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Abstract

It is highly desired to simplify the technology of electroless plating on inert polymer. Herein we developed a new kind of
catalytic solution (mixture of H,O, AgNO; and 3-aminopropyltriethoxysilane), which can write onto inert polymer directly
with good stability, resolution and catalytic performance. Then, a facile method combined with catalyst solution printing
and electroless plating to fabricate selective metal (copper and nickel) coating on polymer (polypropylene and polyethylene
terephthalate) surface. The growth behavior, electrical, and structural properties of plated coating were investigated. The
minimum width of copper coating is 250 pum, thickness is 2.2 pm, resistivity is 2.6 x 10~ Q cm, adhesion of 2.2 pm thick

coating maintain 5B. In addition, the selective metal coating have excellent bending and fatigue resistance.

1 Introduction

Electroless deposition process is an interesting approach
for low-cost, simple, efficient and large-scale development
of variety of compounds ranging from single metals, metal
oxides to metal hydroxide/oxyhydroxides.

The method combined with inkjet (catalyst solution)
printing and electroless deposition to fabricate selective
metal coating on inert polymer have been employed as
technology in the fabrication of selective metalization of
polymer [1-5]. However, the metal catalysts hold incom-
pact structure and easy to break off in the plating solution
[6]. Pretreatment can improve the interfacial adhesion
between metal catalysts and polymer surface [1-6]. Research
efforts were focused on modifying a intermediate layer with
some activated groups (hydroxyl, carboxyl, amino) which
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could adsorb catalytic [6—8]. There is great adhesion (cata-
lysts/intermediate layer and intermediate layer/catalytic),
so that the one can’t be dissolved in plating solution. The
intermediate layer was generally fabricated using silane [6,
7] and primer [9—11]. The catalyst solution was the mixture
of metal ion (Ag*, Pd>*, Au"), ethanol, ethanediol, water,
propanol and glycerol [6, 7, 9-11]. The intermediate layer
can adsorb metal ions when the catalyst solution printed
on its surface. The adsorbed metal ions will be reduced by
a reductant in the plating solution. As a result, selectively
activated polymer was fabricated.

In order to simplify the electroless plating process, some
researches attempt to eliminate the process of surface modi-
fication. Zhang et al. [5] reported that selectively metallized
photopaper was prepared with printing catalyst solution and
then electroless plating. The catalyst solution ((NH,),PdCl,
solution) could bond with amine group along the photopa-
per fiber. Sun et al. [4] reported that silver iron in solvent
(ethanol and dichloroethane) was written on polyethylene
terephthalate (PET) surface. The solvent would cause swell-
ing effect or partial dissolution of the polymer surface. The
catalytic particle was loaded onto the polymer surface. In
these researches, the catalyst solution printed onto substrate
directly, meanwhile, the adhesion force to substrate was
strong. But these technologies demand very particular sub-
strate (high activity) and activated solution (corrosiveness).
Its particularity cumbers its widely use in selective electro-
less plating on inert polymer.
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In this work, we have developed a new kind of cata-
lytic solution. The catalytic solution can realize to modify
and activate the inert polymer simultaneously. The mecha-
nism of modify inert polymer and catalytic performance
were discussed. Then, a facile method combined with print-
ing catalyst solution and electroless deposition to fabricate
selective metal coating. Finally, this facile technique can
prepare high-resolution, high-adhesion, through-hole and
double-sided metal pattern on various substrates, which
is low-cost and suitability for printed electronics. The
growth behavior, electrical, and structural properties of
plated coating were investigated.

2 Experimental details
2.1 Preparation of catalyst coating

The 3-aminopropyltriethoxysilane (KH550) (10 g) and
mixing solution (H,O (1 g) and ethanol (70 g)) were added
in a four-neck flask equipped. 10 g AgNO; solution (3 g/L)
dropped into the system at 333 K for 2 h. The surface ten-
sion was adjusted to about 28.0 mN/m by adding ethanol
(1 g), glycerol (3 g) and ethanediol (2 g). Then the catalyst
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Fig. 1 Schematic diagram of preparing catalyst solution procedure

solution was then obtained. The procedure for preparing
catalyst solution was schematically illustrated in Fig. 1.

2.2 Preparation of selective electroless copper
plating

The commercial PET and polypropylene substrate was
bought from Hefei Lucky & Technology Industry Co. Ltd
(Hefei, China). Through-hole sample was mechanically
drilled. The substrate was cleaned by NaOH solution (5%),
and then deionized water. A fountain pen and writing
brush were used to write the catalyst solution on through
hole and two sides. The substrate was dried at 100 °C for
10 min and then catalyst coating was selectively formed
on the substrate surface (ASP substrate). After that, the
substrate was immersed in electroless plating bath. The
components of the plating solution reported in previous
work [9]. After deposition, the sample was annealed firstly
at 323 K for 30 min, and then at 363 K for 20 min. Then,
selective metal pattern established on the substrate surface
(ECP substrate). The procedure for preparing catalyst solu-
tion was schematically illustrated in Fig. 2.

