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Introduction
Just two years after the first fabricated silicon-based 
solar cell [1], the shingled interconnection of solar 
cells was introduced in a 1956-filed patent (see 
Fig. 1(a)) [2]. Subsequently, numerous patents were 
filed for various applications, such as satellite solar 
cell arrays [3], different interconnection patterns/

geometries, and thermally stable shingle arrays [4]. 
Early publications, including results for shingled 
solar cells, target 1) low-illumination applications in 
electronic devices [5]; and 2) prototype vehicles with 
limited power-generation areas [6].

Commercial modules with shingled solar cells 
are currently available on the market [7,8], with a 
projection trend indicating an increasing market 
share in the upcoming years [9]. The recent patents 
(see the example in Fig. 1(b) [10,11], as well as reports 
in the literature [12–15]) highlight the increase in 
research activities relating to the shingling concept. 
Shingling is a process whereby neighbouring cells 
are mechanically and electrically interconnected by 
overlapping the rear-side busbar of one cell with the 
following neighbouring cell’s front-side busbar, thus 
creating a visually busbarless string of shingled cells 
and, in turn, shingled modules.

Shingling leads to an increase in module output 
power density pout because of the increase in active 
cell area and the low electrical resistance in the 
interconnection. The appealing homogeneous 
appearance raises interest in their use in vehicle-
integrated PV (VIPV) and building-integrated PV 
(BIPV) applications. Even further increases in pout can 
be achieved by using bifacial solar cells, which make 
use of the albedo light impinging from the rear side 
[16,17]. See Fraunhofer ISE’s previous Photovoltaics 
International paper [24] for a discussion of shingling 
bifacial solar cells, such as bifacial passivated emitter 
and rear cells (PERC, biPERC) [18,19], passivated 
emitter, rear locally diffused (PERL) cells [20], 
passivated emitter and rear totally diffused (PERT) 
cells [21], heterojunction (HJT) cells [22], or TOPCon 
[23] cells.

The market shift towards PERC solar cells in the 
upcoming years [9] implies a shrinkage of the market 
share of aluminium back-surface field (Al-BSF) solar 
cells. The main shift in the market towards PERC 
solar cells is due to the clear advantages of the 
concept in terms of efficiency potential by having 
dielectrically passivated rear sides in comparison to 
the Al-BSF. PERC solar cells feature local contacts 
created by local contact openings (LCO) and 
subsequent metallization steps, which allows the 
PERC cell architecture to be designed for bifacial 
light collecting. This biPERC is obtained by replacing 
the full-area metallization on the rear side by a grid 
metallization that allows the harvesting of light 
from the rear side as well. Adapting the rear-side 
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passivation layers boosts the light coupling from the 
rear side. Although the concept of shingling can be 
applied to different cell architectures such as PERC, 
HJT, TOPCon and others (as explained in Wöhrle et 
al. [24]), the main focus in this paper is PERC-based 
shingle cells fabricated from 6" Czochralski-grown 
(Cz-Si) wafers, which are then integrated in the 
shingled module. 

In the first part of this paper, Fraunhofer ISE’s 
current fabrication process is presented, along 
with the characterization results for bifacial p-type 
shingled passivated edge, emitter and rear (pSPEER) 
solar cells [25] ready for shingled-module integration. 
The laser-assisted separation processes used for 
the fabrication of shingle cells are also described. 
Further investigation of the separated edge quality by 
modelling, simulations and photoluminescence (PL) 
measurements of the edge is discussed. In addition, 
Fraunhofer ISE’s Passivated Edge Technology (PET), 
a post-metallization/separation edge passivation 
concept, is introduced. In the second part, as an 
essential step towards cell interconnection, available 
testing methods, along with the crucial properties 
of electrically conductive adhesives (ECAs), are 
presented. The paper also compares possible 
shingling design topologies and suggests numerous 
applications shown in demonstrated products, such 
as a PV-integrated car roof.

pSPEER solar cell concept and process 
To obtain a bifacial shingle pSPEER cell, only one 
additional process step is needed compared with a 
large-area cell: the laser-assisted separation process. 
This separation process is preferably done after 
the back-end processes of the 6" host wafer have 
been completed (typically after firing). As reported 
in Baliozian et al. [25], pSPEER solar cells can be 
fabricated by just modifying the back-end processes. 

Other than the additional separation process step, 
the fabrication also requires the adjustment of the 
metallization layouts in order to obtain several 
shingle cells from each host wafer. In other words, 
PERC precursors (with deposited passivation layers) 
from an industrial production line can be used, and 
shingle cells of desired sizes can be manufactured. 
A specific fabrication batch of pSPEER cells using 
precursors is discussed later. 

Current–voltage measurement of 
pSPEER cells 
Rapid and precise current–voltage (I–V) 
measurements are a prerequisite for the 
characterization of shingle solar cells. The grid 
geometry, especially the adversely placed rear-side 
grid and the small cell size, poses new challenges 
for the I–V measurement set-up. Conventional 
measurement units with contacting pins are feasible 
for R&D purposes.

