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1. INTRODUCTION

Our modern world requires thousands of functional devices for assistance in
daily life. The number of these devices significantly increases due to growing
human’s needs and accelerated the pace of life. Therefore, the large quantities
of these appliances in our surrounding demand the miniaturisation of a single
device. At the same time, the reduction of the processing cost and material
consumption should be taken into account. First, the geometrical shape takes
a crucial role here for space saving issues. Specially designed 3D part can
miniaturise the device significantly. Second, the structural material is essential
in order to produce a mechanically robust and light-weighting device. The
moulding technology can solve these problems with freedom in geometry and
offering a variety of engineering polymers, which can be light, strong and
cost-effective materials. However, an only a mechanical function containing
device does not satisfy our modern world requirements. Many appliances must
be smart. Therefore, it should include functional integration with electronics.

Consequently, the contradiction between miniaturisation and functionality
appears. PCB (Printed Circuit Board) does not offer the solution being flat,
rigid and requiring a lot of additional parts: housing, connectors, interfaces —
cables []. Therefore, the three-dimensional integration of electronics in a
single free-shaped moulded part could be a solution. Such devices are called
Moulded Interconnect Devices (MID).

MID is an injection-moulded thermoplastic part with electronic circuits
directly integrated into a polymeric component — it offers material, weight and
cost savings, by the elimination of connectors between separate PCBs,
shortening process chain and integration of contact surfaces, e.g. for switches,
sensors and antennas [']. MID has a great potential in automotive, aviation,
lighting, computing or even medicine sectors where emerging innovation
demands to increase the number of the electronic component into a device.
The MID approach requires a combination of various technologies to fabricate
a product from different materials. A final product integrates various
mechanical and electrical functionalities.

The main technological problem of MID is to produce electrical circuit traces
on a plastic part. A standard known technique such as photolithography could
not be applied in a conventional way since the parts generally have complex
3D geometrical shapes. There are several well-known methods of the laser-
induced local metal deposition on polymers which might fit for circuit traces
fabrication: metal nano-ink printing [>®] ink paste layer sintering [* °], laser-
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induced selective activation [®] and laser direct structuring (LDS) [’]. The last
two methods utilise chemical metal deposition in addition to laser treatment.
All of them except LDS face difficulties when they are applied for three-
dimensional parts.

LDS is the method using precursors mixed in a polymer matrix ["]. These
precursor additives are activated during the laser writing process in order to
convert them into a catalyst for electroless deposition of the metal, and thus
the laser-scanned area can be selectively plated []. LDS is state of the art and
the most commercialised process for MID production. There are a few
commercial materials for LDS available on the market. However, most of the
LDS polymers are based on expensive metal-organic fillers, such as
palladium-based metalorganic compounds or copper oxide spinel crystal
microparticles ['], thus increasing the price of the raw material several times
(for example, a cost ratio is 1:4 in the case of raw PC/ABS and with LDS
additives) [?]. Therefore, the cost of the material stops further expansion of the
technology to automotive and consumer goods sectors. In addition, a high
amount of metalorganic additives reduces the mechanical properties of a
moulded part — moreover, metal-based additives in the polymer matrix shield
electromagnetic radiation and limits MID application in the gigahertz
frequency range [°, 1.

One of the tasks of this research was related with a search of the technology
which is capable of avoiding the use of expensive additives to the polymer
body and in this way to reduce the costs of MID fabrication.

In the first part of the experimental work, a new composite material —
polypropylene (PP) with multiwall carbon nanotubes (MWCNT) as additives
for the LDS approach was investigated. Processing parameters for plating
quality were deeply analysed. The work included not only tests of the material,
but the physical-chemical mechanisms of laser-induced selective metal
deposition were also investigated.

The second part of the work presents a new method for laser-assisted local
metal deposition. The process includes laser modification of the polymer
surface with a pulsed laser, chemical activation of laser-modified areas and
electroless metal deposition on the locally activated surface. The new method
was invented during the doctoral studies period and was called “selective
surface activation induced by a laser (SSAIL)”. The main advantages of the
SSAIL process comparing with the state of the art method — LDS is that
SSAIL does not require special additives in the polymer matrix, unlike LDS
does not use metalorganic additives [®] or multiwall carbon nanotubes [*].
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Therefore, SSAIL could open a broad area of application where current
methods of electronics integration are still too expensive. Experimental
studies have shown the potential application abilities for a broad range of
polymeric materials and glass. In addition, the SSAIL process was deeply
analysed using advanced research methods. Therefore, the mechanism of
activation of the laser-modified surface was suggested, and optimal
processing regimes for several polymers and glasses were found.

1.1 The aim of the research

The aim of the research was to investigate the laser-induced selective metal
deposition using electroless plating technique for the electrical circuit
formation on dielectric materials. Two tasks were set in order to achieve the
goal:

1. Research of the Laser Direct Structuring method, using new cost-
effective additive —multiwall carbon nanotubes in low concentration.

2. Investigation of newly invented technology — SSAIL - for electro-
conductive circuit traces formation on polymers, optimising
processing speed, quality and analysing the mechanism of selective
metallisation.

1.2 Practical value and novelty

1.2.1 The novelty of the research results

1. New additive material — multiwall carbon nanotubes for conductive
tracks formation on polymers utilising the laser direct structuring
technique has been investigated, and the mechanism of selective metal
deposition was proposed.

2. The new method — SSAIL (selective surface activation induced by
laser) for electro-conductive circuit fabrication was discovered, and
mechanism of activation of the laser-modified surface has been
suggested.

3. The SSAIL method was validated on a broad range of polymers and
glass.

1.2.2 Practical value of the thesis

1. The results of the investigation for new additives — multiwall carbon
nanotubes in the laser direct structuring approach can be applied for
moulded interconnect device production and, therefore, to reduce the
production cost by using the material with a lower cost.

11



2. The new method for circuit formation on dielectrics — SSAIL can be
applied for moulded interconnect devices production, flexible
electronics and electronics on glass materials as a lower-cost
technology comparing with state-of the art methods (LDS or
MIPTEC) used in industry.

3. Developed electroless plating bath and technique can be applied over
industrial activities where the plating on dielectrics is necessary.

1.3 Statements to be defended

1. Interconnected and electrically conductive structure of carbon
nanotubes within a polymer matrix induced by laser re-melting
surface of polypropylene doped with carbon nanotubes could work as
a catalyst for electroless metal deposition in the electroless plating
process and can be applied for the Laser Direct Structuring
technology.

2. Selective electroless metal deposition can be achieved by picosecond
laser modification of polymers or glass surface, followed by treatment
in the catalyst silver nitrate bath and electroless plating.

3. Laser processing parameters strongly influence the quality of the
copper-plated surface, and optimal processing regime could be found
by evaluating electrical conductance of the metal layer, its adhesion
to the substrate and spatial selectivity of plating.

1.4 Approbation

Results of the research presented in this thesis were published in 4 peer-
reviewed scientific papers [Al-A4]. Together with co-authors, one
international patent application [P1] was prepared, and two national patents
[P2-P3] were issued. Moreover, results were presented in 12 contributions to
conferences [C1-C12]. In total, the publication list includes 15 scientific
papers, 3 patents, and 27 presentations at the conference.

1.4.1 Scientific papers

Publication related to the topic of the thesis (CA WoS)

Al. M. Gedvilas, K. Ratautas, E. Kacar, A. Jagminiené, 1. Stankevi¢iené, E.
Norkus, N. Li Pira, G. Raciukaitis, Evaluation of Quality of Electrolessly
Deposited Copper on Polymer after Laser-Induced Selective Activation,
Scientific Reports. 6, 22963 (2016). DOI: 10.1038/srep22963
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A2. K. Ratautas, M. Gedvilas, A. Jagminiené, | Stankevi¢iené, E. Norkus, N.
Li Pira, S. Sinopoli, G. Raciukaitis, Laser-induced selective metallization of
polypropylene doped with multiwall carbon nanotubes, Appl. Surf. Sci., 412,
319-326 (2017) DOI: 10.1016/j.apsusc.2017.03.238

A3. M. Gedvilas, K. Ratautas, E. Kacar, A. Jagminiené, I. Stankeviciené, E.
Norkus, N. Li Pira, G. Raciukaitis, Percolation effect of a Cu layer on a
MWCNT/PP nanocomposite substrate after laser direct structuring and
autocatalytic plating, RSC Advances. 8, 30305 (2018). DOI:
10.1039/c8ra04813d

A4. K. Ratautas, A. Jagminiené, | Stankeviciené, E. Norkus, G. Raciukaitis,
Laser-assisted selective copper deposition on commercial PA6 by catalytic
electroless plating — process and activation mechanism, Appl. Surf. Sci.,
470, 405-410, (2019) DOI: 10.1016/j.apsusc.2018.11.091

Other publication related to the topic of the thesis

A5. K. Ratautas, M. Gedvilas, I. Stankeviciené, A. Jagminiené, E. Norkus, G.
Raciukaitis, S. Sinopoli, U. Emanuele, N.L. Pira, Laser-induced selective
metal plating on PP and PC/ABS polymers surface 12th International
Congress Molded Interconnect Devices - Scientific Proceedings, MID 2016,
art. No. 7738925 (2016).

A6. K. Ratautas, M. Gedvilas, I. Stankevi¢iené, A. Jagminiené, E. Norkus, N.
L. Pira, S. Sinopoli, U. Emanuele, G. Raciukaitis, Laser-induced selective
copper plating of polypropylene surface, Proceedings of SPIE - The
International Society for Optical Engineering 9735, art. No. 973507 (2016).
A7. K. Ratautas, A. Jagminiené, I. Stankeviciené, E. Norkus, G. Raciukaitis,
Laser assisted fabrication of copper traces on dielectrics by electroless
plating, Procedia CIRP 74, 367-370 (2018)

A8. K. Ratautas, A. Jagminiené, I. Stankevicien¢, E. Norkus, G. Raciukaitis,
Laser Assisted Selective Metallization of Polymers, 13th International
Congress Molded Interconnect Devices - Scientific Proceedings, MID 2018,
pp. 30-32. (2018)

Publication not directly related to the thesis (CA WoS)

A9. K. Ratautas, M. Gedvilas, G. Raciukaitis, A. Grigonis, Nanoparticle
formation after nanosecond-laser irradiation of thin gold films, J. Appl.
Phys. 212, 01308-01314 (2012). DOI: 10.1063/1.4731253

A10. K. Ratautas, M. Gedvilas, B. Voisiat, G. Raciukaitis, A. Grigonis,
Transformation of a Thin Gold Film to Nanoparticles after Nanosecond —

13


https://doi.org/10.1016/j.apsusc.2018.11.091
https://www.sciencedirect.com/science/article/pii/S2212827118309302
https://www.sciencedirect.com/science/article/pii/S2212827118309302
https://www.sciencedirect.com/science/journal/22128271
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Welding using Picosecond-Laser Radiation, J. Laser Micro/Nanoeng. 8, 175-
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Method for formation of electro-conductive traces on polymeric article
surfaces, EPO application, PTC/IB2017/055362, filling 2017 09 06, priority
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selective plating method of polymeric article, LT6517, issued 2018 06 11,
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2. LITERATURE REVIEW
2.1 Fields of MID applications

Research of this work was intended for circuit traces formation on free-shaped
dielectrics. The most robust photolithography technology perfectly works on
flat surfaces and there are attempts to transfer it to more complex geometries
[]. Moulded interconnect devices is an alternative approach which exhibits its
benefits on three-dimensional substrates.

The idea was to improve one significant step of the in-mould integrated
electronics processing.

MID is intended to provide economic goals through the reduction of parts,
shorter process chains, minor material consumption, and higher reliability [].
MID is perfectly designed to be suitable for keeping the energy and resource
conservation [*?]. The benefits of 3D design come from the ability to define
orientation between components [Y]. Moreover, stacking and precision
placement of chips and the forming of cavities is possible. The versatility of
the MID layout, therefore, enables the integration of contact surfaces for
switches or sensors and passive electrical functions (including capacitances,
inductances, or resistances) and antennas for transmission or reception of
electromagnetic waves [*].

One of the main technological problem of MID is to produce electro-
conducting circuit traces on the plastic part. A conventional (industrial)
technique such as photolithography could not be applied since the parts
generally have complex 3D geometrical shapes. The laser writing for selective
plating of polymers can also be used on 3D surfaces since localised and
selective activation of a polymer is feasible with a laser beam. Scanning of the
laser beam on 3D surfaces can be simply achieved technologically [**]. There
are several well-known methods for circuit formation (which are described in
Section 2.4. Circuit formation on dielectrics techniques), but most of them
face with difficulties for MID application due to limitation for complex
geometrical shapes or high cost [**].

Flexible electronics is another modern technology capable of coping with
miniaturisation issues [*°]. Flexible electronics is an electronic device where
the circuit with its components is mounted on flexible plastic substrates,
allowing the circuit board to conform to the desired shape, or to bend during
its use. This technology could be easily adaptable to complex shapes [*¢]. In
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addition, the substrate is very thin, in the range of tens of microns, what helps
to reduce weight and save more space.

One of the significant challenges of this technology is a cost-efficient
fabrication of reliable electro-conductive circuit traces.

2.1.1 Moulded interconnect devices

MID is an injection-moulded thermoplastic part with fabricated electro-
conductive circuit traces [']. It was developed in 1980 by the companies
located in the United States [}']. The USA has been a leader in the MID
technology starting from the beginning - the 1980s to the 1990s. After 1990,
Germany overtook the leadership in this field and kept it up to date [*8]. In the
beginning, the development was intended for various materials and
metallisation processes.

The MID market is growing. From 2000 to 2014, it increased from 7 to 150
million euros. Since 2014, the MID market has grown by more than 183
million euros [*]. Such rapid growth of the market was influenced by
increasing demand for new applications in automotive and healthcare areas.
Therefore, it improved quality and all the processes of the MID chain.

The technology of 3D MIDs allows metal circuits to be formed on top of the
arbitrary shaped plastic surface. The process chain for manufacturing of MID
can be divided into three steps including moulding, fabrication of conductive
circuit traces and the assembly of electronics which are represented in Figure
1.

N

3D substrate Assembly

Figure 1. The principle of MID technology [*°].

Different from the traditional PCB electronics, the 3D-MID technology opens
an opportunity to combine 3D space and functionality where the standard
technologies fail. The advantages of MID could be classified as follows [*]:
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Freedom of design:

o MID offers excellent opportunity to make 3D shaped devices.
Therefore, the miniaturisation can be achieved.

e MID allows integrating mechanics and electronics in one unit of the
device.

e New functionalities of devices can be created.

e The versatility of the MID layout enables the integration of contact
surfaces for switches or sensors and passive electrical functions
(including capacitances, inductances, or resistances) and antennas for
the transmission or reception of electromagnetic waves.

e The flexible and arbitrary shape is beneficial to engineers because
they have more area for electronics assembling on 3D surfaces in
comparison to the planar surface [*].

Economisation of production:

e MID economisation process comes with the ability to reduce the
number of parts, for example, no connection cables or rigid PCB
boards are necessary.

¢ Miniaturisation also helps to save material consumptions.

e The process chain is shorter, as some assembling functions are
eliminated.

e As a result, other expenses related to the reduced process steps, as
logistics are also minimised [*°].

Environmental sustainability. As a result of the shorter process chain, the
material consumption can be reduced remarkably. Therefore, MID helps to
preserve the resources, and due to this, it is more environmental-friendly
comparing with current technologies. [%].

Innovation. MID technology is orientated to production-perfect and function-
oriented product development. There are several processes to make a final
MID product (device). Each process is followed by optimisation. Thus, from
one side, MID technology fosters process innovation as shown in Figure 2. On
the other hand, the MID technology opens new areas for the products with
new technological capabilities; this leads to product innovations [*].
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Figure 2. Potential of 3D-MID [#].

2.1.2 MID application sectors

Telecommunication application accounted for more than 60% of the global
revenue of MID in 2015 with expected CAGR of 13.6% from 2016 to 2023.
The growth can be primarily attributed to increased usage in antennas of
mobile devices. Automotive is forecast to witness the fastest growth in the
coming years at 14.8% CAGR, owing to increase product adoption in brake-
light fixtures. Medical segment is forecasted to be over 20 million USD by
2023. Surging adoption in medical devices, it is expected to further boost
demand over the next seven years [*].

A brief introduction to industrial sectors of MID applications [*]:
Automotive

Modern cars need a variety of sensors and electronic assistants that provide
the comfort and increase the safety of vehicle passengers [*]. Therefore, a huge
number of additional components has to be used, and that increases the
manufacturing cost as well.

Sensors and Actuators ‘
/ % A
-
v Lightning

b)
Figure 3. a) Automotive sectors of MID application [?*] and b) steering wheel
controls (Manufacturer: TRW Automotive for BMW [#]).
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Miniaturisation is essential, and functional diversity continues to expand.
Those factors have a positive effect on demand for MID integration.

At the same time, due to the too high pressure of costs in the car-making
industry, MID parts have to be an economically viable alternative to
conventional technologies. [?°]. Potential MID applications in automotive are
shown in Figure 3.

In automotive, MID is used in various areas. More than a half of the MID
products are dedicated to sensors and connectors, because of the higher
demand for miniaturisation, integration and weight saving. Also, MID is
applied for switches and control modules of the vehicles [%, *]. Another
growing sector of MID applications is lighting, also applied in automotive.
Many LED lighting modules for turn signals are already produced utilising
MID by manufacturers such as BMW [*'].

