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Abstract 

Lithography is the most commonly used method for the selective metallisation of non-

conductive surfaces in the manufacture of electronic devices such as printed circuit boards 

and antennae. However, when used in subtractive mode, lithography results in the 

generation of large amounts of organic solvent and metal containing waste and requires 

high initial capital investment. For this reason, additive methods of selective metallisation 

are being widely investigated. In this work, a novel additive approach of Selective 

Metallisation using a Magnetic Field (SMMF) was studied. This method uses a magnetic 

catalyst to initiate the electroless plating process. Magnetic catalyst particles composed of 

magnetite-silicon dioxide-silver were synthesised by a wet-chemical procedure. Their 

composition was analysed by scanning electron microscopy and energy dispersive X-ray 

spectroscopy and the phase formation was confirmed by X-ray diffractometry. Catalytic 

activity towards formaldehyde oxidation and the magnetic properties of particles were 

confirmed by cyclic voltammetry and vibrating sample magnetometry, respectively. The 

results showed that the particles can be used as a catalyst for electroless copper plating and 

are attracted by the magnetic field. The pattern of deposition of the magnetic catalyst is 

defined by the magnetic field. Two different configurations of magnet and substrate were 

used to deposit the catalyst dispersion onto the substrate surface. In both cases, the 

particles were attracted by the magnetic field and deposited exclusively where the magnetic 

field was applied. Subsequent electroless copper plating also only occurred at these areas. 

Parallel lines of electroless copper were obtained. The effect of the magnetic field on 

magnetic catalyst deposition and subsequent electroless plating was studied and key 

process-specific defects were identified. 
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Introduction 

Selective metallisation of non-conductive materials is a manufacturing process employed in 

the fabrication of electronic devices such as printed circuit boards (PCBs) and antennae. 

Conductive metal tracks are required to transfer an electric signal from one part of a device 

to another and can be created on non-conductive material by either subtractive or additive 

approaches. Lithography is the most commonly used method of conductive track creation 

and uses the subtractive approach, in which the whole substrate surface is metallised and 

tracks are created via the selective etching of metal. It is a mature technology which enables 

creation of high-quality conductive tracks, although it also results in generation of waste e.g. 

organic solvents and removed copper. Although there are number of approaches that can 

be used to reduce or recycle this waste, there is no universal system to eliminate it. While 

recycling systems are available, they are however, costly and labour-intensive [1].  

In the additive approach, metal is deposited directly onto the substrate in the required 

pattern, which results in lower levels of metal waste than the subtractive technique. Often 

the metal is deposited using the electroless plating process, an inexpensive method of 

substrate metallisation which is frequently used in PCB and antenna manufacturing [2]. 

Electroless plating of non-conductive materials requires prior deposition of a catalyst 

(usually palladium [3–5], but other noble metals can also be used [6–9]) onto the substrate 

surface. Subsequent electroless plating results in metal deposition onto the activated 

surface. Some additive selective metallisation techniques are based on selective catalysation 

of the surface and result in specific electroless metal deposition exclusively at the catalysed 

areas. Selective catalysation can be achieved by microcontact printing [10,11], ink-jet 
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printing [12–15], or laser activation of the surface [16–19]. Although some techniques have 

found applications in electronics manufacturing, none of them have been able to completely 

replace the lithography process. Therefore, there is still an unmet demand for additive 

metallisation techniques which can compete with and potentially replace the lithography 

process. 

The catalyst for electroless plating can be deposited from a dispersion of nanoparticles. 

Selective deposition of nanoparticles can be achieved via application of a magnetic field. 

This has been demonstrated using magnetite nanoparticles and is often used in bioscience 

[20–23]. The magnetic “pattern” is created by a magnetic array, a steel template and 

superposition of magnets. The ferromagnetic nanoparticles are attracted to the areas with 

the highest magnetic flux density (B), to form a desired pattern on the substrate surface.  