2.3 Characterization

Surface morphology was observed by scanning electron
microscopy (SEM, JEOL, JSM-5600LV). Chemical struc-
ture was measured by X-ray diffraction (XRD, Rigaku D/
max-2550 V) and X-ray photoelectron spectroscopy (XPS,
Shimazu, AXIS ULTRADLD). The XPS spectrawere cali-
brated by using the C 1 s peak (284.5 eV). Room-temper-
ature surface electrical resistivity was measured by a Hall
system (Nanometrics, HL5500PC).
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Fig.4 XPS patterns of a ASP and b ECP PET

3 Results and discussion

Figure 3 represents FT-IR patterns of pristine and
ASP PET. Upon printing catalyst solution, the -N-H,
(1595 cm™!) and -OH (about 3500 cm™!) appear in FT-IR
patterns [9, 12], which demonstrates silane film success-
fully form on ASP PET. Surface analysis of ASP and ECP
PET after ultrasonic treatment at 80 °C for 20 min were
carried out using XPS (Fig. 4). Si 2p (113 eV), Si 2 s
(154 eV) and Ag 3d3/2 (368.1 eV) peaks are observed in
the XPS spectrum of ASP PET, Cu 2p3 (932.9 eV) peaks
is observed in the XPS spectrum of ECP PET, respectively

[5,9, 12, 13]. The presence of the Ag 3d3/2 peak indi-
cates that catalytic site form on ASP PET surface, which
can catalyze plating reaction. The mapping energy-dis-
persive X-ray for elemental analysis further reveals the
Si, C, O and Cu elements distribute uniformly throughout
the plated coating (Fig. 5). It was indicated that copper
particle form on ECP PET surface. In addition, the Ag
3ds,, peak position below standard values (371 eV), infer
a decrease in electron density in the Ag nucleus due to
the formation of N-Ag coordinate bond [9, 14]. This will
ensure the catalytic site stabilize in the plating solution.
Figure 6 represents photographic images of ECP PET. As
displayed in Fig. 6, selective all-region (Fig. 6a, b and c)
and through-hole (Fig. 6¢ and d) copper coating were pre-
pared successfully on PET surface through this approach.
The minimum width of copper line is 250 pm (the preci-
sion of the pen (gel pen, BLLH-20C4) was about 250 pm,
Fig. 6a), the adhesion is 5B. The plated PET sheet samples
showed high conductivity (Fig. 6¢), adhesion and flex-
ibility (Fig. 6b).

Figure 7 represents photographic images patterns of
selective ECP PET. Selective coating grew on the PET sur-
face after electroless plating. The pattern for 43.3° and 50.4°
has distinct peaks that can be well-indexed to Bragg peaks
of face-centered Cu (111) and (200), as displayed in Fig. 8,
full width at half maximum of the peaks became narrower
with the increase of plated time, which revealed that crystal-
lization characteristic of copper coating is enhanced with the
increase of plated time. When the plated time increase from
5 to 20 min, the coating thickness is enhanced from 0.58
to 2.2 pm, and the electrical resistivity is decreased from
72%x1073 10 2.6x107° Q cm (see Fig. 9). The adhesion of
plated coating is 5B.

Flexibility of the metal coating is important for printed
electronics. The way to evaluate the bending test is depicted
in Ref 9. The sample compresses or stretches to circular pro-
file of radius R (about 0.5 cm). As shown in Fig. 10, the fluc-
tuation of volume resistivity is less than 0.35x 107> Q cm
and the one exhibited irregularly change, following com-
pressing and stretching test, which is due to random contact-
ing errors produced during process and ECP PET structural
differences. As the same time, the adhesion of bending ECP
PET also can maintain 5B. It can be implied that there is no
metal fatigue in the bending copper coating. It was indicated
that the ECP PET can stay reliable in high quality and low
resistances even after 1000 times of daily bending test.

Further increase of plated time lead to the enhancement
of crystallinity (see Fig. 8) and thickness (see Fig. 9).
When the thickness of plating coatings exceed about
2.2 pm, pores, edge warp and shedding region form in the
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Fig.5 SEM and elemental map-
ping images of ECP PET

Fig.6 Photographic images of ECP PET

plated coatings, as shown in Fig. 7b and c. Interestingly,
it was found that the formation of failure take place at
substrate-coating interface (see Fig. 7a). We know that the

