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Copper was directly deposited on a polymer substrate whose
surface is coated with a palladium nanoparticle/silica nano-
particle/acrylic polymer hybrid layer. On the surface of the
hybrid, the palladium nanoparticles function as a catalyst for the
electroless copper deposition, and the nanometer-scale rough-
ness, which is due to the silica nanoparticles, increases the
adhesion between the polymer and copper.

Hybrid materials composed of polymers and nanoparticles,
such as metal nanoparticles and metal oxide nanoparticles, are of
great scientific and industrial interest because of their unique
properties.!”” Efforts have been made to incorporate nano-
particles into polymer matrices, given the fact that a nano-
particle-dispersed polymer material (nanoparticle/polymer hy-
brid) derives its properties from the nanoparticles, such as
catalytic activity'> and high refractive index.* Metal nano-
particle/polymer hybrid films can be prepared by means of
casting from a solution containing metal nanoparticles and
polymers,> by the deposition of metal nanoparticles on the
surface of a polymer film,"? and by in situ formation of metal
nanoparticles® via the reduction of metal ions by reducing
agents'>>7 and photochemically generated radicals.>*'© The
obtained hybrid films are expected to be metallized by means of
electroless plating due to the catalytic activity of the metal
nanoparticles. Electroless plating is a simple and cost-effective
method not only for metallization of polymer substrates but also
for fabrication of metallic patterns on polymer substrates.!!!?
Common electroless processes involve three main steps: i)
surface preparation, ii) surface activation or surface seeding
with a catalyst, and iii) the electroless plating process itself.
While surface preparation, such as etching to increase the
surface roughness, is necessary to provide good adhesion, it can
affect the physical properties of the deposited metal film and
damage the polymer substrate. Conventional patterning on a
flexible polymer film, such as the semiadditive process used in
the fabrication of microelectronics devices, has been achieved
using multistep lithographic methods, which include pretreat-
ment of flexible film, the application of a resist, patterning of
the resist by lithography (e.g., UV-exposure and development),
the deposition of metal by plating, lifting off the resist, and
post-treatment.! Recently, to fabricate a micropattern, a simple
and cost-effective approach containing direct metallization of
photolithographic and printed patterns has attracted much
attention.'>™!7 Copper is the most important metal in this
process, because of its high conductivity and low electro-
migratory property. Therefore, we have proposed the fabrication
of micropatterns by direct electroless copper deposition on a
photolithographic pattern.!” In this paper, we report on such
direct electroless copper deposition on a polymer substrate
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Figure 1. Schematic representation of the formation of a
palladium nanoparticle/silica nanoparticle/acrylic polymer hy-
brid layer on a PET substrate, followed by the electroless copper
deposition.

whose surface is coated with a palladium nanoparticle/silica
nanoparticle/acrylic polymer hybrid layer (<100 nm), as shown
in Figure 1. The copper film was formed in three steps: i) the
formation of a layer containing acrylate monomer, palladium
salt, silica nanoparticles, and a radical initiator by spin-coating
on the flexible polymer film, ii) the formation of a palladium
nanoparticle/silica nanoparticle/acrylic polymer hybrid layer by
curing the coated layer at 120°C, and iii) electroless copper
deposition on the hybrid layer. The palladium nanoparticles are
formed in situ and function as a catalyst for the electroless
copper deposition. Silica nanoparticles modified by an acryl
group are dispersed uniformly in an acryl polymer matrix,* and
they endow the hybrid layer surface with a nanometer-scale
roughness that increases the adhesion to the copper film. Next,
we discuss the nanometer-scale structure of the hybrid surface,
which plays an important role in electroless deposition.

