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Abstract. Crystalline silicon solar cells were, are and will continue to dominate the Photovoltaic PV module
market. In the past decade, significant efforts have been made to better understand and characterize
observations using Electro-Luminescence (EL) to investigate the appearance of c-Si solar cells. While standards
have been developed, a clear definition of the nomenclature for observations in EL images is still missing. Within
the project PV-Riss, a group comprising manufacturers, advisory experts and research facilities worked on an
overview of various observations found in the literature (typically of Al-BSF and PERC cells). The individual
observations were categorized into four main categories, namely: 1) single cracks, 2) multi-cracks, 3) anomalies
in the electrical circuit and all others into 4) miscellaneous. Each category includes several subcategories to
include most relevant observations within EL images. These categories can be applied to all existing and new cell
types and are independent on the size (ranging from “old” 4” to new M/G12), shape (full, half, third, x-cut),
material (mono, multi), or cell technology (AlBSF, PERC, TOPCON, HJT, IBC, Perovskite on Si), as well as of
the PV module design (size, glass/backsheet, glass/glass, internal wiring of the electric circuit). Along with a
detailed description of observations in EL images, several important definitions are provided that are essential
for general understanding, nomenclature, and the mapping of observations to ensure clear and comprehensive
communication and reporting. Following the definition of most relevant observations, key observations will be
discussed within a classification proposal. This classification proposal aims to facilitate future discussions and to
assess EL observations, combining the risk of power loss that exceeds warranty with the probability of potential
electrical safety risk.

Keywords: Electro-Luminescence / silicon solar cells / cracks / degradation / classification
1 Introduction

Electroluminescence (EL) imaging, first introduced in 2006
by Fuyuki [1], is widely used in the PV industry, from end-
of-line, laboratory and even field testing. Setups vary
significantly, ranging from high-resolution laboratory
images (general setup still applies as in [1]) to images
captured using drones [2,3]. EL imaging is particularly
relevant for inspecting PV modules with crystalline wafer-
based Silicon (c-Si) cells, however, it can also be applied to
thin-film technologies. Herein the focus is only on c-Si, as it
accounts for over 90% of the PV market in terms of
installation and manufacturing capacity [4,5]. Various
stakeholders in the industry maintain different failure
catalogs [6–11]. However, a preliminary round robin
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hospitals. Furthermore, final conclusions and recommen-
dations often require more in-depth information, such as
results from flash-testing and IR thermography.

Generally, EL images can provide information for cell
cracks, the quality of electrical interconnections, the state
of degradation, and other manufacturing and operation
related anomalies. EL is typically used in manufacturing,
consulting work and in the laboratories to detect cell
cracks. However, in some cases, cracks can be detected and
visualized with the naked eye, particular in the case of
so-called snail tracks [13–15].

Cell cracks can occur at various points in the value
chain, including production, transportation, installation or
operation due to mechanical stress or high temperature
fluctuations. The severity assessment depends on crack
type and cell technology. The sensitivity of a PV module
design to cracking is tested in a standardized manner as
part of certification [16] or through additional tests such as
extended stress tests and transportation testing [17–22].
These standards identify anomalies but do not assess
potential long-term degradation and/or damage, nor do
they evaluate energy yield or system safety. While cell
cracks are often detected, they are rarely assessed reliably,
leading to disputes between the contracting parties. As
part of the normal maintenance of PV systems [23–25],
imaging methods (e.g. thermography [26] or electro-
luminescence [27,28]) are utilized to assess a PV module’s
health status. Although EL-images are documented, they
seldom lead to actionable conclusions.

In general system analyses, a typical procedure involves
the identification of anomalies, classification, evaluation
and prognosis. For PV modules, the identification of cell
cracks is sufficiently reliable, however, the quality of the
identification lacks consistency. There are approaches to
close this gap [29]. This paper will present a generalized
location mapping and nomenclature. The main results
serve as the foundation for the upcoming VDE-SPEC
90031 [30] and will be incorporated into the project teams
of IEC 62446-4 [27] and IEC 90904-13 [28].

The discussion will address the challenges for classifi-
cation. It is important to note that knowledge for
classification is typically based on long-term field exposure
and laboratory tests of Al-BSF and PERC cell architec-
tures [31–40]. Initial results for TOPCON and HJT [41–44]
suggest that certain stressors are more relevant for the next
generation of cells, while they are less critical for “older” cell
architectures.

