymerization of the epoxy moieties. The resulting resin is a cross-linked
network formed via chemical bonding between oligomers. Finally, the resin is
fully cured via different thermal treatment steps.

Figure 4.1: General chemical structure of the ECN prepolymer.
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4.2.2 Preparation of dip coated Probelec substrates

Probelec, a liquid photo definable epoxy cresol novolac resin, was deposited
on FR4 boards through dip coating. Dip coating is a fast and easy to perform
method.

The dip coating experiments are performed in a class 1000 clean room. The whole
operating chamber is protected from UV-light. Prior to the dip coating, Probelec
is mixed. Mixing is necessary to obtain a homogeneous solution. Indeed, fillers
migrate to the bottom of the solution and solvent migrates to the top during stor-
age. After opening the Probelec container, the mixture is stirred mechanically
for 15 minutes followed by manual stirring for 10 minutes. Next, the Probelec
is transferred into a dedicated glass container. Before dip coating, FR4 samples
are cleaned by rinsing in isopropanol. The cleaned FR4 substrates are placed into
the container with Probelec. The pull out speed is controlled by changing the
voltage of an attached DC motor. This method has been described in detail by
S. Siau et al. [1]. The pull-out speed is measured by recording the time neces-
sary to cover the entire substrate. Great care was taken to ensure that the pull-
out speed remains constant during the coating process. Afterwards, the coated
substrates pass through several drying and heating steps to remove the solvents
and partially cure the ECN resin. Next, the dried samples are submitted to an
illumination step, followed by thermal post curing as described in the techni-
cal datasheet. The technical details of this procedure are given in table 4.1. The
whole dip coating procedure was optimized in order to obtain a layer thickness
of roughly 40 µm.

Step nr.: Step description: Parameters:

1 Dip coating Speed: 2.0 10−6 m/s
2 Drying 15 min at 40 ◦C (flash drying)

30 min at 90 ◦C (convection drying)
3 Illumination 5 min at 8.3 mW/cm2 (365 nm)
4 Partial curing 60 min at 110 ◦C (convectin drying)
5 Final curing 90 min at 150 ◦C (convection drying)

Table 4.1: Process flow for the dip coating of Probelec on FR4 substrates.

The photo imaging step is optimized via a Stouffer test (T2115 21 steps, Stouffer
Industries, Inc.). Different exposure times are evaluated using this test. Stouffer
step 7 (prescribed in the data sheet of Probelec) is reached using an exposure
energy of 2500 mJ/cm2 (5 min at 8.3 mW/cm2). During illumination, the use of a
mask is omitted because the aim is to obtain non patterned substrates for further
processing.
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4.2.3 Roughening of Probelec coating via swelling and etching
ECN are roughened through a swelling and etching procedure. Therefore, sam-
ples are immersed in a series of solutions. The chemistry and goals of these pro-
cess steps are described elsewhere (see section 3.1.3). An overview of the process
flow is presented in table 4.2.

Step nr.: Step description: Chemicals: Temperature (◦C): Time (min):

1 Swelling 2-(2-butoxyethoxy)ethanol 80 10
aq. solution (Hole prep 4120)

2 Rinsing DI water RT 2
3 Rinsing DI water RT 2
4 Etching KMnO4/NaOH 80 Variable

aq. solution (Circuposit 3310)
5 Rinsing DI water RT 2
6 Rinsing DI water RT 2
7 Neutralizing H2SO4/H2O2 RT 2

aq. solution (Neutra 3314)
8 Rinsing DI water RT 2

Table 4.2: Process flow for the swelling and etching of Probelec on FR4 substrates.

First, the samples are introduced in 2-(2-butoxyethoxy)ethanol/water to swell
the ECN resin. Next, the samples are rinsed in DI water to remove the excess
of solvent. Second, the substrates are immersed in a hot KMnO4/NaOH solu-
tion to etch the surface followed by two rinsing steps to remove the residual per-
manganate and sodium hydroxide. Finally, the remaining manganese oxides and
NaOH are removed through immersion in a H2SO4/H2O2 solution. The com-
mercial chemicals are purchased from Rohm and Haas.
After this procedure, etched Probelec substrates (with varying roughness) are ob-
tained. They can be used immediately for copper deposition or their surfaces can
be modified followed by copper deposition.
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4.3 Chemical surface modifications of Probelec

4.3.1 Reaction products

Dry toluene, dry dioxane, tetrahydrofuran (THF), diethylenetriamine (DIEN),
cyanuric chloride (2,4,6-trichloro-1,3,5-triazine or trichloro s-triazine), diisopropy-
lethylamine (DIPEA), TRIS, branched PEI (Mw 25000 g/mol), linear PEI (Mw 1200
g/mol, 50 m% water solution) are purchased from Sigma Aldrich, stored at 4 ◦C
and used as received. Nitrogen gas is dried over a CaSO4 (DRIERITETM) column
directly before use. DI water is used for solution preparation and in all rinsing
steps.

4.3.2 Modification with polyamines via cyanuric chloride cou-
pling

4.3.2.1 Modification with cyanuric chloride (step 1)

Reaction procedure 1:

Roughened substrates (5 cm by 5 cm) are introduced in a nitrogen flushed glass
reactor containing 500 ml of dry solvent (toluene or dioxane). Next, variable con-
centrations of CaCO3 or DIPEA and cyanuric chloride are dissolved in the re-
action mixture. The reactor content is heated under nitrogen atmosphere for 22
hours. Different applied solvents, base concentrations and reaction temperatures
are presented in table 5.3 in chapter 5. After reaction, the substrates are rinsed in
H2O/THF mixtures (0, 25, 50 and 75 v%) and subsequently in pure THF. Finally,
the modified substrates are dried under ambient conditions.

Reaction procedure 2:

Roughened substrates are introduced in a nitrogen flushed glass reactor contain-
ing 500 ml of dry dioxane. Next, 34 ml DIPEA (0.4 mol/l) and 18.4 g cyanuric
chloride (0.2 mol/l) are dissolved in the reaction mixture. The reactor content is
heated under nitrogen atmosphere at different temperatures and time intervals.
After reaction, the substrates are rinsed three times in THF for 10 minutes fol-
lowed by two rinsing steps in ethanol for 5 min. Finally, the modified substrates
are dried by nitrogen blowing.

4.3.2.2 Modification with DIEN and branched PEI (step 2)

A glass reactor, containing a 1 M DIEN solution in 250 ml of isopropanol, is
loaded with cyanuric chloride modified substrates. The reaction mixture is heated
to 75 ◦C for 24 hours. After reaction, the substrates are rinsed three times in co-
pious amounts of ethanol. Finally, the modified substrates are dried by nitrogen
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blowing.

PEI (10 g) is dissolved in 250 ml isopropanol at 60 ◦C. The reactor is charged with
cyanuric chloride modified surfaces and heated to 75 ◦C for 92 hours. Afterwards
the samples are rinsed for 30 min, 10 min, and 10 min in DI water at 50 ◦C. Finally
the samples are rinsed twice in ethanol for 10 min at 45 ◦C and dried by nitrogen
blowing.

4.3.3 Surface modification with polydopamine
Polydopamine modification is carried out according to the method described by
Messershmit et al. [2]. First, a buffer solution of 10 mM TRIS-HCl (pH 8.5) is
prepared in deionized water. Next, the substrates are introduced into the buffer
solution. Subsequently, 2 mg/ml of dopamine.HCl is added. The substrates are
left for 24 hours in this solution under ambient air with slow stirring. Finally, the
substrates are rinsed thoroughly with deioinized water and dried via nitrogen
blowing.

4.3.4 Grafting of polyamines on polydopamine modified surfaces
B-PEI, L-PEI or DIEN (5 mg/ml) is dissolved in 10 mM TRIS (pH 8). Poly-
dopamine modified surfaces are inserted in the buffer solution and the solution
is stirred for 1 hour or 24 hours. Next, two rinsing steps of 2 min in DI water with
stirring are performed. Finally the samples are dried using nitrogen blowing.

4.3.5 Surface modification via adsorption of polyamines
B-PEI, L-PEI or DIEN (5 mg/ml) is dissolved in 1 l of DI water. The pH is set
at 8 using a 0.1 M HCl solution. Roughened samples (without polydopamine
modifications) are introduced in the solution for 1 hour or 24 hours. Next, the
substrates are rinsed twice in DI water for 2 min with stirring. Finally the samples
are dried using nitrogen blowing.
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4.4 Copper deposition on ECN resins

4.4.1 Electroless copper deposition

Electroless copper is deposited on the (modified) etched ECN surfaces using the
one-step Shipley process. The process flow is given in table 4.3. Pre-dip 3340,
Catalyst 3344, Circuposit 3350-1 (electroless plating solution) and Anti Tarnish
7130 are purchased from Rohm and Haas.

Step nr.: Step description: Chemicals: Temperature (◦C): Time (min):

1 Pre-dip Pre-dip 3340 RT 1
2 Catalyst Pd/Sn colloidal 35 4

dispersion (Catalyst 3344)
3 Rinsing DI water RT 2
4 Rinsing DI water RT 2
5 Cu deposition CuSO4, EDTA, NaOH, 47 45

formaldehyde, additives
(Circuposit 3350-1)

6 Rinsing DI water RT 2
7 Cu protection Anti Tarnish 7130 3
8 Rinsing DI water RT 3
9 N2 drying - - -
10 Oven drying - 150 60

Table 4.3: Process flow for standard electroless copper deposition.

Anti Tarnish 7130 has been specifically designed as a post treatment to electroless
copper providing a surface which is more resistant towards oxidation.
Prior to electroless copper deposition, two dummy FR4 samples (10 cm by 10 cm)
are subjected to this process flow for two reasons. The first reason is to check
whether the process is working properly. Second, these dummies stay in the elec-
troless bath during the whole processing of all other samples to avoid unwanted
side reactions in the electroless plating bath (e.g. Cannizaro).
During the above mentioned process steps (until step 6) the samples are agitated
mechanically with a frequency of 1 Hz. Air agitation is present in the electroless
bath to remove adsorbed hydrogen gas at the surface.
In order to maintain the component concentration of the electroless deposition
process within acceptable windows, replenishment of the components is per-
formed. Depending on the consumption of the electroless bath, specific volumes
of cuposit Z (NaOH), cuposit Y (formaldeyde), 3350M (EDTA) and 3350R (or-
ganic additives) are added. The consumption of the electroless bath depends on
the bath load i.e. the total area of the substrates and the plating time.
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4.4.2 Electrolytic copper deposition

Once a small layer (1 µm to 3 µm) of electroless copper is present on the sub-
strates, the substrates can be electroplated. Here, a commercial H2SO4/CuSO4 is
used for copper deposition (Electroposit 1300). In this bath, substrates are verti-
cally introduced in this solution together with two copper anodes (one left and
one right). The samples are agitated mechanically (1 Hz) and air agitation is used
to maintain a homogeneous bath composition and provide transport of chemicals
from and to the substrate surface. During plating, a current density of 1 A/dm2

is applied for 45 minutes (the targeted copper thickness is 20 µm to 25 µm). An
overview of the pretreatment and plating procedure is presented in table 4.4.

Step nr.: Step description: Chemicals: Temperature (◦C): Time (min):

1 Degreasing Electroposit PC cleaner RT 5
2 Rinsing DI water RT 2
3 Rinsing DI water RT 2
4 Cu-microetch Microetch 3336 RT 0.2
5 Cu plating CuSO4, H2SO4, additives RT 45

(Electroposit 1300)
6 Rinsing DI water RT 2
7 Cu protection H2SO4 (+ Anti Tarnish 7130) 3
8 Rinsing DI water RT 3
9 N2 drying - - -
10 Oven drying - 150 60

Table 4.4: Process flow for the electrolytic copper deposition.

Electroposit PC Cleaner, Microetch 3336, Electroposit 1300 and Anti Tarnish 7130
are purchased from Rohm and Haas. The concentration windows of the additives
are maintained by analyzing the plating solution with the Hull-cell method [3]
and adding specific volumes of additives if necessary.

4.4.3 Patterned copper lines generation through copper etching

Prior to peel testing, the copper surfaces have to be etched selectively. The goal
is to obtain separate straight copper lines with a width of 3 mm. Therefore, poly-
imide adhesive strips are introduced on the surface of the plated copper. Next,
the copper is etched using a spray etcher (Sprint 3000US). This spray etcher is
charged with a mixture of CuCl2 (2.5 M) and HCl (0.2 M). The mixture is heated
to 37 ◦C and sprayed through different nozzles on the moving samples. The trans-
port speed is 1.8 m/min. Different passes are necessary to remove the copper. The
number of passes needed depends on the copper thickness. Usually, the etching
process is monitored by microscope (stereozoom) inspection. After etching, sam-
ples are rinsed quickly in a 10 v% HCl solution to remove Cu(I)chloride deposits.
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4.5 Chemical and physical characterization methods

4.5.1 Determination of the adhesive strength via peel testing
The 90° peel tests are performed using a Dage Series 4000 equipment with a 5 kg
load at a peel speed of 500 µm/s. The output of these tests is a graph of the peel
strength (mN) versus the distance or elapsed test time. An example is shown in
figure 4.2. This is the result of a peel test of one specific strip on a substrate.

The peel strength of this strip is the mean value of the grey box in the graph
(figure 4.2). This grey area starts from a peel distance of 2000 µm and can have
different end values between 10 mm and 20 mm. The mean value is divided by 3
(width of the copper strip) and expressed as N/mm. Important here is that the
steady region is used to calculate the peel strength and not the maximum value.
Generally, a maximum value is always observed in the beginning of the measure-
ment due to the additional force consumed for copper deformation.

Figure 4.2: Example of a peel strength measurement graph.

The reported peel strength is the mean value of the peel strength obtained from
different strips (8 to 10) on one particular copper plated substrate.
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4.5.2 RMS roughness determination with optical profilometry
The root mean square roughness (RMS roughness) is measured with a Wyko
NT3300 non-contact optical profiler. The magnification is set at 40x which re-
sults in an analyzed spot size of 111 µm by 146 µm. The reported RMS values
(expressed in nanometers) are a mean value obtained from 3 measurements on
random spots. The RMS roughness is defined as follows:

RMS =

√
∑n

i=0 (Za − Zi)
2

n
(4.1)

where Za is the average height value within a given area, Zi is the current value
and n is the number of points within the given area.

4.5.3 Scanning electron microscopy
Scanning Electron Microscope (SEM) analysis is performed on a JEOL JSM-5600.
The apparatus is used in two modes. The first mode is the secondary electron
mode (SE) which is used for the investigation of the surface topography. The
second mode is the back scattered electron mode BEC (compositional contrast
mode). The BEC analysis is used to obtain images with a big contrast difference
between carbon and copper containing materials (polymer versus deposited cop-
per). Prior to analysis, all samples are coated with a thin gold layer (ca 20 nm) by
plasma magnetron sputter coating.
Each caption of the figures which show SEM micrographs describes whether the
micrograph is obtained in the secondary electron mode (SEM-SE) or back scat-
tered electron mode (SEM-BEC).

4.5.4 Chemical surface analysis

4.5.4.1 Attenuated total reflection Fourier-transformed infrared spectroscopy

ATR-FTIR spectra are obtained from a Bio-Rad 575c FT-IR spectrometer. This
spectrometer is equipped with a Specac sample reflection diamond ATR golden
gate module (Thermo Fisher). Each spectrum consists of 64 scans with a reso-
lution of 4 cm−1. All spectral data is Fourier-transformed to convert it into the
actual spectra. Throughout the whole work, ATR-IR is used to indicate that the
above described method is used to obtain the spectra.

4.5.4.2 X-ray photoelectron spectroscopy

In general, XPS (X-ray Photoelectron Spectroscopy) measurements are performed
on an ESCA S-probe VG monochromatic spectrometer with an Al Kα X-ray source
(1486 eV). A survey scan spectrum is taken from a spot of 100 µm by 200 µm on the
sample. The spectral information appears from a depth of approximately 5 nm to
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10 nm for most polymers. In order to avoid sample charging during measure-
ment, a nickel grade is placed on top of the sample and a flood gun is used. The
energy of the flood gun is optimized and set at 4 eV during all measurements. In
all spectra, the carbon 1s peak was set at 285 eV to calibrate the spectrum. After
this calibration, the Casa XPS software package (from Casa Software Ltd. UK) is
used to integrate the peaks of specific elements of interest. The peak areas are
defined after a Shirley background fitting.
XPS analyses of the catalytically activated substrates are performed on a Ver-
saprobe II system (Physical Electronics (PHI), USA) equipped with a monochro-
matic Al Kα X-ray source (hν = 1486.6 eV) operating at 50.0 W. All measurements
are conducted in a vacuum of at least 10−7 Pa and the photoelectrons are de-
tected with a hemispherical analyzer positioned at an angle of 45° with respect
to the normal of the sample surface. Survey scans and individual high resolution
spectra (Pd(3d) and C(1s)) are recorded with a pass energy of 187.9 eV and 23.5 eV
respectively. Survey scan spectra of at least 3 random locations are recorded using
a measurement area of 100 µm by 600 µm. A flood gun is used for charge com-
pensation. Elements present on the catalytically activated substrates are identi-
fied from the XPS survey scans and quantified with "Multipak" software using
a Shirley background and applying the relative sensitivity factors supplied by
the manufacturer of the instrument. "Multipak" software is also used to curve fit
the high resolution Pd(3d) peaks after setting the hydrocarbon component of the
C(1s) spectrum at 285 eV to calibrate the energy scale.
In order to homogenize the quantitative XPS data reported in this work, all val-
ues (expressed in at%) are rounded off to the decimal unit. Under routine work
conditions, where the surface is a mixture of contamination and expected mate-
rial, the accuracy ranges from 80 to 90% of the value reported in atomic percent.
values. However, when scientific conclusions are generated based upon quantita-
tive XPS data in this work, a student t-test (p < 0.05) is used to determine whether
the data are significantly different.

4.5.4.3 Time of flight static secondary ion mass spectroscopy

The TOF-S-SIMS (Time of Flight Static Secondary Ion Mass Spectrometry) anal-
yses are carried out on an IONTOF V instrument (IONTOF, Münster, Germany)
equipped with a Bin

q+ (n = 1-5, q = 1, 2) liquid metal ion gun (LMIG). Mass spec-
tra are recorded by bombarding areas typically of 500 µm by 500 µm with 25 keV
Bi3

+ ions using the so-called "high current bunch mode", featuring high mass
resolution and a beam spot diameter of about 200 µm. The acquisition time of
typically 100 s results in a total ion-dose density of 2.5 1011 ions/cm2. The pulse
length of 1 ns allows a mass resolution of 5000 (FWHM) to be achieved at m/z 15,
while the mass accuracy is smaller than 100 ppm up to a mass of m/z 850. Mass
spectra are recorded for at least three distinct spots on each sample. Positive ion
mass calibration is performed using the ion signals at m/z 1 (H+), 15 (CH3

+), 29
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(C2H5
+) and 43 (C3H7

+). For the negative ion mass calibration, the ions at m/z
1 (H–), 12 (C–), 17 (OH–) and 42 (CNO–) are used. Charge compensation is per-
formed using low-energy electrons from a flood gun. Static secondary ion mass
spectrometry is widely recognized as the method of choice for molecular surface
analysis with an information depth of essentially one monolayer.
The unit of the horizontal axis in the presented S-SIMS spectra in this work is
"mass u". In the text, m/z is used.

4.5.4.4 Energy dispersive spectroscopy

The JEOL JSM-5600 SEM apparatus is equipped with an electron microprobe JED
2300 and an EDS detector for elemental analysis. SEM-EDS is capable of detecting
all elements from carbon to uranium, with a detection limit of circa 0.2 m% for
most elements [4]. Each result is the mean value of 3 measurements on three
random spots using the mapping mode. Prior to analysis, all samples are coated
with a thin carbon layer (ca 15 nm).

