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Abstract: In this article, we present an approach to fabricate conductive tracks on polymer substrates.
Here, a digital printing process is used together with subsequent processing by a laser. For this pur-
pose, a silver flake-based composite is printed onto a polycarbonate substrate using a jet-dispensing
process. The printed tracks are then cured using a pyrometer-controlled laser beam source. The
fabricated samples are analyzed for electrical resistivity and the cross-sectional area of the conductive
tracks and compared to conventionally oven-cured samples. Four-point measurements and an optical
measurement method are used for this purpose. Based on the resulting resistance, two different
process regimes can be observed for the laser curing process. By using a laser instead of an oven
for post-treatment, the achieved resistance of the conductive tracks can be reduced by a factor of 2.
Moreover, the tracks produced in this way are more reproducible in terms of the resistance that can
be achieved.

Keywords: printed electronics; composite coating; drop-on-demand printing; thick film technology;
jet-dispensing; laser material processing; additive manufacturing

1. Introduction

The demand for functionally integrated components is growing across all indus-
tries [1,2]. Due to the increasing individualization of consumer products, the lot sizes
of a single product variant are decreasing—for example, in the automotive sector [3,4].
Cable harnesses in the automotive industry are assembled individually per car, generating
enormous costs. By using digital printing technologies, it is possible to automate and
customize, e.g., signal cables, and apply them directly to components in a cost-effective
manner down to a lot size of 1 [1,5]. Nevertheless, the necessary post-treatment of printed
conductors remains a bottleneck in production. These must be conventionally post-treated
in an oven at temperatures between 100 °C and 200 °C [6,7]. Since the substrate is heated
accordingly, this process is disadvantageous in terms of energy efficiency [8,9]. Further,
the substrates to be used are limited in terms of heat stability for post-treatment [10]. Al-
ternative technologies for the thermal post-treatment of printed layers on components
have various process-specific disadvantages: Intense Pulse Light (IPL), for example, is not
suitable for thick layers due to its short pulse duration, the near-surface absorption for
thick layers >>1 pm and for processing 3D components due to the radiation characteristics
of the energy source [11-13]. By using a laser beam for the thermal treatment of printed
structures, various disadvantages of other technologies can be sidestepped: the selective,
localized application of energy means that less energy is required for the thermal processing
of printed structures, the thermal impact on the substrate is reduced, and the 3D capability
of the process is ensured by using appropriate positioning systems (3-5-axis machines,
robots or scanning systems) [8,11,13,14]. This approach, combined with a digital printing
technology for digital, selective coatings, enables the fabrication of electrically conductive
structures on a wide range of substrates [12,14-19].
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In this work, we use a combination of jet dispensing and laser treatment to apply
conductive traces directly to a polycarbonate surface. The process is designed to be 3D-
capable as well as scalable and cost-efficient.

2. Materials and Methods
2.1. Substrate and Paste

Plates composed of polycarbonate (PC, “LD50” white, light transmission 50%, KTK
Kunststofftechnik Vertriebs GmbH, Germering, Germany) were used as a substrate for the
conducted experiments. These were cut to a size of 150 x 150 x 3 mm? for easier handling
in the machines used.

Screen printing paste “1901-SB” (Ferro GmbH, Hanau, Germany) was used as the paste
to print the conductive tracks. The main components of the paste were silver flakes and
butyl diglycol acetate. Under the influence of heat, the butyl diglycol acetate polymerized
as a matrix around the silver flakes, and electric current flow either by percolation or by
contact of the silver flakes was possible. For this reason, the paste consisted of both small,
approximately spherical flakes and large, irregularly shaped flakes (cf. Figure 1). Since this
paste had a very high viscosity and was very thixotropic as a material for screen printing, it
was diluted for printing with a jet dispenser. For this purpose, “Thinner 401” (Ferro GmbH,
Hanau, Germany) was added, with a mass fraction of 1 wt.%; the material mixture was
homogenized with a spatula and filled into a 5CC cartridge.

L%
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Figure 1. Scanning electron microscope (SEM) picture of the silver flakes used in the paste. The paste
consists of small, almost spherical flakes, as well as large irregularly shaped flakes. All flakes consist
of pure silver. For sample preparation, the components of the paste were separated using a centrifuge.
The remaining flakes then were deposited onto a silicon wafer for SEM characterization.

