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Abstract: Steady cost pressure in silicon solar cell production leads to a continuous reduction of silver
consumption per cell. Pattern Transfer Printing (PTP) technology enables to reduce silver consump-
tion by depositing smaller front electrodes on solar cells. Here, we aim at a better understanding
of the laser deposition process. The aspect ratio of printed lines improved with increasing paste
yield stress but was lower than the theoretical aspect ratio for a given trench geometry, suggesting
that line spreading was caused by the pressure that was due to the vaporization of volatile paste
components and a yield stress reduction that was due to local paste heating. A low laser power
threshold, mandatory to fabricate narrow electrodes with a high aspect ratio and low amount of
debris, could be achieved using pastes with low boiling temperature of volatile components and poor
wetting between paste and film. The material with the lowest light transmission exhibited the lowest
laser power threshold. We attribute this to the weaker adhesion to the paste and a better alignment
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with the laser focal plane. Our results provide valuable guidelines for paste and film material design
aimed at narrower electrodes, with a higher aspect ratio to be obtained at an even lower laser power
threshold in PTP-based solar cell metallization.
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1. Introduction

In the last few decades, renewable energies have become more attractive worldwide,
especially photovoltaics (PV) [1]. The average annual growth rate of global electricity
production from PV was 33.1% between 1990 and 2019, and it was even higher than from
wind energy at 20.4% [2]. Constant improvement of cell and module efficiency, as well
as price reduction, contributed significantly to the tremendous growth of PV. Curbing
silver consumption in cell fabrication is particularly demanded, since silver is the costliest
non-silicon material in the value chain of crystalline silicon solar cell fabrication. Therefore,
PV industries continue to reduce electrode (contact finger) width further, not only to lessen
the fabrication cost but also to improve the cell efficiency that is due to less shading on
the front-side. Using standard industrial screen-printing technology, an electrode width of
53 um was achieved in 2015 and was decreased further to 36 um in 2019 [3]. At the research
level, the width of electrodes obtained by screen-printing was 22 um in 2019 [4] and 19 pm
in 2020 [5]. Despite the promising results at the research level, an industry PV roadmap
forecast that around ten years are required to reduce silver paste consumption by 50% with
an electrode width of 20 um at the industrial level [3].

As an alternative technology to screen-printing, Pattern Transfer Printing (PTP) tech-
nology has shown its potential to print narrow electrodes with a high aspect ratio [6-8].
Attribution (CC BY) license (https:// Ve demonstrated that PTP could fabricate electrodes with an average width of 18 um, but
creativecommons.org/licenses /by / the highest cell efficiency for a six busbars structure was obtained with a finger width of
40/). 22 um [8]. For front-side metallization, a trade-off between optical and electrical losses on
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solar cell performance is necessary. On the one hand, a solar cell with narrower electrodes
generates a higher current, due to less shading on the front-side. On the other hand, thin
electrodes lead to a decrease in fill factor (FF), due to the rising contribution of contact
resistance and lateral grid resistance to the total series resistance. Optimizing the number of
electrodes as well as increasing the number of busbars are two possible ways to minimize
the FF loss and at the same time maximize the full potential of narrow electrodes.

The printing sequence of PTP consists of two steps; the filling process and transfer
process (see Figure 1). A transparent polymer film with embossed trenches is rolled
to the filling position, where two metal squeegee blades with different inclinations fill
paste into the trenches. The first squeegee fills the paste into the trenches, but due to the
inclination of 60° toward the film surface, part of the paste is scooped away creating a
concave paste surface in the trenches. The second squeegee blade with an inclination of
130° fills this remaining volume with paste and concurrently removes the surplus of paste
from the film surface. Then, the film with filled trenches is rotated 180° and moved to
the printing position. Simultaneously, a substrate is mounted on a moving chuck and
positioned underneath the film at a distance of 200 um. One after the other, the trenches
are irradiated by a laser with a wavelength of 1070 nm. The laser irradiance is transmitted
through the transparent film and its energy is absorbed first by the paste surface. The
resulting heat energy vaporizes the organic component in the interface region between
the paste and trench and forms a high-pressure vapor layer at the paste/film interface.
When sufficient pressure is built up at the paste/film interface, the paste is released onto
the substrate surface.

