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Abstract 

Nowadays, silicon solar plants consist of hundreds of thousands panels. The detection and 

characterization of the solar cell defects, particularly on-site, is crucial to keep a large 

productivity of the solar plant. Among the different techniques for the inspection of the solar 

cell defects, luminescence techniques give very useful information about the spatial 

distribution of defects. Actually, electroluminescence performed in dark conditions (nEL) is 

the most used technique.  Recently, daylight EL (dEL) and daylight photoluminescence 

(dPL) have attracted interest, because they present noteworthy advantages for on-site 

inspections. In this paper, we present a detailed characterization, of both damaged mono- and 

multi- crystalline Silicon solar cells, using dEL and dPL, comparing the results provided by 

these techniques with those obtained with high resolution nEL and indoor PL (performed 

under excitation with a laser diode). Among these techniques, dEL provides reliable and 

reproducible results, while dPL shows a more dependence on the experimental conditions, 
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demanding an additional effort of comprehension. The limited resolution obtained with the 

actual IR camera technologies is a restraining factor of the dEL and dPL techniques. On the 

other hand, they can be performed on-site, testing a very large number of panels. Actually, 

we can assert that on-site dEL is well suited for massive inspection of solar plants, while 

more research is necessary for dPL   

 

Introduction 

Solar photovoltaics is now the most promising technology for renewable energy production 

[1-3]. Silicon solar plants consist of hundreds of thousands Si panels, a medium size PV plant 

(50 MW, with panels of 400 W) has more than 105 modules. The installed worldwide 

capacity in 2021 was 710 GW and is continuously growing [4]. The main element of the 

panel are the individual solar cells, obtained from bare Si wafers, conveniently doped to 

obtain the p-n junction, and with the necessary electrical contacts to collect the 

photogenerated carriers.  

Defect characterization of the solar cells is a very important issue, with the aim to detect early 

failures and degradation of the Si solar panels [3]. For this purpose, several techniques are 

being used today –visual inspection, I-V characterization, infrared thermography (TIR), 

electroluminescence (EL), etc. –, being in general necessary a combination of some of them 

to understand the origin and the impact of the existing defects [5].  

Taking into account the large number of solar panels installed nowadays, operation and 

maintenance (O&M) activities of large solar plants is mandatory, in order to keep the 

productivity, and to perform corrections on the degraded elements when necessary [6, 7]. 

Defect characterization of the Si solar cells is a crucial step of O&M [8]. 
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Among the characterization techniques, the I-V curve gives characteristics (Isc, Voc, power, 

fill factor, etc.) of the module/string measured, with no indication of the localization of the 

possible defects. TIR gives spatial information about the defects, but the resolution of the TIR 

cameras is generally low and the images are usually obtained with a drone (at large 

distances), and the thermal signatures are difficult to assign to a specific type of defect. On 

the other hand, luminescence imaging provides a satisfactory spatial localization of the 

defects, allowing to identify different kinds of defects [7, 8]. The spatial resolution depends 

on the used sensor and the distance to the modules. Electroluminescence imaging (EL) is the 

most usually applied technique. The EL emission distribution provides detailed information 

about the semiconductor material and the electric contacts properties. The typical defects that 

can be detected are, at cell level: cracks and micro-cracks, wafer contaminations, soldering or 

ribbon interconnection failures, cell inhomogeneities, metallic finger interruptions and 

chemical corrosion (snail trails), while at module level: potential and light induced 

degradation (PID/LID), cell mismatch and short-circuited bypass diodes [9]. The main 

drawback of EL imaging, especially for inspections on-site, is the need for forward biasing 

the panels. On the other hand, traditionally the measurements have been done using a Si 

detector, for which inspections under strictly dark conditions are required (nEL), in order to 

avoid any background solar light [10]. The advantage of the Si detectors is their huge 

resolution (in terms of the density of pixels), allowing to have a very detailed image of the 

existing defects. In the last years, on-site EL (outdoor EL) has also been implemented, using 

different procedures to obtain a dark ambient [11, 12]. Moreover, more recently, also daylight 

EL (dEL) has been implemented. For this, an IR detector is mandatory (InGaAs cameras), as 

well as a procedure to suppress the background ambient light [10, 13, 14]. The measurement 

procedure consists, basically, of the subtraction of the signal collected by the detector when 

powering the PV panel, henceforth labeled as “on” state, and the signal collected without 
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powering the panel, “off” state. The main drawback of dEL compared to conventional nEL 

(on dark conditions using Si detectors), is the much lower resolution of the present IR 

cameras, because of the lower density of pixels.  