The still leading scientific model for the evaluation of
cracks within solar cells is that of Koentges [31,32], which
calculates the maximum possible crack-related separation
and equates the area with the power loss. This model allows
for an estimation of the maximum expected effects for
power loss but must be confirmed in the laboratory in each
individual case. Studies on the repeatability of power
measurements reveal significant variance in the values for
cracked PV modules [40]. However, there is a degree of
subjectivity in the assessment, indicating a need for future
research work, particular regarding half-cell PV modules
and HJT/Topcon cell concepts. Furthermore, clarification
on the prognosis of potential power loss is needed as for
instance dynamic mechanical load [18,45] (ML) and
thermomechanical load [16] tend to cause minimal power
losses when considered alone [46], without post-test stress
tests like thermal cycling test. Only the combination of
mechanical load with temperature cycles demonstrates the
influence of mechanically induced cracks on the long-term
behavior [47–49]. Correlation with field data have also only
been investigated in individual cases [38,50,51]. Larger
datasets of degradation rates were compiled e.g. by
Koentges and Jordan and others [52–55]. While these
provide a valuable overview, they lack the details necessary
to link specific observation to a particular degradation rate.
There remains a significant gap in scientific understanding,
especially with the introduction of new PV module
technologies such as multi-busbar, cut cells or designs
without cell spacing. These newer concepts may exhibit
significantly different susceptibility to cracking, which has
not been considered in previous assessments.

The aim of this paper is not to address the newly
identified knowledge gaps. Instead, it primarily seeks to
establish standardized image evaluation and nomenclature
for existing EL images, fostering better correspondence in
future discussions.

Four main categories have been developed, and the
reasoning behind them will be provided herein. As an
outlook and starting point for future discussions and
development a preliminary classification table will be
presented.
2 Cell location nomenclature and required
terms

2.1 Nomenclature for cell position in PV Module

To ensure a standardized observation description, it is
essential to accurately name the exact position of the
observation. Therefore, a chessboard pattern is proposed
to clearly locate cells within various PV module types
(see Fig. 1), including half-cut, third cut and even shingled
PV module layouts (Fig. 1).

The PVmodule is typically imaged from the front using
EL. In older PV modules, the junction box and often the
nameplate are obvious locator features to align the images
to the top. The columns of cells are labeled starting with
“A” on the left, and the rows numbered, beginning with “1”
at the top. For half-cut cell PV modules, this may not
always apply. However, there are always unambiguous
elements, such as nameplate or serial number markings. In
a report, these unambiguous elements must be clearly
stated.
2.2 Terms

For a basic understanding, it is important to use defined
terms. In addition to a clear definition of the location of the
observation found in an EL image, several other termsmust
also be clearly defined.



Fig. 1. Location of observations within the PV Module.
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2.2.1 Crack: complete or incomplete

Generally speaking, a crack is a fracture within the
crystalline silicon wafer of the solar cell, following themajor
crystal orientations in mono-crystalline material or along
grain boundaries or through crystal grains in multi-
crystalline material. A crack is not necessarily separated
enough to be seen visually with the naked eye, however, a
cell separation that is visible to the naked eye is definitively
also identified as a crack.

For a more detailed understanding, two types of cracks
are defined: complete and incomplete cracks. The differen-
tiation is helpful for risk analysis on older PVmodule types
with a limited number of busbars (�6), as the risk for loss in
active area is higher. As long as the crack is not complete, it
can exhibit a relatively random future pattern, particular
in multi-crystalline Si-cells.

A crack is called complete if it starts AND ends at the
edge of the cell (see Sect. 3.1.1). In contrast, a crack is
termed incomplete if it ends randomly on the solar cell (see
Sect. 3.1.2). This definition was established as a uniform
nomenclature for EL observations. It is known that for
older cell types (AlBSF, 2/3Busbar designs), cracks often
also stopped effectively at the busbar and/or at solder
pads. However, for current technologies with significant
thinner wafers and metallization, the observation of cracks
stopping is rare and questionable.

2.2.2 Silicon solar cells wafers

Typically, c-Si cells are made from either mono-crystalline
or multi-crystalline ingots, cut to thin wafers. Their size
can vary from 4” to today’s M12 (210mm).

Mono-material: Single- or mono-crystalline Silicon
wafers exhibit an almost ideal crystallographic lattice
structure extending across the entire wafer. This type of
material is primarily used in today’s PV modules.
Multi-material: Multi- or poly-crystalline wafers con-
sist of numerous adjacent areas (or grains) separated by
grain boundaries. While the crystalline structure within is
like that of mono-crystalline, the lattice orientation varies
from one grain to another.