(a) Filling process

(b) Transfer process
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Figure 1. Illustration of the printing sequence of Pattern Transfer Printing (PTP): (a) filling process;

(b) transfer process. Reprinted, with permission, from ref [8]. © [2020] IEEE.

The paste transfer process of PTP gradually changes with increasing laser power.
We discuss exemplarily three cases of this process related to different laser powers (see
Figure 2). First, the operating laser power is too low to generate pressure at the paste/film
interface sufficient to overcome the adhesive strength between the polymer film and paste.
The paste cannot be transferred and stays inside the trenches. Next, optimum transfer
is observed when the operating laser power is just high enough to generate a pressure
in the interface region sufficient to overcome the adhesion between paste and polymer
film. Thus, the paste is released onto the substrate underneath and the printed lines have
an optimum geometry with only slight traces of splashing. Splashing happens when the
generated pressure overcomes the cohesion force of the paste and removes a small fraction
of particles from the paste’s main body. These particles, called debris, can be found later
scattered around printed electrodes. In the third case, we call it explosive transfer. The
applied laser power is notably higher than in the previous case, exceeding the adhesive
strength by far and therefore releases the paste completely. The excess pressure will not
only overcome the cohesion strength to remove a considerable amount of particles from
the main body but also accelerate the ejected paste onto the surface and deform it towards
a broader line width.
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Figure 2. Schematic of paste transfer during the PTP laser transfer process for different laser power:

(a) no transfer, when the operating laser is below the laser power threshold; (b) optimum transfer, for
laser power slightly above the threshold; (c) explosive transfer, when the laser power is significantly
above the laser power threshold.

PV industries have strict requirements for the number of allowed interruptions per
finger line [9,10]. Although it might not be the technical optimum, electrodes without any
interruptions are prioritized over a slightly better line geometry. Hence, in this study, we
describe the laser power threshold as the required laser power to transfer the paste from
entire trenches completely without any interruption for the whole area of a solar cell. The
geometry of printed electrodes depends on the laser power; the higher the laser power,
the lower the aspect ratio of the electrodes [8]. A slightly higher laser power than the
threshold of optimum transfer is mostly utilized to avoid interruptions that are due to laser
inhomogeneity. However, a higher laser power creates a certain amount of debris around
the paste’s main body and sacrifices the best aspect ratio of printed electrodes.

Previous publications showed the advantage of PTP-based electrodes compared to
the industrial standard screen-printing technology in reducing the silver consumption
substantially and simultaneously increasing the cell efficiency [6-8]. In this work, we
focus on two key aspects that control the PTP laser transfer process from a materials point
of view, namely the physico-chemical properties of the used silver paste and the film
material. We discuss how paste rheology affects the spreading of the transferred paste
and hence the aspect ratio of the printed finger lines. Furthermore, we exhibit how the
laser power threshold is affected by the boiling point of the used paste as well as by the
adhesion between paste and film material. The study provides guidelines on how narrow
electrodes with a high aspect ratio can be achieved through the careful adaption of paste
and film properties.
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2. Materials
2.1. Silver Paste

For this paper, we fabricated electrodes using six different silver pastes, specially
modified for PTP technology from paste supplier Heraeus Precious Materials. The solid
content of silver and glass particles, the organic vehicle content, and viscosity of each paste
as analyzed by the supplier are given in Table 1. The viscosity values were measured using
a viscometer and a cone plate spindle CPE-51 (Brookfield Engineering Laboratories, Inc.,
Middleboro, MA, USA) at 1 rpm and 25 °C for 5 min.

Table 1. Components and specifications of six silver pastes modified for Pattern Transfer Printing
(PTP) application.