Photoluminescence imaging (PL) is also useful to obtain information about defects in solar 

cells [15]. Traditionally, the need for a homogenous illumination source has prevented the 

use of PL imaging for the characterization of panels. However, with the apparition of dEL, 

also daylight PL (dPL) started to be implemented, using the sun light as the excitation source. 

As for dEL, a procedure for the suppression of the parasitic background light is necessary. 

This has been performed by measuring the PL signal in two different states of the solar panel, 

i.e. short circuit (off state) and open circuit (on state) conditions, being the dPL signal the 

difference between the two states [10, 16]. In open circuit conditions, the photogenerated 

carriers can recombine radiatively, producing a luminescence signal. In short circuit 

conditions, most of the photogenerated carriers escape through the electrical circuit and the 

luminescence signal is reduced. The difference between the two states allows to extract the 

PL signal, as described in ref. [16].  The procedure implies that the resultant dPL signal is 

also influenced by the electrical contacts; therefore, dPL cannot be assimilated to a PL 

measurement revealing the luminescence emission of the material. More recently, PL 

measurements have also started to be developed on-site, using a laser diode [17] or a LED 

[18] as the excitation source. In this case, no electrical contacts are needed, and the PL 

images reveal only the material defects. 

In order to improve the comprehension of the dEL and dPL images obtained on-site, we 

performed a detailed comparison of the images acquired by nEL, dEL, dPL and PL excited 

by a laser diode (LD-PL), on both damaged mono-crystalline Si (m-Si) and multi-crystalline 

Si (mc-Si) solar cells. In particular, a discussion of the observed differences for dEL and dPL, 
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related to the differences in the measurement conditions, is presented here. The injection of 

carriers (dEL), and the extraction of carriers (dPL) are crucial for the image formation with 

both techniques. The detailed inspection of individual solar cells, with high resolution nEL 

and LD-PL images, and its comparison to dEL and dPL images, will provide a path to a 

better identification of the existing defects. The effects of the sensor resolution, the distance 

to the studied area, and the signal-to-noise ratio (SNR) on the image quality are also 

discussed. 

  

Experimental and results 

EL has been performed both indoor in dark conditions (nEL) as well as in daylight ambient 

(dEL) –using our self-developed technique for background light subtraction [10]– , using in 

both cases a power supply as the excitation source, Figure 1(a, b). Detailed nEL with the 

InGaAs camera has also been obtained for individual selected solar cells, both at 100% Isc 

and 10% Isc, since parallel resistance decreasing defects are properly detected at low 

injection, while series resistance increasing defects, such as inactive areas, are more easily 

detected at high carrier injection [18]. On the other hand, dPL with background subtraction 

[10] has also been performed, Figure 1(c). Besides, LD-PL was performed for individual 

selected solar cells using a laser diode (808 nm) as the excitation source, dispersing the laser 

light on each of the individual studied single cells, Figure 1(d). A multi-crystalline Si PV 

panel, with a large number of defects –not observable in a visual inspection–, as well as a 

large degraded (as revealed by simple visual inspection) mono-crystalline Si PV panel have 

been inspected. EL (both nEL and dEL) and dPL of the whole panels have been first 

obtained. Detailed nEL (at 100% Isc and 10% Isc) as well as LD-PL have been obtained 

subsequently for individual selected solar cells. In all cases the detection was done with an 
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InGaAs camera (Hamamatsu C12741-03) with 12.8 mm x 10.24 mm sensor size, and pixel 

size of 20 µm x 20 µm (thus with a total number of 640 x 512 pixels, i.e., 0,328 Mpixels). 