2.2.3 Observations

EL-images are used to identify various kinds of observa-
tions. In this context, the term “observation” encompasses
all identifiable features in an EL-image, including cell
cracks, wafer-related structures, cell manufacturing fea-
tures, and aspects related to PV module manufacturing, as
well as observations after use (outdoor and indoor
accelerated stress testing). Observations are not necessari-
ly defects or structures that inherently cause increased
degradation rates. Additionally, some of the observa-
tions require further characterization methods (such as
flash testing, IR-imaging, magnetic field imaging (MFI),
photoluminescence (PL)) to identify and describe defects
in more detail. For example, regarding cracks in solar
cells, it is crucial to determine whether a crack is
complete or incomplete to better assess its potential
impact on power loss and the risk of excess heating in
that specific solar cell.

3 Grouping of EL observations

The grouping of the observation into four major categories
aims to facilitate faster evaluation of EL-images and the
sorting of PV modules into certain classes. Training of
such, typically AI-based, evaluations classes can for
example be done using different open-source data bases
[56–63]. Combined with the clear nomenclature from this
contribution a more valuable evaluation of EL images can
be made.



Fig. 2. Single cracks in different cell: a) to e) multi crystalline silicon solar cell, f) in a multi-busbar mono crystalline silicon solar cell.
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A preliminary draft of a classification scheme is
presented in Section 4, it is discussed as a starting point
for future discussions rather than intended to be exhaus-
tive.

The observations are divided into four main groups: 1.
single crack, 2. multiple cracks, 3. anomalies in electrical
circuit, and 4. miscellaneous. Within each group, there are
further gradations or subgroupings of specific observations.
These four groups were developed based on the evaluation
of several failure catalogues available to the consortium
and years of daily work with numerous EL images from
different PV module designs and stages in their service life.
Initially, the focus was on observations in individual solar
cells and their potential impact in serial/parallel con-
nections in PV modules. Due to the rapid changes in cell
size and number of busbars in recent years, clear
conclusions for specific observations are challenging,
particularly as there is a lack of experience with long-
term outdoor exposure.

The first two groups deal with cracks of the crystalline
silicon wafer. The distinction between single crack and
multiple cracks is made for the purpose of simple risk-based
sorting based on potential power loss. This approach
emphasizes image processing rather than a physical
criterion. For the initial counting and pre-assessment, no
differentiation is made regarding the orientation, the
length, or position of the crack within the solar cell. A crack
parallel to a busbar will have different impact on potential
power loss compared to a perpendicular crack. The risk and
potential loss significantly depend on the number of
busbars; therefore, this aspect is excluded from the
discussion to maintain a uniformed nomenclature.

The third group deals with observations that are not
cracks but can still directly impact PV module’s perfor-
mance. It is important to note that the potential risk for
power loss or other effects, such as hot spots, varies
significantly within this group of observations. For
instance, finger interruptions caused by a defective cell
printing mesh may have little to no impact on power and
are considered within the nameplate of the PV module. In
contrast, missing or broken cell-to-cross connector joints
can lead to inhomogeneous current densities within the
solar cell, potentially accelerate aging (e.g. causing further
disconnection) of the other remaining cell-to-cross connec-
tor joints.

The last group collects all other observations frequently
found in PV modules. It should be acknowledged that this
collection is based on past cell architectures, as well as an
early generation of TOPCON cells, and does not claim to
fully encompass future cell technologies.

For minimum image quality requirements, the defi-
nitions from IEC 60904-13 [28] were utilized. The images
presented in this paper were captured using various
camera systems and lenses, and the imaging current was
near short circuit current (Isc) under standard test
conditions (STC).

3.1 Single crack

A single crack is defined as one crack within a single solar
cell. Two types are possible: complete and incomplete.

3.1.1 Complete crack in a silicon solar cell

A single crack within a single solar cell that is complete.
Possible root causes for this defect typically includehandling
of the cell andPVmodule ormechanical loads.The potential
power loss is generally low if onlya fewcells are impacted (see
Sect. 4). Examples are provided in Figure 2.
3.1.2 Incomplete crack in a silicon solar cell

A single incomplete crack within a single solar cell is
defined as one where at least one part of the crack ends
within the solar cell. Possible root causes for this defect are
the same as for complete cracks. While the potential power
loss is still low, it is more difficult to determine. Examples
are given in Figure 3.



Fig. 3. Incomplete single cracks indifferent cell: a) and b) multi-
crystalline silicon solar cell, c) and d) in a mono-crystalline silicon
solar cell.

Fig. 4. Examples for double cracks. That are either two
separated cracks (left) or two cracks that most likely have the
same origin (right).
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3.2 Multiple cracks

Multiple cracks are defined as the presence of at least two
cracks within a single solar cell, regardless of whether they
are complete or incomplete.