A typical hybrid layer was prepared as follows: tris(acryl-
oyloxymethyl)propane (TMPTA, monomer, 55mg), palla-
dium(Il) acetate (5 mg), 2,2-azobisisobutylonitrile (AIBN, radi-
cal initiator, 5mg), and silica nanoparticles (a primary particle
size 24nm, modified by an acrylic group, toluene dispersion,
Fuso Chemical, 10mg) were dissolved in propylene glycol
I-monomethyl ether 2-acetate (PGMEA, 4mL). From the
PGMEA solution, a poly(ethylene terephthalate) (PET) film
(thickness 250 um) was spin-coated with a layer composed of
TMPTA /palladium acetate/ AIBN//silica nanoparticle. The coat-
ed PET film was annealed at 120 °C for 30 min and then washed
with methyl isobutyl ketone (MIBK) to remove the low-
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Figure 2. Microscopic images of the palladium nanoparticle/
silica nanoparticle/acrylic polymer hybrids. (a) TEM image of
the hybrid. FE-SEM images of the surface of the hybrid layers
(b) containing silica nanoparticles and (c) containing no silica
nanoparticles. AFM surface plots of the hybrids (d) containing
silica nanoparticles and (e) containing no silica nanoparticles.
Cross-sectional TEM (f) and FE-SEM (g) images of the copper
film deposited on the hybrid-coated PET substrate.

molecular-weight components, which resulted in the formation
of a palladium nanoparticle/silica nanoparticle/acrylic polymer
hybrid layer (thickness 50-100nm) on its surface. Electroless
copper deposition was then carried out at 40°C in a copper
deposition bath (Okuno Chemical Industries).

The layer containing acrylate monomer, palladium salt,
silica nanoparticles, and radical initiator on a PET substrate was
converted to a palladium nanoparticle/silica nanoparticle/
acrylic polymer hybrid layer by annealing at 120°C.'® The
radicals would induce the radical polymerization of the acrylate
monomer and also would reduce the palladium ion to form the
palladium nanoparticles. A transmission electron microscopy
(TEM) image (Figure 2a) of the hybrid shows the palladium
nanoparticles (black particles, diameter: <ca. 5nm) and silica
nanoparticles (gray particles, diameter: 30-50nm), although
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Figure 3. ATR-IR spectrum obtained from the copper film
side after the pull test on the copper-deposited PET substrate.

most of the palladium nanoparticles seem to be aggregated.
Using electroless copper deposition, a copper film (thickness
150 nm) was deposited on the surface of the hybrid-coated PET
substrate. The copper film was free of cracks and defects. A field
emission scanning electron microscope (FE-SEM) image and
an atomic force microscope (AFM) image of the copper film
show granular copper deposits (Figures S1-S323). The adhesion
between the copper film and the PET substrate was evaluated
through a peel adhesion test using 3M tape. In the test, copper
film (20mm x 10 mm) was scored into 1 mm x 1 mm squares,
after which tape was applied to the cut surface and then peeled
off. When the test was performed, the copper film on the PET
substrate coated with the hybrid containing silica nanoparticles
was completely undamaged, whereas most of the copper film
on the substrate coated with the hybrid containing no silica
nanoparticles was damaged (Figure S4%%). This shows that silica
nanoparticles increase the adhesion between the copper film and
the hybrid (copper/hybrid interface). The adhesive strength
between the copper and the PET substrate as obtained by the pull
adhesive test was 4.1 N mm™2. After the pull test, the copper film
side and the PET substrate side of the sample were analyzed by
ATR-FT-IR (Figure 3). Some peaks that are attributable to the
acrylic polymer (Figure S5%%), which is a major component of
the hybrid, were observed for the copper film side'® but not for
the PET substrate side (Figure S62%). The pull-off occurred at the
interface between the hybrid layer and the PET substrate side
(hybrid/PET interface), because the copper/hybrid has a greater
adhesive strength than the hybrid/PET. This result also shows
that there is a high degree of adhesion between the copper film
and the hybrid.

