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ABSTRACT
Among reliability studies on perovskite photovoltaics (PV) cells and modules, partial shading degradation is a crucial and under-
investigated topic. In the present work, we use a combination of mapping electroluminescence (EL), photoluminescence (PL), and 
illuminated lock-in thermography (ILIT) to gain insight into the reverse bias degradation mechanisms induced by partial shading 
on a monolithically interconnected module. Spatial inhomogeneities across the cell length are shown to play an important role 
in the degradation. A perovskite module was subjected to partial shading, causing, in the lower region of the shaded cells, a PL 
signal intensity increase and EL decrease. We suggest the formation of a barrier at one of the perovskite/transport layer interfaces, 
preventing both carrier extraction in PL and carrier injection in EL. A simple model for the current flow in the presence of the 
barrier can satisfactorily explain the EL, PL, and ILIT behavior and point to some possible propagation mechanisms. In summary, 
we show that studying partial shading degradation at module level draws a more complex and realistic picture of the interplay 
between material and electrical parameters than cell-level studies. We also demonstrate that luminescent and thermal imaging 
techniques can be combined to draw meaningful conclusions on the degradation mechanisms, their formation, and propagation.

1   |   Introduction

Perovskite-based solar cells (PSC) are an emerging and prom-
ising technology. In single junction devices, they have achieved 
spectacular progress in the past few years, with a 26.1% effi-
ciency record cell most recently [1]. Additionally, they are ide-
ally suited to multijunction devices, where the wide bandgap of 
perovskite can be used as top cell in tandem with silicon [2] or 
CIGS [3]. Finally, its bandgap can be tuned to build fully per-
ovskite tandem devices [4]. Being a thin-film technology, with 
the possibility of solution processing, it could potentially lead to 
low CAPEX and OPEX in large-scale production [5], boosting 
its scalability prospects. However, as for any PV technology, en-
suring reliability is key to industrialization. The most studied 

reliability aspects of PSC are their resilience to heat, humidity, 
and UV exposure [6, 7].

However, partial shading is also a realistic threat to PV mod-
ules, which, unlike UV and water, cannot be mitigated by 
proper packaging and should therefore be considered in reli-
ability studies [6, 8–10]. Partial shading frequently occurs out-
door when elements in the environment (e.g., tree branches, 
buildings, etc.) cast shading patterns onto solar modules. 
When, in a module, some cells in a string generate less cur-
rent than others due to partial shading, a reverse bias can 
be induced in those shaded cells. The induced reverse bias 
can, in turn, cause lasting power conversion efficiency (PCE) 
degradation.
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The electrical reverse bias behavior of a perovskite solar cell is 
characterized by a sudden increase in current at the breakdown 
voltage, similar to an avalanche or Zener diode. Unlike silicon 
solar cells, where breakdown is caused by the so-called “av-
alanche breakdown mechanism” [11], it is likely a tunnelling 
mechanism that is responsible for the breakdown in perovskite 
solar cells because the breakdown occurs at significantly lower 
voltages than in silicon. We found in the past that the breakdown 
voltage of a 1.6-eV bandgap PSC can be approximated as 2.5*Eg/q 
[12]. In Si and Ge homojunction devices, breakdown due to tun-
nelling appears at voltages below 4*Eg/q, and avalanche break-
down occurs at voltages above 6*Eg/q [13]. At the time of writing, 
the commonly accepted tunnelling mechanism for perovskite 
devices is given by Bowring et al. [14]. They proposed that upon 
reverse bias, ions migrate towards the interface between a charge 
transport layer and the perovskite. This, in turn, causes narrow-
ing of the tunneling barrier width and facilitates tunnelling.

