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Abstract

Argon plasma-pretreated polyimide (PI, Kapton® HN) films were subjected to UV-induced surface graft copolymerization with N,N'-
(dimethylamino)ethyl methacrylate (DMAEMA) and 2-(trimethylammonium)ethyl methacrylate chloride (TMMAC). The DMAEMA graft-
copolymerized PI (DMAEMA-g-PI) surfaces were also quaternized and amino-functionalized with 3-bromopropylamine hydrobromide (the
Q-DMAEMA-g-PI surfaces). The surface composition and the degree of quaternization of the graft-modified PI films were determined by X-
ray photoelectron spectroscopy. The DMAEMA-g-PI, Q-DMAEMA-g-PI and TMMAC graft-copolymerized PI (TMMAC-g-PI) surfaces
can be activated directly by PdCl,, in the absence of prior sensitization by SnCl, (the ‘Sn-free’ activation process), for the subsequent
electroless plating of copper. A shorter induction time for the electroless deposition of copper was found for the palladium-activated Q-
DMAEMA-g-PI and TMMAC-g-PI surfaces than for the palladium-activated DMAEMA-g-PI surface. The T-peel adhesion strength of the
electrolessly deposited copper with the Q-DMAEMA-g-PI surface was enhanced to above 6 N/cm, in comparison to only about 4 N/cm for
the DMAEMA-g-PI surface, about 2.5 N/cm for the TMMAC-g-PI surface, or about 0.5 N/cm for the PI surface with argon plasma treatment

alone. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Polyimides (PIs) are widely used as dielectric materials in
microelectronics. They have the desirable properties of
high-temperature resistance, good mechanical strength,
good dimensional stability and low dielectric constants
[1,2]. The adhesion of a metal to the PI film is generally
poor, unless the PI surface is pretreated prior to metalliza-
tion. A number of surface modification techniques, such as
wet-chemical treatment [3], plasma treatment [4,5], UV
excimer irradiation [6], and pulse ion beam irradiation [7],
have been applied to PI substrates to enhance their adhesion
to metals. Recently, surface modification of PI films by graft
polymerization with nitrogen-containing monomers, such as
N-vinylimidazole, has been carried out to enhance their
adhesion with the evaporated copper [8,9]. A great deal of
effort has also been devoted to the surface modification and
functionalization of PI films for adhesion enhancement with
the electrolessly deposited metals [10—15]. More recently,
adhesion improvement of PI films with the electrolessly
deposited copper was achieved via the UV-induced surface
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graft copolymerization of PI films with the N-containing
monomers [16].

Copper metallization of PIs and fluoropolymers, which
have good thermal stability and low dielectric constants, has
always been of great interest to the microelectronics indus-
try [17—19]. Arising from its inherent simplicity, the tech-
nique of electroless plating of copper has clear advantages
over the conventional electroplating process. Historically,
two methods, viz. the ‘two-step’ process [20,21] and the
‘one-step’ process [22,23], have been used for the surface
sensitization and activation of substrates prior to the elec-
troless plating of copper. The one-step process involving a
colloidal mixture of SnCl, and PdCl, has gained popularity
due to its simplicity. In both processes, the substrate surface
is sensitized first by SnCl, to facilitate the chemisorptions of
PdCl,. However, from the economic and environmental
points of view, the simplicity in process operation, and the
fact that SnCl, is not an active catalyst for the electroless
plating process [24], it is of interest to develop a Sn-free, one-
step activation process for the electroless plating of copper.

In the present work, surface modification of argon
plasma-pretreated PI films via UV-induced graft copoly-
merization with a tertiary amine monomer, N,N'-(dimethyl-
amino)ethyl methacrylate (DMAEMA) and a quaternary
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amine monomer, 2-(trimethylammonium)ethyl methacry-
late chloride (TMMAC) is carried out. The DMAEMA
graft-copolymerized PI surface (the DMAEMA-g-PI
surface) is further quaternized and amino-functionalized
with 3-bromopropylamine hydrobromide (3-BPAH). The
surface-modified PI films are activated directly by PdCl,,
in the absence of prior sensitization by SnCl, (the Sn-free
activation process), for the subsequent electroless plating of
copper. The graft concentration, the degree of quaterniza-
tion (DQ), and the chemical states of the adsorbed palladium
species on the surface-modified PI films are investigated by
X-ray photoelectron spectroscopy (XPS). The effect of DQ
of the DMAEMA-g-PI film on the T-peel adhesion strength
of the electrolessly deposited copper is also investigated.
Although the individual surface modification techniques,
viz. (i) surface modification by graft copolymerization, (ii)
surface functionalization by quaternization, and (iii)
electroless deposition of copper via the Sn-free process,
have been reported individually, the combination of the
three techniques provides a unique approach to the metalli-
zation of the PI surfaces. These combined techniques can be
readily extended to the functionalization of other polymer
surfaces.

