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ARTICLE INFO ABSTRACT

Keywords: This work introduces a method for screening potential hotspots in monolithic interconnected thin-film silicon
Thin-film silicon solar cells modules using injection-dependent electroluminescence (EL) imaging. The fraction of dark area of the cell in
Hotspot endurance testing the low- and high-injection EL images, respectively, is used to extract the severity and localization information

Electroluminescence imaging

T . associated with a defect. For the first time, a factor, namely, severity-to-localization (SL), is introduced for each
Reliability of flexible solar panels

defect as the ratio of severity to localization. Further, defects are broadly classified as A, B, AB, and C modes.
Mode A and Mode B are severe, where the former is a distributed defect across the cell, and the latter is a
localized defect. In contrast, Mode C is a localized trivial defect. The severe defects that are neither entirely
distributed within the cell area nor localized are classified as Mode AB. The SL factor values associated with
A, B, AB, and C modes are ~1, >4, between 1 and 4, and ~1, respectively. Furthermore, the potential of four
modes of defects for hotspot formation is tested following the IEC61215 standard. The hotspot endurance test
results reveal that high SL factor defects, such as Mode B, always lead to hotspots, and low SL factor defects,
such as Mode A and C, do not produce distinguishable hotspots. Similarly, Mode AB with a higher SL formed
clear hotspots, and with a lower SL factor (<1.5) never formed hotspots. The proposed method applies to all
thin-film technologies with monolithic interconnects and is, therefore, expected to gain significant attention.

1. Introduction However, in addition to bulk defects, roll-to-roll processing and laser
scribing used for monolithic interconnection can introduce a large areal
In recent decades, photovoltaic (PV) technology has emerged as density of defects in thin-film PV panels [11,12]. A higher density of

the most suitable alternative to conventional fossil-based energy tech- shunts, cracks, and defects not only reduces the energy yield but also
nologies to reduce the carbon footprint for climate change mitigation imposes reliability issues such as hotspot failures in the field [13-18].
purposes. PV systems are projected to become the largest installed Hotspots are the hotter regions of a solar cell or a PV module.
renewable energy source worldwide, surpassing wind and hydro by A hotspot occurs when the short circuit current (Ig-) of a cell in

2030 with a cumulative installation of nearly 6 TW [1]. Integration of
PV panels to all possible sites, such as buildings (BIPV), vehicles (VIPV),
floating structures, corrugated surfaces, transportation hubs, etc., can
significantly accelerate efforts towards decarbonizing the energy in-
frastructure [2]. State-of-the-art crystalline silicon technology mostly
employs glass—backsheet encapsulation and glass—glass encapsulation,
respectively, for monofacial and bifacial designs [3-5]. The PV glass
used for encapsulation is very rigid and contributes to nearly 70%
of the module weight for monofacial design itself, which limits its
application in BIPV, VIPV, corrugated surface, and transportation hub-
related installations [6,7]. Roll-to-roll processed thin-film PV modules
with polymer encapsulation are ideal candidates for installation sites
where weight, rigidity, and glare from glass are a concern [8-10].

