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Executive Summary 

Different pattern can be observed by electroluminescence (EL) imaging of crystalline c-Si cells and 
modules. Different failure or observation catalogues exist, however, no standardized catalogue ex-
isted, yet. 

With this VDE-SPEC the project teams try to close this gap and includes a naming convention and a 
chess-pattern location scheme. Four main categories are defined for EL observations. In those differ-
ent sub-categories are stated for further classification. For each class example images are given. 
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Introduction 

Alongside wind power, photovoltaics (PV) is the world's most important renewable energy source for 
the CO2-free generation of electrical energy. The share of photovoltaics in the German electricity mix is 
increasing every year and with it the requirements for smooth and predictable operation. 

The EU targets under the Green Deal envisage a reduction in CO2 emissions of 55% by 2030 and 100% 
by 2050. A huge effort is required to achieve these ambitious targets. If we now take into account the 
fact that e-mobility and the conversion of building heating from fossil fuels to electric heat pumps will 
significantly increase demand, an increase in electrical energy is to be expected. 

In addition to a rapid expansion of renewable energy generation, it must be ensured that the service life 
of existing PV systems is extended as far as possible. This includes ensuring the framework conditions 
for both old and new systems. However, there is also a risk that many newer systems will have to be 
taken off the grid due to premature faults, defects in the backsheets or glass breakage of the PV mod-
ules. 

This VDE SPEC provides guidelines for the assessment of abnormalities observed in c-Si PV module 
EL images which are taken either end-of-production line, incoming good inspection, at the installation 
site or later during operation of the PV power plant. 

Despite various existing fault catalogues, scientific publications [1]-[7]1 and classifications, there are no 
generally recognized, binding evaluation standards or a forecast that describes the effect on the energy 
yield of a system. 

The leading scientific model for evaluation is that of Koentges [5], which calculates the maximum pos-
sible crack-related separation and equates the area with the power loss. This allows an estimation of 
the maximum expected effects, which, however, must be confirmed in individual cases with the help of 
laboratory power measurements and represents a worst-case estimate.  

Studies on the repetition of power measurements show a clear variance in the values for cracked PV 
modules [8]. However, there is a certain degree of subjectivity in the assessment. There is still a need 
for clarification in the prognosis, as dynamic mechanical load (ML) and thermomechanical load alone, 
for example, cause rather low power losses [10][11]. Only the combination of ML with temperature cycles 
shows the influence of mechanically induced cracks on the long-term behaviour [10]-[14]. The correla-
tion with field data has also only been investigated in individual cases [14]. A detailed description of the 
anomalies and observations described here can be found in [15]. 

1 Scope 

This VDE SPEC contains a classification of abnormalities for electro-luminescence (EL) images of c-Si 
PV cells and modules. This includes four main categories for grouping where each group has additional 
sub-groups. Each abnormality is described and, if possible, a high-resolution EL image is given as ex-
ample. 

The VDE SPEC is applicable for crystalline silicon modules currently manufactured and installed in var-
ious locations and mounting situations over the last decades, which only need to be classified according 
to their appearance and the faults that have occurred. 

Other inspections and tests necessary for safe operation, such as testing of junction boxes, cables and 
plugs, must be carried out in accordance with other inspection standards. 

Additionally, more stringent assessments may need to be carried out if the PV system is installed on 
system-critical infrastructure (e.g. hospital) or otherwise endangered buildings / installations (e.g. region 
with high risk of forest fires, roofs at risk of fire). Fire and other safety-relevant standards must be com-
plied with. 

2 Normative references 

The following documents are referred to in the text in such a way that some or all of their content con-
stitutes requirements of this document. For dated references, only the edition cited applies. For undated 
references, the latest edition of the referenced document (including any amendments) applies. 

————————— 

1 Numbers in square brackets refer to the Bibliography. 
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IEC TS 60904-13:2018, Photovoltaic devices – Part 13: Electroluminescence of photovoltaic modules  

IEC 60904-3, Photovoltaic devices – Part 3: Measurement principles for terrestrial photovoltaic (PV) 
solar devices with reference spectral irradiance data 

IEC 61730-1:2023, Photovoltaic (PV) module safety qualification – Part 1: Requirements for construc-
tion 

3 Terms and definitions 

For the purposes of this document, the following terms and definitions apply. 