Additionally, nEL images of the whole panels obtained with a Si camera (Sony Alpha 7 III) 

with 35.5 mm x 23.8 mm sensor size, and pixel size of 0.7 µm x 0.7 µm (with a total number 

of 4240 x 2832 pixels, i.e., 12 MPixels) have also been obtained for comparison. 

 

Multi-crystalline Si PV panel 

A heavily damaged (27% power reduction from the nominal value – 255 W –, obtained from 

the I-V curve) mc-Si PV panel was first inspected using the four imaging techniques. Figure 

2(a) shows the image obtained by a direct visual inspection, in which no defects were 

detectable. Figure 2(b-d) shows the corresponding nEL (b), dEL (c) and dPL (d) images of 

the whole PV panel obtained with the InGaAs camera, while Figure 2(e) shows the nEL 

image obtained with the Si camera. Obviously, the nEL image obtained with the Si camera 

gives an image better-defined than the one provided by the InGaAs camera. However, as 

mentioned, Si cameras do not allow for obtaining daylight luminescence images. Since dEL 

(and dPL) can be very valuable for a fast and massive panel inspection on-site, it would be 

useful to know their limitations, and capabilities, compared to nEL performed with Si 

cameras. 

No significant differences between the nEL and dEL images obtained with the InGaAs 

camera are observed, despite the high irradiation conditions under which the dEL image was 

obtained (900 W/m2). This demonstrates the capability of our subtracting method to obtain a 

high quality dEL image. On the other hand, the dPL image obtained under the same 

irradiation conditions (900 W/m2) shows a different image pattern, as can be observed in 

more detail in Figure 3, where the zoomed nEL, dEL and dPL images of three selected 
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individual solar cells are shown. The selection of the cells has been performed according to 

their grey levels from the histogram, which can be supposed to be related to their level of 

damage, namely large, medium or small (labelled as #1, #2 and #3, respectively). These 

zoomed images evidence the lower resolution of the InGaAs camera. In fact, according to the 

detector dimensions and pixel sizes, the image of one solar cell (15.6 cm x 15.6 cm in this 

case) corresponds to approximately 425 x 425 pixels when the whole module is inspected 

with the Si camera, while only to approximately 64 x 64 pixels when the whole module is 

inspected with the InGaAs camera. For instance, thin isolated cracks are well visualized with 

the Si camera but are blurred when observed with the InGaAs camera [see the arrows in 

Figure 3 (b, e, k) and (c, f, l)]. 

As can be observed in Figure 3, the information provided by nEL and dEL images are 

essentially the same for the three solar cells, observing only a higher noise for the dEL 

images. The quantification of the noise has been performed by means of the SNR, as detailed 

below. On the other hand, the dPL image shows different features with respect to the EL 

images, except for the case of solar cell #3, for which the image pattern is nearly the same as 

for the EL images.   

The noise level in the dEL and dPL images are due to the changes in the background light 

during the acquisition of the images [10, 19]. The noise can be reduced by acquiring a higher 

number of images (on/off cycles) (higher acquisition times). The SNR was evaluated 

according to the SNRavg value described in ref. [19]. Figure 4 shows the dEL and dPL images 

of the whole mc-Si module under study, with the use of 100, 200 and 400 cycles in the case 

of dEL, while 200, 400 and 1000 cycles have been used in the case of dPL. The SNRavg is 

found to increase with the number of on/off cycles, both for dEL and dPL images. On the 

other hand, SNRavg is lower for dPL images with respect to the dEL images (comparing the 
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images obtained with the same number of cycles in each case), which is associated with the 

lower intensity of the luminescence signal in the dPL method compared to the dEL case, as 

will be discussed later on. According to ref. [19], a SNRavg value of 5.0 is enough to have a 

good quality image. As observed, for dEL images this value can be reached with 200 cycles, 

while for dPL images the number of cycles must be significantly increased. Therefore, noise 

reduction can be achieved at the expense of increased acquisition time, a compromise 

between both is necessary.  