One option for measuring the cells is the use of 
inlays in the shape of conventional wafers, as shown 
in Fig. 2(a). The pSPEER cells are placed in the inlays 
and then electrically contacted by two I–V pin array 
strips on each of the front- and rear-side busbars, 
as shown in Fig. 2(b). Two additional arrays (one on 
each side) are used for mechanical stability purposes 
and therefore not electrically connected. To ensure 
the validity of the measurements, the I–V tester is 
calibrated with pSPEER cells measured at Fraunhofer 
ISE CalLab PV Cells. As a result of the measurement, 
a total area measurement (including the busbars) 
is obtained. Since the busbars are intended to be 
covered after interconnection, the efficiency of the 
area excluding the busbar area, or designated area, is of 
interest. Such designated area results can be obtained 
by subtracting the busbar area from the total cell 
area to determine the designated area short-circuit 

Figure 1. (a) Schematic showing a string of three shingled cells, adapted and labelled from an earlier 1956 patent [2]. (b) Schematic showing a string 
of three shingled cells in a recent 2017 patent (adapted and labelled) [11]. The similarities in (a) and (b) show the clear revival of the concept of 
shingling presented in both patent sketches. In cell shingling, the front and rear busbars of two neighbouring cells form the electrical and mechanical 
interconnection of two neighbouring cells.

(a)  (b)
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current density jsc,des.
For a production line this set-up is suboptimal, 

as the throughput in terms of equivalent measured 
cell power scales down with the shingle size. 
Consequently, alternative approaches for measuring 
the efficiency of shingled cells are being investigated. 
The goal is to measure the cells on the host wafer 
with the conventional technique before the laser 
separation of the cell strips. Since the front and rear 
busbars are placed in an alternating pattern, the host 
wafers cannot simply be contacted with pin arrays 
like a conventional cell with busbars. GridTOUCH 
technology, with an orientation parallel to the 
busbars, is therefore preferred (see Fig. 3(a)). With this 
method, the efficiency information about the bundle 

of six yet to be separated shingles can be determined. 
Local information can be obtained by forward dark 
electroluminescence (EL), a common capability of 
today’s I–V testers.

Laser separation, however, might introduce 
edge cracks, or even shunts, which also need to be 
inspected. One available option is to make use of 
inline contactless PL technology immediately after 
separation in order to detect flawed cells. Because of 
the wide field of view of the PL camera and the short 
measurement intervals of contactless measurements, 
several shingle cells can be measured simultaneously 
(assuming suitable automated handling of shingle 
cells), thus avoiding the previously mentioned 
throughput bottleneck. Fig. 3(b) shows a sample PL 
image of the measurement of six separated pSPEER 
cells.

pSPEER solar cell batch 
The latest results for pSPEER cells are published in 
Baliozian et al. [26]. For this specific batch, industrial 
pre-processed precursors that feature a phosphorus-
doped emitter passivated by a silicon nitride (SiNx) 
layer were used (see Fig. 4(a)). The rear side is coated 
by a typical aluminium oxide (AlOx) and SiNx stack. 
The base resistivity of samples from a comparable 
batch is measured to be in the range 0.3Ωcm ≤ ρB ≤ 
0.9Ωcm.

The processing begins with laser LCO, carried 
out at Fraunhofer ISE by means of an infrared laser 
process. The external rear-side contacts, silver in 
this case, also known as the rear-side busbars, are 
first screen printed (the external silver contacts are 
analogous to the printed rear-side pads of 6" PERC 
cells). The rear-side aluminium grid is then applied, 
covering the LCO; this results in a silver busbar 
which is confined between aluminium grid contacts 
(see Fig. 4(b)). Next, the front-side silver contact 
grid is printed, and contact firing is performed in 
an industrial fast-firing oven. Six pSPEER cells of 
dimensions 22mm × 148mm are obtained after the 
laser scribing and mechanical cleaving separation 

Figure 2. (a) Photograph of an inlay for pSPEER cells, which allows the use of a conventional I–V measurement unit. In this set-up, the pSPEER cell can be 
measured by two contacting I–V pin arrays that electrically contact the front and rear busbars. (b) Photograph of a front-side busbar contacted by the 
I–V pin array.

(a)  (b)

Figure 3. (a) Inline EL image of a finished host wafer before separation, contacted by 
a GridTOUCH unit. A microcrack can be identified in the lower right part of the cell, 
which would lead to a rejection of this pSPEER cell strip after separation. (b) PL image of 
separated pSPEER cells (not the same cell as in (a)). The PL image can uncover additional 
damage induced by the laser-assisted separation step; this covers edge-related flaws as 
well as new cracks or the like due to the additional handling. With a feasible automation 
system, multiple pSPEER cells could be measured simultaneously, making the procedure 
fast enough for inline characterization.

(a)  (b)

“Laser separation might introduce edge cracks, or 
even shunts, which also need to be inspected.”
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process (see Fig. 4(c)). Such pSPEER cell dimensions 
are chosen to be utilized for research purposes 
because of the flexibility they offer when different 
industrial wafer formats are used.

