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Abstract

A post-mortem analysis is conducted after potential-induced degradation (PID) of a

commercial copper-indium-gallium-selenide (CIGS) photovoltaic module. After PID,

the conversion efficiency of the total module decreased by 62%. Electroluminescence

images of the module show that the edges of the modules were much more affected

by the PID than the middle part of the module. Coring samples were prepared of the

different areas and chemical compositional information of the various areas was com-

bined with electrical characterisation, cell modelling and luminescence data to obtain

an overall perspective on the root cause of degradation in these modules during high

voltage stress. Consistent with earlier studies on cell level, the module analysis shows

the occurrence of alkali migration. From current–voltage modelling, it was concluded

that the degradation of the most affected areas is due to an increase in bulk and

CdS/CIGS interface defects, likely induced by ion migration. Further degradation on

the same samples occurred when they are taken out of the argon-filled glovebox and

stored under ambient conditions. Remarkably, the PID-degraded areas show stronger

degradation when left in ambient atmosphere, as well as a stronger Na redistribution.

These new results show that ion migration not only causes the immediate degrada-

tion but also strongly affects the longer-term stability of the cells in ambient

atmosphere. This indicates that PID degradation makes CIGS devices more vulnerable

to hermeticity problems, which are most prominent at the module edges.

K E YWORD S

CIGS PV, coring, post-mortem analysis, potential-induced degradation

1 | INTRODUCTION

The reliability of photovoltaic (PV) systems is a very important topic,

considering the large investments and increasing dependence on PV

electricity.1 In order to obtain the highest possible system reliability, it

is crucial to be able to identify, prevent and predict all likely degrada-

tion mechanisms.

One common mechanism is ‘potential-induced degradation’
(PID), which has been observed especially in larger PV systems.2 In

these systems, many modules are series connected to maximise the

system voltage, which currently reaches up to 1500 V (positive or

negative) and might increase further in the future. These systems are

grounded for safety purposes, resulting in high potential differences

between the solar cells and the mounting rails and/or grounded frame.
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The leakage current that results from these potential differences can

take various pathways through and across the module, causing inter-

nal potentials that are hard to predict and hard to control.3 Electric

fields thus build up inside the module and may concentrate in specific

locations. These internal fields may cause ion drift, electromigration or

even local discharges. PID results in the power reduction of a

module.2

PID has been reported in many PV systems, most commonly for

crystalline silicon modules. CIGS devices seem to be less prone to

PID: CIGS minimodules have demonstrated higher PID resistance

compared to amorphous and multi-crystalline silicon minimodules

exposed to the same conditions.4 Still, some reports of PID occur-

rence in modules and minimodules are available.3–7 Actually, PID dam-

age was only reported to occur in the field for the products from one

specific CIGS manufacturer. However, future larger PV systems could

have maximum system voltages exceeding +/�1500 V, resulting in

higher risks on PID. It is therefore important to study, understand and,

if necessary, mitigate the degradation mechanisms that can occur for

PID in CIGS PV systems.

The dominant PID mechanisms in crystalline silicon PV are shunt-

ing due to sodium incorporation at stacking faults and surface polari-

sation.8,9 These mechanisms are not expected or even impossible in

thin-film multi-crystalline CIGS devices. For these devices, other root

causes for the performance loss have been proposed, which include

TCO corrosion and pn junction damage.4,10 However, a complete

understanding of the mechanisms causing PID in CIGS modules is still

lacking. One reason for the incomplete understanding of PID is the

poor connection between laboratory and field studies. Field studies

often focus on full-scale modules that have degraded in the field:

Analysis mainly focuses on macroscopic properties, like the current–

voltage data, leakage current measurements and electroluminescence

imaging. Hampered by the packaging of the modules, including encap-

sulant materials and front- and backsheets, studies do not report on

the (microscopic) cell and material properties of the degraded mod-

ules. Therefore, only limited information on the root causes and deg-

radation mechanisms can be obtained.

On the other hand, laboratory produced CIGS cells and minimo-

dules allow in-depth microanalysis. Based on such studies, sodium

migration from the substrate and accumulation in (among others) the

pn junction have been reported.10 Although this aids the identification

of degradation mechanisms behind PID, both the samples and the

exposure conditions are dissimilar to modules in the field. Also, the

areas of laboratory cells and modules are orders of magnitude smaller.

