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Abstract. In this work the reliability of silicon solar cells interconnected by wires soldered directly on the contact fingers
of the front side grid is analyzed in detail. The interconnection of busbarless solar cells enables significant silver
reduction. We use solder coated wave-shaped wires to reduce thermomechanical stress in the solder joints, which results
in minimized cell bowing. Consequently, this interconnection concept is especially suitable for the interconnection of
back-contact solar cells. We analyze the mechanical and electrical properties of wave-shaped wires with different
amplitudes by measuring length and electrical resistance, and by performing standard tensile tests. Furthermore, we
manufacture 8 one-cell modules, 4 with full scale 156 x 156 mm? solar cells and 4 with half cells, as well as a module
including a string of three half cells using semi-automatic infrared soldering and a conventional lamination process.
Subsequently, the one-cell module samples undergo thermal cycling and are characterized by EL imaging and IV
measurements to detect solder joint defects. After temperature cycling we determine additional solder joint failures,
mainly in areas with initial defects and at the solar cell edges. This confirms our assumption that most defects occur at the
cell edges, where the thermomechanical stress maxima are located. However, all module samples show a maximum
relative power loss of <3% after 200 temperature cycles and except one module all samples show a power loss of < 5%
after 400 temperature cycles. This demonstrates the feasibility of our interconnection approach based on soldering wave-
shaped wires on the finger grid or small contact pads of silicon solar cells.

INTRODUCTION

Silicon solar cells are commonly interconnected by soldering ribbons on busbars on the front side and on contact
pads on the rear side. The ribbons mainly consist of a copper core with a solder coating of SnPb or SnPbAg. In most
industrial soldering machines, the solar cells and the ribbons are heated up by means of infrared light (IR) [1]. When
the temperature exceeds its melting point the solder liquefies. During cool down, when the temperature falls below
the solidus temperature of the solder, it solidifies and the ribbons are mechanically and electrically connected. The
coefficient of thermal expansion (CTE) of copper and silicon (at room temperature) is17.0 - 107 K~ or
2.4 -107% K~ respectively [2,3]. This mismatch causes thermomechanical stress in the solder joints upon cooling
after soldering. This lead to cell bowing, especially of back-contact solar cells [4,5] where all interconnectors are
located at the cell rear side. In the module production process, during lamination, interconnected back-contact solar
cells are flattened, which causes additional mechanical stress. Mechanical stress can cause defects of solder joints
which results in a degradation of a solar module [6]. Meier et al. and Zemen et al. determined that the CTE
mismatch results in plastic deformation of interconnectors in solar modules. Additionally, they show that a reduction
of the yield limit results in reduced mechanical stress, which consequently leads to improved module reliabilities
[7.8].

Using wires instead of ribbons for the interconnection of solar cells can be beneficial in many ways. The more
homogeneous current collection and the improved optical properties potentially lead to higher module efficiencies
[9,10]. In addition, a reduced silver consumption by using an adapted metallization design with small pads instead of



busbars combined with shorter and narrower fingers such as the Multi Busbar concept, or even by omitting the
contact pads by direct soldering on the finger grid results in lower module costs [11]. The latter can be done in the
lamination process by using the SmartWire concept, where wires are coated with special low-melting solder that are
pre-embedded in a polymer matrix [12]. Another possibility is to use electrical conductive adhesives and ribbons
[13,14]. In previous work we propose an approach that uses wave-shaped wires with an ultra-low yield limit to
enable soldering of wires coated with conventional solder alloys on the finger grid of solar cells [15]. This leads to
significantly reduced thermomechanical stress and minimized bowing which is shown in figure 1. In addition, we
analyze the mechanical and electrical properties of wave-shaped wires to measure changes in the electrical and
mechanical properties. A study published earlier analyses the specific properties of different wave-shaped wires
more in detail [16].

Ribbon interconnectors Wave-shaped wires

FIGURE 1. Two common silicon solar cells connected on the front side; on the left side by three ribbons soldered on the
busbars; on the right side by 30 wave-shaped wires soldered on the front finger grid.

The major goal of this work is to prove that semi-automatic infrared (IR) soldering of wave-shaped wires coated
with solder enables soldering on the finger grid of solar cells. In addition, with thermal cycling, we aim to prove the
long-term stability with regards to thermomechanical stress to be comparable to conventional two-sided ribbon-
based interconnection concepts.