4.6 Statistical methods

The two-sample-t-test is used to point out whether there is a significant difference
before and after different process steps. Examples of these process steps are RMS
roughness before and after modification and increase of nitrogen concentration
(measured with XPS) before and after a stability test in HCl.
The appropriate test statistics to use for comparing two treatment means in the
completely randomized design is

t0 =
ȳ1 − ȳ2

Sp

√
1

n1
− 1

n2

(4.2)

where ȳ1 and ȳ2 are the samples means, n1 and n2 are the sample sizes (number
of measurements), S2

p is an estimate of the common variance computed from

S2
p =

(n1 − 1)S2
1 + (n2 − 1)S2

2
n1 + n2 − 2

(4.3)

and S2
1 and S2

2 are the two individual sample variances. To determine whether
the two sets are significantly different, t0 is compared to the t distribution with
n1 + n2 − 2 degrees of freedom. In this work, this two-sample-t-test is used with
a confidence level of 95%.
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5
Introduction of polyamines and

polydopamine on the epoxy surface

5.1 Introduction

In this experimental chapter, the goal is to introduce polyamines and/or poly-
dopamine on the surface of an ECN resin. As concluded in chapter 3, amine
groups on the surface have shown the most potential to increase the Pd surface
concentration and subsequent adhesion towards ELD copper. Four different reac-
tion pathways are investigated to introduce polyamines and/or polydopamine:

1. Introduction of cyanuric chloride followed by coupling of polyamines.

2. Adsorption of polyamines.

3. Surface modification with polydopamine.

4. Grafting of polyamines to polydopamine.

For each modification, advanced surface characterization techniques are used to
evaluate the modification pathway. Furthermore, the influence on the surface
roughness is evaluated. Based on these results, the most suited pathways are
selected for further investigation of the electroless copper deposition.
Prior to the modification method evaluation, the non-modified surface is studied
after etching.
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5.2 Dip coating and chemical etching of epoxy cresol
novolak resins

5.2.1 Introduction

Prior to the surface modification of chemically etched ECN resins, the initial sur-
face has to be characterized. In this section, the surface analyses of dip coated
and etched Probelec are described and discussed. Since the dip coating proce-
dure itself has already been described by previous researchers of our group, it is
not relevant to describe it in this work [1]. Nevertheless, the experimental details
of the dip coating procedure are provided in section 4.2.2.
Before and after chemical etching, the Probelec surfaces are analyzed by ATR-
IR and SEM-EDS. ATR-IR provides information on the chemical nature/bonds
present on the surface of the investigated substrate. For this spectroscopic tech-
nique, the depth of information is in the order of 1 µm to 2 µm. SEM analysis in
the secondary electron mode reveals the surface topography. EDS analysis is used
to determine the atomic composition of the top volume (depth of information is
several microns) of (etched) Probelec.

Figure 5.1: ATR-IR spectra of a dip coated epoxy cresol novolak resin: before (A)
and after swelling and etching (B). The dashed lines indicate the peaks assigned
to CaCO3 fillers.
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Peak position (cm−1): Notation: Assignment:

3300 - 3500 ν O-H OH stretch
3035 ν C-H aromatic CH stretch
2964 νasym C-H aliphatic CH3 stretch
2938 ν CH2 aliphatic CH2 stretch
2872 νsym C-H aliphatic CH3 stretch
1980-2320 aromatic overtones
1607 ν C=C aromatic C−−C stretch
1584 ν C=C aromatic C−−C stretch
1506 ν C=C aromatic C−−C stretch
1450 ν C=C aromatic C−−C stretch
1475 δasym C-H C−CH3 bend
1454 δ C-H CH2 bend
1433 CaCO3
1385 δsym C-H C−CH3 bend
1362 δ O-H phenol OH (in plane) bend
1294 δ O-H OH bend
1233 ν (−−C−O) phenol CO stretch, aryl-O-alkyl CO stretch
1180 ν C-O phenol CO stretch
1106 ν C-O phenol CO stretch, sec. alcohol CO stretch
1036 ν C-O sec. alcohol CO strecth
878 CaCO3
826 γ C-H Aromatic CH (out of plane) bend

Table 5.1: ATR-IR peak assignments for a dip coated Probelec (epoxy cresolo no-
volac resin) sample.

5.2.2 Chemical characterization of dip coated Probelec
ATR-IR analysis of dip coated Probelec (figure 5.1) reveals the presence of epoxy
cresol novolak resin at the surface [2, 3]. The spectrum reveals a broad band
around 3400 cm−1 corresponding to the OH-stretching of alcohols. These aro-
matic and secondary alcohols will be used for further surface modifications.
In table 5.1, an overview of the observed bands and their assignments is pre-
sented. Note that the absence of a band near 915 cm−1 (epoxy ring), indicates
a fully cured epoxy resin. The carbonate fillers are visible in the infrared spec-
tra (figure 5.1) through the occurrence of a band at 876 cm−1 and a large broad
band around 1430 cm−1. Moreover, these bands are typical for CaCO3 in the cal-
cite form [4]. Finally, silica and alumina fillers were not visible in the obtained
infrared spectra.
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A SEM-BEC microghraph of dip coated Probelec is shown in figure 5.2. Probelec
contains three types of fillers: quartz (SiO2), alumina and CaCO3-MgCO3. The
white spots in the SEM micrograph of dip coated resin originate from the filler
material. Indeed, the electron coefficients of magnesium, calcium, silicon and
aluminum are much higher than those of carbon and oxygen originating from
the polymer matrix [5].

Figure 5.2: SEM-BEC micrograph of Probelec after dip coating.

SEM-EDS mapping analysis of the dip coated Probelec confirms the presence of
silicon, calcium and magnesium containing species in the organic matrix. The
aluminum concentration is below the detection limit. In figure 5.3 it is clearly
shown that the white spots obtained in the SE micrograph can be ascribed to
these filler materials.
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Figure 5.3: SEM-EDS analysis of Probelec after dip coating. The sample is coated
with a thin carbon layer prior to analysis. The upper part represents the SEM-SE
micrograph and elemental mappings of Ca, Si and Mg. The presence is expressed
by a scale bar going from black (lowest intensity) to white (highest measured
intensity). The lower part depicts the spectrum of this mapping analysis.
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The RMS roughness values, measured with optical profilometry, are situated be-
tween 30 nm and 40 nm. Important here is that these RMS values cannot be com-
pared with those generated by AFM. A 3D plot is shown in figure 5.4.

Figure 5.4: 3D graph obtained from an optical profilometry measurement of a dip
coated Probelec surface. Size of the analyzed area is 111 µm by 146 µm.

In review, the dip coated Probelec surface is relatively smooth with a RMS rough-
ness of 30 nm to 40 nm. The surface is composed of filler materials (SiO2 and
Ca/MgCO3) embedded in an ECN resin. This has been confirmed by optical
profilometry, ATR-IR and SEM-EDS measurements.
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5.2.3 Investigation of the Probelec surface after etching
Wet-chemical etching of epoxy resins with a hot KMnO4/NaOH aqueous solu-
tion induces surface roughness via pore formation. Here, pore formation is visu-
alized by means of SEM. Figure 5.5 shows four micrographs. The surface after
dip coating is smooth. During etching, pores (1 µm to 3 µm) are induced on the
surface (figure 5.5 B and C) resulting in higher surface roughnesses. A second
type of smaller pores (50 nm to 200 nm) is visible on a more detailed micrograph
(figure 5.5 D). In 2005, the existence of these pores was described and their pos-
itive impact on adhesion towards ELD copper was derived via a fractal surface
approach [6].

Figure 5.5: SEM-SE micrographs of a dip coated ECN resin: before (A) and after
swelling and etching (B, C and D).

Sample: C (m%) O (m%) Ca (m%) Mg (m%) Si (m%)

Before etching 74.2 20.2 3.1 1.8 0.5
After etching 83.1 14.0 1.9 0.9 0.2

Table 5.2: Elemental composition measured by SEM-EDS of Probelec before and
after etching (10 min swelling followed by 4 min etching).
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After chemical etching, the bands at 876 cm−1 and 1430 cm−1 decrease (see figure
5.1) together with the surface concentration of calcium, magnesium and silicon
(table 5.2). In contrast to the literature [7], etching of a Probelec surface with a
KMnO4/NaOH solution therefore includes not one but two phenomena:

• Polymer chain breakdown via chemical oxidation.

• Decrease of the SiO2 and Ca/MgCO3 fillers surface concentration.

As mentioned before, roughness is introduced through pore formation. Increased
etching times result in larger and deeper pores, higher pore density and growth of
small pores. Hence, the roughness increases with increasing etching time (figure
5.6).

Figure 5.6: SEM-SE micrographs of Probelec samples etched in KMnO4/NaOH
solution (80 ◦C) for 1 min (A), 2 min (B), 3 min (C) and 4 min (D).

In all cases (etching times of maximum 5 min), a linear relationship is observed
between RMS and etching time (figure 5.7). However, the gradients of the fitted
lines are influenced by the etching activity of the KMnO4/NaOH solution. It is
known that potassium permanganate solutions decompose due to light exposure
and contact with ambient air. A decrease of the gradient is observed when using
permanganate solutions with a longer shelf life. An example is shown in figure
5.7. The slope of the line decreases from 190 to 160 for the same etching solu-
tion after 4 months. Therefore, in case of future adhesion evaluations, the RMS
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roughness will be used as a parameter and not the etching time. The use of fresh
KMnO4/NaOH solution for each experiment is not recommended due to a large
increase of chemical waste.

Figure 5.7: The RMS roughness plotted against the etching time. Two plots
are displayed: fresh etching solution and etching solution with a shelf life of 4
months. The error bars represent the calculated standard deviation.

5.2.4 Conclusions
The surface composition, topography and roughness of dip coated and etched
ECN resin have been analyzed. The dip coated Probelec is composed of ECN
resin, and two types of filler materials. The roughness after dip coating is rela-
tively low.
After chemical etching, both polymer chain breakdown and filler removal con-
tribute to the etching process. The result is a roughened surface containing large
and smaller pores. A linear relationship between the RMS and the etching time
has been observed.
In the following parts, roughened ECN surfaces will be used for surface modifi-
cations with (poly)amines.
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5.3 Surface modification with polyamines via cyanuric
chloride coupling

5.3.1 Introduction: cyanuric chloride as a coupling agent for sur-
face modifications

The final goal of this modification is to introduce covalently bonded (poly)amine
groups on an epoxy cresol novolac resin surface via a new and cheaper modifica-
tion technique in order to increase the adhesion with deposited copper.
The surface of an ECN resin contains secondary and aromatic alcohol moieties.
The chemical structure of ECN can be found in figure 4.1. In general, the reactiv-
ity of surface hydroxyl groups is poor. A highly reactive coupling agent can be
used to introduce reactive functional groups on the ECN surface. The coupling
agent must be able to react with the surface hydroxyl groups. After this modifi-
cation reaction, other reactive groups on the coupling agent must be available for
subsequent reaction with polyamines.

Figure 5.8: Overview of the stepwise reactivity of cyanuric chloride.

The selected coupling molecule in this work is cyanuric chloride (trichloro-s-
triazine or 2,4,6-trichloro-1,3,5-triazine). This molecule contains three reactive
C−Cl bonds. The chlorine groups can be substituted by a large variety of nu-
cleophiles. An empirical rule, based upon observations, states that monosubsti-
tution of chlorine occurs below or at 0 ◦C, disubstitution at room temperature and
trisubstitution above 60 ◦C (figure 5.8) [8].
In the past, cyanuric chloride (CC) has been used frequently in the coloring pro-
cess of textiles. During this coloring process, the dye is coupled to the cyanuric
chloride. Next, the remaining C−Cl groups can react with surface hydroxyl
groups of cotton. Later, cyanuric chloride was used for the PEGylation of pep-
tides and proteins [9–11]. Today, biomacromolecules activated with cyanuric
chloride are sold by companies such as Sigma Aldrich. Furthermore, cyanuric
chloride is also used to synthesize 1,3,5-triazine derivatives for a variety of appli-
cations in the pharmaceutical, textile, plastic (e.g. melamine resins), and rubber
industries, and are used as pesticides, dyestuffs, optical bleaches, explosives, and
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surface active agents [8].

5.3.2 Research strategy and approach
The thermal stepwise reactivity of cyanuric chloride makes it an ideal molecule
to serve as a "coupling" molecule between the hydroxyl groups on the surface
and (poly)amines [8, 12–14]. The strategy in this work is to couple cyanuric chlo-
ride to the surface hydroxyl groups of the ECN resin (step 1). Doing so, the sur-
face contains reactive C−Cl groups which can be used for further reaction with
polyamines (step 2). An overview of this reaction is shown in figure 5.9. In this
way, polyamines can be covalently coupled to the surface of ECN resins.

Figure 5.9: Overview of the reaction strategy for covalent coupling of polyamines
to the ECN resin surface using cyanuric chloride as coupling molecule.
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In the following sections, these modification steps are optimized. The results will
be compared with previous work of our group. In case of step 1, reaction con-
ditions such as solvent, temperature, time. . . will be varied, analyzed and evalu-
ated. Toluene or dioxane will be used as reaction medium and proton scavengers
such as Na2CO3 or diisopropylethylamine (DIPEA) will be added. Subsequently,
the most suited conditions will be optimized and used as a starting point for the
second modification step (step 2). This first screening is followed by further reac-
tion parameter investigations and surface characterization using XPS and TOF-S-
SIMS.
In the second part, the reaction in step 2 with two different polyamines (di-
ethylenetriamine and branched polyethylene imine) will be explored. The main
reaction parameters to be optimized include reaction time and temperatures.
In order to evaluate each modification step, the chemical (surface) composition
will be analyzed with ATR-IR, SEM-EDS. In a later stage, optimized reactions
will be characterized with XPS and/or TOF-S-SIMS. The obtained information
will be compared to similar results/reactions reported in literature. Furthermore,
since surface roughness plays an important role in adhesion, the roughness of the
samples before and after reaction will be evaluated using optical profilometry.
Finally, the surface topography will be analyzed with SEM.
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5.3.3 Modification with cyanuric chloride: a broad screening

5.3.3.1 Introduction

An overall reaction scheme of step 1 is presented in figure 5.10. Reaction be-
tween cyanuric chloride (1) and secondary alcohols from the epoxy resin leads to
covalent coupling of the triazine moiety. DIPEA or Na2CO3 can be added as pro-
ton scavengers to the reaction mixtures. Here, reactions in two different solvents
(toluene and dioxane) are screened, investigated and evaluated. In previous work
of our research group, toluene was used as reaction medium for this coupling re-
action [15, 16]. Therefore, these reaction parameters will be applied and used for
comparative reasons.

Figure 5.10: Schematic illustration of the reaction scheme and possible side reac-
tion for the coupling reaction (step 1).

5.3.3.2 Optimization of cyanuric chloride modification

As mentionned before, the surface modification of ECN resins with cyanuric chlo-
ride is performed in two different solvents: toluene and dioxane. The use of
dioxane as a solvent in this reaction is based upon similar reactions reported in
literature. Several authors used dry dioxane and pyridine as proton scavenger
in case of coupling reactions with polymer hydroxyl, amine and amide groups
[12, 14]. Reaction temperatures until 80 ◦C and reaction times of maximum 24
hours were reported. Alternative proton scavengers such as Na2CO3 and DI-



134 Introduction of polyamines and polydopamine on the epoxy surface

Sample: Etching Solvent: Reaction CC Proton Scavenger
time (min): temp. (◦C): conc. (mol/l): scavenger: conc. (mol/l):

Blank 3.0 - - - - -
1 2.0 toluene 80 0.50 - -
2 3.0 toluene 80 0.50 - -
3 4.0 toluene 80 0.50 - -
4 5.0 toluene 80 0.50 - -
5 2.0 dioxane 30 0.11 Na2CO3 0.03
6 3.0 dioxane 30 0.11 Na2CO3 0.03
7 4.0 dioxane 30 0.11 Na2CO3 0.03
8 5.0 dioxane 30 0.11 Na2CO3 0.03
9 4.0 dioxane 40 0.20 DIPEA 0.40
10 5.0 dioxane 40 0.20 DIPEA 0.40
11 6.0 dioxane 40 0.20 DIPEA 0.40
12 8.0 dioxane 40 0.20 DIPEA 0.40

Table 5.3: Overview of the reaction parameters applied in the optimization ex-
periments. All reactions are carried out for 24 hours. CC stands for cyanuric
chloride.

PEA were also reported [8, 13]. In this work, proton scavengers such as Na2CO3
and DIPEA (diisopropylethylamine) are added in the same concentrations as de-
scribed in literature. The associated reaction temperatures are 30 ◦C and 40 ◦C,
respectively.
Table 5.3 presents an overview of the reaction conditions applied in toluene or
dioxane. The details of the reaction conditions and rinsing procedures can be
found in section 4.3.2. In the following discussion, chemical analyses, surface
roughness and surface topography before and after these reactions will be pro-
vided, interpreted and evaluated.

Chemical characterization

After reaction, the substrates (samples 1 - 8) are analyzed with ATR-IR. Spec-
tra before and after reaction are displayed in figure 5.11. The IR-spectrum of
the modified species reveals increased bands around 1540 cm−1. The small band
around 1540 cm−1 originates from the in plane vibration of the triazine ring of
cyanuric chloride derivatives. Other bands which are typical for chloro triazines
(800, 855 and 1266 cm−1) are masked by the intense bands from the underlying
ECN resin. These observations indicate the presence of cyanuric chloride on the
surface.
The infrared analysis after reaction in DIPEA/dioxane at 40 ◦C (figure 5.12) re-
sults in the presence of multiple and more intense bands which can be attributed
to the presence of triazines on the modified samples. Hence, a more detailed
discussion of the infrared investigation can be provided.
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Figure 5.11: ATR-IR spectra before modification (blank), after modification in
toluene (sample 4) and after modification in Na2CO3/dioxane (sample 6).

In accordance with literature data, the surface synthesis mechanism introduces
several absorption bands in the region of 1500 to 1750 cm−1 and one around
800 cm−1 [14, 17, 18]. These new bands at 1537 cm−1 (E’: in plane vibration) and
804 cm−1 (A2": out of plane vibration) are typical for similar cyanuric chloride
derivatives (figure 5.12). In the spectrum of sample 9, the additional band at
1120 cm−1 is attributed to dioxane (C−O−C stretch). Only this intense band of
dioxane is visible in the spectrum. The other bands are less intense and/or are
masked by the bands from the ECN resin. Nevertheless, dioxane is still present
in the substrate(s) after the reaction.
Separately from the coupling reaction, hydrolysis of cyanuric chloride or coupled
cyanuric chloride (2) with traces of water can occur (figure 5.13). An empirical
rule states that mono-, di- and trisubstitution reactions of cyanuric chloride occur
at 0 ◦C, 25 ◦C and 60 ◦C, respectively [19]. More detailed information on cyanuric
chloride chemistry and hydrolysis can be found in literature [8, 20–22]. Since the
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Figure 5.12: ATR-IR spectra of the blank substrate, sample 9, and sample 9 after
treatment in 1 M NaOH for 24 hours at 80 ◦C.

reaction temperature applied on sample 9 was 40 ◦C, the side reaction with traces
of water can result in following products: 2,4-dichloro-6-hydroxy-s-triazine (3), 2-
chloro-4,6-dihydroxy-s-triazine (4) and mono hydroxylated coupled triazine (5).
The strong carbonyl band around 1735 cm−1 in the spectrum of sample 9 (figure
5.12) can therefore be ascribed to the tautomeric keto form of adsorbed molecules
(3), (4) and coupled molecule (5) (figure 5.13) [23]. The adsorption of structure (3)
and (4) cannot be excluded due to their poor solubility in water and THF (rins-
ing solvents). Cyanuric chloride is insoluble in water. The solubility of cyanuric
acid is 0.2 m% (25 ◦C) in water and smaller than 0.1 m% (25 ◦C) in common or-
ganic solvents such as acetone, diethyl ether, ethanol and hexane [24]. Therefore
it is expected that the solubility in water and THF of structures (3) and (4) is also
poor. In aqueous alkaline media their solubility increases due to salt formation
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Figure 5.13: Detailed reaction scheme of cyanuric chloride coupling and possible
side reactions.