For the characterization of the fabricated pSPEER 
cell, the measurements are taken at standard testing 
conditions (STC; Gf = 1,000W/m2). As reported in 
Baliozian et al. [26], for the specific pSPEER cell with 
a nominal size 22mm × 148mm, I–V measurements 
show a peak designated area front-side efficiency of 
ηf = 21.4%, as shown in Table 1. The pSPEER cell yields 
an open-circuit voltage  
Voc = 666mV, a fill factor FF = 79.8%, a pseudo-fill 
factor pFF = 82.3%, and a short-circuit current density  
jsc,des = 40.2mA/cm2. The measurement of the same 
cell’s rear side, also at STC, results in a designated-
area rear-side efficiency ηr = 13.7%, featuring  
Voc = 654mV,  FF = 79.7% and jsc,des = 26.2mA/cm2. 
Consequently, a bifaciality factor β = ηr/ηf = 0.64 is 
determined. The pSPEER cell achieves a designated 
total output power density pout = 22.8mW/cm2 
(calculated by considering an additional rear-side 
illumination with an irradiance Gr = 100W/m2).

In the case of this particular cell, the rear-side jsc,des 
is ∆jsc,des = 14mA/cm2 lower than that of the front 
side; this difference is due to the high metallization 
fraction of the rear side compared with that of the 
front. Additionally, the optical properties of the 
rear side of the specific precursors utilized are not 
optimal, as they have not been adjusted for bifacial 
use. The difference in Voc between the rear- and front-
side measurements, or ∆Voc , is ~12mV; this difference 
is due to the lower rear-side jsc,des and, to a lesser 
extent, to edge recombination, verified using the one-
diode model equation.

On the other hand, the difference in pFF between a 
6" bifacial PERC cell fabricated in a parallel batch and 
the separated pSPEER cell, or ∆pFF, is ~1.2%abs.; this 
shows the effect of edge recombination as a result 
of the separation process. As a by-product of the 
separation process, the edges are sparingly passivated 
with a thin native silicon oxide layer with no planned 
additional edge passivation process. To enhance the 
performance of the separated cell, an additional edge 
passivation process is therefore needed. The approach 
taken to decrease edge recombination by the selected 

Figure 4. Scanned images of the front and rear sides of: (a) 6" industrial PERC precursor; (b) host wafer with front- and rear-metallization layouts (the 
microscope images show the metal contacts); (c) pSPEER solar cell of dimensions 22mm × 148mm. The precursors are not optimized for bifacial use, 
which explains the yellowish colour of the rear side.

(a) (b) (c)

  η [%] Voc [mV] jsc,des [mA/cm2] FF [%] pFF [%] β [1]

Front side 21.4 666 40.2 79.8 82.3

Rear side 13.7 654 26.2 79.7 81.6 

Table 1. I–V data for the pSPEER solar cell with the highest output power density pout [26]. The designated area short-circuit current density values are 
obtained by subtracting the busbar area from the total measured cell area Atot = 3,263mm2.

     0.64 
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laser-assisted separation process, as well as an 
additional edge passivation process, is discussed in 
upcoming sections.

Laser-assisted separation techniques 
and characterization
The most common way of separating shingle cells is 
to do a laser scribe followed by a mechanical cleave 
(LSMC). The laser scribe makes use of a pulsed laser 
to ablate the silicon along the entire separation 
path; the resulting laser perforation then enables 
an effortless separation by mechanical cleaving. 
The laser ablation, however, leads to melting and 
restructuring of the silicon in the cut region, 
resulting in an optically visible rough surface, as 
seen in Fig. 5(a). The destruction of the crystalline 
structure leads to a high number of defects at the 
edge. Since the shingle cells obtained have a high 
perimeter-to-area ratio, the damaged edges lead to 
significant losses.

Thermal laser separation (TLS) [27,28] is a gentle, 
kerfless alternative to LSMC separation. A short 
scribe beginning at the wafer edge is conducted by 
an infrared laser to initiate a crack. Subsequently, a 
continuous wave infrared laser (TLS cleave laser), 

followed by a water- and air-cooling jet, is guided 
over the wafer surface. The heating followed by 
cooling leads to thermal stress in the material, 
resulting in a crack propagation from the initial 
crack along the guided path. The process results in 
a smooth shingle cell edge surface, as shown in Fig. 
5(b).

The TLS process, shown schematically in Fig. 
6(a), is highly dependent on a variety of process 
parameters, including the cleave laser power, the feed 
rate, and the distance between the laser spot and the 
cooling spot on the sample [29]. The cleave process 
can be monitored by infrared imaging, whereby 
an elliptical shape of the laser spot on the sample 
(see Fig. 6(b)) is displayed. Depending on the cleave 
parameters, the heat distribution on the sample, as 
well as the total dissipated heat, can be optimized 
in order to achieve smooth separation edges and a 
straight separation path.

