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Quality requirements for solar cells are 
constantly rising. Besides the current-
voltage (IV) measurement as sole end of 
line quality control tool so far, it becomes 
necessary to detect deficiencies which do 
not significantly affect the IV 
measurement, such as e.g. cracks. 

The minority charge carrier concentration 
can be converted into the junction voltage 
[3], which is either governed by the above 
mentioned recombination processes or by 
series resistance between the current 
terminals and the position at which 
radiation is emitted. The spatially resolved 
intensity of light emission is captured by a 
CCD or CMOS camera, resulting in images 
in which defects appear as darker regions. 
Therefore, EL imaging is capable of 
visualising all defects induced by 
recombination as well as series or parallel 
resistance. Whereas, a lot of scientific work 
has previously been dedicated to deriving 

quantitative maps of cell parameters like J01 
or series resistance from EL images (e.g. 
[1-6]), image analysis approaches 
implemented in solar cell production focus 
on extracting position, size, shape and 
severity of individual defects on solar cells.  

Setting up EL imaging is relatively simple. 
From a hardware point of view, it only 
requires contacting the cell in a dark 
environment, a power supply to provide a 
forward bias and detecting the emitted light 
with a suitable camera with high sensitivity 
in the near infrared. Due to recent 
improvements in cell efficiency and 
cameras, short measurement times below 
120 ms already yield a low-noise high-
resolution image.

Giving information on all relevant defects 
and being relatively simple to implement, 
EL imaging recently evolved from a 
laboratory diagnosis tool to a widely used 

tool in end-of-line testing of solar cells 
and modules. 

Its main applications in solar cell production 
are quality sorting and identification of 
processes that cause defects. For quality 
sorting, cells containing different defects 
exceeding a certain severity shall be sorted 
into lower quality bins. For the detection of 
deficient production steps, statistics on 
different defect categories are required. To 
obtain the relevant numbers, typically an EL 
evaluation pipeline is implemented (figure 1). 
In the first step, the image is recorded using 
optimised hardware settings including gain, 
image acquisition time and bias applied to 
the cell under evaluation. Step 2 comprises 
image pre-processing such as rectification, 
defect pixel removal or filtering. In step 3, 
segmentation of the pre-processed image 
and feature extraction provide a list of defect 
candidates and their features. Filtering of 
defect candidates based on their features 
provides the defects of interest in step 4. 
Finally, the last step comprises an evaluation 
of the EL information of the whole cell under 
test in order to assign a BIN class. Please 
note that the image analysis techniques 
employed for the different steps might differ 
between implementations. 

As a leading manufacturer of IV 
measurement equipment, h.a.l.m. elektronik 
GmbH has integrated the EL imaging system 
with the IV tester into one end-of-line 
characterisation platform (figure 2). The EL 
camera is mounted at the flash box, and the 
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EL image is acquired in one measurement 
sequence together with the IV curves. The 
system is equipped with automatic defect 
detection algorithms in the image analysis 
software package PVControl-El-eval 2.0 
ready for usage with all common cell types. 

Acquiring IV data and an EL image without 
re-contacting the solar cell saves floor-
space, contacting equipment and (most 
importantly) reduces breakage rates. 
Furthermore, the results from EL imaging 
and IV testing are collected in one database. 
This enables combined analysis approaches 
of EL and IV results and statistical data 
analysis to correlate EL defects and their 
severity with IV data anomalies. We expect 
such integrative data correlation approaches 
to become more common in the PV industry 
in future, particularly in the context of 

self-adjusting maintenance concepts for 
smart PV factories.

PVControl-EL-eval 2.0 incorporates two 
concepts that can be combined or applied 
separately for solar cell quality and process 
control. Individual defects of different 
classes are extracted, visualised in an 
overlay image and their features such as 
count, area and severity are measured and 
stored. Application of thresholds to these 
features provides a basic sorting of cells 
into quality bins. However, the requirements 
for solar cell sorting are typically more 
complex and they are individual for each 
factory or at least for each company. 
Furthermore, they evolve as the production 
process changes. For this purpose, h.a.l.m. 
offers a cell sorting configuration that is 
specific to each customer. 

The ability to measure any kind of defect 
makes EL a mighty tool, but leads to 
challenges in rigorously defining quality 
criteria and discriminating the different root 
causes of visible defects. The main 
challenge is an unambiguous formulation of 
the requirements for the different quality 
grades, including definitions for all 
occurring defects in all their 
representations. Since most defects occur 
with different severities as shown for one 
example in figure 3, the line between 
different quality grades is intrinsically 
difficult to define. 

A close cooperation of EL system supplier 
and solar cell manufacturer is therefore 
required, as the quality BIN definition 
typically cannot be described in a clear 
written specification. For determining the 
BIN definition, it is particularly difficult to 
set the cell grade for cells with defects of 
intermediate severity. According to our 
experience, the decision for such cells is so 
difficult that it depends on the person 
taking it or even varies if the same person 
assesses the same cell twice. The most 
reliable way to achieve a well-defined 
boundary between the different quality 
grades is sorting a batch of representative 
images by at least three trained employees 
of the solar cell manufacturer. The batch 
has to contain a sufficient number of 
images of cells with all defects that occur in 
the factory as well as images of cells 
without defects. Combining the rating from 
three experts consolidates clear 
assignments to quality bins and 
demonstrates in which cases it is not 

Figure 1: Scheme of a typical EL evaluation process flow, showing the different steps in the process of 
obtaining statistics on individual defects and defining a quality BIN for a solar cell from an EL image.

Figure 2: Setup of the h.a.l.m. IV tester with integrated EL system. The electroluminescence camera is mounted at the flash box of the IV measurement system and the 
software displays IV and EL results together.
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possible to agree on a cell grade. This 
process allows deducing for which cells the 
decision is clear and unambiguous as well 
as sorting cells into the correct quality BIN 
if the decision is more complex. Based on 
the specification, a customer specific 
recipe for the automatic defect detection 
with PVControl-EL-eval is tuned.

In addition to improving the cell quality by 
sorting out defective cells, process 
optimisation and even concepts of 
automatic maintenance are supported by a 
well mastered automatic defect analysis. 
This is especially the case if defects are 
correlated with IV data cell wise, as given by 
the cetisPV-EL-package. The combination of 
quality sorting and the detection of individual 
defects, which cause quality issues, allows a 
feedback to the processes that are 
responsible for them (figure 4). 

Mapping of e.g. gripper marks to the 
position of the responsible gripper in the 
solar cell production line thus becomes 
possible using the entire information on the 
defect, provided by the analysis software. 
In this way, processes can be optimised 
and tuned to reach higher yields, manually 
in the present and automatically in the 
future after clear correlations with the 
process steps have been identified in the 
production facilities. 

In conclusion, electroluminescence imaging 
allows a decent increase in product quality 
and yield in solar cell production, providing 
spatially resolved information on defects 
which affect initial efficiency or may lead to 
degradation or breakage at a later stage. 
Exploiting its capabilities in an integrated 
measurement station together with the IV 
tester and providing best-in-class automatic 
defect detection, the cetisPV-EL-package 
together with PVControl-EL-eval 2.0 
provides a smart solution to benefit from EL 
imaging in solar cell production and to make 
the factory ready for the future.
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Figure 3: EL images showing cells with contact formation defect with increasing severity level. At the top, the 
defect is almost not visible, while the last cell at the bottom shows a clear, large, almost black region. 

Figure 4: Examples of correlation between EL-visible defects and solar cell processing steps.