2. Experimental
2.1. Materials

The PI films used in present work were poly[N,N'-(oxydi-
phenylene)pyromellitimide]. They were obtained from the
Du Pont Chemical Company of Wilmington, DE as
Kapton® HN in rolls of 40 mm in width and 75 wm in thick-
ness. The surfaces of the PI films were cleaned with reagent
grade acetone in an ultrasonic water bath before use. The
monomers, DMAEMA and TMMAC, used for the surface
graft copolymerization were supplied by the Aldrich
Chemical Company of Milwaukee, WI and R6hm GmbH
of Darmstadt, Germany, respectively. The quaternizing
agent, 3-BPAH, was also obtained from the Aldrich Chemi-
cal Company. The chemical structures of the monomers and
the quaternizing agent are shown below:

TMMAC: CH,=C(CH;)CO,CH,CH,N " (CH;);Cl~
3-BPAH: BrCH,CH,CH,NH7 Br~

2.2. Argon plasma pretreatment and surface graft
copolymerization

The PI films were cut into strips of about 20 mm X 40 mm
in size. They were pretreated with argon plasma before the
UV-induced graft copolymerization. A cylindrical type
glow discharge cell, Model SP100, manufactured by
Anatech Ltd of Springfield, VA, USA was used for the
plasma treatment. The plasma power applied was kept at

32 W at a radio frequency of 40 kHz. The film was placed
between the two parallel plate electrodes and subjected to
the glow discharge under an argon pressure of about
0.5 Torr. The argon plasma-pretreated polymer films were
then exposed to the atmosphere for 10—20 min to facilitate
the formation of surface peroxides and hydroperoxides for
the subsequent UV-induced graft copolymerization
experiments [16].

UV-induced surface graft copolymerization with
DMAEMA and TMMAC was carried out according to the
procedure reported earlier for other vinyl monomers
[25,26]. Each PI film was immersed in 20 ml of the aqueous
monomer solution (10 vol%) in a Pyrex® tube. Each
reaction mixture was thoroughly degassed and sealed
under an argon atmosphere. It was then subjected to UV
irradiation from a 1000 W high-pressure mercury lamp for
a fixed period of time in a Riko RH400-10W rotary photo-
chemical reactor. The reactor was manufactured by Riko
Denki Kogyo of Chiba, Japan. It was also equipped with a
constant temperature water bath. The UV graft copolymer-
ization time was varied from 5 to 30 min. All UV-induced
graft copolymerization was carried out at about 25 °C. After
each grafting experiment, the PI films were removed from
the viscous homopolymer solution and washed with a jet of
doubly distilled water. It was then immersed in a water bath
with continuous stirring for at least 24 h to remove the
residual monomer and adsorbed homopolymer. The
DMAEMA and TMMAC graft-copolymerized PI surfaces
are denoted as the DMAEMA-g-PI and TMMAC-g-PI
surfaces, respectively.

2.3. Quaternization of the tertiary amine groups on the
DMAEMA-g-PI surface: the Q-DMAEMA-g-PI surface

The DMAEMA-g-PI films were immersed in an excess
volume of a freshly prepared 3-BPAH aqueous solution.
The 3-BPAH concentration was kept constant at 1 M. The
mixture was kept in a constant temperature water bath under
stirring for a predetermined period of time. The films were
then transferred into the 3 M NaOH solution to neutralize
the acidity introduced by the 3-BPAH, followed by rinse
with a 90:10 (v/v) acetone/water mixture to remove the
unreacted 3-BPAH. The films were finally washed with
acetone before being dried under reduced pressure.

2.4. Electroless deposition of copper on surface-modified Pl
films

The DMAEMA-g-PI, the TMMAC-g-PI and the
Q-DMAEMA-PI films were activated via the immobiliza-
tion of the palladium catalyst, in the absence of prior
sensitization by SnCl,, for the subsequent electroless plating
of copper. In this Sn-free activation process, the surface-
modified PI film was immersed directly in an aqueous
solution containing 0.1 mg/ml PdCl, and 10 mg/ml HCI
(37 wt%) for a predetermined period of time and then rinsed
twice with the doubly distilled water. The surface-activated
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PI film was then immersed in the electroless copper-plating
bath for 5-20 min to allow the deposition of a copper layer
of about 200 nm in thickness. The thickness of the deposited
metal was determined gravimetrically. The solution of the
copper plating bath was prepared afresh and the composi-
tion of the copper plating bath was as following: 0.7 wt%
CuS0,-5H,0, 2.5 wt% potassium sodium tartrate, 0.4 wt%
sodium hydroxide and 0.4 wt% formaldehyde. The Cu-
plated PI films were then rinsed thoroughly with copious
amounts of doubly distilled water, before being dried by
pumping under reduced pressure.