Selective metallisation using a magnetic field (SMMF) is a novel approach of additive 

selective electroless plating which uses a magnetic field to direct the catalyst nanoparticles 

onto the substrate surface in a desired pattern (Figure 1). Instead of an expensive precious 

metal palladium catalyst, a magnetic magnetite-silver composite catalyst was used. 

Although the SMMF method is at an early stage of development, previous work by our 

group has demonstrated the ability to achieve a selective pattern of parallel lines by using a 

magnet [24–26] .  

Figure 1. 

The aim of the present work is to study the effect of the magnetic field on the deposition of 

the catalyst and the subsequent electroless copper plating. Unlike commonly used catalysts 

such as palladium, the magnetic catalyst in the SMMF process deposits due to the attractive 
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forces of the magnetic field. This leads to various process-specific cases of catalyst 

arrangement, which can be used to guide electroless plating.  

 

2. Experimental 

The water used in all experiments was purified by the process of reverse osmosis and is 

referred to in the text as RO water. 

2.1 Synthesis of magnetic nanoparticles catalyst 

Nanoparticle synthesis was based on the procedure explained elsewhere [27], with slight 

modifications. Magnetite was synthesised by the precipitation method. A solution of 25% 

ammonium hydroxide (20 ml) (Sigma Aldrich) was added dropwise to a 400 ml 0.01 M iron 

sulphate heptahydrate solution (Fisher Scientific) and the mixture was stirred for 1 h at 20 ± 

1 oC. Then the synthesised particles were washed with water 3 times and dried at 50 oC for 

16 h. Dry magnetite nanoparticles (0.05 g) were dispersed by ultrasonication in 100 ml 

methanol (Extra Pure, Fisher Chemical). Then the synthesis procedure from the original 

paper was followed. The synthesised magnetite nanoparticles (0.05 g) were dispersed in a 

mixture of 100 ml methanol (Extra Pure, Fisher Chemical) and 10 ml 25% ammonium 

hydroxide by ultrasonication for 10 min. Then 0.02 ml of tetraethyl orthosilicate (98%, 

ACROS Organics) was added. The dispersion was ultrasonicated for 2 h. The obtained 

particles were separated using a magnet and washed in methanol 3 times. The separated 

particles were then dispersed in 50 ml solution of 0.01 M hydrochloric acid and 0.6 g tin 

chloride (both Fisher Chemical) for 30 min. After that, the particles were again separated 

using a magnet and washed in RO water 3 times. The separated particles were dispersed in 

50 ml 0.13 M ammoniacal silver nitrate by ultrasonication for 1 h. Tollens reagent was 
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freshly prepared before use. Silver nitrate (1.1 g) was dissolved in 10 ml of RO water. 

Ammonium hydroxide (25 %) was added dropwise to silver nitrate solution and stirred 

vigorously until the formed brown precipitate dissolved completely. Then, 5 ml of sodium 

hydroxide solution (3%) was added and followed by dropwise addition of the ammonium 

hydroxide to dissolve the precipitate until clear. In short, as proposed by the authors of the 

original work, the magnetite particles were then consecutively covered by layers of silicon 

dioxide, tin and silver. The obtained particles were magnetically separated, washed in 

reverse osmosis (RO) water and dried overnight at 50 oC. 

2.2 Dispersion preparation 

Magnetic catalyst particles (0.25 g) were dispersed by ultrasonication in 100 ml RO water for 

30 min. A Langford 575 ultrasonication cleaning unit was used to perform ultrasonication, 

operating at frequency of 40 Hz and power of 1.4 W per 100 ml of water according to the 

calorimetry measurements. The obtained dispersion was either immediately used as a 

catalyst as obtained or used after filtration with QL 120 (pore size 6 µm) filter paper (Fisher 

Scientific).  

