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Abstract. In 2016 Passivated Emitter and Rear Cell (PERC) solar cells started to dominated the PV industry
as cell technology. Since 2023, the prices of Tunnel Oxide Passivated Contact (TOPCon) and Heterojunction
(HJT) solar cells have become lower, leading to a strong decline in PERC technology till today. TOPCon is now
(2025) the mainstream cell technology, while HJT and BC (Back Contact) cells are gaining market share. All
technologies feature different cell sizes and quantities, resulting in higher voltages, currents and different reverse
characteristics compared to PERC. One major challenge in integrating these new technologies into existing
module designs is understanding the reverse bias behavior of solar cells to avoid excessive overheating of partially
shaded cells. Evaluating this behavior is crucial for the durability and reliability of PV modules when fully /
partially shaded. In such scenarios, shaded cells operate as a load, altering current flow. If the voltage of the
series-connected cells exceeds the reverse breakdown voltage of a single cell, that cell can undergo electrical
breakdown in reverse bias, consuming energy produced by the other cells. Excessive heat generation due to
defects can lead to hot-spots, melting of encapsulants or solder, glass breakage, and even fires. Given the trend
toward larger cells (G12, M10) and higher cell quantities (more than 20) for increased module power, a
reevaluation of the breakdown behavior of solar cells is urgently needed. To properly understand the behavior of
new solar cell technologies in the market, all major architectures were evaluated. Mini-modules were
manufactured with the different cell architectures and characterized in forward and reverse bias. The cells/mini-
strings were measured at irradiance levels from 100 to 1300 W/ m? in the 1st quadrant all the way to reverse
breakdown in the 2nd quadrant. This was especially challenging for HJT and TOPCon cells as they have a
pronounced hysteresis effect in the 1st quadrant. However, neither TOPCon nor HJT shows an accountable
hysteresis in the reverse breakdown region. As both technologies are bifacial, the behavior is not significantly
different between front and rear side. Besides the higher breakdown voltages, —44 to —49V and around —30V for
TOPCon and HJT, respectively, their irradiance dependent reverse current increase is compared to PERC low
to very low. The results of TOPCon and HJT solar cells show a promising reverse breakdown behavior even with
strings with higher number of solar cells under full and potentially also under partial shading conditions.
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1 General introduction

In recent years, module efficiencies have significantly
increased and module interconnections have been substan-
tially further developed starting from the introduction of
3 busbar cells around 2010 to the today’s standard of 16 and
more wires [1]. Moreover, the module concepts changes
from 3 x 20, some times 3 x 24, cells in series to a serial/
parallel configuration in modern half-cut cell modules with
2 submodules in parallel with 3 strings containing 18 to
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26 cells leading to 108 to 156 cells in a PV-module. The
main module efficiency increase is related to the efficiency
improvements resulting from the introduction of new cell
concepts starting at AI-BSF to PERC on p-type silicon.
Today’s TOPCon, HJT, and Back-Contact (BC) concepts
are mainly based on n-type silicon [1].

These cell enhancements lead to quite different cell
IV-characteristics in reverse bias. Reverse bias typically
occurs if the full or parts of a solar cell are shaded, forcing
the cell into reverse bias and acting as an energy
“consumer”, not a producer. This leads to localized or
areal heat generation in the shaded solar cell. The type of
heat generation depends on the reverse current flow paths
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and localization. Different mechanisms are known and will
lead to different localized heat generation [2-13] processes
such as edge insulation (shunting along cell edge),
impurities and grain boundaries (can be everywhere in
the cell) and areal reverse breakdown of the pn-junction of
the solar cell. That also leads to the observation that multi-
crystalline solar cells are more prone to reverse breakdown
compared to mono-crystalline cells with the same funda-
mental cell architecture. The available power to generate
heat depends on the electrical circuitry of the PV-module,
reverse breakdown behavior of the (shaded) solar cell(s),
irradiance and will be briefly reviewed in sub Section 1.3.

The term reverse breakdown is used in here to define the
strong onset of current increase. As the experiments were
done it was intended to not damage the cells during testing.
However, if the pn-junction fully breaks down and high
currents flow permanent damage to the cell occurs. As
mentioned in the experimental section care was taken to
not permanently damage the cell.

1.1 Reference to standards

For type-approval testing of PV-modules a hot-spot test is
performed. The test procedure is described in MQT 09
(Module Quality Test) of IEC 61215-2 [14]. Different types
of reverse characteristics of cells are considered, together
with different module layouts. However, during the
development of the current hot-spot test (MQT 09) of
the IEC 61215-2s [14], findings were considered that date
back significantly to before 2021 [15-23]. Even in the latest
2021 edition, no significant changes were made to the hot-
spot test for crystalline modules, especially with regard to
the pass-fail and test duration criteria.