[25]. Subsequent treatment of sample 9 with a 1 M NaOH aqueous solution at
80 ◦C induces further hydrolysis of the carbon chloride bonds and results in salt
formation [25]. The disappearance of the band at 1735 cm−1 is probably caused
by the dissolution of the sodium salt(s) of (3) and (4) in the reaction mixture and
rinsing solutions (figure 5.12). Part of the band at 1540 cm−1 is still present. This
means that adsorbed 4-dichloro-6-hydroxy-s-triazine (3), 2-chloro-4,6-dihydroxy-
s-triazine (4) and covalently coupled triazines (2) and (5) contribute to the band
at 1537 cm−1 in the spectrum of sample 9. This band is attributed to coupled tri-
azines only in the spectrum after NaOH treatment.

In conclusion, the reactions in toluene and Na2CO3/dioxane result in a weak ad-
ditional band which can be ascribed to chloro-triazines. In case of reaction in DI-
PEA/dioxane, multiple weak to medium intensity bands at 804, 1537 and a broad
band around 1735 cm−1 indicate the presence of chloro-triazine derivatives.
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Sample: Cl (m%)

Blank < 0.2
1 0.9
2 1.0
3 0.9
4 0.8
5 0.4
6 0.4
7 0.4
8 0.4
9 2.3
10 2.3
11 2.3
12 2.3

Table 5.4: EDS analysis of the chlorine concentration before and after reaction
with cyanuric chloride of samples 1 to 12. Each presented value is a mean value
of 3 measurements on random spots (48 µm by 64 µm).In all cases the calculated
standard deviation does not exceed 0.1 m%.

EDS analyses result in an increase of the chlorine concentration after reaction. In
table 5.4, the results of these analyses are presented. The presence of chlorine is
an indication for the presence of cyanuric chloride derivatives in the analyzed
volume. The EDS analyses confirm the conclusions based on the infrared anal-
yses. Higher concentrations of chlorine are obtained after modification in DI-
PEA/dioxane compared to the reactions in toluene and Na2CO3/dioxane.

A closer look to the elemental maps (figure 5.14), generated by EDS analysis, re-
veal that the chlorine is spread homogeneously over the analyzed area (at least
within the spatial resolution of the EDS mapping) for the three different modi-
fication reactions. The less intense regions in the chlorine maps are due to the
presence of filler materials at these specific spots. The intense white filler parti-
cles can be seen in the corresponding SEM micrographs in the secondary electron
mode.
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Figure 5.14: SEM-SE micrographs (left) and chlorine elemental mapping (right)
of samples 2, 6 and 9 obtained from SEM-EDS measurements.
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Surface roughness and topography

The substrate roughnesses before and after the modification reactions are rep-
resented by their RMS roughness values. The definition of this RMS value is
provided in the experimental chapter.

Sample: Etching RMS before RMS after RMS decrease
time (min): reaction (nm): reaction (nm): (%)

Blank 3.0 677 ± 9 - -
1 2.0 484 ± 11 233 ± 4 52
2 3.0 677 ± 9 313 ± 12 54
3 4.0 829 ± 30 429 ± 13 48
4 5.0 937 ± 25 521 ± 28 46
5 2.0 374 ± 7 232 ± 1 38
6 3.0 566 ± 17 351 ± 11 38
7 4.0 694 ± 18 476 ± 22 31
8 5.0 931 ± 62 636 ± 14 32
9 4.0 643 ± 19 381 ± 11 40
10 5.0 851 ± 50 456 ± 10 47
11 6.0 976 ± 28 523 ± 15 48
12 8.0 1170 ± 100 567 ± 36 52

Table 5.5: RMS values before and after reaction with cyanuric chloride of sam-
ples 1 to 12. The depicted values are presented as the mean value ± calculated
standard deviation obtained out of 3 measurements on random spots.

The reaction with cyanuric chloride in toluene results in a decrease of roughly
50% of the RMS values for all samples. Table 5.5 shows the RMS values be-
fore and after the modification reaction. The decrease in roughness is caused
by swelling and de-swelling during and after the reaction. During reaction, hot
toluene (80 ◦C) can penetrate into the free volume of the ECN resin. After the
rinsing steps in water/THF mixtures, the toluene is washed out. This can also be
seen in the infrared analysis after reaction of sample 4 (figure 5.11). No additional
bands which can be attributed to toluene are observed in this spectrum.
When dioxane is applied as solvent, the RMS values also decrease after reac-
tion. However, this decrease is smaller compared to the reactions carried out in
toluene. As in the case of toluene, swelling and de-swelling are responsible for
the decrease in RMS values.
SEM-SE analyses of the surfaces after all reactions indicate that there is a decrease,
or even a total disappearance, of the smaller pores (100 nm to 200 nm) (figure
5.15). The amount of larger pores (> 1 µm) also decreases slightly. In the tilted
SEM micrographs of sample 9, a general flattening of the substrate surface is also
visible. Therefore, this roughness reduction can be attributed to flattening, lower
pore density and disappearance of the smaller pores generated by swelling and
de-swelling in the reaction medium during the modification procedures.
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Figure 5.15: SEM-SE micrographs (tilt 60°) of samples 3 and 9 before and after the
modification reactions with cyanuric chloride in toluene and dioxane.

Additional reactions in DIPEA/dioxane have been performed to obtain an indi-
cation of the temperature limit which can be applied for this reaction. Higher
reaction temperatures in dioxane (60 ◦C) lead to severe damage of the surface.
An example of this phenomenon is shown in figure 5.16. Therefore, the reaction
temperature in further experiments will be limited to maximum 40 ◦C.
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Figure 5.16: Example of surface damage after reaction in dioxane at 60 ◦C. SEM-
SE micrographs before (left) and after (right) reaction are presented.

5.3.3.3 Conclusions

Three sets of modification reactions have been carried out in different media:
toluene, Na2CO3/dioxane and DIPEA/dioxane. In the first two cases, the cya-
nuric chloride modifications result in the presence of cyanuric chloride deriva-
tives on the (sub)surface of etched ECN resins. A weak additional absorption
band in the infrared spectra around 1540 cm−1 indicates the presence of these
derivatives. Furthermore, the concentration of chlorine, measured with EDS, is
around 1 m% and 0.4 m% after the reaction in toluene and Na2CO3/dioxane, re-
spectively. When DIPEA/dioxane is applied as reaction medium, the chlorine
concentration increased to 2.3 m% (determined with EDS). This increased chlo-
rine concentration is accompanied by increased signals from chloro-substitued
triazines in the infrared spectra. Absorption bands at 804, 1540 and ± 1735 cm−1

indicate the presence of cyanuric chloride derivatives in the analyzed volumes.
After reaction in dioxane, a decrease of the RMS values was observed due to
swelling and de-swelling of the ECN resin during and after the reactions. The
decreased roughness can be qualitatively ascribed to the decrease of the amount
of pores (both large (1 µm to 5 µm) and small pores (100 nm to 200 nm)).
These results serve as a starting point for the reaction optimization provided in
the next section. The reaction medium which resulted in the highest chlorine
content and most intense IR peaks of cyanuric chloride derivatives will be used
for further investigation. Reaction temperatures of 60 ◦C led to severe damage
to the ECN resin. Therefore, the temperature variation will be limited to 40 ◦C
maximum.
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5.3.4 Cyanuric chloride modification in dioxane with DIPEA

5.3.4.1 Introduction

The previous sections pointed out that the best results for the cyanuric chloride
modifications of ECN are obtained in DIPEA/dioxane medium. Consequently,
this medium will be used to further optimize the reactions conditions.
In previous sections, it has come to our attention that long treatment in dioxane
results in solvent uptake in the ECN resin. In some cases, dioxane residues were
observed in the infrared spectra. The largest solvent uptake was observed in
case of 40 ◦C. Next to this, reaction temperatures below 40 ◦C can reduce the
unwanted second chlorine substitution by traces of water (hydrolysis). Indeed, as
previously mentioned, the second substitution reaction takes place above 25 ◦C.
The goal of this investigation is to reduce the solvent uptake and subsequent
roughness decrease. Therefore, reactions are carried out below 40 ◦C and reaction
times are varied between 1 and 24h.
The modified surfaces will be subjected to a more profound surface analysis
study. Therefore, XPS and TOF-S-SIMS analysis results will be presented. In
comparison to ATR-IR and EDS, the former techniques have a depth of informa-
tion which is in the range of 1 nm to 10 nm. While ATR-IR and EDS analysis, have
a depth of information in the order of micrometers.
Finally, the same sequence of presenting the results as in previous sections will be
applied here. Chemical investigation of the (modified) samples will be presented
and the influence of the modification reactions on the surface topography and
roughness will be discussed.

5.3.4.2 Reaction conditions

Identical concentrations of cyanuric chloride (0.2 mol/l) and DIPEA (0.4 mol/l)
are applied here. Prior to the modification reactions, all samples are etched for 4
min in KMnO4/NaOH at 80 ◦C. Reactions are carried out at 23, 30 and 40 ◦C for
1, 2, 4, 8, 24 hours. Table 5.6 provides an overview of the sample labeling applied
for different cyanuric chloride coupling reactions discussed in this section. The
chemical analysis part consists of EDS, XPS, ATR-IR and TOF-S-SIMS analyses of
the modified samples.

5.3.4.3 Chemical characterization

EDS and XPS analysis

After each reaction the elemental surface composition is measured via XPS and
the chlorine content has been determined by SEM-EDS analysis (table 5.6). Af-
ter all modification reactions, the presence of chlorine and nitrogen is clearly ob-
served through XPS analysis which is a first indication for the presence of chlorine
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Sample: Temp.: Time: XPS: EDS:
(◦C) (h) C (at%) O (at%) N (at%) Cl (at%) N/C (%) Cl (m%)

Blank - - 81.0 19.0 - - - < 0.2
1-CC 23 1 73.7 22.8 3.1 0.5 4.2 0.9
2-CC 23 2 78.0 18.8 2.7 0.5 3.5 1.2
3-CC 23 4 74.7 20.7 3.7 0.8 5.0 1.4
4-CC 23 8 74.1 20.8 4.0 1.1 5.4 1.5
5-CC 23 24 75.2 18.6 4.8 1.4 6.4 2.0
6-CC 30 1 78.4 19.8 1.6 - (0.3) 2.0 1.3
7-CC 30 2 77.2 19.5 2.8 0.6 3.6 1.6
8-CC 30 4 75.7 18.7 4.5 1.1 5.9 1.8
9-CC 30 8 77.5 18.6 3.1 0.9 4.0 2.1
10-CC 30 24 75.9 18.7 3.7 1.7 4.9 2.4
11-CC 40 1 78.8 19.0 1.8 0.5 2.3 1.5
12-CC 40 2 77.7 18.9 2.7 0.7 3.5 1.6
13-CC 40 4 75.6 18.9 4.3 1.2 5.7 2.7
14-CC 40 8 75.4 18.6 4.4 1.7 5.8 2.3
15-CC 40 24 78.1 17.5 3.1 1.4 4.0 2.5

Table 5.6: Different reaction conditions applied in the first modification step with
cyanuric chloride. XPS and SEM-EDS analysis results are presented. Only one
XPS analysis was performed on each sample (standard deviation is not avail-
able). The EDS analyses were performed on three random spots. In all cases, the
calculated standard deviation did not exceed 0.05 m%.

substitued triazines on the surface. Longer reaction times mostly result in higher
relative chlorine and nitrogen surface concentrations. This is similar to previous
obtained results in dioxane medium. EDS reveals the presence of chlorine after
this reaction in the analyzed volume.

Infrared analysis

In addition, these reactions are monitored via ATR-IR spectroscopy. As already
observed previously in section 5.3.3.2, several new bands are observed in the in-
frared spectra after coupling with cyanuric chloride in DIPEA/dioxane:

• 804 cm−1: out of plane vibration (A2") from the triazine ring.

• 1538 cm−1: in plane vibration (E’) from the triazine ring.

• ± 1730 cm−1: C−−O stretch from the keto form of hydrolyzed chloro-triazines.

Figure 5.17 shows spectra obtained from the etched substrate (blank) and mod-
ified substrates 4-CC, 9-CC, 11-CC, 14-CC and 15-CC. The chloro triazine sub-
stitution is clearly noticed in the spectra of the modified surfaces through the
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Figure 5.17: ATR-IR analysis of the ECN surfaces before (blank) and after reac-
tions with cyanuric chloride.

additional bands at 804 and 1538 cm−1. Longer reaction times (figure 5.17, spec-
tra 11-CC, 14-CC and 15) result in more intense bands at the above mentioned
wavenumbers. Moreover, the XPS and SEM-EDS analysis confirm these results
via increased chlorine and nitrogen (surface) concentrations (table 5.6). A broad
band around 1730 cm−1 is observed in all spectra of the modified substrates. This
band is larger in the case of substrate 15-CC which possibly means that more
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hydrolyzed triazines are present in the case of higher reaction temperatures. In
addition, dioxane presence is visible through a band at 1120 cm−1. This band is
only observed in the case of high reaction temperatures (40 ◦C) and long reaction
times (figure 5.17, spectrum CC-15). Consequently, the reaction temperatures of
the cyanuric chloride coupling preceding the polyamine modifications will be
limited to maximum 30 ◦C to minimize the presence of residual dioxane.

TOF-S-SIMS investigation

To confirm the above mentioned results, TOF-S-SIMS analyses are performed on
an initial etched surface (blank) and compared with the spectrum of a modified
surface (substrate 5-CC). Both positive and negative spectra of the blank substrate
are shown in figure 5.18 and 5.19, respectively. Background information about
TOF-SIMS is provided in section 2.4.4.
In the positive spectrum of the blank substrate, three different types of ions are
observed: hydrocarbon ions, metal ions and ions attributed to the epoxy cresol
novolak resin. The peaks at m/z 65 (C5H5

+), 77 (C6H5
+), 91 (C7H7

+), 115 (C9H7
+),

135 (C9H11O+), 152 (C12H8
+·) and 165 (C13H9

+) arise from the fragmentation of
the epoxy cresol novolak resin. The metal ions Ca+ and Mg+ originate from the
Ca-Mg carbonate fillers. Their presence is visible through peaks at m/z 24 (Mg+),
40 (Ca+) and 57 (CaOH+). Other signals from metal ions such as Na+ and K+ are
also observed. The presence of sodium and potassium through peaks at m/z 23
(Na+) and 39 (K+) is most likely a consequence of the preceding etching treat-
ment in a KMnO4/NaOH solution. Finally, hydrocarbon contamination leads to
the observation of following peaks: m/z 29 (C2H5

+), 39 (C3H3
+), 41 (C3H5

+), 43
(C3H7

+), 53 (C4H5
+), 55 (C4H7

+) and 57 (C4H9
+).

In contrast to the positive spectrum, the negative spectrum obtained from the
blank substrate does not provide much additional information. Two peaks at m/z
65 (C5H5

–) and 121 (C8H9O–) arise from the fragmentation of the epoxy cresol
novolak polymer backbone. The occurrence of carbonate species is determined
through a peak at m/z 60 (CO3

−). The peaks below m/z 30: 12 (C–), 13 (CH–), 16
(O–), 17 (OH–), 24 (C2

−) and 25 (C2H–), are structurally non-specific fragments.
Sulfate contamination results in additional peaks at m/z 80 (SO3

−), 81 (HSO3
−)

and 97 (HSO4
−).

TOF-S-SIMS analysis of the cyanuric chloride modified substrate 5-CC results in
additional peaks in the negative spectrum (figure 5.20). Four new peaks are no-
ticed below m/z 50: 26 (CN–), 35 (35Cl−), 37 (37Cl−) and 42 (CNO–). Hence, chlo-
rine and nitrogen containing species are present at the surface. However, these
observations do not provide any evidence for the presence of (chlorine substi-
tuted) triazine molecules at the surface. A more detailed inspection of the addi-
tional peaks in the region m/z 100-200 leads to some interesting results.
Additional peaks at m/z 146 (C3

35ClHN3O2
−), 164 (C3

35Cl2HN3O−) and 166
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Figure 5.18: Positive S-SIMS spectrum of the blank substrate.

(C3
35Cl37ClHN3O−) can be assigned to the anions of (5) and (2), respectively (see

chemical structures in figure 5.13). To the best of our knowledge, these findings
have not been reported in the literature so far. These molecules are also observed
in the ATR-IR spectra thjrough different bands at ± 1735 cm−1 (keto form of hy-
droxyl substituted triazines), 804 and 1538 cm−1 (chlorine substituted triazines).

There is not much difference between the positive spectrum of the blank sub-
strate and 5-CC (not shown). Only one additional compound in small amounts is
noticed. The signal at m/z 130 refers to the protonated DIPEA (C8H20N+). Its pres-
ence is confirmed by the peaks at m/z 114 (C7H16N+), 86 (C5H12N+), 72 (C4H10N+)
and 44 (C2H6N+), due to the logically expected amine fragments and subsequent
rearrangement products.
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Figure 5.19: Negative S-SIMS spectrum of the blank substrate.

5.3.4.4 Influence of the reaction conditions on the surface roughness

For each sample, the RMS roughness value is measured before and after the mod-
ification reaction. The RMS values are presented in table 5.7. Next, typical SEM
analyses of the surface topography, before and after modification, are shown in
figure 5.21. The general trend is that the RMS decrease is already observed after
1 hour. The difference is relatively small compared to longer reaction times (2
to 24h). Therefore, the intention to avoid roughness decrease by shortening the
reaction time has failed.
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Figure 5.20: Negative S-SIMS spectrum of sample 5-CC.

Figure 5.21: SEM-SE micrographs (tilt 60°) sample 4-CC before (left) and after
(right) cyanuric chloride modification in dioxane at 23 ◦C for 8 hours.
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Sample: Temp.: Time: RMS before RMS after
(◦C) (h) reaction (nm) reaction (nm)

1-CC 23 1 595 ± 15 273 ± 32
2-CC 23 2 595 ± 15 249 ± 16
3-CC 23 4 595 ± 15 260 ± 11
4-CC 23 8 595 ± 15 242 ± 12
5-CC 23 24 595 ± 15 233 ± 19
6-CC 30 1 606 ± 10 359 ± 6
7-CC 30 2 606 ± 10 309 ± 3
8-CC 30 4 606 ± 10 322 ± 9
9-CC 30 8 606 ± 10 304 ± 5
10-CC 30 24 606 ± 10 315 ± 10
11-CC 40 1 526 ± 21 259 ± 14
12-CC 40 2 526 ± 21 243 ± 16
13-CC 40 4 526 ± 21 248 ± 9
14-CC 40 8 526 ± 21 246 ± 8
15-CC 40 24 526 ± 21 265 ± 10

Table 5.7: RMS roughness values (n = 3) before and after reaction with cyanuric
chloride in dioxane. All samples have been etched for 4 minutes prior to modifi-
cation.

5.3.4.5 Conclusions

The surface modification of etched ECN resins is studied by varying both tem-
perature and reaction time. The solvent penetration can be largely reduced by
applying reaction temperatures below 30 ◦C. Consequently, the reaction temper-
atures of the cyanuric chloride coupling preceding the polyamine modifications
will be limited to maximum 30 ◦C.
After the modification reactions with cyanuric chloride, surface analysis (ATR-IR,
XPS and TOF-S-SIMS) provided the evidence for the presence of cyanuric chlo-
ride and its derivatives on the surface. However, it must be noted that due to the
swelling of the ECN resin during these coupling reactions, the modification with
cyanuric chloride preceeds not only at the top surface but also in the sub sur-
face (micrometer range) region. Two general observations are responsible for this
conclusion: the relatively high amounts of chlorine (from EDS measurements)
and the intense peaks observed in the infrared spectra of the cyanuric chloride
derivatives.

5.3.5 Second modification step with polyamines (step 2)

5.3.5.1 Introduction

The second modification step involves the reaction of residual surface chloro tri-
azine groups with polyamines. For this purpose, two different polyamines are
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chosen: diethylenetriamine (DIEN) and branched polyethyleneimine (PEI). The
former is a small molecule and is chosen in order to test whether amines can react
with the chloro triazine groups. The latter is chosen because one coupling reac-
tion can result in the introduction of a large amount of covalently bonded amines
on the substrate surface.
As concluded in the previous section, the preceding cyanuric chloride coupling
reactions are performed at 23 ◦C and 30 ◦C. Figure 5.22 shows the complete reac-
tion scheme of step 1 and step 2.

