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Abstract

A novel type of Epoxy Resin (EP)/Copper(II) acetylacetonate (Cu(acac),) composites is developed and applied to improve
electroless plating. This efficient and palladium-free process is based on the EP filled with various mass fractions of Cu(acac),
via ball milling. The thermal stability of the composite of EP/Cu(acac), was performed with corresponding instruments.
Moreover, the results of the viscosity and adhesion strength show that the viscosity of sample is positively correlated with
the mass fraction of Cu(acac), in the composite. On the contrary, the shear strength of sample coated on FR-4 diminishes
with the increasing fraction of Cu(acac),. Results of parametrical optimizing reach the conclusion that under the condition of
50 °C for 15 min by electroless deposition (ELD) of copper, EP containing 40% Cu(acac), composites yields the best result.

1 Introduction

With the flourishing development of printed circuit board
(PCB) industry, copper plating process has been playing
an essential role in manufacturing conductive circuits for
decades [1, 2]. Compared with the traditional electroless
deposition (ELD) which is a complicated process involving
palladium (Pd) as catalyst to initiate the electroless plating
on PCB, this process with copper acetylacetone (Cu(acac),)
which is formed by simple stirring at a molar ratio of acety-
lacetone to copper acetate 2:1, is able to replace the expen-
sive metals for catalysis [3, 4]. Therefore, it significantly cuts
the cost of production. What’s more, acetylacetone (Hacac)
whose pKa is about 8-9 [5, 6], is used as a coordination
agent to chelate heavy metal ions [7], making the system
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stable. Choosing Cu(acac), instead of palladium as catalyst
will certainly improve the electroless plating technique.

Epoxy Resin (EP) with good compatibility, high heat
resistance, excellent mechanical performance and low cost
is widely applied in the manufacture of PCB. Moreover, it is
reported that the amount of the fiber-glass-epoxy-resin (FR-
4) type copper clad is dominant (about 90%) in the manufac-
ture of PCB [8]. In spite of various technological applica-
tions of EP composites [9-12], studies over EP composites
prepared with Cu(acac), have not been reported in the lit-
erature. In this work, the aim is to modify the EP by doping
with Cu(acac), to initiate the electroless plating on the FR-4.
We prepared EP/Cu(acac), to form the composed material
with various concentrations of Cu(acac), using a ball mill-
ing method. Hence, electroless plating on EP/Cu(acac),
composite is operated in three steps: (1) heat curing EP/
Cu(acac), on the FR-4; (2) the reduction of Cu”* into Cu® on
the FR-4 surface by NaBH,, acting as catalysts of electroless
plating; (3) the FR-4 metallization through electroless plat-
ing. Finally, the samples of EP/Cu(acac), were performed
by thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC). Furthermore, the formed layer of
conductive copper on the FR-4 was evaluated by scanning
electron microscopy (SEM), X-ray diffraction (XRD) and
metallographic microscope.
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2 Experimental
2.1 Materials

FR-4 was cut into 2 x5 cm? pieces and washed with regu-
lar detergents and deionized water before use. Bisphenol
A diglycidyl ether (DGEBA, C,gH,,Br,ClO5) was selected
as polymer matrix of the EP. And 1-cyanoethyl-2-ethyl-
4-methylimidazole (2E4MZ-CN, C4H;N5) was employed as
catalyst. Hexahydro-4-methylphthalic anhydride (MHHPA,
CyH,(O3) was corresponding hardener. Hacac (CsHgO,)
and Copper(II) acetate monohydrate (Cu(CH;COO),-H,0)
were used for Cu(acac), synthesis. Sodium borohydride
powder (NaBH,) was introduced for the copper reduction.
Sulfuric acid (H,SO,), butanone (C,H4O) and sodium per-
sulfate (Na,S,05) were used as received. Then the plating
bath was a homemade copper plating bath made of copper
salt (CuSO,-5H,0), formaldehyde (HCHO), 2,2"-bipyridine
(C,oHgN,), sodium hydroxide (NaOH) and ethylene diamine
tetraacetic acid (EDTA, C,,H;¢N,Oy). These materials used
without undergoing any processing. In addition, all water in
the experiment was deionized.

2.2 Preparation and treatment of EP/Cu(acac),

Cu(CH;CO0O),-H,0 was dispersed in Hacac and stirred
to form Cu(acac),. 2.0 g DGEBA and 1.6 g MHHPA was
mixed to synthesize EP. Then the catalyst 2E4MZ-CN was
added to initialize the curing reaction [13]. EP containing
10-90% Cu(acac), was mixed with 10 mL butanone. A
ball-milling in planetary ball-mill for 3 h was performed to
enhance the compatibility between Cu(acac), with EP. At
last, EP/Cu(acac), composites were coated on the FR-4 and
cured for 30 min at 160 °C.