Large spatial resolution can be obtained by bringing the camera close to the module. Figure 5 

shows the dEL and dPL images obtained under the same irradiation conditions and using the 

same experimental parameters as those in Figure 4. The image quality is increased in this 

case (see for instance cell #1 in Fig. 5c, compared to Fig. 3d) due to the increased spatial 

resolution. The SNRavg is increased by increasing the number of cycles. Moreover, the 

SNRavg is a little higher now (Figure 5) respect to the previous situation (Figure 4) for the 

same number of on/off cycles, due to the closer position of the camera respect to the module, 

which implies a higher collection of photons. 

A detailed inspection of the three selected cells of the mc-Si module was performed, in order 

to have a better understanding of the type of defects present in each cell. For this purpose, 

high resolution (HR) images with the InGaAs camera were obtained by centering the image 

on each of the selected cells. In particular, HR-nEL were obtained with the InGaAs camera, 

both at 10% Isc and 100% Isc, with the aim to distinguish between parallel and serial 

resistance defects. The resolution of the images in this case is highly improved, and can be as 

high that one solar cell (15.6 cm x 15.6 cm in this case) corresponds to 512 x 512 pixels, thus 

even improving the resolution obtained for one solar cell with the Si camera inspecting the 

whole module. Moreover, to distinguish the defects related to electrical contact failures from 
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bare defects related to material itself, we have excited each individual solar cell with a laser 

diode, thus obtaining also high-resolution LD-PL images.  

Figure 6 (a-f) shows HR-nEL images obtained at 100% Isc (a-c) and at 10% Isc (d-f), and 

Figure 6 (g-i) shows the LD-PL images of the three solar cells. The main defects observed 

are: i) material inhomogeneities (typical in mc-Si), which are better revealed in the LD-PL 

(since for the EL image this information is lost in the areas where the failure of the electrical 

contacts is dominant), and ii) cracks and micro-cracks, which are critical to the module 

failure. Not all the cracks have the same impact, in fact the contrast in the images depends on 

the electrical connection to the other parts of the cell. One can classify cracks in three 

categories [20]: A) cracks, whose the surrounding areas are still electrically connected, and 

appear as thin, dark lines in the luminescence images; B) cracks, with areas partially 

connected to their surrounding  regions through a finite resistance, the luminescence of the 

enclosed areas depends on the value of such resistance; and C) cracks, which are fully 

isolated from the rest of the cell, in this case the crack enclosed areas appear fully dark in EL 

images.  

In LD-PL all the electrically connected cell parts would have roughly the same background 

PL intensity, which would be the case for areas separated by A and B cracks, while areas 

separated by C cracks are completely disconnected and their PL intensity can differ due to 

different recombination rates in the different cell parts [18].  

If one compares the detailed information provided by the HR-EL and LD-PL images (Figure 

6) with the low resolved dPL image (Figure 3), the information provided by the last one is not 

clear, it seems to be connected to the presence of C cracks. Moreover, as observed from 

different batches of dPL results (for instance those shown in Figures 4 and 5, compared to 

Fig. 2d), while the contrast in the dEL image depends only on the Isc value, the dPL images 
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appear blind to some of the defects revealed in the EL images and the results depend more 

largely on the experimental conditions. In fact, dPL images are highly sensitive to the 

background light intensity, as the detection of some of the defects depends on the 

experimental conditions in terms of sun irradiation conditions. Cell #1 and #2 present dPL 

images with noteworthy differences with respect to the EL images, and largely depending on 

the experiment, while for cell #3 dPL reveals the same defects as that of EL. The essentially 

identical information provided by nEL, dEL and dPL in solar cell #3 can be related to cracks 

of type C, which represent regions of the cell fully electrically isolated.      