Cell areas are usually smaller than 1 cm2 and minimodules about 5 � 5

or 10 � 10 cm2. Therefore, findings from such samples might not be

representative for modules in the field. It is therefore complicated to

combine the different studies into common conclusions on PID effects.

In order to bridge this gap, we have developed a method that

allows to conduct laboratory-style in-depth electrical and physical

analysis on full-scale commercial modules.11 This so-called coring and

peeling approach leads to the formation of functioning small-scale

cells from selected areas in a module. In an earlier study, the approach

has been used to identify the changes in cell parameters on a PID-

degraded commercial module that was known to be sensitive to high

voltages.11 This study revealed the relationship between local cell

characteristics and full module performance, by using (among others)

current–voltage, photoluminescence (PL) and illuminated lock-in ther-

mography imaging. The lateral electrical differences within the mod-

ules could thus be identified. However, this study was focused on the

relationship between the spatial electrical properties of the cells and

modules. Further work was required in order to identify the physical

degradation mechanism that occurred in the multilayer stack cell.

This paper follows a two-stage study to determine the relation-

ship between the electrical performance of a cell and the changed

composition of the layers and their interfaces. In the first stage, a sec-

ond module from the same batch as studied in ref. [11] was PID-

stressed. Coring and peeling then allowed the preparation of function-

ing small-scale cells from the degraded and non-degraded areas.

These cells and their layers were studied in depth by both electrical

and material analysis techniques and cell modelling to explain the PID.

The samples studied at the first stage were consistently kept in the

argon-filled glovebox. In the second stage, the samples were removed

from the glovebox and stored under the ambient conditions. Some of

the analysis techniques were repeated to understand further degrada-

tion under ambient conditions. This two-stage study allowed the iden-

tification of the local material changes, their correlation with

performance losses and the proposal of a degradation mechanism.

2 | EXPERIMENTAL METHODS

The IEC 62804-1 test procedure was followed for a PID test. It dic-

tates application of a bias voltage from an external power source

between the grounded module frame and the solar cells through the

shorted two connectors from the junction box. The commercial mod-

ule investigated in this study is frameless; therefore, it was supported

with metal bars, which were then connected to the power source with

metal clamps. Current–voltage measurements were conducted, and

electroluminescence images were taken both before and after the

PID test.

A coring method was custom-developed for sample extraction

from the defined areas. Devices consisting of four interconnected

cells were prepared on extracted samples with active layers by scrib-

ing a defined area and forming silver contacts on the adjacent cells.

Current–voltage measurements were conducted at room temperature

under 1000 W/m2 simulated AM1.5G illumination using a xenon lamp

in a Neonsee solar simulator. Please refer to ref. [11] for detailed

explanations of the PID test procedure and the sample preparation via

coring and peeling.

A GreatEyes LumiSolarcell set-up with a silicon CCD camera was

used for PL imaging. The samples were illuminated with two red LED

lamps that have a peak emission at 660 nm. All images displayed in

this paper were taken with a lens aperture of f/2.8 with integration

time of 20 s. A black paper mask was used to cover the glass exposed

from the scribes of the cored edge, which can otherwise saturate the

luminescence image.

2 YILMAZ ET AL.
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Current–voltage modelling was performed using the one-

dimensional solar cell simulation program SCAPS (see Data S1). For

the CdS and ZnO layers, the baseline parameters were used, while the

thickness and composition of the absorber layer was measured with

cross-sectional SEM and SIMS. Both dark and light curves were simu-

lated. For the Mo/CIGS back-contact, flat band conditions were

applied to minimize the barrier at the back.12

Depth profiles have been measured using an ION-TOF TOF-SIMS

IV instrument operated in positive mode using 2 keV O2
+ ions for

sputtering.

3 | RESULTS AFTER PID

3.1 | Module performance and core selection

Current–voltage (I–V) curves of the field module measured before and

after the PID tests are shown in Figure 1. The module power has

dropped by 62%, which was mainly caused by 33% loss in open circuit

voltage (Voc) and 35% fill factor loss. On the other hand, the Isc loss

was only 12%. This agrees qualitatively with most of the literature on

PID degradation of CIGS modules and minimodules and quantitatively

with our previous study.11

Figure 2 shows the electroluminescence images of the field mod-

ule taken before and after the PID tests. We had similar observations

to our previous study: The areas closer to the edge are non-

luminescent and appear darker compared to the centre of the module.