Higher output power of modules was not only achieved
by higher solar cell efficiencies. New module concepts were
also derived to increase output power per square-meter by
new interconnection techniques such as gapless with
standard cell interconnection or shingling approaches
[24]. Shingling can be done either as a linear configuration,
but also as a matrix concept. Their response of partial
shading highly dependence on the electrical cell circuitry
within the PV module [25-28]. At the time of the 2016
edition, there were already the first half-cell module
concepts on the market, which were generally conserva-
tively designed with 20 cells per bypass diode. PV-modules
for large power plant application have quite often up to 156
cells, resulting in 26 cells per bypass diode. Driving force is
mainly cost reduction and the rare occurrence of partial
shading is accepted which is compliant with the current
version of the hot-spot test and achieving type approval
and CE marking for the European market.

1.2 Relevance for new applications

For most large scale ground mounted systems the test is
sufficient for most cell and module concepts as it considers
partial shading as a fault-case scenario that only occurs
once. However, in the use-case of C&I (Commercial and
industrial), BaPV (Building attached PV) and BiPV

(Building integraded PV) application the trend is that the
partial shading is accepted in terms of partially reduced
energy yield and it is assumed that the durability of the
module against this repeated “faulty” shade scenario is
covered. Unfortunately, this is not the case and will be an
increased safety risk in the future, as such PV applications
are growing strongly worldwide [29]. Even if MQT 09 is
performed in the “extended” version, there is only slight
concern that something happens with the module since the
test duration is at maximum 5 h. Additionally to the partial
shading modules mounted close to a roof or a facade will
have generally higher operating temperatures. This is tried
to be partially covered for setting testing conditions by the
current version of IEC TS 63126 [30].

Assuming a shading scenario on a roof that occurs daily
throughout the year and tends to appear for 1h per day,
results in about 7000 h of extra localized heating in a typical
service live of 20 yr. A test protocol to cover parts of this
was proposed in [31] and is currently discussed in the IEC
TC 82 WG2 group as “severe hot-spot-Test”. It is
important to note that partial shading is not any more a
faulty situation, it is an accepted use-case scenario. Tests
from different groups [31-33] have shown that cells from
today’s modules can easily reach temperatures above
200°C, well above lamination temperature and also above
the melting point of the solders used.

1.3 Technical background of (partial) shading

The extent to which a shaded cell generates heat depends
on the operating point of the module and the operating
point of the shaded cell. This is schematically shown in
Figure 1. Maximum heating can be achieved, if all power of
the fully irradiated cells (n-1, where n-1 can be e. g. 17, 19,
23) can be used for (locally) heating the shaded cell.
Voltages and currents have to match. If the shaded cell’s
reverse breakdown voltage is too high (orange and green
curves), only a small fraction — if any — of the generated
power can be dissipated. Such configurations are “hot-
spot”-safe with the assumption of a fully shaded cell. For
partial shading the power will increase and cell tempera-
ture can and will increase compared to non-shaded cells.
A distinction must be made between local and extended
area-wide heating. Older cell generations, typically Al-BSF
(Aluminum back surface field), often exhibited local shunts
[10,22] caused by impurities (e.g., poor wafer material) or
manufacturing process variations [34-36] leading often to
very localized defects and result in very localized heating
spots (name: hot-spot!). Accordingly, cells were and are
sorted based on their power and there reverse blocking
characteristics, resulting in different module constructions
with a varying number of cells per bypass diode (12, 16, 20,
later 24 cells/bypass diode). The use of newer cell
architectures and mono-crystalline material lead to a
significant increase in reverse breakdown voltage for most
cell architectures leading to the newer phenomena of area-
wide heating. Here typically most heat is generated if a cell
is partly shaded. The still illuminated area shows highest
temperature when around half of the solar cell is shaded
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Fig. 1. Schematic PU curve for an unshaded string (n—1 cells, dotted line) on the right side and mirrored to the left (blue line). Red,
orange and green represent PU curves of three different cell types with different reverse breakdown behavior in dark condition. The
intersections represent points with maximum power transfer between unshaded power generating cells (n—1) and power dissipating

shaded cell.

[31,33]. Operation point of the partial shaded cell is in
reverse but irradiance dependence of the cell must be
considered — see next paragraphs.

Additionally cell-cutting processes can also have an
impact on cell’s reverse breakdown behavior [8]. However,
the development focus in modules primarily lies on
performance in forward/illuminated IV-characteristics,
and the properties important for shading scenarios in
reverse bias are often not specifically investigated.

Figure 1 assumes a fully shaded cell and n-1 cells acting
as power source. However, this scenario is very unlikely.
More likely are shading scenarios with 20-80% coverage of
a cell. This results in parts of the cell being illuminated,
whereas another part is operated in the dark and the full
cell is biased in reverse.

