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Chapter 1 — Introduction

1. | ntroduction

Metallization of insulating polymers is of great importance for numerous applications in
electronics and car industries. The most frequently used processes for metallization are
physical vapor deposition (PVD), chemica vapor deposition (CVD) and electroless metal
deposition. Due to the importance in industry, those processes were intensively studied and
reviewed in a number of publications [Sach90][Bren63][Osul90]. Nevertheless, alot of effort
has been made to obtain a method to metallize modified insulating substrates by direct metal
electrodeposition (direct galvanic metallization) [Urib93][Scha97]. The principle of this
method is a formation of a non-metal layer (seed layer), so that metal deposition can be
induced on this layer. The process of direct electrodeposition offers a number of advantages
which apply to: simple control of metallization by current density and electrode potential,
achievement of high deposition rates at relatively low operating temperatures, high selectivity
and possibilities for metallization of surfaces and microstructures with complicated surface

profiles.

Recently, modern methods for direct galvanic metallization are proposed using sulphide
metals as the seed layer [Pily97][Vink98][Bur93]. Although the method was successfully
applied, it is always carried out in a “black box” without understanding the mechanism of the
process. Some important aspects of the methods found from empirical experiences. (i)
suitable metals for these methods are some metals of Group 1B (Cu, Ag), IVA (Sn, Pb), or
Group VIII (Co, Ni); (ii) surfaces with higher amounts of the sulphide metal are easier to be
metallized [Gul89][Bla90][Sche93][Burr93]. The PLATO technique (Mobius et. al.-
ETHONE Germany), which will be focused in this work, is a method for direct metallization
using cobalt sulphide as the seed layer [M 6b00a][ M 6b00b][M6b00c]. From a technical point
of view, the PLATO technigque solves an important problem: it enhances the amount of metal

sulphides by the use of oxygencomplexes, which strongly interact with the polymer surfaces.

-1-
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Unlike metal eletrodeposition on a metal substrate, direct metalization using metal sulphide
has some interesting characteristics. overpotential ?¥aries with position x and time t on the
deposited layer during metal deposition; and the primary nucleation of the metal on the MeS
layer is decided not only by ?, but also by the number of MeS particles, which is in turn
related to the properties of the polymer surface e.g. pre-treatment of the surface. Therefore,
the system can be only understood when several factors and the relation among them are

investigated, including: polymer surface, activation process and metal deposition.

Goals of thiswork, which are summarized in Fig.1.1, consist of two parts:

Study mechanisms of the processes
?? Investigation the role of pre-treatment (etching and activation) and its
influence to metal deposition;
?? Mechanisms of metal deposition on metal sulphide, with the representative
system: Ni on cobalt sulphide.
Applications
?? Application of the method for microstructured metallization of insulating
substrates,
?? Reviewing some applications of the technique for different insulating
substrates and metals (alloys).

PLATO technique

Mechanisms Applications
Metal deposition : Microstructured
"xL metallization
Surface pre-treatment The uses of metals and
substrates

Figurel.l Schematic description for the structure and the goals of thiswork.
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2.  Background

2.1. PLATO technique

The PLATO technique for direct gavanic metalization of polymers is schematically

described in Fig. 2.1. In principle, the process consists of three steps:

?? Surface treatment: etching in strong oxidation media e.g. CrO4/H,SO,

?? Activation: formation of a cobalt sulphide layer. The activation process consists of 2
steps: (@) adsorption of cobalt-oxygen-complex and (b) sul phidation.

?? Metal deposition (galvanic direct metallization on the seed layer)

Etching

{a) Adsorption

Activation

{b) Sulphidation

Metal deposition © l} l _
Ni CoS(h)

Figure2.1 Schematic description of the PLATO technique.
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2.1.1. Surfacetreatment

Surface treatment is an important step, which influences the activation process and the
adhesion of the metal layer. Frequently applied techniques for surface treatment are: chemical
etching, plasma or excimer laser [Chan92]. In this work, the surface treatment is a chemical
etching process in a standard etching solution CrOs/H,SO, (65°C). Generally, modification of
polymer surfaces is characterized by the possible change of the roughness, the surface group

and the surface energy.

Roughness

The surface treatment usually leads to an increase of roughness. Correlation between
roughness and adhesion between metal layers on substrates was investigated in several works
using techniques which allow producing roughness precisely (excimer laser), combined with
exact adhesion measurements. Generally, a higher roughness of the polymer surface resultsin
a better adhesion of the metal layer after metallization [Mann93][Mey93][ Schro95].

In the PLATO technique, the roughness is also related to the adsorption of the cobalt-
complex. After the chemical etching, the roughness obtained corresponds to the formation of
pores on the polymer surface. The sum-volume of pores decides the volume of cobalt-
complex solution filled in them, which is in turn proportional to the amount of cobalt
sulphide. The critical pore radius, which allows liquid to fill the pores, is described by the
Washburn’s equation [Wash31]:
9 2d.cosa
p
Where ? is the surface tension, p is the pressure. For agueous solutions (?5,,272.8.10°° N/m),

(2.1)

atmosphere pressure (p.,=10°N/n), the critical pore radius is 0.5-0.7um, which is smaller
than the size of most pores on pretreated polymer surfaces.

Thus, a large number of pores can be filled by the cobalt-complex solution during the
adsorption process and the amount of adsorbed solution is decided by sum volume of pores.
Bearing in mind that this cobalt-complex will be converted to cobalt sulphide after

sulphidation, we consider roughness as an important factor influencing the activation process.
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Surface groups

Depending on the nature of the polymers and the modification method (chemical, laser,

plasma), the surface groups after pretreatment can be different.

Surface energy

Other important parameters characterizing the modification of surfaces are the contact angle
and the corresponding surface energy. The contact angle on polymers is typically influenced
by following factors:
(1) Roughness of the surfaces;
(i) Nature of the polymer e.g. hydrophilic group of the polymer, crystallinity, surface
phases;
(iii) Measurement conditions: liquid used (water, ethanol..), temperature, atmosphere
(air, saturated vapour) and drop size.

(a) (b)

Vapor Vapor

T a

~

' Liquid Y

R N
I

o 1. ,
R i T_H T e @ G T ]
N\ N R .\\\._ N N \\\\&\\\\ N

R

R N A R
R, = ) TR
I T Y

Figure2.2 (a) Equilibrium contact angle.

(b) Influence of the roughness on the equilibrium contact angle.

The contact angle at equilibrium, as shown in Fig. 2.2, is governed by the force balance at the

three — phase boundary and is defined by Y oung’s equation [ Chan92]:
?,c0sa?? , ?7? (2.2)

where ?,, isthe surface tension of the liquid in equilibrium with its saturated vapor, ?,isthe

surface tension of the solid in equilibrium with the saturated vapor of the liquid, and ?is the

interfacial tension between the solid and the liquid. This equation is valid only for smooth
surfaces with roughness below 0.1-0.5 pm.
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For the rough solid surface, the contact angle is also dependent on the roughness and this
relation can be described by the Wenzel”s equation [Chan92][V eer97]
cosa’ ? r cosa (2.3

where ? is the intrinsic (equilibrium) contact angle, r is the roughness factor, which is the
roughness ratio (r ? %? .d% A:? 1), ?” is the apparent contact angle (measured through a

microscope), a is the actual area of the surface, Ais the apparent area, or geometrical area of

the surface.

For the system: water drop (), water vapor (/) and solid ), the surface energy ? (or the
surfacetension 7y ) can be determined through the Y oung-Dupre equation [Duca98]:

2
? ?7 ?Tw(l? cosa, )’ (2.4)

where ?,, = 73 mJ/nf is the surface energy of liquid water.

2.1.2. Activation

The activation process consists of two steps:
(@ “Adsorption” of the cobalt-complex Co[Lig]y;
(b) Sulphidation through a reaction between Co[Lig] , and the sulphide cation S?.

The “adsorption” of the cobalt-complex Co[Lig]« here is understood as a localization of the
cobalt-complex solution on the polymer surface. The amount of “adsorbed” cobalt-complex
on the surface is influenced by:

?? theroughnessr of the surface (or the sum volume of pores - see 2.1.1).

??  the physical adsorpion (physisorption enthalpy <20kJmol) of the cobalt-complex on the
polymer. In order to enhance the physical adsorption, cobalt-oxygerncomplexes with (—
O-O-) or (-O-H ) groups are produced, since those complexes may show higher
interactions with polymer surfaces, which typically carry -COOH and —COH groups.
The cobalt-oxygen-complexes are formed by bubbling oxygen in the Co(NH3),**
solution. However, the oxidation of the cobalt-complex is a complex process and
products are a mixture of different cobalt-oxy-complexes (-Co-O-O-Co- or Co-OH-Co-)
[Syke69][Davi98]. The possible products with different oxidation degree are shown in
Fig. 2.3 [Fuhr00].
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nCo™ + nhHz + J2 (HeOq)

A S S

~
{MHgly Co- NHy - CafPHs)™"
\ !
a-0
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|
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1 f
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|
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1 f
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soluble green soluble

{MHy)q Co- NH - Co[MHg)y] (504]a,,
4 i

Cridation ]n MHg
2 CofhHzp+++

Figure2.3 Schema illustrating possible products of cobalt-oxygen-complex depending on

the oxidation grade as oxygen reacts with Co(NH,),** [Fuhr00].
The sulphidation is carried out by dipping the polymer surface with the adsorbed cobalt-
oxygen-complexesin a solution containing S*. The reaction that takes placeis:
Co?* + S*? Co(OH,HS), (CoS(?? ? CoS(R) <R 2.1>

CoS(? 7&xists only in agueous mediazand it converts quickly to CoS(f3) in the atmosphere.
Thus, the product formed on the polymers after the activation process is CoS([3), which is a
mixture of CogSg and CoS,_, (~70%wt. CoS;.,) [Nick68]. The solubility product of CoS(R3) is
Kgo=-25. The crystal structures of CogSgand CoS,., are shownin Fig. 2.4.

Co,S, Co 3
0000
(@)D
000000
(. J_:L -;I ‘.‘J] |'\ _,; i)
000
O Octahedral Co @ oo k_\' 9
() Tetahedral Co O s :_\' Vacancy

Figure2.4 Structures of Co,S; (eight of Co atom occupy tetrahedral holes and the ninth S
atom is octahedrally surrounded) and Co,.,S (closed packed, vacancies are

occupied by Satoms. The structure shown in the figure has z=0.5) [Nick68].

-7-



Chapter 2 — Background

2.1.3. Metal electrodeposition

The process metal electrodeposition in galvanic direct galvanic metallization of insulating
substrates has all characteristics of conventiona metal electrodeposition on a conducting
substrates. However, an important specific feature of the metal deposition on a low
conductivity substrate is the uneven potential distribution due to the potential drop on the
substrate. In the following, fundamentals of metal electrodeposition and the potential
distribution on alow conductivity substrate will be shortly reviewed.

2.1.3.1. Thermodynamics and kinetic aspects

The overall reaction describing the metal deposition or dissolution of a bulk metal Me can be
expressed by equation

MeZ:

'solv

228’72 Me <R 2.2>

where MeZ,

solv

are solvated metal ions in the electrolyte phase and Me is a meta in the bulk
phase. The Nernst equilibrium potential E of the Me/Me™ metal ion electrode is given

by:

Me/Mé’

E A= AN TS (Nernst’s equation) (2.5)

Me/Mé Me/Mé ZF a,.

inwhich E? denotes the standard potential of the Me/Me™, a, . Isthe activity of

Me/Mé*

M eZ+

solv

ionsin the electrolyte (for a pure 3D Me bulk phase, aye is equa to unity).

At the Nernst potential E .., the electrochemical reaction (R 2.2) is in equilibrium and

&, 2 (BE), and I{'? are the electrochemical potentials of the metal ions in the

electrolyte and in the bulk phase). The deviation from equilibrium 2?2, 2l is
related to the actual electrode potential E by:
?2[? ?ZF (E?E )? ?2F? (2.6)

Me/Mé&?

where ??E?E is the overpotential. Generally, the electrodeposition process includes

Me/Mé&?
various rate determining steps such as the electrocrystallization (?.ys), charge transfer (?),
diffusion (?4) and chemical reactions (?¢em). The total overpotential ? can be expressed by
eguation:

22205 2 24 ? %4 ? Pgem 2.7)
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where ?¢ys, ?c, ?d0 2chem @€ electrocrystallization, charge transfer, diffusion and chemcal

reactions overpotentials, respectively.

If the kinetics of metal deposition and dissolution are not controlled by charge transfer, ion
diffusion and migration or additional chemical reaction steps (?c, ?4, ?chem IS lOW), the

overpotential represents the crystallization overpotential (?¢ys). Thus:

RT ?8ye, ?

??%m?E?EW%ﬁ??EE;QQ;; (2.8)

where ay, and a,,.  denote the activities of Meys at E? E“% ; and E? E“% N

respectively.

2.1.3.2. Deposition mechanisms

Interaction between deposited metal and substrate

For electrodeposition of a metal on a foreign substrate, electrocrystallization can occur at
?H <0 and ?<0 (overpotential deposition) and ? >0 and ?>0 (underpotential deposition).
The parameter determining if overpotentia deposition (OPD) or underpotential deposition
(UPD) can take place is the interaction between deposited metal and substrate. Two growth
modes can be distinguished [Bud96]:

(1) Insystemswith weak deposit-substrate interaction (weak adhesion) the metal deposition
starts at supersaturations (?? > 0) in the overpotential deposition (OPD) range
E?E

Me/Mé’

following a 3D idland growth mode (Volmer-Weber growth mode).

(I In the case of a strong deposit-substrate interaction (strong adhesion), the metal
deposition can start even at undersaturations (?? < 0) in the underpotential deposition

(UPD) range E ?E Depending on the deposit-substrate lattice misfit, the

Me/Mé&
deposition at low overpotentials usualy follows a Frank-van der Merwe growth mode
(layer-by-layer growth mode) or a Stranski-Krastanov growth mode (3D Me idand
formation and growth on top of predeposited 2D Me overlayers)
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Nucleation and growth of metals

In case overpotential deposition takes place, the driving force for electrocrystallization is the
overpotential ?, or in general, the supersaturation ?[l (equation (2.8)). The phase formation

of a metal from the electrolyte during metal deposition consists of two processes: nucleation

and growth of the metal.