2.3 Magnetic template preparation 

Two configurations were used in the study. Configuration 1 (Figure 2, A) consists of a single 

neodymium iron boron N42 permanent magnet with dimensions 10 x 5 x 2 mm3, attached 

by north or south pole to the 3 mm plastic substrate by tape.  

Configuration 2 (Figure 2, B) consists of a 0.41 mm thick non-conductive substrate, steel 

template and a magnet. The substrate was pre-treated by the swell-and-etch approach. The 

substrate was first placed in ethylene glycol at 80 oC for 10 min (swell), then it was placed in 
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a potassium permanganate (75 g/l) and sodium hydroxide (40 g/l) mixture for 20 min at 80 

oC (etch). At the end, the substrate was washed in a 3 vol% mixture of sulfuric acid (98 %) 

and hydrogen peroxide (37 %) to neutralize potassium permanganate residues. 

 A steel template consisting of 16 parallel lines (0.5 mm thick, with distance between lines of 

0.75 mm) was placed behind the substrate. Behind the steel template a neodymium iron 

boron N42 magnet with dimensions 20 x 20 x 10 mm3 was affixed by either its north or 

south pole. 

Figure 2. 

2.4 Selective metallisation using a magnetic field 

Electroless plating chemistry was supplied by AGAS Electronic Materials. First, the substrate 

was pre-treated with 10 vol% Circuposit Conditioner 3320A for 5 min at 46 oC. Then, the 

substrate was rinsed in RO water for 5 min. After the substrate was arranged in either 

magnetic configuration 1 or configuration 2, it was placed in the catalyst dispersion. The 

catalyst was deposited for 30 s unless otherwise specified. 

Next, the substrate was gently rinsed in RO water and placed in the electroless plating bath. 

A Circuposit 3350-1 electroless copper plating bath was used, which operates at a basic pH 

and uses formaldehyde as a reducing agent. The deposition was conducted for 25 min at 46 

oC. After, the substrate was rinsed in RO water and dried in air. 

2.5 Characterisation 

A Sigma 500 VP scanning electron microscope (SEM) with an X-MaxN 80 Oxford Instruments 

silicon drift detector fitted (EDX) were used to map the element distribution of magnetic 
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catalyst particles and image the deposited catalyst and electroless copper on the non-

conductive substrate. The SEM was operated by using a secondary electron (SE2) detector. 

The crystal structure of the nanoparticles was confirmed using a PANalytical X-Ray 

Diffractometer. The measurement angle (2Θ) was from 10o to 80o. The scan was collected 

using a step of 0.02o. The magnetic properties of the catalyst nanoparticles were evaluated 

using a MicroSense Vibrating Sample magnetometer. 

The composition of catalyst particles was analysed by an Optima 8300 PerkinElmer optical 

emission spectroscope. The particles (0.002 g) were dissolved in 10 ml of concentrated nitric 

acid (70 %), ACS grade and after, samples were diluted in RO water for analysis.  

The catalytic activity of the particles was confirmed by cyclic voltammetry, which was 

performed using an analytic radiometer PST050, VoltaLab potentiostat. The particles (0.005 

g) were dispersed in 1.5 ml of water by ultrasonication and then 5 µl was drop-coated onto 

the vitreous (or ‘glassy’) carbon electrode with a surface area of 0.07 cm2. A three-electrode 

system was used and consisted of a working electrode (modified vitreous carbon), reference 

electrode (Ag/AgCl) and counter electrode – platinum sheet 1 cm2. The measurements were 

performed in the following water-based electrolytes: 1) 0.2 M sodium hydroxide; 2) 0.2 M 

sodium hydroxide with 0.1 M formaldehyde. Measurement were performed at room 

temperature with a sweep rate of 50 mV/s. 

Finite Element Method Magnetics (FEMM) software was used for modelling of the magnetic 

flux density distribution across the sample surface. 
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Adhesion was tested by using a tape test in accordance with ASTM D3359 standards. 

Because the sample was selectively metallised, the surface was not cut. Pressure sensitive 

tape was applied on the sample surface for 5 min and then removed.  