3.2.1 Double crack

A double crack within a single solar cell is defined as the
presence of two complete or incomplete cracks. The possible
root causes for this defect are the same as for single cracks.
The potential power loss is higher compared to single cracks.
Power loss and potential excess heating will be significantly
higher foroldercell technologieswithtwoor threebusbars. In
contrast, for multi-busbar cells (>6BB) the risk of cell area
separation is reduced. Examples are provided in Figure 4.

3.2.2 Multiple crack pattern

Multiple crack patterns within a single solar cell consist of
more than two complete or incomplete cracks. The possible
root causes for this defect are same as for single cracks,
however, typically stronger forces are required to cause this
kind of damage. The potential power loss is higher compared
to double cracks. Like double cracks, the power loss and
potential excess heating of the cell will be significantlyhigher
for older cell technologies with two or three busbars. For
multi-busbar cells (>6BB) the risk of cell area separation is
reduced. Examples are given in Figure 5.

3.2.3 Dendritic shaped crack structures (worst case
of 3.2.2)

This type of crack structure can also be considered as a
severe case of multiple crack patterns in terms of root
cause, potential power loss, and risk for excess heating.
These dendritic or branching crack pattern typically span
across the full cell (see Fig. 6) and exhibit a defined
orientation, initiated by a significant load causing cell
cracking. The severity (number of cracks) also depends on
wafer quality. The high number of tiny cracks and the
extensive overall crack area generally lead to significant
power loss, which may even be critical for multi-busbar
cells as these crack lines represent non-passivated edges of
the wafer/cell and can decrease shunt resistance.
3.2.4 Tiny X-V-shape cracks

X- or V-shape cracks are very short cracks (<30mm total
length) within the solar cell, typically not crossing a busbar
and not ending at edge of cell (see Fig. 7). These cracks often
originateat thebusbar, likelydue tomechanical forcesapplied
during soldering, or at the cell cut near the busbar. They
usually exhibit a 45° angle relative to the busbar, which is a
result of the crystal structure of the wafers.

In addition to soldering-induced X- or V-shape cracks,
such cracks can also be caused by sharp tools impacting the
solar cell even through the backsheet.

3.3 Anomalies in electrical circuit

Other important observations in EL images include defects
(localized and extensive areas), imperfections, and features
caused by the electric circuit of the solar cell or in the PV
module itself. Some of these originate from production and
are electrically stable, while others serve as warning signs
or require exposure to environmental stress to be visible.

The groups of single and multiple cracks can be
visualized through single cell images. However, some
observations can’t be accurately presented by such images.
Therefore, this section also includes full-PV module images
to better explain the observation in contrast to normal
operating cells. It should be noted that some observations,
such as those in Section 3.3.4 could be interpreted as a large
number of cracked cells with single and multiple cracks.
Conversely, the EL pattern for PID, LeTID and UVID
can’t be viewed as a kind of string of dark cell observation
from Section 3.3.3 as the root cause and their development
over time is entirely different.



Fig. 5. Multiple crack pattern of various severity and for different cell types: a)mono 2 busbar, b) multi 3 busbar, c) mono 5 busbar cell
and d) IBC cell.

Fig. 6. Dendritic shaped crack structures for a) mono 2 busbar, b) multi 3 busbar, c) mono 5 busbar and d) different severities for a
mono 16 busbar cell.
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3.3.1 Finger interruptions

Solar cell gridfinger interruptions appear inEL images as thin
darker lines, often exhibiting a dark-to-bright gradient that
variesby location.Typically, a fewof suchfinger interruptions
canbe foundper cell, often repeated inneighboringcellsdue to
the manufacturing process. These interruptions are usually
caused during cell manufacturing by defective printing mesh
or missing paste (see for example Fig. 8a).

These finger interruptions are taken into account
during cell sorting (power sorting, may lead to B-grade
for optical reasons) and PV module manufacturing
(power sorting, typically not visible by eye during final
visual/optical inspection, EL classification may result in
B-grade product). Future power loss is very unlikely to
arise from such cell printing finger interruptions.

Another cause for finger interruptions arises from
soldering. If there is a misalignment between ribbon and
busbar, there is a likelihood that the ribbon is “soldered”
onto the fingers and rather than to the busbar. This
misalignment can introduce additional stress, typically
during temperature changes, leading to further finger
interruptions that may not be detectable immediately after
PVmodule manufacturing, but may become apparent after
some time of use. These interruptions are illustrated in
Figure 8b and can cause significant power loss over time.



