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Introduction 

Additive Manufacturing (AM) has been finding more and 

more applications in the world of industry since the late 80s. 

Indeed, the definition of this process is the fabrication of 

objects through the deposition of a material layer by layer 

using a printing head, nozzle, or another printer technology 

[1]. One of the fields where industry profits from AM is the 

electronics field. The most well-known methods are screen 

printing [2], inkjet [2], aerosoljet [3] etc. Indeed, these 

methods use products such as conductive pastes, inks or 

powders to produce different micro objects such as sensors, 

RFID, MEMS, LEDS [4] etc. More precisely, a conductive 

paste or ink consists of different parts: the conductive 

metallic particles such as (Cu, Ag, Au), Carbon NanoTubes 

(CNT), Graphene [4]. The polymer, which gives the 

adhesion property to the paste or ink. The solvent that 

provides the viscosity of the polymer/ink for the process. 

Lastly, an additive that allows keeping the structure of the 

paste/ink intact. After deposition, the ink/paste need a 

processing step by either sintering, UV light or laser in 

order to become conductive. The electrical performance of 

these materials after processing ranges from very low 

resistivity with Nano inks of copper, silver, graphene and 

carbon nanotubes 10-8Ω.m [5-9], medium range between 

10-7-10-5Ω.m for  epoxy pastes, Table 2, and at last 

semiconductor inks between 10-4-10-2 Ω.m [10].  

 In the electrical conductors world, pastes and inks have 

a lower electrical performance than bulk metals [10] that are 

around 10-8Ω.m. Although, their electrical performances 

still compares to alloys as Constantan 10-6Ω.m [11] and 

Karma 5.10-7Ω.m. Indeed such electrical performances are 

sufficient to certain basic electrical functions such as 

connections, antennas and resistances. 

 The combination of AM and conductive pastes is 

becoming more interesting since it can deposit these kinds 

of pastes and inks. This approach will allow electronics to 

move further from the traditional methods that use highly 

concentrated acids to deposit electrolytic copper. In fact, 

such acids are dangerous for humans and the environment. 

Furthermore, when we an AM approach, can avoid the 

mask steps needed to fabricate printed circuit boards, which 

simplifies the process and makes it cheaper [12]. 

 In terms of application, the deposition of conductive 

pastes by AM addresses the mechanical and electronic co-

conception, which helps integrating sensors in industrial 

machines during their life cycle. Indeed, real time 

monitoring of tools and equipment in harsh environments 

(high pressure, temperature, vibrations and chocks), need 

embedded instrumentation performed by adding sensors to 

the industrial parts separately. This solution implies finding 

the place to add the sensors post fabrication, which is sub 

ideal. This is where AM has the advantage since electrical 

and mechanical co-design can optimize the topology of the 

piece allowing the direct integrating and packaging of the 

sensors in the same process. 

 In this article, we are taking the first step in this 

innovation by qualifying a paste that has a very good 

adhesion on a large variety of mechanical substrates. This 

paste becomes conductive under laser activation. We then 

observe the structure of the functional surface pre and post 

processing through SEM (Scanning Electron Microscope), 

EDS (Energy Dispersive X-ray Spectroscopy), and FTIR 

(Fourier Transformation InfraRed spectroscopy). Last, we 

evaluate its resistivity through four probe method and 

compare the results to other commercial pastes.  

Experimental 

Material description 

We chose Eoprom© paste (MCVE Technologie) which is a 

copper powder embedded in a polyurethane matrix. This 

structure gives the paste a viscosity of 6940 cps at 20°C. 

We decided to keep this viscosity as it is without any further 

dilution. The product is composed of 50-60% of copper 

powder, 20-30% of polymer with some additives and 
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solvents. The paste has good adhesion to FR4, polyaniline, 

metallic and glass substrates, which is the main reason 

behind our choice. 

 

Deposition 

We used micro-extrusion with nozzle as a method of 

deposition. Indeed, we equipped a 3D printer head with a 

syringe that we filled with the paste. The syringe is 

connected to a glue dispenser, Nordson ultimus V.  We can 

choose the pressure through the glue dispenser from  

1-7bars. The nozzles have a diameter that can range from 

150µm-1mm. Four different parameters control the 

deposition on the printer. The diameter of the nozzle. The 

speed of the syringe displacement above the printer’s 

chuck. The distance from the needle to the substrate and the 

pressure in the glue dispenser. 