Paste Solids [wt.%] Organic Vehicle ! [wt.%] Viscosity [Pa-s]
A 90.74 9.26 55.9
B 91.21 8.79 247
C 89.00 11.00 186
D 90.95 9.05 186
E 90.66 9.34 150
F 91.14 8.86 143

1 The organic vehicle might be a mixture of solvent, thickener, thixotropic agent, surfactant, plasticizer, and other
additives. The actual constituents for each paste and their proportion of organic vehicle are held confidentially by

the manufacturer.

2.2. Transparent Film

Two newly developed films (M1 and M2) and one standard film (M3) were supplied
by Utilight Ltd. (Yavne, Israel) and used to investigate the influence of film material on
laser power during the transfer process (see Table 2). Each transparent film was embossed
with three different trench geometries using a rigid patterned metal (see Figure 3).

Table 2. Three different film materials were used in this study.

Transparent Film Film Thickness [um] Material
M1 80 Polyethylene (PE)
M2 150 Polyvinyl chloride (PVC)
M3 200 Amorphous polyethylene terephthalate (APET)
Trench 1 Trench 2 Trench 3

wrl 9z---»

S

Figure 3. Three different trench shapes for this study and its geometry.

3. Experimental Methods
3.1. Rheological Measurement

The yield stress defines the minimum shear stress that must be applied to induce
the transition from elastic solid-like behavior to viscous liquid-like behavior [11]. Yield
stress measurements were performed at 20 °C using a rotational rheometer Rheostress
150 (Thermo Fisher Scientific, Karlsruhe, Germany) equipped with a vane geometry. The
shear stress was stepwise increased from 1-3500 Pa. The yield stress for each paste was
determined from logarithmic plots of deformation versus shear stress using the tangent
intersection point method [12]. Experiments were performed in triplicate always using a
fresh sample.
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3.2. Thermal Behavior Analysis of Silver Pastes

Laser irradiation evaporates the solvent of a silver paste at the paste/film interface.
We used differential scanning calorimetry (DSC), a common method for characterizing the
thermal properties of materials, to determine the boiling point of the liquid phase of the
pastes. 100 mg of paste was filled into a standard crucible made of aluminum and sealed
with a pierced alumina lid. The crucible with a sample was arranged side to side with a
reference crucible inside a DSC 214 Polyma (Netzsch-Gerdtebau GmbH, Selb, Germany).
Both crucibles were heated with 20 K-min~! at a dynamic N atmosphere of 40 mL-min~!.
By analyzing heat flow as a function of temperature, the thermal behavior of pastes E and

F were analyzed and compared. For both pastes, measurements were repeated three times.

3.3. Tensiometry

The organic vehicle of the silver pastes determines the wetting of the transparent film
material. Therefore, the organic vehicle of pastes E and F was separated by centrifugation
at a speed of 9000 rpm for 30 min. The three-phase contact angle of this fluid on the film
material was measured using a customized sessile drop tensiometer. Film materials were
cut each to a size of 3 cm X 7 cm and glued to a microscope slide. The organic liquid was
squeezed from a needle with a diameter of 0.8 mm onto the polymer film. The droplet
shape was recorded using a Stingray F-033 camera (Allied Vision Technologies GmbH,
Stadtroda, Germany), and the contact angle was obtained via image analysis program
Image] [13].

3.4. Spectrophotometry

Spectrophotometry is a standard method to quantify the optical properties of materials.
The transparent films were cut each to a size of 5 cm x 5 cm and placed inside a spectropho-
tometer Lambda 950 (PerkinElmer Ltd., Llantrisant, UK). Transmission and reflection were
determined in the wavelength range between 1000 nm and 1250 nm. The sum of absorption,
reflection, and transmission of the irradiance is equal to the total irradiance [14]. Hence,
the absorption of the film materials was calculated as 100%—(transmission+reflection). The
absorption, transmission, and reflection of each material were compared, and the area of
interest was the operating wavelength of the laser, which was 1070 nm.