 

 

 

3. Results 

3.1 Magnetic catalyst 

The structure of the obtained composite nanoparticles was confirmed by XRD analysis 

(Figure 3). The XRD spectrum confirmed the formation of both a cubic spinel structure of 

magnetite (PDF code Fe3O4: 01-088-0315) and face-centered cubic silver (PDF Code Ag: 01-

087-0717) phases. 

Figure 3. 

The distribution of the elements across the sample was mapped by SEM/EDX analysis 

(Figure 4). These analyses revealed that both iron and silver were spread across the 

analysed particles, which confirmed composite formation. This is in agreement with the 

results reported by the original authors of the synthesis procedure [27]. 

Figure 4.  

In the present study, it was important to characterise the magnetic and catalytic properties 

of the synthesised composite, which had not been previously reported. The ferrimagnetic 

properties of the particles were confirmed by VSM analysis (Figure 5, A). The obtained 

magnetization curve had a characteristic shape commonly observed in soft ferromagnetic or 
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ferrimagnetic materials. This confirmed that the particles can be attracted by the magnet. 

The composite nanoparticles had lower magnetization values compared to bare 

magnetite particles, due to the presence of paramagnetic elements in composite structure – 

silver and silicon dioxide. The magnetization values were also comparable with those 

reported previously in nanoparticles of similar composition obtained by other methods 

[28,29]. Particles in the current work had similar magnetization values to those seen in our 

previous work [26] and are expected to perform similarly during SMMF deposition. 

Figure 5. 

The catalytic properties of the composite particles were evaluated by cyclic voltammetry – a 

technique commonly used to confirm the catalytic activity of material in the electroless 

plating reaction. The process of electroless copper plating can be understood as two 

interdependent chemical reactions: formaldehyde oxidation (the anodic reaction (1)) and 

copper reduction (the cathodic reaction (2)) [30]: 

Reaction Eo
 vs SHE (V)  

                               0.32 (pH 12) (1) 
                          -0.216 (2) 

 

Electrons released during formaldehyde oxidation are involved in the following copper 

reduction reaction. This means that kinetically, formaldehyde oxidation is the rate limiting 

step of the electroless plating process. Due to the specific bath formulation for electroless 

plating, the formaldehyde oxidation reaction does not happen spontaneously in solution but 

must be initiated by a catalyst - usually a noble metal. The ability of the metal to catalyse 

formaldehyde oxidation can be measured by cyclic voltammetry, which involves placing the 

catalyst and reducing agent in contact, and monitoring electron transfer at a range of 

potentials. In this experiment, increased electron transfer indicates that the reaction of 
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formaldehyde oxidation is occurring, while low electron transfer means that the metal 

cannot catalyse the anodic reaction. The recorded peak of electron transfer is characteristic 

for each metal, and for Ag is usually observed at 0-100 mV vs Ag/AgCl electrode [31–33]. 

Figure 5, B shows that in a solution of sodium hydroxide alone, no change in current was 

registered, which indicated that no redox reaction occurred on the catalyst surface. This 

means that there were no electrochemical processes which could hinder the recording of 

formaldehyde oxidation. After addition of formaldehyde, an oxidation current was 

registered with a peak at 100 mV, demonstrating that formaldehyde oxidation occurred on 

the composite particles. This means that the magnetic catalyst particles can initiate 

formaldehyde oxidation and, therefore, can potentially be used to initiate the electroless 

copper plating reaction. Because magnetite does not usually show catalytic properties for 

formaldehyde oxidation, it was important for the current work to confirm that composite 

particles of magnetite and silver will still exhibit catalytical properties that are typical for 

silver but not for magnetite.   

In summary, the composite particles obtained in the present work were ferromagnetic and 

catalytic toward the electroless copper plating process and can potentially be used for the 

SMMF process. 