 For our deposition, we filled the syringe with fresh 

paste and chose the following parameters for the deposition. 

Needle diameter 840µm. Displacement Speed of 25 mm/s.  

Needle-substrate distance of 500µm. A pressure of 3 bars. 

After one single displacement step, we obtained a track of 

3250µm ± 10µm large and a targeted length of 5cm. We 

shifted the head after each single track from 1mm. Thus, we 

have an overlap of 1000µm between the tracks in order to 

avoid as much as possible the ripples on the surface, 

estimated between 5 and 15µm on a total thickness of 

1200µm. We kept the deposition to dry out for 18h to let 

the solvent evaporate and the paste to dry.  

 We deposit the paste this way because we need specific 

dimensions in order to respect the conditions of the test in 

order to qualify the paste through the four probe method. 

More specifically, the sample should have the following 

dimensions. A conductive surface 40% thinner than the 

distance between probes. A vertical distance from the 

closest insolent of 2 times the distance between the probes. 

A horizontal distance of 5 times the distance between the 

probes. At last an equivalent distance between the probes. 

If these conditions are not respected, there are corrections 

factors that should be taken into account [13]. 

Laser activation 

The laser is Sesame Laser Plasma 500 DC from Digit 

Concept that is conventionally used for electrical 

components deprocessing. The laser type is a 10 ns pulsed 

Ytterbium crystal. The infrared wavelength is 1064nm.  

The maximum power is 10 watt. The scanning speed  

ranges from 10mm/s to 10000 mm/s with a frequency of 

20-200 kHz.  

 What we imply by activation is the step of passing the 

paste from its natural insulation state into a conductive state 

after interacting with the laser beam. Throughout our 

activation, we chose to keep the following parameters: 

scanning speed of 10mm/s, spot diameter 40µm, frequency 

200 kHz, overlap between scanning paths of 30µm. We 

chose to variate the laser power from 0 W to 2 W. Indeed, 

this choice was in order to favor a sintering approach to the 

paste. Furthermore, we found that when the power is 

weaker than 1.2 watt, the paste stays insolent. At greater 

power than 1.6, the surface starts to burn and carbonate, 

thus including the graphite, which decrease the 

conductivity of the activated surface. For these reasons, we 

decided to stay between 1.2 and 1.6 W for activation. The 

thermal energy can be expressed as a function of the power 

through the following equation (1): 

𝐸𝑡ℎ𝑒𝑟𝑚 =
𝑃

𝑉 ∗ 𝑑
                                             (1) 

 

where E is the irradiance of the laser (J/cm2), P is the power 

used (watt), d is the diameter of the laser spot (mm) and V 

is the scanning speed (mm/s) [14]. Applied to our case,  

the thermal energy diffused on the surface ranges from  

300 J/cm2 at 1.2 watt to 400 J/cm2 at 1.6 watt. 

 Another type of interaction occurs during this process, 

which is the photon-matter interaction. Each photon carries 

an energy equaling to equation (2): 

𝐸𝑝ℎ𝑜𝑡𝑜𝑛 = ℎ𝜐 =
ℎ𝑐

𝜆
                                   (2) 

where E is the energy of each photon in electronvolt, h is 

the constant of Planck in electronvolt.second, c is the speed 

of light meter/second and λ is the wavelength (1064 in our 

case) in meter. In this case, the photons have the energy of 

1,17eV. 

Four probe method 

We used Coprico 4002 micro ohmmeter for our four probe 

test. This method allows us to calculate the sheet resistance 

of the layer we deposit and then access to the resistivity of 

the material. Indeed, sheet resistance is more of a 

characteristic of the deposit layer whereas the resistivity is 

the characteristic of the material itself. The main use of the 

test was to characterize the resistance of semiconductor 

layers but then it became a standard test in electronics for 

all kinds of conductive layers. 

 The four probes are two external probes that provide a 

current in the surface and two internal ones that measure the 

difference of potentials due to the resistance of the surface, 

Fig. 1. 

 
Fig. 1. A schematic of the step up for the four probe test. 