the string is lower than the module operating current due to partial
shading or soiling [19,20]. In such a case, the shaded cell is forced to
operate in reverse bias, and the excess power generated by other cells
is dissipated as heat across the shaded cell [21-23]. Moreover, with
the presence of shunt paths such as cell cracks, hotspot heating can be
localized and severe with temperature raising to 150°C for non-uniform
shading [13,16]. Prolonged hotspots in conventional crystalline silicon
modules lead to failure modes such as glass and cell breakage, soldering
degradation, and encapsulant discolouration [24,25]. Bypass diodes are
commonly used across the substrings of crystalline silicon panels to
reduce energy loss and prevent adverse effects of hotspots [26-28]. In
contrast, the extent and impact of hotspot heating in flexible thin-film
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modules can be severe, especially for monolithic interconnect designs
where the integration of bypass diodes is not possible. Several studies
reported that thin film panels in reference to crystalline silicon panels
performed better under shading and exhibited higher tolerance to
hotspots because of their cell arrangement and geometry [29-33]. How-
ever, defect-induced localized heating may still pose reliability risks,
such as the melting of polymer encapsulants. The IEC61215 testing
standard includes a separate procedure for hotspot endurance testing
(HSET) of series-connected thin amorphous silicon PV modules [34].
The procedure for HSET consists of two main steps: identification
of worst-case shading scenarios (WCSS) and prolonged light soaking.
WCSS refers to finding the combination of solar cells with the least I,
at shading. Subsequently, the worst performing combination of cells
is shaded, and the rest of the module is illuminated for a prolonged
time of 1 h at elevated temperature under short circuit conditions [34].
Conditions such as elevated temperature, short-circuiting the panel,
and shading of entire cells are included in the testing protocols to
account for extreme conditions that are unlikely in field operations. The
HSET pass or fail criteria are based on visual inspection for any new
defects, such as discolouration and burn marks [34]. Interestingly, the
IEC61215 testing procedures do not screen for defects. Also, to the best
of the authors’ knowledge, a detailed study on classifying the defects for
potential hotspots has not been reported yet, especially for monolithic
interconnected thin-film modules.

Current-voltage (I-V) tracing, infrared (IR) imaging, dark lock-
in thermography (DLIT), and electroluminescence (EL) imaging are
some of the commonly employed techniques to analyse the quality
of finished PV panels. Forward bias I-V tracing provides performance
parameter values such as open circuit voltage (V,), fill factor (FF),
Igc, shunt resistance (Rg,) and series resistance (Rg). Reverse I-V
sweeps can also provide information on the leakage currents and ohmic
behaviour of the shunts [35-37]. However, acquiring the I-V data
of each cell in a module is a cumbersome process, especially for
monolithic interconnected modules. In addition, the I-V tracing does
not provide spatial information. Although IR imaging is a simple, non-
invasive, and fast scanning technique used to identify damaged panels
and cells, especially for large-scale installations, it often produces poor
contrast images. It also does not provide information on the underly-
ing cause [38-41]. DLIT is a heat dissipation-based technique that is
used to generate shunt maps of both cells and modules with reverse
biasing [42-44]. However, application of DLIT can be invasive for
polymer encapsulated and monolithic interconnected thin-film PV due
to the localized heating effects induced by severe shunts. In contrast,
EL imaging is a non-destructive technique that provides high-resolution
spatial maps of defects [45-47]. EL imaging is applied in crystalline
silicon cells and modules to characterize a wide range of reliability
issues such as optical degradation [48,49], Rg-related problems [50,
51], and shunting problems [52,53]. The industry uses EL imaging
as a quality assurance technique for screening defects such as micro-
cracks in wafer-based solar cells. Limited literature is also available
on the application of EL images to characterize defects in monolithic
interconnected thin-film modules [54-59]. These studies suggest that
EL imaging is an effective and reliable method for identifying various
defects and degradations in PV modules.

This work presents a method for screening potential hotspots in
thin amorphous silicon modules. EL images captured for two current
injections are used to classify the defects in four different modes in
general. The classification is based on the severity and spatial distribu-
tion of information extracted from the high and low current injection
EL images. Subsequent HSET results reveal that severe and localized
defects can form strong hotpots while shading. We also demonstrate
that the extent of hotspot heating can be qualitatively predicted based
on a factor estimated from the luminescence patterns associated with
each mode of defects in the two injection EL images. This method can
be employed as a quality check for screening the defects responsible for
field failures in monolithic interconnected amorphous silicon modules.
The proposed technique is also expected to gain significant attraction
among different PV manufacturers, as it can be applied to any thin-film
technology.
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2. Experimental details
2.1. Injection dependent EL imaging

A schematic diagram of the EL set-up used in this study is shown in
Fig. 1(a). EL setup consists primarily of a programmable power supply,
a camera with appropriate filters, a PV module under investigation,
and a computer. The DC power supply used in this study is from
dataTech GmbH. Two current levels of standard testing conditions
(STC) Ig and 20% of STC I ¢, respectively, referred to as high and low
current injections, are used to generate spatial EL maps. The EL camera
assembly consists of a Nikon D7200 with a 28 mm f/1.8G lens and
an IR filter. The integration durations used to capture high- and low-
injection EL images were 2 min and 30 min, respectively. In addition,
the captured greyscale EL images were processed in Matlab for defect
classification and analysis.