As explained in our previous study, this is due to non-uniform poten-

tial distribution upon PID stressing, which is higher closer to the edges

as the potential is applied to the module via the clamps and the sup-

port at the edges, which is then spread over the module thanks to

glass surface conductivity. Also, shunts have formed along a horizon-

tal line after the PID test. The central part of the module still gener-

ates power; however, the edge cells have degraded.

3.2 | Post-mortem analysis of the extracted
samples from the module via coring

Samples were selected from the areas of interest according to the EL

image of the module after PID and were extracted from the module

by coring. The samples were labelled and numbered as Dark and Ref-

erence representing degraded and non-degraded areas of the module,

respectively. Figure 3 shows the PL images of the samples with their

locations on the module (left). PL images are consistent with the mod-

ule's EL image before coring. The Reference samples have higher PL

F IGURE 1 I–V curves of the module before and after the bias
application of �1000 V for 48 h in a climate chamber at 85�C and
85% relative humidity (RH) [Colour figure can be viewed at
wileyonlinelibrary.com]

F IGURE 2 Electroluminescence (EL) images of a commercial CIGS
PV module (1200 � 800 mm) taken before and after the PID test
(bias applied: �1000 V for 48 h in a climate chamber of 85�C and
85% RH) [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 3 (Left) Electroluminescence image of the module after
PID, indicating the locations of all analysed samples. (Right) The PL
images are exhibited; the PL imaging was performed together for four
samples in different combinations to enable a quantitative
comparison.

YILMAZ ET AL. 3
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intensity in comparison with Dark samples, in which less radiative

recombination takes place. The PL was uniform across the intercon-

nected cells for all samples.

3.2.1 | I–V measurements

The I–V curves of all samples are shown in Figure 4. Reference sam-

ples have a Voc around 2.6 V, which matches well with the electrical

performance of the cells prior to PID test suggesting that the coring

and unpackaging processes do not create any harm. For the Dark sam-

ples that were extracted from degraded areas, a significant Voc drop

can be observed to values less than half of the reference samples. The

degraded samples continue to show diode behaviour but a flattening

of the curve in the fourth quadrant (power generation) that reduces

the fill factor as well. At negative bias, the curves are flattening, and

the shunt resistances Rsh have similar values. Thus, from the I–V

curves, it appears that the reduced fill factor is not related to an

increase in Rsh. There seems to be an increase in series resistance

though, which could be related to the interconnection or the window

layers.13

3.2.2 | SIMS

We have performed SIMS on two selected samples to investigate

where alkali ions have migrated and accumulated to see whether this

relates to the degradation of electrical properties. Figure 5 shows the

alkali depth profiles, where the boundaries of the layers were defined

based on the profiles of Zn, Cd, Ga, In and Mo. Sodium and potassium

profiles of the Reference and Dark samples show a notable increase

in their content in the absorber layer closer to buffer layer and a gen-

erally higher amount of alkali for the sample that was extracted from

the degraded area. On the other hand, no increase of sodium or

potassium was found in the ZnO layers of all samples. We can there-

fore assume that sodium migrated from the substrate glass, not the

cover glass. We further investigated whether other metal ions such as

Cr, Mn, Fe and Ni migrate upon PID stressing. The degraded and ref-

erence samples showed no significant differences in that respect

(Figure 5, right).

4 | SCAPS MODELLING

After the PID treatment, it was found that the I–V curves of the ‘Dark

areas’ are distorted (see Figure 4). For both the four interconnected

cells and the single cells, the fill factor is reduced due to flattening of

the curve in the fourth quadrant, and the Voc is reduced. This distor-

tion seen in the I–V curves, that is, the presence of multiple kinks at

positive bias, is generally induced by unfavourable band alignment at

the buffer/window and buffer/CIGS interfaces.14 Yet, this mismatch

in band alignment does not explain the large Voc losses observed,

which are generally due to increased recombination.