In the nucleation process, stable metal clusters are formed. These clusters are called nuclei
and the sizes of the nuclel are described by the number of metal atoms in a cluster N. At a
supersaturation ?p ? 0, clusters exist as a result of thermal fluctuations in the sense of
statistical thermodynamics. However, only the clusters with the size N>N;; are stable and
continue to grow. The critical size N is a function of the supersaturation and can be
expressed by equation:
2
it ?% (2.9)
where ?; are the specific surface energies of the crystal faces, V,,, is the molar volume of the
condensed new phase and B is a factor depending on the geometrical form of the nucleus. The
rate of nucleation is defined by the net flux J of clusters through the critical size of the
nucleus. The dependence of the nucleation rate on supersaturation ?[l can be described by
eguation:

dln‘] ) Ncrit

d?@ ~ RT

(2.10)

Thus, with a higher the supersaturation ? , nucleation will occur with a higher rate and

smaller size of nuclei is obtained.

The growth rate of a crystal depends on its size, degree of perfection and surface structure. On
metal substrates, the incorporation of monomer particles in the crystal lattice occurs at the so-
called “kink positions’ (half crystal positions) on monoatomic steps. Two mechanisms of
incorporation are generally possible: (1) a mechanism of direct incorporation (direct transfer
from the ambient phase to a kink) and (I1) a surface diffusion mechanism, i.e. formation of

adatoms (adsorbed monomer particles) followed by surface diffusion to the steps (Fig. 2.5).

-10-
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Solution ion

Adatom Vacancy
@ Cluster

Vacancy
@Solution ian
Direct

i Transfer <>

Transfer to 2y Cluster
Adatom

Kink Atom

Surfazx Adatom__-~
Diffusion @//’/ Kink Atom

Figure25 Model of electrocrystallization: (1) direct transfer mechanism and (11) adatom
and surface deposition mechanism [Bud96].

Based on the fundametal theories of metal phase formation, the theories of nucleation and
growth for metal deposition on metal substrates have been intensively studied. Because of the
limitation of the thesis, the theories of metal deposition will not be described in details. The

contents of those theories can be found in references [Bud96][ Stai02][Harr92].

In technicad metal deposition with typical current density [i|>10mA/cn?, kinetics are

controlled by charge transfer and ?? ? . Therefore current density is given by the Butler-

Volmer equation:

? Q2aF 2 c¢ 2 aF _2?
1 ?ig ?i,EXp? 3297 Sexp?? —=— 2" 211
o« o PPIRT 57, TP RT (5 (=10

where i, is the exchange current, ?, and ?. are anodic and cathodic charge transfer
coefficients, F is the Faraday constant (96500 C/moal) , Ris gas constant (8.314 JK.mol) and

T is the absolute temperature.

In the case of metal electrodeposition on an insulating substrate presented in this work,
nucleation involves deposition on activated particles. Nucleation and growth are not only
influenced by supersaturation (overpotential), but they are also related to electrochemical

processes occurring during deposition.

-11-
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2.1.3.3. Potential distribution on alow conductivity substrate

Modelling of potential distribution on low conductivity substrates has been introduced in

several studies of Alkire and Landolt [Alk73][Land90][Matl99]. Fig. 2.6 shows a physical

model, in which a seed metal layer A (thickness a, conductivity ?,) is pre-formed on an

insulating polymer and metal B (conductivity ?y, thickness b(x,t) varying with position x and

timet) is deposited on the layer A. The conductivity of the metal layer s(x,t), which consists

of the conductivity of the seed layer (A) and the conductivity of the deposited metal (B), is:
s(x,t) ?as, ?b(x,t)s, (2.12)

The general equation for potential distribution on the metal phaseis:

as(t) 92 21 Zexpdoat 252 S0 602 7P 0 1932 (213
’dx2'°f;)pfj)RT"fj)'c pf)'RT"fj;?;i '

b

In order to solve the equation (2.12), numerical methods must be applied. However, an
algebraic formula of the equation can be obtained with several crude simplifications: (i) The
conductivity on the already deposited metal B is high so that the potential drop on this layer
are neglected (ii) linearization of the Butler-Volmer equation. The equation in these

conditions at an arbitrary timet is [deLe94]:

?5 If x<L
2Ax) ? ? 2 2.14
(%) { 2,005 (x? ). S L (214)
5 .

With L(t) isthe length of the deposited metal layer (B) (Fig 2.6)

-12-
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E (a)

Deposited layer (B)

Seed layer (A)

b,cy

(b)
g

n

Ny L‘.‘{p|:_{_\. =7 L’{)H,g-la‘:|

un‘d

L X
Figure 2.6 Schematic drawing of the metallization process (a) and the corresponding
overpotentia distribution as afunction of x at an arbitrary timet (b).

2.2.  Microstructured metallization of insulating substrates

The PLATO technique is proposed in this work as amethod for producing a microsystem
Metal/Insulator (M/I) and metal/Insulator/semiconductor (M/1/S). In principle, the technique
allows producing different types of M/l and M/I/S microstructures e.g. statistic, irregular,
periodic or single (classification by order); O-dimension, 1-dimension, 2-dimension
(classification by symmetry); positive, negative, flat (classification by aspect ratio)
(microstructure classification by Schultze [Schu01]).

Generally, microstructured metallization can be carried out following two concepts. pre-
structuring and post-structuring [Schu99][SchuQ1]. Pre-structuring mentions the processes
where the final step metal deposition forms metal microstructures. Post-structuring denotes

processes, where metal is deposited overall, following by the microstructuring step. Thus, in
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pre-structuring concepts, the microstructuring is related to selective modification of polymer
or localization of activation. Meanwhile, microstructuring in post-structuring is carried out by
microetching of the metal.

Technical possibilities corresponding to pre- and post-structuring are summarized as follows:
Pre-structuring:
Selective modification of polymers:
?? Laser (continuous wave, excimer);
?? Chemical etching, plasma using masks;
Localization of the activation:
?? Masks (photoresist, movable mask);
Post-structuring (metal etching):
?? Chemical etching using mask;

?7? Excimer laser.
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3. Experimental

3.1. M aterials and Chemicals

311  Polymer substrates

Different substrates were used in this work in order to study the influence of the nature of the
polymer on the process. ABS (Acrylonitile-Butadiene-Styrene), PC (Polycarbonate), ABS/PC
(blend polymer of ABS and PC), PEEK (Poly-Ether-Ether-Ketone), Pl (Polyimide). Formulas

and technical informations of the polymers are listed in table 3.1.

3.1.2. Process
Surface treatment Activation ““ﬂ!
deposition
Etching Rimsing Cré* Rinsing | Co-complex | Sulphidation | Rinsing
Parameter | (CrOH,S0,) reduction Adsorption
Bl-E8
o a5
15 5 25 25 25
10
8 -]
pH T T T
<0 L
Figure3.1 Process diagram of the PLATO technique.

Fig. 3.1 shows the process diagram of the PLATO technique with process steps and

corresponding pH and temperature values.
Etching is carried out at 65°C in a solution containing 400g/l CrOs, 4009/l H,SO,. Etching

time varies form 5-10 min. After etching, the polymer surface is rinsed carefully with distilled

water in order to remove Cr®" and oxidation products from the etching reactions.
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Activation includes 2 steps. (a) adsorption of the cobalt-complex on the surface and (b)
sulphidation (section 2.2). The cobalt-complex solution (Aktivierung™Enthone) is prepared
from 0.1M CoS0,4.7H,0O, NH3 and an oxidizer (H,O,). The solution is bubbled with an air
flow 15-30 minutes before use in order to produce oxygen-complexes. The sulphidation
solution used is Vernetzungtm-Enthone, which contains 0.05M NayS. Activation is carried out
by dipping samples in the cobalt-complex solution and subsequently in the sulphidation
solution. The sulphidation reaction can be followed optically, since the formation of cobalt
sulphide changes the surface from its origina colour to dark brown one. After activation, the

polymer surface is rinsed carefully with aflow of distilled water.

Metal deposition is carried out in different electrolytes. Solutions and anode materials for
metal deposition, and chemicals used to make solutions are listed in table 3.2. Solutions for
Ni, Co and Ni-Co aloy deposition were of the type: Watt’ s bath, containing sulphate and
chloride of the metals [LPW88][DiBari00]. The Ni-P deposition solution is a Brenner’s bath
with the composition shown in table 3.2 [Bren63].

Table3.2 Composition of the electrodeposition baths
Bath Composition
Ni-deposition Ni solution NiSO,.6H,O 0.9M p.a.99% Aldrich
(Watt’ s bath) (T=45°C, pH=4)  NiCl,.6H,0 0.1IM  p.a98% Merck
Anode Ni meta 99.9% Good Fellows
Co-deposition Co solution Co0S0,.7H0 0.9M
(Watt’ s bath) (T=45°C, pH=4)  CoCl,.6H,0 0.1M
Anode Co meta 99.9% Good Fellows
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Table3.2(cont.) Composition of the electrodeposition baths

Bath Composition

Co-Ni deposition Co Ni solution NiSO,.6H,O

(T=45°C, pH=4)  NiCl,.6H,0
C0S0,.7H,0
HsBO3

Anode Ni metal

(Watt's bath)

Ni-P deposition  NiP solution NiSO,.6H,O
(Brenner’sbath)  (T=50°C, pH=1.8) NiCl,.6H,0
NiCO3
HsPO,
H3sPO3
Anode Ni metal

0.9M
0.1M
0.1M

150g/|
45g/I
409/l
509/l
509/l

p.a. 99.8% Merck
99.9% Good Fellows

p.a.99% Aldrich
p.a98% Merck

99.9% Good Fellows
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3.2. Methods

A combination of different methods was used in order to study the PLATO technique. The
informations required and the analytical methods are summarized in table 3.3.

Table3.3 Informationsrequired and anaytica methods

Polymer surface Activation Metal deposition

?8urface morphology of ?Chemical bindings (XPS)  ?Deposition mechanisms
polymers (SEM, AFM) ?Electrochemistry of CoS()  (electrochemical methods,

?ZThemical bindings (XPS)  (CV, potentiostatic) AFM, cross section)
?Surface energy (contact ?Microstructuring (AFM,
angle measurement) laser profilometer)

3.2.1. Electrochemical methods

3.2.1.1. Instruments

For the electrochemica measurements, home-built potentiostats (Martin Schramm) were

used. The main components of the potentiostats are:

?? Potentiostat Rising time ? 10° VV/s,
Output current 1 A
Potential ? 10V
?? Triangle generator adjustable scanning rate
?? Pulse generator Rising time ? 10° V/s
?? Logarithmic timer Band width 10° Hz — 10°Hz
?? Current measurement Measurement resistance5? - 30,5G?,

automatic adjust (switching time? 1 ps),
external switcher 50 Hz-Filter
?? Lock-In Amplifier HMS-Elektronik/ Dynatrac 502
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Electrochemical methods used in this work were

?? Cyclic Voltammetry (CV)

?? Potentiostatic
The obtained data were acquisited by a home-built software developed by Thies (1988).
Analysis of the datawas carried out by the software Microcal Origin™.

3.2.1.2. Electrochemical cdll

Potentiostatic metallization

The electrochemical cell for the potertiostatic metallization and current transient

measurements consists of (Fig. 3.2):

?? Working electrodes (WE): the working electrode is a system consisting of a Pt contact
tip and a metallized sample. When a certain potential is applied on the contact tip, the
metal deposition is first induced at the contact-tip and then the metal layer propagates
on the surface of the sample. In order to exclude the current signal from the contact tip
and obtain only the signals of the metal deposition, the contact tip is shielded by
Apiezonwax so that only the tip area is exposed (Fig. 3.2b). The contact tip is fixed
on a micromanipulator and can be positioned exactly.

?? Counter electrode (CE): depending on the deposition process (Ni deposition, Co
deposition etc.), the materials used are: Au (Good Fellows 99.9%, ) Ni-metal (Good
Fellows 99.5%), Co-metal (Good Fellows 99.5%)

?? Reference electrode (RE): Hg/Hg,SO4/Na,SO, (E= 0.68V vs SHE)

WE, RE and CE were connected to the potentiostat (described in 3.2.1.1) in order to control

the potential and record the current transients.
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RE WE

CE -
Micro manipulator
(X.Y.Z)
Apiezon wax
Pt contact tip
Metalized Sample
HO
/ -
T

(a) (b)

Figure3.2 (a) Electrochemical cell for electrodeposition (b) Pt contact tip

Characterization of CoS([3)
The cell used for characterization of the CoS([3) includes:

?? Working electrode: CoS(l3) adsorbed on glassy carbon (GC/CoS(3) electrode). The
major part of electrode surface is covered with isolating plastic so that only a bare
circle-shaped surface with a diameter of 5mm is exposed. CoS(f3) is formed by
dropping 1ml of the solution Aktivierung™ and 5 ml Vernetzung™, subsequently. The
electrode is then dried for 24h at room temperature. Fig. 3.3 shows SEM images of
bare GC substrate and the GC/CoS(R3) electrode.

?? Counter electrode: Au (Good Fellows 99.9% )

?? Reference electrode: Hg/Hg,SO4/Na,SO, (E= 0.68V vs SHE)

Figure3.3 (a) bare GC substrate (b) Electrode GC/CoS(R3)
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3.2.2. X-ray Photoelectron Spectroscopy (XPS)

3.2.2.1. Principle

When a X-ray with energy h? irradiates on the surface of a sample, X-ray photons interact
with the inner-shell electrons of the atoms. The interaction causes an energy transfer from the
photons to the electrons which then have enough energy to leave the atom and leave the
surface of the sample. These electrons, which are called photoel ectrons, have a kinetic energy
described by the relation:

E. ?h??E, ?e? (3.1)
Where E;g is the binding energy and ? is the work function of the spectrometer. The binding
energy Eg is characteristic for an element and can be used to characterize the oxidation states
of that element. Since the photoelectron signals come from a depth of about 10-30nm, XPSis
an effective method for surface analysis. The concentration X, of a component a can be
calculated by equation [Sco76]:

X, 7—?&'47; (3.2
Where theratio A/S is proportional to the surface concentration of the element i, and A and §

represent the corresponding XPS peak areas and sensitivity factors, respectively.