3.5. PTP Experiment

Electrodes from six different silver pastes (see Table 1) were fabricated using a pilot
PTP machine with a maximum throughput of 3000 wafers per hour. The first squeegee
blade with an angle of 60° and the second squeegee blade with an angle of 130° were set at
a pressure of 3.5 N and a speed of 200 mm-s~!. Monocrystalline silicon precursors with
a passivated emitter rear contact (PERC) structure and size of 156.75 mm X 156.75 mm
from a pilot line of Hanwha Q Cells (Thalheim, Germany) [15] were used as substrates and
placed underneath the film at a distance of 200 pm. To avoid electrode interruptions, a
determination of laser power threshold for each paste was performed. The laser power was
increased from 300 W in 10 W steps until no interruptions could be detected on microscopy
images obtained at 5x magnification, this laser power was set as the laser power threshold
for the respective paste and transparent film material.

After finger metallization, all precursors were cured at 200 °C for 15 min duration
using a Baccini paternoster drying oven. Then, all samples were sintered using a fast
firing furnace c.FIRE (Centrotherm International AG, Blaubeuren, Germany) at a set peak
temperature of 890 °C and a belt speed of 7 m-min~!. Electrode morphology was imaged
at 50 x magnification using a laser scanning microscopy (LSM) OLS40-SU (Olympus K.K,,
Tokyo, Japan). 3-D images of printed electrodes were taken and analyzed using the surface
analysis software Surface Texture Analysis Premium (Digital Surf) [16] to determine the
height and the width of printed electrodes. The aspect ratio was calculated as height
divided by width.
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4. Results and Discussions

First, we focus on the effect of paste flow properties on front-side metallization of
solar cell using the PTP process. The influence of the organic vehicle of the silver paste
and the optical properties of the film material on the laser power threshold for the transfer
process are discussed separately in the subsequent sections.

4.1. Effect of Paste Rheology on Printed Geometry

In this section, we compare printed electrodes using the pastes A-D and film material
M3 with trench shape type 1 (see Figure 3). The filling of trenches worked smoothly with
all these pastes, and no unfilled trenches could be seen after the filling process irrespective
of the pastes rheological properties. The measured yield stress values of the investigated
pastes are summarized in Table 3.

Table 3. Yield stress of four silver pastes modified for PTP.

Paste Measured Yield Stress at 20 °C [Pa]
A 204 +£13
B 1025 + 141
C 1130 £ 110
D 1623 £ 55

Figure 4a,b show that the average finger height increased and the finger width de-
creased with increasing yield stress. Accordingly, the aspect ratio significantly improved
with increasing yield stress, as can be seen from Figure 4c. Paste A with the lowest yield
stress of 204 Pa resulted in the smallest aspect ratio of 0.27, and the highest aspect ratio of
0.43 was obtained using paste D with a yield stress of 1623 Pa. The theoretical aspect ratio
value accessible using trench 1 is 0.67. We assume that the lower aspect ratios achieved
experimentally were caused by paste spreading after deposition. To enable this, the impact
pressure during paste deposition needs to be higher than the yield stress of the paste. The
pressure imposed on the silver line when dropped from the film trench to the wafer is
given as Ap = ppaste §-, where ppaste = 5700 1<g~rn*3 is the paste density, g = 9.81 m-s~2is
the acceleration due to gravity, and h = 200 um is the separation between the film and the
wafer. The value Ap = 11 Pa is well below the yield stress value even of paste A obtained at
20 °C. However, two additional aspects causing the line spreading have to be considered.
First, laser power dissipation results in the vaporization of volatile paste ingredients, and
the corresponding gas pressure exceeding the adhesion between paste and polymer film
accelerates the paste towards the substrate and provides an additional contribution to the
pressure that acts on the silver paste during deposition. Second, part of the laser energy is
dissipated within the silver paste and leads to an increase in paste temperature. Accord-
ingly, the yield stress of the paste decreases. We characterized the temperature dependence
of the PTP paste yield stress in the temperature range up to 40 °C, and we observed a linear
decay with a drop of the yield stress of about 25 Pa/°C [8]. Using this earlier result, we
tried to estimate the paste temperature for a yield stress drop below Ap. For paste A, the
yield stress drops below Ap around 27 °C. For pastes B, C and D, this limit is reached at
60, 65, and 84 °C, respectively, assuming the linear decrease to persist even at a higher
temperature (see Figure Al). Both phenomena are assumed to contribute to the observed
spreading of the deposited lines on the solar cell. However, further experiments would be
required to quantify which of the mechanisms is more relevant for the line spreading.
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Figure 4. Geometries of electrodes obtained with pastes A-D and film material M3 with trench shape
type 1: (a) finger height; (b) finger width; (c) aspect ratio vs. yield stress; (d) aspect ratio vs. viscosity.