2.2. Sample Preparation

A jet dispenser type “MDV 3200 A-HS” (Vermes Microdispensing GmbH, Holzkirchen,
Germany) equipped with a nozzle (diameter 100 um) was used to prepare the samples.
The material placed in the 5CC cartridge was forced through the nozzle by compressed air
and a piezo plunger, forming a droplet that was deposited on the substrate surface without
machine contact.
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The jet dispenser was mounted on a 3-axis machine (PFE 510-PX, BZT Maschinenbau
GmbH, Leopoldshohe, Germany) and computerized numerical control (CNC) was used
to trigger the droplets. The upstream pressure in the cartridge was 2 bar and the distance
between the sample surface and the nozzle was 2.5 mm. The width and cross-section of the
traces were determined by the number of drops per unit length. In this work, 7 drops per
second were deposited for the traces at a feed rate of 3 mm/s, resulting in a cross-section
of the wet, untreated layer of approx. 0.055 mm? and a width around 0.75 mm. With this
setup, 11 traces each with a length of 100 mm were deposited on each of the PC substrates
(cf. Figure 2).

10 mm

Figure 2. Photography of samples used: polycarbonate substrate with 11 printed conductive lines
produced from silver paste 1901-SB. Length of each line is 100 mm, width of each line is approximately
0.75 mm, cross-section before curing is approximately 0.055 mm.

2.3. Curing of Samples by Laser Radiation

For the thermal post-treatment of the printed layers, they were locally irradiated with
a laser beam. A diode laser (A = 976 nm, Py, = 200 W, Dilas Diodenlaser GmbH, Mainz,
Germany) was used for this purpose. Characterization of the laser power was performed
using a power meter (Coherent PM300F-50 and Coherent PM30, Coherent Inc., Santa Clara,
CA, USA). The laser beam was guided to an optical system by means of an optical fiber
and focused by this system to a beam diameter of 1.2 mm (cf. Figure 3), measured by a
beam characterization system (“FocusMonitor”, PRIMES GmbH, Pflugstadt, Germany).
Since the intensity distribution was not uniform, inhomogeneous heat input orthogonal to
the feed direction of the laser beam was to be expected during machining. However, this
circumstance was at least partially compensated by the likewise non-uniform cross-section
of the conductor tracks (as seen in Section 3.4).

Since the beam diameter was larger than the width of the conductive tracks, a portion
of the intensity was coupled into the substrate. Due to the scattering and non-absorbing
properties of the PC substrates, there was no measurable impact on the substrate. In order
to be able to use black substrates as well, the laser beam diameter would have to be adapted
very precisely to the width of a single track.

In addition, the path of the laser beam was superimposed with the beam path of
the pyrometrically measured heat radiation from the processing zone (pyrometer SE252,
Amtron GmbH, Aachen Germany). Appropriate dichroic mirrors and a beam splitter
were used for this purpose (cf. Figure 4). The pyrometric sensor measured the thermal
radiation in a spectral range between 1.2 and 2.3 pm, with the sensitivity of the sensor
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being highest between a wavelength of 1.8 and 2.2 pum. A proportional-integral-differential
(PID) controller was used to adapt the laser power in order to achieve a set temperature
within the processing zone (control temperature).

Intensity distribution of the laser beam
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Figure 3. Intensity distribution of the laser beam used for the experiments performed in this work.
The beam diameter according to the second-moment width is 1.2 mm.
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Figure 4. (Left): photography of the experimental setup used. (Right): schematic representation of
the optical setup for laser beam as well as pyrometry.

A calibration curve was determined experimentally to compensate for the deviation be-
tween the target temperature and the real temperature of the layer: a sample (aluminum plate
with a printed square of the paste on it) was heated with a hot plate (PZ 28-3T, Harry Gestigkeit
GmbH, Diisseldorf, Germany) and the surface temperature was measured with a contact ther-
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mometer (Fluke 52II, Fluke Deutschland GmbH, Glottertal, Germany) at the same time as the
pyrometric signal. This was carried out for temperatures between 100 °C and 200 °C.

The optical setup was mounted on a 5-axis machine and the laser and pyrometer were
controlled via the digital outputs of the CNC. For the tests performed, the traces were
completely traversed twice at a feed rate of 1000 mm/min. Here, the control temperature
was varied between 110 °C and 150 °C, and the temperature as well as the diode current of
the laser was logged.