F IGURE 4 I–V curves of all samples that were extracted from
both degraded and non-degraded areas. The curves are reported as
total voltage for four interconnected cells versus current for
comparison. All samples have the same area. [Colour figure can be

viewed at wileyonlinelibrary.com]

F IGURE 5 SIMS performed for selected reference and degraded sample demonstrates the sodium and potassium profile (left) and other
metal profiles: Cr, Mn, Fe and Ni (right). [Colour figure can be viewed at wileyonlinelibrary.com]

4 YILMAZ ET AL.
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To further investigate this, the J0 values were extracted from the

I–V curves that were measured without illumination and are given in

Table 1. For all the ‘Dark’ samples, it is found that the J0 values

increased compared to the reference indicating that recombination is

also increased. The PL images of the Dark samples showed a drasti-

cally reduced yield (Figure 3, right). The PL yield is also a signature of

the recombination processes in the bulk and at interfaces and lower-

ing of the yield implies increased non-radiative recombination. Finally,

it was observed that the Jsc losses are only marginal compared to the

fill factor and Voc losses.

To obtain more understanding in what might cause these changes

upon PID of the ‘Dark’ samples, the stack was modelled using the 1D

SCAPS simulation program.15 The parameters used for the modelling

can be found in Appendix S1. Defect densities in the bulk and at the

CdS/CIGS and CdS/ZnO interfaces were varied, as well as the doping

concentration in the CdS layer.

At first, various parameters were changed to find under which

circumstances the kink and Voc losses appear without reducing the

current density too much. The results are presented in Figure 6.

The first two graphs (A) and (B) present the effect that defects in

the bulk have on the I–V curves. For acceptor defects (A), we find

that the Voc reduces significantly, while the fill factor and current

density are only marginally affected. When acceptor defects are

replaced by donor defects, also the current and fill factor are dras-

tically reduced. This is presented in Figure 6B. As donor defects in

the bulk reduced the current too much, it is unlikely these are

responsible for the degradation seen in the ‘Dark areas’. When

acceptor defects are placed at the CdS/CIGS interface, it is found

that both fill factor and Voc reduces; only at very high concentra-

tions also the current reduces (Figure 6C). The I–V curves show

similar trend as that seen in the I–V curves of the ‘Dark areas’:
flattening of the I–V curve in the 4th quadrant and Voc losses. Fur-

ther, defects at the CdS/ZnO interface were modelled, and it is

found that these also cause a drastic distortion of the I–V curve.

This is presented in Figure 6D. This distortion appears above Voc

though, and thus, interface defects at the CdS/ZnO interface are

also unlikely to be the root cause of the degradation seen in the

‘Dark areas’. Finally of the I–V curve as seen for CdS/CIGS

TABLE 1 Calculated J0 and ideality factor for all samples

J0 (A/cm
2) Ideality factor n

Ref 1 3.82�10�6 1.67

Ref 2 3.97�10�6 1.67

Dark 3 9.82�10�3 3.59

Dark 4 2.13�10�4 1.54

Dark 5 1.24�10�3 2.45

Dark 6 9.18�10�5 1.47

Dark 7 7.03�10�4 2.11

F IGURE 6 Simulated light current density–voltage curves with (A) bulk acceptor defect, (B) bulk donor defects, (C) acceptor defects at the
CdS/CIGS interface, (D) acceptor defects at the CdS/ZnO interface and (E) CdS doping density with CdS/CIGS interface defects. The modelling
parameters are given in Appendix S1. The arrows point in the direction of increasing value of the variable. [Colour figure can be viewed at
wileyonlinelibrary.com]

YILMAZ ET AL. 5
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interface defects is enhanced when the doping in the CdS layer

reduces. This is presented in Figure 6E. The interface defect con-

centration was kept constant, and only the donor concentration in

the CdS layer was reduced. Thus, lowering of the donor concentra-

tion may also be part of the I–V curve distortion.

To assess the changes of the current that are measured without

illumination, the curves of the simulated bulk acceptor defect,

CdS/CIGS interface defects and reduced CdS doping are plotted as

well. These curves are presented in Figure 7. It is found that the bulk

defects have the largest impact on the curves, while the reduction of

the CdS doping has only marginal impact. The impact of interface

defects only lies somewhere between that of bulk and CdS doping.

In Figure 8A, the measured I–V curves without illumination are

presented. The references follow a clear diode behaviour, where the

series and shunt resistance can easily be distinguished from the diode.

