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Polymers Reny 1002H blended with 3% by weight Merck Iriotec 8841 (dicopper hydroxide
phosphate) after injection molding was irradiated using a CO laser, and followed by copper electro-
less plating. It has been clearly observed that the surface activation was determined by the interac-
tion level between laser and resin material, namely laser power, scanning speed and line hatching
pitch. With increasing laser scanning speed, naturally the modification level was reduced, and elec-
trical resistance was reduced. Line pitch played a similar function to scanning speed. At increasing
line hatch spacing, close or larger than the laser spot size, the surface was not able to be modified
uniformly. Electrical resistance decreased at a higher modification level with high laser power. SEM
analysis disclosed that the copper plated surface was a porous surface structure. The lowest electri-
cal resistance 0.043 Ohms at laser power of 18W, spot size of 200 um, hatching pitch of 150 um and
scanning speed of 150 mm/s. The calculated electrical resistivity was 1.62 x107 Qm which was one
order of magnitude lower than the bulk copper of 1.72 x10® Qm due to the porous structure dis-
closed under scan electron microscope (SEM) and the electron dispersive X-ray spectrosco-

py (EDX) measurements.
DOI: 10.2961/jimn.2021.01.2012

Keywords: surface electrical activation, polymer Reny1002H, selective laser activation, electroless
plating, 3D Molded Interconnected Device, direct laser structuring

1. Introduction

Three-Dimensional Molded Interconnect Devices (3D
MID) are devices integrating mechanical, electric and elec-
tronical functions, which having been realized 30 years ago
[1]. 3D MID makes it possible to add electronic functional-
ity on three-dimensional objects without the use of conven-
tional cable wiring. Circuit layouts have been created on
complex three-dimensional carrier structures using Leiter-
platten-Kopierfrasen (LPKF) laser direct structuring (LDS)
since 1997 [2]. Structuring finest lines down to approxi-
mately 20 pm has been achieved through laser supported
additive metallization of different thermoplastic materials
for 3D MID nearly 20 years ago [3]. 3D MID from proto-
typing to mass production with LDS has been obtained 15
years ago [4]. The employment of 3D MID has dramatical-
ly increased in the past decade as they offer flexibility on
the design and function of free form systems or elements.
Up to now, 3D MID have been employed in humerous ap-
plications besides automotive [5], such as telecommunica-
tions and antennas [6,7], self-biased circulator [8], stretch-
able electronics [9], sensor technology [10,11], medical
technology [12] etc.

To date, LDS has been realized to be an essential pro-
cess for MID production [13,14]. LDS provides a method
of reducing part count, light weighting and increasing
component density in electronic devices [2,15,16]. This is
achieved by allowing for the plating of current carrying
pathways onto the surface of injection molded structural
components. First, a plastic is blended with an electroless
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plating seed compound is injection molded into a structural
component. The conductive circuit paths are selectively
laser structured on the part surface [17,18]. This part is then
plated using an electroless plating process, with plating
only occurring on surfaces that are laser structured. This
allows for the elective plating of only the desired conduc-
tive paths [19,20]. The process is additionally advanta-
geous for the electronics industry because it is also relative-
ly easy to automate.

Although LDS is state of the art and the most commer-
cialized process for MID production, the technology has
found niche but significant applications in the manufacture
of mobile devices and in the automotive industry. However,
LDS is a technique relying on using precursors mixed in a
polymer [2,3,21]. These precursor additives are activated
during the laser writing process converting them into a cat-
alyst for electroless deposition of the metal matrix. So, the
polymer substrate plays a crucial role in 3D MID technolo-
gy. Polymer based composite are the primary choice to be
used as substrate, which has been comprehensively re-
viewed recently regarding the requirement criteria for
manufacturing a polymer substrate and the main surface
modification techniques used to enhance the polymer sub-
strate for 3D MID manufacturing [22]. The reviewed pol-
ymers have covered from thermoplastics, modified ther-
moplastics to thermoplastics composites. The polymer ma-
terials should enable good flexibility in production from
macro to micro-MID products, high fracture toughness
when subjected to mechanical loading, and lightweight.
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To explore the possible new polymers employed and
copper precursors for 3D MID products, in this study,
Mitsubishi polymers Reny 1002H blended with 3% by
weight Merck Iriotec 8841 (dicopper hydroxide phosphate)
after injection molding was irradiated using a CO, laser
and copper electroless plated for potential 3D MID manu-
facturing.