Concerning the degradation induced by reverse bias, various 
mechanisms have been proposed. First, fast and severe deg-
radation can result from the formation of shunts, due to either 
migration of metal ions from the electrode or decomposition of 
the perovskite into conductive phases [14, 15]. This mechanism is 
somehow similar to the metallic phases typically forming in inor-
ganic thin film technologies like CIGS [16, 17]. However, ion mi-
gration is central to the reverse bias behavior of perovskite, which 
is, to our knowledge, not the case in inorganic PV. For example, 
Razera et al. found that iodide can migrate into the organic elec-
tron transport layer (ETL) and create a barrier for charge trans-
port [15, 18]. More interfacial processes, like dipole formation 
or defect accumulation, have also been proposed [14, 19]. In the 
bulk, halide ions can be oxidized, creating recombination centers 
[19], or segregate [15, 20]. For the segregation mechanisms, but 
also for other proposed mechanisms that consist of a redox reac-
tion, the reverse bias current flow is assumed to be the driving 
force behind the degradation. According to Henzel et al., the loss 
of efficiency increases with the reverse bias current flow, which 
implies that these current-driven mechanisms dominate reverse 
bias degradation [21, 22]. However, most of the studies mentioned 
above are carried out by applying a reverse bias on individual 
cells. Although such an approach allows for a more in-depth 
study of the fundamental mechanisms, it does not account for all 
the processes that occur during the partial shading of a module. 
Single solar cells studied in the lab differ from cells in PV mod-
ules, especially monolithically interconnected ones, in various 
important respects. First, the presence of material inhomogene-
ities within large cells and across the module is more likely. These 
inhomogeneities might not impact the device properties in any 
significant way under standard test conditions but may locally 
affect the electrical properties, assisting defect formation in re-
verse bias and/or steering their propagation. Another difference 
between modules and cells is the presence of scribes and inter-
connects in modules, which can also affect the current distribu-
tion and pathways, hence the defect formation and propagation.

Monolithically interconnected cells, which is the dominant con-
figuration in thin film modules, do not easily allow for the reverse 
bias mitigation methods normally implemented in other config-
urations, such as bypass diodes and parallel connection (see, e.g., 
Baumann et al. [10]). Instead, more innovative approaches such 
as shade tolerant cell designs [23] should be developed.

In the present work, two sets of experiments on two types of 
samples are presented. First, a full 100 × 100 mm2 (aperture 
area) module with monolithic, laser-scribed interconnection 
(initial efficiency of 15%), before and after degradation by par-
tial shading, is characterized electrically and using various im-
aging techniques. The aim is to study the spatial homogeneity 
of the degradation.

In the second part, in order to help us interpret the results ob-
tained on the module, data acquired on individual cells (i.e., 
breakdown voltage distribution and curves), made on a similar 
sample plate, are also analyzed.

The aim of this paper is to assess what information can be gained 
from imaging techniques such as photoluminescence (PL), elec-
troluminescence (EL), and illuminated lock-in thermography 
(ILIT), especially regarding defect homogeneity and formation 
mechanism.

2   |   Experimental

2.1   |   Devices Fabrication

The module used in this study was processed on 6″ 
(≈ 152 × 152 mm2) glass substrates. The module has a PIN architec-
ture with semi-transparent electrodes, where the cells are mono-
lithically interconnected. The aperture area is 100 × 100 mm2 
with a geometric fill factor of 92.5%. A 120-nm ITO layer was 
sputtered on a 1.1-mm-thick glass substrate, followed by sheet-
to-sheet (S2S) slot-die deposition of a surface-modified poly(tri-
aryl amine) (PTAA) hole transport layer (HTL). A 600-nm-thick 
Cs0.05FA0.81MA0.14PbI2.7Br0.3 (+1 mol% RbCl) perovskite absorber 
layer (Eg ≈ 1.6 eV) with phenethylammonium iodide salts (PEAI) 
passivation layers were slot-die coated on top of the HTL. The 
ETL, a 24-nm-thick C60 layer, was then evaporated, followed by 
spatial atomic layer deposition (sALD) of a 40-nm SnO2 layer. The 
stack was finalized by DC sputtering of a 180-nm ITO layer. After 
fabrication, the modules are provided with current collecting tabs 
and encapsulated with an encapsulant and glass front sheet. A 
module consists of 31 cells that are monolithically interconnected 
by laser using a P1, P2, and P3 scribing process. Additionally, an 
isolation scribe was applied around the active area. The P1, P2, 
P3, and isolation scribes were applied using a 532-nm ps laser in 
N2 atmosphere in a glove box with integrated filtering for safe pro-
cessing of the perovskite material.