Medicine

With increasing the interest in healthy lifestyle, medical sector demands of
miniaturisation and cost efficiency in healthcare equipment production. One
of the essential sectors of medical devices is a system of audiology, for
example, hearing aids. Integrated microphones and speakers (specially
orientated in the space) have to create a sense of surrounding sound and at the
same time fit into the small housing. Single-use, disposable products are
another possible application. Sterile sample carriers have to be used for
bioanalysis. Type variety, design, miniaturisation and cost reduction
characterise the development of portable electronic devices. The consumers
expect in cutting-edge and compact devices which enclosure more and more
functions. Due to the rapid development in the software and chip technology,
new diagnostic procedures are continually opening up. Small diagnostic
devices help to improve the lives of millions of patients. Small diagnostic and
monitoring devices for the drug application carry along, such as blood glucose
meters are on the disposition of patients today. [%],[%4].

Computers, telecommunication

IT and telecommunication is a specific sector of MID [*]. It covers more than
60% of the whole MID market. Since all portable IT and telecommunication
devices are getting thinner, less space is left for electronic components. Asia
is the leader in telecommunication and computing products manufacturing.
The highest MID production volume in this sector is dedicated to antennas.
Smartphones and portable IT products such as laptops have increasing demand
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in MID products. Moreover, most of the wireless fidelity (Wi-Fi), Bluetooth
and universal mobile telecommunications systems (UMTS) are fabricated
using the MID technology.

Figure 4. MID applications in IT and telecommunications. Laptop Wi-Fi
antenna (left) and smartphone antenna (right) made using MID technologies
[19].

Automation

Automation is also the sphere where MID technology can offer its benefits.
As automation industry requires high flexibility and profitability, the MID can
fit in this field very well. For example, intelligent sensors which are based on
the arrangement of light emitting diodes (LED) or sensor chips and the radio-
frequency identification devices can be offered by MID technology. Moreover
for long-range RFID antennas enables not-contacting data transition, what is
essential in a smart factory or logistics [*, ).

Lighting

LED lighting technology is expanding very rapidly and is changing
conventional lighting technique in many areas — from automotive to the
building interior. Since LED has very high efficiency, less heat is generated
to the ambient and the substrate as well. Therefore, it enables to use MID
production in lighting where the substrate is made from plastic and is sensitive
to high heat flows. The leader in this area is the automotive industry.
Moreover, it is expanding in the consumer goods sector as well [*4].

Others

The aerospace industry and the military sector are other essential fields for the
MID application. These applications focus on the three-dimensional
arrangement of sensors, but, to date, very little information has been put into
the public domain [*]. The household goods sector can be assumed as a future
up-and-coming sector. [%°].
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The most promising application areas of MID products can be mention as
follows: sensors, antennas, 3D wiring, interconnect device/package (a new
rising application area), plug connectors and optical devices, for example,
lighting, reflecting or sensing [%].

2.1.3 Research areas in MID technology

3D-MID technology possesses various steps in the process chain. These
investigation areas can be separated into four major sectors [*]:

substrate materials;

interconnect-device manufacture technologies;

3D assembly and interconnection technology;

quality and reliability;

The most common structural material for MID is thermoplastic, because it is
easily and fast producible to the desired shape, for example using injection
moulding technique. The major problem with thermoplastics is concerned to
their thermal properties: low heat conduction, low softening temperature.
Therefore, high temperature-proofed polymers with high electrical resistance
are objects of the research activities. Another area is biocompatible materials,
which might extend the range of possible applications in the medical
technology sector. Thermosets as a substrate material is also under research.
The most research activities for the substrate is initiated by companies who
are focused on technology-related to special substrate materials for example
in LDS. Since LDS uses special additives in plastic for the selective plating
procedure, it requires a lot of RTD work in polymer chemistry. Most of the
additives are based on organic metal complex (like palladium complex).
Recently, the most used in industry are copper oxide spinel crystal particles.
The high amount of additives alter the mechanical and thermal properties of
the plastic material. Moreover, a transparent and coloured plastic material is
also hard to achieve, when black or grey colour additives are used [*].
Interconnect device manufacturing includes the formation of circuit traces on
the moulded part. This research could be referred to the most important and
complicated. 3D-MID’s include a large variety of different technological
methods and processes to manufacture circuit traces. They could be divided
into selective plating and printing technologies. Most of the plating
technologies are laser-assisted, such as microscopic integrated processing
technology (MIPTEC)[?] or laser direct structuring (LDS) [], laser-induced
metallization (LIM), laser-induced selective activation (LISA). Printing —
inkjet printing based processes, laser-induced forward transfer (LIFT)[®], laser
restructuring print (LRP) [*']. Others are plasma spraying technologies. All
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details about the technologies are presented in the chapter: 2.4 Circuit
formation on dielectrics techniques.

Another essential technological challenge in the MID process chain is
assembling and soldering. All known technologies are created for assembly
on a planar substrate. New methods and machines should be created for the
MID process, which is capable of assembling on substrates with complicated
3D geometry. Soldering is another problem. Conventional solder paste
working temperature is too high for many engineering polymers. Therefore,
new methods and paste have to be developed [*].

2.1.4 Flexible electronics

The definition of flexible electronics is the technology of mounting electronic
devices on flexible substrates. History of flexible electronics reaches almost
sixty years period. It started in 1960 for solar cells application [*°]. The aim
was to achieve high power/weight ratio for extra-terrestrial application in
satellites. Therefore, the single-crystal silicon solar cells were thinned down
to ~ 100 microns and assembled on a plastic substrate in order to provide
support [*¢]. Currently, the applications of flexible electronics are countless:
from personal devices (e.g., wearable health monitoring devices) to large-area
sensors (e.g., an electronic skin, biomedical devices), and smart tagging of
products with radio-frequency identification tags).

There are three levels of flexible electronics: bendable or rollable,
permanently shaped, and elastically stretchable [?]. Depending on a type of
use it can be classified as follows: flex to install, for bending only during the
installation process in order to fit in the desired shape of housing (space
saving); dynamic operation, where bending is required as a part of the
operation of the device; or stacked flexible electronics in various
configurations.

Recently, the most growing sector of application is flexible displays. Thin
Film Transistors (TFT) technology enabled to produce flexible displays using
LCD or OLED technologies. TFT is made from a flexible substrate, and metal
contacts (circuit), amorphous silicon (or another type of semiconductor) is
deposited on top and covered by an insulator layer. TFT scheme is shown in
Figure 5. The last layer is a gate electrode which is usually transparent,
produced from ITO [*9].
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Figure 5. TFT scheme a) [*°] and LG flexible display b).[*°]

Flexible electronics could be divided into two sectors: flexible electronics
components (semiconductors) and flexible circuits [*!]. As this work is related
more to the circuit formation, we will focus more on flexible circuits.
The advantage of FPCs [*¢]

e thiner than PCB;

e can be used for dynamic application as flexing;

o freedom of FPC configuration.
Disadvantages of FPCs
the price is higher than the PCB;
high risk of damage;
assembling is complicated,;
repairing is complicated or even impossible.
Application of flexible circuits is very wide from automotive or aircraft
industries to consumer electronics [*]. Separately from flexible electronics
components, flexible circuits are used as a connecting cable in electronics
devices such as printers or automotive.
Fabrication techniques of flexible circuits can be divided into three
approaches: additive printing, subtractive etching and additive plating
processes. The most used is the subtractive etching process because many
technological steps are overtaken from PCB manufacture process [*3]. The
process contains a flexible substrate adhered with copper foil, then follows the
conventional lithographic process. However, the process is not sufficient for
small gquantities of production. Moreover, it is strictly limited with the
substrate material and has very long process chain.
Additive printing is the technology which includes inject printing [*], aerosol
printing [*] laser-induced forward transfer (LIFT) [*]. The additive printing
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process is still under development, but there are several industrial applications
as well.

Additive plating process chain is very similar to subtractive etching. The main
difference is that metal is deposited using electroless plating on the dielectric
substrate, instead of using metal foil [32].

The main technological problem of flexible circuit which limits its expansion
to other fields is adhesion of metal to the substrate. Another critical issue is
the cost of production. Standard conventional techniques have many
processing steps which raise the price of production. Printing techniques
usually use costly materials like silver ink what increases the price more [*1].
The significant advantages of additive printing techniques are potentiality to
use the roll to roll process [*?].

2.2 Polymers

Polymers are a substance whose molecules consist of many repetitive
structural units, called monomers, which are joined by covalent chemical
bonds. Polymers can consist of hundreds or thousands of monomers.
Classification by structure is as follows: linear — polymers which are joined
together to long chain, for example, HDPE or PVVC, branched polymers —these
polymers contain linear chains having some branches, e.g., low-density
polyethene, crosslinked polymers — synthesized from bifunctional or
trifunctional monomers and has strong covalent bonds between linear
polymers lines, like vulcanized rubber. Polymers can be classified by chemical
families for example — polyurethanes, polyesters, polyamides. Sometimes it is
necessary to divide polymers into groups by composition. If the polymer
contains a single type of monomer — it is a homopolymer. Although when two
different types of monomers are joined in the same polymer chain, the
polymer is called a copolymer, for example, PC/ABS [*].

More convenient to classify polymers according to their mechanical and
thermal properties. Polymers could be divided into two major classes: plastics
and elastomers. The last one better known as rubber can be elongated to large
scales under load at room temperature, because of its long polymer chains that
have many cross-linkages structures. They are very elastic but return to their
original shape once the load is removed [*]. Plastics are harder than
elastomers and cannot be elastically deformed.

Plastics are important engineering material, because of it's excellent
mechanical, dielectric or chemical properties. They can be moulded to the

29



desired shape, have high mechanical strength, low weight, low thermal and
electrical conduction, good toughness, excellent resistance to acids, bases and
moisture. In addition, they are relatively low in cost.

Plastics again are classified by their mechanical properties to thermoplastics
and thermosets [*'].

Thermoplastics: These plastics do not undergo any chemical change after
being heated and can be moulded/welded afterwards. They usually are shaped
very easily after applying high pressure and temperature. Therefore, such a
process allows applying fast injection moulding procedure for fabrication of
plastic parts. The process of heating, reshaping and retaining the same on
cooling can be repeated several times. They usually have a linear or very
slightly branched chain structure. Common thermoplastics are acrylics,
polyvinyl chloride, nylons, polypropylene, polystyrene, polymethyl
methacrylate, etc. [*]. Thermoplastics are more widely used than thermosets,
because of its simple fabrication process.

Thermosets undergoes chemical changes during heating and formation
process, such as extensive cross-linking and cannot be re-melted or reformed
into another shape but decompose upon heating to high temperatures.
Thermosets contains strongly crosslinked chain structure. Thermosets
comparing with thermoplastics are stronger but brittle, has higher thermal and
electrical resistance. There are two main methods for initiation of cross-
linking reactions — heating upon certain temperature, or some resins can be
shaped at low temperature by adding a cross-linking agent (for example epoxy
resin). A compression moulding techniques are applied to thermosets which
are quite slow due to complicated polymerisation process [**]. Use of
thermosets is limited by difficult processing conditions [*].

Application of polymers is determined by their characteristics. However, there
is also a demand to modify these properties. Therefore, other — foreign
materials are introduced as an additive to enhance or modify their properties.
Several types of additives are used: fillers, plasticisers, stabilisers, colourants,
and flame retardants. Fillers like wood flour, sand, clay, talc are used to
increase the tensile, compressive strength of specific polymer, abrasion
resistance, and dimensional stability. Plasticiser is applied to improve the
flexibility of plastics. Therefore, the liquid substance of low molecular weight
is added. The stabiliser is needed to counteract deteriorative processes such as
oxidation, radiation, and environmental deterioration. Colourants are used to
achieve the desired colour of the polymer. For this purpose, dyes (dissolves)
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or pigments (remains as a separate phase) are added. Flame retardants are used
to enhance flammability resistance of combustible polymers [*°], [*].
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Figure 6. a) Melting and decomposition temperatures of thermoplastics [*°];
b) Plastics pyramid including worldwide consumption figures [*].
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Properties of the final moulded plastic can be classified to mechanical,
thermal, electrical properties, workability and chemical resistance.

Depending on the application field, some properties are more important than
others [“°]. For an electronic application, the most relevant properties of the
material are electrical, mechanical, thermal and thermomechanical properties.
Since many thermoplastics has very high electrical insulation, the research is
more focused on thermal and thermomechanical properties of thermoplastics,
especially for MID applications [*].

The thermoplastic material has to have high-temperature resistance because
of the soldering process during the electronics assembly. Figure 6 a) represents
melting and decomposition temperatures of important industrial plastics.
Since most of plastics cannot be heated above 200 ° C temperature, specific
soldering methods with specialised solder paste should be applied for MID.
Another important issue is thermal conductivity. Although plastics have a very
low thermal conductivity, local elongation can appear. This is very important
for an application which has a thermocycling environment. High thermal
expansion coefficient probably is the biggest challenge for thermoplastics in
the MID application. MID contains different materials: polymers (as a
substrate, carrier), metals (circuit traces) and assembled electronic
components. The large difference in the thermal expansion coefficient for

plastics and metal circuit traces can cause huge problems, resulting in trace
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breaking. However, the polymer material should have attractive cost as well.
Polymers with higher temperature resistance and lower thermal expansion are
more expensive [']. The compromise between price and material properties
best illustrates the plastics pyramid in Figure 6 b).

2.3 Laser interaction with polymers

2.3.1 Absorption

Every material interaction with the laser usually starts with the absorption of
radiation. The energy band gap of polymers is relatively wide [*]. Therefore,
absorption by electrons can be achieved for the wavelengths in the ultraviolet
range. Photon energy must exceed bonding energy of polymers which starts
from several (~3.6 eV for C-C) eV [*?]. At irradiation in Far IR ~2.5-10 um,
the absorption is driven by vibrational energy level interaction - photon-
phonon transfer [*]]. Many finished plastic parts contain additives, as filler and
colourants (like carbon black) which linearly absorb laser radiation in a very
wide spectrum, even for the 1064 nm wavelength [*2, %]. In the case of
ultrashort pulse lasers — picosecond and femtoseconds range, the nonlinear
absorption can appear. This is very important for processing optically
transparent materials like PMMA, PC or PET. Nonlinear absorption can be
multiphoton and tunnelling process (see Figure 7) [*°].

(@) (b) Atomic potential deformed
A @ FEectron A by the laser field
A
hv lonization
potential
7 hv
> q >
A
IR 5
w » w
A
hy
G d Distance
slg::n M from nucleus
L)
0
a) b)

Figure 7. Nonlinear absorption mechanism of the laser beam for transparent
materials: multiphoton absorption a) and tunnelling effect b) [*°].

Multiphoton absorption appears then the concentration of photons is very
high. Therefore, radiation intensity should be kept very high, at least ~ 10
W/cm? for the 1064 nm wavelength. Energy band gap value must be equal to
the sum of photon energies. Several photons are absorbed using virtual energy
levels. Another nonlinear absorption process is tunnelling ionisation. This
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process appears when the field of electromagnetic ionisation is very high and
deforms atomic potential. Therefore, the electron has a finite barrier at one
side and can tunnel through it as shown in Figure 7 b. Which process is the

dominant determinates Keldysh parameter K :% /%AEEO , here w is the

reduced frequency of radiation, e and m are electron charge, and mass
respectively, ¢ and n are the speed of light and refraction index of the material,
AE is the energy band gap, &o is the dielectric constant. L. Keldysh showed,
that when K >> 1, the tunnelling process is dominant. Multiphoton ionization
dominates when (K<< 1). In some cases, both processes are important. For
example if, the wavelength is 1064 nm and the material is glass, K~1 [*].

A bandgap of polymers (strength of covalent bonds) is much higher than the
energy of photons in visible spectrum. Therefore, direct, linear absorption of
light by polymers is feasible only in ultraviolet spectral range. The nonlinear
absorption mechanism usually is a primary stage of absorption process, which
is necessary for generation of free electrons. Utilising lasers with high
intensity of radiation, multiphoton absorption is possible, when a few photons
excite an electron from valance to conduction band. Free electrons which are
in the conduction band can absorb the laser light, by interaction with atoms
and gaining their kinetic energy. The phenomenon is called “inverse
bremsstrahlung” [*]. When an electron has energy higher than the band gap
in a polymer, it can excite a new one to the conduction band by collision with
electrons of the valence band. The process is called impact ionisation. In the
case, when one electron ionises more electrons and subsequent electrons
ionises others — avalanche ionisation starts [**]. The impact and avalanche
ionisation play a significant role in light energy absorption process in
polymers.

2.3.2 Ablation

Two types of decomposition can occur in the polymers: photothermal and
photochemical [*]. Photothermal mechanism of decomposition — the
absorbed laser energy leads to heating of polymer and thermal decomposition
can be induced due to increased temperature of material. Photochemical
mechanism of decomposition — The photons in the polymer are absorbed
directly by electrons in the polymer molecule and chemical (decomposition)
reactions can be induced. A photo-mechanical mechanism of decomposition
can be assumed as a particular case of the photo-thermal process. The photo-
mechanical mechanism can occur when a high pressure or stress are created
by rapid pulse heating due to fast energy input into material by ultra-short
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pulse absorption. After the energy transfer, the material could be modified or
removed. The removal process is called ablation [, “4].

The polymer consists of large macromolecules; which cannot simply
evaporate. Therefore, a polymer removal process is different from other (non
polymeric material) by making free atoms. After energy transfer, the polymer
chain is decomposed by heating, or photo-chemically. Sufficient number of
bonds must be broken in polymeric chain in order that ablation process could
start. Decomposition can be classified into two groups [*®]. First one is end-
chain scission, sometimes also called "unzipping”, when monomers are
released at the borders of backbone structure. The second one is random chain
scission when polymeric bonds are broken in the middle of the backbone.
Random chain scission leads to the formation of both monomers and
oligomers (short chains with ten or fewer monomers). Another competing
process is "'chain-stripping”, i.e. cleaving reactions in the side chain and cross-
linking reaction. The unzipping forms a monomer or other lower molecular
weight products. The random chain scission leads to char formation. The
eliminated parts of the polymer are typically lost through the gas phase
components.