2. Experiments
2.1 Polymer selection

A survey of the applications of 3D MID components
showed that Nylon blends were highly desirable given that
the objective of 3D MID manufacturing was to transfer
circuit carrier paths to a structural polymer component. As
such the plastic of choice should be strong, has good chem-
ical resistance and good thermal resistance and conductivi-
ty. Nylon PA6-GF30 blended with electroless plating seed
compound has been selected, Mitsubishi polymers Reny
1002H blended with 3% by weight Merck Iriotec 8841, a
copper phosphate/tin oxide mixture.

The injection molding was carried out using an indus-
trial reciprocating screw injection molding machine. The
polymers were molded into plates that were then cut to size
for laser surface activation.

La

Fig. 1 Sample after laser irradiation under various laser param-
eter settings.

2.2 ser surface activation

Laser surface activation through laser direct structuring
has the primary effect of creating a porous, convoluted sur-
face that exposes large quantities of the embedded seed
material particles. These particles serve as nucleation sites
for the electroless plating process. The creation of this con-
voluted surface and the attendant exposure of a local abun-
dance of seed materials particles allows for electroless plat-
ing to ‘grow’ layer of conductive metal.

A CO; laser used in laser irradiation was Synrad Fire-
star Ti60. The laser has a full power of 60W, which was
modulated at different pulse repetition rate from 1KHz to
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100KHz. The beam spot was 0.2 mm at focus under a gal-
vo scanner focal lens. Laser beam was scanned at different
hatching pitch from 0.1 mm to 0.25 mm. A rectangular area
of 10 mm by 1 mm area was scanned for each parameter
settings, as shown in Figure 1. The choice of CO; laser is
firstly because it is strongly absorbed by nearly all organic
polymers. Secondly, CO; lasers are versatile, inexpensive
and widely used in industry.

2.3 Electroless copper plating

Laser surface irradiated sample was first cleaned with
an alkaline cleaner. The sample was then rinsed with dis-
tilled water. The cleaning process was then repeated with
sulphuric acid. The sample was then treated with a palladi-
um activator. The sample was finally plated with a copper
sulfate solution. The detailed procedures are shown below.

1) Place sample in Alkali Etching Solution at 75°C for
30 min for decreasing.

2) DI water rinse

3) Dip sample in 10% Sulphuric Acid Solution to re-
move surface oxide.

4) DI water rinse

5) Place samples in Activator solution for 3 min to acti-
vate the surface.

6) DI water rinse

7) Place samples in Electroless Copper solution at 50°C
for 1 hour.

8) DI water rinse

9) Place sample in Copper Anti-tarnish Solution for 10
min

10) DI water rinse

11) Blowing gas drying with hairdryer

Copper was plated through the following reaction:

2HCHO + 40H™ — 2HCOO™ + 2H,0 + 2 (1) + 2¢

Cu?* + 2e" — Cu (metal)

A series of laser irradiation areas were produced with
the optimal performing parameter setting. The samples
were plated in batch. Electroless copper plating setup is
shown in Figure 1. Some of the samples in this batch were
sectioned to determine plating thickness and to facilitate a
calculation of resistivity of the plated layer.

3. Results and discussion
3.1 Laser activation analysis

After laser irradiation, a porous structure was produced
on blended Reny surface, as shown in Figure 2. Reny®
1002H is a polyamide MXD6 grade reinforced with 30%
glass fibers. Under IR CO, laser beam irradiation, the pol-
ymer absorbed the incident photon energy and converted it
into heat through photo-thermal and photo-degradation
mechanisms [23-25]. The transition of molecules of poly-
amide from the ground state to the excited state after ab-
sorb photon energy leading to chain breaks and the for-
mation of free radical in photo-degradation mechanism. For
the long-wavelength laser, the IR laser couples to C-C
bonds present in the carbon precursor and provides effi-
cient photothermal heating [25]. The carbon in the polyam-
ide oxidized to form CO, which emerged as bubbles, lead-
ing to a porous foam structure. The glass fibers melted and
resolidified to form worm-like structures uniformly distrib-
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uted in the matrix under laser irradiation, as shown from

SEM image in Figure 2.