3.2.2.2. Analyzing procedures

The XPS measurements were carried out using an instrument ESCALAB V(VG). The
pressure in the measuring chamber was kept p<10 bar. The X-ray source used was Al-K>
(h?=1468.6eV, FWHM 0.85eV, 300W) in analyser mode CAE 20eV for detailed spectra and
CAE 50eV for survey spectra. The high resolution spectra obtained were acquisited using the
software UNIFIT™. In order to fit XPS curves, modified curves were obtained e.g.
background was subtracted with the Shirley procedure, a defined binding energy was limited
(fitted zone). In order to obtain the depth-profile information of the surface, argon sputter with
4eVAr* was applied. The sputter rate for polymer surface was 6nm/min [Chan92]. For a metal
surface, a relevant sputter rate for TaOs (v=1.6nm/min) was used to calculate the thickness of

the sputtered layer.
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3.2.2.3. XPS measurement of polymer surfaces

Surface charging

An important problem during XPS measurement of insulating polymer substrates is surface
charging. The XP process causes the gection of electrons from the surface, and thereby
results a positive charging of the surface, leading to a shift of the binding energy to higher
values. This phenomenon is not observed on metal surface, since electrons on the metal
surface are abundant and the gjection does not cause a lack of electron on this surface. The
method for correction of the binding energy shift is the calibration of C1s[Chan92][Beam92].
Since most polymers contain large amounts of C in the aromatic ring (i.e. C-C and C-H), the
signal for Clsis predominant in these types of binding. Adjustment of the binding energy can
be done so that binding energy of aromatic ring GC and GH is positioned at 284.5eV.
Sputtering also causes a charging phenomenon on the polymer surface, but it results in an
increase of the binding energy direction since the Ar* sputter flow causes the gjection of
positive particles.

Fitting informations

The standard binding energies, FWHM (full width at maximum intensity), Lorenz for fitting
of the polymers are given in table 3.4-3.7.
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Table3.4 Binding energies, FWHM, Lorenz of the speciesfor fitting of the SAN matrix (ABS)
[Broc95][Chan92][M 6b00a)

Element Binding States Binding Energy FWHM Lorenz
(eV) (eV)
C C-Caom (1) 284570.1 2.3
C-Cai (2 285?70.1 17
C=N (3 286.47? 0.3 21 0.3
-COOH 28457 0.1 2.0
and/or -COH
O H2Oxq 53507 0.1 2.3 0
o-C 533.9?70.1 24 0
Oo=C 5325?0.1 17 0
o* 530.5? 0.1 1.0 0
N N=C 398.07 0.2 2.3 0
Table3.5 Binding energies, FWHM, Lorenz of the speciesfor fitting of the polymer PEEK

[Comy96][Ha97][Lau98][Chan92]

Element Binding States Binding Energy FWHM Lorenz
(eV) (eV)

C C-Carom 284.5?0.1 24 0
Caront O 286.7? 0.2 2.0 0
Caron=O 288.370.2 1.7 0
-COOH 288.27 0.3 13 0
and/or -COH

O O-C 534.0?0.1 18 0.2
O=C 532570.1 2.3 0.3
o 530.57? 0.2 1.0 0
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Table3.6 Binding energies, FWHM, Lorenz of the speciesfor fitting of the polymer PI

[Ekte00][Wei97][Y an01][Chang2]
: P
SvSees

{@ N i/]ln

Element Binding States Binding Energy FWHM Lorenz
(eV) (eV)
C C'Carom 284.5 ? 0.1 2.2 0.1
C-O,C-N,C-CO 285.8704 1.7
CaronO 288.670.3 2.3 0
-COOH 288.670.2 2.3 0
and/or -COH
(@] O-C 534.070.1 2.5 0.4
O=C 532470.1 2
o 530.4? 0.2 1
N N-Carom 401.0?0.2 2.7 0
Table3.7 Binding energies, FWHM, Lorenz of the species for fitting of the PC surface
[Seid99][ Char97][Pat99][ L au00][ Chan92]
OO
Element Binding States Binding Energy FWHM Lorenz
(eV) (eV)
C C'Carom (1) 28457 0.1 2.3 O.l
C-Cii (2 285.070.1 2.1
CarontO (3) 286.2? 0.3 1.8
COO (4), 290.47 0.1 15
-COOH and/or -COH
P P* 291670.1 1.0 0
2
@] O-C 533970.1 23 0.4
O=C 532.370.1 1.7
o 530.7 2 0.2 0.9
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3.23. Microscopes

Microscopic methods used in this study consist of: optical microscope, Laser profilometry,
SEM (Scanning Electron Microscopy) and AFM (Atomic Force Microscopy). Depending on

the dimesion of the structure, a suitable method should be chosen.

3.2.3.1. Atomic Force Microscopy (AFM)

Three AFM instruments were used in this work:

1. Topometrix Discoverer TMX 2000
- Software Topometrix ™

2. PicoScan
- MI SPM-Controler with M1 PicoSPM instrument
- Software PicoScan ™

3. DI Nanoscope
- E Controler with Ml PicoSPM instrument
- Software Nanoscope 115.12r3

Contact mode and Si-cantilever are used in all measurements.

3.2.3.2. SEM, laser profilometer, optical microscope

SEM imaging and EDAX analyses were carried out using a Environmental Scanning Electron
Microscope XL 30 ESEM (Philips)(H,O pressure from 0.4-2.6 Torr) with an EDX-analysis
component Phoenix Pro (EDAX). More details about the principles and the instruments are
introduced elsewhere [w1]. The optical microscope used in this work is a SUSS instrument
with a resolution up to x200. The microscope is connected to a digital camera. Samples for

cross-section studies were prepared following the procedure described in table 3.8.
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Table3.8 Preparation of samplesfor cross section measurements

Processes Technical informations

Moulding by epoxy resin ?? Low viscosity epoxy (EPO-THIN, Buehler USA)
?? Hardener (EPO-THIN, Buehler USA)

?? Room temperature

Grinding ?? Sand paper SiC down to 4000

?? Aluminium oxide down to 1um

Metallographical etching ?? Etching solution [Petz76]
50ml CH;COOH+50ml HNOs+10ml H,O

?? Room temperature

3.2.4. Contact angle measurements

Contact angle measurements were performed at room temperature in a glass chamber using
the so-called sessile drop technique with Millipore? water as a liquid. Water drops (with a
diameter of about 2 mm) were placed onto the substrate surface through a microsyringe taking
specia care to avoid vibrations of the system. The time required for achieving equilibrium

was 3 minutes.

3.2.5. Conductivity measurements

4-point conductivity measurements were used in this study with following parameters:

?? Distance between contact tip lcm
?? Press 7N
?? Applied voltage 10v
?? Amperometer >10pA
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4. Pre-treatment (etching and activation)

As described in chapter 2.1, the PLATO process consists of three steps. etching, activation by
CoS(3) and metal deposition. Fig. 4.1-4.2 show SEM images and XP survey spectra of an
ABS/PC polymer surface after each step as a representative case:

?? The etched surface is characterized by a formation of pores (cf. 4.1.b) and high
intensity oxygen peaks due to the oxidation during etching (4.2.b). The Cr signa is
also observed since the chromate etching solution cannot be removed compeletely
after rinsing.

?? The activated surface is characterized by the formation of CoS([3), indicated by the
appearances of the Co and S signals in the XP spectrum together with signals of C and
O (Fig. 4.2c).

?? The deposited Ni film is a continuous layer, which covers the whole polymer surface.
An intact metal layer is observed in the SEM image and a typical spectrum of a Ni
layer isrecorded in XP spectrograph (Fig. 4.1d and Fig. 4.2d).

Etching and activation of the polymer surface, which is shortly denoted as pre-treatment, are
crucial steps deciding the metal deposition process. Nevertheless, the modification of the
surface (roughness, hydrophicility) also varies when different polymers are used. In this
chapter, etching (section 4.1), activation (section 4.2), will be investigated in detail on the
four polymers Acrylonitrile-Butadiene-Styrene (ABS), Poly-Ether-Ether-Ketone (PEEK), and
Polyimide (Pl), Polycarbonate (PC).
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SEM images of (a) original, (b) etched (c) activated and (d) Ni metallized ABS/PC

polymer surface.

Figured.l

(d)
Ni metallized
ABSIPC

(c)
activated
ABS/PC

Nidp Mids

(b)
etched
ABS/PC

Intensity /a.u.

(a)
original
ABS/PC

T 1 1 1 L

T T
0 200 400 600 800 1000
Binding Energy/eV

Figure4.2 XP survey of (a) original, (b) etched (c) activated and (d) Ni metallized ABS/PC

polymer surface.
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41. Etching

Generally, etching causes changes of roughness and chemical state of the surfaces. Those
changes cause an increase of the surface energy. The hydrophicility of the surfaces increases.
In sections 4.2.2 - 4.2.4, the roughness and the chemical state of the surfaces before and after
etching are quantitatively characterized using Atomic Force Microscopy (AFM) and X-ray
Photoelectron Spectroscopy (XPS). The surface energy is studied using the contact angle

measurement and contributions of roughness and chemical changes are calculated.

4.1.1. Topographiesand roughness

ESEM

Fig. 4.3 shows ESEM images of the polymers ABS, PEEK, Pl and PC before and after
chemical etching (procedure is described in 2.1.2). Although the same etching conditions
were applied, the resulting surfaces of the different polymer show very different topographies.
Porous surfaces are obtained for the etched surfaces of ABS and PEEK, while no significant
changes of topographies after etching are observed for Pl and PC. In the case of the ABS
surface, chromic acid attacks selectively butadiene particles (see table 3.1), leading to the
formation of pores. The selective etching aso occurs on the surface of semicrystalline PEEK.
In this case, chromic acid etching preferentially removes amorphous regions from the PEEK
surface, while the crystalline domains are aimost stable in the high oxidation media. On the
other hand, the surfaces of one-phase Pl and PC polymers are homogeneously etched and the
formation of poresis not observed on those surfaces.
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original
ABS

original
Pl

original
PC

Figure4.3 ESEM images of ABS, PEEK, PI and PC polymer surfaces before and after etching.

Roughness definition

The polymer surfaces before and after etching were characterized using AFM measurements.
Two parameters were used to analyse the roughnesses of the surfaces. root mean square

(rms) roughness R, and roughness factor r.
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The root mean square (rms) roughness R is determined by the following equation:

R._? /I—l’_)yzdx (4.1)

where | isthe roughness sampling length and y is the height of the roughness trace at a given
point from areference central line. Roughness factor r is defined by the equation:
A

?— 4.2
r A (4.2)

where A is the actual area of the surface, A, is the apparent area, or geometrical area of the
surface. Both parameters Rp,s and r are obtained using data processing after AFM

measurements.

AFM

Fig. 4.4 - 4.7 show AFM images of ABS, PEEK, PI and PC surfaces before and after etching.
The cross-section analyses of the images show that the pores on the etched ABS surface have
different sizes which range from 0.5-2um in diameter and 100-500nm in depth, corresponding
to the sizes of butadiene particles. Meanwhile, the dissolved amorphous domains on the
semicrystallic PEEK surface have depths of about 50-100nm and diameters of 0.7-1.5um.
Similar to the observation on the ESEM images (Fig. 4.3), no significant changes of

topographies for Pl and PC before and after etching are observed. The corresponding root

mean square roughness of the etched, R®., and of the original, R®., polymers, as well as

ms? ms?

and the roughness factor r are summarized in table 4.1.

Table4d.1 Surface roughness R.,s and roughness factorsr of different polymer surfaces before (0) and
after (e) etching

Original surfaces Etched surfaces
Polymer r©r©)
Rr ms r (0) Rr ms r (e)
(nm) (nm)
ABS 30.9 1.03 115.8 1.76 171
PEEK 21.3 1.04 67.9 1.40 1.34
Pl 7.0 1.01 10.7 1.06 1.05
PC 10.2 1.01 114 1.07 1.06
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Figure4.4 AFM images of ABS (a) before and (b) after etching.
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Figure45 AFM images of PEEK (a) before and (b) after etching.
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Figure4.6 AFM images of Pl (a) before and (b) after etching.
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Figure4d.7 AFM images of PC (a) before and (b) after etching.
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4.1.2.

ABS

Surface groups (XPS)

As mentioned above, ABS is a two phase materia including a Styrole Acrylonitrile (SAN)
matrix and butadiene particles. Since the butadiene particles are dispersed in the matrix, the
XP signals from the surface of ABS can be attributed to the signals of the SAN material. The
deconvoluted signals of C1s, O1s, N1s for the polymer surfaces before and after etching are

shown in Fig. 4.8. The numbered deconvoluted peaks correspond to different G, O- and N-
states labelled in the formula of SAN in the figure.

Original
ABS

Etched
ABS
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The C signal of the original surface consists of 3 species. aromatic C-C or C-H (1), aliphatic
C-C or C-H (2) and C?N (3) with the corresponding binding energies and fitting parameters
shown in table 3.4. After etching, the peak corresponding to —COOH and/or -COH groups
appears due to the oxidation of the surface during the chemical etching. Concentration ratio of
C species before and after etching are both near the stoichiometry of SAN (cf. table 4.2).

The O signal observed on the origina ABS surface with the binding energy of 535 eV is
attributed to adsorbed water, since the original SAN does not include O elements in its
structure [Broc95].. After etching, the surface consists of 3 species. O-C (1) and C=0 (2)
from the -COOH and/or C-OH groups and O* (3") from chromate, which cannot be removed
completely after rinsing. It should be noted that the ratio O(1"):0(2")=1: 0.6, which is in the
range from 1:0 (100% -COH) to 1:1(100% -COOH). Both signals of N1s before and after
etching correspond to the N?C binding.

Thus, the ABS surface after etching is characterized by the formation of -COOH and/or —
COH groups and the element concentration ratio O/C (C=C(1)+C(2)+C(3)+C(COOH);
0=0(1)+0(2)) increases after etching due to the oxidation of the surface (cf. table 4.2) .

Table4.2. Concentration ratios of speciesin C and O signals and element concentration O/C for ABS
Species Concentration ratio
original surface etched surface
Theor. Exp. Theor. Exp.

C(1): C(2): C(3):C(0) 6:4:1:0 6:42:18:0 6:4:1:x 6:45:15:15
(stoichiometrical)

0(1):0(©2) 0:0 0:0 2:(1+2) 16:1
o/C 0:1 012:1 ~ 092:1

" C(0) represents the species—COOH and/or —COH
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Figure4.9 Detailed X P spectra of the PEEK surface before and after etching.

Fig. 4.9 shows deconvoluted signals of Cls, O1ls for the PEEK surfaces before and after
etching. The C signal of the original surface includes 3 species. aiphatic GC and GH (1),
CaronfO (2) and C=0 (3). The corresponding binding energies and fitting parameters are
shown in table 3.5. It should be noted that, similar to the ABS surface, -COOH and/or -COH
groups also appear on the etched PEEK due to the oxidation of the polymer surface. The
concentration ratios of the species (1), (2) and (3) are near stoichiometry for both original and
etched surfaces (cf. table 4.3).