  

 We can calculate the resistivity following the formula: 

𝜌 =
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                   (3) 

Where: 

V = floating potential difference between inner probes, (V) 

I = current through the outer pair of probes (A) 

𝑠1, 𝑠2, 𝑠3 = Distance between the probes (cm) 

ρ = resistivity in Ω.cm 

 When the distance between the probes is equivalent, 

the expression becomes: 

𝜌 =
𝑉

𝐼
 2𝜋𝑠 

 In the special case where the thickness (t) of the 

conductive layer is 40% lower than the distance between 

probes the expression becomes: 

𝜌 =
𝑉

𝐼

2𝜋

ln(2)
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𝐼
                                       (4) 

Where:        

                          𝜌

𝑡
= 𝑅∎                                           (5) 

R is defined as the sheet resistance (Ω/) [13]. 

 In our case, we estimated the conductive thickness 

after laser activation to be at 30µm. Thus, we chose a 

distance between probes to be 2mm. 

Observations 

We used different technics to characterize the paste. The 

first one is a Jeol SEM microscope, JSM-7200F LV, with a 

resolution of 1nm at 15kV and a magnification from  

10 × 1,000,000 times. Indeed, SEM allowed us to observe 

the surface structure of the paste before and after activation. 

Furthermore, the SEM microscope is also coupled with 

Energy Dispersive X-ray spectroscopy EDS analysis, from 

Brucker, which allows to have the atomic composition of 

surfaces. At last, we used FTIR analysis to complete the 

EDS analysis. The equipment that we used is an ALPHA 

FTIR spectrometer with a spectral range of 375-7500 cm-1. 

FTIR allowed us to study the chemical effect of the laser on 

the surface of the paste before and after activation by 

observing the organic functions evolution on the surface. A 

typical FTIR is mainly a surface analysis, with a typical 

depth of beam interaction below 2µm. 

Results and discussion  

SEM/EDS observations 

We used SEM in order to observe the evolution of the 

microstructure before and after activation. Indeed, we 

observed the surface of different samples activated at 

different energies. When we observe the neutral surface at 

0 J/cm2 (Fig. 2(a)), we can notice that the particles are 

laying on the surface without any connection between them 

which is the reason behind the insulation. When we 

increase the activation to 300 J/cm2, Fig. 2(b), we can see 

that some particles start to get closer but there is still some 

difference in contrast, which is the reason why the surface 

starts to conduct. At last, when we increase the activation 

to 400 J/cm2, Fig. 2(c), the surface is more homogenous. 

Thus, through the visual observations we could conclude 

that the structure of the surface is a network of grains that 

get in contact under the effect of the laser activation. We 

suppose that the laser irradiation eliminates the polymer 

allowing the metallic particles to get in contact and conduct. 

We studied afterwards the difference between the neutral 

and the activated surface at different activation energies 

with EDS analysis. When we look at the atomic percentages 

of the neutral paste (Table 1 neutral) if we take a closer 

look, we can see that the copper is at 20% and the oxygen 

is at 10%, which suggests a copper oxide of Cu2O majority 

in order to get the right stoichiometry. When we start 

activating the surface, Table 1, 300-400 J/cm2, we can 

notice that the rations of carbon and oxygen atoms 

decrease, whereas the ration of copper atoms increases.  

Table 1. The atomic percentages obtained by EDS analysis of the different 
activated surfaces. 

 
Fig. 2. Different SEM Images of the surface of different surfaces activated 
at (a) 0 J/cm2 (b) 300 J/cm2 (c) 400 J/cm2. 

 Which suggests that the laser beam has a double effect 

on the paste: The first one being the elimination of the 

organic material due to the concentrated energy, which we 

observe by the decrease of the quantity of carbon. The 

second one being a reduction of the copper oxide in the 

paste into a metallic copper due to the energy that the 

photons provide, 1.17 eV. This reduced metallic copper 

allows the flow of electrons. In fact, some studies showed 

in literature that under the effect of UV light pulsed energy, 

providing an energy of 10 J/cm2 [15,16], copper oxide 

became metallic copper. In our case, since we provide an 

Laser energy 

(J/cm2) 
%C (atom) %O (atom) %Cu (atom) 

Neutral 67% 10% 23% 

300 41% 7% 52% 

325 30% 7% 62% 

350 26% 7% 67% 

375 24% 7% 69% 

400 26% 7% 67% 



  

energy of 300-400 J/cm2 and 1.17 eV but to microparticles. 

We can only imagine that the copper oxide micro particles 

absorb the energy of the photons and become metallic 

particles. On the other hand, the polymer evaporates due to 

the heat. We suppose that the rest of oxygen atoms are the 

residue of the CO bind of the polymer and some copper 

oxide that was not reduced. 