As-cured EP and EP/Cu(acac), on FR-4 were soaked in
solution with 50 g/L. Na,S,0q4 and 20 mL/L H,SO,. Then,
the treated substrate was immersed in 2 mol/L. NaBH, solu-
tion until Cu?* was reduced to Cu’. Both of the two steps
above were reacted under room temperature for 5 min.
Finally, the surface-activated FR-4 substrates were placed
in the electroless copper plating bath at 50 °C under ambi-
ent conditions. The homemade electroless copper plating
bath contained CuSO,-5H,0 as a source of Cu** (7.86 g/L),
10.5 g/L NaOH, 2 mg/L 2,2'-bipyridine, 30 g/L. EDTA as
complexing agent and 10 mL/L HCHO as a reducing agent,
with a pH of 12-13.

3 Results and discussion
3.1 EP/Cu(acac), composite for ELD

EP consists of DGEBA monomer, the monomer contains
a —COO-CO- structure and O which include lone pair
electrons that interact with Cu?*. Moreover, the N atom
in —C=N-C- group of the 2E4MZ-CN can also coordinate
with the Cu®* by the lone pair electrons. When EP is mixed
with Cu(acac),, the Cu®" in the copper-containing EP exists
in the coordination state. What’s more, Cu" is subsequently
reduced by NaBH, into Cu" to serves as a catalyst for ELD.
Finally, a copper layer is electroless deposition on the sub-
strate. The rate of ELD of copper as well as the plated cop-
per density is both proportional to the weight fraction of
catalyst (Cu®* in this case). Thus a high weight fraction
of Cu(acac), is preferred. On the other hand, the viscosity
test is necessary because the viscosity of the EP/Cu(acac),
affects the resolution of the pattern formed on the substrate
[14]. The corresponding results are shown in Table 1 (n
stands for viscosity).

Table 1 shows the viscosity of EP/Cu(acac), obviously
increases with the rising weight fraction of Cu(acac),. In
order to ensure the coating thickness and smoothness, we
chose EP/Cu(acac), with 10-50% Cu(acac), for ELD. Fig-
ure 3 displays the deposition results of patterns printed with
EP/Cu(acac), in different weight fraction of Cu(acac),. The
FR-4 was taken out of the deposition solution after ELD.
Then, the color of the FR-4 substrate changed in differ-
ent degrees. In Fig. 3a, group 1# shows no sign of copper
layer deposited by ELD and the other groups’ surface were
changed by copper deposit (Fig. 3b—e).

As the reaction progresses, CuSO, and HCHO are both
persistently consumed until the deposition gradually stops.
Cu?* in EP/Cu(acac), is reduced by NaBH,,, which initiates
the electroless copper plating. Subsequently the reduced
copper, the catalyst keeps the reaction going. The activity
of copper can be maintained by controlling the deposition
rate [15]. The EP/Cu(acac), with low weight fraction of
Cu(acac), leads to attenuated activity of the reduced copper,
which provides an explanation for the incomplete coating
of groups 1#, 2# and 3#. In contrast to the three groups of
experiments, the electroless copper layer in groups 4# and
5# completely covered the substrate. Moreover, the different
concentration of Cu?* in the two groups leads to different
coating roughness. All the results are shown in Fig. 1.

Table 1 Viscosity of EP/Cu(acac), with different weight fraction of Cu(acac),

Weight fraction of Cu(acac), 0% 10%
1] (mPa S) 1.42 34.1

20% 30% 40% 50% 60%
156 273

478.6 > 1000 > 1000
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Fig. 1 Results for the ELD by 30 min plating time, resulting in patterns printed with different weight fraction of Cu(acac),: a 1#, 10% Cu(acac),;
b 2#, 20% Cu(acac),; ¢ 3#, 30% Cu(acac),; d 4#, 40% Cu(acac),; e 5#, 50% Cu(acac),

Fig. 2 Results for the ELD by 15 min plating time with different weight fraction of Cu(acac),: a 6#, 40% Cu(acac),; b 7#, 50% Cu(acac),

Fig. 3 SEM images of the samples: a 6#, 40% Cu(acac),; b 7#, 50% Cu(acac),

As shown in Fig. 2, with the reduced electroless plating
time, the EP containing 40 and 50% Cu(acac), is capable
to deposit sufficient copper covering the substrate. In order
to observe the morphology of the chemical deposited cop-
per layer, the samples were examined by SEM (Fig. 3). The
images of Fig. 3 display the pattern with some pores and
clusters which contribute to the rough surface to further
improve the electromigration reliability of Cu inter-connects.
However, the clusters of Fig. 3a is obviously larger than (b),

@ Springer

the surface of 7# is smoother than the one of 6# because
of the higher content and distribution of Cu?*, which was
consistent with the ones shown in Fig. 2a, b [16].