For reference, an additional sample was processed in an oven at a temperature of
125 °C for 30 min, which was the manufacturer’s recommendation for curing.

2.4. Analysis of the Cured Samples

Both electrical resistivity and cross-section measurements were performed to analyze
the fabricated samples. Four-wire measurements were performed to electrically charac-
terize the samples. The electrical resistances of the individual samples were determined,
the measurements of the same processing parameters were averaged, and the standard
deviation was determined. To determine the cross-section of the conductive track, measure-
ments using a laser scanning microscope (LSM) were executed. Therefore, a conductive
track for each processing parameter was measured at three positions: around 10 mm after
the start of the conductive track, in the middle and around 10 mm before the end of the
conductive track. This was done to check for the homogeneity of the cross-section of the
conductive track, as well as for the influence of the laser radiation.

3. Results

3.1. Calibration and Characterization of the Equipment Used

3.1.1. Characterization of the Laser Power Depending on the Current Setting of the Pyrometer
The optical power as a function of the diode current was measured and plotted (cf.

Figure 5). Since there was a non-linear correlation between the optical power and the diode

current set for a diode current smaller than 2% of the maximum current, two different

functions were fitted for the data:

. a1l + ag I>2%
P(I) = {b212+b11+b0 1< 2% M)

This resulted in the following model function for the conversion of the laser data:
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Figure 5. Measurement and fitted model for the correlation between the diode current set by the
pyrometer and the optical power measured. Due to the non-linear behavior of the optical power for a
diode current set point under 2%, a quadratic correlation is assumed here.
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3.1.2. Calibration Curve of the Pyrometer

For the correction of the temperature measured by the pyrometer Tpy,,, they were
plotted against the measured temperature using a contact thermometer Ty, (cf. Figure 6).

2004 — Fit: Trea = a * log(b * Tpyo + €)
¥ Data

180 +
160

140 +

Temperatue Treq [°Cl

120 A

100

100 120 140 160 180 200
Temperatue Tpyr, [°C]

Figure 6. Calibration curve of the pyrometer for converting the measured temperatures into the
temperature at the coating surface. A function of type Ty = a log (b Tpyy, + ¢) is used to fit the data.

To convert any measured values, a function of type

Trear (TPyro) =a log (b TPyro + C) 3)

was fitted to the measured data. This concrete model function was used because the
logarithmic relationship describes the measured data sufficiently well, and for larger
temperatures, it exhibits approximately linear behavior. This approach results in the
following equation for the conversion of the pyrometer temperature:

. 1
Tyeat (Tpyro) = 53.8 °C log (0.280C Tpyro — 22.o9> @)

3.2. Measurements of the Temperature and Laser Power during Processing

For the analysis of the temperature and optical laser power, both quantities were
plotted against the position “x” of the laser beam on the sample (cf. Figure 7). Furthermore,
the data were broken down according to the first or second crossing of the laser (columns
of Figure 7) as well as the target temperature (rows of Figure 7).

The respective control temperature was reached after a short distance (<5 mm) covered
by the focused laser beam. As the control temperature increased, this distance to reach the
selected temperature decreased. In addition, the measured temperature fluctuations became
increasingly smaller as the selected control temperature increased. Finally, the second pass
of the laser, due to less heat being needed for the polymerization and vaporization of the

components, tended to require a slightly lower optical power to reach the set temperature.
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Figure 7. Measurement of the temperature and optical power of the laser during first (a—e) and
second (f—j) crossing with the laser over the conductive tracks for different control temperatures at
every position.

3.3. Measurements of the Electric Resistance

To analyze the relationship between the control temperature and the resulting resis-
tance of the tracks, the two quantities are plotted against each other (cf. Figure 8). In
addition, the resistance of the sample processed in the oven is plotted as a reference. When
comparing the samples, it is noticeable that the samples processed by laser radiation have
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a significantly lower resistance below 2 Ohms compared to 3.4 Ohms. Furthermore, the
standard deviation of the measured resistances is significantly lower, both in absolute and
relative terms (1.3% for oven-processed samples, <1% for laser processing, except for a set
temperature of 118 °C).