2.5. Surface characterization

The surface composition of the samples was determined
by XPS. XPS measurements were carried out on a Kratos
Analytical AXIS HSi spectrometer using a monochroma-
tized Al Ka X-ray source (1486.6 eV photons) at a constant
dwell time of 100 ms and a pass energy of 40 eV. The X-ray
source was run at a reduced power of 150 W (15 kV and
10 mA). The anode voltage was set at 15kV, while the
anode current was set at 15 mA. The pressure in the analysis
chamber was maintained at 5.0 X 10 % Torr or lower during
each measurement. The PI films were mounted on the stan-
dard sample stubs by means of the double-sided adhesive
tapes. The core-level signals were obtained at a photoelec-
tron take-off angle of 90° (with respect to the sample
surface). All binding energies (BEs) were referenced to
the C 1s hydrocarbon peak at 284.6 eV. In peak synthesis,
the linewidth (full width at half maximum or FWHM) of the
Gaussian peaks was maintained constant for all components
in a particular spectrum. Surface elemental stoichiometries
were determined from peak-area ratios, after correcting with
the experimentally determined sensitivity factors, and were
reliable to =10%. The elemental sensitivity factors were
determined using stable binary compounds of well-
established stoichiometries.

The surface morphology of the PI films was investigated
using a Nanoscope IIla atomic force microscope (AFM). All
images were collected in air using a tapping mode under a
constant force (scan size: 10 pm, set point: 3.34 wV, scan
rate: 1 Hz).

2.6. Adhesion strength measurement

The metallized PI film was thermally cured in a vacuum
oven at 120 °C for 2 h and then adhered to a copper sheet
backing (0.1 mm in thickness), using a commercial epoxy
adhesive (Araldite Stand® from Ciba-Geigy Chemical Co.
of Toms River, NJ, USA), for the subsequent T-peel adhe-
sion strength measurement. The assembly was thermally
treated in a vacuum oven at 120 °C for 2 h prior to the
adhesion strength measurement. The adhesion strength of
the electrolessly deposited copper on the graft-modified PI
films was determined by measuring the T-peel adhesion
strengths on an Instron tensile tester (Model 5544) from
the Instron Corp. of Canton, MA, USA. All measurements

were carried out at a cross-head speed of 10 mm/min. Each
adhesion strength value reported was the average of at least
five sample measurements, which usually did not vary by
more than =0.5 N/cm.

3. Results and discussion

Surface modification of PI film via argon plasma pretreat-
ment, followed by UV-induced graft copolymerization with
DMAEMA or TMMAUC, is shown schematically in Step 1 of
Fig. 1. The process of quaternization with 3-BPAH to intro-
duce the quaternary and primary amine groups on the
DMAEMA-g-PI surface is illustrated in Step 2 of Fig. 1.
The processes of Sn-free surface activation by PdCl, and the
subsequent electroless plating of copper on the surface-
modified PI film are illustrated schematically in Step 3 of
Fig. 1. Details of the surface modification and electroless
deposition processes are described later.

3.1. Surface modification of PI films by graft
copolymerization

Fig. 2 shows the C Is and N 1s core-level spectra of the
pristine (part (a)) and the 60 s argon plasma-treated (part
(b)) PI films. The C 1s core-level spectra of the pristine PI
film can be curve-fitted with five peak components with BEs
at about 284.6, 285.6, 286.4, 288.6 and 291.1 eV, attributed
to the CH species, the CH-N and CH-C(O) species, the
C-O species, the N—C=0 species and the m—m" shake-up
satellite, respectively [26,27]. Surface modification of PI
film by argon plasma treatment, followed by air exposure,
results in the formation of two additional carbon species at
BEs of about 287.4 and 289.3 eV (Fig. 2(b)). These two
peak components are attributable, respectively, to the carbo-
nyl species, which differs from the carbonyl species of the
imide group in the pyromellitic dianhydride chain, and to
the carboxyl species [28]. The [O]/[C] ratio of the pristine PI
film is about 0.21. The ratio increases to about 0.30 after
60 s of argon plasma treatment, followed by air exposure, in
agreement with the results generally reported in the litera-
ture [29]. It has also been suggested that argon plasma treat-
ment of the PI film can result in the cleavage of imide
linkages and give rise to the formation of carboxyl and
secondary amine groups [4]. The formation of the secondary
amine species is discernible in the N 1s core-level spectra as
a new lower BE component at about 399.7 eV. On the other
hand, the N 1s core-level spectrum of the pristine PI surface
consists of a single peak component at the BE of 400.6 eV,
attributable to the imide species (—N—(C=0),) [26,30].