 

3.2 Deposition with single magnet 

Synthesised magnetic catalyst particles were dispersed by ultrasonication in water . Then 

the particles were deposited onto the non-conductive substrate using configuration 1 

(Figure 2, A), in which a single magnet was placed behind the substrate. Due to the magnetic 

nature of particles demonstrated above, the particles were attracted to the surface of the 

substrate at the area with the highest magnetic field influence. The particles remained on 
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the surface due to magnetic interaction between particles and the magnet, which was 

placed behind the substrate.  The SEM image of the substrate with deposited catalyst 

(Figure 6, A) shows the presence of agglomerates with a diameter of 5 µm and higher. The 

size of the catalyst particles can significantly influence the quality of the subsequent deposit 

and can affect the smoothness of deposited copper – the larger the particles the rougher 

the plating is obtained [34]. Therefore, it was essential to eliminate particularly large 

agglomerates from the dispersion. This was accomplished by filtration (using filers with 5 

m pores sizes). As a result, only small (below 5 µm) particles and agglomerates were 

present in dispersion and were subsequently deposited onto the substrate surface. To 

further improve the process, catalyst particles with a more uniform size should be tested in 

future work.  

Figure 6. 

The composition of the dispersion was analysed by ICP (Figure 6, C). The analysis showed 

that the metal (iron and silver) concentration in the dispersion decreased after filtration 

from 135 mg/L to 108 mg/L. The proportion of iron to silver remained constant at 58:42 

before and after filtration, which means that filtered agglomerates also had a composite 

structure and were not composed predominantly of silver or magnetite. 

Electroless copper plating was performed after the catalyst was deposited onto the 

substrate.  Distinctive copper deposition was obtained at the edges of the pattern (Figure 7, 

A). According to the SEM image, the copper grows in a needle-like shape (Figure 7, B) with 

the needles oriented in the same direction as the magnetic field lines. The length and 

diameter of needles varies across the sample from 3 to 30 µm and 1 to 10 µm respectively. 

Such a large size distribution is possibly due to the difference in the magnetic field strength 
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across the substrate surface. Copper is a diamagnetic material [35] that does not align in the 

magnetic field during deposition and growth. The growth alignment may have been caused 

by the arrangement of the catalyst particles parallel to the magnetic field lines which often 

happens when magnetic particles deposit onto the surface [36,37]. 

Figure 7. 

Copper also deposited at the centre of the pattern as seen in Figure 7, A. The deposit and 

catalyst were removed by blowing compressed air onto the sample. This indicated poor 

adhesion of the copper to the substrate at the centre of the pattern. This occurred due to 

the overloading of the substrate with catalyst. The attraction of the magnetic particles is 

proportional to the magnetic flux density (B) [38]. Its distribution, depicted in Figure 8, 

shows that the B was the highest at the centre of the pattern and therefore more of the 

catalyst was attracted to the centre. Equal distribution of the catalyst along the substrate 

surface can be achieved by modifying the pattern of the magnetic field on the substrate 

surface. Several works have shown that equal flux density can be achieved in repetitive 

simple patterns [23,38], suggesting that more complex patterns may also be possible.  

Figure 8. 

Different possible cases of catalyst and subsequent copper deposition are depicted 

schematically in Figure 9. Case 1 shows desirable catalyst distribution which is spread 

uniformly across the substrate surface, which results in uniform copper growth. Case 2 

shows the needle-like arrangement of catalyst on the surface, which is caused by the 

tendency of magnetic particles to align with magnetic field lines. Subsequent copper 

deposition then follows the needle-like arrangement of the catalyst and results in the 

needle-like copper growth. At the centre of the substrate the catalyst was deposited as 
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depicted in case 3. At the higher catalyst concentration, the magnetic catalyst particles form 

3D structures on the substrate surface [22]. Subsequent copper plating did not occur on the 

substrate surface itself and only covered the catalyst particles, as schematically depicted in 

Figure 9 (case 3). The catalyst did not have any adhesion to the substrate, which resulted in 

poor adhesion of deposited copper. In our previous work [24] , that effect was not observed 

due to the use of a lower concentration of catalyst in the dispersion, which resulted in less 

catalyst deposited at the centre of the pattern (case 1).  