The surfaces of the hybrid layer containing silica nano-
particles (Figure 2b) and that containing no silica nanoparticles
(Figure 2¢) were observed by FE-SEM. The roughness of the
hybrid surface was evaluated in further detail by AFM
(Figures 2d and 2e). A comparison of all the images shows
that palladium nanoparticles and silica nanoparticles are present
on the hybrid surface as shown below. The FE-SEM image
of the surface of the hybrid containing silica nanoparticles
(Figure 2b) shows particles with diameters of 10-100 and 30—
50nm, which are thought to be aggregated palladium nano-
particles and silica nanoparticles, respectively (see Supporting
Information®®). The AFM image (Figure 2d) shows the rough-
ness of the hybrid surface (<ca. 50 nm), which is due to the
silica nanoparticles. In contrast, the FE-SEM (Figure 2c) and
AFM (Figure 2e) images of the surface of the hybrid containing
no silica nanoparticles show aggregated palladium nanoparticles
and a flat surface (roughness: <ca. 10nm), respectively. It
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Figure 4. Proposed mechanism for the formation of the
palladium nanoparticle/silica nanoparticle/acrylic polymer hy-
brid.

appears that the roughness due to the aggregated palladium
nanoparticles is smaller than ca. 10nm. Cross-sectional TEM
and FE-SEM images of the copper film deposited on the hybrid-
coated PET substrate are shown in Figures 2f and 2g. In
Figure 2f, palladium particles (gray particles, diameter: <ca.
S5nm) and a rough interface derived from silica nanoparticles
(diameter: 20-30nm) were observed in the layer between the
copper film (upper layer) and the PET substrate (lower layer),°
which is considered to be the hybrid layer. Figure 2g shows that
copper is penetrated into the lower layer, which is considered
to be the hybrid layer. Copper seems to be deposited between
the silica nanoparticles, which are present on the surface of
the hybrid layer. All these images clearly indicate that the
palladium nanoparticles on the surface of the hybrid catalyze the
electroless deposition and that the interface between the
deposited copper and the hybrid is rough for the silica
nanoparticles. The nanometer-scale roughness (<ca. 50nm)
due to the silica nanoparticles would promote the adhesion
through nanoscale mechanical interlocking effects.?!

The hybrid layer would be formed as shown in Figure 4.
The radical from AIBN induces the reduction of the palladium
ion®81922 a5 well as the radical polymerization of the acrylate
monomer (TMPTA). The acryl group at the surface of the silica
nanoparticles copolymerizes with the acrylate monomer, form-
ing the crosslinking network composed of acrylic polymer chain
and the silica nanoparticles. During the polymerization process,
palladium nanoparticles are formed in situ, and they do not grow
into larger size particles because they cannot diffuse in the
crosslinking network. The proposed mechanism for the copper
deposition is shown in Figure 1. The hybrid layer (thickness
50-100 nm) composed of the palladium nanoparticles, the silica
nanoparticles (average diameter 24 nm), and the acrylic polymer
is formed by annealing, and its surface is characterized by
roughness (<ca. 50nm) that is due to the presence of silica
nanoparticles, as described above. Electroless copper deposition
catalyzed by palladium nanoparticles on the hybrid layer forms
a copper film,'® whose strong adhesion results from the
nanometer-scale roughness of the hybrid surface. This process
enables direct electroless copper deposition on a smooth
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polymer film. In common electroless processes, metals are
deposited onto a polymer surface that has a micrometer-scale
roughness formed by chemical etching,'"'> which can affect the
physical properties of the metal film and damage the polymer
substrate.

In summary, copper was deposited directly on a polymer
substrate coated with a hybrid layer. On the surface of the
hybrid, the palladium nanoparticles function as a catalyst for the
electroless deposition, and the silica nanoparticles interlock the
copper and the hybrid to increase their adhesion. This process is
expected to be applicable to the fabrication of micropatterns by
means of printing techniques that use an ink composed of
monomer, palladium salt, and so forth, followed by curing and
electroless plating.
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