The O signal from the original PEEK surface consists of 2 species, correponding to the bonds
O-C (1) and O=C (2). The concentration ratio O(1")/(02) is also near the stoichiometry of
the PEEK molecular unit (table 4.3). After etching, the formation of —COOH and/or —COH

groups leads to the new sources of OC and O=C species, resulting in an increase of the
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concentration ratio O(1')/O(2°). Since the —.COOH and/or —COH groups themselves have a
concentration ratio O(1)/(02)?1, the corncentration ratio O(17)/(02") of the PEEK surface
increases after etching (cf. table 4.3).

Thus, the PEEK surface after etching is characterized by the formation of —COOH and/or —
COH groups and the element concentration ratio O/C (C=C(1)+C(2)+C(3)+C(COOH);
0O=0(1)+0(2)) increases after etching due to the oxidation of the surface (cf. table 4.3)

Table4.3 Concentration ratios of speciesin C and O signals and element concentration O/C for PEEK
Species Concentration ratio
original surface etched surface
Theor. Exp. Theor. Exp.
C(1):C(2):C(3):C(0) 12:6:1 12:65:1.2 12:6:(1+x) 12:6.9:31
(stoichiometrical)

0(1):0(2) 2:1 2:12 (1+2):1 15:1
O:C 3:19 3:17.8 ~ 3:74

" C(0) represents the species—COOH and/or —COH

PI

Fig. 4.10 shows the deconvoluted signals of Cls, Ols for the Pl surfaces before and after
etching. The C signal of the origina PI surface includes several species, corresponding to the
C positions labbeled from 1 to 5. It should be noted that the species 1,4 as well as 2,3 have the
same binding energies. Therefore, they overlap each other and can only be represented as sum
fitting peaks 1,4 and 2,3, as shown in Fig. 4.10. The binding energies and fitting parameters
are given in table 3.6. After etching, the formation of —COOH and/or —COH groups is aso
observed with the binding energy in the range of species (5). As aresult, the species -COOH
and/or -COH overlap the specie (5) and the sum peak has higher intensities, compared to peak

(5) from the original surface. The concentration ratio of species are shown in table 4.4.

Similar to the PEEK surface, two O species are found correspoding to the bonds of O-C (1°)
and O=C (2'), with concentration ratio shown in table 4.4. After etching, signal O appears
due to chromate, which cannot be removed completely and the ratio O(1")/O(2") increases due
to the formation of —-COOH and/or —COH groups. N signals, which are attributed to the N-CO
bond, are observed in both original and etched surfaces.
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Thus, -COOH and/or —COH groups are formed and the element concentration ratio O/C
(C=C(1,4)+C(2,3)+C(5,-COOH); O=0(1)+0(2)) increases after etching due to the oxidation
of the surface (cf. table 4.4).
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Figure4.10 Detailed X P spectraof the Pl surface before and after etching.

Table4.4  Concentration ratios of speciesin C and O signals and element concentration O/C for Pl

Species Concentration ratio
original surface etched surface
Theor. Exp. Theor. Exp.
C(1,4):C(2,3): C(5,0)’ 10:8:4 10:8.2:3.7 10:8:(4+x) 10:87:6.5
(stoichiometrical)
O(1): 0(2) 1:4 1:38 1:(4+5) 1:22
O:C 5:22 5:20.6 ~ 5:12.3

" C(0) represents the species—COOH and/or —COH
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PC

The deconvoluted C signal shows 5 species corresponding to the bonds: aliphatic C-C and C-
H (1), aromatic C-C and C-H (2), C-O (3), C=0(4) and ?-?* with fitting parameters shown in
table 3.7. After etching, -COOH and/or —COH groups formed overlap peak C=0 (4), leading
to an increasing intensity at 290.2eV (Fig 4.11). Two oxygen species are found,
corresponding to the bonds of O-C (1") and O=C (2"), with the concentration shown in table
4.5. The concentration ratio O(1)/O(2") increases after etching due to the formation of -
COOH and/or —COH groups. Similar to the surfaces of ABS, PEEK and PI, element

concentration ratio of O/C increases after etching due to the oxidation of the surface.
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Figure4.11 Detail XP spectraof the PC surface before and after etching.
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Table4.5 Concentration ratios of speciesin C and O signals and element concentration O/C for PC
Species Concentration ratio
original surface etched surface
Theor. Exp. Theor. Exp.

C(1):C(2):C(3):C(4+0) 10:3:2:1 10:32:19:09 10:3:2:(1+x) 10:4:23:21
(stoichiometrical)
0O(1):0(2) 2:1 2:11 (1+2): 1 17:1

o/C 3:16 3:135 ~ 3:73

" C(0) represents the species—COOH and/or —COH

4.1.2. Contact angle measurement and surface energy

(b)

Figure4.12  Contact angle measurement on (a) original ? and (b) etched ?© surface.

Fig. 4.12 shows the contact angle measurements on the original and etched ABS surfaces. The
contact angle on the etched surface is obviously lower than that on the origina surface,
indicating that the surface is hydrophilized due to etching. The corresponding surface energies
of origina and etched surfaces are caculated by the Young-Dupre equation (2.4). The

measured contact angles of original and etched surfaces?? © and ?© ?as well as the values

for 29, 2@ of the four polymers, are summarized in table 4.6. It is shown that for all

polymers, contact angles decrease and surface energies increase after etching.
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Table4.6 Contact angles? and surface energies ?for different polymers before (0) and after (€) etching
original surfaces etched surfaces
olvmer 2?2707
POy - ~0) . ~+®) (mJ.m?)
' (mJ.m?) ' (mJ.m?)

ABS 68° 34.5 32° 62.3 28.8
PEEK 72° 312 39° 57.6 26.4

Pl 67° 35.2 48° 50.8 15.6

PC 69° 33.6 56° 44.3 10.7

Generally, the increase of surface energy after etching, ?7, is due to the two contributions: (i)
??,from the increase of roughness and (ii) ??-yqy from the formation of -COOH and /or —
COH groups. Thus:

222 29 229 222 2220, (4.3)
The roughness contributions ??, were estimated from the equation

? . R _r N5
27, 7 217 cos? ©7212c0s?@ 1 5 (4.4)

In this equation ’?Ee) represents the expected contact angle of the etched surface by

considering only the effect of roughness increase. The ?Ee) -values were calculated from the
roughness factors r® and r(© of the original and etched polymer surfaces determined by AFM
(cf. table 4.1) using the modified Wenzel relation (see chapter 2.1.1):

(e)
r
cos?(® 2 —cos? © (4.5)
[ ©

The estimated ?7?,- and ?? -y -CONtributions to ?% for different polymer substrates are

presented in Fig. 4.13. The results show that the large surface energy increase of ABS and
PEEK is mainly due to the increase of the surface roughness during the etching treatment,
whereas the surface energy of Pl and PC increases predominantly due to the formation of
COOH (and/or COH) surface groups.
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Figure4.13 Contributions of the surface roughness and the formation of -COOH and/or -COH

groups to the surface energy increase of polymer substrates after etching.

4.2. Activation

4.2.1. Influence of the etched polymer surface on the activation

Asintroduced in chapter 2.1, the activation consists of two steps:. () adsorption of the cobalt-
-complexes and (b) sulphidation. The surfaces after adsorption and sulphidation will be
characterized using XPS.

Adsor ption of the cobalt-complex

Fig. 4.14 shows the XP detailed spectra of Cls, O1s, N1s, Co2p and S2p recorded on an ABS
surface after the adsorption of the cobalt-oxygen-complex. Similar to the etched ABS surface
(see 4.1.2), the deconvoluted C signal consists of species. aromatic G-C or GH (284.5eV),
aliphatic GC or GH (285eV) and C?N (286.8eV) and the —-COOH and/or —COH groups
(288.7eV). It should be noted that the intensity of the peak for —-COOH and/or —-COH is lower
than that of the etched surface, indicating that a part of —COOH and/or —COH groups is
degraded in the cobalt-complex-solution (pH=10). The O signal consists of 4 species. O*
from the chromate or O-Co in oxygen-cobalt-complex (530.9eV), O=C (532.6eV) and O-C
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(532.9eV) of the -COOH and/or —COH groups and H,O adsorbed on the surface (535.1eV).
The N signal includes species N?C (398.6eV) and NHz (400.1eV) from the cobalt-complex.

It should be mentioned that in the deconvoluted Co2p*? signal, not only species of Co*
(781.5eV), but also the species Co-O (779.3eV) of the Co-oxygen-complex are observed (Fig.
4.14). The Ssignal includes only the SO,* peak at 167.8eV.
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Sulphidation

Fig. 4.15 shows XP spectra of the C, O, Co and S measured on an activated ABS surface
(ABS polymer/CoS(f3)). Not only the expected signals of Co and S, but also C and O peaks
are obtained, indicating that the CoS(l3) layer does not cover the polymer surface completely.
The coverage of CoS([3) can be determined using the peak area of the species. It is important
to note that not all species are used for the calculation of coverage. The H,0,4s peak should be
excluded since this peak is not from the free polymer surface. Similarly, SO, is not used for
calculation of coverage since this signa is not from the CoS(l3) clusters. The appearance of
SO,* is explained by the adsorption of the cobalt-complex solution, which was not removed
completely after rinsing. In Fig. 4.15, the peaks used for calculation coverage are marked by

hatched areas. The coverage ? of CoS(f3) on polymer surfaces can be determined by equation:

2 ? A’CO/SC;:)/QS/SS with i ? Co,S*,C,O,N . (4.6)

In this equation the ratio A/S is proportional to the surface concentration of the element i, and

A and S represent the corresponding XPS peak areas and sersitivity factors, respectively.

Table 4.7 shows the coverage of CoS(l3) determined using relation (4.6) for the four polymers
ABS, PEEK, PI, PC after one activation cycle. ?-values increase in the sequence PC, P,
PEEK and ABS. These results correlate well with the surface roughness data of those
polymers (cf. table 4.1), and indicate that the surface roughness is a decisive factor
influencing the activation degree. It is also very important to mention that the
electrodeposition process could be induced only on activated substrates, which exhibit a
relatively high CoS(3) coverage (? > 30 %). Thus, activated surfaces of ABS and PEEK can
be metallized due to their higher coverage, while the metal deposition cannot be induced on
activated PI,PC after one activation cycle (cf. table 4.7).

Table4.7. Coverage of cobalt sulphide on ABS, PEEK, PC and Pl after one activation cycle
polymer ABS PEEK PI PC
Coverage ?7? 49 % 36 % 17% 15%

(metallizable)  (metallizable)
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Figure4.15 Detailed XP spectraof different elements on the activated ABS surface. Hatched areas
are used for determination of the CoS(3) coverage?.

4.2.2. Influence of the activation cycle on the coverage

Fig. 4.16a shows typical XPS sputter depth profiles of Co, Sand C for an ABS surface after a
single activation. As can be seen, the Co signal disappears after 120 minutes sputtering time,
corresponding to a depth of about 600 nm, which is comparable to the depth of the pits
observed on etched ABS surfaces by AFM (Fig. 4.4.b). It is reasonable to suggest from these
results that the CoS(R3) clusters are located preferentially in the pits of the etched ABS surface
as schematically shown in Fig. 4.16b. The fact that the coverage of CoS(l3) is only 49% while
the pits occupy 60-80% area of the surface indicates that some pits or parts of pits are still free

of CoS(}).
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Figure4.16 XPS sputter profile (8) and schematic presentation (b) of an etched ABS surface after
single activation with CoS([3) (one activation cycle).

It was found that repetition of the activation procedure for severa times results in a
significant increase of the CoS([3) coverage ? . The change of the colour from of the activated
surface due to the increasing coverage after applying several activation cycles can be
observed by optical microscope. Fig. 4.17 shows ? asafunction of repeated activation cycles
for ABS. As can be seen, after single activation, ? is 49% and reaches an approximately
constant value of about 86% after four activation cycles. This effect is explained by thefilling
of CoS(l3) on the free pits (Fig. 4.16b) after each activation cycle. After four activation cycles,
al pitsarefilled by CoS([3), leading to the saturation behaviour of the coverage.
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Figure4.17 Dependence of the CoS(3) coverage ? on the number of activation cycles for an
etched ABS surface.
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5. Metal deposition

Metal deposition in the PLATO processisinduced by electrical contact tips and characterized
by the lateral propagation of the metal layer. Two characteristic features of the process will be
considered in this study, including:

(1) The possibility for electrodeposition to take place on activated surface of a
very low conductivity. Electrochemical properties of CoS([3) can probably play
arolein the metal deposition process.

(i) Mechanism of the propagation is not understood. Nucleation and growth of the
metal in this case are influenced by the uneven and time dependent potential
distribution.

In chapter 5.1, studies of the electrochemistry of CoS(3) will be presented. In chapter 5.2,
kinetics of metal electrodeposit will be focussed: Results for characterization of Ni layers
formed during propagation and the simulation of the growth of deposited layer will be
reported. Influences of deposition potentia(E), coverage of CoS([3)(?), electrolyte
concentration (Cy;) will also be discussed. In chapter 5.3, the deposition mechanisms will be
discussed, considering the questions. why the deposited layer propagates lateraly during the

deposition process.
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5.1.  Electrochemistry of cobalt sulphide

Electrochemistry of CoS([3) was studied using CoS(l3) covered glassy carbon (GC) electrodes
(GC/CoS(R})). The preparation of the electrode GC/CoS(R) is described in chapter 3.2.
Cyclicvoltametric measurements were performed in the two electrolytes:
- Ni free électrolyte S, (0.1M NaCl + 0.9MNa,SO,+H;BOs;, Cyi=0)
- Ni containing electrolyte Sy;: (0.IMNICl, + 0.9MNiSO, +HzBO; Cy=1M)
(pH=4, T=25°C for both solutions)

5.1.1. Electrochemistry of CoS(f3) in a Ni free solution

Fig. 5.1 shows atypical cyclovoltammogram of the (GC/CoS(R3) electrode). In order to avoid
hydrogen evolution, which may cause a removal of the CoS(l3), the CV starts at 0.4V and
goes in negative direction as shown in the potential program in Fig. 5.1 (small diagram).
Results show that cathodic peaks C,, C,, and anodic peaks A;, A, appear during scanning.
The corresponding peak potentials and the possible reactions according to thermodynamic
equilibrium are shown in table 5.1. It should be noted that the mixture obtained on the
electrode GC/CoS(R) contains not only CoS(R), but also possible SO,#, S* and polysul phides.
In order to elucidate the occurring electrochemical processes, the peaks C,,C, and A4, A, were
investigated in detail.