ISO and IEC maintain terminological databases for use in standardization at the following addresses: 

■ ISO Online browsing platform: available at https://www.iso.org/obp 

■ IEC Electropedia: available at https://www.electropedia.org/ 

3.1  
Standard Test Conditions (STC) per IEC 60904-3 
Standard Test Conditions: 25°C, 1000W/m², AM 1.5 

3.2  
manufacturer 
any legal entity manufacturing a product or has a product designed or manufactured, and markets that 
product under its name or trademark 

[SOURCE: IEC 61730-1:2023, Term 3.1.5] 

3.3  
Electro-Luminescence (EL) 
Emission of optical radiation resulting from the application of electrical energy 

3.4  
Crack in c-Si cell (EL) 
Fracture within the crystalline wafer for the solar cell. Two types of cracks are defined: 

■ Crack complete: Crack is called complete if it starts AND ends at the edge of the cell 

■ Crack incomplete: Crack is called incomplete, if it ends randomly on the solar cell 

3.5  
silicon solar cells wafers 
Typically c-Si cells are made from either mono-crystalline or multi-crystalline wafers. Their size can 
vary from 4” to today’s M12. 

■ Mono-material: Single- or mono-crystalline Silicon wafers exhibit an almost ideal crystallographic 
lattice structure extending across the entire wafer. 

■ Multi-material: Multi- or poly-crystalline wafers consist of numerous areas (or grains) adjacent to 
each other but separated by grain boundaries. While the crystalline structure within one such grain 
is close to mono-crystalline, the lattice orientation from one grain to another varies. 

4 Symbols and abbreviations 

Abbreviation description 

Al-BSF Aluminium Back Surface Field: reduction of surface recombination velocity (per-
formance improvement) by printing and firing a full Aluminium layer on the rear 
of the solar cell. This was the first, large-scale approach in the solar cell manu-
facturing process. Mostly obsolete today. 

PERC Passivated Emitter and Rear Cell: a dielectric layer introduced at the rear side of 
the cell further reduces surface recombination, while also increasing the rear 
surface reflection. 

TOPCon Tunneling Oxide Passivated Contacts: A layer of poly-Silicon/Silicon oxide on 
the rear cell side giving improved passivation properties. 

https://www.electropedia.org/
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HJT Heterojunction Technology: Additional amorphous, doped Silicon layers on the 
front and rear of a crystalline Silicon cell resulting in good passivation and ab-
sorption properties. 

IBC Interdigitated Back Contact: Positive and negative electrical contacts are both 
situated at the rear of the cell. No visible structures on the front side of the solar 
cell (difference to MWT). This means, amongst other advantages, less shading 
on front side of cell. 

MWT Metallisation Wrap Through: Positive and negative electrical contacts are both 
situated at the rear of the cell. Compared to IBC there is a visible front side met-
allization. Still, this means, amongst other advantages, less shading of the cell. 

BB Busbar – these structures are located in varying numbers on the cells and col-
lect the current and cell interconnectors are soldered on them. 

FS Frontsheet per IEC 61730-1 

BS Backsheet per IEC 61730-1 

5 General 

5.1 Typical c-Si PV module design 

Traditionally, solar modules have been assembled in a Glass-Backsheet variant. The solar cells are 
embedded in between the front glass and a rear backsheet made out of a polymer material (EVA for 
instance). While this backsheet offers protection against detrimental environmental conditions like mois-
ture, dust and UV radiation, it offers little protection against any mechanical impact. 

Glass-Glass modules on the other hand offer additional resilience against environmental and mechani-
cal damage. The cells are encapsulated in between two panes of glass. Depending on the cell design 
and the installation location of the module, additional performance improvements are possible by light 
which is absorbed through the backside of the module. 

Traditionally, the solar cells that are used in modules were square or square-like. This is true regardless 
if the wafers were cut from a square brick (multi-crystalline ingot) or a round, mono-crystalline ingot. 
Cutting these square cells in half or even in thirds offers the advantage of higher voltages and lower 
currents in a serial connection. Lower currents are advantageous from a power loss perspective. 