Figure 9. 

3.3 Deposition with a template 

A template consisting of parallel steel plates was used in order to demonstrate the ability of 

the SMMF process to deposit copper in a predefined pattern. The effects of the template on 

the magnetic flux density is shown in Figure 10. B rises in the areas which overlay the 

template fins and decreases between them. An edge effect was also observed in the 

simulation, which is due to the nature of the magnetic field distribution [39]. 

Figure 10. 

SEM images of catalyst deposited on the substrate using the magnetic template are shown 

in Figure 11. The substrate was immersed in the catalyst solution for 15, 30 or 60 s. 

According to Figure 10, longer immersion resulted in a more defined electroless copper 

plating. Catalyst deposition for 15 s and subsequent electroless deposition did not result in 

any copper plating. It is clear from the SEM image that the catalyst does not continuously 

cover the surface of the substrate and many gaps remain between particles on the surface 

(Figure 11, A). 

Figure 11. 
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When the catalyst was deposited for either 30 or 60 s, the substrate surface was completely 

covered by catalyst (Figure 11, B, C), although more copper plating was obtained after 

surface catalysation for 60 s (cf. Figure 11, E, F). SEM images of the deposited catalyst did 

not reveal significant differences in the coverage of the substrate surface by catalyst 

between these samples. The difference in resultant copper plating between these samples 

may be due to differing amounts of catalyst deposited. Longer exposure to the catalyst 

solution lead to an increased amount of catalyst in the 60 s sample and therefore more 

active catalyst sites, which initiated the electroless copper plating. The increase in catalyst 

sites also lead to more continuous copper plating (Figure 11, H). 

 

A difference in the quality of the plated copper was observed between lines within the same 

sample (Figure 12, A). The lines located closer to the edge of the sample have copper 

deposited mainly at the line edge (Figure 12, B-D), while within the rest of the line non-

continuous islands of copper were formed. This is identical to the results of deposition with 

a single magnet – higher attraction at the centre of the line lead to overloading of the area 

with catalyst which was later removed due to low adhesion to the substrate (Figure 9, case 

3). 

Figure 12. 

In configuration 2 (Figure 2, B), lines located closer to the centre of the pattern have more 

copper remaining, though 3D needle-like structures were formed (Figure 9, case 2) due to 

the arrangement of catalyst parallel to the magnetic field lines (Figure 12, E, F). At the 

centre of the pattern, continuous copper lines were obtained (Figure 12, G). In this case, 

lower attractive forces lead to less catalyst attraction which resulted in the optimal amount 

of catalyst deposition required for electroless copper plating (Figure 9, case 1). 
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The resistance of the deposit was tested by multimeter at the area of smooth deposit. The 

resistance was 0.8 Ohm/cm. No conductivity was measured at the area with needle-like 

deposits, which confirmed that continuous film was not formed in those regions and 

suggesting that these defects should be eliminated in order to obtain a conductive layer of 

copper. 

The results of adhesion testing are presented in Figure 13. The sample was evaluated by 

SEM after the tape test. The area of deposit in which needle formation was absent was not 

affected by tape removal (Figure 13, A, B), however the region with needles was significantly 

changed after the tape test – many needles were removed, indicating low adhesion to the 

substrate (Figure 13, C, D). This highlighted the necessity to eliminate needle-like formation 

in order to achieve a copper film deposited in a continuous layer. 

Overall, the results indicate that the variation in the B around the sample lead to differences 

in the electroless copper plating quality, though these were not observed at the catalyst 

deposition stage. Further investigation into the process of catalyst deposition in the 

magnetic field will lead to a greater understanding of the SMMF process and will help 

improve the quality of the deposited copper. 