Since the TLS process does not lead to melting 
of the silicon but rather to cracking, this method is 
expected to cause fewer crystal defects and hence 
lower electrical losses. Almost no ablation takes 
place during TLS (only in the short initial scribe), 
which makes it an almost dust-free process. This is 
particularly attractive for high-throughput industrial 
applications [29,30]. Additionally, TLS-separated cells 
are mechanically more stable than LSMC-separated 
cells [31].

Model updates in the simulation tool 
Quokka3
The silicon solar cell modelling tool Quokka3 [33] 
has a dedicated extension for dealing with shingled 
cell technology, in order to improve the speed of 
modelling strip cells. It uses the recently integrated 
‘multidomain modelling’, which can combine two 
or more simulation domains for modelling large-
area devices while maintaining a small calculation 
mesh [34]. Solar cells with edge effects, half cells and 
shingled solar cell designs can be modelled using this 
approach.

A pSPEER cell is simulated with a core domain 
and one edge domain, as depicted in Fig. 7. The 
effective symmetry elements have the size of just 
the finger pitch multiplied by the finger length 
(approximately 1.3mm × 25mm) instead of half 

Figure 5. Microscopy images of pSPEER cell edges obtained by laser-assisted separation processes: (a) LSMC and (b) TLS [32].

(a) (b)

Figure 6. (a) Schematic of the TLS process. After a short laser scribe on the edge of the 
wafer to initiate a crack, a continuous-wave infrared laser is used to induce heat, directly 
followed by a water- and air-cooling jet; this leads to thermal stress and cracking of the 
substrate. (b) Infrared image displaying the heat profile on the substrate resulting from 
the laser followed by the cooling spot. The shape and size of the elliptical laser spot 
influence the TLS cut quality. 

(a)  (b)
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the strip cell (approximately 25mm × 150mm) as 
performed in previous publications [35]. This reduces 
the simulation time from several hours to just a 
few minutes for each I–V curve. The edge domain 
features surface recombination models for the space 
charge and the bulk region, which can be addressed 
with the recombination parameters j01,edge or Seff,edge and 
j02,edge. The integration of emitter windows along the 
edge with adjustable sheet resistances and surface 
recombination is also enabled.

Analytical model for edge recombination 
In addition to having an excellent numerical 
modelling option for shingle cells, a simplified 
analytical model is useful for calculating the 
recombination at the edge of the solar cell; for 
details see Saint-Cast et al. [36]. The edges can be 
distinguished as linear recombination centres either 
close to or at the p-n junction; this is in contrast to 
local recombination on the rear surface (e.g. rear-
contact recombination), where the recombination is 
mainly limited by the diffusion of minority carriers 
through the wafer from the front to the rear.

If it is assumed that translation along the axis of 
the defect in the system does not vary, it is possible 
to reduce the number of dimensions of the system 
to two. Another assumption is that the linear defect 
is the only source of inhomogeneity in this system. 
The high recombination rate at the edge (compared 
with the rest of the cell) induces a lower p-n junction 
potential difference (or a lower excess carrier density) 
in its proximity. The gradient of this potential leads 
to a flow of electrons and holes towards the defect 
– we are dealing with a carrier transport problem. 
In this model it is assumed (hypothesis 1) that over 
small distances (>1mm) relative to the size of the 
device (>1cm), the flow of the lateral carriers will be 
limited by resistive losses. In order to simplify this 
problem even further, it is assumed (hypothesis 2) 
that the vertical transport in the emitter and the bulk 
is small compared with the lateral transport, and can 
be modelled by simple sheet resistances (ρe for the 
emitter and ρB for the bulk).

Fig. 8 shows a schematic of the problem in three 
dimensions and a comparison with the developed 
model; the 3D problem is reduced to a single 
dimension as a result of the above-mentioned 
assumptions. The origin of the x axis is defined 
to be the location of the linear defect (edge). The 
local potential difference V(x) at the p-n junction is 
calculated analytically.

Under open-circuit conditions, the p-n junction 
voltage decreases towards the edge because of 
the recombination at the edge. In Fig. 9, the p-n 
junction voltage is plotted as a function of position 
for six different illumination intensities. The 1 
sun illumination intensity is defined for the sun 
spectrum AM1.5G at a power density of 1,000W/m2. 
In this case an equivalent generation is achieved 
by monochromatic illumination at 808nm with a 
photon flux density jγ = 2.5 × 1017cm-2s-1 by illuminating 

a reference solar cell of thickness W ≈ 160µm at a 
temperature T = 300K. For low illumination, the p-n 
junction voltage is affected by the edge over a much 
greater distance than for high illumination. The 
results of the models were compared with 2D drift-
diffusion simulations using Quokka3, and found to 
be in good agreement, within a deviation of ±3mV. 
For this example, the recombination parameter at 
the edge is j02edge = 19nA/cm, which corresponds to a 
‘worst-case’ value as identified by Fell et al. [37].

The benefit of such a model is the simplification 
of the analysis of measured cell parameters, 

“A simplified analytical model is useful for 
calculating the recombination at the edge of the 
solar cell.”

Figure 7. Schematic of the implementation of Quokka3’s multidomain approach for a strip 
cell. The red front and core parts symbolize the two domains that are actually simulated. 
The greyed areas result from the cell’s symmetry and do not need to be simulated in 
addition. This way, the duration of the simulation is greatly reduced.