Although we cannot quantify the true pressure that acts on the deposited line and
the resistance of the paste against deformation, our results indicate that the accessible
aspect ratio of silver lines printed using PTP technology is related to the paste rheology,
particularly to its yield stress. The paste viscosity, in contrast, seems not to correlate to
the achieved aspect ratio, as can be seen in Figure 4d. It should be mentioned that the
viscosity was shown to be a decisive parameter for a proper paste transfer through the
screen mesh in screen-printing technology [17-20]. Our results indicate that the theoretical
aspect ratio of 0.67 for trench 1 might be reached for a paste with higher yield stress or
weaker dependence of yield stress on the temperature. An excessively high yield stress

might, however, deteriorate trench filling, and further investigations are necessary to
resolve this issue.

4.2. Influence of Organic Materials of Silver Paste on Laser Power Threshold

Figure 5 compares the laser power threshold required to release pastes E and F from
the different film materials with embossed trenches of type 2 and 3. Trench 2 demanded a
higher laser power threshold than trench 3 for both pastes. We attribute this to the higher
surface to volume ratio of trench 2; for this trench the ratio of circumference to equivalent
horizontal interface area is 3.88 compared to 3.32 for trench 3 [8].
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Figure 5. Nominal laser power threshold required to release pastes E and F from different film
materials with trenches 2 (closed symbols) and 3 (open symbols).

Paste E required a higher laser power to release the paste entirely out of the trenches
than paste F, irrespective of the tape film material. This is related to the difference in boiling
temperature as well as the diverse wetting of the film material of these two pastes. As
described above, a certain amount of pressure at the interface is necessary to overcome
the adhesion between paste and film material. The adhesive strength is correlated to the
wetting properties of the liquid organic paste components. The contact angle data shown
in Figure 6a reveal that paste E wetted all three materials better than paste F. Hence, paste
E had a stronger adhesion to all film materials than paste F and therefore a higher laser
power threshold was required to release this paste.
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Figure 6. Influence of organic vehicles of pastes E and F on laser power threshold: (a) contact angle
of organic vehicle of pastes E and F on different film materials, (b) heat flow vs. temperature for
pastes Eand F.

Another reason for a higher laser power threshold of paste E compared to paste F is
the difference in boiling temperature between these pastes. The heat flow data shown in
Figure 6b shows that the peak attributed to the vaporization of the volatile vehicle compo-
nents occurred at 10 °C lower temperature for paste F than for paste E, and accordingly
the latter demands a higher laser power threshold for the PTP transfer process. However,
it should be noted that the observed differences were small, and further investigations
including pastes with a broader range of contact angles and boiling points might be helpful
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to corroborate our findings and to separate the contributions of wetting and boiling point
differences.