The simplified electrical equivalent circuit of a PV cell (module)
during EL imaging inside a dark room is shown in Fig. 1(b). Here, V5,
and V), respectively, represent the voltage applied during EL imaging
and the voltage available to the characteristic diode of the PV cell.
Ry and Ry, respectively, represent the series and shunt resistances of
the cell. Similarly, I;, Ig,, and I, indicate the current injected into
the PV module, the current sink by Rg,, and the current available
to the characteristic diode component of the solar cell to generate
radiative signals. As indicated in Fig. 1(b), I, leads to EL emissions
due to band-to-band recombination and hence is also dependent on the
recombination characteristics of the diode [60]. The expression for EL
intensity (¢ ) can be written as [61];

14
¢pp =Ce'r (@9)]

where C and V, respectively, are the calibration constant and thermal
voltage across the diode. Depending on the type and the process from
which it originated, the presence of defects results in an increase in
diode saturation current density, or an increase in Ry, or a decrease
in Rg;,, which subsequently reduces ¢; [62]. Hence, recombination-
related, Rg-related defects (e.g., metallization issues such as finger
breaks) and shunt-related defects (e.g., cracks and laser scribing is-
sues) can be seen in EL images, especially for high-current injection
conditions [62-64].

When a low current of 20% STC I is injected into a PV module
with severe shunts, the shunt itself sinks a significant fraction of the
injected current, and only a small fraction of the current will be
available across the characteristic diode to generate radiative signals. In
contrast, the entire injected current will be available to the characteris-
tic diode in the case of cells with high R, values. Hence, low-injection
EL images provide good contrast in luminescence between shunted
and non-shunted cells, with the former appearing entirely dark or
significantly less luminescent. In addition, Rg-related defects are not
prominently visible in low-injection EL images due to only a negligible
difference in voltage across Ry and V. However, at high-injection,
irrespective of the large shunts, there will be sufficient current available
to the characteristic diode on the other parts of the solar cells to
produce radiative signals. Only regions close to shunts emerge as dark
in EL images, and non-shunted cells appear uniformly luminescent. This
suggests that high-injection EL imaging can provide insights into the
distribution and position of the defects. In addition, Rg-related and
recombination-related defects can also be distinguished from shunts,
as they are more prominently seen only in high-injection EL images.
In summary, it can be seen that the severity of the shunts can be
extracted from the low-injection EL imaging, and the distributed or
lumped nature of the shunts can be identified from the high-injection
EL imaging. Following this argument, a severity to localization (SL)
factor is introduced for the first time to screen the defects that can lead
to hotspot formation during shading. Although high- and low-injection
EL imaging is employed for the detection of defects such as microcracks
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(b) Equivalent circuit.

Fig. 1. Depicts the (a) schematic and (b) simplified equivalent circuit diagram of EL imaging of a PV module under dark conditions.

and UV-induced degradation, none have used the combination of high-
and low-injection EL images to classify defects based on both their lo-
cation and severity. The SL factor is defined based on the luminescence
pattern at low- and high-injection EL imaging as;

SL= Fraction of dark area of the cell at low injection EL image
" Fraction of dark area of the cell at high injection EL image

The value of the SL factor can be as low as 1 for distributed and
not-severe defects and as high as >10 for very localized and severe
defects.