4
x
— 3
G
@
]
S 2 v ¥ x\*\*\
i)
0
)
Q
o
19— Model Fit
X Data Oven (Reference)
X Data Laser
0 T T T T T
110 120 130 140 150 160 170

Temperatue Teontrol [°Cl

Figure 8. Resulting electrical (ohmic) resistance of the traces as a function of the set control temperature.
A constant and a linear function is used to describe the resistance as a function of the temperature.

When comparing the traces processed by laser radiation, it is noticeable that up to a
control temperature of approx. 144 °C, no dependence of the resistance on the control tem-
perature can be observed. For higher temperatures, the resistance decreases approximately
linearly. A function of the following form is fitted to the data:

ap Tcontrol <144°C
R(T) = 5
( ) {blTreal + bO Tcontrol > 144 °C ( )

This function can be used later to create tracks with a given resistance. The fit of the
measured data results in the following relationship between the control temperature and
electrical resistance:

1.984 O T, < 144°C
R(T) = control
(T) {—0.016 £ Ty +4.308 Q' Topppror > 144 °C ©)

3.4. Measurments of the Geometric Properties

To analyze the geometric properties of the tracks, the height information of the LSM
measurements (cf. Figure 9a) is first averaged orthogonally to the direction of the trace
(cf. Figure 9b). Then, based on this data set, linear regression is used to correct for any
tilting of the substrate (cf. Figure 9c). The data processed in this way are used to determine
the cross-sectional area, on the one hand, and the width of the tracks on the other. To
determine the cross-section, the height information of the data is integrated using the
Simpson formula. The width of the tracks is determined from the point at which the height
of the trace is greater than one tenth of the maximum height of the track cross-section on
both sides of the track (cf. Figure 9d).
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Figure 9. Method used for the analysis of the geometric properties of the cured traces: the height
information from an LSM measurement (a) is averaged in terms of the direction x (b), and then
corrected by linear regression (c). The width w or the cross-section A is determined by the difference
or the integral between the first and the last points with a value of at least 0.1 Zmax (d).

The values determined in this way, for the width as well as for the cross-section of the
traces, are plotted as a function of the control temperature (cf. Figure 10). In addition, the
width and cross-section of the conductive tracks processed in the furnace are plotted as
a reference.

As a result of the evaluation, the width of the tracks is independent of the thermal
treatment process (oven or laser), as well as independent of the laser processing parameters
used. Nevertheless, there is a fluctuation in the values among each other. The width of the
traces varies between 700 pum and 720 pm, with a standard deviation of approximately 1.5%
(laser processing) to 3% (oven processing). When looking at the cross-sectional areas of
the tracks, a systematic deviation in the tracks processed with laser radiation is noticeable.
While the cross-section of the oven-processed tracks is 0.021 mm?, the cross-section of
the laser-processed tracks after the two laser processing steps varies between 0.045 and
0.051 mm?, so that a difference in cross-section of approximately 200 to 250% is observed.
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Figure 10. Results of the geometric characterization of the layers by LSM: (a) width of the traces as a
function of the temperature, (b) calculated cross-section of the traces as a function of the temperature.

4. Discussion
4.1. Discussion of the Temperature and Laser Power during Processing

Based on the measurements of the temperature as well as the laser power during
processing, the following assumptions can be made. Due to the initial laser radiation
processing of the sample, the conductive tracks are cured close to the surface first, as
the polymer matrix is superficially cured. As a result, both the electrical and thermal
conductivity increase. Due to the formation of a heat front in the direction of the feed, it is
necessary to reduce the laser power to maintain the set processing temperature. This curing
process, which differs from the oven process, can be explained by the heat introduced into
the conductive track close to the surface by the laser radiation: due to the large silver flakes,
most of the laser radiation is absorbed directly at the surface of the track. Thus, on the one
hand, a control temperature significantly above the glass temperature of the polycarbonate
substrate can be used. On the other hand, due to the near-surface heat source, two crossings
of the laser are necessary for sufficient curing of the tracks. According to experiments
not described in detail here, a further increase in the number of crossings only leads to a
minimal change in the electrical resistance of the conductive paths. Due to the described
mechanism for thermal conduction, the interaction time between laser radiation and the
conductive track is an important influencing variable on the resistivity, in addition to the
control temperature (and thus the introduced energy). A longer interaction time allows
the heat introduced by the laser to penetrate deeper into the conductive track. However,
it should be noted here that in a potential application with a longer interaction time, the
productivity of the process also decreases. The choice of two passes with a comparatively
large feed rate proves to be a compromise in this potential conflict of objectives. Additional
studies on various combinations of the number of passes and the feed rate still offer
opportunities for optimization here.