Fig. 2 Porous surface morphology generated after laser irradia-
tion under power of 60 W, speed of 1 m/s and line
pitch spacing of 0.1 mm.

Surface activation was dependent on the interaction be-
tween laser and resin materials, which were further deter-
mined by the laser power, scanning speed and line hatching
pitch. The pigment Iriotec® 8841, dicopper hydroxide
phosphate (CuzHOsP) in the Reny matix decomposed un-
der the sufficient laser irradiation. Energy Dispersive X-
Ray (EDX) measurements have shown that at lower laser
power or high scanning speed, the surface could not be able
to activate due to the insufficient interaction between laser
and Reny. Figure 3 shows that no copper seeds were syn-
thesized in laser irradiation at a high speed of 1 m/s and
lower of 24 W with line pitch of 0.1 mm. High power
and/or slow speed were necessary to synthesize copper
seed by laser irradiation under high interaction levels. Di-
copper hydroxide phosphate decomposed, resulting in cop-
per atom formation while Reny matrix melted. For example,
laser irradiation under speed of 0.15 mm/s and power 18 W,
as shown in Figure 4. It indicates that copper atoms and/or
ions were produced as pre precursors for electroless plating.

Elem Weight% Atomic%
CK 56.41 61.77
NK 21.33 20.03
oK 21.95 18.05

Mg K 0.14 0.08

SiK 0.17 0.08
CuK 0.00

100.00

Totals

Eiacton image 1

0.00

Fig. 3 EDX measurements showing no copper seeds synthesized
in laser irradiation at a high speed of 1 m/s and lower of 24 W
with line pitch of 0.1 mm.
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Elem Weight% Atomic%
CK 52.89 63.72
oK 33.14 29.98

Mg K 1.18 0.70

Al K 1.45 0.78

SiK 5.74 2.96

FPK 0.61 0.29
Cak 3.33 1.20
CuK 1.66 0.38

Totals

100.00

Copper atomic concentration
0.38%

¥

Fig. 4 EDX measurements showing the copper seeds synthe-
sized by laser irradiation at a slower speed of 0.15 m/s and lower
of 18 W with line pitch of 0.15 mm.

3.2 Electrical resistance analysis

The optical image of the results of electroless plating
after laser irradiation were shown in Figure 5. It indicates
that the plating was varied with the laser irradiation condi-
tions. The electrical resistance of the copper plated samples
was measured with a digit multimeter (Agilent 34401A).
The resistance was mostly more or less 0.05 ohms under
the laser irradiation conditions investigated. The electrical
resistance was plotted in Figures 6, 7 and 8. Electrical re-
sistance decreased at increasing laser power as stronger
modification of Reny surface was made at a given speed
with a high level of laser power. Open circuits were ob-
tained when power was below 30 W as shown in Figure 6.

Fig.5 Electroless copper plating results from Reny irradiated
under various laser conditions.

However, the power level is not the only role to deter-
mine the modification level for creation of electrical con-
ductivity. Scanning speed is another important role to de-
termine the electrical resistance. Figure 7 shows the electri-
cal resistance obtained a lower power level of 24 W. It in-
dicates that slow speed may make a compensation to the
low power as a longer interaction time at slow speed may
achieve a similar modification level as high power. With
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increasing laser scanning speed, naturally the modification
level was reduced due to the reduced interaction time or
pulse number at high scanning speed, and thus the electri-
cal resistance was reduced as shown in Figure 7.

Line pitch will determine that which area could be laser
modified. At increasing line hatch spacing, especially close
or larger than the laser spot size, the area between two lines
may not be well modified under laser irradiation. The sur-
face was not able to be modified uniformly at larger line
space. Figure 8 shows that the electrical resistance was
increased suddenly and tended to open circuits when line
pitch larger than the spot size. Line pitch similarly is an-
other factor ton influence modification level and uniformity
under laser irradiation.
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Fig. 6 Electrical resistance decreasing with laser power. Scan-
ning speed at 1 m/s, line hatch spacing at 0.1 mm.
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Fig. 7 Electrical resistance increasing with scanning. Laser
power of 24 W, line hatch spacing at 0.15 mm.
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Fig. 8 Electrical resistance increasing at larger line hatch spac-
ing. Laser power of 60 W, scanning speed of 1 m/s.