Figure 5.22: Overall reaction scheme of the two step modification of the ECN
surface (top) and chemical structures of DIEN and branched PEI (bottom).
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5.3.5.2 Grafting of DIEN to surface coupled chloro triazines

Reaction conditions

In the following experiments, the etching time in alkaline permanganate solution
is kept constant at 4 min. In the case of reaction with DIEN, the conditions have
been optimized (not shown). Cyanuric chloride modified epoxy surfaces are in-
troduced in a 1 M DIEN solution in IPA at 75 ◦C for 24 hours. After the reaction,
the substrates are rinsed several times in ethanol. During these rinsing steps, side
products such as amine salts, adsorbed triazines and amines are removed from
the substrates.
IPA is chosen over diluted aqueous NaOH solution as solvent for multiple rea-
sons. The main reason is to reduce the hydrolysis of the C-Cl bonds during the
reaction. Second, the boiling point of IPA is higher than 60 ◦C which is the mini-
mum temperature needed for the third chlorine substitution. The final reason is
that DIEN dissolves readily in IPA.

Sample: Temp.-time: XPS: EDS:
(step 1) (step 2) (step 2)
(◦C-h) C (at%) O (at%) N (at%) Cl (at%) N/C (%) Cl (m%)

16-DIEN 23-1 76.2 17.9 5.7 - 7.5 < 0.2
17-DIEN 23-2 75.9 17.1 7.1 - 9.4 < 0.2
18-DIEN 23-4 76.2 16.4 7.6 - 10.0 < 0.2
19-DIEN 23-8 75.8 16.5 7.7 - 10.2 < 0.2
20-DIEN 23-24 74.9 16.5 8.6 - 11.5 < 0.2
21-DIEN 30-1 77.5 16.6 5.9 - 7.6 < 0.2
22-DIEN 30-2 72.4 17.8 9.8 - 13.5 < 0.2
23-DIEN 30-4 74.9 16.7 8.4 - 11.2 < 0.2
24-DIEN 30-8 73.9 17.7 8.4 - 11.4 < 0.2
25-DIEN 30-24 72.5 17.8 9.4 - 13.0 < 0.2

Table 5.8: Overview of the reaction conditions for the second modification step
with DIEN in IPA at 75 ◦C for 24 hours. The XPS and SEM-EDS results are pre-
sented. Since only one XPS analysis was performed on each sample, the calcu-
lated standard deviation is not available. The EDS analyses were performed on
three random spots. In all cases, the calculated standard deviation did not exceed
0.05 m%.

Chemical characterization

Table 5.8 shows the XPS and SEM-EDS elemental concentrations for different re-
action conditions. Chlorine is not detectable with XPS after the reaction with
DIEN. The nitrogen surface concentrations measured with XPS increase in com-
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parison with the values presented in table 5.6. In addition, EDS analysis results
in a strong decrease of the chlorine content in all cases.
After all the modification reactions, 17-18 at% of oxygen is still present on the
surface. This means that the surface is not fully covered with amines, or the
probing depth of the XPS analysis is larger than the thickness of the modified
layer, or the porous nature of the surface influences the obtained composition.

Figure 5.23: ATR-IR analysis of the ECN substrates before and after modification
with DIEN.

At first sight, the ATR-IR analysis of the DIEN modified substrates reveals new
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bands in the region of 1500 cm−1 to 1700 cm−1 (figure 5.23). The presence of
DIEN is visible through the occurrence of a new band around 1655 cm−1 and
an increased intensity of the band at 1581 cm−1. The bands at 1655 cm−1 and
1581 cm−1 are attributed to the N−H deformation vibration of primary and sec-
ondary amines, respectively [3]. Next, the out of plane vibration of the triazine
ring at 804 cm−1 is shifted to 812 cm−1. This means that triazine moieties are still
present and that the nature of its substituents is altered. The band at 1538 cm−1

decreased in intensity. In general, this band shifts towards higher frequencies due
to amine substitution [26]. However, this shifted band is not visible due to over-
lap with the relatively strong signal from the N−H deformation (1581 cm−1) of
DIEN and the C−−C aromatic stretches (1584 cm−1) of the underlying ECN resin
[27]. Indeed, the depth of information in case of ATR-IR spectroscopy is generally
several micrometers in an organic matrix.
TOF-S-SIMS analyses were performed on the DIEN modified substrates. For
comparative reasons, those results will be discussed together with the results ob-
tained from the PEI modifications in section 5.3.5.3.

Influence of the reaction conditions on the surface roughness

After the modification reactions, the RMS values were determined through opti-
cal profilometry. In table 5.9, the results are presented for both reaction steps. As
already discussed, a large roughness decrease is obtained after step 1. The aver-
age RMS values are lower after step 2 compared to step 1. However, there is no
significant difference (student t-test p < 0.05) between the two values in all cases.

Sample: RMS before RMS after RMS after
reaction (nm) step 1 (nm) step 2 (nm)

16-DIEN 595 ± 15 273 ± 32 260 ± 8
17-DIEN 595 ± 15 249 ± 16 240 ± 12
18-DIEN 595 ± 15 260 ± 11 224 ± 3
19-DIEN 595 ± 15 242 ± 12 226 ± 24
20-DIEN 595 ± 15 233 ± 19 222 ± 19

Table 5.9: RMS values after reaction step 1 and step 2 (with DIEN). The results
after step 1 are limited to the reaction carried out at 23 ◦C for 1 to 24 hours. The
results are presented as a mean value of 3 measurements at random spots accom-
panied by the calculated standard deviation.

SEM analysis is carried out to determine the surface topography after both re-
action steps. An example is shown in figure 5.24. As already known, the first
reaction step induces a decrease of pore density and roughness. However, the
difference after the second modification step with DIEN in isopropanol is very
small. This is in agreement with the fact that there were no significant differences
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between the RMS values. This implies that reactions in isopropanol reveal almost
no swelling/de-swelling effects on the ECN resin even at 75 ◦C.

Figure 5.24: SEM-SE micrographs (tilt 60°) substrate surfaces of samples 4-CC
(left) and 19-DIEN (right).

5.3.5.3 Grafting of branched PEI to surface coupled chloro triazines

Chemical characterization

In contrast to the reaction with DIEN, the PEI modification needs much longer
reaction times. This can be explained in terms of the large difference in molar
mass of these two reagents. Only after 92 hours of reaction in isopropanol at
75 ◦C, chlorine is no longer detectable in the XPS spectra (table 5.10).
However, EDS measurements after this reaction result in chlorine contents from
0.1 to 0.5 m%. This can be explained by the much larger probing depth of SEM-
EDS versus XPS. Due to the porous structure of the substrates, it is possible that
some reactive C-Cl bonds are somehow not reachable for the PEI even after long
exposure times. When the XPS results of table 5.6 and 5.10 are compared, one can
see that the nitrogen content after this PEI modification increases with roughly 7
at%. This proves the presence of PEI on the surface. Also important is that the
oxygen content decreases only slightly.
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This implicates that the surface is not fully covered with PEI or that the thick-
ness of the modified layer is smaller than the probing depth of the XPS analysis.
Angle-Resolved XPS studies could provide more information. Unfortunately, the
porous structure of the sample surfaces [6, 27] makes it nearly impossible to apply
this technique.

Sample: Temp.-time: XPS: EDS:
(step 1) (step 2) (step 2)
(◦C-h) C (at%) O (at%) N (at%) Cl (at%) N/C (%) Cl (m%)

1-PEI 23-1 72.4 18.0 9.6 - 13.3 < 0.2
2-PEI 23-2 73.3 16.9 9.8 - 13.4 < 0.2
3-PEI 23-4 72.7 16.2 11.2 - 15.4 < 0.2
4-PEI 23-8 72.5 16.3 11.3 - 15.6 0.3
5-PEI 23-24 72.1 15.6 12.2 - 16.9 0.4
6-PEI 30-1 73.3 17.7 8.8 - 12.0 < 0.2
7-PEI 30-2 72.1 19.4 8.4 - 11.7 0.2
8-PEI 30-4 70.9 19.1 10.8 - 15.2 0.3
9-PEI 30-8 70.8 18.4 10.6 - 15.0 0.4
10-PEI 30-24 72.1 18.1 10.1 - 14.0 0.5

Table 5.10: Overview of the reaction conditions for the second modification step
with PEI at 75 ◦C for 92 hours. The XPS and SEM-EDS results are presented. Since
only one XPS analysis was performed on each sample, the calculated standard
deviation is not available. The EDS analyses were performed on three random
spots. In all cases, the calculated standard deviation did not exceed 0.05 m%.

ATR-IR analysis of the PEI modified substrates reveals the same changes as with
the DIEN modification. The presence of PEI is visible through the occurrence of a
new band around 1655 cm−1 and an increased intensity of the band at 1581 cm−1

(figure 5.25). Compared to the DIEN modifications these bands are more pro-
nounced. Next, longer reaction times in step 1 with cyanuric chloride lead to
more intense signals from the amine bend vibrations. The out of plane vibration
of the triazine ring at 804 cm−1 is shifted to 812 cm−1. Furthermore, the band
at 1538 cm−1 decreases in intensity. In contrast to the infrared analysis of DIEN
modified samples, the presence of−CH2CH2NHR units can be observed through
a small increase of absorption around 1430 cm−1 (C−H deformation vibration in
−CH2NHR units).
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Figure 5.25: ATR-IR analysis of the ECN substrates before and after modification
with PEI.
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TOF-S-SIMS analysis of DIEN and branched PEI modified substrate surfaces

Substrates modified with DIEN (sample 20-DIEN) and PEI (sample 10-PEI) are
subjected to TOF-S-SIMS analysis to prove the existence of amine groups on the
modified surfaces. Indeed, deconvolution of the nitrogen peak obtained with XPS
is not straigth forward. Examples of both positive spectra (figure 5.26) exhibit the
same additional peaks compared to substrate 5-CC (not shown).

Figure 5.26: S-SIMS spectra of samples 20-DIEN (positive spectrum) and 10-PEI
(positive and negative spectrum).
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The additional peaks arise from DIEN or PEI degradation fragments (figure 5.27)
[28]: m/z 28 (CH2N+), 30 (CH4N+), 42 (C2H4N+ or CNO+), 44 (C2H6N+), 54
(C3H4N+) and 56 (C3H6N+). In the case of sample 10-PEI these peaks are more
pronounced. The negative spectra of sample 10-PEI (figure 5.26) show peaks at
m/z 26 (CN–) and 42 (CNO–), which are structurally non-specific nitrogen con-
taining fragments. The peaks from the chloride anion (m/z: 35 and 37) and the
chlorine substituted triazine compounds (m/z: 146, 164 and 166) are not observed.
Sulfate contamination results in additional peaks at m/z 80 (SO3

−), 81 (HSO3
−)

and 97 (HSO4
−).

Figure 5.27: Possible fragments of DIEN and PEI providing secondary ions in
S-SIMS analyses.

Influence of the reaction conditions on the surface roughness and topography

After each modification step, the RMS was determined with optical profilometry
(table 5.11). As discussed before, the surface roughness after the first modification
step decreases largely. The second modification with PEI only decreases lightly
in the cases of 1 and 2 hours of reaction in the previous step. This small decrease
can be attributed to the longer reaction time in IPA during PEI modifications.
Concerning the surface topography, similar results were obtained as in the case
of DIEN modification.

5.3.5.4 Conclusions

Polyamines have been successfully introduced on the surface of ECN resins via
chemical modification. This chemical modification strategy consists of an initial
coupling reaction with cyanuric chloride followed by covalent grafting of two
types of polyamines: DIEN and branched PEI. Detailed surface analyses after
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Sample: RMS before RMS after RMS after
reaction (nm) step 1 (nm) step 2 (nm)

6-PEI 588 ± 9 233 ± 6 204 ± 4
7-PEI 588 ± 9 219 ± 6 197 ± 9
8-PEI 588 ± 9 213 ± 9 198 ± 7
9-PEI 588 ± 9 196 ± 3 197 ± 3

Table 5.11: RMS values after reaction step 1 and step 2 (with PEI). The results after
step 1 are limited to the reaction carried out at 30 ◦C for 1 to 8 hours. The results
are presented as a mean value of 3 measurements at random spots accompanied
by the calculated standard deviation.

each reaction step are provided. The influence on the roughness after these re-
actions was very small. As concluded after the cyanuric chloride modification,
these modifications are not exclusively at the top surface but also in the sub
surface (micrometer) region. This can be supported by the fact that the peaks
assigned to the polyamines in the infrared spectra are quite intense. When an
epoxy resin is modified with absorbed with polyamines (and detected by XPS)
on a ECN resin, the polyamine peaks are not visible in the ATR-IR spectra (not
shown). These peaks are not visible due to intense peaks of the ECN resin.

5.3.6 General conclusions
A synthesis strategy is presented for the covalent bonding of polyamines on the
surface of etched ECN resins. This modification method uses cyanuric chloride
as a coupling agent. Polyamines can be bonded on ECN resins which have been
modified with cyanuric chloride. The chemical composition of the modified sur-
faces after both reaction steps has been fully characterized with SEM-EDS, ATR-
IR, XPS and TOF-S-SIMS. The surface topography and roughness have been ana-
lyzed with SEM and an optical profiler.
In case of the reaction with cyanuric chloride, the best results have been obtained
using DIPEA as a proton scavenger in dioxane with reaction temperatures of
23 ◦C to 30 ◦C. However, this reaction was accompanied by a severe decrease
in roughness due to solvent penetration.The subsequent polyamine modification
reaction has been performed in IPA at 75 ◦C. In case of DIEN substitution, a re-
action time of 24 hours was enough. The reaction with branched polyethylene
imine needs to be carried out much longer (at least 92 hours). In both cases,
amines were present on the surface after reaction.
The big disadvantage of this type of surface modification is the decrease in rough-
ness after reaction with cyanuric chloride. In the next sections, alternative mod-
ification routes in aqueous media for polyamine introduction on the surface will
be investigated.
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5.4 Modification with polyamines and polydopamine

5.4.1 Introduction

In the previous section, coupling molecules such as cyanuric chloride have been
used to introduce amine groups on the surface through wet-chemical modifica-
tions [27, 29]. However, this reaction requires the use of organic solvents and the
presence of nucleophilic groups on the initial surface. Moreover, the use of sol-
vents leads to a severe decrease of roughness. Therefore, other routes in aqueous
media for polyamine surface modifications are explored here.

In 2007, Messersmith reported on surface modification of all kinds of materials
ranging from metals, metal oxides, silicon to polymers with polydopamine [30].
This polydopamine modification was inspired by the chemical structure of mus-
sel adhesive proteins (MAPs). Important here is that all kinds of polymer surfaces
can be modified with polydopamine, independent of their surface properties and
functional groups. Surfaces can be modified by simply introducing them in an
aqueous dopamine solution at pH 8.5. In general, this polydopamine layer has
a thickness of 5-50 nm [31]. A lot of discussion is still going on concerning the
chemical structure of this polydopamine layer. The most recent progress on this
specific topic is provided in literature [32] and described in section 3.1.4. Nev-
ertheless, it is assumed that catechol, quinone, amine and 1,6-dihydroxyindole
moieties are present on the surface of a polydopamine modified substrate.

Polydopamine modified surfaces can also be used as a versatile platform for sec-
ondary modifications which can further tailor the surface chemical properties
[33–35]. An important secondary modification consists of introducing macro-
molecules which contain a nucleophilic group (R-N-H, R-S-H) through Michael
addition or Schiff base reaction using the ‘grafting tot’ approach. This strategy
will be applied here to introduce polyamines on polydopamine modified sur-
faces.

Surface modifications with polydopamine or polyamines potentially increase the
adhesion towards electroless deposited metals. Therefore, they can be used in
the processing of sequential build-up layers in the printed circuit board indus-
try [29, 36, 37]. During the electroless deposition process, the substrates are im-
mersed in different wet-chemical aqueous solutions. One of these steps is the
catalytic activation in a highly acidic Pd colloidal dispersion (figure 5.28) as ex-
plained previously (section 2.2.3.3). Therefore, the stability of the polydopamine
and (subsequent) polyamine modifications toward a 1 M HCl solution is investi-
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gated. It is known that polydopamine coated substrates are quite stable against a
HCl medium [30]. However, the stability of the grafted polyamines has not been
investigated until now.

Figure 5.28: Schematic illustration of the electroless deposition process and the
stability process test in HCl.

In this section, the epoxy surfaces are modified in three different ways (figure
5.29):

1. adsorption of branched and linear PEI,

2. polydopamine modification,

3. grafting of PEI (branched and linear) and DIEN to polydopamine modified
surfaces.

Because it is not sure if the polydopamine and polyamines will be covalently
bond to the surfaces, these modification pathways will be tested on their stability
toward a 1 M HCl solution. The modified substrates will be subjected to a thor-
ough chemical surface analysis using XPS and TOF-S-SIMS. Furthermore, the in-
fluence on the surface roughness is investigated quantitatively and qualitatively
using optical profilometry (RMS values) and SEM, respectively. New insights are
provided on the stability, chemical surface composition and surface topography
of these specific modifications.
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Figure 5.29: Illustration of the surface modifications and subsequent stability tests
performed in this section.

5.4.2 Polyamine adsorption in aqueous medium

5.4.2.1 Introduction

In an attempt to obtain a faster procedure which is performed in aqueous medium,
the adsorption of polyamines on ECN surfaces is investigated. Here, aqueous so-
lutions of B-PEI and L-PEI are used for this purpose. The chemical structures of
these two types of PEI are shown in figure 5.30.
The final goal in this work is to subsequently deposit electroless copper on these
samples. This procedure includes a catalytic activation consisting of two immer-
sion steps in acidic media (pH < 1, HCl medium). The sample is introduced in a
Pre-Dip solution for 1 min followed by immersion in the Pd-Sn colloid dispersion
for 4 min. This means that there is a possibility that the polyamines desorb from
the surface during these catalytic activation steps. Desorption can occur due to
(further) protonation of the amine groups which renders the polymers more sol-
uble in an aqueous medium. Therefore, the modified substrates will be subjected
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Figure 5.30: Chemical structure of branched (top) and linear (bottom) PEI.

to a stability test in HCl medium. The obtained modified substrates are evalu-
ated in terms of chemical surface composition (XPS and TOF-S-SIMS), roughness
(optical profiler) and surface topography (SEM).

5.4.2.2 Surface roughness and topography

Only one type of PEI is used in the roughness investigation part. Table 5.12 shows
an overview of RMS values before and after the adsorption reactions with B-PEI.
Samples with different etching times have been submitted to this investigation.
There are no significant differences (student t-test p < 0.05) between the RMS
values before and after these surface modifications.

Sample: Etching RMS before RMS after
time (min): reaction (nm): reaction (nm):

1-B-PEI-A 1.0 316 ± 23 315 ± 9
2-B-PEI-A 2.0 508 ± 17 519 ± 20
3-B-PEI-A 3.0 719 ± 15 730 ± 8
4-B-PEI-A 4.0 878 ± 54 897 ± 23

Table 5.12: RMS values before and after B-PEI adsorption (B-PEI-A) for 1h at RT.
The results are presented as a mean value of 3 measurements at random spots
accompanied by the calculated standard deviation.
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The same conclusions can be drawn for similar experiments with longer reaction
times (24 hours) and other polyamines such as L-PEI and DIEN (data not shown).
An example of the surface topography before and after PEI adsorption is illus-
trated in figure 5.31. The influence on the topography is minimal after modifi-
cation as suggested by the RMS values before and after modification. After im-
mersion in 1 M HCl, no differences in surface topography are observed based on
SEM micrographs (not shown).

Figure 5.31: SEM micrographs of samples before (Blank) and after adsorption for
24 hours with B-PEI (A), L-PEI (B) and DIEN (C). Prior to the modifications, the
samples have been etched for 1 min.

In conclusion, there is no significant difference on the roughness before and after
the adsorption reaction with polyamines. Identical surface topography is found
before and after reaction using SEM analysis.
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5.4.2.3 Chemical characterization of surfaces modified with adsorbed polyamines

XPS analysis is performed before and after reactions with B-PEI, L-PEI and DIEN
applying two different reaction times: 1 hour and 24 hours. An overview of the
samples is presented in table 5.13. The surface composition is determined with
XPS (table 5.14). In all cases, nitrogen is introduced on the surface of the sub-
strates. This means that nitrogen containing functional groups are present on
the modified surfaces. However, oxygen is still present on every surface. This
means that the surface is not fully covered with polyamines or the probing depth
of the XPS analysis is larger than the thickness of the modified layer. Angle re-
solved XPS studies could provide more information. Unfortunately, the porous
structure of the sample surfaces makes it nearly impossible to obtain additional
information using this technique.