Fig. 3(a) and (b) shows the respective N 1s core-level
spectra for the 60 s argon plasma-pretreated PI films after
having been subjected to 15 and 30 min of UV-induced graft
copolymerization in 10 vol% DMAEMA. Fig. 3(c), on the
other hand, shows the N Is spectrum of the 60 s argon
plasma-pretreated PI film after having been subjected to
15 min of UV-induced graft copolymerization in 10 vol%
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Step 1: Plasma Pretreatment of PI Film and UV-induced Graft Copolymerization with DMAEMA or TMMAC
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Fig. 1. Schematic diagram illustrating the processes of (Step 1) argon plasma pretreatment of PI film, UV-induced graft copolymerization, (Step 2)
quaternization with 3-BPAH, and (Step 3) the Sn-free activation by PdCl,, and electroless deposition of copper on the surface-modified DMAEMA-g-PI film.

TMMAC solution. The respective PI surfaces after modifi-
cation by graft copolymerization are referred to as the
DMAEMA-g-PI and TMMAC-g-PI surfaces. The presence
of surface grafted DMAEMA polymers can be deduced
from the appearance of the N s core-level signal at about
399.1 eV, attributable to the tertiary amine (—N(CHj),)
species [31]. The presence of surface grafted TMMAC poly-
mers, on the other hand, is suggested by the appearance of
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Fig. 2. C 1s and N 1s core-level spectra of (a) the pristine PI film and (b) the
60 s argon plasma-treated PI film.

the N 1s peak component at about 402.3 eV for the quatern-
ary amine (-N “(CH,)s) species [31]. The persistence of the
imide peak component (—-N—(C=0),) of a fairly strong
intensity at about 401.6 eV in the N 1s core-level spectra
of Fig. 3(a) and (c) suggests that the thickness of the grafted
DMAEMA or TMMAC polymer layer for these two
samples is less than the probing depth of the XPS technique
(about 7.5 nm in an organic matrix [32]). On the other hand,
the barely discernible N 1s peak component at the BE of
400.6 eV, as shown in Fig. 3(b), indicates that the PI surface
is almost fully covered by the grafted DMAEMA polymer to
a thickness comparable to the probing depth of the XPS
technique.

The graft concentration of the DMAEMA or TMMAC
polymer on the PI surface is defined as the number of repeat
units of the graft chain per repeat unit of the substrate chain.
The surface graft concentration is determined from the peak
area ratio of the tertiary (-N(CHj),) or quaternary
(-N"(CH;);) amine peak component to the corresponding
imide (-N—(C=0),) peak component in the curve-fitted N
Is spectrum. These components are associated, respec-
tively, with the DMAEMA graft chains, the TMMAC
graft chains, and the substrate PI polymer. The concentra-
tion of the surface grafted DMAEMA or TMMAC polymer
is, thus, expressed as the 2[-N(CHj3),])/[-N—(C=0),] or the
2[-N"(CH;);]/[-N—(C=0),] molar ratio, respectively. The
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Fig. 3. N Is core-level respective spectra of the surface-modified PI films
from UV-induced graft copolymerization in the 10 vol% DMAEMA mono-
mer solution (a) for 15 min and (b) for 30 min or in the 10 vol% TMMAC
monomer solution (c) for 15 min.

factor 2 in the numerator is introduced to account for the fact
that there are two functional —N—(C=0), groups in every
repeat unit of the PI molecule.

One of the key factors that affect the graft concentration
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Fig. 4. Dependence of the graft concentration of the DMAEMA and
TMMAC polymer on UV grafting copolymerization time (plasma pretreat-
ment time = 60 s and monomer concentration = 10 vol%).

of DMAEMA or TMMAC polymer on the PI surface during
the UV-induced graft copolymerization is the UV graft
copolymerization time. In this work, the variation in graft
concentration of the DMAEMA polymer on the PI surface
was studied by varying the UV irradiation time from 5 to
25 min, while keeping the plasma pretreatment time of the
PI films at 60 s and the DMAEMA or TMMAC monomer
concentration in the graft copolymerization medium at
10 vol%. Earlier studies [16,33] have shown that 60—80 s
of argon plasma pretreatment of the PI film under similar
glow discharge conditions is optimum or close to optimum
for the surface peroxides formation. It is observed in Fig. 4
that the graft concentration increases sharply with the UV
graft copolymerization time. It is also found that when the
UV graft copolymerization time is above 30 min, the N 1s
peak component signal at 400.6 eV for the PI substrate is no
longer discernible. Thus, the graft concentration, based on
the present definition and XPS-derived surface composition,
becomes ‘infinity’ for these two monomers.