2.2. Process flow

The process flow used in this work is shown in Fig. 2. The thin
amorphous silicon (a-Si) single junction PV modules used in this study
consist of 28 cells with an individual cell area of 30 cm X 1 cm. The
cells are laser-scribed, monolithic interconnected and exhibit divergent
EL signals. Since the study involves the characterization of defects, PV
modules that have divergent defects are intentionally chosen from a
large batch of modules, and these modules are used for experiments.
Initially, the PV modules were visually inspected thoroughly for any
defects, such as discolouration or burn marks. Subsequently, high-
and low-injection EL images were captured. The predictor defects
seen in the EL imaging are then broadly classified as four modes
based on the luminescence pattern observed in the high- and low-
injection. During HSET, the cell containing the defect and an adjacent
cell are shaded together using a custom-made opaque mask (that cover
two cells), and the modules were illuminated for an hour at 50°C at
short-circuit conditions, as recommended in the IEC61215 certification
norms. Throughout the HSET, the temperature of the stage in which
solar panels were mounted was regulated using chiller to avoid any
additional thermal stress. The IEC61215 testing standard endorses an
illumination intensity in the range of 1000 + 100 W m~2, while the
illumination intensity used in the study was 720 W m~2. The spectral
energy of the metal halide lamp used is mostly distributed over the
wavelength range of 400 nm to 750 nm, ideal for harvesting max-
imum Igc in thin-film PV technologies. In this regard, the full area
illumination (without shading any combination of solar cells) I¢. of
modules measured each time prior to the HSET was nearly 10% higher
than the STC I for all modules. Furthermore, after 60 min of HSET,
the hotter regions (hotspots) in the shaded area are captured through
an IR camera. The Fluke Ti32 infrared camera was used to capture
the thermal images without removing the opaque mask and ammeter
connection. The emissivity of the thermal camera was set to 70%.
Finally, the PV modules are visually inspected again for additional burn
marks or discolouration in reference to the initial visual inspection.

3. Results and discussion
3.1. Classification of defects

Based on the severity and location information extracted from the
low-injection and high-injection EL images, the defects are broadly
classified as Mode A, Mode B, Mode AB, and Mode C. The schematic
representations of the luminescence associated with each mode of
defects at low- and high-current injection are summarized in Table 1.
Except for Mode C, all three other modes of defects show low lumines-
cence across the entire solar cell area at low-injection. This implies that
these defects sink a significant fraction of the injected current and can
be classified as severe. However, in the case of Mode C defects, only a
small area near the defect location is seen as dark, suggesting that there
is still enough current available to the other regions of the solar cells to
generate radiative signals. Hence, this category (Mode C) of defects has
relatively mild shunting effects in reference to the other three modes.

In contrast to low-injection EL images, only Mode A defects exhibit
low luminescence throughout the entire cell area in high-injection EL
images. This indicates that Mode A is either a distributed defect that
spreads across the cell area or has multiple point defects within the cell.
The exact nature of the distribution and locations of Mode A defects are
hard to estimate from high-injection EL images because both uniformly
distributed and multiple severe point defects can lead to a uniformly
dark luminescence pattern across the entire cell area at high-injection.
Compared to a low-injection EL image, Mode B defects exhibit low
luminescence only in a localized region, and Mode C defects appear
similar in high-injection EL images. This suggests that Mode B and
Mode C defects are very localized as the injected current results in
luminescence across the cell area except at the neighbourhood region
of these defects. As the name indicates, Mode AB defects have the
characteristics of both Mode A and Mode B defects, where they are
neither very localized nor completely distributed in the cell area. For
instance, the localization associated with the cells can vary, as shown
in Table 1. The Mode AB defect present at cell 5 is much more localized
(has close characteristics of Mode B), and the Mode AB defect at cell 10
exhibits a distributed nature like Mode A defects. A localization factor
of 20% is used to distinguish between a Mode B and Mode AB defect
at high-injection. If a strong defect exhibits a low luminescence level
below 20% of the total cell area at high-injection, they are classified as
Mode B; otherwise, it belongs to Mode AB.

The SL factor associated with different defect modes is also listed
in Table 1. Mode B defects have the highest SL factor of >4 as they
are not only severe but also very locally distributed. The SL factor
estimated for some mode B defects was as high as >10. A higher SL
factor in Mode B implies that the defects are very localized. Irrespective
of the different characteristics in terms of severity and distribution, the
SL factor associated with Mode A and Mode C is nearly unity as they
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Fig. 2. Process steps used for the HSET of amorphous silicon PV modules.

exhibit similar luminescence patterns in both high- and low-injection
EL images. Mode AB defects have varied SL factors typically in the
range of 1 to 4, mainly due to the variation in luminescence pattern
seen in high-injection EL images. For the examples in Table 1, the mode
AB defect shown in cell 5 has an SL factor of nearly 3, whereas the
Mode AB at cell 10 has an SL factor close to 1.5. Mode AB defects with
SL factor >3 exhibit the close-range characteristics of a Mode B defect
whereas Mode AB defect with SL factor <1.5 has the characteristics of
Mode A defects. Importantly, the definition of the SL factor opens the
possibility of applying this classification method to modules of different
dimensions.