Usually, ablation and modification processes occur at the same time, because
not removed, but heated material is modified. The modification can be
chemical, and physical — by changing structure (morphology), crystallinity.
Ablation mechanism of polymers is not fully understood yet, and there are still
ongoing discussions about the processes during their ablation [*]]. There are
two main models of polymers ablation: photochemical ablation, when laser
photon energy is high enough to break bonds of polymer molecules and
thermochemical decomposition, when absorbed laser radiation increases the
temperature of the polymer high enough to cut the bonds thermally [*1].

Photochemical ablation allows to achieve high resolution of micro processing
since all energy is applied to the material for bond breaking, and no thermal
side effects appear. However, photochemical ablation is possible only with
lasers working in the ultraviolet range, usually excimer lasers. Ultraviolet
range laser processing must be performed in a vacuum environment because
ambient air absorbs the radiation. In this research work, NIR or visible range
wavelength were used. However, nonlinear absorption of short laser pulses
can initiate the photochemical processes. Therefore both processes are
important here [*].
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Pulse duration is another important parameter in pulsed laser processing.
Nanosecond laser ablation has several stages: absorption, heating, evaporation
and plasma formation as a result of the pulse-vapour interaction. The
nanosecond laser ablation process still contains thermal side effect. The
surface contains more melted areas after processing with a nanosecond laser
comparing to effect of a picosecond laser.

Picosecond laser interaction with polymer could be completely different.
Much higher intensity of laser radiation facilitate increase of multiphoton
absorption, and direct breaking of chemical bonds in polymer chains could be
dominating. Rapid energy transfer to quite a small area can result in many new
processes depending on radiation intensity: shock wave generation, Coulomb
explosion, phase explosion [*]. Cold ablation in laser processing describes the
mechanism of material removal when the thermal side effect is avoided. It
could be achieved in particular cases by ultrashort laser pulses. Due to the very
short time scales involved in the ablation with femtosecond laser pulses, the
ablation process can be considered as a direct solid-vapour (or solid-plasma)
transition. In this case, the lattice is heated on a picosecond timescale which
results in the creation of vapour and plasma phases followed by a rapid
expansion [*,%!]. The heat affected zones are also minimised due to shorter
Gaussian “tail” of the temporal envelope of the ultrashort pulse. Another way
to create “cold” ablation is to use burst mode of laser pulses [*?]. Kerse et al.
describe the process when heat affected zones are removed by the next laser
pulse in the burst at a very high-frequency scale ~ 10 MHz. In the NIR range,
significant differences in ablation of PMMA with nanosecond and picosecond
pulses were observed by Wen at all [*®]. Using the 1064 nm wavelength,
ablation with picosecond pulses was influenced by multiphoton absorption.

Pinho et al. showed that Coulomb repulsion could also act as a part of the
ablation process at higher fluencies ~10% W/m? [*°]. Differences for pico- and
nanosecond pulse processing can be divided into two parts: difference in
absorption behaviour and differences caused by rapid energy transfer.

Another essential property of pulse laser ablation is incubation of material
modifiacation and related defects after each laser pulse [**, *4] — the process
when the ablation threshold is reduced by the influence of primary laser
pulses.
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2.4 Electroless autocatalytic plating

Definition of electroless (or chemical) plating describes the process of metal
deposition on other metal or non-metal including dielectrics without an
external electric current. An important feature of the process is that deposited
metal itself is a catalyst for the ongoing plating reaction. Therefore, such a
process is called autocatalysis [*°]. The solution for electroless copper plating
which contains formaldehyde as a reducer has been known since the middle
of XX century. The solution includes an alkaline environment, hydrated
formaldehyde (methanediol), Cu(ll) complexes with various ligands,
additives for solution and plating stability. There are many types of stabiliser
(equilibrators) which are necessary for following processes: methanediol
deprotonisation, complex formation and other interactions between
components of the chemical solution. Each of these processes has specific
influence for the plating[°°].

Electroless plating solution contains metal (M) ions - a source of material to
plate, ligands (L), which is necessary to keep metal in a complex and protect
from undesired chemical reactions in a solution, reducer (Red) — source of
electrons for metal reduction, buffer for formation of alkaline environment
and additives for various purpose (Ox refers to oxidized form of reducer).
General metal ions reduction equation is written in (1).

catalyst
MLY + Red ——M+mlL + 0x™* Q)

Rad L

Ox Mel"™
Figure 8. Reducer oxidation and metal ion reduction reactions [*].

The catalyst is necessary for the oxidation reaction of reducer — to transfer an
electron to the metal ion. The complete process explanation is still under
discussions. The most used approach is that there are two partial reactions
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which are related to each other and taking place at the same time: anodic
oxidation reaction of the reducer and cathodic reduction reaction of metal ion,
as shown in Figure 8 [*]. The main driving force of the autocatalysis process
is the reducer oxidation reaction which appears only on the catalyst and
produces electric potential necessary for the reduction reaction of the metal
ion. Formally in the catalysis process, the free electron has an interim role like
shown in Figure 8. An electron can move freely on the surface of the catalyst.
Therefore, the reduction reaction takes place not by the direct contact of the
particles (electron), but by exchanging an anonym electron, as shown in
Figure 8.

2.4.1 Autocatalytic copper deposition

The general equation of autocatalyst reaction for copper is [*']:

c
Cu(ll) — ligand + 2CH,0 + OH~ = Cu + 2HCOO™ + 2H,0 + H, +
ligand (2)

Copper (1) ions form complex compounds with ligands. Most known reducer
for the reaction is formaldehyde (CH20O). During the process, side reaction can
also take place. Formaldehyde reacts with OH ions and produces formate
anion and methanol. Actually, the general equation does not describe the
whole process. For example, formaldehyde initially is hydrated to
methanediol before its oxidation reaction. Following, methanediol reacts with
OH', and as results, methamediol anion appears. An alkaline environment is
necessary for copper autocatalysis process — for reducer oxidation catalysis
reaction. Ligands also play a crucial role — it prevents copper ions from
reaction with OH". Otherwise, solid insoluble Copper (I1) hydroxide could be
formed [*"]. Ligands usually are sodium potassium tartrate and EDTA [*°].

2.5 Techniques of circuit formation on dielectrics

There are many laser-based circuit formation techniques. However, only a few
of them are applied in real production [*°, ?]. There are destructive or non-
destructive circuit formation techniques. Destructive can be assumed those
which uses etching procedures for fabrication — photolithography,
microscopic integrated processing technology (MIPTEC). Non-destructive
methods can be classified into two groups. The first one is selective conductor
deposition, like inkjet printing, aerosol printing, and laser-induced forward
transfer (LIFT). The second one is selective plating by local surface
modification, like laser direct structuring (LDS), selective deposition on the
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local roughened surface by a laser — laser-induced selective activation, laser
modification of ink paste layer on the surface and the last one — in situ surface
modification and metal deposition in the liquid phase. Most of them have
advantages and disadvantages for specific application areas.

2.5.1 Photolithography

Photolithography is the most widely applicable method for printed circuit
board fabrication. There is a lot of literature about photolithography [*8,%°,%].
The main principle of photolithography is exposure to photoresist through the
mask on the conductive layer and chemical etching procedures. The process
itself can be divided into several main steps: a substrate (textolite) covered by
a conductive layer (copper foil, electroless plating or PVD); photosensitive
resist layer deposition; pattern formation by laser exposure through a
photomask; resist development; chemical etching of metal film; resist
removal. The method is very suitable for mass production. However,
prototyping with photolithography is very expensive, since the mask has a
high cost. Another problem with photolithography is that the conventional
(industrial) technology can be applied only on the flat surface. There are few
investigation works of the photolithography on the curved surface [®, ©2].
However, patterning only on the regular surface like sphere [®1] or 2.5 D [*?]
was shown. The structures were fabricated using an elastomeric mask. The
placement of the mask had to be done very precisely, what could complicate
the upscaling process for industrial application. Therefore, the application of
mask photolithography for moulded interconnect devices, where the parts
have a complex 3D geometry is very complicated or even not possible.

2.5.2 MIPTEC

Microscopic integrated processing technology (MIPTEC) is a circuit
formation technology developed by PANASONIC [*'].
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Figure 9. processing steps for MIPTEC technology [?7]
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MIPTEC is a method specially developed for moulded interconnect devices
production. It contains several steps as shown in Figure 9: deposition of a thin
copper layer on moulded part by physical vapour deposition (PVD); laser
pattern formation by removing copper layer from surrounding of the desired
pattern; galvanic coating of copper pattern detached from the rest of copper
layer; anisotropic etching until all unnecessary part of copper is removed and
final finishing layer deposition — nickel, gold by electroless plating technique
[?"]. The disadvantage of technology is that it has many steps. Galvanic plating
of the copper pattern requires special electrodes for every circuit what
complicates the application for prototypes.

2.5.3. Inject and aerosol printing

Aerosol printing is another technique for circuit fabrication [®*]. The
technology uses liquid ink which is atomised in order to create 1-5 um
droplets. Droplets are travell to narrow nozzle, where addition gas pressure is
applied, and aerosol ballistically is released through the nozzle at high speed
and hits the target — substrate, as shown in Figure 10 a) [%, *].
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Figure 10. Scheme of aerosol printing a)[®*] and inkjet printing techniques

b)[*].

Inject printing is similar technology for circuit fabrication [%]. It uses liquid
ink, usually made from silver nanoparticles. The thermal or piezoelectric
method could be applied for droplet ejection. Recently, almost all industrial
machines use piezoelectric heads. The piezoelectric principle is shown in
Figure 10 b). The chamber of the ink is produced from ceramic. One side of
the chamber has a micro hole for ejections. The opposite side of the cavity has
a piezoelectric wall which mechanically repels an ink droplet when an electric
field is applied. The increased volume of the cavity is filled up with ink. After
the electric field is turned off, the piezoelectric wall returns to a primary
position, and the cavity volume is reduced. The excess of the ink is quickly
driven through the nozzle (micro-hole). Both technologies use expensive
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materials for printing, based on silver nanoparticles. Moreover, there are many
technological issues for printing on 3D complicated geometries.

254 LIFT

Laser-induced forward transfer (LIFT) is the process which enables deposition
of the liquid or solid material in small droplets and affords a high resolution.
The technology was first demonstrated by Bohandy et al. [*°] It is not widely
applied in the industry yet, but a lot of research activities is carried out by the
time.
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Figure 11. The principle of the LIFT technique [®].

Laser-induced forward transfer method relays on the absorption of laser
energy in the material of interest causing local vaporisation and expulsion of
material from a donor substrate to a receiver substrate on which patterns are
formed [®®]. Solid state, simple rheological, multiphase, multicomponent can
be used for the transfer process. The general process of LIFT is shown in
Figure 11. Uniform layer of the material to transfer is covered on a glass slide
by spin coating or just by the special blade. The donor substrate is mounted
near the substrate, usually about 100 um above. The process is very sensitive
to the distance between the substrate and donor plates. For the transfer process,
a laser beam is focused on the interface of the donor material and donor glass
plane. The Nd:YAG nanosecond laser is mostly used for the process. The
wavelength of the radiation is chosen depending on the material. In the case
of silver ink, the 1064 nm wavelength can be used. The light is absorbed by
the donor material and generates a rapid increase of the local pressure at the
interface. As a result, small droplets of the thin film are ejected from the donor
and deposited onto a substrate. This techniques also enables the deposition of

40



transparent material, using a so-called dynamic release layer (DRL) between
the substrate and the film to be transferred [®°]. Technology can be an
alternative technique for various processes like electronic components
placement, such as organic thin film transistors or organic light emitting diode,
microelectromechanical systems (MEMS), sensors ["°] and also for medical
applications such as tissue engineering. LIFT can also be used for circuit trace
formation on a flexible substrate. Usually Pl or PET is a substrate material.
The problems of LIFT technology application for the flexible circuit is the
adhesion since the substrate is weak. Another disadvantage is the cost of the
donor. Silver ink is costly comparing with copper sulphate used in plating
processes. In addition, LIFT has some unresolved problems for 3D surfaces
applications ["].

2.5.5 Laser sintering of ink paste

There are several methods for ink paste sintering ["?], but all of them have
many similar procedures. Nonconductive ink solution based on metal
compounds is reduced to metal atoms by laser irradiation. Kang et al. [*] made
ink paste by dispersing Copper oxide (CuQ) particles into a reducing agent
solution. The solution consisting of polyvinylpyrrolidone (PVP Mw 10 000,
Aldrich, 13 wt. %) and ethylene glycol (Aldrich, 27 wt. %) was mixed with
nanoparticles by an ultrasonic wave. Finally, the CuO NP solution with a
viscosity of 5000 cps was achieved [*]. The solution was deposited on
polyimide (PI) by a spin-coating technique.
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2treatment in Pacid reatment
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a) b)
Figure 12. Laser sintering of ink paste: ink paste with copper oxide
nanoparticle a)[]; silver ion ink paste b)[°].
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Following, the laser writing procedure was performed. Ytterbium-doped fiber
laser was used for irradiation of the deposited layer. Both pulsed nanosecond
and CW lasers have been applied.

The whole process chain is shown in Figure 12 a). The irradiating laser beam
has photons with energy high enough to brake Cu-O bond. After bond
breaking, a reduction of Cu ions by ethylene glycol takes place. Results have
been checked by Energy Disperse Spectroscopy (EDS). 90 percent of Cu ions
could be reduced by pulse laser irradiation.

Another work has been carried out by Chen et al. [°]. PI films were treated by
KOH solution. As a result, Pl became hydrolysed, and potassium polyamine
was generated. Following, the specimen was immersed in the AgNO; solution.
Therefore, Ag ions exchanged the potassium ions (Figure 12 b). Laser writing
was performed by Nd:YAG laser nanosecond laser with the IV harmonic
wavelength. After laser irradiation, the Ag ions were reduced to Ag°[*]. The
disadvantages of both processes are very similar concerning with the
difficulties of thin layer deposition. In the case of the complex 3D surface, it
becomes almost impossible. Another technological problem is very low laser
writing speed in the hundreds of microns/s during the reduction process.

2.5.6 Laser-induced selective activation

Zhang et al. presented a technology [°] for selective copper plating on laser
modified areas in a water environment, followed by chemical palladium
activation and electroless plating as shown in Figure 13 b). Firstly, polymeric
specimen — polycarbonate was immersed in distilled water. The fundamental
radiation of an Nd:YAG nanosecond laser was used to modify the polymer
surface in the water. After the treatment, a sample was activated in palladium
colloidal solution for several minutes. The rinsing after activation with
palladium was performed in the distilled water. The last step — electroless
copper plating was applied for deposition of conductive circuit. Selective
plating process has also been tried by performing laser activation in the air.
However, no selective plating has been achieved.
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Figure 13. The working principle of selective laser activation a) and metalised
sample using this method b) [**]

Authors also investigated the mechanism of activation. They found that
selective plating took place due to the increase in the surface roughness of the
laser processes areas. The strong correlation between roughness and plating
was observed. The explanation of the mechanism is: laser treated polymeric
surface in water produces the rough and sponge-like structure. The palladium
solution diffuses in these pores during the activation procedure. The washing
step rinses all palladium from the untreated surface. The diffusion time from
the pores is longer, and thus the palladium stays in laser-modified areas after
rinsing [“]. However, the spatial selectivity is not sufficient for many
applications since palladium is very active and usually activates also laser not
processed areas (see Figure 13 b). Moreover, laser processing of the sample
in a liquid complicates the application for 3D objects.

2.5.7 Laser-assisted metal deposition from the liquid phase

Promising, one step process of local metal deposition was shown by K. Kordas
et al. [°]. Continuous wave Ar* laser exposed polyimide (Kapton) film
immersed in the copper electroless plating solution. Plating bath was filled
with a standard commercial solution (CUPRO-T-ECHO), which contains
copper ion source, reducer (formaldehyde), ligand and OH-" source. Multiples
translation of laser beam has been performed to the surface of Pl in a copper
bath. Deposition of metal started only after several passes of the laser beam
over the sample. The mechanism of the local copper deposition, according to
the authors, is that the local heating of the polyimide surface initiates oxidation
of formaldehyde (reducer). At the same time, laser-treated polyimide can also
generate free electrons for copper reduction. Therefore, localised electrons on
the laser-treated surface attract copper-ligand complex, and the copper
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reduction occurs in situ. The author applied EDX analysis to determine purity
of the deposited copper. However, not only pure copper but CuO was also
produced. Moreover, the copper line writing speed reached only several tens
of micrometres per second. Such a slow fabrication cannot be accepted by real
industrial applications.

2.5.8 Laser direct structuring

State of the art in laser-based selective metal plating on polymers is the LDS
method from LPKF Laser and Electronics, Germany developed in 1997 [1].
The structuring is performed using a laser beam that exposes and activates
special additives in the plastic compound. Metal oxide (copper oxide spinel)
additives are dispersed in a concentration of 4-10% wt. depending on the
polymer matrix. These precursor additives are activated during the laser
writing process in order to convert them into a catalyst for electroless
deposition of the metal, and the laser-scanned area can be selectively plated.
This activation process induces physical-chemical and thermal reactions
under the focal point of the laser beam. Due to the laser effect, the polymer
bonds are broken, and the chemical connections of the metal oxide molecules
are released ['°]. Metallization of the laser-treated parts starts with a cleaning
step, followed by an additive build-up of the tracks typically 5-8 um thick
utilising the electroless copper bath. The last procedure is plating with
catalytic nickel and immersed gold. The process steps except for final
metallisation with nickel and gold are shown in Figure 14 [*]. High-
temperature thermoplastics such as PEEK or LCP, technical materials such as
PA, PPA or PET/PBT, and standard plastics such as PC/ABS are available for
LDS on the market. Conductor paths with a width of 100 um and spacing
between them of 100 um are produced with the current technology. The
standard system writes at a speed of 4 m/s. In special cases with optimised
focusing, more delicate structures with a linewidth of up to 40 um are possible.
Typical layer thicknesses are 7 um Cu, 7 um Ni and 0.1 pm Au.
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Figure 14. LDS process steps [*].