For the degraded cells, all these parts are merging, and a flattening of

the curve at positive bias is seen. The distortion is thus much larger

than what would be expected if the light I–V curve distortion is only

due to interface defects (Figure 8B). The shunt—except for ‘Dark 7’—

is not increased as can be seen at negative bias; this was also con-

cluded from the light curves in Figure 4. Therefore, the dark measure-

ments suggest that acceptor defects play a large role in the

degradation seen for the ‘Dark areas’.
To confirm this hypothesis, acceptor bulk defects in combination

with lower CdS doping were modelled and compared with CdS/CIGS

interface defects. The light curves are presented in Figure 8B, and

both light curves now show the flattening at positive bias and large

Voc losses, which is similar to the measured I–V curves of the ‘Dark

areas’. Thus, the measured light curves can be simulated using a com-

bined effect of acceptor bulk defects and low concentration of

CdS/interface with reduced CdS doping as well. The corresponding

EQE spectra are presented in Appendix S1.

The I–V curves obtained without illumination though reveal a

larger difference for the two defect types. When bulk defects are

present, there is more flattening of the dark curve at positive bias

(Figure 8C), which is closer to what is observed in the measure-

ments (Figure 8A). We therefore hypothesize that bulk defects

play a major role in the observed degradation as well. The

F IGURE 7 I–V curves of (A) bulk defect acceptor, (B) CdS/CIGS interface defects and (C) CdS doping obtained without illumination. The
largest effect is seen for the bulk defects. The arrows point in the direction of increasing parameter value. [Colour figure can be viewed at
wileyonlinelibrary.com]

F IGURE 8 (A) I–V curves obtained without illumination. (B,C) Modelled I–V curves obtained under and without illumination with interface
defects or bulk defects combined with reduced donor concentration in CdS layer [Colour figure can be viewed at wileyonlinelibrary.com]

6 YILMAZ ET AL.
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flattening of the I–V curve is due to CdS/CIGS interface defects

though, which is enhanced by reduction of the doping in the CdS

buffer layer.

It has to be noted that changes at the back contact were not

modelled. It is known though that a resistive back contact also causes

barrier behaviour in the I–V curve. This is seen, for instance, when

dielectric passivation of the back contact with sub-optimal distance

between the openings is applied or in the presence of a layer with

lower valence band (rejection of holes).16,17 The first option can be

excluded as there is no dielectric layer present at the back. The sec-

ond option would be visible in the SIMS profiles, as lowering of the

valence band would require drastic changes in the composition. For

instance, the ordered vacancy compound layer has a low valence

band, but this layer has also low copper and gallium concentration. If

such a layer is present at the back, it would be visible in the SIMS pro-

file. As these changes were not seen in the SIMS profile, it is reason-

able to assume that the observed I–V curve distortion is due to the

changes at or in the buffer layer and the bulk and not the back-con-

tact. Further IV measurements with changing illumination and temper-

ature variations could help in securing the hypothesis. Yet, care needs

to be taken for the relatively fast degradation of the ‘Dark area’ in
ambient atmosphere.

The changes near the buffer layer and in the bulk may be induced

by the presence of Na. The SIMS profiles indeed show a two- to

threefold increase in Na amount in the CIGS and CdS layer compared

to the reference. In general, Na is very important for appropriate com-

pensation of the donor and acceptor defects in the absorber layer.

However, this arrangement of the donor and acceptor defects is done

during the cooling down phase, while in this experiment Na was

added by applying a high electric field at a much lower tempera-

ture.18,19 It is therefore possible that the added Na causes detrimental

changes in the donor/acceptor concentration without re-establishing

a more favourable equilibrium between these defects, which seems to

happen when Na is added at elevated temperature during the cooling

down phase. It is possible that the doping in CdS is also affected by

the presence of Na, and thus, the doping might change as well upon

increase of Na content.

5 | FURTHER DEGRADATION UNDER
AMBIENT CONDITIONS

In the first stage of this study, which includes all measurements

described above, the unpackaged cores were consistently kept in the

glovebox, in case they were not measured. This meant that they were

only exposed to argon for the vast majority of this time. After this, the

samples were removed from the glovebox and stored under ambient

conditions. This led to clear modification in the properties of the solar

cells.