Contemporary module designs often consist of a combination of serial and parallel connected sub-
strings. A common module configuration for instance consists of 3 submodules connected in series, 
each with two substrings connected in parallel. 

5.2 Cell location nomenclature 

To locate cells in the module the nomenclature in Figure 1 applies. It considers different cell geome-
tries as well as different internal circuitries of the PV module. An example is given in Figure 2. 
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Figure 1 – Cell location / position nomenclature. View from frontside – left as e.g. visible in 
EL/visual inspection, right look through to locate junction box(es) and nameplate sticker 

 

Figure 2 – Example layouts of different module designs 
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5.3 Requirements for EL-Images 

IEC TS 60904-13:2018 defines certain criteria for taking high quality EL-Images. The relevant criteria 
are taken from there, however only some fundamental recommendations and descriptions can be given 
here. 

Detectors for EL images are typically arrays of light sensing pixels. There are different light-absorbing 
materials that can be used in the detectors with the most common ones being the Ge, InGaAs, Si or 
InAs. Each of these semiconducting materials is more or less sensitive to different parts of the spectrum. 
Consequently, the user should be aware of the detector type and the emitted spectrum of the sample. 

The necessary resolution of the sensor is determined by the size of the module and the smallest image 
feature that is still to be resolved. For instance, if a feature of 2.5 mm is to be resolved on a module 
dimension of 1600 mm, then 640 pixels are required (the distance between the sample and the detector 
has to be adjusted for optimal capture of the image). 

Sensor resolution = Field Of View (FOV) / smallest detectable feature 

The same relation is valid for the other dimension. 

When acquiring an image, the angle of view is preferably normal with respect to the sample surface, 
however it should not be more than 50°. For high-quality images inside, a darkened environment is 
needed. For measurements outside, perform these at night. IEC TS 60904-13 gives details on how to 
correct for stray light. 

The Sharpness S [mm] is defined as the physical dimension, for which a contrast of 50 % can still be 
distinguished. IEC TS 60904-13 defines three Sharpness classes with S being 

a) less than or equal to 1.5 mm, 

b) less than or equal to 5.0 mm, 

c) less than or equal to 15.0 mm. 

The standard also elaborates on a method to determine this sharpness experimentally. When quantita-
tively comparing modules, the images should be of similar sharpness classes. 

Signal-to-noise ratio (SNR) is also an important factor in the image quality and the ability to distinguish 
between EL features. The user should be aware that the minimal acceptable SNR levels are different 
between Laboratory measurements, Industrial/Process Control and Outdoor measurements. Further in-
formation is given in IEC TS 60904-13. 

EL images can be taken at different current settings where different features will be differently enhanced. 
Therefor it is important to note the applied current. Typically, a current of Isc to Impp is used for standard 
imaging. For shunt related features (e. g. PID detection) a current of 10% Isc is recommended. 
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6 Types of EL-observations 

6.1 Single crack 

6.1.1 Complete 

Definition: A single crack within a single solar cell that is complete. 

Possible root cause of defect: cell and module handling, mechanical loads. 

 

Figure 3 – Complete single crack 

6.1.2 Incomplete 

Definition: A single crack within a single solar cell that is incomplete. 

Possible root cause of defect: cell and module handling, mechanical loads. 

 

Figure 4 – Incomplete single crack 
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6.2 Multiple cracks 

6.2.1 Double 

Definition: Two cracks within a single solar cell that are complete or incomplete. 

Possible root cause of defect: cell and module handling, mechanical loads. 

 

Figure 5 – Double crack  

6.2.2 Multiple crack pattern 

Definition: More than TWO cracks within a single solar cell that are complete or incomplete. 

Possible root cause of defect: cell and module handling, mechanical loads. 

 

Figure 6 – Multiple crack pattern 



 

 VDE SPEC 90031 V1.0 (en) 8 

6.2.3 Dendritic shaped crack structures (worst case of 6.2.2) 

Definition: dendritic/branching looking crack pattern across the full cell. 

Possible root cause of defect: bad cell and module handling, strong/high mechanical loads. 

 

Figure 7 – Multi / Dendritic shaped crack structures 

6.2.4 Tiny X-V-shape cracks 

Definition: Short cracks (<30mm total length) within the solar cell, not crossing a BB and not ending 
at edge of cell, often start at BB or cell cut at position of BB, show 45° angels with respect to BB. 