METHODS

Characterization of Wave-Shaped Wires

We analyze the change of the mechanical and electrical properties of wave-shaped wires (copper core
diameter: 350 um, wave period: 3.0 mm) due to the shaping process for wires with different amplitudes between
0.78 mm and 2.02 mm. Therefore, we measure the relative length change, perform tensile tests according to
EN 1SO 6892-1 [17] and measure changes of the electrical resistance after the wave shaping process. The
measurements are performed as comprehensively described in a study we published earlier [16]. In addition, we
analyze the grain boundaries of the copper core of one exemplary wave-shaped wire by preparation of a
metallographic longitudinal section with subsequent color etching and microscope characterization, to gain insight
into the impact of the shaping process on the grain structure of the wires.

Soldering and Lamination

For the soldering experiments we use commercially available 6” PERC (passivated emitter and rear cell) solar
cells with a three busbar metallization layout. The width of the contact fingers is 50-70 um. Four full-cells of
156 x 156 mm? (module samples M1-M4), as well as, four laser-cut half-cells (M5-M8) are connected. A number of
30 wave-shaped wires are soldered on the front finger grid of each solar cell. The wave-shaped wires have a copper
core diameter of 300 um, a period of 3.0 um, an amplitude of 1.5 mm (peak-to-peak), and a solder coating
consisting of Sn62Pb36Ag2 with a thickness of 5-20 pm. The distance between the wires is 5.1 mm. The solar cells
and the wave-shaped wires are positioned on a heating chuck with a surface temperature of 110 °C and the soldering
is done by semi-automatic IR soldering. On the rear side of each solar cell solely one interconnector ribbon (0.2 x



1.5 mm?, Sn62Pb36Ag2 coating) is manually soldered on the middle pad row to enable electrical characterization
measurements. Figure 2 shows both sides of a connected solar cell sample, as well as an exemplary string with three
half-cells interconnected by wave-shaped wires to demonstrate that our semi-automatic soldering process also
allows the interconnection of multiple solar cells. After soldering interconnectors on both sides electroluminescence
(EL) imaging is done to detect defects due to the interconnection process.

Front side Rear side Front side three cell string
3

FIGURE 2. Both sides of a full-cell after the interconnection process; front side connected by 30 wave-shaped wires and
cross connectors (left); rear side connected by one ribbon and cross connectors (middle). In addition, a string of three
interconnected half solar cells is shown (right).

Subsequently, mini-modules are manufactured for each connected solar cell. For these one-cell modules a
conventional module setup is used. It consists of a front glass (200 x 200 x 3 mm3), an encapsulation polymer
(ethylene-vinyl acetat (EVA), initial thickness: 460 um), the connected solar cell, another EVA layer and a
commercially available white backsheet. The lamination is done with a conventional process for solar modules.
After the soldering EL imaging shows potential defects due to the lamination process. Furthermore, electrical
characteristics are measured with a module flasher.

Temperature Cycling

Thermal cycling according to the IEC 61215-2:2016 standard for solar modules is performed to examine whether
our module samples meet the requirement of less than 5 % relative power loss after 200 thermal cycles [18]. We
perform preliminary tests to determine appropriate test parameters that result in sample temperatures in accordance
with the test standard. A test module with two thermocouples inside shows temperatures between 86.9 °C and
87.7 °C during the upper temperature holding period and between -41.4 °C and -44.0 °C during the lower
temperature holding period. Differing from the test standard, the temperature gradient is 8 K per minute in the
cooling as well as in the heating period and we do not apply an electrical current. In the following we call this test
procedure accelerated thermal cycling (aTC). EL imaging is performed and the IV-characteristics are measured
initially and after 200 and 400 temperature cycles.