3.2. Surface morphology of the graft-copolymerized PI films

The changes in surface morphology of the PI films after
modification by graft copolymerization with the respective
DMAEMA and TMMAC monomer are studied by AFM.
The respective AFM images of the pristine PI film surface
and the DMAEMA-g-PI (graft concentration = 6.6) surface
and the TMMAC-g-PI (graft concentration =2.7) sur-
face are shown in Fig. 5. The root mean square surface
roughness (R,) of the pristine PI film is about 0.75 nm.
The R, values for the DMAEMA-g-PI and TMMAC-g-PI
surfaces increase to about 2.6 and 1.6 nm, respectively. The
graft polymer exists as a distinctive overlayer on the PI
surface, while the surface of the pristine PI film is compara-
tively flat. The more rugged surface morphology of the
graft-copolymerized films will facilitate, to some extent,
the spatial interactions of the graft layer with the incoming
metal atom or ions in the subsequent Sn-free activation and
electroless copper plating processes.

3.3. Quaternization of the DMAEMA-g-PI surface: the
Q-DMAEMA-g-PI surface

The tertiary amine species on the DMAEMA-g-PI surface
were quaternized by the alkyl halide, 3-BPAH, in
Menschutkin reaction [34] and subsequently neutralized in
a base (NaOH) solution to produce the primary amine and
the quaternary ammonium species. Fig. 6(a) shows the Br 3d
and N Is core-level spectra of the quaternizing agent,
3-BPAH. The Br 3d core-level spectrum of 3-BPAH
consists of two spin—orbit split doublets of about equal
sizes/areas, with the Br 3ds, components lying at about
68.8 and 71.1 eV and attributable to the ionic (Br ) and
covalent (—Br) bromine species [32], respectively. The N 1s
core-level spectrum with the BE at 401.1 eV is attributable
to the NH, species in the form of the protonated amine salt
(=NH,-HBr) [32]. The N 1s and Br 3d core-level spectra of
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Fig. 5. AFM images of (a) the pristine PI surface, (b) the DMAEMA-g-PI
surface, and (c) the TMMAC-g-PI surface.

two DMAEMA-g-PI films (UV  graft copoly-
merization = 30 min, graft coverage comparable to the
probing depth of the XPS technique) quaternized in 1 M
3-BPAH at 50 °C for 1 and 8 h, respectively, followed by
neutralization in NaOH solution, are shown in Fig. 6(b) and
(c). The appearance of a new peak component in the N 1s
core-level spectrum of the DMAEMA-g-PI surface at
402.3 eV, which can be assigned to the nitrogen of the
quaternary amine [32], suggests that some of the tertiary
amine species of the DMAEMA-g-PI surface have been
converted into the quaternary amine  species
(-N"(CH3),R(Br7)). The quaternization by 3-BPAH is
also confirmed by the presence of only the ionic doublet
in the Br 3d core-level spectrum of the quaternized
DMAEMA-g-PI surfaces. Furthermore, no imide (-N-
(C=0),) peak component signal at the BE of 400.6 eV for
the PI substrate is discernible on the quaternized surfaces.

The DQ is the most important characteristic of the
Q-DMAEMA-g-PI surfaces. However, the DQ value
obtained is somewhat dependent on the analytical method
used, such as '"H NMR and gel-permeation chromatography
[35,36]. In the present work, XPS is employed to measure
the surface composition of the graft layer in the first few

N1s (a) Br
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Br 3d
-br

| | | |
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Q-DMAEMA-g-P1
(Reaction Time=1 h: DQ=38%)
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(©)
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Fig. 6. N 1s and Br 3d core-level spectra of (a) 3-BPAH, and the
DMAEMA-g-PI surfaces quaternized in 1M solution of 3-BPAH at
50 °C for (b) 1, and (c) 8 h.

nanometers before and after quaternization. The DQ value is
then deduced from the surface composition. The N 1Is peak
component at about 399.1 eV for the Q-DMAEMA-g-PI
surface actually originates from two photoelectron signal
sources, one from the nitrogen of the unquaternized tertiary
amine species (—N(CH;);) of the grafted DMAEMA
polymer and the other from the NH, species of the coupled
3-BPAH. Therefore, the DQ of the graft layer is derived
from the following equation:

DQ = (Area of N 1s component at 402.1 eV)

/(Area of N 1s component at 399.1 eV)

as the conversion of each tertiary amine nitrogen of the
grafted DMAEMA unit into the quaternized nitrogen by
3-BPAH is also accompanied by the introduction of a NH,
species at the BE of 399.1 eV. Furthermore, when the thick-
ness of the quaternized graft layer exceeds the probing depth
of XPS, there is no N 1s component signal at 401.6 eV from
the PI substrate. Thus, according to the above definition, the
DQs for the quaternized DMAEMA-g-PI surfaces at the
quaternization time of 1 and 8 h are about 38 and 95%,
respectively. Thus, for all quaternization experiments,
only DMAEMA-g-PI films with a graft copolymerization
time of 30 min, and with a surface coverage (by the grafted
DMAEMA polymer) comparable to the probing depth of the
XPS technique, are used.

Two identical DMAEMA-g-PI films were quaternized at
30 and 50 °C, respectively, in a 1 M aqueous solution of
3-BPAH for 1-24 h. As shown in Fig. 7, the DQ value
increases with the reaction time at both temperatures over
the entire reaction period of 24 h. For quaternization carried
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Fig. 7. The dependence of DQ of the DMAEMA-g-PI surface on the quater-
nization time in the 1 M solution of 3-BPAH at 30 and 50 °C.

out at 30 °C, the DQ is only about 41% after 12 h and
increases slowly thereafter. At the higher temperature of
50 °C, the DQ has already reached 95% after 8 h in the
1 M 3-BPAH solution.

3.4. Characteristic of the surface-modified Pl films and their
relevance to electroless plating of copper

3.4.1. Activation of the surface-modified PI films by the
Sn-free process

In the present work, the surface-modified PI films are
activated directly by immersion in the PdCl, solution, in
the absence of prior surface sensitization by SnCl,, for the
subsequent electroless plating of copper. Fig. 8 shows the Pd
3d and N 1s core-level spectra of the corresponding
DMAEMA-g-PI film (UV graft copolymerization time = 30
min, part (a)), its quaternized counterpart (the
Q-DMAEMA-g-PI Film, DQ = 91%, part (b)), and the
TMMAC-g-PI film (UV graft copolymerization time = 30
min, part (c)), after activation in PdCl, solution for 5, 2 and
2 min, respectively. The presence of surface adsorbed Pd
species is revealed by the appearance of the Pd 3d core-
level signal on all three activated PI surfaces. The Pd 3d
core-level spectrum of each surface consists of three spin—
orbit split doublets. The lowest BE doublet with the BEs for
the Pd 3ds/, and Pd 3d;,, peak components lying at about 335
and 340 eV, respectively, are assigned to the Pd° species.
The Pd 3ds, and Pd 3d;, peak components with BEs at
about 338 and 343 eV, respectively, are assigned to the
Pd** ions. The major doublet having the intermediate BEs
for the respective 3ds, and 3d;, components at about 336.5
and 341.5 eV, respectively, are assigned to the Pd complex
(Pd") [37]. For the three samples, the area of the Pd" peak
components comprises about 85-95% of the total Pd 3d
spectral area. The area of the peak components for the

Pd 3d N(CH;), N 1s

N'(CH3),HCI
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Fig. 8. Pd 3d and N 1s core-level spectra of (a) the DMAEMA-g-PI surface,
(b) the Q-DMAEMA-g-PI (DQ = 91%) surface, and (c) the TMMAC-g-PI
(UV graft copolymerization time = 30 min) surface activated in the PdCI,
solution by the Sn-free process for 5, 2 and 2 min, respectively.

Pd** species, on the other hand, contributes less than 5%
of the total Pd 3d area. These results indicate that palladium
is mainly complexed on the three graft-modified PI
surfaces. The palladium uptakes, as indicted by the [Pd]/
[N] ratios and deduced from the Pd 3d and N 1s core-level
spectral area ratios, are 0.17, 0.26 and 0.29, respectively, for
the DMAEMA-g-PI, the Q-DMAEMA-g-PI and the
TMMAC-g-PI surfaces.