Sample: Etch time Reaction
(min): time (h):

Blank-1 1.0 -
Blank-2 2.0 -
5-B-PEI-A 1.5 1
6-L-PEI-A 1.5 1
7-B-PEI-A 1.0 24
8-L-PEI-A 1.0 24
9-DIEN-A 1.0 24

Table 5.13: Sample annotation and reaction times for the polyamine adsorption
reactions.

After immersion in HCl solution, the surface nitrogen concentration of all sub-
strates decreases significantly. The branched PEI modified surfaces loose about
40% of nitrogen surface concentration compared to roughly 60% decrease in case
of surfaces modified with linear PEI. Instinctively, two explanations can be pro-
vided for these observations. First, the protonation degree can differ between
linear and branched PEI. Second, the molecular weight of the applied polymers
differs largely: linear PEI (Mw 1200 g/mol) and branched PEI (Mw 25000 g/mol).
However, the protonation degree is the same for both PEI polymers when the
pH of the solution is 0 [38]. Therefore, the difference in desorption in HCl media
can only be ascribed to the difference in molecular weight, number of anchoring
points or chemical structure in these specific conditions. In case of adsorption
of DIEN, a lower N/C ratio is obtained compared to the PEI modified samples.
After HCl immersion, nitrogen is not detected which means that DIEN is com-
pletely removed.
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Sample: XPS
analysis:

C (at%) O (at%) N (at%) Si (at%) Cl (at%) N/C (%)

Blank-1 77.4 ± 0.1 22.6 ± 0.1 - - - -
Blank-2 78.1 ± 0.5 21.9 ± 0.5 - - - -
5-B-PEI-A 77.0 ± 0.1 18.4 ± 0.3 4.6 ± 0.5 - - 5.9 ± 0.7
5-B-PEI-A-HCl 77.7 ± 0.3 19.7 ± 0.2 2.4 ± 0.2 - - 3.1 ± 0.3
6-L-PEI-A 77.0 ± 0.4 18.6 ± 0.2 4.4 ± 0.2 - - 5.7 ± 0.3
6-L-PEI-A-HCl 78.3 ± 0.8 20.4 ± 0.3 1.7 ± 0.3 - - 2.2 ± 0.4
7-B-PEI-A 78.1 ± 0.7 18.3 ± 0.6 3.6 ± 0.2 - - 4.7 ± 0.3
7-B-PEI-A-HCl 78.1 ± 0.5 18.7 ± 0.5 2.2 ± 0.4 1.0 ± 0.5 - 2.9 ± 0.5
8-L-PEI-A 78.3 ± 0.7 17.6 ± 0.5 4.1 ± 0.4 - - 5.3 ± 0.6
8-L-PEI-A-HCl 77.4 ± 0.3 19.1 ± 0.3 2.7 ± 0.3 0.8 ± 0.2 - 3.5 ± 0.3
9-DIEN-A 80.1 ± 0.2 18.5 ± 0.3 1.4 ± 0.2 - - 1.7 ± 0.3
9-DIEN-A-HCl 80.7 ± 0.2 19.3 ± 0.2 - - - -

Table 5.14: XPS analysis results of samples modified with adsorbed polyamines
and after immersion in 1M HCl (4 min). Each presented value is a mean value of
3 measurements on random spots ± the calculated standard deviation.

Until now, the surface chemical analysis was limited to the nitrogen content or
N/C ratios obtained through XPS analyses. It is obvious that the presence of ni-
trogen on the surface does not immediately imply that amine groups are present
on the surface. Generally, the deconvolution of the nitrogen peak in an XPS detail
spectrum is not straight forward. Therefore, all samples are subjected to TOF-S-
SIMS analysis.
The interpretation of the S-SIMS spectra from the initial ECN resin surface has
been discussed in section 5.3.4.3. After modification with polyamines, TOF-S-
SIMS analyses result in several additional peaks compared to the original etched
ECN surface in the positive and negative spectra. All modified samples reveal
the same additional peaks in the positive and negative SIMS spectra. Examples
of S-SIMS spectra of sample 6-L-PEI-A-HCl in the negative and positive mode
are shown in figure 5.32 and figure 5.33, respectively. The negative spectrum
contains an additional peak at m/z 26 (CN–) which can be assigned to structurally
non-specific nitrogen containing fragments. This implicates that organic nitrogen
containing molecules are present at the surface. Next, two additional peaks at m/z
35 and 37 are observed. This typical peak pattern can be ascribed to the presence
of chlorine on the surface. Note that chlorine is not observed with XPS analysis
(table 5.14). This can be ascribed to the lower detection limit of TOF-S-SIMS.
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Figure 5.32: Negative S-SIMS spectra of the roughened ECN resin (Blank-1) and
L-PEI modified ECN resin after HCl treatment (6-L-PEI-A-HCl). The arrows in-
dicate the positions of the peaks discussed in the text.

The positive spectrum (figure 5.33) reveals additional peaks at m/z 28 (CH2N+),
30 (CH2NH2

+), 42 (C2H4N+ or CNO+), 44 (C2H6N+), 54 (C3H4N+), 56 (C3H6N+),
58 (C3H8N+) and 70 (C4H8N+). These ions originate from PEI fragmentation.
Consequently, amine groups are present at the surface. Moreover, protonated
amines are detected at the surface due to the presence of chlorine (in the negative
spectrum) which acts as the counter ion.
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Figure 5.33: Positive S-SIMS spectra of the roughened ECN resin (Blank-1) and
L-PEI modified ECN resin after HCl treatment (6-L-PEI-A-HCl). The arrows in-
dicate the positions of the peaks discussed in the text.

5.4.2.4 Conclusions

Etched ECN substrate surfaces are modified with polyamines (DIEN and PEI)
by simple adsorption in aqueous media. This modification does not induce sig-
nificant differences of the roughness and the surface topography is not altered.
Both linear and branched PEI are still present after a stability test in HCl medium.
DIEN is not present after the HCl treatment. The presence of (protonated) amines
on the surface after modification is confirmed by XPS and TOF-S-SIMS analysis.
To the best of our knowledge, no references were found to compare these re-
sults with literature data. This modification strategy is ideal to integrate in an
industrial process. First, no harmfull products are used. Second, relatively short
reaction times can be applied.
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5.4.3 Surface modification with polydopamine

5.4.3.1 Introduction

This section describes the surface modification of roughened epoxy resins with
polydopamine. First, the influence on the roughness and topography is stud-
ied. Second, the polydopamine modified surfaces and their stability towards the
acidic environments are investigated with XPS and TOF-S-SIMS.
Nowadays, there is a lot of discussion concerning the chemical and physical
structure of polydopamine coatings [32]. Briefly, four different models are pro-
posed during the last decade in literature: polycatecholamine model, eumelanin-
type (polyindole) model, quinhydrone model and physical trimer model. An
important remark is that in the reported work on the chemical structure of poly-
dopamine, suggestions are based upon analyses of the polydopamine structure
in solution or after collection of the precipitate. In this work, the chemical struc-
ture of polydopamine on the surface itself is discussed by analyzing the substrate
surfaces with XPS and TOF-S-SIMS. Especially TOF-S-SIMS analysis can provide
additional information on the chemical structure of polydopamine modified sur-
faces.
Etched ECN substrates are modified using the method described by Messersmith
et al. in reference [30]. Substrates are introduced in a marine aqueous medium
(TRIS buffer pH = 8.5). Next, dopamine is added to the reaction mixture. Im-
portant here is that the reaction container should stay open to the air in order
to provide oxygen for the oxidation reactions taking place during polydopamine
formation/deposition. During the reaction, the color of the solution evolves from
pink to brown and ends up in a black non-transparent solution. After rinsing of
the substrates with DI water, the presence of a dark brown film on the surface is
observed.

Sample: Etching RMS before RMS after
time (min): reaction (nm): reaction (nm):

1-DOP 1.0 308 ± 14 286 ± 8
2-DOP 2.0 413 ± 16 422 ± 31
3-DOP 2.5 556 ± 6 536 ± 12
4-DOP 3.0 572 ± 23 558 ± 24
5-DOP 4.0 789 ± 56 773 ± 38

Table 5.15: RMS values before and after polydopamine modification of samples
with different etching times. The results are presented as a mean value of 3 mea-
surements at random spots accompanied by the calculated standard deviation.
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5.4.3.2 Surface roughness and topography

Table 5.15 shows the measured RMS roughness values before and after poly-
dopamine modification. After modification with polydopamine, the RMS values
do not differ significantly (student t-test, p < 0.05).

Although the surface roughness does not differ significantly, aggregates of small
particles are observed with SEM after polydopamine modification as illustrated
in figure 5.34. The whole surface is covered with a complete layer of aggregated
spherical or grape like particles with a diameter of 50 nm to 150 nm (figure 5.34).
The size of the aggregates is in the order of 0.5 µm to 2 µm. The majority of the
aggregates consists of 2 or 3 aggregated particles. The abundance of aggregates
containing a larger amount of particles is low. Although the surface topography
is altered, the RMS values do not differ significantly after reaction with poly-
dopamine because the roughness is dominated by the porosity.

Other reports confirm this specific particle/aggregate containing layer topogra-
phy after polydopamine modification through SFM or AFM measurements [39–
44]. Moreover, it has been shown that decreasing the polydopamine deposition
time to several minutes or performing the reaction in O2 atmosphere results in a
more homogeneous layer [44, 45]. The above described particles are also formed
in the dopamine solution. A SEM micrograph is provided in figure 5.34 of those
particles isolated via centrifusion. The particles are similar to the particles ob-
served from the polydopamine modified surface.
After the HCl treatment of polydopamine modified samples, the amount of small
clusters (# particles < 4) decreases and larger clusters are almost absent (figure
5.34). However, the surface is still completely covered with a layer of aggregated
particles as described above. Apparently, this treatment results in the removal of
adsorbed particle aggregates which was also confirmed by Wei et al. [40].
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Figure 5.34: High magnification SEM-SE micrographs of the blank-1, 1-DOP and
1-DOP-HCL samples. The bottom right image is obtained from reference [39].
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5.4.3.3 Chemical characterization of the polydopamine surface modification

The etched substrates are subjected to XPS analysis before and after modification
with polydopamine. Again, the stability tests in HCl medium as described in
section 5.4.3.1 are performed. All XPS results are presented in table 5.16.

Sample: XPS
analysis:

C (at%) O (at%) N (at%) Cl (at%) N/C (%)

Blank-1 77.4 ± 0.1 22.6 ± 0.1 - - -
1-DOP 76.6 ± 0.2 17.8 ± 0.1 5.6 ± 0.1 - 7.3 ± 0.2
1-DOP-HCl 76.0 ± 0.5 18.4 ± 0.3 5.7 ± 0.2 - 7.5 ± 0.3

Table 5.16: XPS analysis results of samples modified with polydopamine and
after immersion in 1 M HCl (4 min). Each presented value is a mean value of
3 measurements on random spots ± the calculated standard deviation.

After the polydopamine modification, a N/C ratio of 7.3% is obtained. Theoret-
ically, the N/C ratio of a completely covered surface is 1/8 (12.5%) [30]. The ob-
served deviation can be ascribed to incomplete polydopamine coverage, a poly-
dopamine layer thickness smaller than the XPS penetration depth (5 nm to 10 nm)
or the rough nature of the surface. After treatment of these samples in 1 M HCl
for 4 minutes, there is no significant difference (student t-test, p < 0.05) between
the N/C ratios. This suggests a strong stability of the polydopamine towards this
specific environment. Although it is known that polydopamine coatings are sta-
ble toward HCl solution and ultrasonics, the stability against HCl solutions with
higher concentrations (> 0.5 M) has not been reported yet.
Until now, the surface chemical analysis was limited to the nitrogen content or
N/C ratios obtained through XPS analyses. It is obvious that the presence of ni-
trogen on the surface does not immediately imply that amine groups are present
on the surface. Generally, the deconvolution of the nitrogen peak in an XPS detail
spectrum is not straight forward. Therefore, the polydopamine modified samples
are subjected to TOF-S-SIMS analysis.
After modification with polydopamine, TOF-S-SIMS analysis results in several
additional peaks compared to the original etched ECN surface in the positive
and negative spectra. The negative spectra (not shown) show additional peaks at
m/z 26 (CN–) and 42 (CNO–) which can be assigned to structurally non-specific
nitrogen containing fragments. This implies that organic nitrogen containing
molecules are present at the surface.
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Figure 5.35: Positive S-SIMS spectra of the roughened ECN resin (Blank-1) and
polydopamine modified resin (1-DOP). The arrows indicate the positions of the
peaks discussed in the text.
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The positive spectrum (figure 5.35) shows additional peaks at m/z 28 (CH2N+), 30
(CH2NH2

+), 42 (C2H4N+ or CNO+), 44 (C2H6N+), 123 (C7H7O2
+),

152 (C8H10O2N+), 153 (C8H11O2N·+) and 402 (not shown in figure 5.35). The
fragments at m/z 28, 30, 42, 44, 123, 152 and 153 originate from fragmentation
and/or electron ionization of the polydopamine chemical structure proposed by
S. Beck (figure 5.36) [46]. At the moment, we are not able to ascribe the intense
peak at m/z 402 to a specific polydopamine fragment.

Figure 5.36: Top: generalized chemical structure of polydopamine. Bottom: ten-
tative structural assignment of the positive ions of major diagnostics interest de-
tected from a polydopamine layer by S-SIMS.

However, very recently, a new TOF-SIMS study on polydopamine modified sur-
faces has been published [47]. In this study, a relatively isolated and intense peak
at m/z 402 was also observed in the positive spectrum. A tentative structure for
this positive fragment has been proposed (figure 5.37) with following molecular
formula: (C22H16O4N2

+). This fragment consists of two DHI (dihydroxyindole)
units and one PCA (pyrolecarboxylic acid) moiety. The presence of this PCA moi-
ety chemically linked to two units of DHI has been detected by solid state NMR
analysis in a study of Della Vecchia and coworkers [32]. To our opinion there is
one comment concerning the fragment at m/z 402. It is not clear how this mother
fragment M loses a OH fragment to obtain the "M - OH+" fragment.
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Figure 5.37: Tentative chemical structure for the positive fragment at m/z 402.

These findings confirm that amine, quinone, 1,6-dihydroxyindole, catechol and
dopamine moieties are present in the uppermost surface monolayer of polydop-
amine modified ECN resins.
The same results are obtained when the S-SIMS spectra of HCl treated poly-
dopamine are analysed (not shown). Only in the negative spectra a relative
increase of the chlorine peaks at m/z 35 and 37 is observed which indicates an
increase of the protonated amine concentration on the surface.
Few other articles exist on TOF-SIMS investigation of polydopamine. Messer-
smith et al. reported that the positive TOF-SIMS spectrum reveals a peak at m/z
445 originating from a trimer of 1,6-dihydroxyindole together with a character-
istic pattern of fragmentation [30]. However, the peak at m/z 445 and the typi-
cal defragmentation pattern are not present in the spectra obtained in this work.
Kang et al. reported on a patterned polydopamine layer on polydimethylsilox-
ane (PDMS)[48]. TOF-SIMS analysis was restricted to the negative spectrum in
this work. They reported a peak at m/z 26 (CN–) and 145 (C8H5N2O–). From our
point of view, it is not clear how to link the fragment at m/z 145 to the molecular
structure of polydopamine.
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5.4.3.4 Conclusions

Etched ECN resin surfaces have been modified with polydopamine without al-
tering the roughness. This modification withstands the stability test in 1 M HCl.
The surface composition was determined with XPS and TOF-S-SIMS both after
the modification and after the stability tests. The presence of amine, quinone,
5,6-hydroxyindole and catechol groups on the surface of the polydopamine mod-
ified substrates was proven. Tentative chemicals structures were provided for the
observed fragments of major diagnostics in the positive spectrum.

5.4.4 Polyamine grafting to polydopamine modified surfaces

5.4.4.1 Introduction

In order to introduce polyamines on the surface of rough epoxy resins, poly-
amines are grafted to polydopamine modified epoxy surfaces. The reaction con-
ditions are based on the work of Lee et al. [33]. Here, the goal is to investigate
the chemical structure of molecules present at the surface, the surface topogra-
phy and the stability toward concentrated HCl media of the grafted polyamines.
Since the polyamines can be bonded covalently to polydopamine, increased sta-
bility toward HCl is expected.

Three polyamines are selected for this grafting step: B-PEI, L-PEI and DIEN.
Both polyethylenimines contain a large amount of amine groups compared to
DIEN. Moreover, if one of the amine groups of the PEI is covalently bond to poly-
dopamine via Schiff base reaction, the whole PEI molecule is chemically bond to
the polydopamine coating. In case of PEI, it results in a large amount of amines
present on the modified surface. Applying the same method using DIEN fol-
lowed by HCl stability testing can provide additional interesting results concern-
ing the bonding of polyamines to polydopamine.
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5.4.4.2 Surface roughness and topography

Table 5.17 shows the measured RMS roughness values after etching, after poly-
dopamine modification and after subsequent grafting with B-PEI. After grafting
with polyamines, the RMS values do not differ significantly (student t-test, p <
0.05).

Sample: Etching RMS before RMS after poly- RMS after grafting
time (min): reaction (nm): dopamine reaction (nm): with B-PEI (nm):

1-DOP-B-PEI 1.0 308 ± 14 286 ± 8 290 ± 9
2-DOP-B-PEI 2.0 413 ± 16 422 ± 31 405 ± 16
3-DOP-B-PEI 2.5 556 ± 6 536 ± 12 542 ± 15
4-DOP-B-PEI 3.0 572 ± 23 558 ± 24 570 ± 21
5-DOP-B-PEI 4.0 789 ± 56 773 ± 38 785 ± 33

Table 5.17: RMS values before and after polydopamine modification and B-PEI
grafting of samples with different etching times. The results are presented as a
mean value of 3 measurements at random spots accompanied by the calculated
standard deviation.

The surface topography is investigated with SEM. The polydopamine modifica-
tion introduced aggregates of particles as described above in section 5.4.3.2. Af-
ter subsequent modification with PEI (figure 5.38) or DIEN (not shown) and HCl
treatment, the surface topography is almost identical to polydopamine modified
samples. The only difference with the polydopamine modified samples is that
larger aggregates are found after subsequent grafting with PEI (figure 5.38). Prob-
ably this is due to the PEI grafting to these polydopamine containing aggregates.
After HCl treatment, as was the case for polydopamine modified samples, the
amount of small clusters (# particles < 4) decreases and larger clusters are almost
absent.

5.4.4.3 Chemical characterization of polyamines grafted on polydopamine sur-
faces

Before and after the modification reactions, the sample surfaces are investigated
with XPS. An overview of the sample annotations and the associated reaction
conditions is provided in table 5.18. The stability in 1 M HCl solution is tested for
these samples and subsequent XPS results are added in table 5.19.
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Figure 5.38: High magnification SEM-SE micrographs of the blank-1, 1-DOP,
1-DOP-HCL,1-DOP-B-PEI, 1-DOP-B-PEI-HCL, 1-DOP-L-PEI and 1-DOP-L-PEI-
HCL samples.

