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Abstract The relation between surface preconditioning
and metal deposition in the direct galvanic metallization
of different insulating polymer surfaces by the so-called
PLATO technique was studied using electrochemical
and surface analytical methods. AFM, XPS and contact
angle measurements show that the chromic acid etching
of original polymer surfaces leads to an increase of the
surface energy and hydrophilicity of polymer substrates
due to both surface roughening and the formation of -
COOH and/or -COH surface groups. However, decisive
for the subsequent surface activation with cobalt sulfide
is the increase in surface roughness. The influence of the
degree of activation and the electrode potential on the
kinetics of Ni metallization was studied by current
transient measurements on activated line-shaped struc-
tures. The results suggest that the electrochemical
reduction of cobalt sulfide to cobalt is a necessary step to
induce the process of Ni electrodeposition. Successful Ni
metallization could be obtained on ABS (acrylonitrile-
butadiene-styrene) and PEEK (poly-ether-ether-ketone)
surfaces. The lateral propagation rate, V., of the
depositing Ni layer depends exponentially on the applied
potential and was found to be several orders of magni-
tude higher than the Ni deposition rate, V., in the nor-
mal z-direction (V,/V.=10>-10%). It was demonstrated
that the approach involving cobalt sulfide pre-activation
can also be applied successfully for metallization of
oxidized porous silicon surfaces.
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Introduction

Metallization of insulating polymers is of great impor-
tance for numerous applications in the electronics and
car industries. The most frequently used processes for
metallization are physical vapor deposition (PVD),
chemical vapor deposition (CVD) and electroless metal
deposition [1]. Nevertheless, a lot of effort has been
made to obtain a method to metallize modified insulat-
ing substrates by direct metal electrodeposition (direct
galvanic metallization) [2, 3, 4, 5, 6, 7, 8, 9]. The process
of direct electrodeposition offers a number of advanta-
ges, including simple control of metallization by current
density and electrode potential, achievement of high
deposition rates at relatively low operating tempera-
tures, high selectivity and possibilities for metallization
of surfaces and microstructures with complicated sur-
face profiles. An original method for direct metallization
of insulating polymer surfaces called the PLATO tech-
nique has been proposed recently by Mébius et al. [7, §,
9]. The key step of this method is the activation of the
polymer surface with an appropriate metal sulfide. The
electrodeposition process is induced by applying a point
contact to the metal sulfide seed layer. The resulting
metallization is characterized by a fast lateral propaga-
tion of the depositing metal layer, a behaviour that is
very attractive for various applications in microelec-
tronics and microsystem technology. This characteristic
metallization behaviour, however, is still not understood
and requires detailed studies on the role of the nature
and the preconditioning (etching and activation) of the
polymer surfaces in the overall metallization process.

In this paper we report studies on the relation be-
tween surface preconditioning and Ni electrodeposition
in the direct galvanic metallization of different insulating
surfaces using cobalt sulfide as an activator.
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Experimental

The polymer substrates used in this study were acrylonitrile-buta-
diene-styrene (ABS), poly-ether-ether-ketone (PEEK) and polyi-
mide (PI), all supplied by Good Fellows, USA. The chemical and
phase compositions of these materials are given in Table 1.

The preconditioning and metallization of all polymer substrates
were performed in the same way according to the PLATO tech-
nique [7, 8, 9]. The first step was a wet chemical etching in a
chromic acid solution (CrO3/H,SO,) at 65 °C for 5 min to increase
the roughness and hydrophilicity of the polymer surfaces. After this
pre-treatment the surfaces were activated with cobalt sulfide. The
activation is based on the so-called adsorption concept and in-
cludes the following two steps: (1) dipping the polymer substrates
into a commercial solution containing cobalt(IT) sulfate, ammonia
and an oxidizer (Enthone, Germany) at room temperature for
2 min and (2) subsequent sulfidization in Na,S solution for 1 min.
After each step the samples were thoroughly cleaned in Millipore
water. The metallization of the polymer surfaces was performed at
45 °C by electrodeposition of Ni under potentiostatic conditions
from a Watts electrolyte bath (150 g/L NiSO4.6H,0, 30 g/L
NiCl,.6H,0, 30 g/L H3;BOs, pH 4) in a conventional three-elec-
trode electrochemical cell with a Hg/Hg,SO4/1 M Na,SO, refer-
ence electrode and a Ni-plate counter electrode. All electrode
potentials are referred to the potential of the standard hydrogen
electrode (SHE). A Pt tip was used to contact the activated polymer
surface and to induce electrodeposition. The contact area of the Pt
tip was reduced by appropriate insulation with Apiezon wax. The
lateral propagation of the Ni layer was investigated by current
transient measurements and microscopic observations. Current
transient measurements were performed on line-shaped structures
(0.8 mmx12 mm) prepared by selective activation, applying a mask
on the etched polymer surface. Additional cyclic voltammetric
measurements in Ni’*-free and Ni**-containing electrolytes were
performed on glassy carbon (GC) substrates in order to obtain
information on the electrochemical behaviour of cobalt sulfide.

