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Abstract. For shingle interconnection there is no standard method to characterize the me-
chanical strength of the shingled joints. Therefore, we studied a die shear test for this purpose.
In the first part, a single epoxy-based electrically conductive adhesive (ECA) was used in an
industrial shingle stringer to produce shingle strings with different ECA printing widths and
curing temperatures. It was observed that the printed ECA area increases at higher curing
temperatures due to the increased formation of voids. Shear strength increased with elevating
the curing temperature. In the second part of the study, three ECAs with varying glass transition
temperature (Ty) were analysed with dynamic mechanical analysis (DMA). The shear strength
of the ECAs correlates with the flexibility of the materials. ECA A, with the highest Ty, had the
highest shear strength with an average of (25 £+ 3) MPa, and ECA B with an average of (24 +
9) MPa while ECA C had the lowest shear strength with an average of (15 £ 9) MPa. After
characterising the shingled full-format PV modules produced using the three ECAs with elec-
troluminescence and /-V measurements, it was found that the flexibility of the ECAs and the
shear strength of the shingled joints had a very small effect on the module performance after
thermal cycling 200 and mechanical load 5400 Pa. The ECAs with higher T, showed more cell
fracture but with negligible power loss. The ECA with the lowest Ty led to subtle joint degrada-
tion during the tests.
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1. Introduction

Shingle solar cell interconnection using electrically conductive adhesives (ECAs) have gained
significant attention on the market and in the scientific community [1-7]. For strings intercon-
nected with conventional copper ribbons or wires, the peel test is the standard method to char-
acterize the mechanical strength of the interconnection joint [8]. For shingled strings, however,
there is no standardized test to determine the joint strength. Thus, using the die shear test is
proposed in this work to ascertain the shear strength of shingled joints.

The die shear test, as defined in ref. [9], is used to determine the shear strength of
materials. This is done by applying a shear force on a semiconductor die until failure and de-
termining the type of failure that occurs [9]. Subsequently, the die attach medium, and the
substrate can be studied [10]. The test has been adopted to the scope of photovoltaic research
to study the adhesion of metallization to the solar cell [11]. A lap shear test on shingled solar
cells has been applied in ref. [12] to find a dependency of mechanical strength on the type and
amount of ECA used. Shear tests for ribbon interconnection have been also studied as an
alternative to peel tests [13]. In our study we apply shear force on a shingle joint interconnected
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with ECA and study the type of failure that occurs as well as examine the sheared ECA micro-
scopically.

In the first experimental part, the die shear strength is studied depending on the ECA printing
width and curing temperature. In the second part, the influence of the mechanical properties
of three ECAs with varying glass transition temperature (Tg) on shear strength, full-format shin-
gled PV module performance and reliability tests is studied.

2. Experimental

2.1 Materials

In first part of the study, an ECA based on an epoxy matrix (denoted as “ECA D”) was used. It
has 60%-wt. — 80%-wt. of silver combined with (presumably) silver-coated copper particles as
fillers. The curing temperature of ECA D was varied to be 110 °C, 150 °C and 190 °C, as well
as the screen openings with 0.25 mm width and 0.4 mm width.

In the second part of the study, three chemically similar ECAs from Polytec PT were
used. SB1227-20% (ECA A), SB1242 (ECA B) and VP1246-5.3 (ECA C). The latter two are
commercially available products. All three ECAs have epoxy as base polymer and a constant
50%-wt. of silver flakes as filler content. The ECA’s formulation was slightly modified by the
vendor to yield different Ty, and all of them were cured at 190 °C for three minutes in the
industrial stringer.

The solar cells used to fabricate the shingled strings were industrially produced, p-type,
Ga-doped, mono-facial PERC in the G1 format (edge length of 158.75 mm). The host wafers
were divided using a thermal laser separation process [14] in stripes of the dimension
31.75 x 1568.75 mm?>.