The differences in the information provided by dEL and dPL should be ascribed to the 

different conditions of the measurements for each technique. Both of them are generated from 

a difference between two states and need of electrical contacts to be performed. In dEL, 

carriers are injected by the power source (“on” state), and the radiative recombination in the 

p-n junction gives a relative high luminescence signal, the “off” state (power off) being 

needed just to subtract the background solar radiation. In the case of dPL, the carriers are 

photogenerated and they recombine, the difference between the “on” state (open circuit) and 

“off” state (short circuit, in our case) permits to distinguish the luminescence emission from 

the ambient light (background). In dEL the injection of charge carriers guarantees the 

relatively high recombination in those areas where the p-n junction operates correctly, while 

in dPL the difference in the carrier populations available for recombination between the “on” 

and “off” state is the key factor. In dEL (as in nEL) a region will appear partially or totally 

dark if the area is electrically isolated (partially or totally) or there is a defect that produces a 

failure, total or partial, of the electrical contacts, e.g., cracks forming a loop. On the other 

hand, a complete electrically isolated area would appear dark in dPL images, because such 

area is not connected to the rest of the solar cell. Therefore, in dPL the open circuit and short 

circuit conditions are basically equivalents in terms of the light detected by the camera, thus, 
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the subtraction produces a dark image. Instead, for a partially electrically isolated area the 

subtraction of the “on” and “off” states in dPL would be different from zero because there is 

still a partial flow of carriers in short circuit, with the concomitant decrease of the 

photogenerated carriers for recombination. In fact, the differences between dEL and dPL 

should permit to establish the degree of isolation of different defects revealed in the images. 

However, additional tests are necessary to establish the optimum experimental conditions for 

the measurement of the dPL images.  

 

Mono-crystalline Si PV panel 

Figure 7(a) shows the visual image of a large damaged m-Si PV panel (43% power reduction 

from the nominal value – 175 W –, obtained from the I-V curve), where a high number of 

solar cells show delamination [6, 8]. Figure 7(b-d) shows the nEL, dEL and dPL of the entire 

PV panel obtained with the InGaAs camera, while Figure 7(e) shows the nEL image obtained 

with the Si camera. Four solar cells (their zoomed images are shown in Figure 8) have been 

selected in this case for a detailed analysis by means of HR-nEL and LD-PL characterization. 

with the use of the InGaAs camera. 

Figure 9(a-h) shows the HR-nEL images obtained at high injection (a-d) and low injection (e-

h) levels, while Figure 9(i-l) shows the LD-PL images for the four solar cells. The LD-PL as 

well as the HR-nEL images show clearly “tire wheel” defects for all the solar cells (which are 

ascribed to temperature inhomogeneities of the transport belt during the firing process to 

obtain the cells [9]), this information is lost in the low-resolution images of the whole panel 

obtained with the InGaAs camera. LD-PL images show also the presence of big cracks in 

solar cell #2, the delamination observed in solar cell #3, and the presence of thin lines 

corresponding also to A or B cracks in solar cell #4. This information is also observed in the 
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HR-nEL images, which emphasizes more clearly the electrical contact effects. However, the 

HR-nEL images of solar cell #1 at high injection reveals also problems in the fingers, thus 

ascribed to series resistance defects, which can be hardly detected by LD-PL. 

Comparing the results with those obtained from the nEL, dEL and dPL images of the entire 

PV solar panel, it is clear that the small resolution of the InGaAs camera is a handicap. 

However, essentially the same information as that obtained from the HR-nEL images can be 

observed both in the nEL and dEL images. On the other hand, the dPL image provides also 

some useful information about areas with complete isolation (C crack defects), as is the case 

of solar cells #2 and #4.  

As previously indicated, the image quality with the InGaAs camera is still a handicap with 

the present resolutions and the higher SNR compared to nEL. However, this could be 

overcome with the use of a large number of cycles and with the analysis of small regions. 

Daylight luminescence with InGaAs cameras, in particular dEL, is very well suited as an on-

site inspection technique, giving very useful information of large defective areas of the 

modules. 