The topography and roughness of the polymer surfaces were
characterized by atomic force microscopy (AFM) using commer-
cial equipment (PicoSPM, Molecular Imaging, and Nanoscope E
Controller, Digital Instruments, USA). The surface composition
and the chemical states were investigated by X-ray photoelectron
spectroscopy (XPS) using a modified ESCALAB-V (VG Instru-
ments, UK). XPS measurements were carried out at a base pressure
of 107" mbar with polychromatic Al K, radiation (1486.6 eV),

CAE mode, a pass energy of 50 eV for survey scans and 20 eV for
specific element scans. lon etching was g)erformed by an AG-S2 ion
source with argon pressure of 1.5x107> mbar and an acceleration
potential of 4 kV. A computer program for peak deconvolution
(Unifit v.2.4, University of Leipzig, Germany) was used to analyse
quantitatively the XPS peaks.

Contact angle measurements were performed at room temper-
ature (23-25 °C) 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 introduced onto the substrate sur-
face through a microsyringe, taking special care to avoid vibrations
of the system. The time for achieving equilibrium was 3 min.

Results and discussion
Etching of polymer surfaces

Information on the surface topography of the etched
and original (untreated) polymer materials was obtained
by AFM. Figure 1 shows typical AFM images for ABS
(Fig. 1a, 1a’) and PI (Fig. 1b, 1b’) substrates as an
example. As seen, the chemical etching leads to the
formation of pits of micrometer size on the ABS surface,
whereas the surface topography of PI changes insignifi-
cantly. The root mean square (r.m.s.) roughness, Ry,
of treated and untreated polymer surfaces was estimated
by a statistical analysis of corresponding AFM images.
The obtained R,,s values for various substrates are
summarized in Table 2.

In the case of ABS, the surface roughness increases
from 30.9 nm before etching to 115.8 nm after etching.
This behaviour can be explained by the much higher
dissolution rate of polybutadiene in the chromic acid
solution, leading to a selective etching of the polybuta-
diene surface domains of ABS [10, 11]. A similar etching
behaviour is shown also by the PEEK substrate. In this
case the observed R, increase can be attributed to an
enhanced selective etching of PEEK surface domains

Table 1 Chemical and phase

compositions of the polymer polymer  chemical composition phase .
materials composition
Styrole Acrylnitrile (SAN) Polybutadiene (PB)
ABS two phases

(SAN and PB)

o1
4 5
PEEK = o o rlc‘
L o

Semi-crystalline
phase

amorphous
phase




Fig. 1 AFM images of ABS
and PI surfaces: (a, b) before
and (a’, b’) after etching
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Table 2 Surface roughness, Ry, and roughness factor, r, for dif-
ferent polymer surfaces before (0) and after (e) etching

Polymer  Original surfaces Etched surfaces

Ry (nm) " Rims (nm) e r (6)/ o
ABS 30.9 1.03 115.8 1.76 1.71
PEEK 21.3 1.04 679 1.4 1.34
PI 7.0 1.01 10.7 1.06 1.05

with lower crystallinity [10, 12]. In contrast to ABS and
PEEK, after treatment in the chromic acid solution the
one-phase polymer PI shows a negligible roughness
change, indicating a homogeneous etching of the sur-
face.

The C 1s XPS spectra for different polymer surfaces
before and after etching are shown in Fig. 2. The num-
bered deconvoluted peaks correspond to the different
carbon states labelled in Table 1. The deconvolution
analysis of C 1s spectra for all polymer surfaces after
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Fig. 2 C 1s XP spectra: (a, b, ¢)
original and (a’, b’, ¢’) etched
polymer surfaces

etching (cf. Fig. 2a’, 2b” and 2¢’) shows the appearance
of new additional peaks at higher binding energies
(288.2 and 292.2 eV). These results suggest the forma-
tion of new functional surface groups such as -COOH
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and/or —COH due the strong oxidation of the polymer
surfaces during the etching treatment.