2.2 Methods
2.2.1 Die Shear Tester and Sample Preparation

Pieces with a dimension of 15 mm x 20 mm were cut from the automatically produced shingle
strings with direct lasering (Figure 1a). Each piece had exactly one shingle joint (see Figure 3).
Those samples were glued onto a 100 mm x 100 mm glass substrate using a tough super glue
(Figure 1b). Bending of the upper shingle was limited by placing a supportive solar cell under-
neath the upper shingle piece (Figure 1c).
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Figure 1. a) Laser cutting of shingle joints for die shear test. b) Top of view of the die shear
sample glued on top of a supportive solar cell. c) Side view of the same sample showing the
connection between the upper shingle and the supportive solar cells and the lower shingle
with the glass
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The glass substrate was then placed in a DAGE 1000 multipurpose bond-tester. The shear
chisel was 15 mm wide and exerted a force on the upper shingle by movement of the
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Figure 2. A schematic explaining the die shear test at the DAGE 100 multipurpose bond-
tester and the shingle joint fixation on the glass substrate

table. A shear speed of 100 um/s, a preload of 10 N and a shear height of 40 um were used.
The shear height is the distance of the chisel from the solar cell surface. A schematic of the
test is shown in Figure 2. The bond tester records the force applied on the shingle over time
and distance of table motion. After fracture took place, the sheared joints were analysed under
a microscope (Olympus Digital Microscope DSX 510) with regard to the fracture type [8].

The actual contact area was measured using the remaining of the ECA on the busbar.
The shear strength was determined by normalizing the force at fracture to the ECA contact
area. Additionally, scanning electron microscopy (SEM) of the voids within ECA B were made.
Furthermore, shingle joints were studied using metallography to measure ECA thickness [15].

2.2.2 Dynamic Mechanical Analysis (DMA)

ASTM D4065-95 was used for DMA [16]. According to the norm, the test uses a fixed frequency
of oscillation of 1 Hz and a sample heating rate of 2 K/min [17]. The method was employed to
ascertain a material's T,. Tensile test ECA samples were prepared by molding to be rectangu-
lar in shape and were cured at 150 °C for 30 minutes in an oven.

2.2.3 Industrial Shingle Stringer and Module Fabrication

A teamtechnik TT1600ECA was used for shingled string production [7]. The stringer applies
ECA on the front busbar of the shingles using screen-printing. The shingles have a defined
overlap of 1.7 mm. The produced strings were used for full-format module production as well
as for die shear characterization.

Shingled strings from ECA A, B and C were laminated into full-size modules using a
glass-backsheet configuration. The modules were exposed to thermal cycling between —40 °C
and +85 °C for 200 cycles (TC200) and mechanical load (ML5400Pa) reliability tests according
to the IEC 61215-2:2016 norm [18]. The modules were characterized using electrolumines-
cence (EL) imaging and current-voltage (/-V) measurements at initial stage, post-production,
after TC200, and after ML5400Pa.

3. Results and Discussion

3.1 Variation of ECA Printing Width and Curing Temperature

From the two different screens and three different curing temperatures studied in this experi-
ment, cross section samples showed very similar average joint thickness of (37 + 3) ym under
the microscope (Figure 3). The results of die shear force and strength with varying screen
opening and curing temperature are shown in Figure 4.
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Sheared joints of ECA D samples showed that the ECA area increases at higher cur-
ing temperatures due to the increased formation of voids. Wider ECA prints led to higher
shear forces for all curing temperatures (Figure 4a).

Upper shingle

Lower shingle

Front busbar =

Figure 3. Metallographic cross section of a shingle joint where ECA thickness is measured

Considering shear strength (Figure 4b), a difference between the screens is not obvious. This
is expected, as to obtain shear strength, the force is normalized to the actual ECA contact
area. It seems that increasing the curing temperature from 110 °C to 150 °C resulted in an
increased shear strength (Figure 4b). However, it did not clearly change when going to 190 °C.
Curing at 110 °C did not fully establish the mechanical properties and bonding strength of ECA
D. However, exceeding 150 °C led to the intended properties. As the die shear test is sensitive
to the mechanical properties of the ECA, which is shown in the next section, it can be a useful
method to detect too low curing temperatures.
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Figure 4. Box-Whisker plots of a) Shear forces and b) shear strength for ECA D for both
printing screens and the three different curing temperatures