As shown by several groups [21,31,33,37,38] partially
shaded cells can heat up in the unshaded area to
temperatures significantly above 150°C, even above
200°C. Under these conditions the non-illuminated area
basically can be neglected for current transfer and reverse
bias heating as the generated current of the n-1 non-shaded
cells flows through the unshaded cell part. Different
irradiance level scenarios of typical PERC cells (see e.g.
Fig. 6b) with short circuit correction are illustrated in
Figure 2 for a fixed temperature. It must be noted that
reverse breakdown voltage is also temperature dependent
and typically decrease with increasing temperature and
making therefor heating more severe. Further work is
currently done on this topic to complement the work done
on older cells e.g. in References [5].

Modeling of reverse breakdown of cells is done for
decades [2,7,11,13] and is improved for better predicting
modulea€™s shading response. The relevance and
severity of impact of illumination on reverse breakdown
behavior was presented e.g. by Clement in 2021 [37]. This
paper builds up further data and understanding to this very
relevant topic.

New cell and module technologies come with larger
cells, higher open-circuit voltage and short-circuit current,
combined with a higher number of cells in series in utility
scale large size PV modules. This makes a revisit of reverse

breakdown as a function of cell technology and illumination
necessary. The reverse breakdown behavior analysis and
characterization can determine the quantity of cells and
evaluates the risk of hot-spots in the presence of partial
shading in dependence of the used cell architecture.

1.4 Approach

To better understand the impact of new cell concepts on
excessive heat generation under full or partial shading, five
cell types commonly used over the past 15 years were
investigated: Ala€‘BSF (Aluminium back surface field),
PERC (passivated emitter and rear cell), TOPCon (tunnel
oxide passivated contact), HJT (heterojunction), and (I)
BC ((interdigitated) backa€‘contact) cells. Based on the
number of serial interconnected solar cells a certain voltage
is available to drive a cell in reverse bias conditions. This
number of cells has changed from typical 20 cells per
bypass diode to quite often at least 24 cells per bypass
diode increasing available voltage and power for heat
generation.

The breakdown behavior of the cell is essential to the
resulting (local) heat generation in a shaded cell. Other
studies have shown, that the reverse characteristic of solar
cells is very different for each cell architectures, and
amount of illumination [37—41]. To optimize a module
design in terms of full and partial shading resistance and
long-term durability the properties of each cell type must
be known and considered for the electric circuit designs to
incorporate bypass diodes for module protection and to
improve energy yield.

Besides the knowledge of each cell type architecture
reverse breakdown behavior influencing factors such as cell
manufacturing deviations must be considered. That the
manufacturing process of the solar cell can have a
significant impact was e. g. shown in [35,36] for PERT
(PERC like structure) on n-type material and for PERC-
like structure on p-type material. In general, non optimal
process conditions lead to a significant decrease in reverse
breakdown characteristics or at least to a significant
increase in reverse leakage current.
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Fig. 2. Schematic PU curve for an unshaded string on the right side and mirrored to the left (to show crossing points). Colored from
Orange (same as “medium”in Fig. 1) of a dark PU to red a partially shaded cell with different shading ratios. The intersections represent
maximum power transfer between unshaded power generating cells and power dissipating shaded cell.

Additionally the “daily-use-case” scenario is currently
changing. While in the past PV modules were installed
mainly shade free due to there cost, today more and more
installations accept partial shading of the modules on a
daily basis. Therefore, the risk of having hot-spot heating
events and potential damage to the PV module is
significantly increased and is the worst case for the
building or infrastructure.

Irradiance, temperature and variations in cell process-
ing (size, manufacturing year) will be presented and
discussed herein with the focus on irradiance dependence.

2 Experimental setup

The aim of the study was to evaluate the [V-characteristics of
AL-BSF,PERC, TOPCon, HJT and IBC solar cells in reverse
and forward bias directions to evaluate the risk of hot-spot
and damages in new cell technologies and (re)define alimit on
the number of solar cells in a serial interconnected solar cell
string. Understanding the cell’s behavior under partial
illumination in reverse operation is most relevant for today’s
shading test and its relevance to real world operation.
The focus herein is on irradiance dependence. This is not the
only parameter to consider. Each cell technology also does
have a temperature dependence in reverse direction, similar
to the temperature coefficient in the 1lst-quadrant, often
lowering breakdown voltage [42].

To achieve this mini-modules for each cell technology
with single or multiple solar cells and different cell
architecture (Al-BSF, PERC, TOPCon, HJT and IBC)
were fabricated with various designs to mimic more closely
their normal use in full size PV modules. However, this does
not have an impact on reverse breakdown behavior only on
absolute current values. Contacts to the cells were made such
that 4-probe measurements can be done to reduce impact of
contacting resistance. The mini-modules are characterized
with a A+A+A+ HALM Flash tester, utilizing long-pulse
(up to 150ms) testing protocols, including multi-flash for
hysteresis reduction and wide voltage range measurements.
HALM’selectronicload can perform four-quadrant measure-
ments allowing to measure reverse and forward directions of
the solar cells in one IV-curve sweep.