The advantages of this technology are a rapid ability to change the layout by
varying the CAD data, a shorter process chain comparing with conventional
PCB fabrication and almost unlimited freedom of the shape. However, usage
of LDS additives in polymers rises fundamental limitations for a broad range
of industrial application of the LPKF-LDS technology:

e High concentration of the additives 4-8% alters properties of
polymers significantly, and an inorganic filler (talk, etc.) is
additionally added to the material,

e Polymer price for LDS materials is high since additives used in the
whole volume of a part are expensive [];

¢ Signal damping and distortion in the radiofrequency application, since
LDS additives are metal-based particles. Therefore, the spread into
high gigahertz range device is not possible [?].

There are a few commercial materials for LDS available on the market, but
most of them are based on expensive metal-organic fillers []. In addition,
multi-wall carbon nanotubes can also be applied for the LDS material as a
catalytic additive [*]. LPKF has also offered a chemical solution for
prototyping. The 3D printed part can be coated with a special spray lacquer
which contains LDS additives for electroless plating; an example is shown in
Figure 15.

45



a) b) C)

Figure 15. LDS spray technique: Special paint-lacquer a deposited on the
surface by spraying a), painted part with a lacquer containing LDS additives
are activated by a laser b) and finally plated by electroless plating c)["].

There is no free-available scientific information or technical characterisation
about LDS proto-paint process.

2.5.9 Comparison of the methods

All methods were compared, as shown in Table 1. Eight different criteria were
used for comparison: 1) processing speed (H- high, M — medium, S — slow, V
refers to very); 2) capabilities of 3D surfaces processing (regular — refers to
simple — regular geometry, like sphere or cylinder, free-form allows
processing on very complicated 3D geometry; 2.5 D — 2.5 dimensional); 3)
the use of expensive materials in the method (Y-yes, N- no); 4) spatial
resolution of circuit traces (H- high, M — medium, L — low, V refers to very);
5) capabilities for radio frequency applications at high gigahertz range (5-35
GHz); 6) circuit design capabilities (N. L. —no limitation; L - limited); 7)
number of steps for first layer deposition; 8) If the method is destructive or
not.
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Table 1. Comparison of circuit formation on dielectrics techniques

%
S | c
5 |22 2.
Method § " E |3 |0 > ®
£z (2|8 5|38 =
o 172}
5188 |d & 815 |88
Photolithography H Regular |N |V. |Y N. 6 Y
3D H L.
MIPTEC H Free- N H |[Y |L 5 Y
form
Aerosol jet printing | M Free- Y H Y N. 1 N
form L.
Inject printing M Free- Y H Y N. 1 N
form L.
LIFT H Regular | Y H Y N. 1 N
3D L.
Ag organic paste V.S | 25D N H Y N. 4 N
reduction and L.
sintering
CuO paste reduction | S 25D N H Y N. 3 N
and sintering by L.
laser
Laser-induced H 25D Y L Y N. 4 N
selective activation L.
Laser-assisted metal | V.S | 25D N L Y N. 1 N
deposition from the L.
liquid phase
LDS H Free- Y H N N. 3 N
form L.
LDS spray H Free- Y H N N. 3 N
form L.
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3. EXPERIMENTAL SETUP
3.1 Samples preparation for LDS

Polymeric granules specially prepared for masterbatch were heated up to the
melting temperature in a chamber. The injection of melted masterbatch was
performed through the nozzle to the clamped mould under very high pressure
(50-1500 bar).

To guarantee high quality in the injection moulded parts the following points
have to be considered:

e The material has to be plasticised and injected carefully to avoid
adverse effects on the material properties.

e The process settings (such as pressures and temperatures) concerning
the machine and mould have to remain constant concerning time and
space.

A blend of polypropylene (PP) plastic (Lyondell Basell Hostacom CR1171G
black) and industrial MWCNT (XNRI-7 from Mitsui and Co. LTD) was used
for injection moulding. Grains of PP were previously mixed with MWCNT in
an extruder at the concentration of 2.5%; 5.0% or 7.5% (of MWCNT) by mass.
The PIOVAN mixer tool was used together with the Sandretto 330 tonnes
injection moulding tool. The extruding temperature ranged 165-175 °C. The
injection pressure was 74 bars, and the temperature in a chamber ranged 175-
195 °C. Injected polymeric plates in size of 100x150x3 mm? were used as a
substrate for laser-induced selective metallisation experiments.

3.2 Samples preparation for SSAIL

For SSAIL process following material has been used:
e PC/ABS compound - LNP™ THERMOCOMP™ Compound
NX10302, 3 mm thick;
e PA - Ultramid B2S, carbon filled, BASF, 3 mm thick;
e PVC -filled with talc and titanium dioxide, SKZ institute, 3 mm thick;
e PMMA- 140 HF SABIC, 3 mm thick;
e PET -RI120416A1 from IT4IP, 100 um thick;
e PEEK 450FE20, VIKTREX, 1 mm thick;
e PPA - DUPONT HTNF8200 NC010, 3 mm thick;
e Soda lime glass 2 mm thick, TED PELLA,
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o Fused silica glass, SigertWafer, 2 mm thick.

All the samples, except the glass and fused silica, were fabricated by
injection moulding. The roughness of the surfaces was < 0.5 um.

3.3 Laser experimental setup for LDS

Two lasers: Baltic HP and Atlantic from Ekspla with different pulse durations
of 10 ns and 10 ps at full width at half maximum (FWHM), respectively, were
used for the polymer surface activation. The Nd:YVO, picosecond laser
Atlantic (Ekspla) with the pulse duration of 10 ps, pulse repetition rate of 400
kHz - 1 MHz and maximum average power up to 60 W and the Nd:YAG
nanosecond laser Baltic HP (Ekspla) with the pulse duration of 10 ns, pulse
repetition rate of 100 kHz and maximum power of 12 W were used for surface
modification of PP. Pulse picker has been used for pulse repetition rate
reduction for Atlantic laser.

Translation of the laser beam was performed with a galvanometric scanner
(Scanlab AG). The experimental setup is shown in Figure 16 (2). The F-theta
lens of 80 mm focal length was used to focus the laser beam on the surface of
the polymer sample. The laser beam was scanned over the area to be
metallised by hatching as shown in Figure 16 (b). The spatially selective
activation was tested depending on the used laser wavelength (1064 or 532
nm), scanning speed (from 0.1 to 3 m/s), and the number of scans (from 1 to
50). 50% overlapping of the scanned lines was used, and the average laser
power was varied from 0.1 to 1 W. The pulse repetition rate was set to 50 or
100 kHz. In all tests except the tests on spatial selectivity, a defocused laser
beam with the spot size of 120 um in diameter (Gaussian intensity level 1/e?)
was used.

49



5 S L WL L N S N R N A A A A 7 s F h ]
X ' AN

\\_ i‘ ,,,,, LL\J)

R RKIIIEIN:

y 9.9 4000000, ‘; \\\\\\\\\ l . D‘
Laser beam

X scanning path

>

-

(@) (b)

Figure 16 [*]. (a) Experimental scheme of the laser activation of a polymer:
LASER - picosecond or nanosecond laser, HWP - half wavelength wave plate,
PBC - polarizing beam splitter cube, LBT - laser beam trap, L1 and L2 lens
of the beam expander, M - highly reflecting mirror, GS - galvanometer
scanner, TFTL - telecentric f-theta lens, S — sample, XY - denotes beam
positioning directions: (b) Laser beam scanning path, z - beam propagation
direction, D — laser spot size diameter on the sample, h — the distance between
overlapping neighbour scan lines (hatch distance).

3.4 Laser experimental setup for SSAIL

The same laser processing setup (Figure 16) used for LDS experiment was
also applied for the SSAIL tests. Both lasers Baltic HP and Atlantic from
Ekspla with different pulse durations of 10 ns and 10 ps at full width at half
maximum (FWHM), respectively, were used for the polymer surface
activation. The diameter of a focused laser spot of 15-40 um, laser beam
translation speed of 0.1 — 4 m/s, average laser power within 0.1-5 W and hatch
— 50% (scanned lines overlap) were controllable parameters for the
nanosecond laser processing. In the case of the picosecond laser processing,
the pulse repetition rate was 10 — 400 kHz, average laser power was in the
range of 0.1 — 40 W and laser beam translation speed: 0.1 — 4 m/s. Both lasers
were applied using the 1064 nm fundamental wavelength or second harmonic
at 532 nm.
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3.5 Metal plating for LDS

After the laser activation, samples were copper-plated by immersing them in
a chemical bath. Wayne Mayers ["] solution which composition is presented
in Table 2 was used for the plating. The temperature of the bath was set to 40°
C, and the laser-activated samples were immersed for 30 min.

Table 2. Composition of the copper electroless plating bath.

Ingredient Assignment | Formula Concentration
Potassium Complexant | NaKC4H4O6'4H,O | 0.35 M
sodium tartrate
Copper sulphate | Copper donor | CuSO4-5H.0 0.12 M
Sodium Buffer NaOH 1.25M
hydroxide
Sodium Buffer Na>,COs 0.3M
carbonate
Formaldehyde Reducing HCOH 341 M

agent

3.6 Chemical activation and plating procedures for SSAIL process

After the laser treatment, samples were washed with ethanol 99.8% (Sigma-
Aldrich) and rinsed with distilled water afterwards. For chemical activation, a
highly diluted silver nitrate (Sigma-Aldrich) solution (~10° M) was used.
Activation step followed by rinsing in distilled water for 5 min. Finally,
electroless copper deposition was performed for 30 min at 30°C. The copper
plating bath contained copper (I) sulphate pentahydrate (0.12 M),
formaldehyde (0.3 M), sodium hydroxide (1.2 M), sodium carbonate (0.3 M)
and sodium-potassium tartrate (0.35) (all Sigma-Aldrich) and pH = 12.7. All
steps of the SSAIL method are shown in Figure 27.

3.7 Sheet resistance measurements for quality evaluation

The quality of the surface activation was investigated by testing samples after
the copper plating. The technique was used for both methods of metallisation
(LDS and SSAIL). The sheet resistance was measured using the four-probe
method ["®]. The results of sheet resistance measurement were used in
optimisation of laser processing and chemical plating parameters. The scheme
of the measurements is shown in Figure 17.
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Figure 17 Scheme of sheet resistance measurements using the four-probe
method.

The technique uses 4 probes aligned in one line as shown in the scheme. The
distance between adjacent probes is 2 mm. Electric current is applied to the
outer probes while the voltage is measured by inner probes. Average sheet
resistance is calculated by equation 3 [®]:

TV 14
R = ——= 4532~ (3)

where | is the electric current, V is the voltage.

3.8 Morphology analysis with SEM and optical microscopes

Scanning electron microscope (JEOL JSM-6490LV) and optical microscope
(Olympus BX52) with digital camera were used to analyse the surface after
the laser irradiation and metallisation steps. Optical microscope contains
objectives in the range of 5-50 of magnification. Bright and dark field modes
were used. Before the SEM analysis, samples, were covered by 50 nm gold
layer with the magnetron sputter coater Q150T ES (Quorum Technologies) to
avoid charging of polymer surface.

SEI (secondary electron emission) mode (at high vacuum) was used in SEM
analysis. Voltage was 20 kV, the working distance was 11 mm.

3.9 XPS analysis

X-ray photoelectron spectroscopy (XPS) analysis was performed with the
Thermo Scientific ESCALAB 250Xi spectrometer equipped with a
monochromatic Al Ka radiation (hv = 1486.6 eV).
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3.10 Surface wetting of water measurements

Water drop dynamics was measured by a contact angle meter (KRUSS
DSAZ25). The volume of the drop has been calculated from the cross-section
of a drop photo. Transient analysis of wetting dynamics has been made.

3.11 Raman spectroscopy

Raman spectroscopy was used to investigate a mechanism of the polymer
activation. Raman spectrometer/microscope inVia (Renishaw, UK) has been
used. A continuous-wave laser with a power of 10 mW and the wavelength of
632.8 nm was applied for excitation of a sample. A microscope objective with
the magnification factor of 50X was used to focus the excitation beam on the
surface of the specimen. Each spectrum was averaged by collecting it ten
times. The spectra were measured in the range of 250-3200 cm using four
different detectors. Analysis of the D and G Raman band before and after the
laser treatment of a specimen was utilised to investigate the crystalline
structure of the PP with MWCNT (PP-MWCNT) additives.

3.12 Adhesion measurements

For adhesion measurement, a standard Scotch tape test: ASTM D3359 — 17
[°] has been applied for LDS samples (see Figure 18 a). The copper patterns
for the scotch tape test were modified into a net structure with the line width
of 1 mm and the same gap between them. Samples which passed the Scotch
tape test were checked by another technique. The adhesion has been checked
by soldering the wire onto the deposited copper pad with an area of 1 mm? and
pulled off with a mechanical dynamometer as shown in Figure 18 b.
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Figure 18. Measurements techniques applied for plated copper adhesion
strength measurements: a) scheme of scotch tape test [¥] and b) solder
measurements with a dynamometer.

3.13 Profile measurements

Profile measurements of the surface after the laser process and the plating
were measured with mechanical profiler Dektak 150. Resolution to Z
component (perpendicular to the surface) was 5 nm. 50 nm needle has been
used for the test. The profile was measured by layout of 1600 pm length
lines (measuring time 12 s).
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4. LDS EXPERIMENTS WITH PP DOPED MWCNT

The material related to this chapter has been published in [A2], [A5],
[A6], [P2], [C1-CT].

In this chapter, a selective metallization for polypropylene doped with
multiwall carbon nanotubes using the LDS approach has been investigated.
The idea to test new additives for the LDS process came from the industrial
request to find a cost-effective solution for LDS polymers. The work was
started in collaboration with FIAT Research Center in FP7 project APPOLO.
Pico- and nanosecond laser were tested for laser activation of PP-MWCNT.
After the activation step, the electroless metal deposition procedure was
applied. The mechanism of activation was investigated using the sheet
resistance measurement of laser-processed and plated surfaces with copper.
Raman spectroscopy was used to define structural changes of the polymer
after laser irradiation. Selective activation and plating mechanism were
suggested based on experimental results. The investigated process for the new
LDS material was applied to produce working demonstrators.

4.1 Analysis of plated surfaces for different parameters of laser activation

Laser processing parameters used for investigation are described in the
experimental section. First, surface areas (3x10 mm) were irradiated by
nanosecond and picosecond lasers by changing average laser power and
scanning speed. The hatch distance in the area was kept equal to the radius of
a focused beam. Polymer samples after the laser processing were immersed in
to chemical bath for electroless copper deposition procedure.

Initial results for laser treatment of PP doped with MWCNT additives showed
that electroless plating took place only after the surface was irradiated with
nanosecond laser pulses at 1064 and 532 nm wavelengths, 0.1-2 W average
power of the irradiation and 50 kHz of pulse repetition rate, scanning speed
0.1-1 m/s. Despite extensive investigations, no plating was observed for
samples structured with the picosecond laser in the investigated irradiation
range. Therefore, the later experiments were continued only with the
nanosecond laser. As known from the literature [*], picosecond pulses (in the
range of tens of ps) refer to “cold” photo-chemical ablation process, while the
interaction of nanosecond pulses with the material leads to its thermal
decomposition. The laser-activation process of PP with MWCNT additives
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seems to be based more on thermal effect than selective ablation of PP, leaving
the additives of MWCNT un-ablated as claimed in [].

Initially, the influence of the average laser power (0.1-0.9 W) and scanning
speed (0.1-1 m/s) for the surface activation was investigated at the pulse
repetition rate of 50 kHz. A single scan of the laser beam was used. The sheet
resistance measurements were performed for the laser-treated areas after their
electroless metallisation to estimate the effect of laser processing parameters
on the surface activation. The test results are presented by plots for both used
wavelengths in Figure 19, where the sheet resistance is replaced by the sheet
conductance (1/Rs).
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Figure 19. Dependence of the sheet conductivity on the average laser power
for various scanning speeds. The chemical plating parameters were fixed. The
measurement data were fit with spline curves. (a) represent the results of the
laser activation using the 1064 nm and (b) of 532 nm wavelengths [*1].

The sheet conductance increased with the growing laser fluence (power) until
it reached the saturation. The sheet conductance stopped growing and
saturated when the whole laser-activated surface was completely covered by
a metal (Figure 20 d), while, in the growing stage of the curve, not whole laser-
modified surface area was covered by copper as shown in Figure 20 (a, b, c).
It is clearly seen from Figure 19 that for each scanning speed, there was a
particular laser power value when the sheet conductance saturated.

The relation between the scanning speed, average laser power, and hatching
distance were combined into a single parameter — the irradiation dose in J/cm?
which accumulate the whole laser irradiation per spot (4)
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Figure 20. Optical microscope images of metallised PP-MWCNT surfaces
structured with the 532 nm wavelength at the 0.8 m/s scanning speed and
various settings of average laser power: (a) 0.1 W, (b) 0.2 W, (c) 0.3 W, (d)
0.4Wand (e) 4 W ['].