3.2 Variation of Mechanical Properties of ECA

From the DMA analysis and according to the tan 6, ECA A had the highest glass transition
temperature T4 of ~120 °C, as for ECA B it had a T4 of ~90 °C and ECA C had the lowest Ty
of ~15 °C (Figure 5a). A PV module’s operating temperature range is between —-40 °C and
+85 °C. As ECA A has a storage modulus E’ of 2 GPa to 3 GPa within this temperature range
it can be considered stiff. ECA B had an E’ in a similar magnitude between -40 °C and +50 °C
but started to soften at higher temperatures (Figure 5b). Thus, at the upper operating temper-
ature range of the test procedure, ECA B can be considered an elastomer. In contrast, E’ of
ECA C was lower than the other two materials over the whole temperature range. In particular,
the material had already elastomeric behavior at room temperature.

In the next step of the experiment, the die shear forces, and strengths of shingle strings
produced with these three materials were determined. Figure 6a shows a box-whisker plot of
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the shear forces and Figure 6b of the shear strengths with the corresponding standard devia-
tions for both. ECA A led to the highest shear force with (249.8 + 57.3) N ECA B had a shear
force of (249.8 £ 57.3) N while ECA C, had a shear force of (174.8 £ 83.3) N. The shear
strength, as shown in Figure 6b, mostly followed the same trend. ECA A had (24.9 + 3.3) MPa,
ECA B had (23.6 £ 9.2) MPa, and ECA C had (15.3 £ 8.5) MPa.

The flexibility of the materials at room temperature correlates with the shear strength.
ECA A with the lowest flexibility had the highest die shear strength. ECA C with the highest
flexibility had the lowest shear strength. ECAs A and B have comparable shear strengths be-
cause of the different contact areas.
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Figure 5. a) The glass transition temperature of the three ECAs according to the peak of tan
0 indicated on top of each graph. b) Storage modulus of the 3 ECAs at room temperature.

The die shear test tends to have a high tendency for outliers, regardless of the number of
samples sheared. In Figure 6 all shear values higher or lower than 2.5 x standard deviation of
all data points were discarded. To identify the reason behind the high tendency of outliers,
digital and scanning electron microscopy studies were carried out.

About 50 % of the samples sheared from ECA A had substrate fracture (Figure 7a).
This indicates that the ECA strength can exceed the fracture strength of the wafer as well as
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Figure 6. Box-Whisker plots of a) Die shear forces and b) Die shear strength of the three
ECAs with the average glue area as well as storage modulus of each ECA
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the bond between the metallization as in some samples the metallization was peeled off due
to shearing. From the rest of the samples that did not have cell fracture as a failure mode (see
Figure 7b), the ECA area was measured and the microstructure of the ECA after curing was
investigated.

ECA B and C showed cohesive fracture close to the busbar in all sheared samples
(Figure 7c, d). ECA B had the most noticeable number of voids with the biggest sizes in com-
parison to A and C. Existing voids, the general nonuniformity of the joints (although produced
with automated methods) alongside the fact that the actual stress distribution in the joint is not
uniform (according to finite element simulations not shown in this paper) were identified as
reasons for the high tendency for outliers.

Figure 7. A top view of the front busbar a) after applying the die shear test on samples inter-
connected with ECA A. b) Example of cohesive shear of ECA A sample. c) Cohesive fracture
around the busbar of ECA B where large voids can be seen. d) Cohesive fracture for ECA C.

As ECA B has the highest number of voids and the biggest void size, samples produced using
ECA B were investigated more closely using SEM. From Figure 8, we see the high intensity of
voids, that may be present already in the liquid ECA and form or extend during curing of the
ECA. The void diameters range between 10 ym and 200 um.

From Figure 8c, we see a tendency of the silver flakes to align perpendicular to the
busbar around the walls of the void. In parts without voids the silver flakes tend to align in
parallel to the busbar. Due to the perpendicular alignment of silver flakes an improvement in
z-conductivity is expected in these areas. Although voids are usually considered undesirable
in adhesive joints, here they could increase the electrical conductivity between the shingles.