The smaller, individual cells were manufactured in a similar 
way to the module, using a S2S slot-die coater, on a 6 × 6 in.2 
glass plate with patterned ITO. However, a metal grid was de-
posited at the top ITO side, for improved current collection, and 
the glass plate was subsequently cut into sixteen 30 × 30 mm2 
substrates with four 4 × 4 mm2 cells on each. The cell area is 
defined by the overlap of the top and bottom ITO electrodes.

2.2   |   Characterization Equipment and Settings

For the reverse bias current density-voltage (JV) sweep of the in-
dividual cells, an Autolab PGSTAT 30 controlled with the NOVA 
2.1 software was used. A single cyclic voltammetry (CV) staircase 
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profile was applied, with a start and stop potential of 0 V, upper and 
lower vertex potentials of 1.2 and −8 V, scan rate of 200 mV/s, and a 
step of −10 mV; the limit for current density was set to 20 mA/cm2. 
As reported in the literature [14, 15], the metal from the grids can 
cause shunts or defects to form during the reverse bias CV scan. 
The cells where this occurred were filtered out, resulting in a yield 
of 84%.

Note that for individual cells, we use JV, since current density 
allows for easier comparison between cells. For the module on 
the other hand, we will use “IV,” since the aperture area includes 
several series-connected cells.

The dark and illuminated IV measurements on the module 
were carried out in a Neonsee AAA solar simulator using a 
Xenon lamp, under 1000 W/m2 simulated AM1.5G illumination. 
The temperature was maintained at 23°C on a temperature-
controlled vacuum chuck. The hysteresis sweep was started at 
36 V, scanned down to −4 V, and then back up again to 36 V, with 
a 200-mV step size and a ≈ 1 V/s scan speed.

The ILIT measurements used a PV-LIT setup by InfraTec 
GmbH. The setup consists of a cooled indium-antimonide (InSb) 
infrared detector array and two green (522 nm) LED arrays. The 
lock-in frequency used was 0.1 Hz and the duration of the mea-
surement 25 periods.

EL and PL were carried out in a LumiSolarCell system from 
GreatEyes, using a silicon CCD camera with a longpass filter cut-
ting off around 750 nm. For EL, the power supply was a Keithley 
2400 Source Measure Unit and the injected current 60 mA. The 
excitation source for the PL was a green (530 nm) LED array.

2.3   |   Degradation Experiments

2.3.1   |   Module Partial Shading

For the partial shading experiments (PSE), a fixed protocol was 
applied to a single module, summarized in Figure 1. A precon-
ditioning step, consisting of one illuminated current–voltage 
(IV) measurement, followed by 2 min of maximum power point 
tracking at 1 sun illumination from each side, was applied on 
the module once at the beginning before going through the char-
acterization/partial shading cycles. Note that in the very first 

cycle, dark and illuminated IV before the first partial shading 
stress applied to this module, PSE-A, were reversed.

To apply the partial shading stress, three adjacent cells of the 
module were fully covered with a 100% opaque mask. The op-
timal size for the mask was determined in a separate experi-
ment. It was based on the criteria defined by IEC 61215-2 and 
Hermann et  al. [24], with, however, an increased mask size, 
since we aimed for a maximum amount of current (ISC) flowing 
through the shaded cells (see Figure S1). We chose to apply a re-
verse bias current close to Isc to maximize the power dissipated 
in the shaded cells, thus accelerating the degradation. This con-
dition is harsher than the more realistic scenario where a single 
module in a string is partially shaded, and the current does not 
exceed the maximum power point current.

Three different partial shading experiments were carried out 
sequentially on the module (PSE-A, PSE-B, and PSE-C), each 
shading a different group of cells, as illustrated in Figure 2. For 
the partial shading stress presented in this paper (PSE-C), which 
was the last and harshest of the three, the module was masked 
and placed onto a water-cooled (23°C) brass vacuum chuck and 
exposed to 1-sun illumination for 2 min in short circuit condi-
tions. PSE-A and PSE-B (see details in Figure 2) were applied 
in a similar way, and although they induced similar PL and EL 
features to PSE-C (see Figure S2), they caused less degradation 
(because the shading was shorter and not at ISC) and will there-
fore not be discussed further here.

We emphasize that the degradation observed in this specific 
module has occurred in other modules as well (e.g., the mod-
ule used for mask size determination), yielding similar features. 
This indicates that partial shading is relevant to perovskite mod-
ules in general and should be seriously considered and tested for.