Figure 8. Schematic of the problem in three dimensions, and a comparison with a 
simplified interpretation of a linear defect in a solar cell. 
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which allows one to determine the recombination 
parameters at the edge (see next section); it also 
helps in understanding the physical principles behind 
edge recombination. This assumed model, verified 
by numerical simulation, shows that the transport 
mechanism of the carrier which recombines at the 
edge is mainly resistive.

Edge recombination analysis using PL 
measurements
Because the impact of edge recombination has been 
seen in the I–V parameters of the finished cells 
and in the modelling, there is clearly a demand for 

suitable in-depth characterization of this type of 
recombination. With reference to the investigation 
in Stolzenburg et al. [38], a new approach is 
presented to quantify edge recombination by using 
PL measurements combined with Quokka3 device 
and luminescence modelling. The main focus is to 
determine and separate the contribution of the two 
relevant edge recombination losses, as also proposed 
in Wöhrle et al. [35]: 1) recombination at the bulk 
edge, described by an effective surface recombination 
velocity Seff,edge; and 2) recombination at the p-n 
junction edge, described by an edge-length-specific 
non-ideal recombination parameter j02,edge.

Boron-diffused and Al2O3/SiNx surface passivated 
n-type float-zone silicon wafers (ρB = 1Ωcm) 
with three differently processed wafer edges are 
investigated. The wafer is separated by: 1) TLS 
through the emitter layer from the front side; 2) TLS 
with a distance dEW of 300µm between the emitter 
and the edge (emitter window); and 3) diamond 
cutter scribing and subsequent manual mechanical 
cleaving through the emitter layer. 

The PL image of the three different edge types 
is depicted in Fig. 10(a) at an illumination intensity 
of 0.02 suns. The corresponding PL profiles in Fig. 
10(b) clearly show a decrease towards the edges 
and a distinction between the differently processed 
edges. As a result, the TLS-cleaved edge through the 
emitter is not as affected by edge recombination as 
the mechanically cleaved edge. Further, the expected 
positive influence of an emitter window [35,39] due 
to the missing conductivity of minority carriers 
through the emitter to the edge is also observed. 

For the quantification of the edge recombination, 
data from 2D PL simulations using Quokka3 are 
fitted to the experimental PL data. For this, a lifetime 
calibration is performed [40] and subsequently a 
fit by varying the two free parameters Seff,edge and 

Figure 9. Potential difference at the p-n junction as a function of distance from the edge 
for different illumination intensities, with iVoc = 680mV, ρe + ρb = 180Ω/sq. and  
j02edge = 19nA/cm.

Figure 10. (a) Logarithmically scaled PL image at 0.02 suns, showing the three differently affected edges; (b) corresponding PL profiles averaged over the 
corresponding areas indicated by the coloured rectangles.

(a)  (b)
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j02,edge. A combined fit to six different illumination 
intensities (0.02 to 1 suns) allows the Seff,edge and j02,edge 
values to be distinguished. The best agreement 
between simulation and experiment for the TLS 
edge separated through the emitter is visible in Fig. 
11, while the best-fit parameters for the investigated 
edges are listed in Table 2.

A comparison of these results with the worst-case 
assumption for an unpassivated edge proposed by 
Dicker [41] and Fell et al. [37] (Seff,edge ≥ 106cm/s and 
j02,edge = 13 or 19nA/cm, respectively) indicates that 
the values obtained in the present study are smaller, 
suggesting that some kind of native passivation is 
present on the edges. In particular, j02,edge is similar 
to the values given in the study by Rühle et al. [39], 
who also reported 5nA/cm for a mechanically cleaved 
unpassivated edge.

The method presented here can be used for 
extracting detailed information about the edge 
recombination. Since the overall goal is to optimize 
silicon solar cell performance, the comparison of 
mechanical cleaving and TLS leads to the conclusion 
that the TLS process causes lower edge losses and is 
therefore a promising separation method for shingle 
cells. Furthermore, the method is not constrained by 
specific sample parameters and can be employed for 
different high-efficiency silicon solar cells as well as 
for edge-passivated wafers in order to obtain detailed 
information about the edge recombination.

Post-metallization Passivated Edge 
Technology (PET) 
Reports of some edge passivation approaches for 
reducing recombination at the edges can be found 
in previous studies. In one approach, for example, 
the formation of an emitter window by keeping 
the p-n junction a few hundred micrometres away 
from the separation edge reduces dangling bond 
recombination at the exposed space charge region 
[5,42]. Another approach is heavy doping of the 
entire separation path, creating an ‘edge surface 
field’, which induces the repulsion of carriers and 
reduces recombination at those intended regions [43]. 
Furthermore, a method proposing the generation of 
isolation trenches in the emitter also aims to reduce 
the flow of carriers towards the edges. An isolation 
trench can be realized by a laser ablation process, an 
additional wet-chemical etching and subsequent 
passivation of the trenches by, for example, thermally 
grown silicon oxide or polysilicon [44]. Although 
all these approaches lead to a reduction in edge 
recombination, the industrial feasibility is limited 
by the fact that the processes involved have to be 
performed at the front end, prior to metallization, and 
these processes can be numerous and perhaps costly. 