P-h
D = 5
V-Tw

108 [J/cm?] (4)

D is the irradiation dose, P is the average laser power, V is the laser scanning
speed, h is the hatch distance, w is the radius of the focused laser beam. All
measurement results were combined and presented as the sheet conductance
in dependence on the irradiation dose (Figure 21).

Although the same equivalent irradiation dose values were calculated from
different parameter sets of laser processing (scanning speed and laser power),
the samples processed at those regimes exhibited similar values of the sheet
conductance. That results indicate that the laser-activation of the polymer
surface has a threshold character on the absorbed laser energy. The drastic
increase in the sheet conductance started at the dose of 0.55 J/cm? and
stabilised at the high (S-sq) value when the irradiation dose was higher than
1.4 J/em?. The laser activation threshold value was considered to keep at 0.55
Jlem?, where the linear growth of the sheet conductance started.
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Figure 21. Dependence of the sheet conductance on the irradiation dose.
Laser radiation wavelength was 1064 nm [*}]. MWCNT concentration was
2.5%.

For a better understanding of the laser-activation step, the scanning electron
microscope (SEM) imaging of the surfaces treated with various laser
irradiation doses before the metallisation step was performed. Any noticeable
changes in the polymer surface were observed for the doses below the
threshold value. However, SEM pictures revealed the melting of the polymer
surface when the irradiation dose was above the threshold.

30kv  X1,500 10pm Frvc LTS 30kv  X1,500 10pm « FTMCLTS

Figure 22. Top-side SEM images of polymer surface processed with the
indicated irradiation dose value around the activation threshold. Numbers 1-
3 in the pictures correspond to the irradiation dose values numbered in Fig.21
[*]. Dose of irradiation dose: 1 - 0.6 J/cm?; 2 - 0.9 J/cm?; 3 - 1.3 J/cm?.

The steep increase in the sheet conductance started at approximately
0.55 J/cm?and ended at 1.4 J/cm?. In this range of irradiation doses (from 0.55
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to 1.4 J/cm?), the growing amount of re-melted PP-MWCNT material was
evident on the surface by increasing the irradiation dose (Figure 22).

The sheet conductance was the highest when the surface of PP-MWCNT
looked totally re-molten. The SEM analysis proved that irradiation conditions
leading to the surface activation also induce melting of the surface. The laser
activation threshold of the irradiation dose correlated with the melting
temperature (as seen from SEM images in Figure 22) of the PP-MWCNT
composite surface.
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Figure 23 Sheet conductance dependence on the irradiation dose when laser
irradiation was made by the 532 nm wavelength [1].

Both used laser wavelengths showed a similar behaviour of the activation. We
suggest that the activation process is related to polymer surface melting.
However, the threshold irradiation dose for the 532 nm wavelength was
slightly lower as is shown in Figure 23. This difference in the irradiation dose
threshold could be affected by the absorption coefficient of PP which is higher
for the shorter 532 nm wavelength [#2].

The maximum sheet conductance of the copper-plated samples was found
after activation with the dose of 1.4 J/cm? in the case of 1064 nm and 1.3 J/cm?
for the 532 nm wavelength (Figure 21 and Figure 23, respectively). The slight
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decrease in the sheet conductance with further increase of the irradiation dose
was, probably, related to the rougher surface of the polymer after its activation
using a higher dose of irradiation. Using much higher irradiation dose
(~ 13 J/em?), burning of the polymer surface took place, and, as a result, the
surface was not fully covered by a metal (see Figure 20 (e)).

The sheet conductance measurement of the metal-plated specimens for
various concentrations of MWCNT additives (from 2% to 7.5% by mass) did
not show distinct changes in the final resistance value of the plated copper
film.

Influence of the number of scans on the polymer surface activation was also
investigated in our experiments. The same investigation method was used —
measuring the sheet resistance of the finally plated samples. Multiple scanning
over polymer surface varying irradiation dose did not provide any benefits.
Several passes by a laser beam reduced the conductivity of a coated surface
for the irradiation doses above the threshold. However, it increased also the
conductivity of metallised copper for irradiation dose below the laser-
activation threshold for a single scan. The reason is that later scans
accumulated modifications of the surface and thus surface exceeded the
melting point with lower fluence. Unfortunately, multiple scanning for the
doses below the threshold did not allow to reach better metal plating quality
comparing with a single scan when using the laser irradiation dose above the
activation threshold.

For optimisation of the laser processing time, the maximum scanning speed
of 3 m/s (limited by the used galvoscanner) was tested for activation as well.
The pulse repetition rate was increased to 100 kHz in order to have sufficient
overlap of laser pulses. Irradiation dose value was kept optimal for the 1064
nm wavelength — 1.4 J/cm?. No significant changes in sheet resistance were
observed after the copper plating. That indicates further potentials for
upscaling the laser activation process speed.

The sheet resistance tests of the laser-treated but non-metallised and untreated
surfaces were performed as well. The PP without MWCNT was also measured
as a reference sample (0% in Table 3). The results indicated a decrease in the
resistance more than 130 times after the laser activation step for PP-MWCNT
(see values in Table 3). The equivalent reduction in the resistance was
observed for all tested concentration of MWCNT additives in PP (2; 5; 7.5
%).
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Table 3. Value of sheet resistance of non-metalized polymer surface.

Concentration 0% 25% 5.0% 7.5 %
of additivities
Laser yes | no yes | no yes no yes | no
treatment
Sheet 230 | 230 |1.66|230 |1.65 | 220 1.63 | 220
resistance,
[Q-sq]-10°

4.2 Raman spectroscopy for analysis of laser-activated surfaces

In order to understand what happens with the polymer surface during the laser
activation, Raman spectroscopy was applied. Differences in the Raman
spectra of the polymer before and after laser activation were analysed. Raman
spectra of the initial and treated with laser polymer surfaces are presented in
Figure 24.

Raman spectrum of the PP with MWCNT sample before the laser treatment
shows a well-recognisable pattern of PP modes (Figure 24 (a)). The middle-
intensity band near 398 cm™ belongs to the deformational vibration of the C-
C-C network [%]. The Raman bands sensitive to the crystalline phase of PP
appear at 808 and 840 cm™ [3¥]. The presence of the band near 808 cm™
indicates that the studied sample contains a crystalline phase, while the line
near 840 cm™ is a marker of the defected phase which contains helical chains
[]. A stretching vibration of the C—C bond is visible at 1166 cm™ [®3]. The
doublet near 1439/1458 cm is associated with the deformation scissoring
modes of methylene and methyl groups, respectively. In the high frequency
spectral region, the C—H stretching vibrational modes are located at 2848 cm™!
(CH_ symmetric), 2869 cm™ (CHs symmetric), 2883 cm™ (CHs symmetric),
2906 cm™ (CH, symmetric), 2923 cm™ (CH, asymmetric), and 2958 cm™
(CH; asymmetric) [®]. The presence of MWCNT in PP can be recognised
from three broad features located at 1329 (D band), 1597 (G band), and 2654
cm™ (2D band) [%]. The intensity of these bands is enhanced due to the
resonant Raman scattering.
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Figure 24. Raman spectra of the PP-MWCNT composite: (a) before, and (b)
after laser treatment (0.2 W, 0.2 m/s, 1064 nm). The Raman excitation
wavelength was 632.8 nm. Spectra were corrected by using polynomial
baseline function fit [1].

Treatment of the PP-MWCNT sample with the laser radiation (Figure 24 (b))
resulted in several apparent changes of the Raman bands. The relative
intensity of the PP crystalline phase-sensitive bands lges/lss0 decreased from
2.30 to 1.26. Thus, the laser treatment increased the relative amount of the
defected phase of PP comparing to the crystalline one. However, the laser
treatment induced a substantial decrease in the relative intensity of the PP
bands comparing with the carbon-related Raman features. Thus, the relative
intensity l.gss/lc decreased from 1.05 to 0.44.

For analysis of the MWCNT precursor activation, the changes in the D and G
Raman band intensities, responsible for carbon structure were investigated.
Analysis of the D and G bands, characteristic to carbon allotropes, showed
several observable alterations in the spectra after the laser irradiation. Firstly,
the relative intensity lp/le increased after the activation, and, according to
Ferrari et al.[*°], that indicates the growth in the crystalline cluster size and
formation of disordered nanocrystalline structure [®].
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Figure 25. The Gaussian fit of the normalised spectral D and G bands, a
surface treated with the laser (black colour), untreated (red colour). Arrows
indicate the behaviour of the spectra after the laser activations [!].

Secondly, the narrowing of the D and G bands was observed. This result refers
to the decrease in the number of defects (in carbon crystalline phase) —
increased structural order. Narrowing of the bands was found by measuring
FWHM of the fitted Gaussian curves as shown in Figure 25.

Moreover, a positive shift of the G band and negative shift of the D band were
observed. The positive shift of the G band also indicates clustering of the
carbon structure [%¢]. Characteristics of the Raman spectra before and after
activation are presented in Table 4.

Table 4. Characteristics of the carbon D and G bands before and after the
activation with a laser (0.2 W, 0.2 m/s, 1064 nm).

Untreated Treated
I(D)/1(G) 1.37 1.46
Dhyosition 1337.2 cmt 1333.6 cm
Gposition 1586.4 cm 1592.4 cm?
Drwtm 108.4 cm'? 97.3cm?
GrwHm 108.5 cm* 95.1 cm'?
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4.3 Test of the plating spatial selectivity

Selectivity of metal plating was tested by the varying diameter of the laser
beam affecting the polymer surface. The experiments were performed by
scanning lines with a defocused laser beam on PP (2.5 % of MWCNT). A
sample position was vertically shifted relative to the focus position. Therefore,
lines with different width were modified on the polymer surface. The laser
irradiation dose was kept constant during these experiments. After the metal
plating procedure, the width of the metal lines was measured. The distance out
of focus was varied by 1 mm up to 18 mm. The diameter of the activated area
diameter was determined from the defocused laser spot size used in all
previous tests. The diameter of the activated area was considered to set the
width of the plated metal line, and for the 134 um beam (diameter at Gaussian
intensity level 1/e?) and the 1.4 J/cm? irradiation dose (averaged over a spot
area), it was 60 um. Precise control of the line width was performed by
adjusting the defocussing distance. The width of the line from 22 um to more
than 100 pm was achieved in a single laser scan without hatching as shown in
Figure 26.

10kV X230 50pum

Figure 26. Results of the spatial selectivity of plating by changing the focus
position [*].
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The narrowest plated line (22 um) was fabricated, when the scanning of the
laser was done not at the focal point. Further reducing of laser spot size
(shifting z to the focus direction) resulted in discontinuity of plated line, the
trace contained under-plated part.

4.4, Discussion of the activation mechanism

All analysis results indicate structural changes in the material during the laser
activation step. The destruction of the crystalline PP polymeric order was
observed in Raman spectra. However, the convincing results necessary for the
selective plating were obtained from analysis of the D and G bands behaviour.
It was shown that the average size of the crystalline MWCNT clusters was
increased, and the formation of disordered nano-crystalline carbon structure
was initiated by the laser activation. The necessity of surface melting for
activation was proofed by the SEM images at and above the laser activation
threshold of the irradiation dose.

Moreover, the change in conductance after the laser activation was shown as
well. Therefore, all these results refer to the MWCNT reorientation
(reorganisation) in a molten pool of PP at the surface. When the laser beam
melted the surface of the composite, MWCNT started to interact in a liquid
PP and forms interconnected MWCNT structure resulting in an increase of the
surface conductivity by 130 times. The sheet resistance is still too high for
application in electronics directly, but it can be a crucial parameter for
selective catalytic metallisation of the surface.

The electroless plating procedure which was applied after the laser activation
of the surface is a catalytic process. The main driving force in the electroless
plating is the formaldehyde oxidation reaction. This reaction is catalytic, and
the final product of this oxidation is a free electron on the catalyst surface. The
following reaction is a reduction of the metal ion. For this reaction, the free
electron reduces the metal ion and a ligand (sodium potassium tartrate) from
the complexant compound is released. Therefore, the surface for the plating
should be not only catalysing but also electro-conductive in order the electron
could freely move on the surface of the catalyst. The increase in conductivity
of the laser-activated surface more than 130 times is the key factor for a highly
selective metal deposition using the catalytic electroless plating method.
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4.5 Results and conclusions

Selective electroless plating of the polypropylene (PP) doped with
multiwall carbon nanotubes (MWCNT) was achieved after its surface
activation with nanosecond laser pulses, but no metal plating was
obtained after the picosecond laser treatment.

Activation of the polymer with a nanosecond laser has a threshold for
the irradiation dose, and this activation threshold is related to the
melting of the polymer surface.

The final sheet resistance values of the plated metal line did not show
any significant differences between the specimens with various
concentration of the MWCNT additives in the tested range of 2.5 to
7.5% by weight.

The surface treatment with the ns-laser also resulted in a decrease of
the electrical sheet resistance of the non-metallised PP-MWCNT.

Raman spectroscopy used in the activation chemistry analysis of PP-
MWCNT revealed narrowing of the D and G bands, corresponding to
vibration modes of carbon allotropes after the treatment with the ns-
laser, indicating a decrease in the number of defects in crystalline
phase of carbon. The increase of the I(D)/I(G) ratio after the laser
activation referred to the growth in the crystalline cluster size and
formation of disordered nano-crystalline structure. The positive shift
of the G band confirmed the clustering of MWCNT as well.

Raman spectroscopy results, SEM analysis, and sheet resistance
measurements confirmed reorientation of the MWCNT additives into
the interconnected structure when PP was melted by the laser. The
increased electrical conductivity of the laser-activated areas enabled
the catalytic reaction of reducer in the electroless plating bath.

The conductive copper lines as narrow as 22 pm were achieved using
PP-MWCNT. Polypropylene doped with MWCNT was shown to be
suitable for applications in electronics, and that was proved by making
several prototypes of functional electronic circuits.
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5. SELECTIVE SURFACE ACTIVATION INDUCED BY LASER
(SSAIL) METHOD FOR SELECTIVE PLATING OF POLYMERS

Material related to this chapter has been published in [A4], [P1], and [C7-
C9l.

Tremendous efforts were put by many researchers in order to eliminate the
harm caused by LDS additives (palladium-based metal organic or copper
oxide spinel crystal particles) in the injected plastic parts [°, ¥, ). The idea of
this research was to find the method of electric circuit fabrication on LDS-
additives-free plastics. Therefore, extended experimental procedures
described in Chapter 4 were applied to pure polymers. As the starting point,
selective laser activation was chosen [%]. The electroless copper plating
procedure requires the catalyst. Since the pure polymer does not contain LDS
additives, the activation step with a catalyst has to be done. Palladium
colloidal activation has been used in case of selective laser activation. The
palladium particles are very active for the copper deposition. Therefore, it is
very hard to achieve selective plating. Moreover, the laser processing of the
polymer in the liquid is complicated. Initially various catalysing solution has
been tested: silver colloid, palladium-tin colloid, palladium ionic, gold
nanoparticles, carbon black, however none of them showed appropriate
results. After the intensive research, another catalysing solution was found
which works well for the selective metallisation process — AgNOs. As a result,
a new approach for the laser-based selective plating has been developed and
called SSAIL (Selective Surface Activation Induced by Laser).

Technology contains 4 main steps: 1) laser surface excitation and
modification, 2) catalyst chemical activation — in AgNO3 solution, 3) rinsing,
4) electroless copper deposition in the electroless plating bath (Figure 27).
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Figure 27 Scheme of the SSAIL process.

In this chapter, the results of an investigation of SSAIL for PAG are presented.
A unique selective plating mechanism was discovered.

5.1 Surface activation with pico- and nanosecond laser pulses

Two types of laser (pico- and nano-second lasers described in the
experimental setup) were applied for polyamide PA 6 surface modification
utilising various sets of laser process parameters for surface irradiation. The
pulse repetition rate (for picoseconds:10-400 kHz, for nanoseconds: 10-100
kHz), the diameter of a focused laser spot (for picoseconds 30 — 50 um and 40
— 55 um for nanoseconds), laser beam translation speed (0.1 — 4 m/s for both
lasers), the average laser power (for picoseconds: 0.1 —-40 W and 0.1 - 10 W
for nanoseconds) and hatch (for picoseconds: 15 — 25 um and 20 — 27 pum for
nanoseconds) were controllable parameters for laser processing. Laser
fluence, pulse overlapping, irradiation dose were cumulative process
parameters depending on the combination of mentioned parameters and were
used for the process analysis.

Both lasers were applied using the 1064 nm fundamental wavelength or
second harmonic at 532 nm. The first result revealed that plating is not feasible
after the nanosecond laser modification of PA 6 using the SSAIL approach
within the whole broad range of parameter window. However, a spatially
selective layer was successfully coated only on areas processed by the
picosecond laser (Figure 28).
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Figure 28. SEM images of PA 6 surface treated by the picosecond a) and
nanosecond b) lasers at 10 kHz; 0.6 W and 0.3 m/s scanning speed at 1064
nm of wavelength. Fast Fourier Transformation (FFT) picture of SEM images
(c, d). The pictures of the samples after laser processing and final electroless
is represented below SEM images (g, f). Plots on the right side indicate the
surface roughness after laser processing with nanosecond h) and picosecond
g) pulses.