The change of surface energy, Ay, due to the etching
can be described by:



(1)

where Ay, and Aycoon represent the contributions due
to the increase of surface roughness and the formation
of new —COOH and/or —COH groups, respectively. The
surface energies 7 and 7' of etched (e) and original (o)
polymer surfaces were determined by contact angle
measurements using the modified Young—Dupre equa-
tion [13, 14]:

Ay =y —9© = Ay, + Apcoon

7= 7s(1 + cos a)? (2)

where 7, = 73 mJ/m? is the surface energy of the liquid
water and o is the measured contact angle. The mea-
sured contact angles of the original and etched surfaces,
2 and @, as well as the values for y©, y and Ay, are
summarized in Table 3. The roughness contributions,
Ay,, were estimated from the equation:

Ay, = VZW [(1 + cos a§e>)2—(1 + cos oc("))z}

In this equation, aﬁe) represents the expected contact

angle of the etched surface by considering only the effect
of roughness increase. The ocﬁe> values were calculated
from the roughness factors ® and ® of the original
and etched polymer surfaces determined by AFM (cf.
Table 2) using the Wenzel relation [15]:

(3)

(e)
cos al® = % cos a(® 4)

The estimated Ay, and Aycoon contributions to Ay
for different polymer substrates are presented in Fig. 3.
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 PI increases predominantly due to
the formation of —COOH (and/or —COH) surface
groups.

Surface activation

Figure 4 shows typical XP survey spectra of etched
polymer surfaces after activation with cobalt sulfide. All
spectra contain not only the expected signals for Co and
S, but also characteristic C and O peaks, indicating that

Table 3 Contact angles, o, and surface energies, y, for different
polymers before (0) and after (e) etching

Polymer  Original surfaces Etched surfaces
@ V(O) (mJ/mz) o® ')/(e) (mJ/mZ) Ay:./(i)_,/(())
(mJ/m")
ABS 68° 345 32° 623 28.8
PEEK 72°  31.2 39¢  57.6 26.4
PI 67° 352 48°  50.8 15.6
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Fig. 3 Contributions of the surface roughness and the formation of

-COOH and/or -COH groups to the surface energy increase of the
polymer substrates after etching

O1s Co2p

| !

S2p l

‘ S
Co3p Co3s

PI

PEEK

ABS

Intensity/a.u

TrrrJrrrrrrrr oy
0 100 200 300 400 500 600 700 800 900
Binding Energy/eV

Fig. 4 XPS survey spectra of etched polymer surfaces after single
activation with cobalt sulfide

the cobalt sulfide layer does not cover the polymer sur-
face completely.

Information about the surface coverage 0 of cobalt
sulfide was obtained by an analysis of the XP spectra
based on the equation [10]:

_ Aco/Sco + As/Ss

0
S A,

with i = Co,S,C, 0 (5)

In this equation the ratio 4,/S; is proportional to the
surface concentration of the element i, and 4; and S;
represent the corresponding XPS peak areas and sensi-
tivity factors, respectively. 0 values of 17%, 32% and
49%  were estimated from the experimental spectra in
Fig. 4 for activated PI, PEEK and ABS surfaces,
respectively. These results correlate well with the surface
roughness data of those polymers in Table 2 and indi-
cate that the surface topography plays an important role
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in the activation process. Figure 5a shows typical XPS
sputter depth profiles of Co and C for an ABS surface
after single activation. As can be seen, the Co signal
disappears after 120 min sputtering, corresponding to a
depth of about 600 nm, which is comparable to the
depth of the pits observed on etched ABS surfaces by
AFM (cf. Fig. 1a). It is reasonable to suggest from these
results that cobalt sulfide clusters are located preferen-
tially in the pits of the etched ABS surface, as sche-
matically shown in Fig. 5b. It was found that repeating
the activation procedure several times increases the co-
balt sulfide coverage 0 of ABS and PEEK significantly.
Figure 6 shows 0 as a function of repeated activation
cycles for ABS. As can be seen, after a single activation,
01s 49% and reaches an approximately constant value of
about 86% after four activation cycles. In contrast to
ABS and PEEK, no increase of 0 could be detected by
multiple activation of PI, which can be explained by the
relatively low surface roughness of this material after
etching (cf. Table 2).

Metal electrodeposition
Experimental results show that both the cobalt sulfide
coverage 0 and the potential £ of the contact Pt tip

determine the initiation of nickel electrodeposition. The
electroplating process could be induced only on activated
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Fig. 5 (a) XPS sputter profile and (b) schematic presentation of an
etched ABS surface after a single activation with cobalt sulfide (one
activation cycle)
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Fig. 6 Dependence of the cobalt sulfide coverage 6 on the number
of activation cycles for an etched ABS surface