Sample: Grafting reaction
time (h):

Blank-1 -
1-DOP-B-PEI 24
1-DOP-L-PEI 24
1-DOP-DIEN 24
2-DOP-B-PEI 1
2-DOP-L-PEI 1

Table 5.18: Sample annotation and reaction times for grafted polyamine on poly-
dopamine samples. All samples received an etching treatment of 1 min prior to
modification.
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Sample: XPS
analysis:

C (at%) O (at%) N (at%) Cl (at%) N/C (%)

Blank-1 77.4 ± 0.1 22.6 ± 0.1 - - -
1-DOP 76.6 ± 0.2 17.8 ± 0.1 5.6 ± 0.1 - 7.3 ± 0.2
1-DOP-HCl 76.0 ± 0.5 18.4 ± 0.3 5.7 ± 0.2 - 7.5 ± 0.3
1-DOP-B-PEI 73.2 ± 0.5 14.4 ± 0.1 12.4 ± 0.5 - 17.0 ± 0.7
1-DOP-B-PEI-HCl 72.7 ± 0.1 14.9 ± 0.1 12.4 ± 0.2 - 17.0 ± 0.2
1-DOP-L-PEI 72.7 ± 0.1 13.8 ± 0.2 13.5 ± 0.3 - 18.5 ± 0.5
1-DOP-L-PEI-HCl 71.9 ± 0.2 14.6 ± 0.2 13.5 ± 0.2 - 18.8 ± 0.3
1-DOP-DIEN 70.8 ± 0.5 14.7 ± 0.3 14.5 ± 0.5 - 20.4 ± 0.8
1-DOP-DIEN-HCl 68.1 ± 0.5 15.9 ± 0.2 12.4 ± 0.6 - 18.1 ± 1.0
2-DOP-B-PEI 72.7 ± 0.2 17.3 ± 0.2 10.0 ± 0.3 - 13.8 ± 0.5
2-DOP-B-PEI-HCl 72.0 ± 0.4 18.4 ± 0.3 8.9 ± 0.1 0.7 ± 0.4 12.4 ± 0.1
2-DOP-L-PEI 71.2 ± 0.8 17.8 ± 0.4 10.8 ± 0.1 - 15.2 ± 0.3
2-DOP-L-PEI-HCl 69.7 ± 0.4 17.5 ± 0.4 9.1 ± 0.3 2.7 ± 0.2 13.1 ± 0.5

Table 5.19: XPS analysis results of samples modified with polydopamine and
grafted polyamines to polydopamine. The analysis after the stability test in HCl
is also presented. Each presented value is a mean value of 3 measurements on
random spots ± the calculated standard deviation.

Grafting of branched and linear PEI on polydopamine results in a large increase
of the nitrogen surface concentration compared to the polydopamine modified
sample surfaces. The N/C ratio lies between 16-18% and 13-15% in case of 24
hours and 1 hour of reaction, respectively. There is little difference between
branched and linear PEI mutually. After HCl treatment, the majority of the sam-
ples reveal a small decrease of the nitrogen content accompanied by the pres-
ence of chlorine on the surface. The former can be ascribed to the protonation of
amines followed by dissolution in the aqueous medium. The same conclusions
are also valid for the grafting of DIEN on polydopamine surfaces. After immer-
sion in 1 M HCl, the N/C ratio drops from roughly 20 to 18%. This decrease can
be attributed to desorption of DIEN molecules.
The grafted polyamines reveal a high stability toward an acidic environment.
This implies that there must be a covalent, ionic or hydrogen bridge type of bond
between the polydopamine and the polyamines. Messershmit suggested that a
covalent bond is possibly established through a Schiff base reaction [30]. How-
ever, it is very difficult to prove the existence of an imine bound which covalently
bonds the polyamines to the polydopamine on the surface.
All S-SIMS spectra in the positive mode of samples modified with PEI (branched
or linear) reveal the same specific peak pattern even after HCl treatment. An
example of a spectrum (positive mode) obtained from sample 1-DOP-B-PEI is
shown in figure 5.39. In this spectrum, peaks at m/z 28 (CH2N+), 30 (CH4N+), 42
(C2H4N+ or CNO+), 44 (C2H6N+), 54 (C3H4N+) and 56 (C3H6N+) are observed.
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Figure 5.39: : Positive S-SIMS spectra of sample 1-DOP, 1-DOP-B-PEI-HCl and
1-DOP-DIEN-HCl. The arrows indicate the peak positions discussed in the text.

These ions originate from PEI defragmentation (linear and branched). Compared
to the surfaces modified with polydopamine, the peaks at m/z 42, 44, 54 and 56
are much more pronounced in these spectra. New peaks from PEI fragments
at m/z 58 (C3H8N+), 70 (C4H8N+), 83 (C4H7N2

+) and 85 (C4H9N2
+) are present

in the spectra of all PEI modified surfaces. These fingerprint ion fragments are
similar to those reported in the literature of PET and PE surfaces modified with
branched or linear PEI [28, 49–52]. This emphasizes the presence of PEI on the
surface. However, polydopamine is still present on the surface since a peak is
still observed at m/z 402 (positive mode) in case of PEI modified samples (not
shown).
Samples modified with DIEN show similar fragments in the TOF-SIMS spectra
(positive mode) as PEI modified samples. A spectrum of sample 1-DOP-DIEN-
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HCl is provided in figure 5.39. The fragments at higher m/z values (58, 70, 83
and 85) are less pronounced. The peak at m/z 402 is not observed in the positive
spectrum of the samples modified with DIEN (not shown), suggesting a better
coverage of the polydopamine with DIEN compared to the PEI modified samples.
All negative spectra do not much differ from the ones which are modified with
polydopamine only (not shown). Fragments at m/z 26 (CN–) and 42 (CNO–)
are observed. These are non-specific fragments of nitrogen containing organic
groups and can therefore be ascribed to polydopamine or polyamines.
After HCl treatment, the sample surfaces are again inspected with TOF-S-SIMS
in the negative mode (not shown). There is almost no difference in these spectra
compared to the results before HCl treatment. The negative spectra result in in-
tense additional peaks at m/z 35 (35Cl−) and 37 (37Cl−). This can be ascribed to
the presence of protonated amines on the surface.

5.4.4.4 Conclusions

PEI and DIEN have been successfully grafted to polydopamine. XPS and TOF-S-
SIMS analyses confirm the presence of PEI and DIEN on the surface after reaction.
However, the polydopamine is not fully covered by the polyamines. These mod-
ifications result in the introduction of a high amount of (protonated) amines on
the surface. The stability toward HCl environment is high compared to adsorbed
PEI. Based on this developed method, introduction of PEI on carbon fiber fabrics
surfaces has been used already by other researchers to increase the mechanical
and thermal properties of epoxy laminated composites [53].

5.4.5 General conclusions
Three different methods to introduce amine groups on the surface of etched ECN
resins have been developed: adsorbed PEI, polydopamine and grafted PEI and
DIEN on polydopamine. An overview of their key surface groups and stability is
presented in table 5.20. The RMS values did not differ significantly for all modi-
fication methods. The presence of the functional groups on the modified surfaces
has been confirmed by XPS and TOF-S-SIMS analyses.
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Modification Functional groups Stability Modification
method: on the surface: towards HCl: time:

Polyamine adsorption (protonated) Amines Low Short
Polydopamine (protonated) Amines High Medium

Catechol
Quinone

Polyamines on polydopamine (protonated) Amines High Long
Catechol
Quinone

Table 5.20: Overview of the 3 modification methods to introduce polyamines on
the surface of ECN resins.

5.5 Final conclusions and selection

Four different methods have been developed to introduce polyamines on the sur-
face of an ECN resin:

1. Polyamines covalently bonded using CC as a coupling molecule.

2. Adsorption of branched and linear PEI.

3. Polydopamine modification.

4. Grafting of branched and linear PEI, and DIEN to polydopamine modified
surfaces.

These four modification techniques each introduce specific types, combinations
and/or different functional group concentrations on the targeted substrate sur-
faces. In the first case, cyanuric chloride is used as a coupling molecule. The ma-
jor drawback of this coupling reaction is the large reduction of the sample rough-
ness after reaction. Not only the RMS values decrease but also the topography is
altered. Furthermore, this reaction requires the use of solvents and cyanuric chlo-
ride. The latter is quite hazardous. Due to the above mentioned reasons, these
modifications will not be subjected to further investigation of the electroless cop-
per deposition.
The modification with PEI in aqueous medium (adsorption) is relatively fast but
shows a low stability toward HCl compared to the other two methods. The poly-
dopamine modification is straight forward and introduces amine, catechol and
quinone groups on the surface. Moreover a high stability toward concentrated
HCl solutions has been proven. The grafted PEI and DIEN on polydopamine
modification methods reveal a high stability but need longer reaction times.
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The last three modification methods show several advantages:

• Easy to perform.

• Performed in aqueous media.

• The use of relatively simple reaction products.

• No significant influence on the roughness.

One disadvantage of this type of reactions is that relatively long reaction times are
required. Anyhow, based on these findings, the influence of these modifications
on the electroless copper deposition and adhesion will be investigated in the next
chapter.
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6
Adhesion of ELD copper towards

modified ECN surfaces

6.1 Introduction

This chapter deals with the adhesion and the adhesive strength of ELD copper on
polyamine and polydopamine modified surfaces. For this purpose, 4 modifica-
tion methods have been developed of which 3 have been selected in the previous
chapter: adsorbed PEI, polydopamine, and polyamines grafted to polydopamine.
Here, the adhesion of these 3 modification methods is studied at different rough-
ness values and different ELD temperatures. The results are compared with non-
modified substrates.
In order to obtain good adhesion of the deposited copper, the deposited copper
should be homogeneously spread and free of voids. Furthermore, due to the
porous nature of the roughened ECN resin, mechanical interlocking can be estab-
lished if the deposited copper in the pores is free of voids.
First, the influence of the surface modifications on the catalytic activation with
Pd/Sn colloids is investigated with XPS. The Pd surface concentration is deter-
mined together with its oxidation state. It has been reported that increased inter-
action of the polyamine modified surface with Pd0 or Pd0 precursors can lead to
increased adhesion towards electroless metal deposition (see chapter 3).
Second, the initial electroless copper deposition on the modified surfaces is stud-
ied. In these experiments, copper is deposited for a very short time (45 seconds).
Subsequently, the deposition is determined qualitatively and quantitatively with
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SEM and SEM-EDS, respectively.
In the final stage, electroless copper is deposited followed by electrolytic copper
deposition on the modified substrates. Doing so, peel strengths can be measured
through 90° peel strength measurements. Next to that, the interphase is stud-
ied with SEM to determine the quality of the copper deposition and the failure
mechanisms (after peel-off).
In literature, it has been shown that enhanced adhesion of electroless deposited
copper can be expected on polydopamine modified surfaces (section 3.1.4.4). How-
ever, it has not been determined quantitatively until now.

6.2 Interaction with Pd-Sn colloids

6.2.1 Introduction

This section describes the influence of the catalytic activation with Pd/Sn colloids
on polydopamine and polyamine surface modifications of an etched epoxy cresol
novolak (ECN) resin. This influence is studied using XPS. Three different strate-
gies to introduce polyamines on a surface in aqueous environment are consid-
ered: PEI adsorption, polydopamine and polyamines grafted to polydopamine.
It is known that the stability of polydopamine coatings towards HCl media is
quite high [1, 2]. In the previous chapter (section 5.4), it has been shown that
the stability of both polydopamine and polyamines grafted to polydopamine to-
wards a 1 M HCl solution is high. The stability of the adsorbed PEI is not high,
but polyamines are still present after the immersion in HCl. The stability tests
towards HCl mimics the introduction of the samples during the catalytic activa-
tion in the Pd/Sn colloid dispersion. Indeed, if the modifications are not stable
against this medium, their influence cannot be studied properly.

6.2.2 XPS study of Pd activated surfaces

In this study, the samples are immersed in the Pre-dip solution followed by the
Pd-colloidal dispersion. Finally, the samples are rinsed twice in DI water for 2
min and dried by nitrogen blowing. All samples are stored under nitrogen atmo-
sphere prior to XPS analysis to avoid Pd oxidation.
An overview of the samples used for this XPS study is presented in table 6.1. The
samples which are modified through adsorption of DIEN are not considered here
because all amine groups are removed after HCl treatment (see section 5.4.2.3).
Both full spectra and Pd core level spectra have been recorded. The results are
presented in table 6.2. As mentioned in chapter 2, the presence of Pd0 on the
surface is needed to initiate the electroless copper deposition. After the activa-
tion, the presence of Pd and Sn is noticed and can be attributed to the presence of
Pd/Sn colloids on the surface. Generally, Pd/Sn colloidal species exhibit complex
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Sample: Modification method: XPS
N/C (%)*

Adsorption Polydopamine Polyamine
grafting time (h)

Blank-1 -
7-B-PEI-A x 2.9
8-L-PEI-A x 3.5
1-DOP x 7.5
1-DOP-B-PEI x 24 17.0
1-DOP-L-PEI x 24 18.8
2-DOP-B-PEI x 1 12.4
2-DOP-L-PEI x 1 13.1
1-DOP-DIEN x 24 18.1

Table 6.1: Overview of the sample annotations and their modification pathways.
All samples have been etched for 1 or 1.5 min prior to modification. *N/C ratio
after treatment in 1 M HCl for 4 min.

compositions and chemistries. The core consists of a Pd-rich zerovalent, crys-
talline alloy. This core is surrounded by a beta-stannic shell consisting primarily
of µ-hydroxy-bridged SnII and SnIV oligomers. The beta-stannic shell stabilizes
the catalyst dispersion due to its inherent negative charge and hydrogen-bonding
interactions with associated water molecules [3].

Sample: XPS analysis:
C (at%) O (at%) N (at%) Cl (at%) Sn (at%) Pd (at%) Sn/Pd

Blank-1 44.9 ± 0.6 40.4 ± 0.6 - (0.3) 1.8 ± 0.4 11.5 ± 0.5 1.2 ± 0.0 10
7-B-PEI-A 36.4 ± 1.9 45.8 ± 2.9 2.1 ± 0.7 1.1 ± 0.6 12.3 ± 0.8 3.1 ± 0.5 4
8-L-PEI-A 35.0 ± 1.2 45.6 ± 1.7 1.7 ± 0.2 1.3 ± 0.3 13.7 ± 0.3 2.8 ± 0.3 5
1-DOP 39.8 ± 1.4 42.3 ± 1.0 2.6 ± 0.4 - (0.3) 12.3 ± 0.8 2.7 ± 0.1 5
1-DOP-B-PEI 32.9 ± 1.4 45.7 ± 1.7 2.7 ± 0.4 - (0.3) 12.9 ± 1.0 2.4 ± 0.2 5
1-DOP-L-PEI 35.6 ± 2.6 44.7 ± 1.7 2.3 ± 0.8 - (0.3) 13.1 ± 1.3 3.1 ± 0.2 4
2-DOP-B-PEI 34.5 ± 0.4 45.5 ± 0.3 2.2 ± 0.3 0.5 ± 0.3 14.1 ± 0.5 3.0 ± 0.1 5
2-DOP-L-PEI 31.4 ± 1.0 48.9 ± 0.4 2.2 ± 0.3 0.8 ± 0.4 14.0 ± 0.8 2.6 ± 0.2 5
1-DOP-DIEN 36.3 ± 3.3 44.9 ± 1.8 2.5 ± 0.6 - (0.2) 13.5 ± 0.8 2.8 ± 0.1 5

Table 6.2: XPS analysis results of modified epoxy samples after activation with
Pd/Sn colloids. Each presented value is a mean value of 3 measurements on
random spots ± the calculated standard deviation.

In all cases, palladium is present on the substrate surfaces after activation. The
lowest palladium surface concentration is observed in case of the non-modified
sample Blank-1. Higher Pd surface concentrations (2.4 - 3.1 at%) are obtained af-
ter modification with polyamines. Similar experiments were performed in 2009
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on the same type of ECN resins by the group of P. Kohl [4]. Samples with low
roughness were treated with a NH3-plasma. The highest Pd surface concentra-
tion obtained was lower than 2 at% after plasma treatment.
On the other hand, a large increase of the oxygen surface concentration together
with the introduction of Sn (10 - 15 at%) is observed. This can be attributed to
the presence of tin oxides and/or tin hydroxides from the beta-stannic shell [5].
A different Sn/Pd ratio is observed between the modified and blank-1 substrates
(table 6.2). Surfaces containing amine groups show a Sn/Pd ratio between 4 and
5. In case of the blank-1 sample, the obtained ratio is 10. Consequently, the palla-
dium species bind more selectively (compared to tin species) with the introduced
amine groups during catalytic activation with Pd/Sn colloids.
Interestingly, the large decrease of the nitrogen surface concentration in case of
polydopamine and grafted polyamines (table 6.2) from 6 - 10 to 2 - 3 at% suggests
that the Pd/Sn colloids are specifically "covering" the amine groups on the sur-
face [5]. Indeed, the acidic environment of the colloidal suspension does not lead
to desorption of the polyamines or polydopamine on such a large scale (section
5.4: tables 5.14, 5.16 and 5.19).
Based on these reported observations, it is not possible to distinguish the amine
modified surfaces after activation in terms of Pd surface concentration. Indeed,
little influence of the amine surface concentrations on the Pd surface concentra-
tion can be observed. This means that only a limited amount of amine groups can
increase the Pd concentration. However, the XPS measurements are performed
on relatively large spot sizes (600 µm by 100 µm) and do not provide information
on the spatial distribution of the Pd atoms on the sample surface.
Bonding between amine groups and palladium can be established by covalent co-
ordinative or ionic bonding. Polyamines and protonated polyamines are present
on all modified surfaces. This means that the negatively charged palladium col-
loids or negatively charged palladium complexes can establish an ionic bound
with the positively charged nitrogen atom from the protonated amines. On the
other hand, Pd0 or PdII complexes can be formed through coordination with
amine groups on the modified surfaces. Inspection of the palladium core-level
spectra can lead to new insights on this subject.
In order to determine the oxidation state of Pd, all activated substrates are sub-
jected to a detailed XPS analysis of the 3d peak (333-345 eV) of palladium (core-
level spectra). The Pd core-level spectra of samples Blank-1, 8-L-PEI-A, 1-DOP
and 1-DOP-B-PEI are shown in figure 6.1. All Pd core-level spectra present a
doublet corresponding to Pd 3d5/2 and Pd 3d3/2 with a binding energy differ-
ence of about 5.3 eV as suggested by other authors [5]. A complete overview of
the reported peak positions of Pd0 and PdII species in core level spectra can be
consulted in section 3.2.2. Note that the observed values in this study are some-
what higher (0.5 eV) compared to the windows defined in figure 3.13 for Pd0

species. This can be explained by the fact that in this study, the carbon (C1s)
peak is used as a reference peak. This peak is set at 285.0 eV, while in most other
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Figure 6.1: XPS Pd 3d core level spectra of samples Blank-1, 8-L-PEI-A, 1-DOP
and 1-DOP-B-PEI. On each spectrum, the full line represents the recorded spec-
trum and the dashed line represents the fitted spectrum.

reported experiments this peak was set at 284.6 eV.
All spectra could be fitted with only one doublet with the first peak located at
335.9 eV (3d5/2 peak) and the second peak at 341.2 eV (3d3/2 peak). This dou-
blet peak can be attributed to Pd0. If PdII would be present, another doublet
with the Pd 3d5/2 and 3d3/2 located at 338.0 eV and 342.2 eV, respectively, must
be present. However this doublet is not observed in all spectra. Therefore, it
can be concluded that palladium is present almost exclusively as Pd0 on all sub-
strates. This means that all palladium species present on the surface can initiate
the electroless copper deposition. It must be noted that in this research work a
fresh Pd/Sn colloidal dispersion is used. Ageing of this dispersion (shelf life > 1
month) results in the presence of roughly 10% PdII and 90% Pd0 on the modified
surfaces (data not shown).
Some authors reported on an additional peak observed in the Pd(3d) core level
spectra located in between the binding energies of Pd0 and PdII [6–8]. An overview
can be found in sections 3.2.2 and 3.2.3. These palladium species were attributed
to PdO [8] or palladium coordinated to organic ligands present on the surface
[6, 7]. However, in this study, these specific peaks are not observed in the pal-
ladium core-level spectra. This leads to the conclusion that PdII-nitrogen com-
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plexes are not present on the surface after catalytic activation. Pd0 species at the
surface are present in the colloid form or as palladium complexes. Therefore, the
existence of neutral complexes of Pd0 coordinated with amine ligand(s) cannot
be excluded.
When these activated palladium surfaces are investigated with SEM (not shown),
no difference is observed between the surfaces after modification and after activa-
tion. The Pd/Sn colloids have dimensions in the order of 2 nm to 10 nm. Indeed,
the spatial resolution of the used SEM instrument is not high enough to observe
these colloids on these specific samples.