RESULTS AND DISCUSSION

Mechanical and Electrical Properties of Wave-Shaped Wires

Figure 3 (a) shows the longitudinal metallographic cross section of a wave-shaped wire with a diameter of
350 mm, a period of 3.0 mm and amplitude of 1.0 mm. The grain boundaries are visualized by color etching. We
determine a refinement of the grains, as an indicator of cold-hardening, in the peaks of the wave where the wire
deformation caused by the shaping process has its maxima. The relative length reduction, the relative yield limit
reduction, as well as the relative resistance increase caused by the shaping of the copper wires with a copper core
diameter of 300 um, a period of 3.0 mm and amplitudes between 0.78 and 2.02 mm are shown in figure 3 (b). We
determine a relative length reduction of 5.4 %, for an amplitude of 0.78 mm, and 56.2 %, for an amplitude of 2.02
mm. The relative length reduction reveals how much additional wire material is needed when wave-shaped wires are
used instead of straight wires to interconnect solar cells. In the analyzed amplitude range the relative yield limit



reduction is measured to be between 56.2 % and 88.5 %. This shows the large influence of the wire shape on the
mechanical properties of a wire interconnector and the potential for a significant reduction of the thermomechanical
stress due to the interconnection of solar cells.
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FIGURE 3. Characterization of wave shaped wires: (a) Longitudinal section with visualized grain boundaries of a wave-
shaped wire with a diameter of 350 um, a period of 3.0 mm and an amplitude of 1.0 mm. (b) Relative length reduction (blue),
yield limit reduction (green) and relative resistance increase (red) of wave-shaped wires with different amplitudes (copper
core diameter: 300 pm, period: 3.0 mm).

The reshaping of the wires results in a relative increase of the electrical resistance between 3.5 % and 69.8 %.
This can be explained by the length change and potential defects in the wire after the shaping process, i.e. diameter
changes or grooves in the wire surface. Using wave-shaped wires, to end up with a comparable series resistance as
for an interconnection approach with straight wire, the number of wires has to be increased by the relative increase
of the electrical resistance. Furthermore, to reduce the series resistance of the interconnection, the wire diameter can
be increased.

Soldering and Lamination

Figure 4 shows EL images of the four full cells (M1-M4) and the four half cells (M5-M8) after soldering as well
as after module manufacturing. The EL images show a homogeneous connection of the solar cells by soldering on
the finger grid. However, one full-cell (M3) and one half-cell (M8) show cracks, propagating from a crack origin
that is located at the cells edge. Consequently, we assume the cracks occurred not in the soldering process, but due
to the manual cell handling. In addition, all eight cell samples show minor darker areas located at the cell sample
edges, which results from finger defects, presumably caused by thermomechanical stress. On the basis of the EL
images, full-cell sample M4 and half-cell sample M6 show fewest defects. Full-cell sample M3 with the cell cracks
and half-cell sample M7 show the most significant defects after soldering. The EL images of one-cell modules after
the lamination process show less defects compared to cell samples after soldering which is caused by an improved
contact due to mechanical pressure. Finger disruptions due to thermomechanical stress after soldering are recovered
by a contact pressing force between the wave-shaped wires and the cell surface that is caused by the lamination. In
some areas, this reestablishes the electrical current flow in the contact finger.

Figure 5 shows the EL images of a cell string consisting of three interconnected half cells after soldering and
after the lamination. As for the one-cell samples, there are only minor damages visible near the cell edges, which
demonstrates that it is possible to interconnect multiple solar cells to strings and embed them to manufacture a solar
module.
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FIGURE 4. EL images of four full cells and four half-cells after soldering (Full cells/Half cells) and after the lamination
process (Modules). The image reveal two samples with cell cracks (M3 and M8) and finger defects (darker areas) near the
cell edges for each sample in both production stages, after soldering and lamination. After lamination there are less finger

defects visible because the wires are mechanically pressed on the solar cell surface.

Cell string

FIGURE 5. EL images of a three cell string after the interconnection (Cell string) process and after lamination (Module).
The EL images reveal minor finger defects (darker areas) near the right edge of the third half-cell.



Temperature Cycling
The EL images of the eight one-cell modules after module manufacturing and after 200 and 400 thermal cycles
are shown in figure 6 (Full cells) and figure 7 (Half cells). Additional defects after thermal cycling are indicated by
darker areas and especially occur where the mini modules have defects in the initial state. This indicates, that initial
defects have a strong influence on defects due to thermomechanical stress in thermal cycling.
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FIGURE 6. EL images of four one-cell modules containing full-cells after the lamination process (Initial) and after 200
and 400 thermal cycles (aTC200 and aTC400). The EL images show initial finger defects (darker areas) as well as
additional defects that are caused by thermomechanical stress due to thermal cycling.
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FIGURE 7. EL images of four one-cell modules with half-cells after the lamination process (Initial) and after 200 and 400
thermal cycles (aTC200 and aTC400). Initial finger defects and additional defects caused by thermomechanical stress
(darker areas) are shown.