Immersion of the DMAEMA-g-PI and Q-DMAEMA-
g-PI films containing tertiary amine groups on their surfaces
into the acidic PdCl, solution in the Sn-free activation
process results in the appearance of a new N 1s peak compo-
nent at 401.2 eV. The XPS results suggest that in the HCIl
solution of PdCl,, some of the tertiary amine groups
(-N(CH3);) on the DMAEMA-g-PI surface, as well
as some of the primary amine and the tertiary amine
group on the Q-DMAEMA-g-PI surface, have been
partially protonated to give rise to such structures as
—N"H(CH;),Cl~ and -NH5 C1™. The N 1s core-level line-
shape of the PdCl,-activated TMMAC-g-PI surface, on the
other hand, remains practically unchanged after activation
in the PdCl, solution.

3.4.2. Effect of surface functionalization on the induction
period for the electroless plating of copper

Palladium exists mainly in the complexed form on the
three types of the graft-modified PI surfaces. The sub-
sequent redox plating reaction of copper occurs on the
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palladium-activated PI surfaces [38]:

HCHO + 30H™ < HCOO™ + 2H, + 2¢~ (pH 14, E°

=1.070 V)

Cu*™ +2¢ = Cu’ (E°=0340 V)

The onset of the electroless copper deposition is preceded
by a non-steady-state period, or an induction period [38].
The major factors that determine the time necessary to reach
the rest potential of the reducing agent are the type and the
concentration of the ligand present [39]. For the activation
of the DMAEMA-g-PI surface by the Sn-free process, an
approximately 10 min of induction period was needed for
the steady copper plating process to commerce. However,
for the Q-DMAEMA-g-PI and the TMMAC-g-PI surfaces
with the quaternary amine groups and activated in the same
way, 1 min or less was sufficient to initiate the copper
plating process. Their surfaces darkened quickly with the
evolution of hydrogen bubbles. The plating rate is thus
improved substantially in the case of the latter two surfaces.
In theory, the electroless plating process is initiated by the
reaction of formaldehyde with the hydroxide ions, forming
hydrogen with the simultaneous release of electrons [38].
The electrons are transferred across the Pd and used for the
decomposition of copper complex into copper metal atom.
In the alkaline copper plating bath, the two surfaces with the
quaternary amine groups still retain the cationic properties.
Thus, the OH anions in the plating solution can be
adsorbed on these surfaces quickly via electrostatic inter-
action to facilitate the subsequent electron transfer in the
anodic reaction.

3.4.3. Copper absorption on the functionalized PI surfaces

The pristine (un-activated) DMAEMA-g-PI, Q-
DMAEMA-g-PI (DQ = 48%) and TMMAC-g-PI films
(the latter two involving the NR; quaternary amine groups)
were immersed into a modified copper plating solution, in
which no formaldehyde was added, for 30 s. After the reac-
tion, all films were removed and rinsed thoroughly with
doubly distilled water before being dried under reduced
pressure. The compositions of the resulting surfaces were
analyzed by XPS. The Cu 2p and N 1s core-level spectra of
the respective surfaces are shown in Fig. 9(a)—(c). The Cu
2p signal is only discernible on the Q-DMAEMA-g-PI and
TMMAC-g-PI surfaces. For the DMAEMA-g-PI surface,
the N 1s lineshape is still characteristic of that of the tertiary
amine groups of the grafted DMAEMA polymer. These
results suggest that both the Q-DMAEMA-g-PI and the
TMMAC-g-PI films with the NR; species on their surfaces
have a strong ability to extract copper species from the
copper complexes in the plating solution. The results are
consistent with those reported in Ref. [40] on the molecular
reaction of the NR; species in the copper complex solution.
Nevertheless, the optimum adhesion strength of the electro-
lessly deposited copper on the TMMAC-g-PI surface is far
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Fig. 9. Cu2p and N 1s core-level spectra of (a) the DMAEMA-g-PI surface,
(b) the Q-DMAEMA-g-PI (DQ = 48%) surface, and (c) the TMMAC-g-PI
surface after immersing for 30 s in a modified Cu plating solution, in which
no formaldehyde was added.

lower than that of copper on the Q-DMAEMA-g-PI surface
(see below). Thus, the specific interaction of the NR; group
with Cu(Il) ion has only limited contribution to the observed
adhesion strength improvement. The enhanced adhesion of
electrolessly deposited copper to the Q-DMAEMA-g-PI
surface, on the other hand, is due to the introduction of
the reactive —NH, in the coupled 3-BPAH (see below).