It can be easily seen that the morphology of PA 6 surface is similar after
processing with ps- and ns-pulse duration. Both treated samples have a rough,
porous surface. The roughness by RMS is higher for nanosecond pulses.
However, no correlation was found when comparing the sheet resistance
measurements results with the processed surface roughness (see Figure 29).
However, the roughness of the surface does not fully describe the structure
after laser processing. Therefore, the Fast Fourier Transformation (FFT) of
SEM images was calculated for the surfaces processed with nano- and
picosecond lasers. FFT images are presented in Figure 28. The red curve in
the FFT figure represents the intensity of the image bright pixels in arbitrary
units. First noticeable difference in the FFT images is that the central part has
a dark ring in case of the picosecond-laser processed surface. This result
reveals about quasi-periodic structure in micron scale and disorder, chaotic —
orientated distribution (Figure 28). For the sample treated by picosecond
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pulses, a fraction of the surface pattern is smaller and thin wire-like structures
are formed as seen from the SEM image with a higher magnification.
Although both surfaces are porous and rough after laser structuring, the
electroless copper deposition after the activation appears only on the surface
processed by the picosecond laser pulses.
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Figure 29. Inverse sheet resistance dependence on the roughness of PA 6
surface processed with picosecond pulses at 1064 nm.

The reason for opposite results utilising the picosecond and nanosecond laser
activation could be explained by the different mechanism of the laser light
interaction with thermoplastic material for ultra-short pulses. The same pulse
energy and irradiation dose were applied in both cases. However, the peak
intensity (~5-10'* W/cm?) was 1000 times higher for the picosecond laser
pulses. In the case of the picosecond pulses, the different process can appear
due to the high peak intensity of the pulse. Short pulse can transfer light energy
to the material very fast. The nonlinear absorption of the polymer becomes
significant and important. Therefore, photochemical process can take place
leading to a decomposition of polymer and new chemical compounds can be
formed. These new chemical groups can be an essential factor for selective
activation after the picosecond laser processing. In this case, a hypothesis can
be assumed that reducing groups such as aldehydes can be produced on the
laser-processed surface.

While after the nanosecond laser processing, the surface microstructure is
developed mainly by melt formation and the thermochemical process is
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dominant. Therefore, the mentioned differences resulted in different PA 6
modification behaviour both morphological and chemical.
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Figure 30. a) Dependence of the inverse sheet resistance on the laser fluence
for various settings of the pulse overlapping. Dependencies for different pulse
overlapping are presented in colours. Photo inserted in the picture represents
plating quality — grey colour appears after laser processing, red colour —
plated copper; b) The ‘Liu plot’ for the ablation threshold of PA 6 at 1064 nm
wavelength estimation (red line — linear fit).

However, in the SSAIL process, the laser-induced physical surface
morphology (roughness) does not explain selective activation and plating
mechanism since the polymer surface is highly rough and has porous (sponge-
like) structure after nanosecond laser treatment as well.

All further investigations were performed with the picosecond laser. Polymer
surface after the picosecond laser modification and copper plating steps was
analysed by measuring the sheet resistance with the four-probe method. The
measurement results for various ps-laser fluencies and pulse overlapping
settings are presented in Figure 30 a). For convenience, the inverse sheet
resistance (conductance) is shown. Every curve in the graph has a region of a
steep growth of the conductance starting at a particular laser fluence value.
The starting point of the steep growth in the electric conductance of the
deposited copper layer corresponds to the threshold of laser fluence for the
PA 6 surface excitation. This threshold increases with the decreasing the pulse
overlapping (increasing scanning speed). Therefore, it testifies that the origin
of the threshold can be shifted by the accumulation of pulse energy. The
ablation threshold for a single pulse was also measured for PA 6 (see Figure
30 b) However, the threshold of surface excitation does not coincide with the
ablation threshold of PA 6 which is equal to 0.95 J/cm? as shown in Figure
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30 b. Consequently, the local copper deposition was induced not only by
structural changes related to the ablation process and required more than four
times higher laser fluencies.

In addition, the experiments with the 532 nm laser wavelength were also
carried out. Decrease in the excitation threshold value down to 1.45 J/cm? was
observed in the case of the shorter 532 nm wavelength for the 10 kHz pulse
repetition rate. However, the ablation threshold for 532 nm is (0.72 J/cm?) also
lower.

Morphology of the PA 6 surface after the laser treatment with fluences below
and above the threshold was checked by SEM. In Figure 31, the SEM images
of the processed surfaces above and below the threshold are presented. The
fluences which were used for the surface processing are indicated by numbers
in the plot of the inverse sheet resistance dependence on the laser fluence. The
surface structure (morphology) of the polymer as seen from SEM images in
Figure 31 slightly differs for different pulse repetition rate. However, the
surfaces treated with laser below and above threshold value looks similar. No
significant changes in morphology were observed after applying the laser
fluences above the threshold for all pulse repetition rate shown in Figure 31.
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Figure 31. Inverse sheet resistance dependence on laser fluence for various
pulse repetition rates: 10 kHz, 50 kHz, 100 kHz. SEM images below the plot
present the surface morphology of the PA6 polymer surface after laser
treatment with fluence below the and above the threshold. 1064 nm
wavelength was used for modification.
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Minor diffeences in the morfology again confirms the fact that the selective
plating process is caused not by physical structural changes in surface
morphology after laser processing.

5.2 XPS analysis of samples

For a better understanding of the SSAIL process, the XPS studies were
applied. Three different samples were tested: original, unprocessed by the
laser (reference) surface of PA 6; laser-processed PA 6; PA 6 laser-processed
and activated with silver. After the laser modification, a slight change in the
percentage of atomic composition was observed — a decrease of carbon from
81.45% to 77.86% (atomic) and an increase of nitrogen from 7.5% to 10.2%.
Analysis of the laser-modified and silver-activated areas is extremely
important for the SSAIL process understanding. XPS spectrum for silver
bonds of the laser-processed and the activated surface is shown in Figure 32.
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Figure 32. High-resolution XPS spectrum of the laser-treated PA 6 area after
its activation with silver: circles - raw data; red lines —fitted peaks, black line
- envelope data. The peak 367.7 eV corresponds to the silver bounds with
oxygen (Ag.0), 368.2 eV - metallic silver, 369.2 eV - other unresolved silver
bounds (AgNO3?) or Ag bounds with the polymer.

Positions of fitted peaks shown in Figure 32 are in good agreement with
known data of the Ag 3ds, positions for oxidised silver 367.47 eV (AgO) and
367.7 eV (Ag:0) [*], and 368.2 eV for metallic silver [*°]. Therefore, the peak
at 367.7 eV can be assigned to silver bounds to oxygen (Ag20); peak at
368.2 eV - to metallic silver and peak at 369.2 eV — to other unresolved silver
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bounds (AgNOs3) or Ag bounds with the polymer. From Figure 32, it can be
easily seen that the intensity of the metallic silver 3ds, peak (368.2 eV) is
dominant. Therefore, it can be considered that most of the silver ions (from
the activation step) are reduced to metallic silver. The silver nitrate solution
which was used for the activation step does not contain any additional
reducing agent. Hence, the silver ions have been reduced on the laser-
processed PA 6 surface by the chemical products which could appear during
the laser modification; e. g. the picosecond laser irradiation introduced
oxygenated carbon-containing functional groups [**], (Figure 33) which can
enhance adsorption of Ag (I) as well as act as reducing groups, reducing the
adsorbed Ag(l) ions to neutral atoms. The metallic Ag acts as an initial catalyst
for autocatalytic electroless copper deposition.
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Figure 33. High-resolution XPS spectrum of the C 1s region acquired for the
untreated surface of PA (thick black line) and laser processed PA area (thin
red line).

The main peak “A” in Figure 33 at 284.6 eV can be assigned to overlapping
C-C, C-H and C-N bonds [*’]. The peak at 288 eV was attributed to CONH
bonds in PA 6 [%] overlapping with carbonyl C=0 (288 eV) bonds [**] and
partly overlapping with O-C=0 bonds (approximately at 288.8 eV) [*?]. The
calculated ratio of these peaks (A/B) was approximately 3.5 and 2.8 for
untreated, and laser processed PA 6. The same increase of C=0 peak intensity
was found in [*?] for UV laser-irradiated Polyetheretherketone (PEEK)
surface, where C-C and C=0 peak ratio was about 8.6 and 4.4 for the untreated
and laser-processed area, respectively. Calculated ratio difference of the
sample and data found in the literature [**] could arise due to differences in
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processed polymers since CONH bonds are present in PA 6 and but not
present in PEEK [%2]. Similar results are reported in [*?] for plasma treated
PA 6 where A/B ratio was about 6.3 and 3.6 for the untreated and plasma-
treated area, respectively. It is also worth to mention that in both cases
described above [*Y], surface composition changes were reported as well.
Namely, increased oxygen and nitrogen content and decreased carbon content
on the laser-treated surfaces correlates with surface composition changes in
the present work.

5.3 Wetting dynamics analysis of processed surface

Surface interaction with ionic solution strongly depends on the surface energy
[*%]. Wetting properties of the PA 6 surface were tested before and after laser
modification by investigation of a water droplet dynamics. A video camera
was used to capture the droplet on the PA 6 surface. In addition to the
picosecond laser processing, hanosecond treatment was also analysed.

Water droplet volume was calculated from a cross-section picture of a water
droplet at different moments after the droplet contact with the surface. Figure
34 shows the results of five different samples: PA 6 washed with ethanol and
rinsed with water afterwards (as ethanol was used to clean the sample after the
laser processing); PA 6 processed by the ps-laser; PA 6 prepared by the ps-
laser and washed with ethanol, rinsed with water afterwards and the last two
cases have been repeated using ns-laser. Figure 34 shows that wetting results
are different for each surface. Unprocessed surface shows almost no changes
in wettability. The volume of a droplet changes insignificantly as well as the
contact angle. Different behaviour shows the PA 6 surface processed by a
laser (without ethanol rinsing). Similar results were also after the ns-laser
processing. The decrease in the droplet volume and the growth in the contact
angle were observed.
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Figure 34. Dynamics of the PA 6 surface wetting. Photos of the water droplet
on PA (on the right), from the top: PA 6 surface rinsed with ethanol and water
after; PA 6 surface modified with picosecond (PS) laser; PA 6, ps-laser-
modified and rinsed with ethanol and water after, PA 6 surface modified with
nanosecond (NS) laser, NS-laser-modified and rinsed with ethanol and water
after. The plot (on the left) presents time-depended dynamics of the droplet
volume for all five surfaces of PA 6 shown in photos.

Reduction in the droplet volume could be caused by water spreading over the
structured PA 6 surface (Figure 34). As the surface of PA 6 modified by the
picosecond laser has a rough and porous structure, the liquid can diffuse inside
the cavities and distribute uniformly. The laser-modified and rinsed with
ethanol and water sample showed complete different wetting dynamics. The
surface was super-hydrophilic, and water droplet disappeared after a few
seconds.

As known from [*/], the ethanol enhances the interaction (wetting properties)
with water. The nanosecond laser processing and ethanol washing have shown
less hydrophilic properties, but still, the increase in water droplet absorption
was significant. Different wetting behaviour after the ethanol rinsing for the
laser-modified and unmodified areas could be explained that water easily
washes away ethanol from a smooth surface. However, that does not happen
from the laser-structured areas.

Rinsing of the whole plastic surface (pre-treated with the picosecond laser
radiation and not) with ethanol and later with water plays a crucial dual role
in the overall process of metallic coatings formation:

1) rinsing with ethanol enhances the wetting properties of the surfaces
dramatically (see above);
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2) sequential rinsing with water eliminates ethanol from the untreated by a
laser surface, which wettability again decreases dramatically, whereas some
amounts of diluted ethanol-water mixture remain in rough and porous surface
areas of the laser-ablated plastic and secure the wettability of the surfaces to
be activated by silver and later plated with copper.

However, the mentioned mechanism of the increased wettability for laser-
treated areas cannot explain the whole SSAIL process, because only
roughening of the surface does not enables to activate the surface for
electroless copper deposition. This was proofed by the SEM image in Figure
28 of the laser modified PA 6 surface with nanosecond pulses or SEM images
of the surface after picosecond laser processing below the activation threshold
Figure 31.

The selective plating mechanism can be explained by the combined process
of silver ion adsorption by increased wettability of the laser-treated surface
and ability of the laser-modified surface to reduce silver ions to neutral atoms
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5.4 Results and conclusions

A new method of laser-induced selective electroless polymer plating
by copper was developed, including the additional step of chemical
surface activation after the laser treatment.

The SSAIL method works with the picosecond pulse irradiation and
has a threshold of irradiation dose but does not work with a
nanosecond laser irradiation.

No correlation between selective plating and surface roughness after
the laser structuring was observed.

XPS spectra of the laser-excited and catalyst-activated areas have
shown that silver ions can be reduced to silver atoms by PA6 polymer
surface treated r with picosecond laser pulses above the threshold of
irradiation dose.

Wetting dynamics tests disclosed an essential role of rinsing with
ethanol, which increased adsorption of silver ions from water solution
to the laser exposed areas.

The selective plating mechanism can be explained by the combined
process of silver ion adsorption by increased wettability of the laser-
treated surface and ability of the laser-modified surface to reduce
silver ions to neutral atoms.

79



6. EVALUATION OF SELECTIVELY-PLATED SURFACE QUALITY,
RELIABILITY AND OPTIMISATION OF THE SSAIL PROCESS

Material related to this chapter has been published in [Al, A3, C10, C11,
and C12].

Practical implementation of the SSAIL technology into industry forced us to
make special validation of the technology on selectivity and reliability of
plating and optimisation of the process for different materials.

It is not easy to evaluate selective plating quality. Firstly, the required
properties should be described. As the selective plating technology aimed for
electronic circuit application, the necessary properties are as follows: good
electrical conductance, the selectivity of plating, adhesion of metal to the
substrate, and resistance to the temperature variation. All these properties
could be influenced by many other factors of the plated track. For example,
the conductance of the plated surface depends on deposited metal thickness,
line width, the morphology of the layer and many other factors.

6.1 Sheet resistance

One of the best evaluation parameters is electrical resistance. In this work, a
sheet resistance was measured using the four-probe method, as described in
the Setup section. One resistance test can detect plated surface irregularities,
which can be caused by many processes. The typical properties which can
affect the sheet resistance of plated copper:

e The thickness of the deposited layer;

e The geometrical shape of the conductive trace;
e Plated surface morphology;

o Plated surface roughness;

o Plated surface irregularities;

e Pureness of the plated material (part of pure metal compared
with oxide compounds);

e Under-plating (please see explanation in Figure 35).
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Figure 35. Examples of underplating (left) and overplating (right) using
various regimes of the SSAIL process.

Laser processing, chemical activation, rinsing procedures and chemical
plating include many parameters which can affect mentioned properties of the
plated metal layer. The geometrical shape could be kept constant for the
experiments. The thickness of the plated surface can be controlled by choosing
identical plating conditions. For optimisation of the SSAIL method, the
influence of specific parameter was checked by keeping constant the others.
Firstly, the plating quality dependency on laser processing was investigated.
Therefore, the sheet resistance measurements of the plated surface with
constant chemical bath conditions for various laser machining parameters has
been carried out.

The influence of laser parameters could be seen from Figure 31. It is shown
that laser excitation has a threshold of laser fluence, and depends on the
scanning speed. However, after comparison of the sheet resistance
measurement results with the irradiation dose, the minimum dose was
observed when the plating starts. Figure 36 shows the inverse sheet resistance
dependence on the irradiation dose for various pulse energies at 10 kHz. It can
be easily seen that even for different pulse energies the same threshold value
of irradiation dose was observed.
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Figure 36. Dependence of inverse sheet resistance on irradiation dose for
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Figure 37. Threshold values of the surface excitation for different pulse
repetition rates. Polymer PA 6. The threshold values were extracted from the
inverse sheet resistance dependence on the irradiation dose for various pulse
repetition rates.
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In the sheet resistance dependence on the laser fluence, the accumulation
effect could be seen. Therefore, a conclusion can be assumed from the data
shown in Figure 31 and Figure 36 that polymer surface excitation has the
threshold of irradiation dose. The inverse sheet resistance dependence on the
irradiation dose has a steep growth above the laser-excitation threshold until
it starts saturating as indicated in Figure 36. The growth of inverse sheet
resistance is steep but still has a slope, and it complicates the analysis.
Therefore, it has a threshold point and the point where the saturation starts as
shown in Figure 36. Both points were used for quality analysis of the PA6
polymer plating. The saturation starting point can be assumed as a point where
the surface is fully covered by copper, and there are no under-plating areas.
Mathematically, it was evaluated as approximated Heaviside function
intersection point with a curve. The samples processed with the irradiation
dose values above the saturation starting point has sufficient electrical
conductivity for electronic applications. The subsequent increase in
conductivity is achieved by building up the thicker copper layer, which is a
simple task for electroless plating technology.

Further investigation has been performed with different pulse repetition rate.
The threshold values for different pulse repetition rate is shown in Figure 37.
The threshold behaviour of the laser excitation has been observed for all pulse
repetition rate values used in the experiment.
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Figure 38. Dependence of the excitation threshold of irradiation dose on pulse
repetition rate for the 1064 nm and 532 nm wavelengths of the picosecond
pulse irradiation for PEEK polymer.
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However, the threshold values disorderly varied depending on the pulse
repetition rate for PAG6. For high-performance plastic material like PEEK, the
threshold behaviour for various pulse repetition rates was different from PAG.
The threshold was almost constant for all repetition rates until 200 kHz, when
the 1064 nm wavelength of the ps-laser was applied (see Figure 38).
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Figure 39. a) Inverse sheet resistance dependence on irradiation dose at 10
kHz pulse repetition rate for PEEK polymer for 1064 nm wavelength; b)
Reliability of plating for different pulse repetition rate, for 1064 nm and 532
nm of laser wavelength, material — PEEK.
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For higher pulse repetition rates, the laser-excitation of the surface for catalyst
activation was not achieved. Further investigation of the excitation threshold
has shown that not all values of irradiation dose above the threshold provided
surface plating. The inverse sheet resistance remained very low even when the
irradiation dose above the threshold was applied. This could be seen in Figure
39 a), where the inverse sheet resistance values above the threshold are very
low. In this case, the plating does not start even if the irradiation dose is high
enough. Due to this problem, the reliability of plating depending on laser
parameters has been evaluated.