The fact that less laser power is required during the second processing step, depending
on the control temperature used, can be explained by the interaction of three mechanisms.
On the one hand, the surface of the conductive track is heated more quickly, since no more
energy is required for the surface curing of the conductive track. On the other hand, the
higher thermal conductivity of the track, which has already been processed once, means
that the heat introduced is dissipated faster on the surface. Finally, heat is also dissipated
from the printed conductive track by the curing of the lower parts of it. Overall, for the two
highest control temperatures considered, the effect mentioned first predominates, so that
noticeably less laser power must be used here. This is in agreement with the measurement
described in Section 3.3, since a clear drop in the measured resistance was shown for
these parameters.

Lastly, it should be mentioned that the control loop can be further optimized. Thus,
although the target control temperature is maintained on average, there are strong fluctua-
tions in the measured temperature, especially for low temperatures. One reason for this
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may be the low measured temperature, since the pyrometer operates at the lower limit of
the specified measuring range and the thermal radiation emitted by the conductive track
in the spectral band of the pyrometric sensor is comparatively low. Furthermore, there
is potential for optimization regarding the control parameters. The single set of control
parameters used in this work is aimed at the widest possible field of application regarding
the control temperatures for both passes with the laser beam. However, this has the disad-
vantage that they are chosen too conservatively for low temperatures (recognizable by the
time until the control temperature is reached—for example, at a temperature of 118 °C, cf.
Figure 7a,f) and too aggressively for high temperatures (recognizable by overshoots—for
example, at a temperature of 162 °C, cf. Figure 7e,j). For further tests to evaluate other
influencing variables in the process, the control parameters must therefore be optimized
depending on the selected control temperature.

4.2. Discussion of the Electric Resistance and Geometric Properties

Based on the measured electrical resistance, two different regimes of the process can be
identified: one for a control temperature of up to 144 °C and one for a control temperature
of 144 °C and higher.

For the first regime (up to 144 °C), it is noticeable that the resistance is constant
when using increasing processing temperatures. Since the corresponding resistance of the
conductive tracks is approximately 40% lower compared to the oven-processed sample,
it can be assumed that curing in this regime is self-limiting during the laser processing
of the conductive tracks. A possible reason for this is an insufficient interaction time
between the laser beam and the conductive track. Due to the comparatively low thermal
conductivity in the propagation direction of the laser radiation, the layers are cured, but the
average distance between the particles does not change significantly, resulting in a constant
electrical resistance.

For the second regime (higher than 144 °C), the resistance of the tracks decreases for
increasing control temperatures. The decrease in resistance with the further increasing
control temperature is due to the further curing, polymerization or decomposition of the
layer. This further reduces the average distance between the particles, which in turn reduces
the electrical resistance. This is possible because there is a larger thermal gradient due to
the greater laser power, favoring heat conduction even at low thermal conductivity.

It should be noted that the electrical resistance has only been measured over the entire
trace. However, this does not capture the effects of local temperature variations during the
process on local resistance. Likewise, a possible gradient of the resistance orthogonal to the
feed direction of the laser beam as a result of the non-uniform intensity profile cannot be
measured in this way. It can be assumed that due to the relatively low standard deviation
of the total resistance, no large fluctuations occur here. However, to verify this hypothesis,
locally resolving methods of resistance measurement can be used—for example, eddy
current measurements and measurements based on terahertz radiation [20-22]. Looking
at the geometric properties of the traces, it is striking that while the width of the traces
is independent of the type of processing, the geometric cross-section increases by 200 to
250%. Based on the microscopic images taken with the LSM, this circumstance can be
explained as follows. Due to the near-surface heat source induced by the laser radiation,
the upper part of the layer is cured first. The reaction products generated during the curing
of the lower layer cannot escape through the already cured part of the layer and either
generate gas bubbles or diffuse to the edges of the trace and condense there. Both can be
clearly identified in the images of the traces processed by laser radiation compared to a
trace processed in the oven (cf. Figure 11).