5.1 | J–V curves

The clearest indication for changed parameters can be found in the

measured current–voltage curves. Figure 9 shows the curves directly

after production and removal from the glovebox, as well as the curves

after 102 and 192 days of exposure to ambient conditions. It should

be mentioned that they were measured at different set-ups, but the

differences between the curves is so strong that it is unlikely

explained by set-up differences alone.

Figure 9 shows that all cells deteriorate when exposed to ambient

conditions. The reference samples (A and B) show a relatively mild

decrease in short-circuit current density (Jsc) and fill factor, while the

Voc remained constant. For the PID-degraded samples (C and D), the

F IGURE 9 Current density–voltage
measurements on small single cells (about
10–16 mm2) executed directly after cell
production and removal from the
glovebox, after ambient exposure for
102 days and after ambient exposure for
192 days. (A) and (B) are positions on
‘Reference 1’, while (C) and (D) could be
found on ‘Dark 5’. [Colour figure can be
viewed at wileyonlinelibrary.com]
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effect was much more severe: A relatively strong decrease in Jsc was

observed, while the fill factor decreased to values below 25%. This

indicates that the devices no longer performed as real diodes. It

appears that cored PID-degraded devices are much more sensitive to

ambient exposure than cells from the less affected (reference) regions.

5.2 | SIMS

In order to learn more about the cause for the reduced power output

after exposure to ambient environment, SIMS measurements were

taken. It should be noted that they were taken on different samples

and with a different tool than the results as described in Section 3.2.2.

Any differences and similarities should therefore be considered with

care. We can however clearly recognize trends between the samples

measured in this series.

First of all, no differences were observed for the exposed refer-

ence and dark samples in the depth spectra of Si, Mg, Mo, Se, Cu, In,

Ga, Cd, Zn, Al, O, OH, S, Ni, Cl, Ca, C and B. For the sodium spectra,

on the other hand, clear differences were observed (Figure 10). Actu-

ally, the sodium was lower in the ‘dark’ positions in the bottom half of

the CIGS absorber for the ‘Dark 5’ sample compared to the reference.

This is in contrast to earlier findings in ref. [11] and SIMS measure-

ments shortly after coring as presented in Section 3.2.2 (Figure 5).

Additionally, the sodium content is higher in the ZnO:Al front contact,

especially near the ZnO:Al/air interface.

The sodium concentration in the CIGS layer of the Dark samples

shows a striking steepness. This is indicative of out-diffusion of

sodium, upwards into the ZnO:Al layer. Indeed, an enhanced sodium

concentration (and a gradient) can also be seen in that region. The

steepness is distinctly higher than the other SIMS analyses in Figures 5

and 10 show. Perhaps the sodium is mobile at room temperature and

diffuses further over time towards a lower-concentration region (the

ZnO). As a result, the sodium concentration in the ZnO region now

rises, which was not observed earlier in cored samples from this CIGS

technology. The diffusivity in the reference sample appears much

lower, as a large sodium concentration gradient is maintained. It

appears from this SIMS profile that the PID stress has somehow mobi-

lized sodium or created physical paths for enhanced diffusion.

These results show that PID leads to direct but also delayed con-

sequences. While the direct consequences were clearly identified in

ref. [11] and earlier SIMS in Section 3.2.2, identification and interpre-

tation of the delayed effects in ambient is more complicated. It is

likely that ions or compounds from the atmosphere play a role. In ear-

lier work in ref. [20], it was shown that CIGS solar cells can be very

stable under illumination and elevated temperature as long as humid-

ity is absent. Moreover, sodium is known to have a key role in degra-

dation behaviour, in combination with humidity, and for some

mechanisms, CO2.
21,22 It is therefore likely that the migration of

sodium within the solar cell stack itself was enhanced due to water

(and possible CO2) ingression after exposure to ambient conditions.

This might explain the rapid degradation under these conditions.

It should be mentioned that the ‘reference’ cells also degraded

over time in ambient storage. Since no exact copies from a non-PID-

prone module exist, no solid comparison can be made about the deg-

radation rate and mechanisms under ambient conditions. However,

based on earlier experiments, it seems that the loss in fill factor and

especially Jsc are faster than for average CIGS cells, which did not

originate from a PID-prone module. This might indicate that also some

chemical changes, like mild sodium migration, occurred in the ‘refer-
ence’ cells during (or after) the PID experiment, which might have

developed further under ambient conditions. Only after their interac-

tion with humidity (and CO2) this might have strongly affected the I–V

parameters.