TOPCon and HJT solar cells have shown significant
hysteresis behavior and a multi-Flash approach is needed
to measure such cells correctly. The IV-characteristics were
typically determined in an irradiance interval of 100 W /m?
starting at 100W/m? to 1300 W/m? at 25°C. The
irradiance levels were achieved while tuning the light
source intensity and for very low levels a neutral density
filter was utilized to keep the spectrum close to AM 1.5.

Electroluminescence images were taken for control
measurement to check for defects — prior and after reverse
biasing during the IV-curve sweeps. No damages were
found during the IV-curve collection of the data for this
paper.

TOPCon technology is the main stream cell architec-
ture of 2025. For implementation in current modules more
information was needed to be collected. Therefore, two
batches and several TOPCon cells were measured in detail
to also see any impact on cell manufacturing date / batch
on reverse bias behavior 3.3 including their bifaciality.

3 Results
3.1 AI-BSF cells

AL-BSF serves as a baseline as most module designs are
still based on experience with this technology, in particular
the conditions and criteria of the hot-spot test in IEC
61215-2 [14]. Al-BSF cells were often made from multi-
crystalline material and this material was typically more
sensitive to reverse bias induced localized heating due to
impurities and the influence of grain boundaries within the
wafer structure [8,10]. The sample used herein was from
multi-crystalline material with 3 busbars as shown in
Figure 3. The typical crystalline pattern is clearly visible in
the EL image. This cell type based on his partly worse
reverse characteristic, will be used as reference, since it
served also as base for the development of the current hot-
spot test.

Figure 4a shows the full set of taken IV-curves at 25 °C.
The setting was such that the full forward direction from
Isc and Voc could be measured accurately. Additionally the
reverse setting was set to the point where breakdown
occurs. During measurement of the IV-curves from dark to
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Fig. 3. Al-BSF multi-crystalline silicon solar cell with 3 busbar cell, manufactured around 2010, a) photo with 4-point contacts,
b) corresponding EL-image where the typical multi-crystalline structure can be seen.
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Fig. 4. a) IV-curves taken at 1300W/m? and from 1000W/m? to dark-IV in 100W/m? steps of AI-BSF multi-crystalline cell from
Figure 3. b) same IV-curves but always moved by Isc of correlated intensity. Reverse breakdown occurs at around —14V as expected for
that solar cell type. A slight irradiance dependence is visible at voltages lower than —5V.

1300 W/m? slight adjustments were needed in reverse
direction to fully measure the breakdown. For these
measurements the cells were not shaded at all. This
procedure was utilized throughout the paper for all
technologies.

To better illustrate the irradiance dependence from
each curve the current at Isc was subtracted. The curves
are displayed in Figure 4b. In the range from —5V to
breakdown (14 V) a slight additional increase in reverse
current is visible as function of irradiance, indicated by
the arrow.

3.2 PERC cells

Until about 2023 PERC technology was the main cell
architecture for solar cells. As production of that type of
cell started about 2012 there is basically a full decade of
manufactured products in the market. From this also a lot
of experience was gained, including the findings from
[31,33] that PERC cells can achieve significant high
temperatures while being partially shaded. Temperatures

of more than 200°C were reported which is higher than
lamination temperature and solder melting, rising concerns
about long-term reliability. Additionally, the transition
from full to half-cells was done during the PERC era.

To cover the transition from full to half cells and
the long history of PERC two cells were investigated. One
full 5 a)/b) and half 5 ¢)/d) cell with 5 and 9 busbars,
M3 and M6 format, respectively. As can be seen in the
EL-images no major observations with respect to VDE-
SPEC 90031 [43,44] can be seen. This is important to check
that the measured reverse breakdown is representative of
cell technology and not of defects such as dark spots or not
perfect edge insulation.

Figure 6 shows the IV-curves taken for the full cell and
Figure 7 for the half cell. The full cell is manufactured
around 2020, the half is around 2024 representing a further
development of the cell architecture through-out the years.

The fundamental IV-curve behavior did not change. As
the half cell is significant smaller the current itself is lower
(note the different scaling in the figures), however, the
current density increased slightly over the years.



6 B. Jaeckel et al.: EPJ Photovoltaics 17, 4 (2026)

Fig. 5. PERC mono-crystalline silicon solar cell with 5 busbars ((a), b), manufactured around 2020) M3 format, and 9 busbars (c), d),
manufactured around 2024) M6 format, a)/c) photo of cells with contacts, b)/d) corresponding EL-image showing no defects, except

some finger interruptions.
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Fig. 6. a) IV-curves taken at 1300W /m? and from 1100W /m? to dark-IV in 100W /m? steps of a 5 busbar PERC mono-crystalline full
cell from Figures 5a, 5b. b) same IV-curves but always moved by Isc of correlated intensity. Reverse breakdown occurs at around —22V
as expected for that solar cell type. A strong irradiance dependence is visible at voltages lower —5V compared to the one from Al-BSF in

Figure 4; note the different y-axis scaling.