In XRD spectra, the peaks of the samples 6# and 7# are
found around 43.3°, 50.4° and 74.1°, corresponding to the
(111), (200) and (220) planes of the cubic copper structure
(Fig. 4), respectively. Due to the lower surface energy of
the [111] planes aligned parallel to the surface, the intensity
of [111] orientation peak is stronger than that of [200] [17,
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Fig.4 XRD of the sample 6#, 40% Cu(acac), and 7#, 50% Cu(acac),

18]. Moreover, the preference of (111) copper crystal plane
can be achieved directly without annealing treatment [19].

In respect of adhesion, the copper coating on the substrate
was tested against scraping with a Cross-Cut Tester. Scotch
tape test [20] was performed on freshly prepared samples
(the results are shown in Fig. 5). According to the standard
(IS02409-1992), the sample 6# and 7# were qualified. How-
ever, in order to save the copper source cost, 40% Cu(acac),
is selected to be mixed with EP.

Finally, the cross-sectional area of the coating was
observed and the thickness of the coating was measured to
be 4.90 um by the metallographic microscope for 6# (Fig. 6).
Therefore, the electroless plating rate of copper reached
19.6 um/h, which is a promisingly high deposition rate [19].

Fig.6 The cross-sectional area of the coating by the metallographic
microscope

3.2 Cured EP and EP/Cu(acac), on the FR-4
by the shear bond strength testing

Shear bond strength testing was conducted to evaluate the
pure EP and EP/Cu(acac), fused to the FR-4. According to
the standard GB/T7124-2008, an automatic digital univer-
sal tensile testing machine (LYWN-Z10000N) was selected
for testing, and the shear area was 12.5 X 25 mm?. With the
increase of the content of Cu(acac),, the shear strength of
the composites and the FR-4 was getting smaller. Namely,
with the increase of the weight of Cu(acac),, the compos-
ite material coated on the FR-4 became easier fall off. Fig-
ure 7 shows that the samples with mass fraction of the EP/
Cu(acac), less than 50% yielded the shear force between
composite material and the FR-4 greater than 20 MPa, which
sufficiently meets the requirement of subsequent processing.

3.3 The thermal stability of cured EP and EP/
Cu(acac),

The thermal stability of cured EP and EP/Cu(acac), were
analyzed by TGA in a nitrogen atmosphere at the heating
rate of 10 °C/min. As shown in Fig. 8a, the weight of the
EP and EP/Cu(acac), started to decrease at 50 °C due to the
volatility of butanone. The curve shows that a 70 wt% loss

- (b)

Fig.5 The adhesion of the copper coating to the substrate by 3M tape: a 6#, 40% Cu(acac),; b 7#, 50% Cu(acac),
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Fig.7 The shear force between different content of EP/Cu(acac), and
FR-4
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Fig.8 The curves of EP and EP containing 40% Cu(acac),: a TGA,
b DSC

occurred at the temperature of 440 °C. During this period,
Hacac, MHHPA and Cu(acac), were all decomposed by
heat. Decomposition temperature for EP was around 420 °C,
which is consistent with the performance of DGEBA and
MHHPA cured polymer. The operating temperature for PCB
is around 260 °C in reflow-soldering process, which is much
lower than 350 °C [13]. Therefore, the EP and EP/Cu(acac),
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are competitive candidates to interconnect the isolated lay-
ers even under reflowing operation at higher temperature.
Moreover, the thermal stability of EP and EP/Cu(acac),
qualities lost around 490 °C [21, 22].

DSC was used to monitor the curing behavior in Fig. 8b.
Comparatively, the curves of cured EP and EP containing
40% Cu(acac), show the similar exothermic behavior. It is
well known that the peak temperature of the DSC exother-
mic curve is often taken to evaluate the reactivity of the
compound in curing reactions. The lower the temperature of
the peak is, the higher the reactivity is [23]. Obviously, the
exothermic peak for the ring-opening reaction of the epoxy
group is about 160 °C, so the curing reaction of DGEBA
and MHHPA under the condition of 160 °C. The Cu(acac),
begins to decompose at about 250 °C. But the pure EP did
not change at that temperature. As a result, the DSC and
TGA curves show that an excellent thermal stability of EP/
Cu(acac), composites will survive the heating processes in
industrial PCB manufacture.

4 Conclusion

The developed composite of EP/Cu(acac), to apply ELD on
FR-4 substrate shows excellent performance of the copper
coating. The percolation region for EP/Cu(acac), falling in
the region of Cu(acac), filler with 40 and 50 wt% is able to
electroless deposit a layer of copper covering the entire area
of the coated composite under water-bath heating at 50 °C
for 15 min. However, according to production costs and the
shear force analyses, the best fraction is 40% for Cu(acac),
in composite. Moreover, the results of the EP/Cu(acac),
composite of TGA and DSC confirm that the full reaction
between DGEBA and HMMPA form epoxy polymer as the
adhesive between Cu(acac), and the FR-4. In the future, the
EP/Cu(acac), composite material should be applied to func-
tional printing, flexible electronics and other device manu-
facturing field [24].
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