4. Conclusion 

This work demonstrated the novel approach of selective metallisation of non-conductive 

material using a magnetic field – the SMMF process. The magnetic templates were used to 

direct magnetic catalyst deposition onto a non-conductive substrate. This catalyst initiated 

the electroless copper plating process. Parallel copper lines with a width of 300 µm and a 

resistance of 0.8 Ohm/cm were deposited using the SMMF process. 
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The unique distribution of catalyst that resulted from using a magnetic field for deposition 

and the effect of this distribution on the subsequent electroless copper plating process were 

studied. The following key findings were made: 

 The magnetic catalyst tends to arrange parallel to the magnetic field lines which can 

result in needle-like electroless copper plating. 

 Excessive catalyst deposition caused by higher strength magnetic fields can lead to 

overpopulation of the substrate surface with catalyst and result in low adhesion of 

the deposited copper. 

Obtaining a catalyst with a narrower size distribution as well as improving the template for 

the magnetic field configuration should be the main objectives of future work. This will help 

improve the SMMF process and allow for demonstration of the potential of the process in 

industrial applications. 
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Figure 1. Schematic diagram of the SMMF process: (1) – dispersion of the magnetic particles; (2) – 

selective deposition of magnetic catalyst; (3) – electroless copper plating. 

 

 

 

 

 

 

 

 

 

 
 

Figure 2. The configurations of plastic substrate, magnet and template used for the SMMF process 

during catalyst deposition and the electroless plating process: A – configuration 1, B – configuration 

2. The main dimension are shown in mm, more details are provided in section 2.3. 
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Figure 3. XRD pattern of composite magnetic catalyst particles. 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 4. A – SEM image of the magnetic catalyst particles, B – EDX mapping of Fe within the sample, 

C – EDX mapping of Ag within the sample. 
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Figure 5. A – Magnetization curve of magnetic composite catalyst and precursor magnetite 

nanoparticles; B – results of the cyclic voltammetry experiment on the magnetic catalyst particles in 

sodium hydroxide solution with and without formaldehyde. 

 

 

 

 

 

 

 

 

 
 

Figure 6. Magnetic catalyst particles deposited on the substrate surface by using configuration 1 

from the dispersion A – before filtration, and B – after filtration. C - ICP measurement of Ag and Fe 

ion concentration in the dispersion of magnetic catalyst before and after filtration. 
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Figure 7. Selective copper plating on the substrate using the SMMF process in configuration 1. A – 

digital image, B – SEM image of the edge of the deposit. 
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Figure 8. Simulation of magnetic flux density distribution in configuration 1 plotted using FEMM 

software, A – cross-section of the set-up, B – distribution of flux density across substrate upper 

surface.  

 

 

 

Figure 9. Schematic representation of the possible arrangement of catalyst on the substrate surface 

during the SMMF process and resultant electroless copper plating defects: case 1 – desirable 

distribution of the catalyst on the substrate surface, case 2 – needle-like arrangement of the catalyst 

which leads to needle-like copper plating, case 3 – overloading of the substrate surface with catalyst. 
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Figure 10. Simulation of magnetic flux density distribution in configuration 2 plotted using FEMM 

software, A – cross-section of the set-up, B – distribution of flux density across substrate upper 

surface. 

  

 

Figure 11. SEM images of magnetic composite catalyst (A-C) and digital (D-F) and SEM (G,H) images 

of subsequent electroless copper deposited via the SMMF process. Catalyst was deposited for 15 s 

(A, D), 30 s (B, E, G) and 60 s (C, F, H).  
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Figure 12. A - Digital image of electroless copper deposited using the SMMF process after 60 s of 

catalyst deposition with SEM images of the individual lines (A-F). 

 

 
 

Figure 13. SEM images of electroless copper deposited using the SMMF process A, C – before 

adhesion tape test, B, D – after adhesion tape test. 

                  