The study revealed that under the investigated laser ir-
radiation conditions as shown in Figure 6-8, the lowest
resistance was about 0.043 ohms. Electroless plating gen-
erated a relatively uniform copper layer on the laser modi-
fied area as shown in Figure 9. As a comparison, Figure 10
shows a not well copper plated sample due to the insuffi-

cient plating seeds synthesized in laser surface irradiation
modification. The plated copper appeared as islands which
are isolated and couldn’t form a close loop for electrical
circuit.

Fig. 9 Surface morphology under optical microscope after cop-
per plating for sample obtained under laser power 18 W, scanning
speed of 0.15 m/s and line hatch spacing of 0.15 mm.

Fig. 10 Surface morphology under optical microscope after cop-
per plating for sample obtained under laser power of 24 W, scan-
ning speed of 1 m/s and line hatching pitch of 0.1 mm.

3.3 Electrical resistivity analysis

Above experimental study all is on the electrical re-
sistance after electroless copper plating of laser irradiated
surfaces. After electroless plating, the electrical resistivity
could be measured by knowing the copper layer length,
cross sectional area and resistance of the sample. Based on
the results achieved above, parameter settings as laser
power of 18 W, scanning speed of 0.15 m/s and line hatch
spacing of 0.15 mm was used to characterize the electrical
resistivity of the copper plated polymer after laser irradia-
tion. Figure 12 shows a cross section of the plated surface
layer. Figure 13 shows the top surface morphology of cop-
per plated area observed under SEM system. A porous
structure with microholes was formed after electroless cop-
per plating. The measured thickness of the plated copper
was 0.0887 mm from the average of five measurements.
The electrical resistivity is given by p=R A/L.

Where p, R, A and L stand for the electrical resistivity,
the measured electrical resistance, the cross-section area
size, and the length of the plated copper layer, respectively.

The electrical resistivity calculated was to be 1.62x107
Qm, which is about an order of magnitude higher than a
theoretical copper plate of the same dimension of copper of
1.72 x10® Qm. The most obvious reason for this higher
resistivity could be due to the pitting and the porosity of the
plated surface as seen in optical image Figure 11 and SEM
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image Figure 12. The laser activated surface is not fully
covered by copper due to the porous structure. Further
analysis has been performed using EDX measurements.
Figure 13 disclosed from EDX analysis that copper concen-
tration was about 90% in weight. There were about 10% in
weight impurity in the copper plated layer. The holes’ com-
position is remained polymer nature without copper detect-
ed, as EDX measurements indicated in Figure 14.

' Plated Cu layer

Yk,

~

.._- !" I : 5
Reny substtate”

Fig. 11 A cross-section of the plated surface observed under opti-
cal microscope.

Fig. 12 SEM image showing a porous microstructure of the elec-
troless plated surface.

Elem Weight% Atomic%
CK 8.06 31.01
oK 1.00 2.88
Cuk 90.94 66.11

Totals 100.00

Fig. 13 The porous copper layer with a weight about 90.94%
after electroless plating for laser setting: power of 18 W, scanning
speed of 0.15 m/s and line hatch spacing of 0.15 mm.

Elem
CK

Weight% Atomic%
78.35 83.18
20.37 16.23
0.46 0.24
0.83 0.37

T

Fig. 14 EDX measurements showing free of copper in the micro-
holes in electroless copper plated layer. Laser setting: power of 18
W, scanning speed of 0.15 m/s and line hatch spacing of 0.15 mm.
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4. Conclusion

Direct CO; laser surface activation of polymer Reny
1002H blended with 3% by weight Merck Iriotec 8841 (a
copper phosphate/tin oxide mixture) substrates employed in
the manufacture of 3D MID devices has been demonstrated
successfully. Copper seeds synthesis under laser irradiation
for electroless copper plating was a multiple factor interac-
tive interaction result, laser power, scanning speed and line
pitch. The lowest electrical resistance 0.043 Ohms at laser
power of 18W, spot size of 200 um, hatching pitch of 150
pm and scanning speed of 150 mm/s. The calculated elec-
trical resistivity was 1.62 x107 Qm which was one order of
magnitude lower than the bulk copper of 1.72 x10® Qm
due to the porous structure disclosed under SEM and EDX
measurements.
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