404 GC/ CaS(p)

2.0+

o 0.0+ e
g ] , bare GC
< start potential
E 0]
P EISHEWW
Fay
-4 [ ~ ,// : 9
\\\ '\-71m,ll':l,
H, evolution Y
6.0 o .
T AN B T S w T T T L L] T R4
0.8 0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
E(SHE)/V
Figureb.1 Cyclovoltamogram of GC/CoS(R3) and bare GC in the free Ni solution

(pH=4, T=25°C). Scan rate v=1mV/s.

-50-



Chapter 5 — Metal deposition

Table5.1 Peak potentialsfor Cy, C,, A;, A, and possible corresponding electrochemical reactions

Peaks Peak Potential Possible Reactions Equilibrium References
Potential

C. E=-0.25-> -0.35V CoS(R) reduction (1) E°=-0.37- Pourbaix diag.
0.5V (Fig5.2)

C, E=-045- -0.5V CoS(f3) reduction () E°=-0.3>-0.5V Pourbaix diag.

(Fig5.2)
2 =S% + 26 (I) E°=-0524vV  [Bard80][Pour66]
S* desorption (1) E=-0.6V [Wier79]
(i ~pA/cm)
A E=-01- OV CO+H28+H20?
Co(SH,OH), +2¢  (IV) [Nick68]
A, E=0.7V> 0.8V  H,S+4H,0? E° = 0.303V [Bard80][Pour66]

SO4 +10H *+8¢ (V) E’°=0.6-0.8V [Wier79]

e 9 1 & 2 A = R 1.0
0.8 % L 0.8 fos
0.6 L 06 [ 0.6
0.4 Co*t _ [ 0.4 [ 0.4
0.2 2 [ 0.2 L 0.2
004 . L 0.0 [ 0.0

i —0.2- d l B N -._Qz i :_0,2

% -0.4: . - -0.4 % -._0_4

) 1 ; I 72 [

w -0.64 3 - -0.6 ] - -0.6
—O.S- I 0.8 i -0.8
_1,|:|.‘ Con '._1_0 -—-1.0
-1_2: -.-1_2 :—1.2
1.4 L 1.4 [ 1.4
1.6 L 1.0 L 16
B0 I TS ST S WIS S T [— ]

2 -1 0 1 2 3 4 5 6 2 -1 0 1 2 3 4 5 8
pH pH

Figureb.2 Pourbaix diagramsof (a) CoS(3) and (b) S.
The establishment of the CoS(R) diagram is described in appendix 8.1. All

experimentsin thiswork are carried out at pH=4.

-51-



Chapter 5 — Metal deposition

Peaks C; and C,

In order to exclude SO,%, S* and polysulphides, which may cause additional electrochemical

reactions during potential scanning, a solid CoS(l3) electrode is produced. The preparation of
the solid CoS(R3) electrode is described in Fig. 5.3b: Co metal is polarized at 0.7V in KOH
0.1M for 2 hours, followed by an electroless sulphidation in Na,S 0.05M during 12 hours.

The estimated thickness of the sulphide film is about 100A.

Fig. 5.3 shows CVs of areference Co metal electrode and a solid CoS([3) in the solution Sp. It
IS interesting to see that the peaks C, and C, are also observed at —0.25V and -0.45V,
respectively. This result indicates that the peaks C; and C, are only related to the reduction of

CoS(R) (cf. table 5.1).
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Figureb.3 Preparation of electrode, potential programs and cyclovoltamogramm in
the free Ni solution S, (pH=4, T=25°C) of:
() Co-metal electrode (b) CoS(R) electrode
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Fig 5.4 shows XP spectra of Co2p and S2p for CoS([3)/GC electrode before and after
polarization at E=-0.5V in solution (58g/I NaCl, 30g/l HsBO3, pH=4)(S, without anion SO)
for 5 minutes. It isinteresting to note that Co® signal is observed after polarization at E=—0.5V
(Fig. 5.4), indicating that the peaks C, and C, correspond to the reductions of CoS(R) to Co®.
Meanwhile, the intensity of $ specie decreases after polarization, remarked by the increase
of concentration ratios $/Co from 0.85 (before polarization) to 5 (after polarization). This
result indicates that the reductions takes place preferentially on surfaces of the CoS([3)
clusters, where reduction product H,S can easily diffuse into the solution. It is also interesting
to mention that & (164eV) and S (163.8eV) are not observed in the XP spectra of the
precipitated CoS([3) mixture, confirming that C, and C, are not related to the reactions of S
and S,. Bearing in mind that CoS(f3) is a mxture of CogSg and CoS,;., (see chapter 2.2), the

corresponding reactions are :

Ci CoS+2H"+(1-2)2 € ? (1-2)CA°+ H,S <R 5.1>
C,  Co¢Sg+ 16H" + 16/9¢ ?  9Co°+ 8H.S <R 5.2>
Co2p™ (a) S2p s* (b)

Mo polarization

3 3
1] m
2 Co™ 3
B sulphide 0
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]
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¥
cﬂn CD saielilie
Polarization at E = -0.5V d. .
Polarisation at E = -0.5V
R R e — T —— " ————
776 778 TBO 782 784 786 7B 790 792 158 160 162 164 166 168 170 172

Binding Energy/ e.V Binding Energy/ e.V

Figure54 XP detailed spectra of (a) Co and (b) S before and after polarization of
GC/CoS(R) at E=-0.5V inthe solution S,.

" At pH=4, the form H,Sis thermodynamically more stable than S*". See Pourbaix diagram of S[Pour63]
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Peaks A, and A

As shown in table 5.1, the only reaction corresponding to A; is the oxidation of Cao° to Co*".
Since pH = 4 at the electrode surface and H,S may appear due to reactions C,(R 5.1) and Cy(R
5.2), Co* existsin the form of Co(OH,SH), (CoS(?)). Thus, the reaction for A, is:

A Co+ H,S+ 2€ = Co(SH,OH), (CoS(?)) <R.5.3>

Fig. 5.5. shows cyclovoltamogramms of the CoS([3)/GC for 3 cycles. The process occurring
during the cyclic voltammetry can be interpreted as following: After the first cycle, a part of
CoS(}) is reduced through reactions C,, C, and CoS(?) is formed through A;. It should be
mentioned that only about 15% CoS(R) is reduced after the first cycle (calculated from
charges of C; and C,) ~. The cathodic reactions in the second cycle, therefore, are the
reductions of the mixture of CoS(?) and the rest CoS([3). The curve shows that the reduction
of CoS(?) takes place at E=-0.3V » —0.35 (peak C,"), overlapping the peak C;. As aresult,

the intensity of the overlapping peak (C;+C;") is higher than that of G (i ?ic ), in

c2°G

contrast to the first cycle with i ?ic . In the third cycle, the peak C, is not observed any

more, since the rest of CoS(R) is reduced completely. It should be mentioned that H,
evolution after each cycle causes a partial remova of the CoS(R) or CoS(R)/Co” clusters,

leading to alower charge g, comparing with total reduction charge e oc and the decrease

of g._ . after each cycle. As shown in Fig. 5.6, the cobalt sulphide mixture that remains after

C,2C,

the cyclic voltametric experiment is clearly less than in the origina CoS(13)/GC electrode.

" Calculation of the amount of reacted CoS(R):

Thetotal amount of CoS(?) on GC: N = C =5.107 (mol/1)* 103(1)=5.10"° mol

vV
Co?? (complex) "~ Co?? (complex)

C . ad V_,, are concentration and volume of the
Co“* (complex) Co“* (complex)

Co?*-complex for preparation of GC/CoS(R) electrode (cf. 3.2.1.2)

?
q
The amount of reduced CoS(R): Nred =A qtlgtal ?A i = 2 =7.4.10° mol

where A is the electrode area (A=0.785cnt, gy, » are the reduction
charges of reduction peaks C, and C, (q;=250mClcnf,
0,=667mC/cn), F is Faradays constant (F= 96500 C/mol).

n
Percent of reacted CoS(R) nr_ed 2 15%
total
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. GC/CoS(p)

i/ mA.cm?

I 1 L] ¥ I

08 06 -04 -02 0,0 0.2 04 06 0.8 1,0 1,2
E (SHE) / V

Figureb5.5 Cyclovoltamogram of GC/CoS(R) in the Ni free solution (pH=4, T=25°C).
Scanrate v=1mV/s.

Figureb5.6 SEM images of GC/CoS(l3) (a) before and (b) after cyclic voltametry
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The possible reaction for A, is:
A;  H;S+4H,0 = SO/ + 10H" + 8¢ <R.5.4>

In order to study the relation between A, and the reduction reactions C;, C,, a cyclic
voltammetric experiment is programmed as followed: unlike the CVs presented before, in this
measurement, potential starts at OV and the first scan goes in the increasing potential direction
(see potential program in Fig. 5.7). It is interesting to note that during the first scan from 0.4
? 1.0V, the peak A, is not observed. However, after the reduction reaction C, takes place in
the second cycle, A, appears again. This behaviour indicates that the reaction A, consumes
products of the reaction C, e.g. reaction C; occurring in the forward scan supplies H,S, which

will be oxidized at potential E=0.6 ? 0.8V through reaction A in the back scan.

20
| GC/ CoS(p)
1.0 A,
] A, "_;f}//\_/
0.0+ — e ————"
o
E_ -1.0
E ey
20+ /\
-3[1-:
R YOO . o= emrmmmreeme
04  -02 0.0 0.2 0.4 0.6 0.8 1.0 1.2
E(SHE)/V
Figureb.7 Cyclic voltamogramm of GC/CoS(R3) in the Ni free solution. The potential programis

shown in the small figure.
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5.1.2.  Electrochemistry of CoS(3) in the Ni containing solution

Fig. 5.8 presents cyclovoltamogramms of the bare GC and GC/CoS([3) electrodes in the
electrolyte containing Ni with the same potential program shown in Fig.5.1. The
cyclovoltammogram on bare GC shows that the Ni deposition occurs at E<-0.25V and a small
dissolution peak appears in the reverse scan, corresponding to the mall amount of deposited
Ni. On the CV curve of the GC/CoS(}) electrode, the reduction peaks G and G, can be
observed in the forward scan, similarly to the experiment in the Ni free electrolyte. For the
reverse scan, a dissolution peak of Ni(Co) appears at —0.1V and A, is also observed,
indicating that H,S is trapped together with the reduced CoS([3) under the Ni cap during the
metal deposition. It is very interesting to note that, compared to the Ni dissolution charge on
bare GC, the Ni dissolution charge for GC/CoS([3) is much higher than that for bare GC

( qg(i.‘,/ﬁqs(ﬂ) " 11.6

Ooe 0.4
(i) the reduction reactions C; (R 5.1), C, (R 5.2) accelerate the charge transfer of the parallel
Ni deposition on the freshly formed Co metal. (ii) high interaction between Ni and Co
substrate. The high current density due to this interaction is aso observed in other study, in

which Ni is deposited onto Co [Vall99].

=29). Plausible explanations for the extraordinary high deposition rate are:

Ly Ni — Ni* +2e 10
100 0.5 A,
i T 2 NE 0.6
] qﬂ_ccs_=11.6(3!c:m g 0.4)
60 024
o 40 4 qnllm_:DAC.fcmz 063 04 05 08 07 08 08 10
E ] ’ U(SHE)V
O Pt
{ 20 A?
£ {1 bare GC b
= 0 —
=20 .
] start potential
-40
60 4
_80 T I LE 'I' T I T T T 'I' L " B 'I' T T T 'I'

-0.8 -0.6 -0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

E(SHE) / V

Figure5.8 Cyclovoltamogram of GC/CoS([3) and bare GC in the Ni containing solution. Scan
rate v=1mV/s.
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Thus, the electrochemical processes on a CoS([3) cluster can be summarized as follow:
In the Ni-free solution, two reactions occur (Fig. 5.9a)

Co**(CoS(R)) + 26 ?  Co <R.5.5>

S + 2H ?  HS <R.5.6>
Both reaction take place at border Co%CoS(R)/electrolyte, where the S combines with proton
and the product H,S diffuses easily into the solution. It should be noted that the electrons,
which supplied from the negative polarized GC electrode, go through the Co” phase to the
border Co%CoS(R)/electrolyte due to the low conductivity of the CoS(R) phase. As a resullt,
Co° domains are formed preferentially on the surface of the cluster. In the Ni-containing
solution (Fig. 5.9b), on one hand, the Ni deposition reaction is catalyzed by the reduction of
CoS(R), and on the other hand, it results a conductive layer on the Co® domain and enhances
the further reduction of CoS([3).

On insulating polymer surfaces, the source of electron is from a contact tip and the electrons
transfer through the system CoS(l3)/deposited Ni for the reduction and metal deposition on the
next CoS(f3) clusters. The processes on the activated polymer surfaces will be studied in the

next sections.

(a) Ni-free solution

Glassy Carbon

(b)) Ni-containing solution

Ni ® R

Glassy Carbon

Figureb.9 Electrochemical processes on a CoS(R) cluster in

(&) Ni-free solution (b) Ni-containing solution
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5.2.  Kinetics of metal deposition

5.2.1. Formation of Ni layer

5.2.1.1. Electrochemical processes during metal deposition

Fig. 5.10 shows an activated ABS substrate (?=86%) after polarization at E=-0.9V in the Ni
free solution (Sy) using a Pt contact tip. A very interesting phenomenon is observed: the area
near the Pt tip changes to a brighter colour, which is attributed to the reduction of CoS(f3) to
Co°. The Co® area propagates until it achieves a maximum radius (r;), which is dependent on
polarization potentials at the contact tip. The influence of r;; on the polarization potential is
shownin Fig. 5.9b.

It should be noted that this phenomenon is only observed with relative high coverage ? of
CoS(R) (?>84%). The reduction in a certain zone cannot be explained by the potential
distribution on the CoS(R3) layer since the conductivity produced by the 3D contact among the
clusters is very low (cf. 5.2.1). It is suggested that the reduction on aCoS([3) increases its
conductivity and thereby enhance the supply of electrons for the reduction of the neighbour
clusters. This chain reaction will stop at a certain distance, at which clusters cannot receive

electrons supplied from the contact tip and conducted through CoS([3) zone.

25

CoS(R) (B)
L * &
E 1.5 P >
*
t'ﬁ 10
L 2
0,5
L
0,0- ? : S : : .
£3 04 05 08 07 -08 0% 10 11 12 13
E(SHE) V

Figure5.10 (@ Reduction of CoS(R)/ABS (?=86%) in the solution S,.
(polarization potential E=-0.9V, t = 3min).