Fig. 7. Tiny V (a) and (b) or X (c) mono 3 busbar and (d) mono multi busbar shape cracks in various cell types and extensions of the
crack.
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3.3.2 Missing cell to cross-connector joint

In modern PV modules, the number of cell ribbons
connecting to the cross-connector has increased signifi-
cantly from 2-3 to over 16 for multi-busbar cells.
Additionally, the number generally doubles when tran-
sitioning from full cells to half cells. As a result, the
likelihood of misplacement, missing length or incorrect /
missing soldering has considerably increased.

Since the contrast in EL depends on current density, it
is often difficult to detect this kind of defect during
manufacturing using standard EL and flash testing. The
latter is unlikely to reveal this issue due to the high
redundancy built into multi-busbar concepts. For more
detailed analytics, magnetic field imaging (MFI) can
facilitate easier detection of these failures, even in a
manufacturing environment. Examples are provided in
Figure 9, including a sketch to illustrate the root cause.

In addition to manufacturing issues, this is a known
defect that can develop after a certain time of use.
Depending on the design of the ribbon and cross-connector,
as well as the soldering quality, the interconnections may
break due to thermomechanical stress and/or corrosion
during outdoor operation. Thermal cycling tests can be
employed to identify such defects, focusing solely on
thermomechanical factors.

3.3.3 Completely dark cells and strings

Randomly and very rarely, completely dark cells appear in
PV modules immediately after manufacturing, which
should not be confused with phenomena like PID that
require a certain external environmental stress to develop.
Examples are given in Figures 10a and 10b. The root cause
of this issue is a short-circuit caused by amisaligned (extra)
ribbon. Notably, in Figure 10b, the neighboring cells
exhibit significant current density inhomogeneities.
Depending on how the short-circuit was generated, there
is a high risk of excess heating, and the overall power of
such a PV module is significantly reduced compared to
other PV modules manufactured in the same batch.

Completely dark strings (where all cells in a substring of
a PV module appear totally dark) can be observed at
different stages during operation. In most cases the root
cause is a shorted bypass diode, leading to a significant
reduction in the power output of this particular PV
module. For most PV module designs, one-third of the PV
module’s power output is effectively “lost” (see Fig. 10c).
3.3.4 Severe mechanical loads

Like in the previous subsection, this kind of observation is
not visible immediately after PV module production. It
requires a specific mechanical stress to occur. The severity
of the issue significantly depends on the PV module’s
construction and the type of applied load, making it
challenging to predict a power loss accurately. Typically,
this observation can be seen as an accumulation of
numerous cracked cells, combining all types from
Sections 3.1 and 3.2, often leading to inhomogeneous
rerouting of currents within the PV module, including
interactions with the bypass diodes.

Figure 11 provides examples of three different applied
loads for glass-backsheet constructions. Figure 11a shows
an EL image after mechanical load test, representing
severe snow loading. The power loss attributed to this
image is still moderate, however, further environmental
stress, such as day-night temperature cycle or cyclic loads
from continuous wind gusts, is likely to exacerbate power
loss. Figure 11b is a typical image after hail impact,
showing a limited loss of output power. The same



Fig. 8. Example images of finger interruptions: a) typically caused during cell metallization printing, b) interruptions at busbar
possibly caused by misaligned ribbons on cell during soldering.

Fig. 9. Examples of missing (or broken) solder bonds to cross-connector.

8 B. Jaeckel et al.: EPJ Photovoltaics 15, 44 (2024)
reasoning (for mechanical load) regarding potential for
increased power loss applies here as well. Figure 11c
depicts a PV module with glass breakage resulting from
an impact load test. While there is a significant power
loss, this PV module also represents an electrical safety
risk due to the glass breakage and must be replaced
regardless.
3.3.5 PID, LeTID, UVID

This type of observation will not occur for newly built PV
modules, it requires specific environmental stress
to manifest. In EL imaging, PID (Potential induced degrada-
tion), LeTID (Light and elevated temperature induced
degradation) and UVID (UV-induced degradation) exhibit



Fig. 10. Completely dark cells within the electric circuitry. a) and b): shorted individual cells within a string, c): shorted bypass diode
that reduced PV module output to 2/3.

Fig. 11. Example images of a) severe homogeneous applied static load, b) Point-like loads caused by impact such as larger hail,
c) severe impact with glass breakage.
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very similar pattern (see Fig. 12), albeit with significant
different power losses. Individual cells show a (very) homoge-
neous darkening, ranging from light to fully dark cells.