2.3.2   |   Reverse Bias on Individual Cells

The reverse bias scans of the individual cells were performed 
1 week after the illuminated forward scans. During this week, 
they were stored in the dark in an inert (N2) atmosphere.

The negative voltage where the breakdown occurs (VBD) is deter-
mined by measuring an extended range dark JV measurement. 
An example of such an extended dark JV curve is shown in 

FIGURE 1    |    Schematic illustrating the experimental protocol for the monolithically interconnected module.

 1099159x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pip.3881 by T

u D
elft, W

iley O
nline L

ibrary on [10/02/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



4 of 9 Progress in Photovoltaics: Research and Applications, 2025

Figure 3. In the present study, the breakdown voltage is chosen as 
the voltage in the reverse scan (from positive to negative) yielding 
a current below 20 mA·cm−2 (dashed red line). This value was cho-
sen because it is close to the typical JSC expected in such devices.

3   |   Results and Discussion

3.1   |   Module Partial Shading

First, let us emphasize that the degradation observed after 
PSE-C (in IV, PL, and EL) is not isolated. It is very much consis-
tent with the degradation induced by PSE-A and PSE-B in this 
module (see Figure S2) although those are not as strong as the 
effect of PSE-C. Other measurements not shown here, for exam-
ple, on the module used to determine the optimum mask size, 
also show a similar impact of reverse bias exposure.

The effect of the partial shading experiment we focus on here, 
PSE-C, is shown in Figure  4, with the shaded area of PSE-C 
marked with red brackets. The corresponding IV parameters are 
shown in Table 1 (see also IV curves in Figure S3). The IV pa-
rameters after PSE-C show a 2.7% relative drop in efficiency (for-
ward scan), driven mostly by a drop in fill factor. This modest 
degradation should be expected, since only three cells are effec-
tively degraded out of the 31 interconnected cells in the module. 
In a real outdoor setting with shading elements in the surround-
ings, we expect that the repeated shading on various groups of 
cells will have a more detrimental impact on the IV parameters.

Luminescence techniques, on the other hand, do show significant 
alterations in the module. Indeed, the bottom part of the shaded 
area in Figure 4 (regions II and III) shows a higher PL signal at VOC 
(c) and ISC (e) than initially, but no signal in EL (d). EL requires the 

injected current to reach the semiconductor, which is clearly not 
possible in these regions of the shaded cells. The decreased lumi-
nescence in PL at ISC (Figure 4e) indicates that the photogenerated 
carriers are not extracted by the electrodes. If the carriers were 
extracted as in the surrounding areas, the short circuit conditions 
should prevent all recombination in the perovskite stack itself, 
fully quenching the PL. Looking in more details, the PL signal at 
VOC is brightest in region II and less bright in region III. We sus-
pect non-radiative Shockley-Read-Hall recombination is occur-
ring in region III, balancing out the more intense PL signal.

Additionally, non-radiative recombination can be observed in 
the ILIT image of Figure 4f. This thermogram shows local heat-
ing, predominately in region III of the shaded cells. It should 
be mentioned that ILIT was the first imaging technique applied 
after PSE-C, and the signal in region III became less intense 
during the measurement, indicating a fast partial recovery after 
initial degradation.

We note also that, contrary to the previous work mentioned in 
the introduction [14, 15], no shunting defects are formed in the 
present experiment.

Combining the data in Figure 4, we suggest that a potential barrier 
for the charge carriers is present at either (or both) perovskite inter-
faces. The effect of such a potential barrier at the perovskite-ETL 
interface on PL and EL signal intensity is illustrated in Figure 5, 
using quasi-Fermi level splitting (QFLS). In PL, the carrier ex-
traction is prevented by the barrier, therefore, the amount of car-
riers recombining radiatively in the absorber (which relates to the 
QFLS) increases, thus boosting the PL intensity. In EL, on the 
other hand, the carrier injection is hindered by the barrier, thus de-
creasing the QFLS in the absorber and decreasing the EL intensity.