The low- and high-injection EL images of a representative thin-
film silicon PV module with different defect modes after processing in
MATLAB are shown in Fig. 3. The different modes discussed in Table
1 are also marked in these EL images. It can be seen that solar cells
containing Mode A (cell number 6), Mode AB (cell number 12), and
Mode B (cell number 14) show nearly no luminescence throughout the
cell area at low-injection (see Fig. 3(a)). Whereas in the high-injection
EL image (Fig. 3(b)), the cell containing Mode A shows very low
luminescence throughout the cell area, the defect in Mode AB results in
a dark spot for nearly 30% and Mode B exhibits a very localized dark
spot at the bottom of the cell. The Mode C defect in cell 28 shows a very
localized dark spot at the same region for high- and low-injection EL
images. Magnified high-injection EL images of Mode B and Mode AB,
and Mode C defects are shown in Fig. 3(c) and (d), respectively. The
estimated SL factor values for the defects of Mode A, Mode C, Mode
AB, and Mode B shown in Fig. 3 are 1, 1, 3.3, and 10, respectively.

3.2. Hotspot endurance testing results

The hotspot formation in solar cells with predictor defects is anal-
ysed by capturing IR images immediately after 60 min of HSET without

removing the shading mask and ammeter connections used to short-
circuit the PV panels. Representative IR images of PV modules without
and with a hotspot are shown in Fig. 4(a) and (b), respectively. The
opaque mask used for shading can be seen in both IR images. The
average recorded temperature of the module is around 60°C. More
importantly, in Fig. 4(b), a clear localized hotspot, highlighted by a
white circle can be identified with reference to the background at
the bottom of the shaded solar cells. Similar IR images are captured
for every PV module with a predictor defect shaded together with an
adjacent cell. In addition, after each round of HSET, the shaded area
of the PV modules is visually inspected for any additional burn marks
or discolouration. These IR images and visual inspection photographs
generate the predictor-to-hotspot-to-visual defect mapping shown in
Fig. 5.

Among the series of selected defective modules with divergent EL
signals, Mode B defect had the highest count of 20, while Mode A
had the lowest with only 4. Mode AB and Mode C defects were 10
and 13, respectively. Along with these predictor defects, 16 pairs of
solar cells without any of these predictor defects are also tested for
hotspots as a reference. As summarized in Table 2 and Fig. 5, shading
the cells without any predictor defects does not lead to hotspots in the
IR images, substantiating that defects are essential for the formation of
distinguishable hotspots. The shading of low SL factor defects, such as
Mode A and Mode C, also did not result in hotspots. It can be seen that
Mode A defects are beneficial against localized hotspot heating as they
evenly distribute the reverse current and heat across the cell area. Mode
C defects are classified as mild shunts on the basis of low-injection EL
imaging and do not produce strong localized hotspots because they
are not strong enough to sink significant currents. In contrast, HSET
of Mode B defects with the highest value of SL factor among other
modes always turned into clear hotspots in IR images. All the 20 Mode
B defects turned into a clearly distinguishable hotspot in the HSET and
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Table 1
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Summary of different modes of defects defined based on the luminescence at low-injection and high-injection EL imaging.