It has also been reported that native silicon dioxide 
grown on chemically treated edges reduces perimeter 
recombination detected mainly in low-illumination 
conditions [45,46]. Moreover, the passivation of 
the p-n junction and/or the base directly at the 
edge by means of dielectric layers with high charge 

density has also been studied as a possible method 
for edge passivation [47]. However, the removal of 
damaged silicon induced by the separation process 
is seen to be necessary in order for a high-quality 
oxide passivation to form on the edge, as reported in 
Altermatt et al. [48]. 

On the other hand, a post-metallization/separation 
edge passivation method seems to be challenging: for 
this, an industrially feasible, or potentially feasible, 
edge passivation process is essential. A technical 
challenge is the stability of the metal contacts, which 
can degrade in post-firing thermal processes, as 
shown in Kontermann [49] and Chan et al. [50]. 

PET, developed at Fraunhofer ISE, aims to combine 
TLS separation, resulting in edges with less damage, 
with a high-quality edge passivation, without 
harming the solar cell contacts. The pSPEER cell 
that has undergone PET processing (pSPEERPET) 
demonstrates an improved front-side designated area 
efficiency ηf = 22.1% and a total output power density 
pout = 23.5mW/cm2 (considering a rear-side irradiance 
Gr = 100W/m2). Further details of these pSPEERPET 
solar cells and the PET process can be found in 
Baliozian et al. [51].

Figure 11. Comparison of the experimental and simulated data of the TLS edge using the 
best fit, which is shown for all six illumination intensities for the TLS edge with  
j02,edge = 3nA/cm and Seff,edge = 10

5
cm/s.

Edges j02,edge [nA/cm] Seff,edge [cm/s]

TLS through emitter 3 10
5

TLS (dEW = 300µm) – 10
5

Mechanical cleaving through emitter 5 ≥10
6 

Table 2. Best-fit parameters for the three different unpassivated edge types.

“The TLS process causes lower edge losses and 
is therefore a promising separation method for 
shingle cells.”
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Interconnection
In contrast to conventional solar modules, shingled-
cell interconnection requires no ribbon or wire. 
Solar cells are interconnected directly within a small 
overlapping area, in a similar way to that of roof tiles. 
Such interconnection is realized in four steps: 

1. Application of the ECA
2. Placement of the cells by a pick and place process
3. Curing (optional)
4.  Lamination (with integrated curing)

The technologies for ECA application available 
at Fraunhofer ISE are dispensing, stencil printing 
and screen printing. On a lab scale, ECAs are either 

manually dispensed or applied using semiautomatic 
stencil and screen-printing processes. Additionally, 
a fully automated industrial-scale stringer (TT1800, 
developed in a joint cooperation with the stringer 
manufacturer teamtechnik) [52] is accessible for 
producing shingle strings of various lengths from 
cells of different sizes and geometries (see Fig. 12). 
Stencil and screen printing allow an arbitrary layout 
of the ECA in the joint and the optimization of ECA 
consumption. Furthermore, a robot-based pick and 
place process [53] allows the manufacturing of matrix 
shingle interconnection (discussed in more detail in 
the next section).

In contrast to soldering, ECAs interconnect the 
solar cells not by melting and solidifying but by a 
chemical cross-linking reaction, which is thermally 
activated; the reaction rate depends on temperature 
and typically starts at temperatures above 100°C. 
Curing durations can range from a few seconds 
to several minutes at temperatures of 150°C. This 
enables a combined lamination and curing process 
[54] as an alternative to an extra curing step before 
lay-up.

Since the key element in shingling is the joint 
between the solar cells, the module performance is 
highly dependent on the applied ECA; a thorough 
suitability assessment of ECAs is therefore crucial 
in order to ensure a reliable interconnection. A 
cure kinetics model based on differential scanning 
calorimetry (DSC) measurements has been developed 
[55] for specific optimizations of the temperature 
time profile in the stringing or lamination process to 
ensure a fully cured joint (see Fig. 13(a)). 

Non-destructive X-ray transmission imaging yields 
information about the geometry and homogeneity of 
the manufactured joint with respect to cavities, even 
through the glass in the final laminate (see Fig. 13(b)). 
Destructive imaging methods include the fabrication 
of module cross sections after accelerated ageing 
tests in accordance with IEC 61215 [56], while optical 
methods, such as light microscopy and scanning 
electron microscopy (SEM), can be used to identify 
failure mechanisms inside the joint.

To support these experimental findings, 
structural–mechanical finite-element simulations 
allow a deeper understanding to be gained of the 
underlying effects in the joint when subjected to, for 
example, cycling temperatures or mechanical loads. 
Here, the characterization of the ECA bulk material 
with respect to its mechanical behaviour is an 
important input for the simulations.