4.3. Influence of Transparent Film Material on Laser Power Threshold

As shown in Figure 6a, the tapes are differently wetted by the pastes, and hence the
tape film material significantly influences the laser power threshold. In this section, we
discuss how optical properties of the polymer films contribute to the differences observed
in the laser power threshold. The optical properties of the three polymer film materials are
listed in Table 4. Here, the absorption was defined as the reduction of the laser irradiance
that was due to the material itself. Material M1 with the lowest thickness of 80 um absorbed
the 0.7% laser irradiance at wavelength 1070 nm. Materials M2 and M3 have a similar
absorption of around 0.4%. Although films M2 and M3 are thicker, their absorption is
lower than material M1. The low absolute absorption values and the small differences
among the films indicate that the impact of light absorption on the laser power threshold is
neglectable.

Table 4. Optical properties of all materials at the PTP working wavelength of 1070 nm.

Transparent Film Thickness Absorption Reflection Transmission
Film [um] [%] [%] [%]
M1 80 0.69 £ 0.03 10.63 £+ 0.06 88.68 £+ 0.07
M2 150 0.43 + 0.04 9.36 + 0.03 90.21 + 0.02
M3 200 0.45 £ 0.02 10.01 +0.01 89.54 £ 0.03

Material M2 had the best optical properties with a transmission value of 90.21% and
a reflection value of 9.36% at a wavelength of 1070 nm, followed by material M3 with a
transmission of 89.54% and a reflection of 10.01%, and finally M1 with 88.68% transmission
and 10.63% reflection. These data show that a significant amount of laser irradiance was
reflected due to surface roughness, only a small part of laser irradiance was absorbed by
the polymer film, and the major fraction of incident laser irradiance was transmitted to
the paste/film interface. Accordingly, the actual incident laser power at this interface was
lower than the nominal laser power, which we set to the PTP machine for the printing
experiment. We corrected this incident laser power with the transmission of the respective
film to obtain the real laser power that induces paste release.

Figure 7 shows the comparison between the nominal and corrected laser power
threshold at the paste/film interface. For both pastes, E and F, as well as for both trench
shapes, trench 2 and trench 3, the material M1 with a thickness of 80 pm still had the lowest
laser power threshold, a slightly higher value was found for material M2 with a thickness of
150 um, and the by far highest laser power threshold was observed for M3 with a thickness
of 200 um. Our results indicate that the laser power threshold was mainly defined by the
thickness of film material. The minor differences in light transmission do not change the
clear correlation that material M1 with the lowest transmission still requires the lowest laser
power for paste release compared to M2 and M3. This result seems to be counterintuitive,
but it should be kept in mind that the paste/film interface was shifted along the axis of
the laser beam according to the material thickness and it might not perfectly match the
laser focal plane for all films. This seems to have an effect on the laser power threshold
and further investigations are necessary using films of similar thickness but made from
different materials to resolve this issue. The various wetting properties of the film material
of these two pastes could also play a certain role, as the lower adhesion between films and
both pastes exhibited a lower laser power threshold (see Figure A2).
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Figure 7. Comparison of nominal and corrected laser power threshold of pastes E and F for trench 2
(left) and trench 3 (right).

5. Conclusions

As the two main aspects of the PTP transfer process from a materials point of view,
the influence of paste rheology and film materials on PTP application for metallization of
solar cells were investigated in this study. The aspect ratio of PTP-printed electrodes clearly
improved with increasing paste yield stress but did not correlate to its viscosity. A high
paste yield stress was necessary to minimize line spreading after paste release caused by
additional pressure that was due to the vaporization of paste vehicle components and the
decrease yield stress that was due to localized heating at the paste surface. Furthermore,
we observed that a low laser power threshold for paste release could be achieved through
a low boiling point of the paste organic vehicle and low wettability between the paste and
film. The film materials investigated exhibited only small differences regarding absorption,
reflection, or transmission of incident laser irradiance.

The present study establishes the basis and provides guidelines for future research on
designing the pastes and modifying the film materials for PTP-based solar cell metallization.
Finally, narrower electrodes with higher aspect ratio could be achieved using the PTP
technology at even lower laser power threshold when the paste yield stress and the wetting
between paste and film were adapted carefully.
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