3.5. Adhesion of the electrolessly deposited copper on the
surface-modified PI films

The ultimate adhesion strength between the metal and the
polymer substrate is one of the primary concerns in the
actual electronic applications. Fig. 10 shows that
the T-peel adhesion strength of the electrolessly deposited
copper on the DMAEMA-g-PI surface increases with
increasing graft concentration on the substrate surface. A
maximal T-peel adhesion strength of about 4 N/cm is
achieved for the electrolessly deposited copper on the
DMAEMA-g-PI film, in comparison to 2.5 N/cm on the
TMMAC-g-PI film at about the same graft concentration.
The adhesion strength of the electrolessly deposited copper
on the graft-modified PI surfaces is thus much higher than
that of the electrolessly deposited copper on the pristine PI
film (negligible), or that of the electrolessly deposited
copper on the argon plasma-treated PI film (0.5 N/cm), via
the two-step activation process. The dependence of the
T-peel adhesion strength of the electrolessly deposited
copper on the DQ of the DMAEMA-g-PI surface is also
shown in Fig. 10. The adhesion strength increases further
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Fig. 10. The dependence of the T-peel adhesion strength of the electrolessly
deposited copper on the graft concentration of DMAEMA polymer on the
PI surface and on the DQ of the quaternized DMAEMA-g-PI surface.

with the DQ. An optimum T-peel adhesion strength of about
6.4 N/cm is achieved for the electrolessly deposited copper
on the Q-DMAEMA-g-PI (DQ = 95%) surface. The
primary amine group introduced by the coupled 3-BPAH
can interact actively with the electrolessly deposited copper
to form the Cu—N bonds [41]. This interaction accounts, to a
large extent, for the enhanced adhesion strength of the
electrolessly deposited copper on the Q-DMAEMA-g-PI
surface. On the other hand, the enhanced adhesion strength
generally obtained for the graft-modified surface is also
attributable to the spatial distribution of the graft chains
on the PI film surface and into the metal matrix, as well
as the fact that the grafted DMAEMA chains are covalently
tethered on the PI surface.

3.6. Failure mode of the Cu/Q-DMAEMA-g-PI assembly

In the investigation of metal/polymer adhesion, a study of
the locus of adhesion failure is expected to be informative.
The adhesion failure mode of the electrolessly deposited
copper on the DMAEMA-g-PI surface and its quaternized
surface via the Sn-free activation process was briefly inves-
tigated by XPS. Fig. 11 shows the Cu 2p and N 1s spectra of
the delaminated Cu (part (a)) and PI (part (b)) surfaces from
an assembly involving the electrolessly deposited copper on
the DMAEMA-g-PI film (graft copolymerization time = 30
min) and having a T-peel adhesion strength of about 4 N/
cm. Copper signal is detected on both of the delaminated
surfaces, although its intensity is comparatively lower on
the PI surface. Fair amounts of DMAEMA polymer are
also detected on both of the delaminated surfaces, as indi-
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Fig. 11. Cu 2p and N 1s XPS core-level spectra of the delaminated (a)
copper and (b) PI surfaces from an assembly involving electrolessly depos-
ited copper on the DMAEMA-g-PI film and having a T-peel adhesion
strength of about 4 N/cm.

cated by the presence of the tertiary amine nitrogen signals
on both surfaces. These results suggest that the adhesion
failure mode must have involved the fracture of the graft
chains at the interphase consisting of the electrolessly
deposited copper and the grafted DMAEMA polymer.
Thus, the failure mode is adhesional in nature. A similar
failure mechanism is also observed for the corresponding
assemblies involving the Q-DMAEMA-g-PI surface and
having a T-peel adhesion strength in the range 4—6.4 N/cm.

4. Conclusions

Introduction of tertiary and quaternary amine groups onto
PI films was carried out via UV-induced graft copolymer-
ization with DMAEMA (the DMAEMA-g-PI film) and
TMMAUC, respectively. Quaternization of the DMAEMA-
g-PI film with 3-BPAH (the Q-DMAEMA-g-PI film) had
also been carried out. The DQ was affected by the quaterni-
zation time and the reaction temperature. Palladium
complex formation on the DMAEMA-g-PI, its quaternized
counterpart and the TMMAC-g-PI surfaces was achieved in
the absence of prior sensitization by SnCl,. A rather short
induction time (<1 min) was sufficient to initiate the
electroless plating of copper on the palladium complex-
activated Q-DMAEMA-¢g-PI and the TMMAC-g-PI
surfaces. The T-peel adhesion strength of the electrolessly
deposited copper on the DMAEMA-g-PI film was enhanced
by quaternization. An optimum T-peel adhesion strength of
about 6.4 N/cm was achieved for the electrolessly deposited
copper on the Q-DMAEMA-g-PI surface. The strong adhe-
sion of the electrolessly deposited copper to the Q-
DMAEMA-g-PI film was attributed to the strong interaction
of the various nitrogen species on the quaternized surface
with palladium and copper, and to the spatial distribution of
the graft chains on the PI surface and into the metal matrix.
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