Comparing the shape of Figures 6b and 7b no major
difference can be seen. The dark IV-curve seems to be a
little more “cornery” for the full cell and the half cell is more
“‘round”. The relative change or better the dependence on
irradiance between the two cell geometries is basically
identical.

In the range from —5 to breakdown (22-24V) a
strong additional reverse current is visible as function
of irradiance, indicated by the arrow. The newer half
cell has a little higher reverse breakdown (by 1-2V)
voltage.

3.3 TOPCon cells

TOPCon cell architecture entered the market around 2021
and is the main architecture today (2025) [1]. To cover the
development of the cell technology a more early cell from
late 2023 and from mid 2024 were measured. That such
cells can show modification in their behavior is e.g. visible
in there efficiency increase, but also in their sensitivity
towards UVID [45-48]. To cover this the two cells were
selected by year of manufacturing, unfortunately, their
UVID sensitivity is not known.
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—23V as expected for that solar cell type. A strong irradiance dependence is visible at voltages lower than —5V compared to the one

from Al-BSF in Figure 4; note the different y-axis scaling.

Fig. 8. TOPCon mono-crystalline silicon solar cell with 16 busbars manufactured in late 2023 with M10 format. a) photo of cells with
contacts, b) corresponding EL-image showing no defects, except some minor finger interruptions.

Additionally, TOPCon cells present two further aspects
to consider. First, they exhibit hysteresis in IV curve
measurements when the sweep is performed too quickly (in
the 10ms range). Second, they are bifacial. This raises two
questions: do the front and rear sides perform similarly, and
does hysteresis influence the results for reverse-bias behavior?

The cell used for the hysteresis investigation is seen in
Figure 8 where no major observation can be seen. On the
left lower side in the EL-Image (b) there is a little
contacting issue (darker gray), but this is a “surface” issue,
not a bulk issue that modifies reverse breakdown behavior.

Figure 9a shows the IV-curves taken from the front and
rear at 1000W/m? 200W/m? and in the dark (DIV) in
Isc—>Voc and Voc—>Isc direction. The difference between
front and rear side efficiency is as expected for this type of
bifacial cell. The hysteresis in the first quadrant is marked
in the image. Isc—>Voc shows a lower fill factor, and Voc—>
Isc a significant higher fill factor here >100%! This was
expected for the first quadrant. Although the PV relevant
first quadrant measurement shows a hysteresis effect, the
reverse bias side does not and the curves are overlaying
very well (see Fig. 9a). By subtracting Isc current (Fig. 9b)
only a slight difference is visible between front and rear side
and as function of irradiance (see next in more detail).
Based on these results the full irradiance reverse
breakdown IV-characterization of that cell type was done

only in Isc—>Voc direction and the lower fill factor is
tolerated as the power (1st quadrant) is not the focus of this
investigation.

Figure 10 shows the taken IV-curves from a late 2023
manufactured cell, Figure 11 those of the mid-2024 cell. For
better comparison the x-axis is the same. Both are M 10 half
cells with 16 busbars. It can be clearly seen that the reverse
breakdown voltage is higher for the mid-2024 cell.
However, compared to Al-BSF and PERC the reverse
breakdown voltage is significantly higher, where the late
2023 has around —44V and the mid 2024 —48V.

The irradiance dependence is very low. To see at least
some details the y-axis in Figures 10b and 11b are set to 2A
vs. the 7TA for PERC in Figure 7, noting that the short
circuit current of the TOPCon cell (6.4/6.8A) is higher
compared to the PERC cell (5.2A). Additionally the newer
cell has a more sharp breakdown point compared to the
older one.

That manufacturing processes can impact cell V-
characteristics is known e.g. from [35,36]. Figure 12 shows
the IV-curves of three different M10 cells. Cell #1 and #3
were from the same batch and from mid 2024, #2 from late
2023. The reverse breakdown voltage varies from about
—39V to —48V, which is quite a spread knowing that the
cells came from the same cell box having same power and
color sorting. Even that, the breakdown is still at a very
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required to measure to breakdown (appr. 85ms). There is no indication of a hysteresis effect at reverse breakdown as curves lay directly
over each other. b) Same IV-curves but always moved by Isc of correlated intensity. On the front side a low irradiance dependence is

visible at voltage above 20V.
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Fig. 10. a) IV-curves taken at 1300W /m? and from 1100W /m? to dark IV in 100W /m? steps of a 16 busbar TOPCon mono-crystalline
half-cut cell from Figure 8, manufactured late 2023. b) same IV-curves but always moved by Isc of correlated intensity. Reverse
breakdown occurs at around —44V significant higher compared to PERC and AI-BSF cells. There is almost no irradiance dependence
visible, and please note the different, zoomed in y-axis scaling compared to PERC/AI-BSF.

high reverse voltage for cell #3 and most likely causing not
an issue for hot-spots. It demonstrates the relevance of
good metrology in the cell production factory as other
effects may show another more severe impact on reverse
breakdown voltage.