(b)  Influence of polarization potential on critical radiusr ;.
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Meanwhile, in the Ni-containing electrolyte, the Ni deposition takes place with the
propagation of the deposited Ni layer. Two layers are generally formed during the
propagation: a primary layer and a secondary layer with different propagation rates (Fig.
5.11). The changes of the distances to the Pt tip from the edge of the primary and of the
secondary layers during propagation were recorded (Fig. 5.12). Results show that both
distances increase linearly with time after the first 60 seconds, indicating that the propagations
of the primary and the secondary layers take place with constant rates V, and V,',
respectively. It should be noted, that with extended deposition (t>180s), propagation rates of
the primary and the secondary layers are no longer constant and decrease with time. The

reason may be related to the increasing potential drop when the propagation proceeds.

{b) sacondary PI -tip

primary Mi layer

Ni ii:.fer
primary
Ni layer \

CoS(B)
.v’-
Polymer

Figureb.11 @ Micrograph of the primary and the secondary layer during metal deposition
(E=-0.6V,t=5s).
(b) Schematic description of the Ni layer propagations.

20 4

V,'=0.29 mmis - b

Distance to Pt tip (%) / mm

0 T v 1 L] ! L
0 10 20 30 40 50 80

tis

Figureb.12 Change of the distance from Pt tip to the end of the primary and the secondary layer
during metal deposition.
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Fig. 5.13 shows the influence of the potential E on V, and V' . Results show that at E>-0.8V,
therate V| islarger than V,' and both layers can be observed in the micrograph (Fig. 5.14a),
whereas V, is equal to V,' a E<-0.8V, leading to the complete covering of the secondary

layer on the primary sublayer during propagation and only the secondary layer is observed in
the microscope (Fig. 5.14b).

1
- /’U/D/‘U
S —o
E » o—:_—;:ii""
=] m
% 4]

vxﬂ'
-2

I L 1 I
o4 05 06 O07v 08 09 10 11 12 13 14
-E (SHE)/ V
Figureb.13

Influence of the metallization potential on the propagation rates of the primary layer
(V,"), the secondary layer (V,").

Figureb.14 Etches of electrodeposited Ni layers after 20s and
@ -0.8v (b) -0.9v
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5.2.1.2. Characterization of the primary and the secondary layer

AFM

Fig. 5.15 shows typical AFM topographies and line scans of the activated area, the primary
layer and secondary layer obtained after 60s deposition at E =—0.6V. CoS([3) clusters with

rough mean square roughness R<°3® of 25 nm can be observed on the activated surface. The

primary Ni-layer shows hemispheres with a height of 10 to 50nm and a diameter of 0.5 to
2um. The secondary Ni layer owns a repetition topography of the primary one with a higher

roughness (R’ _?45nm, R’

rms rms

?160nm), but lower density of hemispheres. This repetition

behaviour is expected, since the deposition of the secondary Ni layer follows the mechanism
of electrodeposition on a metal substrate. In absence of additives, the morphological repetition
of substrates for electrodeposited metal layersiswell-known [Bud96]. It should be mentioned
that the rough surface of the secondary layer due to the repetition morphology of the primary
layer can be flattened by the use of brightener additives. Fig 5.16 shows the two Ni layers
deposited on an ABS substrate in electrolytes without additives and with brightener additives.
The roughness of the surface in the additive containing solution is decreased obviously and a

smoother surface is obtained as a resullt.

CoS|B) primary secondary
Mi layer Ni layer

1040 1040 1040

Figureb.15 AFM images of the activated surface, the primary and the secondary Ni layers.
The Ni layer is obtained after deposition with E=-0.6V and t = 60s.
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(a) (b)

e Thh bt et f ALl A Anbas e R T P T P AT Ry Py e ey e ey
130 174 300 22850 Z7 8 N0 um 25 50 TS MDD 125 150 178300 225250 275 300 pm

Figureb.16 AFM images of Ni layers deposited on activated ABS substrates (coverage ?=49%) at
E=-0.6V andt = 120sfrom €electrolytes (a) without additives (b) with brightener
additives Enthone-X5 (Thiourea).

Conductivity measurement

Fig. 5.17 shows the conductivity measured by 4-point method (cf. section 3.4) of the three
zones. activated, primary layer, secondary layer. The conductivity of the secondary Ni layers
is obviously higher than that of the primary (?”"/? = 108210). This result indicates that the
secondary Ni layer is remarkably thicker than the primary one. The conductivity of the
activated zone cannot be measured due to the fact that CoS(R) is in the form of discrete

clusters, but not as a continuous layer on the surface.

5 I 1
CoS(R) ] primary : secondary
: Ni layer i Ni layer
] 1
- ! !
Q g |
1 i i
1 1
" 1 !
. =D 1 |
oY | |
= ' !
n 1 ]
L " i
I
-10 ] i
i e i o s S s S S RS S B ]
Measurment limitation !
_15 ’ T ’ T I% T T II T T T

48 46 44 42 40 38 36 34 32 30
Distance to Pt tip (X) /mm

Figureb5.17 Conductivities of the activated surface, the primary and the secondary Ni layers.
The Ni layer is obtained after deposition with E=-0.6V and t = 60s.
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XPS sputter profile

The XPS sputter profiles of the primary and secondary Ni layers are shown in Fig. 5.18. It
should be noted that during sputtering, the Ni layer and the polymer surface are etched with
different rates (average sputter rates of the Ni layer vy; = 1.6 nm/min and of the polymer
vni=6nm/min)[Chan92]. On the unsputtered surface of the primary layer (Fig. 5.18a), the
concentrations of Co and S are zero, indicating that the primary Ni layer is a continuous layer
and the activated surface underneath this layer is not exposed. The first Co and S signals are
recorded after 15 minutes of sputtering, corresponding to the removal of the thinnest part with
thickness of about 25 nm. It is interesting to note that during the first 15-60 minutes
sputtering, all Ni, Co and S signals appear with concentrations decreasing gradually with
time. This result indicates that the thickness of the primary layer is not evenly distributed e.g.
thinner parts were etched away faster. After sputtering for 60 minutes, Ni is completely
removed, corresponding to a thickness of about 100nm. The corresponding thickness of the
primary layer is therefore in the range of about 25 to 100 nm (Fig. 5.18a). Further sputtering
yields the decreasing of Co and S concentrations until they vanish after 180 minutes. Fig.
5.17b shows the sputter profile of the secondary layer. The same sputter behaviour of the
primary layer is also observed for the secondary layer. However, the time for the appearance
of the first Co signa is much higher (after 60 minutes sputter), corresponding to the higher
thickness range of 100 to 200 nm (Fig. 5.18b).
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Figureb.18 XPS sputter profile of (a) the primary layer and (b) the secondary layer.
The Ni layer is obtained after deposition at E = -0.6V and t = 60s.

Cross-section

Typical cross-sections of deposited Ni layers on an activated ABS surfaces are shown in Fig.
5.19. At E = -0.6V, the propagation of the secondary layer occurs very fast, resulting in an
even thickness distribution of the Ni layer, which is required for metallization of insulating
microstructures (Fig 5.19a). It is interesting to note that the Ni layer has a columnar structure,
which is also observed in Ni deposited on a meta substrate in absence of additives
[Bren63][Bud96]. This indicates that after formations of primary and secondary at the first
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stage of deposition, potential drop on the deposited layer can be neglected and deposition

occurs practically following the mechanism of deposition on a metal substrate.

However, an even distribution of thicknessis not always the case. At low degree of activation
(?% 40%) and E>-0.6V, the lateral propagation can stop after a certain time. Thereafter,
thickness grows only in normal direction and is influenced by the conductivity of the first
primary layer. As aresult, the thickness decreases with distance from the contact (Fig 5.19b).
Thus, for microstructured metallization, the deposition potential E and activation ? should be

optimized in order to avoid the stopage of propagation and to obtain the metal microstructures
with an even thickness.

Figureb.19 (a) even thickness distribution of an electrodeposited Ni layer obtained at E = -0.6V,
t = 120 min (?=49%).
(b) thickness profile obtained on surface low coverage of CoS(3) (?2 40%) at E =-
0.5V, t = 120 min (propagation stops).
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5.2.1.3. Current and thickness distributions on the primary layer

As shown in section 5.2.1.2, at the first period, metal deposition on an activated surface takes

place by the formation of a low conductivity primary layer. The secondary layer is formed

with alateral propagation on the primary layer. The first aim of this chapter is to calculate the

current and thickness evolutions of the secondary layer during metal deposition, considering

the influence of conductivity and thickness of the primary layer. The following question will

be answered: do the current and thickness distributions cause the propagation phenomenon?

Dimensionless Formulation

The physical model for calculation is described in Fig. 5.20. The parameters of the model are

summarized as follows:

Primary layer

Secondary layer

Solution

Dimension

Current

Potential

Thickness
Conductivity

Thickness
Average thickness

Conductivity

Conductivity

Coordinate

Length of the primary layer
Current at the metal surface)
Current through solution

Potential at the metal surface

Potential at contact tip

(or deposition potential)

Nernst equilibrium potentia of Ni
Overpotential
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Figureb5.20 Sketch of the physical model of an electrodeposition on activated polymer surface.

Dimensionless parameters

Dimensionless coordinate

X ? % (5.1)
z? % (5.2)
Dimensionless potential at metal surface and overpotential
V, 2 m (53)
m * R‘r "
Vo
?
H? — (5.9

R

Dimensionless current density and deposit thickness

| 2 0n (5.5)

B o XXUS, (5.6)

Dimensionlesstime

avg(x t)s . !
A (with by (x,t) ? (X, t)dt) (5.7)
as a O.
Dimensionless resistance of the primary layer
R, ? /]/i ? a‘;—" (5.8)
KL a
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Dimensioness resistance of the metal layer

%asa ? bavg(X’t)Sb) 2 kL

R(x,t) ? : (5.9)
?
%L a‘Sa : bavg (X’t)sb
From (5.11) and (5.12),
Ro

R(x,t) ? T2 (5.10)
Deposit thickness

B(X,?) ? dt (5.11)

0

Primary distribution

The primary current distribution, which is the current distribution at the beginning with a
uniform conductance of the primary layer, can be calculated following the method described
by Landolt [Matl99]. For the high-resistance limit, a sharp rise of in the local current density
associated with the ohmic drop in the metal phase is produced in a region of characteristic
dimensionless length 1/R near the contact tip. To emphasize the importance of this region, a
stretched cathode length variable can be defined as follows:
?? RX (5.12)

The current distribution is given by afunction:

I

21 2
55

2
eyt ?-9(?) (5.13)

where g(?) is the auxiliary Fourier intergral function. The numerical espression of g(?) is

given in reference [Matl99]. The plot of the function g(?) isshownin Fig. 5.21.

From the equation (5.16) ,the following approximate expression can be employed:
I ?2(2? e),)E Rg(?) (5.14)
where the scale factor (1+x) is defined as follows

1?e? R; (5.15)
279(?)d?
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and for R>5

e? 2
?R?2

For R = 1, the approximate formula described above provides areliable estimate of the current

(5.16)

distribution, particularly near the contact tip. The calculated primary current distributions on
substrates with Ry=1 and R,=10 are shown in Fig. 5.22.

2g/= function
0.05

0.04 o

0.03 4

2g/n

0.02 4

0.01 4

0.00 ' T ¥ T ¥ T T T

Figureb.21 Function 2g/? for usein estimating current distributions [Matl 99].

Primary Distribution
30

20 -

Figureb.22 Primary current distributions (?=0) on the primary layer with resistances
R,=1land R, = 10.
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Growth of the electrodeposited layer

At the beginning, the conductance of the substrate is a minimum a? , (b(x)=0), and the current
distribution follows the primary distributions described above. As deposition proceeds, the
growing deposits provide additional conductance and thickness, leading to a new current
distribution. The growth of thickness and corresponding changes of current distribution under

potentiostatic conditions will be calculated using dimensionless parameters.

The algorithm for the numerical calculation of I, B at time ?is described below:

Algorithm

For apositions X={0; 0.02; 0.04; 0.06; 0.08; 0.1; 0.2; 0.3; 0.4; 0.5; 0.6; 0.7; 0.8; 0.9; 1}
At time ?2,?

t, ?t,, 2?2t  (?t=0.1)

Current I ?exp[0.5* H (X)]?exp[?0.5* H (X)] (Buttler-Volmer)
(assumption ?=0.5)
H,?V, ?V,
with V, (X) 2V, (X) ? R, (X).1 1 (X)  (Ohm’slaw)

Thickness B, (X) ? B, (X)?1,,,??
. R.»1(X)
Resistance X)? 2t
R, (X) 178,

The changes of current distribution and the corresponding thickness distribution calculated for
Ro=1and Ry= 10 are shown in Fig. 5.23.
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Current Distribution
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Figureb.23 Current and thickness distributions during metal deposition on the primary layer with

resistances (@ R=1 (b) Ry=10

According to the calculations, as deposition proceeds, the current always distributes more
densely in the position near the contact tip, and the thickness grows mainly in the z-direction
in the area near the contact tip. The higher the resistance R, of the primary layer, the more
dense the distributions of current and thickness near the contact tip. This behaviour is paradox
to the lateral propagation observed during metal deposition. If propagation occurs due to the

current distribution, the current should be distributed more densely at the edge of the
deposited metal layer and the layer developsin the lateral direction.

Thus, the current distribution cannot be used as explanation for the propagation of the

secondary layer. The mechanisms of propagation of the secondary as well as that of primary
layers will be discussed in section 5.4.
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5.2.2. Influence of potential, coverage of cobalt sulphide and electrolyte concentration

on the propagation rate

5.2.2.1. Current transient of the metal deposition

The propagation of the Ni layer isinduced at local contact and propagates until the activated
surface is completely covered. For microsystem technology, it is interesting to study the
propagation of the metal in a defined activated microstructure. In this section, the kinetics of
lateral propagation of the Ni layer was investigated by current transient measurements on
activated line-shaped structures, which were formed following the pre-structuring concept

using amask. The metal deposition is performed by a Pt contact tip asillustrated in Fig. 5.24.