ABS and PEEK substrates, which exhibit relatively high
cobalt sulfide coverage (0 >30%). The initiation of elec-
trodeposition, however, was found to be possible only by
application of potentials more cathodic than a critical
potential located in the potential range —-0.4 V>
E.;>-0.5 V. Additional cyclic voltammetric measure-
ments on cobalt sulfide modified GC substrates in Ni* " -
free and Ni*"-containing electrolytes showed that this
potential range overlaps with the potential range in which
cobalt sulfide is reduced electrochemically (Fig. 7).
Characteristic cathodic peaks (C; and C,) observed in the
cyclic voltammograms are obviously related to the elec-
trochemical reduction of cobalt sulfide to cobalt. Cyclic
voltammograms in Ni* " -containing electrolytes (Fig. 7b)
indicate that the formed cobalt clusters enhance nucle-
ation processes in the initial stages of Ni electrodeposit-
ion. These results suggest that the electrochemical
reduction of cobalt sulfide is a necessary step to induce the
process of metallization of insulating substrates.

The kinetics of lateral propagation of the Ni layer
was investigated by current transient measurements on
activated line-shaped structures. The contact Pt tip was
positioned at one edge of the structures, as indicated
schematically in Fig. 8a. Typical current transients for
metallization of activated line-shaped structures on ABS
are shown in Fig. 8b.

The transients are characterized by an initial nearly
linear current increase followed by establishment of a
stationary current at a characteristic time 7. Simulta-
neous microscopic observations showed that 7 corre-
sponds exactly to the time at which the propagating Ni
layer reaches the opposite edge of the line-shaped
structure (cf. Fig. 8a). The lateral propagation rate V', of
the Ni layer was calculated using the relation V,=L/z,
where L =12 mm is the length of the line-shaped struc-
ture. Figure 9 shows V', as a function of potential E and
cobalt sulfide coverage 0 for ABS. Experimental results
indicate that for a given 0 the propagation rate V, in-
creases exponentially with E and can be described by:
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Vi(E)g= Vi(Ecrit) gexplko|E — Eci] (6)

where V. (E.;)s represents the propagation rate at the
critical potential and kg is a constant depending on the
cobalt sulfide coverage 0. A value of ky=0.18 V7! is
obtained for single activation (0=49%).

The lateral propagation rate V. is several orders of
magnitude higher than the normal growth rate of the Ni
layer, V., in the z-direction (V,/V.= 1027104). Thus, it
can be suggested that Ni nucleation occurs preferentially
on Co clusters formed by the electrochemical reduction
of cobalt sulfide at the Ni/CoS/electrolyte three-phase
boundary. Nickel layers deposited on ABS substrates
using this technique have an excellent adhesion of about
1.5-2 N/mm [7]. The conductivity of these layers mea-
sured by the four-point technique was found to be
within the range 1-10 S/cm for layer thicknesses varying
between 0.5-1 pm.

The observed fast lateral propagation of the Ni layer
makes the activation with cobalt sulfide very attractive
for metallization not only of polymer substrates but also
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Fig. 8 Lateral propagation of the Ni layer during metallization of
an activated line-shaped ABS surface structure (cobalt sulfide
coverage 0 =49%): (a) schematic representation of the experiment;
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Fig. 10 SEM images of an oxidized porous n-Si surface: (a) before
and (b) after a direct galvanic Ni metallization at a potential of
E=-0.7V

of oxide or ceramic surfaces exhibiting sufficient
roughness. The first experimental studies in this direc-
tion were carried out on oxidized porous silicon sur-
faces. These surfaces were prepared by electrochemical
etching and subsequent oxidation [16, 17]. The activa-
tion with cobalt sulfide was performed by applying the
routine described above. Figure 10 shows typical SEM
images for a successful direct Ni metallization of an
oxidized porous n-Si surface using this approach. Simi-
larly as on polymer substrates, the metallization occurs
by a fast lateral propagation of the Ni layer, which
covers perfectly the surface profile.

Conclusions

The etching of polymer surfaces in chromic acid
increases the surface energy due to both the increase of

surface roughness and the formation of new functional
—COOH and/or —COH surface groups. Experimental
results show that crucial for subsequent activation and
metallization is the increase of the surface roughness,
which increases significantly the degree of activation
with cobalt sulfide. Successful Ni metallization is
achieved on ABS and PEEK polymer surfaces. The
initiation of Ni deposition and the lateral propagation
rate of the Ni layer are determined mainly by the co-
balt sulfide coverage and the potential of the contacting
tip. The results indicate that the -electrochemical
reduction of cobalt sulfide to cobalt is a necessary step
to induce the process of Ni electrodeposition. The
metallization of ABS and PEEK occurs by a lateral
propagation of a Ni layer with a rate V,, which is
several orders of magnitude higher than the growth
rate V. in the vertical z-direction (V/V.=10"-10%.
This behaviour can be successfully applied for metal-
lization of insulating surfaces with complicated profiles
and microstructures.
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