The different mechanisms are associated with varying
different power loss and subsequently distinct root causes.
PID is well known to cause significant power losses in
AlBSF-type PV modules, while LeTID is associated with
PERC cells, typically resulting in a few percent of power
loss. UVID, a relatively new failure mode, is linked to
TOPCON-based PV modules and can lead to power losses
exceeding those of LeTID.

3.3.6 Pattern caused by moisture ingress

Similar to the previous subsection, this type of observation
does not occur in new PV modules. It requires either
extended damp-heat testing or long-term exposure of PV
module in a verywarm and humid installation environment.
Example imagesfor individualcellsareprovidedinFigure13,
where typically all cells in a PV module exhibit a similar
pattern. There is generally no significant loss in open circuit
voltage nor short circuit current, however, substantial fill
factor losses are observed, leading to power reductions of
more than 50%. The example image from outdoor exposure
showed approximately 15% loss in output power.
3.4 Miscellaneous

The final section of found observations includes other
common problems encountered in PV modules. Most of
these are primarily “cosmetic” and do not impair the
reliability of the PV modules. However, some may have
implications for newer cell technologies.



Fig. 12. Example images of a) PID from an AlBSF PV module, b) LeTID from an PERC cell PV module and c) UVID from a
TOPCON-cell PV module.

Fig. 13. Moisture induced darkening pattern: a) and b) after extended damp-heat testing, c) after ∼10 years in the field.
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3.4.1 Dark spots

Dark spots are tiny dark areas (in the mm-range), typically
circular in shape, found within the solar cell (see Fig. 14).
The observable dimension may vary depending on the
current injection used for capturing the EL image
(Fig. 14d). As dark spots are primarily caused during
the ingoting, wafering and cell production, their impact
(e.g. in terms of shunting and causing hot-spots) is
generally low. Significant losses in local cell efficiency
would have been detected during cell testing and sorting.
However, low-grade or low-quality PV modules may
contain a substantial number of dark spots, potentially
leading to findings such as poor low light performance.

3.4.2 Wafer related structure

This type of observation summarizes reoccurring observa-
tions from ingot production that manifest as consistent
structures in neighboring wafers. For mono-crystalline cells
this observation appears as circular dark/bright rings
within the solar cell (see Fig. 15a). Such pattern can’t occur
in multi-c-Si material, as they require a predefined ingot
pulling direction and heating zones, leading to variations in
contaminations within the wafer. In multi-c-Si material
darker grayish areas may appear along one or two cell edges
(see Fig. 15b). For AlBSF and PERC cells, there is no
known impact on long term stability. However, this may
differ for next-gen cells such as TOPCON or HJT,
depending on the degradation mode.
3.4.3 Belts structures

Belt-like patterns, typically spanning the full cell with
varying visibility (see Fig. 16), are generally not known to
have an impact on long term stability. These patterns are
caused by non-optimal firing process during cell
manufacturing, and any associated performance losses
are considered during cell sorting. Since the root cause lies
within the firing process (higher temperatures >200 °C),
this type of observation is typically stable during use, even
in high temperature climates.
3.4.4 Solar Cell “artefacts”

This type of observation encompasses various features visible
in EL imaging that originated from solar cell manufacturing.
These features are characterized by different shaped, often
reoccurring darker and brighter areas within the solar cells.
Some examples are given in Figure 17. Due to the known root
cause, the impactonlongtermstability isconsideredtobe low.



Fig. 14. Dark spots on different cell formats and cell cuts (a) to d)). d) is a third cut cell exemplarily shown with Isc-current (top) and
10% Isc current (bottom).

Fig. 15. a) Rings in themono crystalline wafer, b) darker regions inmulti-crystalline wafers (cells) caused by position of wafer in brick.
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However, features like those in Figure 17c may have
greater impact on future cell technologies, such as tandem
cells, due to the potential interaction between top and
bottom cell. Once such cells enter the mass market, a more
accurate assessment can be made.
3.4.5 Grayish and darker areas

Grayish and darker areas can occasionally be observed on
some solar cells (see Fig. 18). These areas often vary in
shape, size and brightness in EL images. They may be
caused by different stages during cell manufacturing, such
as edge passivation. Significant edge passivation issues
can lead to potential hot-spot risks, as well as reduced
solar cell efficiencies and poor low-light behavior perfor-
mance. Consequently, their occurrence is relatively rare
today. The impact on next generation cells is currently
unknown and requires further research.
3.4.6 Scratches

The last category of observations includes scratches. These
appear as artificial looking pattern with various shapes,
randomly orientated across the cell, different in size and
brightness. Some examples are given in Figure 19.
Scratches can be induced at different stages during cell



Fig. 16. Belt-like pattern, typically across the full cell.