3.4 HJT cells

HJT cells are around for about two decades. However,
never reached a significant market share. Recently, due to
the potential of high efficiencies they got more interest and
more manufacturers started production. Still the market
share is low, mainly due to cost of the cell itself.

For this study a M6 half cut HJT cell type with
9 busbars was used (see Fig. 13). The EL-image shows
some inhomogeneities that were a result of the sample
manufacturing process, mainly in forming a good electric
contact between ribbon and cell. Therefore the impact on
solar cell IV-characteristic is very low, except a minor
impact on serial contact resistance. It shows the expected
strong hysteresis effect for fast IV-curve sweeps. Therefore,
the reverse bias impact was also checked and no impact
was found, similar to the TOPCon cells. As the HJT are
also bifacial, front and rear side were separately checked.
Both sides show same behavior. Compared to the TOPCon
cells the bifaciality factor is, as expected, higher.
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Fig. 11. a) IV-curves taken at 1300W/m? and from 1100W /m? to dark IV in 100W /m? steps of a 16 busbar TOPCon mono-crystalline
half-cut cell from Figure 8, manufactured mid 2024. b) Same IV-curves but always moved by Isc of correlated intensity. Reverse
breakdown occurs at around —48V slightly higher as the late 2023 TOPCon. There is a slightly more irradiance dependence visible
compared to the late 2023 cell, resulting from a more sharp dark IV-curve breakdown point.
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Fig. 12. a) IV-curves taken at 1000W /m?, 200W /m? and dark IV for three different 16 busbar TOPCon G12 mono-crystalline half-cut
cell. Two (#1 and #3) are from mid 2024 and also used in Figure 11, and one from late 2023 (#2) from Figure 10. A shift from around
—48V to “only™39V is clearly visible, showing the influence of manufacturing process. The lower current for #2 is mainly a result of

different sample design with higher optical losses.

The measurement and the evaluation were done with the
same procedure as for TOPCon described above. The
results are shown in Figure 14.

From Figure 14 a reverse breakdown voltage of —30V
was determined with basically no irradiance dependence. y-
axis is same as for the TOPCon cells, the indicating arrow
has the same length, but as z-axis is slightly different it is
not fully same scaling, but still lower impact even
compared to TOPCon.

3.5 IBC cells

The last cell in this study is IBC cell architecture. The main
difference is that the contacts are both on the rear side,
making this cell type very homogeneous on the front side
and very interesting for aesthetically more pleasant PV
modules. In the last few years more manufactures offer rear
contacted cells with very high efficiencies. Their market
share, even still small, grows [1].
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Fig. 13. HJT mono-crystalline silicon solar cell with 9 busbars manufactured in late 2023. a) photo of cells with contacts,
b) corresponding EL-image showing some minor contacting issues between ribbons and cell.

- 1300 W/m? ———

\

\

1100 W/m? “
1000 W/m?

T %00W/m? —

-~

800 W/m? —

700 W/m?
600 W/m?
500 W/m?
—————— 400 W/m?
300 W/m?
200 W/m?
100 W/m?
o1 DIV
-30 -25 -20 -15 -10 -5 0

Current [A]

_—

| S —

1501

1.25¢

1300 W/m?

0.25{
DIV

0.001
1

Voltage [V]

Fig. 14. a) IV-curves taken at 1300W /m? and from 1100W /m? to dark IV in 100W /m? steps of a 9 busbar HJT monocrystalline half-
cut cell from Figures 13a, 13b. b) Same IV-curves but always moved by Isc of correlated intensity. Reverse-breakdown occurs at around
—30V as known for that solar cell type. There is basically no irradiance dependence visible. The arrow is same length compared to

Figures 10 and 11.

The cells in this study were 4 busbar R&D IBC cells.
The EL-image did not show any major critical observa-
tions. Here also only a string of 8 cells was available and
therefore the voltage was divided by number of cells to
make plots comparable. It has to be mentioned that this
measurement represents an average of the 8 cells, not a
single cell measurement. The IV-curve processing was
done the same way as for the other cells. The results are
shown in Figure 15. The curves are basically aligned on top
of each other. The little spread between —1 and —3V might
be a result from the serial interconnection of the cells. The
main difference compared to all other cells is that the

breakdown occurs at around —4.5V, ten times smaller than
TOPCon.

4 Discussion

The results from Section 3 are summarized in Table 1.
Considering only the reverse breakdown voltages and
assuming a fully shaded cell hot-spots are not likely to
occur. Table 2 gives the maximum power in Watt (rev.
break downvoltage * Isc) as reference and per cm? that can
be dissipated by a certain number of given cells. W/ cm? as

base for comparison was used that all cell sizes can be put in
one table as cells with M0, M3, M6 and M10 were used and
absolute temperature will depend on available power per
unit area. Thresholds were taken from the reverse
breakdown voltage and considering the voltage each cell
architecture can achieve in open circuit. Only for (multi-
crystalline) AI-BSF with more than 24 cells in a string hot-
spot heating can occur and agrees with the fact that such
modules were typically not manufactured.