Mode Low-Injection High-injection SL factor Characteristics
Severe &
A ~1 .
123 456 7 8 9 10111213 14 123 456 7 8 9 101112 13 14 distributed
{ 20% lgc I { Isc I
+ - + -
Severe
B >4
123 456 7 8 9 10111213 14 12345 6 7 8 9 10111213 14 & local
{ 20% lgc | { Isc |
+ - + -
AB 1< SL <4 Severe, Neither local
12 IIIIIIII 112 43 14 12345 6 7 8 9 10111213 14 & nor distributed
{ 20% lgc I l [ I
+ - + -
C 1 Not severe
~Y
123456 7 8 9 10111213 14 1234 5 6 7 8 9 101112 13 14 & local
{ 20% lgc l ,Isc I
+ - + =

one of the hotspots formed from a Mode B defects has also resulted
in discolouration of the top polymer frontsheet, corresponding to a
failure following IEC61215 testing protocols. These results indicate that
defects that are severe and localized (have a high SL factor) are the
potential hotspots during shading. In contrast, Mode AB defects did not
show a direct correlation with hotspot formation, resulting in 60% of
conversion. Since the SL factor associated with Mode AB defects can
vary over a range between 1 to 4, they were further classified into
three groups. The first group of Mode AB defects has an SL factor of
<1.5, and both the Mode AB defects under this group did not result
in hotspot generation. In contrast, the group of Mode AB defects that
have SL factor >3 has always turned into a hotspot during shading.
This further confirms that strong localized defects are most likely to
form hotspots during shading.

Further, Fig. 6 represents the IR images after HSET of the PV module
shown in Fig. 3. Fig. 6(a), (b), (¢), and (d) correspond to the IR images

Table 2
Summary describing the total number of predictors tested, number of hotspots
formed and visual defects created due to hotspot heating for each modes of
defects.

Type No. of defects No. of hotspots No. of visual
tested formed defect formed

Mode A 4 0 0

Mode B 20 20 1

Mode C 13 0 0

Mode AB 10 6 0

No predictor 16 0 0

taken by shading cell 5 and 6 (cell 6 had a Mode A defect), 11 and 12
(cell 12 had a Mode AB defect at the bottom area), 14 and 15 (cell 14
had a Mode B defect at the bottom) and 27 and 28 (cell 28 had a Mode
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EL Count (a. u.)

Fig. 3. EL images of a representative thin-film a-Si PV module captured at (a) low-injection and (b) high-injection. The EL signatures of Mode A, Mode B, Mode
AB and Mode C defects at both low- and high-injection conditions are indicated using green, blue, yellow, and white boxes and arrows, respectively. (c) and (d)
are the magnified high-injection EL images depicting the signature of Mode B (inside blue box) and Mode AB (inside yellow box), and Mode C (white) defects,

respectively.

Fig. 4. IR images of thin film silicon PV module (a) without any hotspots and (b) with localized hotspots at the bottom of shaded cells. The width of shading
mask is indicated using blue arrow in both the IR images and the hotspot is highlighted by a white circle in Fig. 4(b).

C defect), respectively. In agreement with previous results, the Mode
A and Mode C defects did not lead to any distinguishable hotspots.
Notably, both Mode AB (SL factor of 3.3) and Mode B (SL factor of
10) have transformed into a notable hotspot at the locations where the
EL predictor defects were initially present. It should be noted that the
Mode AB defects, in this case, have resulted in a localized or pointed
hotspot irrespective of the defect exhibiting low luminescence, nearly
about 30% of the cell area. More importantly, the hotspot in Fig. 6(c)
is more severe than the one in Fig. 6(b), indicating that defects with
a higher SL factor result in stronger hotspots in reference to relatively
low SL factor defects. In the series of HSET conducted in this work, the
hotspots formed from a Mode B defect in a PV module were generally
more severe than those formed from a Mode AB defect. Also, the Mode

B defects that have resulted in visual defects had a SL factor close to 10.
These results confirm that injection-dependent EL imaging successfully
screens the defects responsible for hotspot formation in monolithic
interconnected PV panels, and the SL factor extracted from high- and
low-injection EL images is a clear indicator of the severity of hotspots
formed from the defect.

3.3. Outlook and broader application

This work presented a method for classifying defects to screen
potential hotspots in single-junction a-Si modules. However, the pro-
posed method can be applied to any other thin-film technologies, such
as cadmium telluride (CdTe), copper indium gallium selenide (CIGS),
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Fig. 5. Summary of HSET describing the predictor to hotspot to visual defect mapping. It is clearly seen that the higher SL factor defects, such as Mode B, always
form localized hotspots, and low SL defects, such as Mode A and Mode C, do not form any hotspot during shading.