Several studies have reported on the possible formation of bar-
riers induced by reverse bias exposure. Bowring et al. observed 

FIGURE 3    |    Example of extended dark JV curve of individual cell 
used for VBD determination. The dashed red line at −20 mA·cm−2 is used 
to determine VBD.FIGURE 2    |    Schematic of the module used for the partial shading 

experiments. The location of the three consecutive partial shading ex-
periments, PSE-A, PSE-B, and PSE-C, is indicated.
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an increase of the breakdown voltage and of the series resistance 
during/after the application of a reverse bias. Razera et al. de-
tected iodine inside the organic ETL and reported the appear-
ance of “s-shapes” (i.e., kinks) in IV curves after reverse bias 
degradation, which is usually associated with the presence of 
a potential barrier. This is also supported by other publications, 
where a similar barrier formation is observed [18, 19].

3.2   |   Complementary Cell Characterization

To understand why reverse bias degradation occurs prefer-
entially in one area of the module, we investigate individual 
cells (4 × 4 mm2 area) with the same stack, slot-die coated on 
6 × 6 in.2 substrates. Reverse bias degradation is thought to be 

current-driven. However, the breakdown voltage gives a good 
indication of the voltage at which currents flow. In this study, 
the breakdown voltage was defined as the applied reverse bias at 
which the cell current drops below −20 mA·cm−2, which is close 
to JSC at 1-sun illumination. A histogram of the breakdown volt-
age (VBD) distribution across the sample is shown in Figure 6.

Although the VBD distribution is close to a normal distribution 
(see dashed black line), it is rather wide, spanning between 
−2.3 and −4.1 V. Moreover, this variation in VBD is not a grad-
ual one, where, for example, the center of the sample would 
have uniform VBD values, closer to the mean, gradually mov-
ing towards the tail values of the Gaussian distribution as we 
move towards the edges of the sample. Instead, we observe 
strong local fluctuations in VBD, as illustrated in Figure  7. 

FIGURE 4    |    (a) Photoluminescence and (b) electroluminescence before any partial shading. Characterization after PSE-C is also shown, with (c) 
the PL at VOC, (d) the EL at ISC, (e) the PL at ISC, and (f) the ILIT images. The cells shaded in PSE-C are indicated in each image with a red bracket. 
Changes due to reverse bias exposure occurred in three distinct areas (I, II, and III), delineated in dashed blue. Note that these are cropped images 
highlighting the effect of PSE-C for better clarity of the figure. Full PL, EL, and ILIT images of the module can be found in Figure S2.

TABLE 1    |    IV parameters of the module at three stages, initial, after PSE-B (“before PSE-C”), and after PSE-C.

Forward scan Backward scan

ISC (mA) VOC (V) FF (%) PCE (%) ISC (mA) VOC (V) FF (%) PCE (%)

Initial −60.2 34.5 70.1 14.5 −60.3 34.6 73.4 15.3

Before PSE-C −58.8 34.6 68.0 13.8 −58.9 34.4 69.7 14.1

After PSE-C −58.3 34.4 67.0 13.4 −58.4 34.2 68.3 13.6

Relative change before and after 
PSE-C (forward scan)

−0.8% −0.5% −1.4% −2.7% −0.8% −0.6% −2.1% −3.5%

Note: The relative change in IV parameters induced by PSE-C (i.e., change between after PSE-B and after PSE-C) is also shown. The corresponding IV curves can be 
found in Figure S3.
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Note that the PCE of the two cells shown in Figure 7 is sim-
ilar, with 16.4% for cell 1 (VBD = −3.9 V) and 15.1% for cell 2 
(VBD = −3.0 V). More generally, we do not observe a correlation 
between PCE and VBD.

In Figure 7, we compare the JV curves of two neighboring cells, 
which were less than 3 cm apart (cell 1 in red, cell 2 in green). The 
ΔVBD between these two adjacent cells is thus 1 V. Now, to relate 
this finding to the case of a module, let us picture the case where 
the areas of these two cells both belong to the same larger cell in 

a module: The resulting JV curve (black dashed line in (a)) can 
be approximated by a parallel connection between the two cells, 
as schematically illustrated in (b). This figure shows that at an 
equal voltage (−3.3 V dashed blue line) applied to the combined 
cell the resulting currents in the two regions are very different. 
In this example 20 mA·cm−2 passes through the combined cell, 
the bias currents of the individual regions represented by cells 
1 and 2 are around −39.5 and −0.5 mA·cm−2, respectively (see 
intercept of vertical dashed line). Note that this example is a sim-
plified model of a cell (in a module) with non-uniform VBD. We 

FIGURE 5    |    Proposed mechanism behind the PL and EL behavior in the defective area. (a) The luminescence peak position of the absorber alone 
is defined by the bandgap, and its intensity by the quasi-fermi levels splitting (QFLS). If a barrier forms at one of the ETL interface, it will result, in 
PL, in the electrons being confined to the absorber instead of moving towards the electrodes, hence an increased PL intensity (b). In EL (c), on the 
other hand, the current injection to the absorber will be hindered resulting in less QFLS, that is, lower EL intensity.