PERC, TOPCon and HJT have higher open circuit
voltages compared to Al-BSF, but their reverse breakdown
is also higher (partly because of the use of mono-crystalline
material). Therefore, 24 cells for PERC and even 28 cells for
TOPCon and HJT should be feasible from the reverse
breakdown behavior under full shading. As full shading of a
cell is very unlikely the detailed partial shading behavior
must be studied to also cover other reliability impacting
factors.

As IBC cells break down at very low voltages, in any
configuration of more than 8 cells in series breakdown
occurs if a cell in a string goes into reverse biasing.
However, as breakdown voltage is very low, the available
power per cm? is very small, resulting in no significant
heating.
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Fig. 15. a) IV-curves taken at 1300W/m? and from 1100W /m? to

dark IV in 100W/ m? steps of a IBC mono crystalline half-cut cell

(voltage scaled by number of cells). b) Same IV-curves but always moved by Isc of correlated intensity. Reverse-breakdown occurs at
around —4.5V as known for that solar cell type. There is basically no irradiance dependence visible. The arrow is same length compared

to Figures 10, 11, and 14.

Table 1. Summary of parameters (size, Full cell (FC) vs Half cell (HC), and findings for the different cell architectures:
Al-BSF, PERC, TOPCon, HJT and IBC). Cell sizes in brackets are available and stated for completeness, but not

investigated. Irradiance dependence is qualitative measure.

# Cell type Typical size FC / Isc [A] Voc Rev. breakdown Trr.
HC [V] [V] dependence

1 Al-BSF MO FC 8.61 0.61 —14 Low

2 PERC M3 FC HC 9.11 0.67 —21 to —24 Strong
M6 5.20 0.67
(M10, G12)

3 TOPCon M10 HC 6.44 0.72 —44 to —49 (lowest —39) Low
(G12) 6.87 0.73

4 HIJT M6 HC 5.19 0.73 —30 Very low
(M10, G12)

5 IBC M3 HC 4.77 0.68 —4 to =5 Very low
(M6, M10,
G12)

However, fully shaded cells in a PV module are a more
rare occurrence. Partial shading is much more likely to occur.
To account for this two contributions are considered:
available charge carriers are set to the photo current of
the partial shading scenario (50% of cell areashaded as worst-
case; equals 50% Isc)) and an extra illumination enhanced
reverse current at a given irradiance level (here 1000W /m?).
The extra currents for TOPCon and HJT are basically
negligible, leading to basically no extra power for heating
power as stated in Tables 3 and 4. AsIBC break down at very
low voltages breakdown always occur independent if 10 or 26
cells are interconnected in series (constant numbers).

However, for PERC and a little for AI-BSF the extra
current for configurations of 20 or more cells per bypass
diode is significant. The currents were determined from the
graphs Figures 4,6,7 for each cell technology for 1000W/ m’

at the voltages for a given cell number can produce in open
circuit. The extra irradiance dependent currents are given
in Table 3.

From Table 3 the power for each configuration was
calculated. Power is calculated from the assumption of 50%
Isc plusan extra term from irradiance dependence (Tab. 3
Isc plus corresponding current form number of cells)
multiplied by the available open circuit voltage from a
particular number of cells in series. Cell size was considered
and specific heat dissipation in W/ cm? is given to make it
cell dimensions independent (see Tab. 1). It was assumed
that if breakdown occurs, the maximum voltage will be
reverse breakdown voltage and not open circuit voltage of
the string. This is why the numbers for 23 and 25 cells for
Al-BSF and all numbers for IBC are identical. Numbers in
W /em? are doubled as heating is assumed to occur only in
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Table 2. Maximum power for heating in [W] and per cm? [W/cm?| assuming a fully shaded cell, reverse breakdown
voltage and short circuit current as worse-case approximation. Corresponding cell sizes and parameters are given in

Table 1.

Number of cells 9 13 17
cell type

19 21 23 25

Al-BSF — — —
PERC — — —
PERC - — —
TOPCon — - -
HIT — — —
IBC 24 /0.17 24 / 0.17

24 /0.17

120 / 0.50 120 / 0.50

24 /017 24/017 24017 24 /0.17

Table 3. Isc current for 50% cell and extra current due to illumination in reverse for different cell configurations,
considering individual cell open circuit voltages. As irradiance dependence for TOPCon, HJT and IBC is low the current

values are very small.