6 | DISCUSSION

The data in this article reconfirm observations presented in ref. [11]

that part of the CIGS module is severely damaged after PID while the

rest, mostly the centre of the module, seems rather unaffected. The

electroluminescence images clearly show this contrast. Coring sam-

ples taken from dark and bright regions confirm distinct differences in

their I–V performance.

On module level, PID leads to 62% power loss, which is mainly

caused by 33% Voc loss and 35% fill factor loss. The long cells in this

module (stretching over its full length) make it difficult to relate this

module performance to the performance of the cored cells in a quan-

titative sense. The dark cells show distorted I–V curves. Significant Voc

drop can be observed in these samples as well as fill factor losses. The

degraded samples continue to show diode behaviour with similar Rsh

values in comparison to reference samples.

Further I–V analysis of the damaged cells supported by SCAPS

simulations shows that bulk defects, and to a lesser extent interface

defects, are responsible for the distortion of the I–V curves. A reduced

CdS doping may also play a role.

F IGURE 10 Sodium SIMS measurements as a function of depth
of positions in a dark (‘Dark 5’, orange line) and a reference
(‘Reference 1’) sample. These samples have been exposed to ambient
conditions for 192 days. [Colour figure can be viewed at
wileyonlinelibrary.com]
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From SIMS, it can be concluded that most elements stay in place

during PID, except Na. Sodium piles up in the absorber and in the Mo

back contact; the concentration almost doubles in those regions.

Given that the concentration of sodium has been optimized in the

produced modules, it can only be expected that a change in Na con-

centration leads to performance loss.23 It is likely that these elevated

Na concentrations are the cause of the bulk defects mentioned above.

The SIMS data further clarify that no other metallic species migrate

significantly, except potassium, which might be migrating in a manner

similar to sodium.

Altogether, from this work it can be concluded that PID leads to

localised cell damage. Our results strongly suggest that additional

sodium migration into the absorber lead to a local, severe loss of Voc,

fill factor and Jsc, affecting the module performance as a whole. No

evidence was found that other elements play a role, as no change was

observed in the SIMS profiles of these elements.

We see two possible reasons why PID damage concentrates at

the module edges. The first (as discussed in ref. [11]) is that leakage

currents may lead to local build-up of electrostatic charge, causing

electric fields to concentrate. Such creepage-like effects can take

place along surfaces and interfaces; penetration of the externally

applied high voltage into the module via the edges is a possibility. A

second possible explanation is that although cells receive similar PID

stress, the effect at the module edges is stronger because ambient

species (water, CO2 or other) penetrate the module from the edges

inwards to attack the stressed cells. It was earlier shown that alkali

metals in the CIGS absorber layer cause ingression of water into the

absorber layer.24 This could partly explain the findings of this study, in

which PID stressed samples with more alkali degrade faster in air.

A further conclusion from this work is that decapsulated CIGS

cells degrade under ambient conditions. PID-damaged cells degrade

much faster than unaffected parts of the module. This limits the possi-

bilities for failure analysis by means of decapsulation. This finding may

also imply that PID-stressed cells degrade faster in case of hermeticity

problems (which are generally more significant in smaller-area sam-

ples). PID mitigation could then be achieved either by electric field

reduction or by improvement of the long-term hermeticity of CIGS

modules.13

7 | CONCLUSIONS

Recent work on cored CIGS samples established a direct correspon-

dence between the PID-induced phenomena on module level and on

cell level, and the present work strengthens this correspondence. Cells

extracted from areas with low electroluminescence show dramatically

deteriorated current–voltage characteristics, while reference cells

from the brighter parts of the module still perform well. SIMS analysis,

SCAPS-based modelling and analysis of the current–voltage charac-

teristics of cored module samples show a redistribution of sodium,

and perhaps potassium, after PID stressing, accompanied with a stron-

ger manifestation of bulk defects and interface defects. Other impuri-

ties do not seem to redistribute in the layer stack. It was also found

that cells from the areas with low electroluminescence degrade

strongly in ambient conditions and again Na profiles show large

changes compared to the lesser affected cells. The control of alkali ion

redistribution and humidity ingress therefore appear to be the most

effective mitigation approaches for potential-induced damage in CIGS

photovoltaic modules.
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