140 different samples processed with various irradiation doses above the
threshold of excitation were copper-plated at the same conditions, and plating
quality was evaluated. Pulse repetition rates were 10, 20, 50 100, 200 and 400
kHz. Scanning speed varied 0.1-3 m/s. The pulse energy was kept in the range
of 8-110 uJ. Pulse density (pulse number per scanned length) has been kept
constant when changing the pulse repetition rate, by modifying the scanning
speed.

The parameter of the reliability of plating in % was estimated as the part of
samples which were sufficiently plated after the SSAIL procedure when the
irradiation dose is above the threshold. The sufficiently plated surface was
considered to keep a surface which has a low sheet resistance — at the point
(like shown in Figure. 36) where the saturation of the inverse sheet resistance
starts with a further increase in the irradiation dose. The sufficient inverse
sheet resistance was considered to keep the average value of saturation point,
which was at ~ 1 sg/Q as shown in Figure 39 a).

Reliability of plating was analysed in order to define the impact of the pulse
repetition rate when laser fluence and scanning speed were not constant, and
the impact of laser fluence, when scanning speed was not constant for different
pulse repetition rates and for various irradiation doses above the threshold of
excitation. Reliability of plating for various pulse repetition rates is
represented in Figure 39 b. From data presented in Figure 39 b, it could be
seen that the reliability of plating slightly increases with increasing pulse
repetition rate for the 1064 nm wavelength. However, the opposite behaviour
was observed for the 532 nm wavelength. Activation threshold for the 532 nm
wavelength was also higher than for the 1064 nm wavelength and increased
with the increasing pulse repetition rate (see Figure 38).

The reliability of plating can also be influenced by laser fluence or pulse
energy (if the focus spot size is kept constant). The mentioned effect is shown
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in Figure 39 a), where the inverse sheet resistance values for doses above the
threshold are still low for some laser fluence values: 0.9 and 2 J/cm?. This
result indicates that laser fluence is also an important parameter in the laser
activation process.
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Figure 40. Reliability dependence on pulse energy for different pulse
repetition rates for a) 1064 nm and b) 532 nm wavelengths in PEEK polymer.
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In order to indicate the impact of laser fluence on the laser activation process,
the results of the reliability of plating were presented depending on a laser
fluence in Figure 40. Despite the different scanning speed and pulse repetition
rate were applied, the reliability of plating reaches 100 percent, when 3.2 J/cm?
(or higher for 10, 20, 50, 100 kHz pulse repetition rate) laser fluence was
applied for surface activation, as shown in Figure 40 a). Therefore, there is an
optimal laser fluence for the activation. However, results for the 532 nm
wavelength are different.
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Figure 41. Reliability of PA 6 polymer depending on a) pulse repetition rate
and b) pulse energy. Wavelength was 1064 nm.
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The reason for this could be that the range of applied pulse energy is lower
than in the case of 1064 nm, and the optimal laser fluence was not reached
even with the highest value applied. Application of higher pulse energy for
the 532 nm wavelength radiation was limited by the laser system.

Reliability of plating for the PA6 polymer is presented in Figure 41. Results
reveal that the reliability of plating was lower for higher pulse repetition rates.
The optimal laser fluence was 4.45 J/cm? (see Figure 41 b) for the pulse
repetition rate of 10 — 100 kHz. In the case of 100 and 200 kHz pulse repetition
rates, the optimal fluence was 3.41 J/cm?. However, for higher frequencies, no
optimal pulse energy was revealed, and the regime was unstable (see Figure
42).
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Figure 42. Reliability of plating for PA6 at high pulse repetition rates.
Wavelength was 1064 nm.

Opposite to the LDS technology, the SSAIL process can also be applied for
transparent polymers. The SSAIL experiments were carried out with
transparent PMMA plates. 1064 nm, 532 nm and 355 nm wavelengths have
been used for laser excitation. Preliminary results enclosed the threshold
behaviour of the irradiation dose for excitation similar to the case of opaque
materials (Figure 43 a).

The threshold values have been indicated for different pulse repetition rates

using 1064; 532 and 355 nm of laser wavelengths and are shown in Figure 43

b. Threshold values presented in the plot reveals that for the 532 nm and 355

nm wavelengths the laser excitation threshold is more than five times lower.

This could be influenced by nonlinear absorption in the transparent material.
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For the shorter wavelength, the absorption is higher. Unfortunately, by
increasing pulse repetition rate, the higher threshold was obtained. The
activation with the pulse repetition rate higher than 100 kHz could be not
achieved.

From the reliability chart, a slight decrease with increasing pulse repetition
rate was observed for all three wavelengths (Figure 44 a).
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Figure 43. Results of sheet resistance measurements for transparent PMMA
polymer: a) inverse sheet resistance dependence on the irradiation dose and
presented the threshold for excitation using the 1064 nm wavelength at 10
kHz; b) the laser excitation threshold for 1064 nm, 532 nm and 355 nm
wavelengths depending on the irradiation dose.
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In addition, optimal laser fluence was determined from the plating reliability

dependence on the laser fluence plots in Figure 44 b and b)

Figure 45 a, b. As shown in Figure 44 b and b)

Figure 45, the optimal laser fluence provided 100 percent reliability only for
low frequencies: 10-50 kHz for the 1064 and 355 nm of the wavelengths and

10-20 kHz for 532 nm.
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Figure 44. a) Reliability of PMMA platting for various pulse repetition rates
and wavelengths; b) and laser fluences for PMMA 1064 nm. The arrow in the
plot indicates optimal laser fluence.
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indicate optimal laser fluence.
6.2 Selectivity

Another critical parameter for electrical circuit formation is spatial plating
selectivity. Generally, selectivity cannot be measured by sheet resistance tests.
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Selectivity can cause two types of unwilling consequences for the circuit:
overplaying when the not-irradiated surface is covered by copper layer and
underplating when the laser-treated surface is not fully covered. Both cases
are shown in Figure 35. Over-plating and under-plating problems can be
influenced by several factors: 1) laser processing parameters 2) surface
preparation for plating; 3) chemical activation; 4) rinsing and 5) plating
parameters. Under-plating usually can be easily detected by the sheet
resistance measurements. However, there are specific cases which are
discussed here. In this section, the influence of laser processing parameters to
the plating selectivity is analysed. Incorrect laser processing regime can cause
over-plating out of the boundaries of the laser-irradiated area as shown in
Figure 46. Such over-plating is driven by debris (see Figure 46) of the polymer
after the laser-material interaction.

- 50pm - FTMC LTS

Figure 46. Over-plating out of the boundaries (on the left after laser
processing, on the right after plating).

FTMC LTS

Figure 47. Elimination of over-plating with correct laser processing
parameters (on the left after laser processing, on the right after plating).

Debris appears due to the ablation process. However, it can be controlled by

laser processing parameters — pulse repetition rate, laser fluence, scanning
92



speed and hatching. Figure 47 shows the surface borders processed with the
correct parameters. The measurements of over-plating width, as shown in
Figure 46 was carried out. The over-plating width dependency on the
irradiation dose for PA 6 polymer is shown in Figure 48. Over-plating was
observed to be increased with increasing the irradiation dose for pulse
repetition rate up to 100 kHz.
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Figure 48. The over-plating width dependence on the irradiation dose for
various pulse repetition rates. Dash lines are fitted average functions of

experimental points. The PA6 polymer was used as a substrate. Wavelength
was 1064 nm.

When the pulse repetition rate was 100 kHz, it insignificantly increased with
the irradiation dose. The maximum allowed over-plating width was chosen for
evaluation of the laser parameters for selectivity, as shown in Figure 48
(maximum over-plating boundary).

Two boundaries were shown for the processing parameters determined from
the tests of the sheet resistance (good plating layer) and over-plating (plating
selectivity). To simplify the analysis, only values of the processing parameters
with high reliability for plating should be analysed. That means the values
above the irradiation threshold with optimal laser fluence were chosen (see
Figure 41 b.). The 25 um limit for over-plating (as shown in Figure 49) has
been chosen as sufficient for the applications. Only two values of the optimal
laser fluence fall into the region of processing window which is limited by the
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threshold of irradiation dose and the boundary of maximum over-plating. The
processing speed increases with decreasing the irradiation dose for the
constant pulse repetition rate. Therefore, the leftmost value, in this case, is
optimal (as indicated in Figure 49).
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Figure 49. Over-plating dependence on irradiation dose with indicated
boundary for selectivity and irradiation threshold. 20 kHz, PMMA. The 532
nm wavelength was used.

Another problem in the plating selectivity — a first line problem, more
precisely saying — the underplating of the first line. The first line where the
scanner starts hatching the surface quite often is under-plated like shown in
Figure 50. This problem was found with PEEK, PMMA, PET, and PPA
polymers. In order to avoid this problem, two different scanning approaches
were investigated. The first one — multiple scanning of the first line, the second
one — start scanning from the middle of the pattern, as shown in Figure 50 b.
Results of the test revealed that the first line problem could be eliminated
when the scanning starts in the middle of the pattern for PET, PMMA and
PEEK as shown in Figure 51. However, multiple scanning of the line does not
work for all material. A slight increase in the plating was observed only for
PET polymer (see Figure 52).
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Figure 50. First line problem a) and pattern for the problem solution b).

Figure 51. First line problem solution for PMMA; PET; PEEK starting
scanning from the middle of the pattern.

1scan 2 scans 3 scans

100 um 3007

Figure 52. First line problem solution for PET by using multiple scanning of
the line.

6.3 Adhesion

Another critical factor for circuits is adhesion of metallic trace to the substrate.
We used two methods of testing. Initially, the standard scotch tape test was
applied for the plated surface. The result was that all the samples had passed
this test at 100 percent. The second method — a wire was soldered to the small
area of the plated surface (2 mm?) and has been pulling off with a
dynamometer. The measured adhesion for the copper-plated PA6 after
irradiation with the 1064 nm wavelength of the laser is presented in Figure 53.
The dependence on the irradiation dose has been observed for adhesion
strength. Firstly, the adhesion force increases with increasing the irradiation
dose until it reaches the maximum value and starts to decrease.
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Figure 53. a) Adhesion of copper to PA 6 dependence on irradiation dose for
various pulse repetition rates. Error bars indicate standard deviation, the
points in the plot represents average value. The picture b) shows the
measurement technique. Wavelength was 1064 nm.

The data were fitted by the Gaussian function. Although the roughness of laser
treated surface increases with increasing irradiation dose (as shown in Figure
28), the adhesion strength has its maximum point and is not driven only by the
roughness of the surface. Pulse repetition rate has a very high impact on
adhesion strength. For low pulse repetition rate of 10 — 20 kHz, adhesion is
higher in comparison with higher pulse frequency. FWHM of the fitted
Gaussian function varied with the pulse repetition rate and could be applied to
evaluate the irradiation dose parametric range for the adhesion strength.
However, the values of the adhesion force are very different for various pulse
repetition rates. For example, the first experimental point for 20 kHz is above
the maximum value for 100 kHz. Therefore, the application of FWHM as
parametric window could not be applied. In this case, the minimum adhesion
boundary has been applied as shown in Figure 54. The minimum adhesion
strength value was considered to keep 2 MPa as a sufficient for electronics
application with a high reserve ratio. The evaluation of sufficient adhesion
range of irradiation dose is shown by arrows. Boundaries of the range are at a
cross-section of Gaussian function with the minimum adhesion strength line.
For those curves which start or finish above the minimum adhesion line, the
boundary is indicated as the experimental point with minimum and maximum
irradiation doses (limited by plating quality) as shown in Figure 54.
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Figure 54. Evaluation of adhesion parametric window for circuit trace.
6.4 Evaluation of optimal laser processing parameters

As mentioned before in the quality evaluation section, the most important
properties of the circuit trace are plated surface conductance, the spatial
selectivity of plating (resolution) and plated surface adhesion to the substrate.
The threshold of the irradiation dose, optimal laser fluence and range of
irradiation dose define sufficient sheet conductance of the plated metal layer
with high reliability of plating as described previously. Irradiation dose also
defines the over-plating out of the borders due to ablation debris. Adhesion
range was indicated in the adhesion section. The evaluation of the optimal
processing point should combine all mentioned properties of the plated metal
layer. In this case, the processing parameters represented as the irradiation
dose are firstly limited by boundaries: the threshold of irradiation dose, the
range of irradiation dose for sufficient plating selectivity, the range of
irradiation of sufficient adhesion to a substrate as shown in Figure 55. Within
these boundaries, there are 17 processing points in the plot for the 20 kHz
pulse repetition rate processing of the PA6 polymer. However, for reliability,
the optimal laser fluence should be taken into account. Therefore, the
processing window is narrowed to 8 points. The very important factor for
application is the processing time. For constant pulse repetition rate and
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constant laser fluence, the lower irradiation dose indicates the higher
processing speed. Therefore, the leftmost point is chosen as the optimal
processing point.
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Figure 55. Evaluation of optimal processing parameters (PA6). Laser
wavelength was 1064 nm, pulse repetition rate 20 kHz, scanning speed 0.2-

0.6 m/s.

The optimal processing values for other materials are presented in Table 5
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Table 5. Optimal laser processing parameters for polymeric materials.
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PAG6 1064 | 50 8.4 7.8 7.2 100 16 15 2.1
PPA 1064 | 50 8,49 8,16 8 100 12 15 |23
PC/
ABS 1064 | 100 1,63 1,13 8.3 100 11 2 1
PMMA | 532 |50 5.23 2.3 3.8 100 8 1.0 1.0

PEEK 1064 | 50 10.3 4.7 3.3 100 16 1 1.2

PET 532 | 400 | 11.82 |1.37 1.2 100 10 1.6 11

PVC 532 | 100 | 6.82 2.86 2 100 38 3 2.4

ABS 1064 | 100 | 11.82 | 4.7 3.4 100 39 3 5.3
3D
printed

Float 355 | 400 | 354 |47 18 100 5 1.6 0.97
glass

6.5 Alternative method for plating quality evaluation

The electrical and optical properties of the semi-transparent films were
investigated in numerous works [*°, %, °’]. However, the analysis of the sheet
resistance dependence on the optical transmittance can be applied only for
films with the thicknesses smaller than the absorption depth. Such kind of
measurements cannot be realised with a relatively thick metal layer on the
porous opaque substrate. A fast and easy method to indicate the quality of
plated copper layer is on demand from industry for inline process monitoring
in a factory. Therefore an alternative method was developed for evaluating the
quality of copper plating based on colourimetry [*]. The method compares
colour images taken through an optical microscope in the dark field mode on
samples before and after plating procedures. Colour differences are analysed.

All tested samples were photographed before and after copper deposition. The
average colour was calculated from five sections of the surface. The colour
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difference AE was calculated between images after the plating E, and after
laser processing E, by using an equation 5:

AE = \/(Rp —R)?+ (G, — G))* + (B, — By)? (5)

where Ry, Gp, By, Ri, Gi, B are average, normalised red, green and blue
components of the sample images after the plating and laser treatment
procedures. The average colour difference and the standard deviation of it
were calculated from the data achieved. All plated samples for colour
difference measurement were also tested with the sheet resistance
measurements.

6.5.1 Percolation model of the sheet resistance

The conductivity of the polymer and metal mixture is divided into the three
regions according to the percolation model [*, 1%, 104]:

(O'm(d)frac - ¢crit)t if ¢frac > Gerit
Um(¢frac) = { Om (Gm) if ¢frac = Gerie (6)

Op

ko-m((pcrit - ¢frac)_q if (pfrac < ¢crit

where ¢ is the surface fraction of metal plated polymer surface; ¢t is the
percolation threshold when the conductivity is tending to zero; omand o are
the conductivities of the metal and polymer constituents respectively; t, s and
g are the exponential factors that depend on the dimensionality of the system.
The percolation model used to describe optical and electronic properties of
nano-porous layers [192, 103 104 then can be generalised for all range of area
fraction ¢sac values: below, above and at the percolation threshold. Therefore,
the sheet resistance Rs is a function of ¢ac:

1
RS = RS(d’frac) =

()

where h is the layer thickens of the conductor and insulator mixture.

ho g frac)

6.5.2 Area fraction of copper dependence on the colour difference

The obtained colour of the sample was affected by the fraction of the surface

area plated by the metal ¢sac. Openings in the polymer surfaces presented the

colour of laser structured polymer. The copper-covered part of the polymer
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produced the colour of copper (Figure 56). In the case of a poorly plated
surface, the copper plated areas did not have interconnection with each other,
and, therefore, it possessed small average colour difference and high sheet
resistance (Fig. 56 a). The moderate plating quality represents the case when
more than a half of polymer surface is covered by the metal islands, and they
have a continuous net of interconnections between them through all the
surface area (Figure 56 b). The well-plated case appears when almost all
surface area of the polymer is covered by the metal deposition, and an only a
small part of the polymer is left open (Figure 56 ¢). The measured area fraction
drrac OF the copper-plated polymer versus the colour difference AE of the non-
plated and plated surface is given in Figure 57 a. In the particular case with
the threshold value of 0.27 the area fraction had a linear dependence on the
colour difference (Figure 57 a):

Gfrac = +0.06 + 1L.554E (8)

Similar linear dependence has been reported for the semi-transparent copper
nanowire film in the area fraction versus transmittance representation by J. W.
Borchert et al.[*®] and by S. M. Bergin et al.['%]. However, in the general
case, our measured fraction of the sample surface covered by the metal was a
function of the colour difference and the threshold value of luminance. The
measurement of the area fraction is sensitive to the threshold value Y and
obtains linear relationship only with particular the value of 0.27. The
determination of the correct threshold value requires additional calculations.
The way to avoid this is to use colour difference instead of area fraction.
Taking into account that the percolation model of electrical conductance of
isolator-conductor mixture can be adapted to our experimental conditions. The
sheet resistance from Equations (5, 6, 7) becomes a function of colour
difference Rs =Rs(AE).