  

Conclusions 

HR-nEL and LD-PL allow to identify the main defects of m-Si and mc-Si solar cells. The 

comparison with daylight techniques, dEL and dPL, allow to get insight about the capabilities 

of the last ones for on-site characterization of the defects present in solar cells and solar 

panels, allowing the inspection of a large number of modules without dismounting them, and 

thus being very useful techniques for O&M activities. dEL needs for a power source and 

electrical contacts, while dPL under adequate irradiation conditions does not need for the 

power source; therefore, it significantly simplifies the operational inspection procedure. 
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However, dPL requires additional study, in order to assess the role of the background 

illumination, and the degree of isolation of the cracked regions, in the observation of defects 

and the image contrast. It appears that dPL reveals the areas with high electrical isolation, 

while dEL (which provides essentially the same information as nEL) supplies a much richer 

information about the contact fractures.  
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Fig. 1. Experimental set-up’s for the four luminescence inspections techniques: (a) nEL set-

up, for which a power supply is needed. The camera can be a Si or InGaAs sensor. (b) dEL 

set-up, obtained at any irradiation value; a control unit connected to both the power supply 

and the InGaAs camera is required for the on/off procedure. (c) dPL set-up, for which the 

power supply is not needed, only the control unit for the on/off procedure and the InGaAs 

camera are needed. (d) LD-PL set-up, with a laser diode that is dispersed on individual cells, 

and the InGaAs camera. 
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Fig. 2. (a) Visual image; (b) nEL image, (c) dEL image (obtained at 900 W/m2), and (d) dPL 

image (obtained at 900 W/m2), of a whole mc-Si PV panel obtained with the InGaAs camera; 

(e) nEL image of the whole mc-Si panel obtained with the Si camera. Three solar cells 

(marked on (b), and labelled as #1, #2 and #3) were selected for a detailed inspection 
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Fig. 3. Zoomed images of the three selected solar cells (mc-Si panel) marked on Fig. 2(b): (a-

c) nEL images obtained with the InGaAs camera; (d-f) dEL images; (g-i) dPL images; (j-l) 

nEL images obtained with the Si camera. Isolated cracks observed with the Si camera (as 

those marked with arrows on (k) and (l)) are blurred when observed with the InGaAs camera 

due to its lower resolution [see arrows on (b,e) and (c,f)]   
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Fig. 4. dEL images (a, b, c) and dPL images (d, e, f) (at 900 W/m2) of the whole mc-Si 

module obtained with (a) 100, (b, d) 200, (c, e) 400 and (f) 1000 on/off cycles. The values of 

the SNRavg are given for each image (left corner, in brackets). Selected individual solar cells 

#1 and #3 are remarked on (f). 
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Fig. 5. dEL images (a, b, c) and dPL images (d, e. f) (at 900 W/m2) of a smaller are of the 

mc-Si module shown in Fig. 4, obtained with (a) 100, (b, d) 200, (c, e) 400 and (f) 1000 

on/off cycles. The values of the SNRavg are given for each image (left corner, in brackets). 

Selected individual solar cell #1 is remarked on (c) and (f). 
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Fig. 6. Detailed inspection of the three selected solar cells (mc-Si panel) marked on Fig.1(b): 

(a-f) HR-nEL images at high injection (100% Isc, a-c) and at low injection (10% Isc, d-f); (g-i) 

LD-PL images (λexc = 808 nm, Pexc = 7 W) (m.i. ≡ material inhomogeneities; A, B, C ≡ 

cracks of type A, B or C) 
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Figure 7. (a) Visual image; (b) nEL image, (c) dEL image (obtained at 900 W/m2) and (d) 

dPL image (obtained at 900 W/m2), of a whole m-Si PV panel obtained with the InGaAs 

camera; (e) nEL image obtained with the Si camera. Four solar cells (marked on (b), and 

labelled as #1, #2, #3 and #4) were selected for a detailed inspection 
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Fig. 8. Zoomed images of the four selected solar cells marked on Fig. 7(b): (a-d) nEL images, 

(e-h) dEL images, and (i-l) dPL images obtained with the InGaAs camera; (m-p) nEL images 

obtained with the Si camera    
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Fig. 9. Detailed inspection of the four selected solar cells marked on Fig.7(b): (a-h) HR-nEL 

images at high injection (100% Isc, a-d), and at low injection (10% Isc, e-h); (i-l) LD-PL 

images (t.w. ≡ “tire wheel” defects; A, B. C ≡ cracks of type A, B or C; D ≡ delamination) 

 

 