For further analysis of this behavior, cross-section polishes of the samples were pre-
pared and SEM pictures were taken (cf. Figure 12). Based on these images, gas inclusions
occurred for laser-processed samples, but not for the oven-processed sample. For the
laser-processed samples, these gas inclusions are visible in the conductive path and below
the conductive path. This confirms the hypothesis that the larger cross-section of the layers
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is due to gas inclusions. It is worth mentioning that with a simple tape test, no difference in
the adhesion of the traces could be detected.

: rr

P -

Figure 11. Comparison of the pictures recorded by LSM: (a) oven-processed, (b) laser-processed with
a set temperature of 133 °C, (c) laser-processed with a set temperature of 154 °C. The white circles
mark gas bubbles that were generated in the layer and did not escape; the white dashed rectangles
show condensed residues of the solvents on the substrate surface.
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Figure 12. SEM images of cross-section polishes of the fabricated traces: laser-processed with a set
temperature of (a) 118 °C, (b) 133 °C, (c) 144 °C, (d) 154 °C, (e) 162 °C; (f) oven-processed. Air
inclusions due to laser processing are shown in white.
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Due to the gas inclusions, the measured cross-section of the tracks was homogeneously
enlarged over the entire width of the track. Since these gas inclusions can be assumed to be
electrically isolating, the lower resistance of the tracks measured must be due to a different
mechanism. The formation of elemental carbon during the laser processing of the layers can
be ruled out as a reason for the low resistance. Carbon has a very high absorption capacity
for electromagnetic radiation over a wide spectral range and would lead to hotspots and the
destruction of the layer as soon as it is formed. We assume that when a laser beam is used
as a heat source, the average spacing of the silver flakes is smaller and thus the resistance
decreases. The smaller average distance can be explained either by the compression of
the remaining material or by the additional decomposition of the polymer. However, no
reliable statement can be made about this based on the SEM images taken.

Finally, it should be mentioned that based on this digitally controllable process, dif-
ferent electrical conductivity values can be set on individual parts of the conductive track.
This is possible due to the linear relationship between the control temperature and electrical
resistance for temperatures >144 °C, as well as the low variance of less than 1%.

5. Conclusions and Outlook

In this work, a two-step process for the direct application of electrically conductive
tracks on polycarbonate substrates was presented. In the first step, a paste consisting of a
polymer and silver flakes is applied to the substrate with a jet dispenser, and the printed
conductive track is, in a second step, cured in a temperature-controlled manner with diode
laser radiation treatment. The components used for this purpose were characterized and
models were developed to describe the relevant parameters of temperature and optical
power. Based on these results, the relationship between the set control temperature and
the resulting resistance was investigated. For this purpose, in addition to measuring
the resistance, the geometric properties of the traces and the power and temperature
curves during processing were compared with each other and with a reference from a
furnace process.

As a result, the tracks produced by means of the two-step laser-based process have
a 40 to 50% lower ohmic resistance as well as a significantly lower standard deviation of
the resistance of approximately <1% in comparison to samples that have been cured in
an oven. Two different regimes occur when processing conductive tracks with the laser:
up to a control temperature of 144 °C, no change in electrical resistance was observed.
For higher temperatures, the resistance decreased linearly. In contrast, the cross-section
of the laser-processed traces increased to 200 to 250%. The reason for this was identified
as gaseous inclusions of the curing products in the layer. The width of the traces remains
unchanged and is independent of the type of processing (oven or laser).

Based on the results presented in this paper, there are several issues to be investigated.
The first is the further investigation of the process regarding the optimization of the
control parameters, as well as the influence of the feed of the laser beam. Likewise, it is
necessary for practical application to investigate the long-term stability of the tracks. In
particular, this applies to the gas inclusions in the conductive tracks. An investigation
of how these inclusions can be prevented by process technology is a relevant link to this
work, too. Further, the adhesion of the traces should be systematically investigated—
for example, by a cross-cut test on large-area coated surfaces instead of single tracks.
Moreover, the homogeneity of the resistance has to be investigated with appropriate,
locally resolving measurement methods—for example, eddy current measurements or
terahertz measurements. Finally, the results can be used to develop processes in which
either inhomogeneities in conductive tracks can be specifically created (for example, as
a heating element) or process-related inhomogeneities (for example, from the printing
process) can be eliminated.
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