Firstly, experimental sheet resistance measurement results were compared
with the areal fraction of deposited copper (Figure 56). For areal fraction
measurements digital RGB optical microscope images of copper plated areas
were converted to the grayscale mode by using a formula based on the NTSC
standard [*°7]:

Y'=0,299R, + 0,587G,, + 0,114Bp 9)

where Y’ is the luminance of the image after the ECP procedure. The area
fraction ¢sac Of the copper was evaluated by calculating the ratio of a number
of pixels above certain threshold Y to the total number of the picture pixels.
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The average area fraction and the standard deviation of it were evaluated from
the five sections of the image. The areal fraction has been calculated from
optical images transferred to the black & white mode using chosen threshold
value Yi.

(@) (b) (©

Figure 56. Copper on the polymer. The dark field optical microscope images
of deposited copper on the polymer (top row) and conversion of images to
black and white mode at the threshold value Yth’ = 0.27 (bottom row). The
naked polymer is given by the black colour and copper deposition by the white
colour. The areal fraction of under-plated copper: low areal fraction high
under-plating range (a), moderate areal fraction and under-plating range (c),
high areal fraction and no under-plating [*].

6.5.3 Sheet resistance dependence on the colour difference

The sheet resistance Rs of the metal-plated polymer areas versus the colour
difference AE of the non-plated and plated surface is given in Figure 57 b. The
sheet resistance of copper on the polymer surface has a power law dependence
on the colour-difference of the non-plated and plated areas described by the
percolation model equations (5, 6, 7). The exponentsq=1.4,s=0.5andt=1.5
of the power law in the generalised percolation model of sheet resistance were
found from the fits of the experimental data for poorly, moderately and well-
plated areas, respectively (Figure 57 b). The decrease of sheet resistance with
the colour difference occurs because the higher is the amount of copper
deposited on the sample, the bigger the colour difference is, and therefore,
results in the lower sheet resistance. This power law relationship can be
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converted to the quantity of copper plated onto the polymer. In this way, the
quality of copper plated areas by the electroless copper plating (ECP)
procedure can be evaluated from optical microscope images, by simple
calculation of colour difference.
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Figure 57. a) Red circles - the measured area fraction of copper versus the
colour difference between images of the non-plated and copper plated
polymer surface. The area fraction gfrac was calculated by using Equation
(8) with the threshold value of the luminance Y = 0.27. b) The colour
difference AE was calculated by using Equation (5). The horizontal and
vertical blue error bars indicate the standard deviation in the colour-
difference and area fraction measurements taken from 5 sections of the
microscope images, respectively. The solid black line is the linear least square
fit of the experimental data points [%¢].

The sheet resistance of copper layers decays by the power-law with
increasing of the colour difference. The percolation theory of electrical
conductance of insulator-conductor mixture has been adopted in order to
explain the experimental results. The colour difference method is a fast and
inexpensive method to evaluate the plated surface quality for an areal fraction
and indicate an underplating problem. Thus, the fast evaluation method has a
high potential for an industrial application using fast online quality control.

6.6 Influence of parameters in activation and plating

The SSAIL method includes a few chemical steps activation, rinsing and
plating, and parameters of chemical treatment have a high impact on the
results. The list of parameters includes the concentration of activation
solution, activation time, rinsing time and temperature after activation, the
concentration of reagents in the copper plating bath, etc. Preparation of the
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sample after laser processing is also an essential task. As previously stated in
the SSAIL process investigation section, better-quality of the plated surface
could be achieved by immersion of the sample in ethanol before the activation
procedure. During this procedure, the surface energy increases and silver ions
are absorbed stronger. Moreover, the sample, prepared for the plating and
activation steps, should be well rinsed in an ultrasonic bath in order to wash
the debris (ablation product) as better as possible (shown in selectivity
section).

6.6.1 Concentration of regents and temperature of the bath

When the concentration of silver nitrate solution is too low or too high, over-
plating or under-plating could be observed. Incorrect rinsing of the activated
sample can lead to similar problems. Therefore, the impact of concentration
of silver nitrate to the plating selectivity was analysed. There are two
boundaries which limit the concentration of the activator and rinsing time after
activation from both sides. Higher concentration and shorter rinsing time lead
to over-plating of non-processed areas and under-plating (or even no plating)
when the concentration is too low or rinsing time is too long. Under-plating
(or no plating) could be found by the sheet resistance measurement. The
overplating could be estimated by image analysis of plated samples comparing
them with CAD data of the circuit to be plated. The principle of area fraction
measurement is shown in Figure 58 a. Plated copper area part has been
measured by Corel Draw X6 software. PA 6 sample used for a test was black
colour with the orange colour of the copper plated pattern. In order to exclude
only over-plated areas of copper, the draw of pattern of the circuit has been
joined with the photo of the sample at the same scale by eliminating the copper
pattern on laser-treated areas as shown in Figure 58. As a result, only copper
part of over-plating included into the count. All results of sheet resistance and
area fraction dependence (over-plated part) on the silver nitrate concentration
and rinsing time after the activation are presented in Figure 58 b and c,
respectively. The optimal concentration has been determined for silver nitrate.
In Figure 58 b, blue dash line presents the optimal concentration of 5x10“ M
for high selectivity (low over-plating area part) and high conductance (inverse
sheet resistance). While in the rinsing case there is wider rinsing time window.
The region between 5 and 10 seconds could be applied for the process (see
Figure 58 c).
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Figure 58. The principle of the over-plated area part measurements for the
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Further investigation has been performed to identify the influence of copper
sulphate concentration; formalin concentration; silver nitrate solution
temperature and washing temperature before the activation for sheet resistance
of the plated sample. The saturating concentration of copper hydrated sulphate
(CuS04-5H20) can be kept 0.08 M as shown in Figure 59 a. However, a
further increase in concentration insignificantly affects the conductance of the
plated copper. The 0.08 M of concentration is optimal, because, the lower as
the possible concentration of copper in the solution ensures better stability of
the solution [*®].
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Figure 59. Inverse sheet resistance dependence on chemical parameters: a)
copper sulphate concentration; b) silver nitrate temperature; c¢) formalin
concentration; d) washing temperature before the activation.

Similar behaviour was observed for reducer — formalin (Figure 59 c). The
threshold concentration of formalin for the plating was 0.24 M. The further
increase in concentration does not provide any positive results. Therefore, the
concentration should be kept near the threshold since a higher concentration
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of reducer can lead to instability of the plating bath, and the in-volume copper
reduction could start ["7].

Silver nitrate solution temperature in the range 20-40° C did not have any
effect on the activation step as shown in Figure 59 b). From 20 to 40° C, no
effect in the conductance of the plated surface was observed. However, when
the temperature reaches 45° C inverse sheet resistance decrees drastically
indicating no plating regime. This could be explained that hot water remains
in the laser-processed rough surface and does not allow activator to adhere to
the surface. Therefore the 20° C (room temperature) is the most convenient to
keep for washing.

6.6.2 Double activation procedure

An improvement in the plating quality was observed after application of the
double activation process. The procedure includes one additional activation
step. It was initially observed that those samples which did not induced plating
could be plated after repeating all the steps except the laser treatment. Thus,
laser processing window could be wider. Steps of double activation are as
follows: laser processing, rinsing with ethanol, silver nitrate activation, water
rinsing, copper plating solution, water rinsing, silver nitrate activation and
finally copper plating solution. The double activation procedure was
investigated in order to determinate which compound in the plating bath plays
a significant role in the process. As a result, it was found that NaOH — is
necessary after the first activation step instead of the copper plating solution.
In the case of PC/ABS polymer, the plating after single activation appears only
for very narrow laser processing parametric window at low pulse repetition
rate values. As shown in Figure 60, double activation allows using higher
pulse repetition rate for fast processing of PC/ABS. Another benefit from the
double activation procedure is solving the first-line problem and improvement
of spatial plating resolution for many polymers. Under-plating is a very
common problem when writing narrow traces, and the use of the double
activation procedure could help here.
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Figure 60. Scheme of the double activation process and plated PC/ABS
samples below, showing extended laser processing window after the double
activation. Single line plating improvement for PMMA and PPA polymers
after double activation is presented below.

The increase of plating quality was observed even only after pre-treatment in
NaOH- before the silver nitrate procedure in a single activation process.
However, better results were achieved after the double activation step. The
reason for better plating quality — electrical conductance — can be explained
by additional chemical reaction of silver and hydroxide ions.

The alkaline solution contains a high concentration of hydroxide ions. They
are localised on the surface due to the induced polarisation of the polymer
surface [1%8]. The laser-processed area has a higher positive surface potential
[1°] comparing with the rest of the surface. After treating with sodium
hydroxide, the sample is rinsed and immersed in the activation solution.

Weakly adhered OH-" ions on the untreated area are washed away during the
rinsing procedure. However, the high amount of hydroxide ions remains on
the laser-treated areas. The mechanism of hydroxide localisation on the
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processed areas could be explained by the combined process. Firstly, they are
held mechanically by rough and porous surface and thus could not be easily
removed during rinsing. The second, a stronger surface potential is created
due to larger surface area. Moreover, the laser processing leads to chemical
decomposition of polymeric chains, and new functional groups which contain
electric charge appears on the polymer surface [*19].

After NaOH- treatment sample is immersed in AgNOs activation solution and
localised OH™ ions on laser treated areas reacts with Ag*. As a result, insoluble
silver hydroxide is formed, which immediately is decomposed to silver oxide:

Ag* + OH™ - AgOH (10)
2AgOH - Ag,0 + H,0 (11)

Freshly formed Ag.O reacts with aldehydes very actively (aldehydes groups,
which appears after surface modification with a laser or formaldehyde from
the copper bath) and as a result, metallic Ag is produced.
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Figure 61. Dependence of the sheet resistance on NaOH- temperature.

Increased metallic Ag concentration on the surface enables effective copper
deposition on laser treated areas. Such a process can work independently of a
sequence of procedure applied.

Influence of the NaOH- solution temperature was evaluated as well. The sheet
resistance measurements of finally plated samples treated at various sodium
hydroxide temperatures were carried out. The results revealed that no
significant change in the sheet resistance appears in the temperature range of
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20-50° C. (see Figure 61), however, further increase in temperature results in
a steep increase of the sheet resistance.

6.7 Spatial resolution of SSAIL

An important part of the technology is spatial selectivity or resolution of the
metal plating. We tested that by checking the limits of narrowest plated line
and the shortest gap between plating lines (as shown in Figure 62) for
polymers used in the experiments: PA, PPA, PC/ABS, PVC, ABS 3D print,
PET, PEEK and soda lime glass.

R
etz L B

Figure 62. Layout for testing of plating selectivity for various materials.

The gap between plating contacts ranged from 20 to 200 um, and the width of
the line was modified by overlapping of lines starting with a single scan at the
focal point. All improvements as double activation or multiple scanning
procedures were used (if necessary) to increase the selectivity of plating.
Evaluation of samples was performed with an optical microscope. The
microscope images for various materials are shown in Figure 62, and
measured results are presented in Figure 63.
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Figure 63. Selectivity of copper plating: the narrowest width of the metal line
and spacing (narrowest gap between plated lines).

As seen from Figure 63, the spatial plating selectivity — resolution strongly
dependents on the material, the lowest resolution was achieved for PC/ABS

and the highest one for glasses.

L

Figure 64. A flexible PET with a circuit pattern made by SSAIL.

High resolution can be achieved on transparent and flexible materials like PET
as shown in Figure 64. Narrow plating line and small pitch can extend
application areas for the SSAIL technology on transparent materials. Very
narrow structures could be transparent for the naked eye. Therefore, such
plating net as shown in Figure 65 can substitute the ITO electrodes used for
touch screens or other applications which need transparent electrodes.
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Figure 65. The fine copper structure on glass produced using the SSAIL
technology.

6.8 Demonstrators

As laser-induced selective electroless metal plating technologies are intended
for industrial applications, demonstrators on MID devices were prepared by
various steps of the technology validation. The new PP-MWCNT material
with the laser direct structuring approach was applied for making the working
prototypes of electronic circuits. Moulded interconnect device demonstrator
for FIAT 500 gloves box cover was prepared. The electronic circuit layout of
the touch button for the cover opening mechanism was fabricated using the
PP-MWCNT material and the LDS process. Examples of conductive tracks
for the touch-sensitive button are shown in Figure 66.

Figure 66. Conductive traces for the FIAT gloves box cover touch button
demonstrator [*].
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Figure 67. Real demonstrators of the SSAIL technology - a LED illuminator
with the wiring on the 3D surface (PA 6).

Through hole
plating

b)

Figure 68. Demonstrators on a glass substrate. a) LED display matrix 8x8
with the circuit on both glass substrate sides, connected via through-hole
plating; b) LED demonstrator of the human brain.
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Another demonstrator was built using the SSAIL technology on complex 3D
designed PA 6 part. The LED lighter start lighting when tongs are open as
shown in Figure 67. The 3D laser processing was performed using Intelliscan
scanner from SCANLAB mounted on the Y ASKAWA Motoman MH5S robot
hand. LED soldering procedure was performed in an industrial SMD reflow
oven under 160°C temperature.

For electronics on glass demonstration, a programmable LED 8x8 matrix
display was fabricated. Circuitry design contains two layers on both sides of
a glass substrate with connection through-hole plating as shown in Figure 68
a). In Figure 68 b), demonstration of LED on the glass with contacts
representing a shape of human brains is shown.

6.9 Results and conclusions

e Laser processing parameters have a high impact on the final properties of
the plated copper layer. Electrical conductance of the metal layer, platting
selectivity and adhesion of the layer to a substrate can be controlled by the
processing parameters.

o Laser fluence is a very important parameter for the quality of the
electroless copper plating. The optimal laser fluence value for high
reliability of plating was determined for a set of polymers.

e Spatial selectivity of plating depends on the laser irradiation dose. Higher
irradiation dose can cause overplating of copper on the areas, which are
not processed by a laser. The problem probably arises due to the debris
after laser ablation.

e There is an optimal irradiation dose for the highest copper layer adhesion
to the polymer substrate and the method to find it was proposed.

e Quality of the plated surface can be evaluated by the colour difference
measuring technique.

e An additional procedure such as multiple scanning or double activation
process can improved plating quality in the case of plating narrow lines.
Moreover, the double activation procedure can broaden the range of laser
processing parameters for activation, thus allowing to increase the
processing speed.

e The functionality of the SSAIL technology has been proved on working
electronic demonstrators.
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LIST OF CONCLUSIONS

1. Raman spectroscopy results, SEM analysis, and sheet resistance
measurements tests confirmed reorientation of the MWCNT additives
into the interconnected structure when polypropylene was melted by
the laser. The increased electrical conductivity of the laser-activated
areas enabled the catalytic reaction of reducer in the electroless
plating bath, implementing selective copper deposition on laser
treated areas.

2. The mechanism of selective plating by using SSAIL method can be
explained by the combined process of silver ion adsorption by
increased wettability of the picosecond laser-treated surface and
ability of the picosecond laser-modified surface of PA6 polymer to
reduce silver ions to neutral atoms.

3. Laser processing parameters have a high impact on the final properties
of the plated copper layer. The optimal laser fluence for high
reliability of plating, plating selectiveness and adhesion of deposited
metal to a substrate strongly depends on the irradiation dose. The
method to find optimal process parameters was proposed.

115



SUMMARY

In this thesis, laser-assisted selective chemical copper deposition on
dielectrics, and its application for electric circuit traces was investigated. Two
approaches of selective plating methods were proposed and tested: laser direct
structuring (LDS) of Polypropylene with carbon nanotubes additive and
newly-developed technology Selective Surface Activation Induces by a Laser
(SSAIL).

Laser direct structuring is based on special additives called LDS additives
mixed in vole volume of the polymeric part. Laser beam activates those
additives, making them an active catalyst for electroless copper plating in the
bath. Thus only laser written areas are deposited. In this work new type of
additives, Multiwall carbon nanotubes were investigated. Experimental
studies of activation process were performed with sheet resistance
measurements, scanning electron microscope analysis and Raman
spectroscopy. Results revealed that activation is caused by melting process
during which carbon nanotubes are reorganised to the conductive pattern. The
boundaries of the processing parameters have been shown. Laser activation
writing speed reached 4 m/s and plating pitch down to 25 pum.

SSAIL is a new technology developed during PhD studies period. The method
contains steps: laser excitation of the surface, wet chemical activation with
catalyst, rinsing and electroless copper deposition in the bath. The main
advantage of the method is that no special additives are needed as in the case
of LDS. Experimental results showed that the selective plating process is not
caused only by surface roughness. Sheet resistance measurement, XPS
analysis and microscope images have been used to analyse the process after
laser excitation, activation and plating steps. Results of activation mechanism
revealed that process works only after picosecond laser excitation. XPS
analysis has shown that PA6 after laser processing has reducing properties of
metals ions. Investigation of wetting dynamics revealed the importance of
sample preparation prior activation procedure. Part of the experiments was
related to optimal laser and chemical parameters investigation. Several types
of polymers were tried for the SSAIL approach: PA, PC/ABS, PPA, PVC,
PMMA, PET, PEEK and two types of glass: soda-lime and fused silica. High
processing speeds up to 4 m/s and plating pitch down to 25 um has been
achieved.
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