Typica current transients for metallization of activated line-shaped structures on ABS are
shown in Fig. 5.24b. The transients are characterized by an initial nearly linear current
increase followed by an establishment of a stationary current at a characteristic time 2.
Simultaneous microscopic observations showed that ? corresponds exactly to the time at
which the propagating secondary Ni layer reaches the opposite edge of the line-shaped
structure (Fig. 5.24a). It should be mentioned that the currents recorded are mainly related to
the secondary layer, probably because of its high conductivity compared with the primary and
the current distributes mostly on the secondary layer. The lateral propagation rate V, of the
secondary Ni layer was calculated using the relation:

V, 2V, ?tE (5.17)

where L = 12 mm is the length of the line-shaped structure.
It should be noted that the electrodeposition can initiate at applied potentials more cathodic

than a critical potential —0.25<E;; <?0.3 V. However, a propagation on the whole activated
structure can only occur at E= -0.5V. The metal deposition at E>E>-0.5V leads to a stopage

of propagation and an uneven thickness is obtained as shown in Fig. 5.24.
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Figure5.24 Lateral propagation of the Ni layer during metallization of an activated line-shaped ABS
surface structure (CoS(f3) coverage ?249%).
(8 Schematic representation of the experiment.
(b) Current transients at different applied potentialsE

5.2.2.2. Influence of potential, coverage of CoS([3) and electrolyte concentration

Influence of potential and the coverage

Experimental results show that both, the CoS([3) coverage ? and the potential E of the contact
Pt-tip determine propagation rate V, of Ni layers. Fig. 5.25 shows V, as a function of potential
E and CoS(l3) coverage ?. Experimental results indicate that for a given ?, the propagation
rate V, increases exponentially with E and can be described by:
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Vi (B)5 ? Vi (Egit )» EXP k?|E?Ecrit|5 (5.18)
where V(E.it)» represents the propagation rate at the critical potential and k, is a constant

depending on the CoS(R) coverage ?. A value of k, = 0.18 V™* is obtained for single
activation (? = 49%).

In order to compare the growth of the metal in the x and z directions, the normal growth rate
of the Ni layer V, is calculated using Faraday”s relation:
Vv, ,dWy) , D dQ, D ,,
dt F.A d  F.A
Where D is the density of Ni (D=6.59 cn/mol), Aisthe area of the line-shaped structure (A=
0.096), F is Faraday s constant (F = 96500C/moal), ?isthe current efficiency [Bren63] and | is

(5.19)

the current recorded by the transient measurment. Results show that the lateral propagation
rate V, is severa orders of magnitude higher than the normal growth rate of the Ni layer V,in
the z-direction (Vi/V, = 10°210%), This behaviour offers possibilities for metallization of
insulating surfaces with complex profiles and microstructures. The application of the PLATO

technique for microstructured metallization will be demonstrated in chapter 6.
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Figure5.25 Dependence of the propagation rate V, and the norma growth V, of a Ni layer on the
applied potential E and the CoS(f3) coverage? for metallization of ABS.
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Influence of the electrolyte concentration

Fig 5.26 shows current transients during metal deposition on the line-shaped structures and in

electrolytes containing 0.1M and 0.01M Ni#, compared with the experiments carried out in

1M Ni (Fig. 5.19). Some behaviours of the propagation are remarked:

The propagation can only take place at:

E=-0.6V for Cy; =0.1M

E= 0.9V for Cy; = 0.01M

(E=-0.5V for Cy = IM).
The propagation rate decreases with time, indicated by the parabolic increase of the
current at the first period in transients (Fig. 26). This behaviour is attributed to the
increase of the potential drop due to the low conductivity of the deposited Ni layer.
With decreasing Cy;, the non-linear increase is more pronounced.
The concentration also influences the normal growth of Ni after the structures are
covered by the Ni layers. Transents show a decrease of the currents in the
“stationary” zone for Cy; =0.1M and Cy; =0.01M, while the currents are constant for
the Cy; =1M.
As mentioned above, the propagation rate is not constant during metal deposition on
the structures in solution with Cy; = 0.1M and Cy; = 0.01M Ni. However, the average
propagation rate can be calculated using relation (5.1). Results from the calculation

show that the propagation rates decrease with decreasing concentration of Ni.
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Figureb.26 Current transients of Ni deposition on line-shaped activated structures (?249%) in
dectrolytes:
(a.) Cy=0.1M (b) Cy =0.01M
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5.3. Mechanismsof metal deposition

Ni deposition on insulating surfaces activated by CoS(3) takes place by the lateral
propagations of the two layers: primary (") and secondary (). As shownin section 5.2, the
propagation rates of the primary layer (V") and the secondary layer (V, ") are functions of
deposition potentia (E), coverage of CoS(R) (?) and Ni concentration in the electrolyte (Cy;).

5.3.1. Formation of the primary layer

As shown in chapter 5.2, AFM and XPS studies show that the primary layer consists of Ni
hemispheres. The appearance of those hemispheres indicates that Ni deposits preferentially at
certain positions. In chapter 5.1, it was shown that the reduction of CoS(f3) at potential E<-
0.25V catalyzes the deposition reaction of Ni. Thus, it is reasonable to suggest that Ni
deposits preferentially onto CoS([3) clustersto form the primary Ni layer. Thus, the deposition
mechanism of Ni on the metal cluster can be proposed as following (Fig 5.27): reduction
reactions occur partially on the CoS(l3) surface, where H,S can easily diffuse into the
electrolyte. The structure of the obtained hemispheres consists of a core (15%Co°, 10% H,S,
the unreduced CoS(l3)), covered by deposited Ni. As mentioned above, Ni hemispheres
contact to each other in three dimensions to form the conductive primary layer, which
maintains the supply of electrons from contact tip to the next unreacted CoS([3) cluster (Fig.
5.26). The Ni deposition reaction, whichis catalyzed by the reductions of CoS([3), occurs very
fast among the CoS(R) clusters, resulting a lateral propagation of the Ni layer at the first stage
of the deposition process. The conductivity of the primary layer is decided by the density of
hemispheres following the percolation rule e.g. the conductivity increases exponentialy with
density.

In order to demonstrate the nucleation on CoS(f3) clusters, a Ni deposition on a glass/Poly(4-
Hydroxystyrole)/CoS(3) is carried out (Poly(4-Hydroxystyrole is the hydrophilic layer to
enhance the adsorption of CoS([3)). Fig. 5.28 shows the border zone between the deposited
metal layer and the activated area. At sites near the metal layer, metal deposition takes place
on CoS(l}) clusters and Ni idlands are obtained (Fig. 5.28), although the islands are only
connected with each other, but they do not form a continuous Ni layer. This indicates that the
Ni deposition is induced by reduction reactions on clusters. Underpotential deposition may

also take place in this case.
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Primary Ni layer

Figureb.27 Processes during metal deposition

-

20 pm

Figureb.28 Ni islands formed near the Ni layer on glass/Poly(4-Hydroxystyrole)/CoS([3).
Meta depositioniscarried out at E=-0.6V.

As mentioned above, Ni hemispheres contact to each other to form the primary layer.
Therefore, the conductivity ?” of the primary layer is determined by 2 factors: (i) the contact
between hemispheres, following the “percolation” theory (e.g. the conductivity is an
exponential function of the conductive hemisphere) [Wu97] and (ii) the thickness of the
deposited Ni on the clusters. Thus, influences of the deposition potential E, the coverage ? of
CoS(R) and the Ni concentration Cy; on the conductivity ?” of the primary layer can be

interpreted as follows:
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- Potential E: An increase of E leads to a higher deposition rate i through Butler —
Volmer equation (2.8). Thereby, thicker and higher conductivity deposited Ni films
on each CoS(l3) are obtained, leading to the higher conductivity ?” of the primary

layer.
- Coverage ?: the contact of hemispheres is easier when the number of CoS(RR)
clustersis higher, corresponding to the coverage ? on the surface. The higher density

of the hemispheres, the higher the conductivity of the primary layer, according to the

percolation theory.

- Concentration Cy;: at low Cy;, the Ni deposition is controlled by the diffusion of Ni2*
from bulk to the Co surface, leading to the lower deposition rate i in equation (2.8)
As a result, the deposited Ni layer on Co has lower thickness e.g. the formed

hemispheres have lower conductivity.

5.3.2. Formation of the secondary layer

The secondary layer is formed on the primary layer following the metal deposition
mechanism on a thin and low conductivity metal layer. Generally, nucleation and growth of
metal at an arbitrary position on the primary layer is determi ned by three factors:

(i) overpotential ?2t this position;

(i) the metallographic properties of the position (crystallographic defects,

inhibited surface) and

(iti)  Ni concentration Cy;.
If we suppose that the metallographic properties (factor (ii)) are neglected, the thickness
growth can be calculated as shown in section 5.2 (ssmulaton). This calculation shows that the
thickness grows mainly in the area near the contact tip and in the normal direction z e.g. the
lateral propagation does not occur. This paradox indicates that the metallographic properties
play important roles in the propagation phenomenon. We suggest that the propagation
observed is a result of two effects. nucleation takes place preferentially at the border
secondary/primary/electrolyte and the growth in zdirection is slowed down by the hydrogen

formation.
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Theinfluence of E, ? and Cy; on the propagation rate V" can be explained as follows:

Nucleation and growth rates at the border secondary/primary/electrolyte increase with
increasing ?, which is given by ?=E-Egop-Eni2+ni. It should be noted that the potential drop
Earop decreases with increasing conductivities ?” of the primary layer, which isin turn related
to the coverage ? and Cy;. On the other hand, Cy; influences directly the nucleation rate at the
border, since low concentration of Ni leads to alower adatom concentration, depletion of Ni?*
for charge transfer reaction at the border, thereby slows down the nucleation and growth

processes. Both reasons result in adecreasing V,”~ with decreasing Cy;, as shown in 5.2.3.2.

The complex influences of E, ? and Cy; on propagation rates of the primary, V,”, and the

secondary, V, ", are summarized in Fig. 5.29.
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Figureb.29 Schema describing influences of the applied potential E, coverage ? and Ni
concentration Cy; on propagation rates of the primary layer, V,/, and the secondary
layer, V,”.
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6. Applications

6.1. PLATO techniquewith different substrates and metals

6.1.1. Metallization of poroussilicon

Normally, the metallization of porous silicon (PoSi) is carried out by contact to the back side
of the silicon wafer [Ronk96][ Scho00]. The difficulty of the method is that potential drops on
the silicon body and the oxide layer are relative high [Lehm02][Zhang0l]. Therefore, the
oxide layer on the back side must be removed and metal deposition onto PoSi is carried out at
high potential (or current densities). Especially, if Si inside the pores is aso oxidized, the

metal deposition could become very difficult.

The PLATO technique, which uses tip contacting on the front side of PoSi, is a suitable
method for metal deposition onto oxidized PoSi, since the oxidized PoSi owns a porous and
hydrophilic surface. Fig. 6.1 shows typica SEM images for a successful direct Ni
metallization of an oxidized porous rSi surface using this approach. These RoSi surfaces
were prepared by electrochemical etching and subsequent oxidation [Lehm02][Sch600]. The
activation with CoS(l3) was performed applying the routine described in chapter 3.1. Similarly
as on polymer substrates, the metallization occurs by afast lateral propagation of the Ni layer,

which covers perfectly the surface profile.
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Figure6.1 SEM images of an oxidized porous nSi surface (a) before and (b) after a direct
gavanic Ni metallization at apotential of E=?0.7 V.
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6.1.2. Deposition of metals and alloys

The possibility for electrodeposition of metals and alloys by the PLATO technique is decided
by two parameters:

- Plating zone Evemez>E>Ejowder (Ememezs is equlibrium potential, Eponger 1S
potential corresponding to the formation of the metal powder). For metallization
by the PLATO technique, the plating zones of metals or alloys should overlap the
zone of CoS(3) reduction (E<-0.25V). Fig. 6.2 represents the plating zones of
different metals(alloys) and the reduction zone of CoS([3).

- pH of the deposition electrolyte. The pH of eectrolyte influences on the hydrogen
evolution and the stability of CoS([3).

Potential scaling

1V vs SHE

Deposition of Cu
ov

smy |

Daposition of Ni, Ca, Ni-Co, Ni-P

-1V

Figure6.2 Plating zones of Cu, Co, Ni and Ni-alloys and reduction zone of CoS(R3).

Deposition of Co-Ni alloy

Both Ni and Co are suitable for metallization using activated CoS([3) because of two reasons.
(a) their plating zones overlap the zone of CoS(f3) reduction (cf. Fig. 6.2) and (b) pH of the
deposition electrolyte is relative high (pH=4). Therefore, H, evolution is eliminated and
CoS(f3) is stable (cf. Pourbaix diagram of CoS(f3) - Fig. 5.2). Because of those reasons, we
attempt to deposit electrochemically a Co-Ni alloy on insulating substrates using the PLATO

technique.
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Electrodepostion of Ni-Co aloy was carried out successfully in a Watt's type bath with
Cco/Cni=1/10 (cf. table 3.2), E = -0.7V, t = 3 min. The XPS sputter profile shows that the
deposited aloy layer has a composition (64Ni36Co) and concentrations of Co and Ni are
evenly distributed in the layer (Fig. 6.3).
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Figure6.3 XPS sputter profile of aNi-Co alloy electrodeposited on an ABS substrate (7=49%).

Deposition conditions (C=0.1M, Cy=1M, E=-0.7V, t=3min).
Deposition of Ni-P alloy

According to the plating zone criteria, Ni-P can be deposited easily on polymers activated by
CoS(f3). In redlity, after the deposition is induced, the propagati on can stop after a certain time
ranging from 2-4 minutes. The reason is that the low pH of the electrolyte (pH=1.8) causes a
dominant hydrogen evolution to occur predominantly on both the deposited Ni-P layer and
the CoS(l}) clusters. Therefore, the active sites for nucleation of the metal are inhibited,

leading to the stopage of propagation. The strong hydrogen evolution on Ni-P and metal

sulphides is also reported in several studies [Pase93][ Pase95][Pase97].

Deposition of Cu

Similar to the case of Ni-P, Cu deposition cannot be carried out in acidic Cu electrolyte
because of the hydrogen evolution. On the other hand, Cu must be deposited at E<-0.25V,
which results powder Cu, meaning that a Cu layer cannot be obtained. It is interesting to note
that both problems, low pH and high potential of the plating zone, can be solved by the use of
the Cu complex. However, the suitable conditions (ligands, pH...) should be further studied.
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6.2. Microstructured metallization

6.2.1. Conceptsand processes

Generaly, microstructured metallization can be carried out following two concepts. post-
structuring and pre-structuring. In the post-structuring routine, metal is deposited overall,
followed by microetching of the metal layer. A typica example for this routine is the
damascene process (IBM) [And94], in which the direct metallization method is considered as

a substitutional method for electroless deposition and physical vapour deposition (PVD).