Dynamic mechanical analysis (DMA) is performed 
to measure and model the viscoelastic properties 
of ECAs [57]. Fig. 14(a) shows typical DMA data 
of one material system used at Fraunhofer ISE to 
interconnect shingle solar cells. This specific material 
shows distinctive viscoelasticity between 40 and 
120°C for frequencies ranging from 0.5 to 50Hz. Even 
though ECAs contain a high proportion of metal 
fillers to ensure electrical conductivity, the remaining 
organic binder matrix causes a viscoelastic behaviour. 

Figure 12. A string of shingled solar cells produced by the TT1800 stringer, ready for 
module integration.

Figure 13. (a) Cure kinetics calculation derived from DSC measurements for an ECA, 
showing the cross-linking degree as a function of curing time and temperature. (b) X-ray 
transmission analysis of a shingle joint between neighbouring pSPEER cells (top image 
shows raw data; bottom image is shaded and labelled for better visibility).

(a)  (b)

“The key element in shingling is the joint between 
the solar cells.”
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By shifting these discrete sets of data via the use of 
the principle of time–temperature superposition, 
a master curve can be constructed (see Fig. 14(b)); 
this curve describes the relaxation spectrum of the 
material at a reference temperature, usually chosen 
to be the glass transition temperature Tg. Several 
rheological models exist that approximate such 
mechanical properties with spring-damper systems. 
A Comsol Multiphysics software implementation 
to carry out finite-element method (FEM) studies is 
performed by a fit of the data with the Generalized 
Maxwell Model [58]; a smooth representation of 
the data is achieved with i = 20 Maxwell arms. On 
the basis of this material modelling, FEM studies 
of the strings of shingled solar cells subjected to 
(thermo)mechanical loads have been carried out and 
published in Klasen et al. [57].

Module technology and application 
areas
The integration of solar cells into PV modules 
changes their output power because of optical 
and electrical effects. Absorption in module layers, 
reflection at optical interfaces, or resistive losses in 
solar cell interconnection are typical loss channels 
within a PV module.

In addition, when inactive module areas (e.g. cell 
spacing) are added, the geometrical reference area 
is increased. As a result, not only the output power 
of a cell but also the efficiency of the device is 
altered [59,60]. The cell-to-module (CTM) analysis, a 
methodology introduced by Haedrich et al. in 2014 
[61], provides a versatile tool to assess these effects in 
module integration. Gains and losses are assigned to 
important module components (e.g. junction boxes, 
ribbons) and are shown as physical mechanisms, 
allowing the evaluation of module design and 
materials and the comparison of different module 
technologies.

The methodology provides a simple key figure to 
describe the success of module integration in terms 
of power or efficiency. The CTM ratio is the module 
power or efficiency divided by the initial cell power 
or efficiency; a ratio less than one represents a loss 
resulting from the integration of solar cells into the 
module, whereas a ratio greater than one indicates a 
gain.

Mittag et al. [62] have extended the CTM 
methodology to deal with shingled modules. 
All models are integrated into Fraunhofer ISE’s 
SmartCalc.CTM software – a flexible, precise 
and user-friendly calculation tool for analysing 
CTM ratios for different module technologies 
(https://www.cell-to-module.com). Case studies 
performed with SmartCalc.CTM show that shingling 
technology significantly increases CTMefficiency ratios 
compared with conventional modules because of 
the elimination of cell spacing and interconnector 
shading.

In 2018 Fraunhofer ISE reintroduced the ‘matrix 
shingle’ topology, patented by Schmidt and Rasch 

Figure 14. (a) Temperature-dependent stiffness of an ECA, measured at different 
excitation frequencies. (b) Corresponding master curve at Tg, derived from a shift of the 
data in the time domain and the use of the Generalized Maxwell Model to fit the data, 
with different numbers of Maxwell elements to achieve a smooth representation.

(a)  (b)

Figure 15. (a) Parallel string-based shingling topology, with string spacing. (b) Matrix-
shingling topology, without inactive areas.

(a)  (b)

Figure 16. Top view of a bifacial matrix-shingled module (60-cell equivalent, rear side).
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in the early 90s [63]. Matrix shingling is a further 
improvement to string-based shingling and 
features increased cell packing and power density. 
As in string-based shingling (see Fig. 15(a)), matrix 
shingling entails the interconnection of cell rows 
in series by overlapping the solar cells vertically. 
Additionally, the cell strips of the subsequent cell 
row are shifted horizontally, resulting in a topology 
similar to that of a brick wall (see Fig. 15(b)). This 
means that within a single row the solar cells are 
connected in parallel via the overlapping front and 
rear busbars of horizontally adjacent cells. Because of 
the resulting series–parallel connection scheme, an 
improved module performance under partial shading 
conditions is achieved [15]. At the Intersolar Europe 
exhibition in 2018, Fraunhofer ISE demonstrated for 
the first time (to the authors’ knowledge) a bifacial, 
matrix-shingled module in a 60-cell equivalent 
format (see Fig. 16).