Possible root cause of defect: typically cell / string handling during manufacturing, tiny x-shape 
cracks can be caused by sharp tools from hitting the backsheet. 

 

Figure 8 – Tiny X-V-shape cracks 
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6.3 Anomalies in electrical circuit 

6.3.1 Finger interruptions 

Definition: Solar cell grid finger interruptions, typically a few per cell, repeated in neighbouring cells. 

Possible root cause of defect: defective mesh during cell printing; miss-aligned ribbons vs BB during 
soldering. 

 

Figure 9 – 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. 

6.3.2 Missing cell to cross connector joint 

Definition: Solar cell interconnection not connected, e.g. by missed soldering or to short cell intercon-
nection ribbon. 

Possible root cause of defect: bad or missed soldering, cell connectors too short. 

 

Figure 10 – Examples of missing (or broken) solder bonds to cross connector 
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6.3.3 (completely) Dark cells and strings 

Definition: totally dark cell or (double)cell-string (no PID). 

Possible root cause of defect: shorted cell during stringing, defective bypass diode. 

 

Figure 11 – Completely dark cells during defects in electric circuitry. left: shorted individual 
cells within a string, right: shorted bypass diode that reduced module output to 2/3 

6.3.4 PID, LeTID, UVID 

Definition: totally affected cells with dark or darker grayish appearance. 

Potential root cause of patterned image: Potential induced degradation (PID), Light and elevated 
temperature induced degradation (LeTID), UV-induced degradation (UVID), or mixing of cells with dif-
ferent efficiencies. PID, LeTID, UVID pattern are typically visible after outdoor exposure or stress test-
ing, whereas cell mixing is visible directly after manufacturing. 

 

Figure 12 – Example images of 
a) PID b) LeTID c) UVID 
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6.3.5 Severe mechanical loads  

Definition: Severely cracked cells with special pattern, originated from different types of strong me-
chanical impacts. 

Potential root cause of defect: Severe snow loads (a), hail impact (b) or severe impact, including 
broken glass. 

 

Figure 13 – 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 

6.4 Miscellaneous 

6.4.1 Dark spots 

Definition: Tiny dark areas (mm-range), typically circular in shape within the solar cell, no known im-
pact on long term stability. 

Possible root cause of defect: contaminations on ingot, wafer or cell level. 

 

Figure 14 – Dark spots on different cell formats and cell cuts 
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6.4.2 Wafer related structure 

Definition: Circular rings within mono-crystalline cells, can’t occur in multi-c-Si material; darker gray-
ish areas along one or two cell edges of multi-crystalline cells, can’t occur that way in mono-crystalline 
cells. No known impact on long term stability of Al-BSF and PERC cells, might be different for next-
gen cells. 

Possible root cause of defect: contaminations and process variations during ingot growth. 

 

Figure 15 – a) Rings in the mono crystalline wafer,  
b) darker regions in multi-crystalline wafers (cells) caused by position of wafer in brigg 

6.4.3 Belts structures 

Definition: Belt-like pattern, typically across the full cell, no known impact on long term stability. 

Possible root cause of features: non-optimal firing process during cell manufacturing. 

 

Figure 16 – Belt-like pattern, typically across the full cell 
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6.4.4 Solar Cell “artefacts” 

Definition: Different, often reoccurring, shaped darker/brighter areas within the solar cells, no known 
impact on long term stability. 

Possible root cause of features: different stages during cell manufacturing. 

 

Figure 17 – Different, often reoccurring, shaped darker/brighter areas within the solar cells 

6.4.5 Grayish and darker areas 

Definition: Grayish und darker areas of the cell, differently shaped, different in size and brightness 

Possible root cause of features: different stages during cell manufacturing such as edge passivation 

 

Figure 18 – Grayish und darker areas of the cell, differently shaped, different in size and 
brighness 
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6.4.6 Scratches 

Definition: artificial looking pattern with different shapes, but randomly orientated over the cell, differ-
ently shaped, different in size and brightness, typically stable structures/pattern. 

Possible root cause of features: different stages during cell and module manufacturing by handling 
tools. 

 

Figure 19 – Different kinds of scratches on c-Si solar cells 
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