@ Springer

activated groups absorbed Ag atoms, and then Cu atom
deposited on Ag surface, that is copper coating is con-
nected with substrate through Ag—N coordinated bonds.
The result imply that increasing the coordinated bond
energy and substrate-coating surface area would facili-
tate the improvement of the adhesion of plated coating.
Figure 11 shows photographic images of selectively
ASP sheets and the corresponding ECP sheets, the amount
of the catalyst solution were 0.66 mg/cm?, (b) 0.91 mg/
cm? and (c) 1.24 mg/cm?, (e) schematic diagram of drying
process of catalyst solution on PET surface We write cata-
lyst solution on PET substrates with 0.2 cm linewidth.
The catalyst solution write with a writing brushes which
stained with different amount of catalyst solution. As a
result, the uniform-sized catalyst coating contained dif-
ferent amount of solution formed on the PET surface.
As shown in Fig. 11 a, b and c, the amount of the cata-
lyst solution were 0.66 mg/cm3 (a), 0.91 mg/cm3 (b) and
1.24 mg/cm? (c), respectively. It is then dried to form a
catalyst coating. It was found that the catalyst coating are
heaved in the middle in the Fig. 11b and c, smooth coating
is formed in the Fig. 11a. The plated coating have same
phenomenon. Because of the surface tension effect of the
catalyst solution with the evaporation of solvent, the thick-
ness near the edge is smaller than that of the center region
of the samples. In the dry course, the coating shrunken
immediately, resulting in the phenomenon of uneven
surface of the coating, as shown in Fig. 11d. The small
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Fig. 7 a Photographic images,
b, ¢ cross-section SEM images
of ECP PET
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Fig.8 XRD patterns of ECP PET

amounts of activated solution had the advantage of short
drying time, in addition, the viscosity of activated coating
is increased in a short time with the evaporation of sol-
vent. The surface tension is difficult to deform the film, as
shown in Fig. 11d. The result indicate that the reasonable
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Fig.9 Thickness and surface electrical resistivity of ECP PET

control of the amount of catalyst solution (write on PET)
can facilitate the implementation of high-quality plated
coating.

Overall, our studies confirm that the catalytic solution
(mixture of H,O, AgNO;, KH550) can modify and acti-
vate the polymer surface simultaneously. Figure 12a shows
the reaction mechanism of ASP and ECP polymer. At

@ Springer



9772

Journal of Materials Science: Materials in Electronics (2019) 30:9767-9774

—a— Compressing test

~1.2 1
E —o— Stretching test | T u
G
lfl4
o
\am!
z 0.35
210
Dl
>
B
»n
o
n
L
= J
0.8 — T T T T . ; . . , : .
0 200 400 600 800 1000 1200

Bending times

Fig. 10 Volume resistivity after bending test of ECP PET

preparation stage, KH550 is hydrolyzed and formed the
cross-linked polysiloxane with amino groups. The amino
group is aimed to adsorb Ag* via complexation. As the same
time, polysiloxane molecule is full of Si-OH groups, and
the hydrogen bond can form with substrate improve adhe-
sive force. In addition, the polysiloxane molecule is linked
through the dehydration condensation between the hydroxyl
groups during drying. After coating substrate, selective cata-
lytic site (Ag atom) form on the polymer surface, and then
catalyze the electroless plating [14—16]. As a result, selec-
tively ECP polymer was fabricated. The formation of pores,
edge warp and shedding region will occur in the thick plated
coating due to the discontinuous stress. Stress primarily

results from hydrogen (generated in the plated reaction),
defect and mismatch of lattice parameter coefficient and
thermal expansion, the one enhanced with the increase of
crystallization characteristic and thickness of plated coat-
ing [16-18].

In a word, a new kind activated solution can write onto
inert polymer directly, meanwhile, the adhesion force to
substrate is strong. The structure of activated coating would
catalyze plating reaction. It is important to point out that the
established method can potentially be adopted for the plat-
ing of metals such as copper, silver, cobalt, and nickel onto
different types of substrate by changing the type of selective
printing techniques (screen printing and inkjet printing). Fig-
ure 12b and ¢ shows photographic images of copper-plated
polypropylene sheet (a) and nickel-plated PET sheet (c). The
plated polymer sheets has good workability and resolution.

4 Conclusion

In summary, selective metal coating has been success-
fully plated on surface of inert polymer. A new kind of
catalytic solution (mixture of H,O, AgNO;, KH550) is pre-
pared, which can write onto inert polymer directly with good
stability and resolution and catalyst for following electro-
less plating process. The minimum width of copper coat-
ing is 250 pm, the thickness is 2.2 pm, the resistivity is
2.6x107° Q cm, the adhesion of 2.2 um thick coating can
maintain 5B. In addition, no matter how the copper pattern
are bent and stretched, conductivity and mechanical proper-
ties are not affected.
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Fig. 11 a Photographic images of selectively ASP sheets and the corresponding ECP sheets, the amount of the catalyst solution were 0.66 mg/
cm?®, b 0.91 mg/cm’ and ¢ 1.24 mg/cm?, d schematic diagram of drying process of catalyst solution on PET surface
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Fig. 12 a The reaction mecha-
nism of ECP polymer, photo- ()
graphic images of b copper-
plated polypropylene sheet and
¢ nickel-plated PET sheet
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