Fig. 17. Different, often reoccurring, shaped darker/brighter
areas within the solar cells. a) and b) typically caused by the cell
holder during e.g. ARC deposition, c) suction cups from cell
handling and d) printing issue on rear side of solar cell (here
AlBSF cell).

Fig. 18. Grayish and darker areas of the cell, differently shaped,
different in size and brightness occurring in Mono and multi-
crystalline Si cells.

Fig. 19. Different kinds of scratches on c-Si solar cells.
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and PVmodule manufacturing through the use of handling
tools. If no cell cracking occurs during the scratching, the
structure is likely stable in terms of performance. However,
if the front or rear side passivation is damaged, the overall
performance of the affected cell will be lower, resulting in a
performance loss for the entire PV module.
4 Classification

Electro-luminescence imaging is a valuable tool for
assessing the general quality of PV modules. However,
classifications are primarily based on company standards,
such as those used for end-of-line quality control or defined
in contracts between manufacturer and buyer.

In Section 3 various observations were defined,
exemplified, and briefly discussed regarding their root
causes and potential impacts on output power of the PV
module. It is important to note that while EL can
qualitatively support statements about power loss, it
cannot quantify them. Numerous typically unknown
influencing factors exist, such as cell technology, mechani-
cal design of the PV module, and the encapsulation system
in general. Additionally, the imaging process itself must be
considered. Factors such as the setup (camera, lenses,
optical filters) and injection currents (e.g near Isc or 10%
Isc) will affect the visibility of observations and, conse-
quently, the conclusions drawn.



Table 1. Classification proposal for selected observations; ditto always refer to the “after manufacturing” numbers.

Type of EL anomaly After manufacturing: end
of line inspection

After
installation

In the field After severe
weather events

Single complete
crack (Sect. 3.1.1)

�6BB: max. 5
>6BB: max. 5

Ditto +1 per 5 years +5

Single incomplete
crack (Sect. 3.1.2)

�6BB: max. 1
>6BB: max. 5

Ditto +1 per 5 years +5

Dendritic crack
structures (Sect. 3.2.3)

�6BB: not allowed
>6BB: not allows

Ditto Ditto 1 per PV module,
follow-up inspection
required

Tiny X-V cracks (Sect. 3.2.4) �6BB: max. 1
>6BB: max. 2

Ditto +1 per 5 years +5

Finger interruptions
per image type a) (Sect. 3.3.1)

Single finger interruptions:
�6BB: max. 20 per cell
>6BB: max. 30 per cell

Ditto Ditto Ditto

Finger interruptions
per image type b) (Sect. 3.3.1)

Multiple interruptions at BB
�6BB: not allowed
>6BB: max. 1 per cell
and 5 per 100 cells

Ditto +1 per 5 years Ditto

Complete dark cells (Sect. 3.3.3) �6BB: not allowed
>6BB: not allowed

Ditto Replace PV module Replace PV module
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For general quality investigations, such as assessing cell
handlingorcheckingafter strongstorms,snowevents,orhail,
EL can be a valuable tool to initiate further investigations.
Additionally, impacts related to system voltages (see
Sect. 3.3.5) or significant moisture ingress can be
indirectly observed as cell finger corrosion (see Sect. 3.3.6)
leads to modifications in local cell surface resistance.

To establish an acceptable classification, several
questions must be addressed, and a severity/ priority
must be defined. The first consideration is whether the
damage is critical enough to directly pose an electrical
safety issue and/or harm individuals. The second consid-
eration is the potential future development of the
observation. Will there soon be an electrical safety concern
or is there a risk of power loss that does not meet the
manufacturer’s performance guarantees. Follow-up inspec-
tions may be required, and reclassification might be
necessary after a certain period, typically 1 year for larger
electrical systems [23–25], though this also depends on local
regulations grid codes.

One of the next crucial questions is to determine
whether the issue is an isolated case or a systematic fault
that may necessitate the full replacement of all PVmodules
within the entire system.

The following paragraphs will discuss a few common
observations. The classification will be divided based on
different points in time when the EL imaging was
conducted: after manufacturing (end-of-line inspection),
after shipment, after installation and during operation.
Additionally, recommendations will be provided following
severe weather events, such as extreme snow events,
hailstorms, or floods.