Fig. 6. IR images of thin film silicon PV modules shaded for a combination of cells with (a) Mode A, (b) Mode AB, (c) Mode B, and (d) Mode C. Mode A and
Mode C defects do not turn to hotspots and Mode B and Mode AB defects formed hotspots.

organic (OPV), gallium arsenide (GaAs) and perovskites that employ formed from laser scribe issues or disparity in the rolling/ milling
monolithic interconnection for module production. This technique will processes.
be more handy for roll-to-roll produced PV panels as it can realize both The proposed method offers key advantages over the widely used

localized defects that are introduced from the nonuniformity in the DLIT-based approach. Firstly, unlike DLIT, injection-dependent EL
substrate and deposition processes, as well as the distributed defects imaging is a non-destructive technique, so the tested modules can
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be further utilized for field installations. Moreover, classifying shunts
based on severity using DLIT spatial maps is challenging due to the
poor contrast of thermal images and the opaque nature of DLIT signals
to certain encapsulant materials such as glass. Although the high-
injection EL identifies the defects that lead to distributed shunting
(Mode A defects and Mode AB defects with low SL factor), in-depth
information such as the shape and areal density of defects cannot be
accurately acquired by this method. A combination of DLIT and EL
imaging is essential to obtain complete insight into the characteristics
of the defect, such as its exact location and severity.

Although the defect definition and subsequent tests are performed
on 30-cm X 28-cm area test modules, the method can also be extended
to industrial PV modules of larger dimensions. However, the boundary
conditions used in this work for the classification of defects need to be
altered as per the cell size, as the luminescence pattern from defects
may not be the same as in the test modules. For instance, in the case of
long industrial PV modules, a cell may not exhibit poor luminescence
across its entire area in both high- and low-injection EL imaging. Clas-
sifying defects based on the SL factor would be a universal approach
for modules irrespective of their dimensions. In addition, the hotspot
effects can be more severe for PV modules containing large-area cells
and a higher number of interconnected cells, as they generate higher
currents in reference to small-area devices and induce higher reverse
bias across the cells during shading, respectively. Also, the probability
of having multiple defects in a single cell increases proportionally with
the increase in cell area. The presence of multiple defects, irrespective
of the higher SL factor, may also bypass the localized hotspot heating
effect, as these defects can evenly distribute the reverse current in the
cell. Hence, defect classification and hotspot formation can be complex
in the case of large-area roll-to-roll processed thin-film modules with
a large areal density of defects, and future work will be to test the
applicability of the proposed method and its boundary conditions on
large industrial thin-film PV modules.

4. Conclusion

This study presented a method for screening the hotspots in mono-
lithic interconnected thin-film silicon modules using EL images cap-
tured at low and high current injections. Firstly, the defects present
in the modules were broadly classified as four modes based on the
luminescence pattern obtained from EL images for an injected current
of STC I ¢ and 20% of STC I¢¢. In addition, the SL factor, defined as the
ratio of the fraction of the dark area of the cell at low-injection to the
fraction of the dark area of the cell at high-injection, is introduced for
the first time to screen the predictor defects that lead to hotspots during
shading. SL factor of >4 implies that the defect is strong and localized.
Defects that do not show severe shunting behaviour and defects that are
distributed have relatively low SL factor values, approximately around
1. Subsequently, the classified defects are tested for their endurance
to hotspot formation following the procedure discussed in IEC61215
testing norms. The HSET results suggest that defects with a high SL
factor transform into strong hotspots during shading, and defects with
a low SL factor of <1.5 never translate to distinguishable hotspots.
In addition, it was observed that the extent of hotspot heating was
directly correlated with the SL factor, i.e. higher SL factor defects
form stronger hotspots. This shows that the SL factor extracted from
injection-dependent EL imaging is a reliable predictor for detecting
hotspot defects. The proposed method is a simple, non-destructive tech-
nique that can be applied to any thin-film technology with monolithic
interconnection, and hence, is expected to gain significant attention, es-
pecially in industry settings for quality checks for roll-to-roll processed
PV modules.
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