 We completed the EDS analysis with FTIR 

spectroscopy in order to observe the disappearance ofthe 

organic functions in the paste (Fig. 4). In the neutral state, 

we observe the characteristic peaks of polyurethane 

functions, especially: CO, NH, COC and the COO. When 

we increase the activation energy we can observe that the 

peaks still appear on the spectrum until 350 J/cm2, After 

400 J/cm², they completely disappear. At last, on a 

carbonized surface, corresponding to a 525 J/cm2 activation 

energy, the spectrum corresponds to a baseline, which 

implies that the laser degraded the integrity of the polymer 

from the surface. The FTIR analyses concluded that the 

laser degrades the functions of the urethane that are polyols 

and isocyanate. When the laser power is sufficient, it 

eliminates the integrity of these functions, thus favoring a 

carbonization of the polymer residue.  

 We performed an EDS cartography on a 400 J/cm2 

activated sample in order to observe the homogeneity of the 

copper on the surface and to compare it to the non-activated 

surface (Fig. 3). We performed the EDS cartography 

around the borderline between activated and non-activated 

areas, and observed the disappearance of carbon on the 

surface as well as the majority of copper on the surface. 

 Thus, we obtain a complete degradation of the polymer 

from 300 J/cm2 to 400 J/cm2, where we obtain the highest 

percentage of copper mass and the tightest surface 

observations through SEM images.  

 

 

Fig. 3. EDS Cartography of the interface between the activated surface 
(right) and insolent surface (left). 

 
Fig. 4. FTIR spectra of different irradiated surfaces. We can see the 
different pics corresponding to the organic functions of the polymer 

Electrical characterization 

We studied the evolution of sheet resistance, independent 

of the depth of activation, by performing the four probe 

method mentioned above. We noticed a drop in the sheet 

resistance with the increase of laser power. The lowest 

sheet resistance at 400 J/cm², which is 22 mΩ/ (Fig. 5). 

This result correlates with the EDS analysis and FTIR 

spectra since we eliminate a considerable part of the 

polymer at 400 J/cm² laser power which allows the metallic 

copper micro-particles to have a better contact in-between 

and thus a lower resistance. At last, we evaluated the 

resistivity at 400 J/cm2 since we obtained the lowest sheet 

resistance. In order to do that we need to observe the 

thickness of the sample. We observed with SEM an average 

thickness of 20 µm, with equation (5) we obtain a resistivity 

of 4.10-7 Ω.m. 

 
Fig. 5. The curve of the sheet resistance (Ω/) in function of the irradiated 

energy in J/cm2. 

Discussion 

We compared the result of our resistivity with available 

commercial pastes. These pastes are used in printed 

electronics for screen-printing, flexography printing or 

offset printing. Although the structure is the same 

(conductive micro- or nano-particles, polymer, solvent, 



  

additive), the electrical performances can vary according to 

the percentage of the conductive material, the particle size, 

the type of polymer, the process of activation etc. Through 

the commercial pastes that we identified ranging from  

(10-5-10-7 Ω.m), the average resistivity that we obtained 

with our process of activation position our new conductive 

paste higher than the state of the art (Table 2).  

Table 2. A table of electrical performances of different types of material 

with a zoom on commercialized copper pastes. 

 

 It is interesting to mention that the paste we used is 

traditionally used for screen printing and as base for 

electrolytic growth of copper in galvanic bath. The sheet 

resistance of the grown copper was 2mΩ/ with a 

resistivity of 3.10-8 Ω.m which is 50% of bulk copper 

performance. 

 

Conclusion 

We characterized a new copper conductive paste that we 

chose to use in our future applications for printed circuits 

and sensors. The main reason behind our choice was the 

high adherence to different material substrates. What we 

found interesting is that not only the electrolytic traditional 

use of the paste gives high electric performance  

(3.10-8 Ω.m). Furthermore, we were able to activate the 

paste and obtain a resistivity of (4.10-7 Ω.m), which is 

highly positioned compared to other conductive pastes. We 

concluded that under the activation of a pulsed Ytterbium 

crystal laser with a 1064 nm wavelength, thus an energy of 

1.17 eV, and using energies between 300-400 J/cm2, we 

were able to eliminate a big part of the polymer and reduce 

the copper oxide of the paste to conductive electrical 

copper. 
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