W of cells Isc 9 13 17 19 21 23 25
cell type

AIBSF 4.30 0 0.15 0.4 0.6 1 1.4 1.8
PERC 4.55 0 0.3 1 1.6 2.1 3 4
PERC 2.60 0 0.15 0.45 0.6 0.8 1.05 1.5
TOPCon 3.22 0 0 0 0 0 0.05 0.1
HJT 2.59 0 0 0 0 0 0.05 0.1
IBC 2.38 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Table 4. Maximum power for heating in [W] and per cm® [W/cm?| assuming a 50% (shaded cell) current. The red
marked cells indicate full max power dissipation and limited by reverse breakdown voltage..

W of cels 9 13 17 19 21 23 25
cell type
AIBSF 24 /019 35/0.29 47 /0.38 53 /0.44 62/ 0.50

120 / 0.99 120 / 0.99
PERC 27 /022 41 /0.33 58 /0.46 68/ 0.55 79 /063 93 /0.75 110 / 0.88
PERC 16 /023 23/034 32,/047 37/054 42 /0.61 48 / 0.70 56 / 0.81
TOPCon 21 /025 30/0.36 39/048 44 /053 49/059 54 /0.65 59 / 0.71
HJT 17 /025 25/ 0.36 32/047 36/052 40/0.58 44 /0.64 48 / 0.70
IBC 24 /035 24 /0.35 24 / 0.35 24 / 0.35 24 /035 24/0.35 24 / 0.35

the non-shaded area. For the red marked configurations for
AL-BSF this is most likely incorrect as it is known that
shunting in such cells is often very localized e.g. due to bad
edge-passivation or shunts in multi ¢-Si cells [8,10,34].

The shading scenario around 50% was found to be a
worst-case for PERC [31,33]. The current model herein is
simplified and superimposes two currents. That does not
explain that low or high shading scenarios are not reaching
maximum temperatures while the local current density in
the non-shaded area is constant. The superposition must
also have a voltage-dependent term that drives more
current through the cell under partial shading as calculated
here. This was also observed experimentally. Temperature
and reverse bias drive more current through the cell
(see also [32], generating most of the heat at around
50% shading. More research is needed here to better
understand the process in detail.

5 Conclusions

In recent years crystalline solar cells developed significantly.
With the technology advances efficiency was increased but
also their IV-curve behavior was altered. In forward direction
all classical IV-curve parameters improved. Current and
voltages got higher, power increased together with the fill
factor. These improvements lead to higher voltages in cell
strings and also increase available power per unit area.
The results show for modern cells improved reverse
breakdown voltages leading to basically hot-spot free
modules under fully shaded cell conditions. Shades in real
world conditions are typically different and only cover
parts of a solar cell. A combination between active cell area
and reverse breakdown result in localized heating of solar
cells under partial shading. PERC technology shows the
strongest dependence of the reverse bias illumination
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current, leading to the most prone cell technology to show
significant heating under partial shading. For a deeper
understanding in the detailed mechanism on how and why
such cells show under partial shading temperatures above
150°C further research is needed as for simulation multiple
input parameters need to be considered such as shading
scenario, irradiance level, number of strings in the circuit
and heat transfer/generation from the unshaded solar cell
area. TOPCon solar cells show the highest reverse
breakdown voltage where breakdown occurs in the range
from —39 to —49V, having a very large range for
breakdown voltage pointing to changes in manufacturing
processes. HJT cells show a reverse breakdown voltage at
around —30V and PERC around —22V.

TOPCon and HJT cells are typically bifacial. Both show
hysteresis effects for standard IV-curves but no hysteresis in
the breakdown region. Front and rear side of the cells show
the same reverse breakdown behavior under illumination.

To conclude, hot-spot heating due to partial shading may
not be the biggest reliability issue to cause deterioration of
the encapsulation system (encapsulate, front- and back-
sheet) for TOPCon, HJT and IBC cell based PV modules
even with 24 or 26 cells per bypass diode as power for heating
is limited. For TOPCon and HJT the voltage from n—1 cells
is well below reverse breakdown voltage whereas IBC cells
break down at low voltages following a different “protection”
path. Cells got significant larger in recent years (M3—> G12)
and based on container dimensions the module size is now
relatively fixed, the number of cells per bypass diode may
decrease in the future considering current module design
which would lead to lower voltages. However, it is known
that these newer cell technologies themselves are more
temperature sensitive (e.g. due to the use of low-temperature
solder, special passivation layers) that even this extra heat
generation is sufficient to cause cell degradation or a faster
degradation of solder joints.

Shading will occur and partially shaded cells will have
increased temperature. This is a fact and can’t be fully
mitigated, but temperature can be further lowered by
decreasing the number of cells per bypass diode.

Another important topic for users is the loss of power
due to partial shading. Dependent on the module internal
circuitry and the PV system design, including IV-curve
tracing of the inverter, the loss in energy yield due partial
shading is higher with higher number of cells per bypass-
diode. To limit the losses, shorter cell strings and more
bypass diodes are more favorable.
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