To illustrate the potential of the matrix-shingling 
approach, a comparative CTM analysis was performed 
for a conventional string-shingled module and 
a matrix-shingled module. The matrix topology 

consists of 78 rows with six pSPEER solar cells in 
each row, while the string topology features six 
strings with 78 cells in each string. The cell power 
and the cell overlap are held constant for both 
topologies. The string design features a 2mm gap 
between neighbouring strings, whereas the matrix 
topology has no spacing. The module margins are 
kept the same; as a result, the matrix module can 
use a 1cm-smaller glass. Both modules incorporate a 
3.2mm-thick glass with an anti-reflection coating, a 
0.45mm-thick EVA encapsulant with a low UV cut-
off, and a white TPT backsheet. The characteristics of 
the cells used are listed in Table 3, while the module 
topologies are summarized in Table 4.

The module power of the matrix-shingled module 
is found to be slightly less than that of the string-
shingled design (–2Wp) because the gains from 
backsheet reflection in the string spacing areas 
are absent (compare k11 in Figs. 17 and 18). Since 
the matrix module is smaller and its cell packing 
is denser, the efficiency of the matrix topology 
is slightly increased in that design, with a power 
density improvement of 0.71W/m2 (+0.36%), as seen 
in Table 5.

The results of the CTM analysis show that 
matrix shingling is an effective approach for further 
increasing the module efficiency and power density 
of shingled modules. The benefit of the matrix 
approach becomes more relevant for bifacial modules 
with transparent back covers, when the reflection 

“The results of the CTM analysis show that matrix 
shingling is an effective approach for further 
increasing the module efficiency and power 
density of shingled modules.”
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gains from inactive spacing areas are not applicable. 
The limited space availability on cars, planes or 

other vehicles require new approaches for module 
design. Matrix shingling is particularly interesting 
in the case of VIPV, where a high power density 
and enhanced performance under partial shading 
conditions is essential. In addition, a pleasing optical 
appearance with invisible solar cells is desirable 
in VIPV. Matrix shingling delivers a very uniform 
optical appearance by virtue of the absence of cell 
interconnector ribbons and cell or string spacing.

Unfortunately, solar cells usually have a dark 
appearance and lack the special look that some 
products require in terms of bright and brilliant 
colours. Fraunhofer ISE’s bionic Morpho-Color® 
(a spectrally-selective photonic structure which 
replicates the same physical effect the morpho 
butterfly uses to achieve the brilliant optical 
appearance) fulfils that requirement and allows the 
customized design of PV modules with a wide choice 
of colours, but with a power loss of only –7%rel. [64].   
The combination of matrix shingling and Morpho-
Color enables virtually invisible PV integration. To 
demonstrate the potential of this approach, a 2D 
curved matrix-shingled module with Morpho-Color 
coating was manufactured, demonstrating new 
possibilities for VIPV (see  
Fig. 19).

The high power density, the improved shading 
tolerance and the excellent aesthetics make 
matrix shingling highly suitable for integrated PV 
applications, such as BIPV or VIPV, as illustrated in 
Fig. 20. In an environment where high efficiencies, 
an attractive optical appearance and an excellent 
shading tolerance are essential, matrix shingling 
offers a very attractive solution.

Summary
The revival of the shingling concept for solar cells 
comes with a clear advantage potential in terms of an 
increase in the output power density pout of modules. 
To achieve this goal, a number of challenges have 
to be tackled within the entire PV chain, from cell 
processing to module processing.

With an adaptation of the metallization layout 
and an advanced laser-assisted separation process, 
pSPEER solar cells can be fabricated in readiness 
for shingled-module integration. The laser-scribed 
and mechanically cleaved pSPEER solar cell yields 
a designated area front-side efficiency ηf = 21.4%, 
measured at STC. A total designated area output 
power density pout = 22.8mW/cm2 is achieved, when 
considering an additional rear-side irradiance  
Gr = 100W/m2.

The recombination in the edge region is better 
understood by means of an analytical model, verified 
by numerical Quokka3 simulations. In addition, a 
PL-based method offers further insight into edge 
recombination. The method shows that the thermal 
laser separation process (through the emitter) leads 
to enhanced results in comparison to the diamond-

cutter-scribed and mechanically cleaved edge 
separated through the emitter, quantified by the 
parameter j02,edge = 3nA/cm.

At Fraunhofer ISE, a post-metallization/
separation Passivated Edge Technology (PET) is 
under development, allowing higher cell efficiencies 
without compromising the stability of the metal 
contacts. A pSPEER cell processed with PET 
(pSPEERPET solar cell) has achieved a designated ηf = 
22.1% and pout = 23.5mW/cm2  
(considering an additional Gr = 100W/m2). The use of 
appropriate ECAs for the shingling interconnection, 
as well as a curing process, is necessary. The 
behaviour of the ECA material is seen to be 
viscoelastic.

The matrix-shingling topology demonstrates 
advantages with regard to superior aesthetics, thus 
making the approach attractive for integrated PV. A 
good example of the use of a matrix-shingled module 
is a vehicle-integrated roof module; the PV module 
is barely discernible, since the Morpho-Color glass 
surface integrates seamlessly into the car’s structural 
form.
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