Figure 8. SEM view with three levels of magnification on a sheared sample of ECA B. a)
Shows an overview of the sizes of voids the ECA. b) A closer look where big and small voids
are seen in more details. c) The alignment of the conductive particles around a void’s wall.

Finally, the full-size modules built from the three ECA were characterized using EL and -V
measurements at initial stage, after 200 thermal cycling and after mechanical load test with
5400 Pa (see Figure 9a in appendix). ECA A and B were not as much affected by degradation,
although from EL images it was noticeable that the strings have cell cracks after ML5400Pa
due to the limited flexibility of the two ECAs (Figure 9b in appendix). Although ECA C has less
cell cracks, it showed subtle degradation (Figure 9b in appendix) of the electrical performance
of the joint. This could be caused by a higher deflection of ECA C and plastic deformation due
to mechanical stress. In this state the filler particles within the ECA may lose contact with each
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other or to the busbar surface leading to local joint degradation. Table 1 shows the /-V char-
acteristics of the modules before and after testing, where the Isc and Voc are mostly constant,
and the degradation is shown by the FF. As can be seen, the cell cracks for modules with ECA
A and B (Figure 9b in appendix) cause less power degradation than the overall joint degrada-
tion of many cells in the module with ECA C. Generally, the different failure modes, do not
have a large effect on the performance of the modules indicating that the flexibility of the ECA
in turn seems not to play such an important role as was expected. Thus, ECAs for shingle
interconnection could be formulated in a wider range of flexibilities without compromising the
mechanical stability in the final PV module. To support this outcome further tests should be
applied on the produced modules to monitor the change in performance until all IEC tests have
been passed.

Table 1. I~V characteristics of the full-size modules produced using the three tested ECAs,
measured after production, after TC200 and after ML5400Pa

ECA Puer (W) | Power Voc (V) Isc (A) FF (%) State
loss (%)

A 3236 [ 431 9.7 775 initial
323.6 -0.0 43.1 9.7 77.7 TC200
319.0 -1.4 43.0 9.7 76.8 ML

B 3225 [ 430 9.7 77.4 initial
321.6 -0.3 43.0 9.7 77.3 TC200
318.0 -1.3 43.0 9.7 76.7 ML

[ 13250 [ 431 9.7 77.7 initial
322.0 -0.8 431 9.7 77.3 TC200
317.0 -23 431 9.7 76.1 ML

4. Conclusions

The die shear test can be a useful method to determine the mechanical strength of shingle
joints. The temperature variation as well as the amount of ECAs printed on the busbars affect
the shear force and shear strength. A curing temperature of 110 °C led to lower shear strength
of ECA D of (8.3 £ 2.8) MPa compared to (12.9 = 1.9) MPa when cured at 150 °C. The width
of the printed ECA correlated to the absolute shear force but had little effect on the strength.

The die shear test has a high tendency of outliers which is caused by nonuniformities
such as voids that form during curing or are already present in the liquid ECA.

Three chemically similar ECAs with the same silver content were characterized by
DMA. The T4 varies between 120 °C for ECA A, 90 °C for ECA B to 15 °C for ECA C along
with the storage modulus at room temperature. The Ty and storage modulus at room temper-
ature correlated to the shear strength and fracture pattern. ECA A, as the stiffest of the mate-
rials, had the highest shear strength of (24.9 + 3.3) MPa and the highest possibility for sub-
strate (cell) fracture during shear test. ECA B and ECA C tended to break cohesively and had
a shear strength of (23.6 + 9.2) MPa and (15.3 £ 8.5) MPa, respectively.

Full format shingle modules with all three ECAs had the same initial performance and,
overall, had only a small degradation of maximum 2.3% after TC 200 and ML 5400 Pa. The
ECAs with higher strength and lower flexibility showed slightly lower degradation than the flex-
ible one with lowest strength.
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Appendix

Figure 9. a) EL images of full-size modules after being subjected to TC200 and ML 5400Pa

for modules produced from the three tested ECAs (A. B, and C respectively). b) a close up

on the failure modes the different modules underwent after the last test (ML) where for ECA

A and B we see cell fractures after applying the load, while C shows degradation of the in-
terconnection between the shingles.
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