In this work, we propose two new routines for microstructured metallization considering the
specific properties of the direct metallization using metal sulphide (Fig. 6.4):
) microstructured activation and subsequent electrodeposition. Two possibilities
for microstructured activation are:
(@) Homogeneous conditioning and selective activation using a mask;
(b) Local conditioning. The following activation localize only on the etched
zone due to its properties (roughness, hydrophile);
(1) homogeneous activation and selective metallization using a mask;
(N
Selective activation

Metal sulphida

. 2 Bt Contact tip
Masking Mask removal ," ¢
I : %’I/ Me
localized activation e;,& y
L I

hw Metal sulphide .-\\1.3‘
w®
YYYYY /

L J

selective activation

(1)

Selective metallization
Contact tip

Me

—_— > 1 =
Conditioning Activation Masking Metallization
Figure 6.4 Routines for microstructured metallization using the PLATO technique.
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6.2.2. Microstructured activation (Routinel)

The microstructured activation and subsequent using mask (la) was shown in chapter 5.2, in

order to study the propagation in microstructures. This routine provides a high selective

metallization method e.g. metal is deposited only on the activated line-shaped structure, but

the propagation does not take place on the unactivated zone.

The routine (Ib) was tested with two processes:

Local modification by excimer laser: The aim is to produce a rough and hydrophilic
surface in microstructure, while the unmodified surface is kept flat and hydrophobic. It
is expected that only the microstructure is covered by CoS([3) when the whole sample
is activated. Fig. 6.5 shows a PC sample, on which dchannels (width 100um, height
50um) are produced by excimer laser (Kr source, ?=351nm, E;;s=500-1000mJ,
f=1Hz)(delivered by Bartels GmbH). The roughnesses of the unmodified and the

modified surface in channels obtained from AFM measurement are R =7nm,

mod =21nm.
Results show that both, the unmodified and laser structured, surfaces cannot be
metallized although four cycles of activation were applied. The reason is from the
insufficient roughness of the modified structure. In order to achieve a modified surface
suitable for the PLATO technique (higher roughness), the laser conditions should be

optimized.

Microstructuring by stamping technique [Breh02]: The sample shown in Fig. 6.6
consists of alternative hydrophilic and hydrophobic lines. The hydrophobic sublayer is
Poly(4-Octylstyrol) (contact angle of water measuring on the material is ?,4=110°)
and the hydrophilic block stamped on the layer is Poly(4-Hydroxystyrol) (contact
angle ?,,4=90°C). The principle is that CoS([3) will be selectively formed on
hydrophilic blocks and only those blocks will be metallized when metal deposition is

carried out.

However, results show that CoS(3) clusters are formed unselectively on both
hydrophobe and hydrophile blocks. The subsequent metal deposition leads to the
metallization of the whole surface (Fig. 6.6 b). The reason is from the insignificant

difference of contact angle between hydrophilic and hydrophilic blocks.
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Figure6.5 (& Microchannel on PC polymer produced by excimer laser; (b) surfaces
topography of unmodified PC and (c) laser structured channel.

Metallization of the stamped structure
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~
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Figure 6.6 @ The origina stamped structure
(b) The structure after metallization
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6.2.3. Metallization using masks (Routine I )

Fig. 6.7 demonstrates the example of direct microstructured metallization using mask (routine
Il —Fig. 6.4). The mask, which has the shape of a Christmas tree, was fixed on the activated
ABS surface (coverage of CoS([3) ?Z 84%). The metallization was carried out using a local

contact a the top of the tree. This experiment shows that the propagation during metal
deposition can also take place in small and complex geometries with a width of 40 um and a
length of several nm. Bended shapes with angles <30° are well reproduced. However, similar
to electrodeposition through masks on metal substrates, concentration and current

distributions should be taken into account.

Figure6.7 Metallized microstructure of an homogeneously activated ABS substrate (coverage of

cobalt sulphide ?2 84%). For metallization, an excimer laser structured polyimide
(P1) mask was applied (E =-0.8V, t = 3min).
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6.2.4. Through-hole metallization

Due to the fast propagation rate and the flexibility of the activation process, the direct
metallization is a good method for metallization of insulating microstructures with complex
geometries. Fig. 6.8 demonstrates a through-hole metallization of an insulating structure with
aspect ratio A = 5. The activation was applied on the surface of the sample and on the hole-
walls. The through-hole metallization was carried out successfully by placing a contact tip on
the surface of the sample. The uneven distribution of the thickness (Fig. 6.8) due to the
diffusion of the electrolyte in the hole can be further optimized by applying suitable
technological parameters (additive, convection etc.).

f}ﬂﬂ}_.i m
ot 50um

Figure6.8 Cross-section of the through-hole metallized structure on the ABS substrate
applying the PLATO technique (E =-0.8V, t = 5min).
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1.

Conclusions

Pre-treatment (Fig. 7.1)

? Etching: surfaces of polymers after chemical etching are characterized by the

enhancement of roughness (roughness factor r), the formation of —COOH and/or —
COH groups, and the consequent hydrophicility (contact angle ?). Among those
factors, the enhancement of roughness is decisive for the degree of activation e.g. the
coverage of CoS([}) after activation. However, the surface modification and the
corresponding coverage of CoS(f3) are not the same on different polymers due to their

different chemical nature.

? Activation: The degree of activation determines the metallization ability of a surface.

Only surfaces with coverage of CoS(3) ?>30% can be metallized using the PLATO
technique. On the activated surface, CoS(l3) is not a continuous layer, but discrete

clusters, which are located preferentialy in the pores.

Metal deposition (Fig. 7.1)

? The formation of the primary layer occurs by deposition of Ni onto the CoS(RR)

clusters. It is suggested that the reduction of CoS(R) to Co’at E<-0.25V catalyzes the
Ni deposition process. The primary layer is a set of conducting hemispheres consisting
of a core (Co® CoS(R)) covered by deposited Ni (Fig. 7.1) with a conductivity
governed by the percolation law. The factors influencing the formation of the primary
layer (e.g. propagation rate (Vy ), thickness (d") and conductivity (?)) are:

Deposition potential E

Coverage of CoS(3) ?

Ni concentration of electrolyte Cy;

? The formation of the primary layer follows the mechanisms of metal deposition onto a

low conductivity metal layer. At the first stage of the formation, the secondary layer
propagates laterally with arate V, ". The propagation rate V,~ is determined by:
Deposition potential E
Conductivity of the primary layer ?”

Ni concentration of eectrolyte Cy;

-01-



Chapter 7 — Conclusions

PLATO technique
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Figure7.1 Mechanisms of pre-treatment and metal deposition in the PLATO technique and characteristic
parametersfor each step.

3. Application

?? PLATO technique can be applied for metalization of oxidized porous silicon (PoSi).
The most suitable deposited metals and alloys for the technique are Ni, Co and Co-Ni
alloys. Other metals and aloys can be only deposited if the two conditions are
optimized: (i) plating zones of the metals (alloys) overlap the reduction zone of the
sulphide and (ii) pH of the electrolyte is not low (pH>3).

?? Microstuctured metallization can be applied by (i) microstructured activation and (i)
metallization using masks.
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4. Further studies

?? Influence of the roughness on the activation and the adhesion of the deposited metal
layer. In order to regulate the roughness, the etching condition should be precisely
controlled, probably by the uses of plasma or excimer laser.

?? Characterization of the electrochemical reduction of other metal sulphides (CusS, ZnS)

?? Influence of electrolytes (complex, pH) for deposition of other metals and alloys
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8. Appendices

Establishment of Pourbaix diagram for CoS3)
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Figure8.1. Establishment of Pourbaix diagram for CoS(R3).

Line (1) Reaction Co** +2e ? Co° <R 8.1>
Equation E olco? ?°20.23V
Line (2) Stability of Co(R)
Dissolution reactions of CoS(R3)
CoS(s) ? Co**(ag) + S%(an) <R 8.2>
K,, 2107
2H" +S%(aq) ?  H,S(ag) + H,0 <R 83>
K21 (Ka=1.1. 102
Ka
CoS(s) +2H" 2  Co*(aq) + H,S(aqg) <R 8.4>
K2 [CTIHS Ky, 1077 4 155
[H?]? K, 11?2107

The critical H* concentration, at which CoS(R) is stable, is:

22 [K
(7] 2 LS, 7259210" o pH=32

K
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Line (3) Reaction CoS(s) + 2 + 2H ? Co%aq) + H,S(an) <R 8.5>

a +
. ?E° - ?@mC_OZ
Co/Cof ColC 2 aCo

E

K K
a_, ?—2_2[H")?
Ci

o a K,

220.23 - 10g(9.10%)*0.059/2 - 0.059*pH = 0.11 — 0.059* pH

Co/Co?* *

E
Equation E__, ?701170.059* pH

Co/Co
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List of symbols

a actual area of surface, pn
aMe activity of meta

Apez+ activity of ionin the electrolyte

A apparent area (geometrical ared), pm?
A Areaof XP peak of speciei

d thickness of the deposited layer, um
d thickness of the primary layer

d thickness of the secondary layer

Cni Ni concentration, mol/|

Dni density of Ni, 6.59 crr?/mol

E Deposited potential, V

Edrop Potential drop on metal layer, V

Ecrit Critical potential for the induced metal deposition, V
Evenvezr Nernst equilibrium potential, V

Eoowser  Potential for the formation of metal powder

Euin kinetic energy of photoelectron, eV

Ep, binding energy of photoelectron, eV
F Faraday”s constant, 96500 C/mol

i current density, mA/cn?

et charge transfer current density, mA/cnf
I current, mA

J Nucleation rate

L length of primary layer, m

P pressure, N/nmv*

q charge density, mC/cn?

r roughness factor

r© roughness factor of original surface
r® roughness factor of etched surface

Rims root mean square roughness, nm

R ideal gas constant, 8.314 Jmol.K
S sengitivity for XPS quantitative analysis
Ry transfer resistance, ?
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3<—|

2
&

VX &L LK

substrate resistance, ? ?

electrolyte resistance, ?

Polarization resistance, ?

time, s

absolute temperature, K

molar volume of, mol/m®

propagation rate of the metal layer, cm/s
propagation rate of the primary layer, cm/s
propagation rate of the secondary layer, cm/s
normal growth rate, pm/s

Concentration of element a

contact angle

apparent contact angle

contact angle of original polymer surface
contact angle of etched polymer surface
anodic charge transfer coefficient

cathodic charge transfer coefficient

surface tension, N/m

surface tension at liquid-vapour boundary, N/m
surface tension at solid-vapour boundary, N/m
surface tension at solid-liquid boundary, N/m
work function, eV

surface energy of original polymer surface, J/ny
surface energy of etched polymer surface, Jnm?
surface energy using water as liquid, J/n?
increase of surface energy, mJ/nf
overpotential, V

crystallization overpotential, V

diffusion overpotential, V

charge transfer overpotential, V

conductivity of the primary layer, S.cm
conductivity of the secondary layer, S.cm

coverage of CoS([3)

-97-



Chapter 8 — Appendices

List of equations
2d.cosa
L it 2 T e e e e e (2.1)
Y
2w COSA? 2, 27y (2.2)
(o0 Y= Nl G 0!0 Y= LR (2.3)
?
? 2?7, ?Tw(l? COSA, )% ittt (2.4)
o RT, &,
Eoue 2 Enoue ?E In;e ..................................................................... (2.5)
PH? 2ZF (BE?E, e )? 7ZF7 (2.6)
O S i O N T (2.7)
? ?
222, PE?E,, 270 0 5 e 2.8)
%AQZ? zF .%OvMeads a
8BN ,V?’s?
it 7 o s (2.9)
27(?f)
dinJ _ N,
2 ettt ettt n ettt s ettt s 2.10
d?g  RT (2.10)
? 2aF _2_c 2 aF %
[ 20y 20, EXPP—2 227 —Z@XP?2? S 29 s 2.11
@ RPPIRT 97, TP RT % 240
S(X,1) 28S, 2B(X,1)S |, e (2.12)
d?? .. ? 2?.F 2.¢c(xt) 2 ?F vl
X, t 20, .Xp2—=—2(X,1)?2? =———exp?? ——?2(X, 1) ? i 213
as(x1) G 2o OI R AN 2P = e e A 2 (213
? const?
20 &Xp7? (X2 L). 2 Ifx<L
?= { ? Ba? (2.14)
?0 If x>L
Erin 2 N2 2 Bl 22 o (3.1)
A/S,
DG TSSO
2 AlS 82
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A
I 2 et (4.2)
A
i et B e O R e R R SO (4.3)
?
77 7L ;!L? c0s?©® 7 212 cos? @ ':2; ...................................................... (4.4)
(e)
cos?(® ? R 1O L (4.5)
r©
?
22 P S ? AT i 19008 CON 46
?AlS (4.6)
G (5.1)
A (5.2)
Vv o_tm
R/ T (5.3)
Vo
H?—"
R_I_— ..................................................................................................... (5 4)
Vi
i
I ’?iﬂ ............................................................................................................. (5.5)
B? e (5.6)
aSa
bavg(X’t)Sb . '
?? - (With o (X, 1) 2 DX 1)AE) oo (5.7)
a 0

W %
as. ?b. (x1t)s
R(x,t)’?% 2 ? P )")? Obk" o (5.9)
}ﬁl_ asa ' avg(X! )Sb
R
2 0
R(x,t) 7 g (5.10)
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212 2

?
(12 €) 2 e

279(?)d?

Vy (E)7 ? Vi (Egit )2 €XP Ko | E ? Egig|? ovvvrerersssmevrersssssmssressssssnessenes s s

v, 780, D 0, D
dt FA d F.A

Reactions

Co®" +S*? CO(OH,HS), (CoS(?) 2 COS(R) ..eevveeeeieie e,
MeZ,

'solv

CoLS+2H " +(1-2)/12 € ? (1-2)CO°+ HS ovviiieiii e
C0gSg+ 16H" + 16/96 2 9C0° + 8HuS ..vvviiiiiie e
Co+H,S+2e? Co(SH,OH)s (COS(?)) wevvirienireiieiieieieiei e e,
HoS+4H,072 SO.Z + 10H + 88 oivviiiiii i,
CO?" (COS(R)) + 26 2 €07 oo e e
S+ Z2H" 2 HoS oo,
COS(S) ? COP(AQ) + SP(BO) -vveevee e et
2H" +S%(a0) 2 HoS(@) + HoO v,

CoS(S) + 2H" 2 Co% () + HoS(A0) «ovvveeeee oo e
CoS(s) + 26 +2H" 2 CO%@0) + HoS(A0) ..vvvvveeeeee e

2 28 D M i
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