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Report: 
 
Aim of the experiment: 
 
Diode breakdown in multicrystalline (mc) silicon solar cells has become an increasingly important issue in 
recent years. The development of new feedstock fabrication sources – which provide cheaper but at the same 
time also dirtier silicon – has forced cell module manufacturers to adapt the module design to inferior 
breakdown behaviour of the resulting solar cells. 
Recently, we have identified at least three different breakdown mechanisms at work in mc-Si solar cells1,2. 
One of them is related to recombination centers in the Si crystal, often related to dislocations and grain 
boundaries. We found that the breakdown voltage VB directly correlates with the impurity concentration of 
the silicon wafer. The higher the transition metal concentration in the wafer, the lower the breakdown 
voltage. 
The important question is whether the transition metals directly lead to pre-breakdown or whether secondary 
effects like dislocation multiplication due to strain fields in the Si crystal result in decreased breakdown 
voltage. µ-XRF is the ideal tool to answer this question since no sample preparation (e.g. for TEM-based 
investigations), which possibly alters the sample properties, is necessary. 
 
Experimental results: 
 
For this investigation, a solar cell from the bottom of the ingot was chosen. The local pre-breakdown 
behaviour was characterized by bias-dependent electroluminescence (EL) intensity measurements1,2. A 



 

sample of 10 x 20 mm2 featuring a high density of pre-breakdown sites which were related to recombination 
active defects was cut out. 
In the next step, microscopic investigations of this sample were carried out with an electro- / 
photoluminescence-spectroscopy mapping tool with a high resolution in the order of 1 µm. The setup 
comprises a confocal optical microscope and a sample holder attached to a piezo stage. The sample can be 
connected to a voltage generator which allows to apply a reverse bias to the sample and thus to generate 
breakdown light emission. 
In Figure 1, the SEM image of a small grain is shown which was chosen for the investigation. By applying -
10 V to the sample, breakdown light emission (see insets in Fig. 1) was detected with the EL- / PL-mapping 
tool at two sites, marked with the white circles. Both spots emit light in an area of approximately 5 to 10 µm 
in diameter and are localized along grain boundaries. The exact position of the pre-breakdown sites was 
determined by making use of the piezo stage yielding the exact coordinates of both spots. Characteristic 
features of the wafer surface around these coordinates which were found in the microscopic images 
(resolution ~1 µm) were taken as a marker. 
Using the markers determined in the EL maps, the µ-XRF mappings were carried out in an area of 20 x 20 
µm2 centered at the pre-breakdown spots. The results are shown in Figure 2. 
Iron precipitate colonies were detected at both pre-breakdown sites. They are distributed along single lines 
which correspond to the grain boundaries. In one case, also one copper precipitate was found. The distance 
between this cluster, however, and the position of the pre-breakdown was determined to be approx. 5 µm. 
The location of the iron precipitate colonies, on the other hand, coincides well with the breakdown spots 
taking into account the limits of the spatial resolution provided by the EL- / PL-mapping tool (1 µm) and the 
accuracy of the positioning of the X-ray spot on the sample which we estimate to be around 1 to 2 µm. 
In addition, we performed several µ-XRF mappings distant to the pre-breakdown sites along the grain 
boundary labelled A in Figure 1. However, no other precipitates were detected, underlining the evident 
concurrence of Fe-containing clusters and pre-breakdown spots. 
 

Figure 1: SEM image of the grain under 
investigation. Two pre-breakdown sites were 
found at the grain boundaries marked by the 
white circles. 

 



 

 
Figure 2: µ-XRF (Fe Kα-line) maps of (a) region 1 and (b) region 2 of Figure 1. The clusters are found 
along lines which correspond to the grain boundaries. 
 
Conclusion 
 
The direct observation of metal precipitates at pre-breakdown sites gives indications about the nature of the 
breakdown mechanism. Further experiments have to decide between the following three possible scenarios: 

I  Avalanche3 or Zener diode breakdown4 assisted by the presence of impurity cluster defect levels close to 
the center of the silicon band gap5. 
II  The presence of an electrical charge in the vicinity of the metal precipitates e.g. due to Schottky 
contacts between the silicon matrix and the metal clusters6. The electrical charge in turn may increase the 
local electric field and lead to pre-breakdown. 
III  Variation of the phosphorus emitter layer due to the presence of metal precipitates and an increase of 
the local electric field. 

 
The results summarized above were submitted for publication in Applied Physics Letters. 
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