Particularly at the solar cell edges and near cell cracks the results show further damaging of the solder joints due
to thermal cycling. Furthermore, the EL images indicate that the solder joints in the solar cell centre are less affected



by thermomechanical stress. This is in accordance with previous work, where we determined that the highest
thermomechanical stress occurs at the outermost pads of a pad row that is connected by soldering [4].

Figure 8 shows the changes of the short-circuit current lsc, the open-circuit voltage Vo, the fill factor FF and the
power at the maximum power point Pypp Of the eight one-cell modules. For all module samples, the Isc and the Ve
remains constant (maximum deviation below 2 %), which demonstrates that the solar cell itself is not affected
significantly by thermal cycling. In the group of the full cell modules sample M4 shows the lowest relative
degradation after 400 thermal cycles; the FF decreases by 1.3 % and the Pypp l0ss is 2.5 %. The strongest relative
degradation of the full-cell modules shows module sample M3 with a FF decrease of 4.3 % and a Pypp loss of
4.8 %. With a FF decrease of 2.2 % and a Pypp loss of 3.3 % sample M6 shows the lowest relative degradation for
the one-cell modules containing half cells. In this sample group M7 shows the strongest relative degradation with a
FF decrease of 5.7 % and a Pypp loss of 5.7 %. These results correlate with the assessment of the EL images of the
connected solar cells after the soldering process.

102 ISC VOC FF PMPF’

= [ Full cell
% 100 [ modules
> X

= 98 . —a— M1
= s o |—8— M3
m 94 -_ L L L L L L L L L L L L _- D M4
= 102 [ Half cell
% 100 f- modules
> ¥

S 98 . —a— M5
= g —8— M7
m 94 C L L L L D M8

0O 200 400 O 200 400 O 200 400 O 200 400
Number of thermal cycles

FIGURE 8. Electrical characteristics of 8 one-cell modules, 4 contain a full-cell (M1-M4, upper diagram) and four a half-cell
(M5-MB8, lower diagram). The relative change of the short-circuit current lsc, the open-circuit voltage Voc, the fill factor FF,
as well as the relative power Py;pp after the lamination (zero thermal cycles) and after 200 and 400 thermal cycles is shown.

CONCLUSION

The mechanical and electrical properties of wave-shaped wires with a copper core diameter of 300 um, a period
of 3.0 mm and amplitudes up to 2.02 mm, as well as experimental results of soldering these wires directly on the
contact fingers of the front side metallization grid are presented. Furthermore, the length change of 5.4% to 56.2%
depending on the shaping process, and the relative reduction of the yield limit up to 88.5 %, along with a maximum
relative increase of the electrical resistance of 69.8%, is characterized and discussed. On the one hand, the results of
the mechanical wire characterization show the potential for significant reductions of the thermomechanical stress
after soldering. On the other hand, the measurement of the relative length and electrical resistance changes allow the
estimation of the amount of additional interconnector length for a certain solar cell size and the calculation of the
ohmic loss due to the interconnection with a specific number of wave-shaped wires.

The results of accelerated thermal cycling of 8 mini-modules with solar cells connected by wave-shaped wires
soldered on the finger grid show reliabilities that are likely to easily meet the requirements for solar modules with
cell strings connected by conventional interconnection technologies. After 200 accelerated temperature cycles the
power loss of all module samples is below 3 %. Only one module sample shows more than 5 % power loss after 400
accelerated temperature cycles. As expected most solder joint defects occur at the outermost pads, where the
thermomechanical stress maxima are located. We could show that initial defects increase the probability for
additional solder joint failures.



Our results demonstrate the feasibility of an interconnection approach based on wave-shaped wires semi-
automatically soldered directly on the contact fingers of a silicon solar cell. Furthermore, wave-shaped wires enable
the interconnection of back contact solar cells, where all interconnectors are located on one side, with minimized
cell bowing. We expect an improved reliability when using wave-shaped wires with lower diameters, higher
amplitudes or soldering of less than 30 wires. To further improve the mechanical long-term stability of the
outermost solder joints we propose to increase the finger width of the outermost fingers or to add protective pads
located near the solar cell edges.
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