A possible number of observations will be provided,
“normalized” to a PV module of 100 cells, unless otherwise
stated. There will be no If-then-linkage between the
observations, meaning that if two observations are permis-
sible, the stated number for each observation can occur
independently. Furthermore, a distinction will be made
between cells with �6 busbars (BB) and those with more
than 6BB. The Threshold 6BB was chosen as it represents a
sort of industry chosen barrier. Solar cells with �6 BB
typically exist alongside those with ≥9 BB. For cells with
≥9BB the potential power loss is significantly reduced due to
the redundancy of the electrical cell connections. The
proposed numbers are derived from existing failure cata-
logues from manufactures, testing laboratories, and con-
sultants, reflecting a baseline understanding of minimum
quality levels.

The end-of-line criteria primarily aim to enhance
manufacturing quality through proper handling of cell and
PV module. These criteria do not yet serve as performance
benchmarks. Similarly, an EL inspection after shipping can
be conducted in the samemanner. Transportation boxes are
designed to ensure safe transport, and thus the number of
observations allowed should remain unchanged.

Upon arrival on site, the installer assumes responsibility
for proper handling of the PV modules, including staff
training.Consequently, the liability for an increasednumber
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of observations largely falls on the installer. Poor handling or
installation practices can’t be attributed to the PV module
manufacturer.However, there is a possibility that additional
cracks or other observations may occur during the installa-
tionprocess.LargeandheavyPVmodulescanbechallenging
tohandle, increasingthe likelihoodofdamage.Modernglass/
glass PV modules typically exhibit glass breakage rather
than cell breakage. The column “after installation” is
intended to address this, as it represents the next potential
handover (installer to operator). Due to the lack of detailed
information for discussion purposes, the number of obser-
vations allowed is maintained at the same level as after
shipping.

After installation, the longest period begins: opera-
tion. During this phase, many factors can impact the
performance of the PV modules, and effects of climate
must be considered. General guidance on climate impact
can be derived from the photovoltaic modified climate
classification of Koeppen-Geiger [64,65] and proper
mission profiling [66] during the planning phase of the
PV power plant.

Table 1 summarizes the different periods and presents
initial numbers for allowed observation. The numbers after
manufacturing are based on best practices, while the others
are not yet documented and should serve as a preliminary
guide and starting point for clearer statements along the
value chain. Follow-up discussion, including ongoing
research on power loss as function of number of busbars
[67] and cell technology, are expected to provide further
insights and more solid arguments for reasonable limits on
permissible observations.

The criteria stated in Table 1 were selected to suggest
when the module should be identified as having inferior
quality at the time of manufacture or to be identified as
having higher risk of failure if the observation is made after
certain use. It may further serve as a basis for delivery
contracts between manufacturer and EPC where EL
imaging is used as additional quality assurance tool. The
specific tolerances can be changed depending on the
number of cells and cell technology.
5 Summary

Electro-luminescence provides a powerful tool to investi-
gate the quality of PV module manufacturing and the care
taken during transportation, installation and use. It is a
straightforward imaging technique that can identify
trends, such as crack growth. However, the industry
lacks unified nomenclature. This paper offers a detailed
overview of EL observations and explicitly names them,
with the results forming a key part of the upcoming VDE
SPEC 90031 [30]. Both the paper and the VDE SPEC aim
to support a common nomenclature for EL images and
location mapping of observations.

The observations are divided into four categories for
straightforward initial sorting. Each category includes
more detailed descriptions and specific names. The four
categories of observations are: 1) single cracks, 2) multi-
cracks, 3) anomalies in the electrical circuit and all others
into 4) miscellaneous.

The naming of observations applies to all existing and
new cell types, as long as they are crystalline wafer based.
This nomenclature is independent of wafer/cell size (from
“old” 4” to new M/G12), shape (full, half, third, x-cut),
material (mono, multi), or silicon cell technology (AlBSF,
PERC, TOPCON, HJT, IBC, Perovskite on Si). Even the
design of the PVmodule (size, glass/backsheet, glass/glass,
internal wiring of the electric circuit) does not affect the
naming and locating observations.

EL is primarily a qualitative tool.When estimating power
impact, the numbers can vary significantly and strongly
dependontypeofobservation, cell technologyandPVmodule
design. Therefore, it is challenging to classify EL observations
into clear pass / fail criteria. For future discussion and
reference a few examples are discussed in Section 4.

The main observations are included in the English
version of a VDE-SPEC 90031 [30]. Major parts have
already been presented to IEC TC 82 WG 2. The next
steps involve integrating the clear nomenclature of the
VDE SPEC into existing IEC documents [27,28]. Follow-
ing that, the classification matrix will be further developed
and discussed within various scientific and normative
groups.
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