6.2.3 Conclusions
Surface modification with polyamines and polydopamine leads to an increase of
the Pd surface concentration after catalytic activation. Palladium colloids bind
more specifically to the polyamine groups. In all cases, the palladium is present
as Pd0. However, the presence of colloids is not observed through SEM analysis.
The number of amine groups in case of polyamine modifications hardly influ-
ences the palladium surface concentration after catalytic activation.



6.3 Effect of surface modifications on the initial copper deposition 195

6.3 Effect of surface modifications on the initial copper
deposition

6.3.1 Introduction

As discussed in chapter 2, the electroless copper deposition is initiated by Pd0

containing species. However, the beta-stannic shell is still present after the cat-
alytic activation step. In the past, an additional stripping step was needed to
remove the SnII and SnIV containing species from the activated substrate surface.
In this work, a self-accelerating electroless copper bath is used. The beta-stannic
shell is removed immediately after immersion in this electroless bath [5].
After the first Cu0 is deposited on the surface, the metallic copper itself acts as a
catalyst for the further (auto)electroless copper deposition. This implies that in
the initial phase of the electroless copper deposition, copper is deposited on the
spots where Pd0 is present (the so called "island like" growth). Once the sample
is fully covered with copper, the deposition speed is only dependent on the bath
composition, the reaction temperature and other experimental parameters (see
also section 2.2.2).
In case of surfaces with a pore type roughness, mechanical interlocking can only
be obtained if the pores are entirely filled with copper. If the copper grows too fast
in the direction of the solution, voids can be formed in the deposited copper at
the interface which can lead to a decrease of the adhesion strength. Consequently,
an equal spreading of the initial deposited copper both on the top surface and in
the pores is desired.
In this study, polyamine/polydopamine modified substrates are catalytically ac-
tivated followed by a quick immersion of 45 seconds in the electroless copper
plating bath at 35 ◦C. After this treatment, all substrates are analyzed with SEM
and EDS. The latter is used to determine the elemental concentration in the top
volume of the copper plated samples. Note that the depth of information in case
of EDS analysis is typically several micrometers.

6.3.2 Influence of surface modifications on the initial ELD of cop-
per

The copper concentrations for each modification after immersion for 45 seconds
in the electroless copper bath are shown in table 6.3.
The blank-1 sample shows a Cu concentration of 18.6 wt% after immersion in
the electroless copper bath (table 6.3). The polydopamine modified sample (1-
DOP) contains more or less the same amount of copper (20.3 wt%). The samples
modified by grafting of polyamines to polydopamine reveal a copper content
which is roughly twice that high compared to the Blank-1 (table 6.3). Indeed,
the amount of Pd on these surfaces is clearly higher compared to the Blank-1
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Sample: Cu (wt%)

Blank-1 19.6 ± 1.9
7-B-PEI-A 13.4 ± 0.4
8-L-PEI-A 12.0 ± 0.3
1-DOP 20.3 ± 0.6
1-DOP-B-PEI 41.6 ± 1.0
1-DOP-L-PEI 45.2 ± 0.8
2-DOP-B-PEI 40.4 ± 0.3
2-DOP-L-PEI 44.3 ± 1.2
1-DOP-DIEN 41.6 ± 0.5

Table 6.3: Copper concentrations measured with EDS after immersion of the
modified surfaces in the electroless Cu bath for 45 seconds at 35 ◦C. The cop-
per content is expressed as a mean value ± the calculated standard deviation (n
= 4).

substrate. Quite unexpectedly, substrates modified by PEI adsorption result in
lower copper concentrations compared to the blanc substrate although the Pd
surface concentration is larger in the latter case (table 6.2).
Figure 6.2 shows the SEM micrographs after the initial electroless copper deposi-
tion. Here, a backscattered electron detector in the compositional contrast mode
is used. The use of this type of detector results in a large contrast between the
ECN resin (composed of low atomic number elements) and the deposited copper
(white spots). These observations are confirmed by EDS analyses in the mapping
mode (figure 6.3). In figure 6.2 (right side) high magnification SEM micrographs
are shown using a secondary electron (SE) detector. In all cases, copper is de-
posited in the form of very small granulates with a diameter of 50 nm to 100 nm.
Looking at the SEM-BEC micrograph of sample Blank-1 after copper deposition
(figure 6.2), one can see that the white spots appear primarily at the pore edges.
Smaller white spots on the flatter parts are also present. The secondary electron
image shows that electroless copper is growing both in the pores and on the flat
areas. In case of sample 7-B-PEI-A, intense white spots are observed on a limited
amount of pores which explains the lower amount of deposited copper. This im-
plicates that after the catalytic activation, samples modified with adsorbed PEI
only contain Pd0 species at particular spots on the surfaces. Indeed, it is known
that the palladium colloids preferably/selectively bind to areas with amine func-
tional groups [2, 5]. Consequently, it can be stated that PEI desorbs partially
during the immersion in the acidic catalytic solution. Indeed, after the stability
test towards a concentrated HCl solution, the nitrogen surface concentration de-
creases with roughly 50% (see table 5.14 in section 5.4.2.3). The PEI which is still
adsorbed after catalytic activation is located in some of the pores leading to the
presence of Pd0 and subsequent deposited copper at these specific spots (figure
6.2 and figure 6.3).
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Figure 6.2: SEM micrographs after initial electroless copper deposition.
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Figure 6.3: SEM-EDS mapping micrographs after initial electroless copper depo-
sition. All Cu elemental maps have identical contrast thresholds.



6.3 Effect of surface modifications on the initial copper deposition 199

When the substrate surface is modified with polydopamine (1-DOP), both the
pores and the flat areas are plated (figure 6.3). This sample shows worm-like
structures composed of copper granulates on the surface (figure 6.2). Compared
to the Blank-1 sample, the distribution of the copper is slightly increased.

Finally, in case of grafted polyamines on polydopamine samples, all of them re-
sult in a higher amount of Cu deposition (table 6.3). The copper deposition on the
grafted polyamines is hardly influenced by the type of polyamine (B-PEI, L-PEI
or DIEN). Sample 1-DOP-L-PEI is shown as an example in figure 6.2. The top
surface layer is completely covered with copper. The copper is deposited both
on the flat areas and in the pores. Although, there are still some partially filled
pores present. The same worm-like structures are observed as in the case of poly-
dopamine modified surfaces. However, the fact that the copper grows faster can
lead to a decrease of the adhesive strength. Voids can be incorporated during the
deposition. Darker areas are observed in the BEC image which can be an indi-
cation of less dense copper areas. EDS analyses confirm these findings (figure
6.3). In the ideal case, the electroless copper is free of voids and the pores are
filled completely. This could be realized by a uniform initial electroless copper
deposition, followed by a slow and controlled copper deposition. A decreased
deposition rate of the copper can be achieved by decreasing the deposition tem-
perature. The influence of the modifications and copper deposition temperature
on the pore filling and adhesive strength will be the subject of interest in the next
section.

Although the Pd surface concentration of all polyamine modified samples is quite
similar (table 6.2), it does not imply that the amount and spreading of the initial
electroless copper deposition will be equal. All modified samples show a nice
spreading of the initial deposited copper except from the samples modified with
adsorbed PEI. The latter modifications show a high copper deposition in a limited
amount of pores. A possible explanation for these observations is that a minimum
level of Pd0 is needed to initiate and sustain the electroless copper deposition
[8]. If the Pd on the surfaces bearing the adsorbed polyamines is localized in
a few areas like the pores that greatly exceed the minimum Pd level with Pd
levels elsewhere below the minimum requirement, one would expect behavior
similar to the other samples. In the polydopamine treated samples there may be
many more sites where the Pd level just meets or barely exceeds the minimum
requirement for copper plating, leading to faster and more homogeneous copper
plating. Therefore, although the Pd levels measured with XPS over broad micron
sized areas (600 µm by 100 µm) would appear similar, plating behavior can differ.
Out of the SEM and XPS results presented, it is not possible to discern this. STEM
or TEM analysis would be required to scan the surface and count/measure Pd
cluster/particle sizes to determine whether such heterogeneous distributions are
present. Unfortunately, the epoxy substrates are not sufficiently conductive to
perform those kinds of experiments.
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6.3.3 Conclusions

The introduction of polydopamine and grafted polyamines to polydopamine leads
to a large increase of the initial electroless copper deposition. There is little differ-
ence between branched PEI, linear PEI and DIEN. Adsorbed polyamines result
in a decreased amount of initial deposited copper due to their partial desorption
during catalytic activation. In this case, the initial deposited copper is present in
a limited amount of pores.

6.4 Influence of surface modification on the copper ad-
hesive strength

6.4.1 Introduction

In this study, three different parameters are varied to obtain a good adhesion be-
tween electroless copper and (modified) etched ECN resins. These parameters are
roughness, surface modification method and temperature of the electroless de-
position process. The roughness is generated by etching the ECN substrates in a
hot permanganate/NaOH solution. Previous investigations pointed out that this
treatment results in a pore-type roughness. A linear relationship exists between
the etching time and the RMS values (see section 5.2.3). Here, the etching time is
limited to 5 min, which corresponds to a RMS value of 1100 nm to 1200 nm. A sec-
ond parameter is the surface modification method. The surfaces of etched ECN
resins are modified with polyamines using three different methods: polyamine
adsorption, polydopamine and polyamines grafted to polydopamine. The sam-
ples considered for this study are shown in table 6.4. For the readers’ comfort, an
overview of the previously obtained analyses of the samples is added.

Sample: XPS XPS EDS
N/C (*100%) Pd0 (at%) Cu (wt%)

Blank-1 - 1.2 18.6
7-B-PEI-A 2.9 3.1 13.4
8-L-PEI-A 3.5 2.8 12.0
1-DOP 7.5 2.7 20.3
1-DOP-B-PEI 17.0 2.4 41.6
1-DOP-L-PEI 18.8 3.1 45.2
1-DOP-DIEN 18.1 2.8 41.6

Table 6.4: Overview of the sample annotations for the peel strength experiments.
Three additional columns with previously obtained results are added.

The final parameter which is varied is the electroless deposition temperature:
23 ◦C (120 min), 35 ◦C (60 min) and 47 ◦C (45 min). It is known that the plating
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rate decreases with decreasing temperature in case of electroless copper plating
baths containing formaldehyde and EDTA [9, 10]. Lower temperatures compared
to the standard plating temperature of the bath (47 ◦C) are applied here to obtain
a larger degree of pore filling. Prior to the peel strength measurements, the sam-
ples are plated electrolitically with Cu as described in section 4.4.2. All samples
have a final copper thickness of 20 µm to 25 µm.

The adhesive strength of the samples is determined with peel strength measure-
ments. SEM is used to inspect the interphase and to determine the type of failure
(adhesive or cohesive). In the latter case, the back sides of the copper strips and
the peel-off area are inspected after peeling off. This is illustrated in figure 6.4.

Figure 6.4: Illustration of the three different areas which are inspected with SEM-
BEC after peel testing.
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6.4.2 Influence on the adhesion of ELD copper

6.4.2.1 Introduction and failure definition

A conditio sine qua none to obtain mechanical interlocking is a good filling of
the pores with electroless copper (section 2.3.2). In case of etching with hot
KMnO4/NaOH aqueous solutions, both small (d = 50 nm to 100 nm) and larger
pores (d = 1 µm to 10 µm) are formed. An increase of the etching time results in
three phenomena (see section 5.2.3 and figure 6.8):

1. A decrease of the area covered with small pores and an increase of the area
covered with large pores.

2. Initially, the large pores have an ink bottle shaped morphology due to faster
etching of the filler particles located in the top surface layer (1 µm to 5 µm).

3. At longer etching times (RMS > 700 nm) the pore density increases and
pores start to aggregate. This aggregation results in lower amounts of ink
bottle shaped pores, increase of the pore entrance, increase of the pore di-
ameters and increase of pore depth.

In order to measure the adhesive strength, 90° peel strength measurements are
performed. In the following discussions, peel strengths of 0.6 to 0.8 N/mm will
be considered as modest and peel strengths higher than 0.8 N/mm will be consid-
ered as high. In contrast to standards for adhesive strengths of laminated copper
on plastics and resins (IPC 6016), there are no standards available in terms of ad-
hesive strength for electroless deposited copper on the same type of substrates in
the PCB industry. This is because the ELD copper layers are quite thin (0.5 µm
to 2.5 µm) and need to be electroplated prior to the peel strength measurements
which renders this evaluation method too time consuming for PCB manufactur-
ers.
As illustrated in figure 6.4, the interphase is studied with SEM on different loca-
tions. Cross section analyses provide an evaluation on the pore filling and the
pore types. Analyses of the copper strip and peel-off area result in the determi-
nation of the failure. Theoretically, 3 different types of failure can occur:

1. Adhesive failure: the failure is located at the interface.

2. Cohesive failure: the failure is completely located in one of the two materi-
als (copper or ECN resin).

3. Adhesive and cohesive failure: the failure is partially adhesive and partially
cohesive in one and/or two of the joined materials.
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In this work, 3 types of failures are observed and categorized as follows:

1. Adhesive failure (failure 1)

2. Cohesive failure in the ECN resin (failure 2)

3. Cohesive failure in the copper (failure 3)

In case of failures 2 and 3, different ratios of contributions of cohesive failures can
exist. This can have a large impact on the adhesive strength.
Different pore shapes (larger pores) and failure locations that have been observed
during this study are illustrated in figure 6.5. In the first illustration (top), only
small pores are present and the depicted failure is purely adhesive (failure 1). In
the second illustration (middle), both completely and partially filled pores are
present. The pores have an ink bottle like shape. The failure at spot a is cohe-
sive in the copper (failure 3). In case of failure b, a void is present in the pore.
This failure is located in the copper edges and in the void itself. When failure c
occurs, cohesive failure in the ECN resin (failure 2) is present as a consequence
of mechanical interlocking. The rest of the failure is similar to failure b. If the
void is not involved in the failure location (spot d) a similar result is obtained as
in case a. It is obvious that voids can also be present in the regular (aggregated)
pores (not shown here). In general, the presence of voids leads to a decrease of
the adhesive strength if the void is part of the location of failure as illustrated in
spot b.
Other types of large pores are also observed after longer etching times as stated
above. The presence of these pores can result in failure 1, 2 or 3 as illustrated by
the dashed lines in figure 6.5 (bottom). At spot e, cohesive failure of the copper
(failure 3) results in copper residues at the pore walls present on the peel off
area. Finally, spot f illustrates cohesive failure of the ECN resin (failure 2) due to
mechanical interlocking. As a consequence, ECN resin is present on the copper
strip after the peel test.
In the following sections, SEM-BEC micrographs of cross sections, peel-off areas
and copper strips will be used to discuss the influence of the different failures on
the adhesive strength. In order to support the reader, typical SEM micrographs
(compositional contrast mode) of a peel-off area and a copper strip are provided
in figure 6.5. The results of the failures a to f are indicated on these micrographs
On the copper strip micrograph, a clear contrast is present between the ECN resin
(black areas) and the copper (white area). As indicated by spot f, residual ECN
resin is present due to failure in this resin (mechanical interlocking). Voids in the
ink bottle shaped pores can lead to typical failures indicated in spots b and c. In
a similar way, spot failures a, b, c, d and e are shown on the peel-off area.
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Figure 6.5: Illustration of a cross section (Cu/ECN) with different failure locations
and pore types. Only small pores are present (top). Complete and partially plated
ink-bottle shaped pores (middle) and regular large pores (bottom) are presented.
The dashed lines illustrate the failure location after peel off.
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Figure 6.6: Examples of SEM-BEC micrographs of a copper strip (top) and a peel
off area (bottom). The encircled areas represent typical failures which are shown
in figure 6.5.

6.4.2.2 Results of the peel strength measurements and interphase analyses

An overview of the peel strength values obtained from 1-Blank and all modified
substrates with different substrate roughness values and plating temperatures
is presented in figure 6.7. SEM-BEC micrographs of cross sections of selected
samples are displayed in figure 6.8.
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Figure 6.7: Plots of peel strength versus RMS roughness.



6.4 Influence of surface modification on the copper adhesive strength 207

Figure 6.8: SEM-BEC micrographs of cross sections. The numbers of the micro-
graphs correspond to the numbers in figure 6.7. The scale bar is valid for all
micrographs.
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Figure 6.9: SEM-BEC micrographs of copper strips (top) and peel-off areas (bot-
tom) of sample 1-Blank at ELD temperatures of 35 ◦C and 47 ◦C and RMS values
of 789 nm and 878 nm, respectively.

Electroless copper deposition on the Blank substrates was not possible at 23 ◦C
and on substrates with an RMS value lower than 400 nm (figure 6.7). When a
plating temperature of 23 ◦C is applied for 2 hours, limited amounts of copper
deposits are scattered around the surface (not shown). High peel strength values
are obtained when the electroless deposition temperature is 35 ◦C and the RMS
is larger than 700 nm. Looking at the cross sections obtained from the 1-Blank
samples, the samples plated at 35 ◦C show a good pore filling of the aggregated
pores and poor filling of the ink bottle shaped pores (figure 6.9). Concerning the
ink bottle shaped pores, once the small entrance is covered with copper the pore
entrance can be blocked by deposited copper resulting in unfilled pores (cfr. spots
b, c or d in figure 6.5). Consequently, a fragile interphase is generated. When the
roughness is increased, the pore entrances increase and the filling of the larger
pores is better. Together with the increased pore density, this results in higher
peel strengths at plating temperatures of 35 ◦C. The nature of the failure is both
adhesive and cohesive. This is confirmed by the SEM analysis of the copper strips
and peel-off areas of Blank-1 samples with high RMS values (figure 6.9).
The cohesive part is mainly located in the ECN resin in case of ELD at 35 ◦C. The
ECN resin, containing mainly carbon and oxygen, is present as black material on
the SEM-BEC micrograph of the copper strip. The black areas are located around
the areas with large pore densities. This is a proof of the existence of mechanical
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Figure 6.10: SEM-BEC micrographs of copper strips (top) and peel-off areas (bot-
tom) of cross section number 7 (left) and 6 (right). Cross section numbers are
displayed in figure 6.7.