FIGURE 6    |    Histogram of VBD distribution (defined at −20 mA·cm−2) in cells that are S2S deposited on a single 6 × 6 in.2 glass substrate. Under 
each bar, the range of VBD values is indicated. The bar width represents the bin width. The dashed black line shows a normal distribution, based on 
the measured mean and standard deviation, for comparison.
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should also mention that the VBD uniformity within the module 
might be better than in the sample with cells since the latter has 
more edges and interfaces, for example, due to overlapping TCO 
patterns.

3.3   |   Proposed Degradation Mechanism in Partial 
Shading Degraded Modules

To explain the observations in regions I, II, and III, we sug-
gest that areas with locally lower VBD and/or higher current 
could be the starting points where the barrier forms, because 
higher currents will be passing through them than in higher 
VBD areas. Once the barrier has formed at a low VBD location, 
the current pathway will be diverted away. This is illustrated 
in Figure 8, where the current pathways around a region where 

the barrier has already formed are illustrated, along with cross-
sectional views.

Since we observe barrier formation and increased non-radiative 
recombination in region III, which is located near the bottom 
edge of the module's active area, it is possible that the isolation 
scribe present at this location is partially responsible. However, 
a dedicated study would be necessary to determine whether this 
is indeed the case and what mechanism is involved.

4   |   Conclusion

A perovskite module has been subjected to partial shading and 
shows signs of degradation as a result. We show that the inten-
sity variation in PL at VOC and JSC, EL and ILIT imaging, all point 

FIGURE 7    |    (a) Reverse dark JV characteristics of two neighboring perovskite cells with similar efficiencies (red and green) and the calculated JV 
curve if these cells were both part of a larger cell in a module (modeled as a parallel connection in dashed black, with VBD in dashed blue). Those cells 
were at two neighboring locations on the same 6 in.2 deposition plate. (b) Diagram illustrating the fact that two cells of different VBD in parallel can 
model a module cell where the VBD changes locally.

FIGURE 8    |    Top view illustration of the likely current pathways during reverse bias in a module (a) without degraded area and (b) with a barrier 
at the perovskite/transport layer interface. Above each top view is a cross-sectional view, showing why the current cannot flow through the region 
with a potential barrier at the interface. A possible leakage current pathway at the bottom edge of the module is also depicted.

 1099159x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pip.3881 by T

u D
elft, W

iley O
nline L

ibrary on [10/02/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



8 of 9 Progress in Photovoltaics: Research and Applications, 2025

towards potential barrier formation at one of the perovskite/
transport layer interfaces, preventing carrier extraction and 
injection. This result is consistent with mechanisms proposed 
in the literature at the individual cell level. In the present case, 
however, we are dealing with a monolithically interconnected 
module, which entails additional features. Since the cell areas 
are larger in a module, it leads to a wider breakdown voltage dis-
tribution (possibly due to material inhomogeneities) and higher 
currents passing in the low VBD areas. The presence of scribes, 
such as an isolation scribe around the active area, can have an 
influence on the current flow during shading and thus on the 
formation of the interfacial layer, creating a potential barrier for 
the charge carriers. This is another feature that gives extra value 
to studying partial shading on modules rather than reverse bias 
on individual cells.

In summary, we show that opto-electronic imaging techniques 
can be combined in a non-destructive characterization protocol 
to draw meaningful conclusions on the degradation mechanism, 
their formation and propagation. They can also point to specific 
“weak spots” of the module to be studied in more detail with 
more precise (e.g., destructive) methods. Additionally, studying 
partial shading degradation at the module level reveals the more 
complex and realistic interplay between material and electrical 
parameters.
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