interlocking. On the other hand, the partial rupture of the ECN resin is visible on
the micrograph of the peel-off area. This sample reveals failures 1, 2 and 3. With
a large contribution of failure 2.
A plating temperature of 47 ◦C result in an increased amount of ruptured cop-
per at the pores - due to partially filled pores - and consequently in lower peel
strength values. Here, the failure is also adhesive and cohesive. However, there
is relatively more adhesive failure and less cohesive failure in the ECN resin.
Blocked pores which are not well plated in the centre are visible in the peel off
area micrograph (see figure 6.9, bottom right). Consequently failure 2 decreases,
failure 1 increases and failure 3 increases slightly which results in a lower peel
strength.
The substrates modified with adsorbed L-PEI and B-PEI result in very poor peel
strengths (figure 6.7). At plating temperatures of 23 ◦C and 35 ◦C it was not possi-
ble to deposit an entire blister free copper film except at very high roughness val-
ues (RMS around 1100 nm). This is caused by scattered and limited initial copper
deposition in some of the pores (see section 6.3.2). Only at 47 ◦C it is possible to
deposit a complete layer of copper (with low peel strengths) on substrates with
roughness values between 400 nm and 600 nm. Samples with high roughness val-
ues plated at 23 ◦C reveal peel strengths around 0.6 N/mm due to a decrease of
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ink bottle shaped pores (figure 6.8, micrograph number 4). The failure is mainly
adhesive and cohesive in the copper part (failure 1 and 3).
The samples modified with polydopamine reveal completely different results. In
contrast to the Blank and PEI (adsorbed) modified substrates, it is possible to
deposit electroless copper on substrates with a low roughness (RMS < 400 nm)
independent of the plating temperature. However, the peel strength values are
low for these specific RMS values. In the previous sections it has been shown
that the initial ELD copper (at 35 ◦C) on polydopamine modified substrates is
homogeneously distributed in contrast to surfaces modified with adsorbed PEI
(section 6.3.2). Furthermore, the amount of Pd0 containing initiators was higher
compared to the Blank substrate (table 6.2).
Plating temperatures of 23 ◦C and 35 ◦C show increased peel strength with in-
creasing RMS values. Modest peel strengths are obtained at 23 ◦C once the RMS
is higher than 400 nm. The low peel strength value at 400 nm can be attributed
to the fact that a discontinuous copper layer is obtained after electrolytic plating
(not shown). High peel strengths are measured at a plating temperature of 35 ◦C
and RMS values from 600 nm to 800 nm. Figures 6.8 and 6.10 show the interphase
analysis of 1-DOP at 23 ◦C and 35 ◦C. When the cross sections number 6 and 7 are
compared, the pore filling is better in case of number 6. This is confirmed by the
analyses of the copper strips and peel-off areas. At 23 ◦C, small amounts of ECN
on the copper strip are observed and broken pores can be found on the peel-off
area (figure 6.10). Therefore, in this case, failure 1 is large and the contributions of
failure 2 and 3 are small. At 35 ◦C, a large amount of ECN is found on the copper
strips and a large amount of copper is found on the peel-off area. This means
that the cohesive failure of the ECN resin (failure 2) is large. Next to ruptured
ECN resin, a lot of copper is found on the peel-off area. This means that during
peel off, the fracture is located in the ECN resin and the copper (failure 2 and 3)
leading to a high peel strenght of 0.96 N/mm. Hence, the interfacial forces due to
the polydopamine modification are stronger than the force needed to break the
ECN resin or copper. In conclusion, the peel strenghts at 35 ◦C (RMS = 600 nm
to 800 nm) are higher compared to the values at 23 ◦C because the pore filling is
better. Possibly this is caused by the fact that the amount of deposited electroless
copper at 23 ◦C was just enough for subsequent electrolytic copper deposition.
When a plating temperature of 47 ◦C is applied, a different peel strength pattern
is observed. Good adhesion is obtained at RMS values around 400 nm. Above
600 nm, the peel strength drops severely. These findings are supported by the
inspection of the cross sections (5 and 8) displayed in figure 6.8. At 47 ◦C, the
pore filling is not good because the deposition is too fast. However, in case of
low roughness, high peel strengths are obtained (> 0.8 N/mm). This can only
be attributed to the increased adhesion due to polydopamine modification in the
regions free of (large) pores and in case of adhesive failure. If the roughness is
increased, the amount of unfilled pores increases at the interphase. This leads to
decreased adhesive strength. The copper strips and peel-off areas of cross sec-
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Figure 6.11: SEM micrographs of copper strips (top) and peel off areas (bottom)
of cross section number 5 (left) and 8 (right). Cross section numbers are displayed
in figure 6.7.

tions 5 and 8 in figure 6.11 confirm these findings. Looking at the copper strips of
5, the amount of ECN is low and ruptured copper pores are present. The peel-off
area shows an almost intact ECN resin and a large amount of copper. This means
that the contribution of failure 2 is smaller than that of failure 3. The highest con-
tribution origins from failure 1. However, a high peel strength is observed for this
sample (0.91 N/mm). Possibly, this can be attributed to the increased adhesion
between ELD copper and the polydopamine modified surfaces. In case of higher
RMS values, a lot of ruptured copper and copper voids are present on the copper
strip and peel-off area leading to decreased peel strength values (figure 6.11). In
this case, failure 2 and 3 are present of which the latter is dominant.
Decreasing the plating temperatures to 23 ◦C or 35 ◦C results in a better filling of
the pores (see figure ??). The pore filling at 35 ◦C is better than at 23 ◦C.
The last samples series consist of substrates of which the surfaces are modified by
polydopamine followed by grafting of polyamines. All these modifications result
in a higher amount of initial deposited copper. The amount is roughly twice that
high compared to the Blank-1 substrate (table 6.4). For all samples which contain
grafted polyamines on the surface, the best results are obtained when an ELD
temperature of 23 ◦C is applied. Grafting of linear PEI results in high adhesive
strengths situated between RMS values of 400 nm to 800 nm. When branched
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Figure 6.12: SEM micrographs of copper strips (top) and peel off areas (bottom)
of sample 1-DOP-B-PEI (left) and 1-DOP-L-PEI (right), both having a RMS of
794 nm.

PEI is grafted on polydopamine, modest peel strengths are obtained in the same
RMS range. A slightly better pore filling is observed for L-PEI compared to B-
PEI and DIEN (figure 6.8). Investigation of the copper strips and peel-off area of
samples 1-DOP-B-PEI and 1-DOP-L-PEI at high RMS values reveals small differ-
ences between the two samples (figure 6.12). The peel-off areas contain about the
same amount of residual copper. This residual copper consists of small particles
and a few large ones. The ECN is heavily ruptured in both cases. The copper
strips confirm these observations. A large amount of ECN resin is present after
peeling-off compared to the polydopamine and non-modified substrates. In the
case of L-PEI, the amount is larger which explains the higher peel strength value
(1.1 N/mm). In both cases the failure is completely cohesive (failure 2 and 3)
with a larger contribution of failure 3. We do not have a clear explanation for the
differences in peel strengths at 23 ◦C between grafted L-PEI and B-PEI.
Finally, DIEN grafting results in peel strengths around 0.6 N/mm at 600 nm. The
number of voids is similar as in the case of 1-DOP-B-PEI.
If the plating temperature is increased to 35 ◦C or 47 ◦C, nearly all polyamine
grafted samples reveal low adhesive strengths (< 0.6 N/mm). This can be at-
tributed to the generation of unfilled pores at the interphases of these samples
due to the high rate of initial copper deposition. An example is shown in cross
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section 11 (figure 6.8).
Comparing these results with literature is not straight forward due to three ma-
jor reasons. First of all, adhesion can be measured or evaluated by a variety of
techniques including peel tests (90° or 180°) [4], scotch tape test [11, 12], pull test
[13],. . . It would be scientifically incorrect to compare these results mutually. A
second reason is that the thickness of the deposited copper can vary largely. In-
creased thickness leads to a decrease of the peel strength.
In some cases the adhesion towards electroless deposited copper, with a maxi-
mum thickness of 1 µm, was reported [6, 14–16] (see also section 3.1.3). In these
cases, additional copper is glued to the electroless copper with an epoxy adhesive
prior to 180°peel test evaluation. However, SBU layers in high density intercon-
nections require a total copper thickness of at least 5 µm (electroless + electro-
plated copper). Furthermore, it is known that in case of thicker copper layers,
the increase of internal stress can cause spontaneous peel-off or loss of adhesive
strength. Finally, a whole variety of polymer substrates has been investigated
in view of surface modifications for adhesion improvement towards electroless
deposited copper.
Kohl et al. has modified the surface with ammonia plasma of an identical (mildly
roughened) material [4]. Maximum peel strength of 0.8 N/mm was obtained.
Our group reported on peel strengths of 1.5 N/mm on etched Probelec surfaces
[17]. However, the roughness values of the substrates were very high in this
case. Moreover, in this particular report, peel strength values for low roughness
samples were not reported.

6.4.2.3 Conclusions

Modification with polydopamine and polyamines grafted to polydopamine com-
bined with a specific deposition temperature can increase the adhesion towards
ELD copper. Void formation and incompletely filled pores are major reasons for
the decrease of the adhesive strength.
Depending on the surface modification, different ELD temperatures need to be
used to obtain high peel strengths. Compared to the non-modified samples, poly-
dopamine and grafted polyamines can increase the adhesive strength. At low
roughness values (400 nm to 800 nm) polydopamine modifications result in high
peel strenghts compared to the non-modified samples.
Polydopamine modifications result in a homogenous deposition of an electroless
copper film at ELD temperatures of 35 ◦C and 47 ◦C. At 35 ◦C, peel strengths
higher than 0.8 N/mm are observed between RMS of 500 nm to 800 nm. Around
400 nm, high peel strengths are obtained when an ELD temperature of 47 ◦C is
applied. In this case, polydopamine modification leads to an increased bond
strength between the copper and the modified surface.
Modification with adsorbed L-PEI and B-PEI does not lead to increased adhe-
sion due to insufficient copper deposition. The best results in case of grafted
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polyamines to polydopamine are obtained with plating temperatures of 23 ◦C.
Only for grafted linear PEI high adhesive strengths are obtained at roughness
values higher than 600 nm at 23 ◦C. In this case, the contribution of the adhesive
failure decreased while the cohesive failure in the ECN resin increased. Conse-
quently the interfacial bonding is stronger than the cohesive bonds of the ECN
resin.

6.5 Conclusions

Three different surface modification methods to introduce polydopamine and/or
polyamines were used to study the influence on the electroless copper deposi-
tion and its adhesion. These modification methods include adsorbed PEI, poly-
dopamine and polyamines grafted on polydopamine. First, the influence of these
modifications on the catalytic activation with Pd/Sn colloids and the initial elec-
troless copper deposition has been investigated. Finally, the interface/interphase
and the adhesive strength has been studied and/or determined.
Regarding the catalytic activation, a mininum amount of Pd0/nm2 is needed to
initiate the subsequent electroless copper deposition. All modification methods
result in an increased amount of Pd0 at the surface after activation. There is little
difference between the modifications mutually. However, there is a higher selec-
tivity for Pd compared to the non-modified substrates. Unfortunately, the spatial
distribution of Pd0 species can not be determined.
Next, the influence on the initial ELD has been investigated. It became clear that
in case of adsorbed PEI, a non homogeneous copper deposition was observed.
Moreover, the amount of copper deposition was low. Although the Pd0 concen-
tration was increased, it was concentrated in a limited amount of pores. Only in
these pores the minimum amount of Pd0 to deposit copper was exceeded. Poly-
dopamine modification led to a homogeneous copper deposition but did not in-
crease the amount of deposited copper. In contrast, polyamines grafted on poly-
dopamine led to a large increase of copper deposition.
In general, the adhesion of the ELD copper increases with increased roughness.
In case of the non-modified surfaces, higher adhesive strengths are obtained at a
deposition temperature of 35 ◦C. Poor adhesion is obtained when the surface
is modified with adsorped PEI due to the scattered initial copper deposition.
Concerning the surfaces modified with grafted polyamines on polydopamine,
a deposition temperature of 23 ◦C leads to acceptable peel strenghts. High peel
strenghts are obtained at RMS values above 600 nm for samples modified with
grafted linear PEI.
If the surfaces are modified with polydopamine, increased roughness does not re-
sult in increased peel strengths in case of an ELD temperature of 47 ◦C. High peel
strengths are observed at relatively low roughness values (RMS around 400 nm).
This can be ascribed to increased adhesion of the polydopamine towards the de-
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posited copper at the interface. At 35 ◦C, high peel strengths are obtained for an
RMS of 600 nm.
These developed modification methods could be used in the future to modify sur-
faces of other flexible polymer materials such as PET, PI and PEN or 3D objects.
A major disadvantage is that a selective wet etching of the metal is still needed to
obtain a patterned metal. However, quite recently, patterned deposition of poly-
dopamine on flat substrates has been demonstrated by using local UV triggered
dopamine polymerization [18].
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7
Final Conclusions and Future Scope

7.1 Scientific conclusions

7.1.1 Introduction of polyamines on the ECN surface
The major scientific goal of this thesis is to improve the adhesion of electroless
copper toward a mildly roughened ECN resin. Reports in the literature pointed
out that (protonated) amines on the surface show the highest potential to obtain
this goal (see chapter 3). Therefore, four different methods have been developed
to introduce polyamines on the surface of ECN resins:

1. Introduction of cyanuric chloride followed by coupling of polyamines.

2. Adsorption of polyamines.

3. Surface modification with polydopamine.

4. Grafting of polyamines to polydopamine.

Three different polyamines have been used for this purpose: DIEN, B-PEI and
L-PEI.
The first method consists of two consecutive reaction steps: introduction of cya-
nuric chloride and covalent coupling of polyamines. For both reaction steps, re-
action conditions such as time, temperature, concentration and nature of the pro-
ton scavenger were optimized. The introduction of the polyamines was success-
ful. Each modification step was thoroughly analyzed with XPS and TOF-S-SIMS.
However, some major drawbacks of this method are:
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• Solvents such as dioxane and IPA are used.

• Reaction temperatures above room temperature are required.

• Long reaction times are needed.

• After the cyanuric chloride modification, the substrate roughness drops
severely.

The second method is adsorption of polyamines by introduction in an aqueous
solution with polyamines. A procedure was developed which did not alter the
roughness after modification. Low amounts of amines were detected at the sur-
face through XPS and TOF-S-SIMS measurements. The polyamines did not cover
the surface completely.
The third method is the surface modification method with polydopamine based
on the reports of the group of Messersmith (see chapter 3). The polydopamine
modification was described as a self-polymerization of dopamine in aqueous ma-
rine pH conditions. Although complete coverage is claimed in the literature, it
could not be concluded in this case due to the porous nature of the initial etched
ECN resin. TOF-S-SIMS analysis of the surface led to the conclusion that amine,
catechol and quinone moieties are present on the outermost molecular surface
layer after polydopamine modification. In accordance with the literature, cluster
like granulates and individual grape like granulates (50-100 nm) were observed
on the substrate surface. Despite this change in surface topography, the overall
roughness did not change significantly. This led to the conclusion that the porous
nature of the surface is exclusively contributing to the surface roughness.
The fourth method includes two steps. The first step is the modification with
polydopamine. The second step is grafting of polyamines to the polydopamine.
Identical topography with respect to polydopamine was observed and the rough-
ness did not change significantly. For all polyamines, a large increase of amine
groups was observed compared to the polydopamine modifications by analyzing
with XPS and TOF-S-SIMS.

7.1.2 Stability of the modifications against strong acidic medium
Based on the modification results, methods 2, 3 and 4 were chosen to investigate
the electroless copper deposition process and its adhesion. Because the catalytic
activation step consists of immersion in a 1 M HCl solution, the goal was to inves-
tigate the stability of these modification methods towards a highly acidic aqueous
solution.
In case of the modification with adsorbed B-PEI and L-PEI, roughly half of the
amine groups remained on the surface. When DIEN was used for the modifica-
tion, the amine groups were completely removed. On the contrary, both poly-
dopamine and polyamines grafted on polydopamine were stable against the HCl
medium.
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7.1.3 Influence on the electroless copper deposition
In order to explain the obtained adhesive strengths toward ELD copper of sur-
face modification methods 2, 3 and 4, the catalytic activation and the initial ELD
deposition on the modified substrates were studied and compared with the non-
modified substrates. After the catalytic activation with Pd/Sn colloids, all mod-
ification methods showed an increased surface concentration of Pd and an in-
creased selectivity for Pd (compared to Sn). The increase of Pd concentration
did not differ largely beween the modification methods under study. Conse-
quently, the amount of amines present on the surface did hardly influence the
palladium surface concentration. Furthermore, the palladium was almost exclu-
sively present in the zero valent state in all cases. On the other hand, a decrease
of surface amine groups was observed after catalytic activation. Therefore, it can
be concluded that the Pd/Sn colloids interact specifically with the amine groups
introduced on the surface.
In contrast to the catalytic activation, the influence of the different modifications
on the initial electroless copper deposition (at 35 ◦C) was more profound. In case
of adsorbed PEI, the initial copper deposition was low and was located in some of
the pores. Concerning the polydopamine modification, the amount of deposited
copper was comparable to the non-modified substrate and the deposited copper
was homogeneously distributed. The grafted polyamines on polydopamine re-
sulted in a homogeneous distribution and the amount of deposited copper was
about twice as high compared to the non-modified sample.
In the final step of this work, electroless copper has been deposited on all samples
at different roughness values and at three different temperatures (23 ◦C, 35 ◦C and
47 ◦C). The non-modified substrates had the highest peel strengths (> 0.8 N/mm)
at 35 ◦C and for high roughness values. The polydopamine modification had
the highest peel strenghts at 35 ◦C and 47 ◦C dependent on the sample rough-
ness. Low peel strengths were obtained if the substrate was modified with ad-
sorbed PEI. In case of grafted polyamines, electroless copper deposition with the
highest peel strengths was obtained at a deposition temperature of 23 ◦C. Only
the grafted L-PEI resulted in peel strengths above 0.8 N/mm. Except from the
electroless deposition on polydopamine modified samples, increasing roughness
leads to higher peel strengths.
In conclusion, high peel strengths can be obtained at lower roughness values
compared to the non-modified substrate. However, the ELD temperature should
be adapted to the nature of the modification and the roughness of the substrate.
Furthermore, a good filling of the pores on the substrate is necessary.
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7.2 Scientific and technological relevance

The work presented in this thesis has led to the publication of five articles in in-
ternational peer-reviewed journals. These publications can be found in following
references:[1–5].
A relatively large part of this thesis is devoted to fundamental research on wet-
chemical surface modifications of epoxy resins to introduce amine groups on the
surface. The modifications using cyanuric chloride as a coupling agent attracts
other researchers due to the thorough characterization methods described in this
work.
Although the polydopamine modification itself was invented by Messersmith
and co-workers (see secion 3.1.4), this work presents original interpretation of the
surface molecular structure of polydopamine based on TOF-S-SIMS analyses. Af-
ter the publication of this work, other researchers confirmed the existence of some
identical major diagnostic peaks in the TOF-S-SIMS spectrum of polydopamine
[6]. Therefore this part of the PhD can be considered as a piece of the puzzle to
unravel the molecular (surface) structure and composition of polydopamine.
The method to graft polyamines on polydopamine is used after the publication
of this work for other purposes such as modification of carbon nano tubes for ul-
trafast separation [7], membranes for separation/filtration [8, 9] and carbon fiber
fabrics for reinforcement of composites [10]. These (protonated) polyamines on
the surface can also be used for further modifications with bio(macro)molecules
or act as initiation layer for subsequent LbL modification/deposition.
Another advantage of the developed wet-chemical modifications is that they can
be applied for surface modification of complex 3D materials/objects (porous scaf-
folds, shaped plastics, . . . ), compared to (remote) plasma treatments which still
needs some further technological development and cost reductions.
Concerning the technological relevance, the industrial ELD process could be im-
proved (or adapted) based on the results from this PhD thesis. Two applications
can be taken into account: via metallization and plating of entire polymer sur-
faces. In the first case, the surface modifications cannot provide additional bene-
fits the process because only the inside of the via needs to be plated with electro-
less copper. Moreover, a preceding desmear process is mandatory to remove the
debris or damaged regions caused by the laser or mechanical drilling.
On the contrary, the pretreatment of the copper ELD of entire polymer/resin sur-
faces can be altered. However, the modification process should be shortened.
It is possible to reduce the total reaction time to 20 min. Shorter reaction times
(< 10 min) for the polydopamine modification with complete surface coverage
have been reported recently [11, 12]. Possibly, the polyamine grafting time can
be reduced to about 15 min. However, this should be studied further in terms of
amine concentration and adhesion toward electroless copper.
An overview of the total electroless plating procedure can be found in figure 2.5.
The etching step can be shortened and the conditioning step can be omitted. If the
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surface is much more hydrophilic due to the presence of amine groups or other
polar organic moieties, the wetting of the surface can be sufficient for subsequent
steps. Furthermore, the KMnO4 etching solution can be changed to obtain a more
homogeneous rougheness and softer roughness process.

7.3 Future scope

Alternative routes for roughening can be developed to obtain a more homoge-
neous etching. Irregulate roughness has been obtained in the form of scattered
pores with the etching method of Probelec in this work. Eliminating the fillers
or decreasing the size of the fillers can result in a more homogeneous roughness.
On the other hand, other PCB related materials (PI, liquid crystal polymers, green
laminates,. . . ), which can not easily be roughened, could be subjected to further
research concerning the improvement of the adhesion towards ELD metals.
The use of (hazardous) tin can be avoided by changing the catalytic activation
process. Aqueous solutions of PdCl2 can be used followed by a reduction step
to generate Pd0 on the surface [13, 14] (see also sections 2.2.3, 3.3.4 and 3.3.5).
Due to the polyamines or polydopamine on the surface, increased surface con-
centrations of palladium species can be expected due to coordination with amine
and catechol groups or electrostatic interaction between negatively charged Pd
complexes and positively charged protonated amines.
The evolution in the research field of electroless catalysts points towards the total
exclusion of tin and palladium by introducing Cu0 on the modified polymer sur-
faces (section 3.1.5) [15]. Since polyamines and polydopamine can coordinatively
bond Cu2+, these modifications can be explored for this purpose.
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