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Abstract - Recent research has shown that bifacial PV modules with a glass/glass packaging are prone to different PID
mechanisms occurring simultaneously on the front and the rear side of the solar cell. With this in mind, researchers investigating
the impact of PID on each side of the bifacial solar cell separately apply PID stress to one side of bifacial PV modules according
to stress method (b) as described in the IEC TS 62804-1, i.e. contacting the surface with a conductive electrode. Yet, in this
paper, we show that such practice of PID testing might result in an unintended development of an electric field between the
environmental chamber and the non-stressed side of the solar cell. Through our experimental study we reveal that this electric
field results in unintended bifacial PID stress of bifacial solar cells; which goes along with misleading interpretations of the
evolving PID mechanisms and susceptibility of bifacial PV modules. Next to the methodology concerns, we discuss three
possible solutions to prevent such unintended PID mechanisms from occurring.

Index Terms — Crystalline silicon solar cells, n-PERT bifacial solar cells, photovoltaic (PV) module reliability, potential-induced

degradation (PID), testing methods

1. INTRODUCTION

Bifacial crystalline silicon (c-Si) PV technology has long been considered as a novelty and rather a niche with, until recently,
minor uptake in the PV market and end-use share!. Yet, following the recent shift towards mass production of advanced cell
technologies (i.e. PERC, PERT and heterojunction), and the shift towards glass/glass (GG) modules, bifacial PV modules are

finally becoming a commercial reality and enter the mainstream. !

Towards broader adoption of bifacial PV in large scale, further R&D effort is required to address the needs for: i) better
predictability of bifacial PV energy yield in real-field conditions and ii) tailored characterization and reliability testing, i.e. for
optimal performance and reliability of bifacial PV modules. Focusing on the latter, recent research efforts have pointed out
potentially dominant reliability issues (i.e. degradation/failure modes) specific to both bifacial PV modules and bifacial PV
installations. Besides, while power degradation occurs on both sides of a bifacial PV module, it contributes differently to the
overall performance losses of the module>®. Thereon, such reliability issues impose additional and/or updated considerations for
new characterization and reliability testing sequences. In particular, design-for-reliability for bifacial PV modules should address
their intrinsically higher operational currents, the use of double glass (front and back cover) layouts or novel transparent sheet
materials, as well as the trend towards higher operational voltages”'°. On this basis, it is recommended today not only to check
for an approved IEC 61215 test on the bifacial PV module type considered for use, but also for additional tests, e.g. for PID (IEC
TS 62804-series) and junction boxes/bypass diodes (IEC 62979, IEC TS 62916).

Especially PID has been shown to trigger significant reliability risks and rapid power losses in bifacial PV modules and

systems !!-13; therefore, it is considered among the most critical failure modes with a high impact on energy yield and financial

http://mc.manuscriptcentral.com/pip



Page 3 of 22 PROGRESS IN PHOTOVOLTAICS

oNOYTULT D WN =

losses!. In typical stress tests for PID, a high voltage between the solar cell matrix and the frame of the module is applied. For
such tests, the module terminals are short-circuited, rendering a uniform potential across the solar cells; while the environmental
stressors can be either applied in indoor (controlled) set-ups (accelerated testing) or in outdoor (real-field) conditions. In
principle, at the system level, the severity of PID is a superlinear function of the applied (operational) voltage on the affected PV
module or string >!7!3; while, at material level, it is significantly enhanced by the low volume resistivity of the encapsulation
material and glass cover !°. Until now, research has identified three different PID modes for bifacial c-Si solar cells, namely PID
of the shunting type (PID-s), PID of the polarization type (PID-p), and PID of the corrosive type (PID-c) 2923, PID-s has been
shown to be caused by sodium (Na) diffusing into silicon stacking faults through the pn-junction, and thus shunting the cell
202426 This degradation mode affects primarily the fill factor (FF), next the open-circuit voltage (Voc), and lastly the short-
circuit current (Isc) 228. PID-p on the other hand is described as a temporary and reversible degradation of the passivation layer,
which reduces the performance due to a surface recombination increase 223!, PID-p can be identified by a significant loss in
Isc and V¢ while the FF remains unaffected. For one of the PID-c mechanisms observed in bifacial solar cells, it is assumed
that beneath the AlOx/SiNy passivation layer stack a corrosion process of the Si surface occurs, resulting in the formation of a
SiO, layer 23. It has been shown that this degradation mode only affects Isc and Vo similarly to the behaviour under PID-p.
However, PID-c shows an irreversible behaviour whereas PID-s and PID-p are shown to be reversible with thermal treatment
and/or the application of reverse bias between the active cell circuit and the grounded module frame 2'2332, In addition,
degradation due to PID-p has been shown to be recoverable by light, which might slow down or even mitigate the degradation
process in the field.?!-23:33

Thoroughly understanding the physics and the underlying electrical/thermal/optical "signatures" of such PID mechanisms
(both theoretically and experimentally) is of key importance for defining sufficient and suitable reliability testing, as well as best
practices for characterization and optimal material selection for PV module components and cell technology. Particularly bifacial
PV modules have been proven susceptible to the aforementioned PID mechanisms, which might occur in isolation or in
combination on both the front and the rear side of the cell/module ?223. PV module manufacturers, at the final stage of product
certification, are mostly interested in PID qualification tests and mainly perform the experiments according to stress method (a)
as described in IEC TS 62804-134, i.e. testing in damp heat using an environmental chamber, which results in bifacial PID stress
with an inhomogeneous electric field distribution over the front and rear covers of the (bifacial) PV module. Alternatively, in
the early stage of the cell and/or module material development, quantitative testing is implemented according to stress method
(b) as described in the IEC TS 62804-1, i.e. contacting the surface with a conductive electrode, hereafter referred to as foil-

method. This results in a twofold advantage: i) it allows the researchers to apply monofacial PID stress on bifacial PV modules
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by applying the foil at only one side of the PV module and ii) it allows a homogeneous electric field distribution of the full area
of the PV cell/module. However, by implementing this approach, unexpected results have emerged when bifacial PV modules
were subjected to monofacial PID stress.® In this context it has been shown that bifacial n-PERT solar cells under rear-side
monofacial PID stress show the same degradation behaviour as under front-side monofacial PID stress and the authors concluded
that the degradation mechanism is the same and that the stressing side is of minor importance.

With this work, we show that one must take additional measures and follow a certain approach to individually reveal and
investigate the effect and propagation of PID on each side of a bifacial solar cell. We focus on the PID testing methodology and
the impact of the approach on the test results. This was obtained by subjecting single-cell laminates with identical bifacial solar
cells to a PID test using four different test setups. Details of the different test setups are described in the following section.
Interestingly, this renewed approach uncovered a significant difference between front- and rear-side monofacial PID stress of
such n-PERT solar cells, and therefore highlights the importance of using a correct methodology when PID stressing bifacial

solar cells36-37.

2.  EXPERIMENTAL

A. Sample preparation
Eight identical bifacial front junction (FJ) mono c-Si n-PERT solar cells of 156 mm x 156 mm were laminated into eight

frameless single-cell PV laminates of 200 mm x 200 mm using a PID prone, commercially available encapsulant, hereafter
referred to as single-cell laminates. Six out of the eight laminates were manufactured using a 3 mm soda lime glass (SLG)
glass/glass (GG) configuration (configuration A) while the two remaining laminates were made using a transparent frontsheet
and a 3 mm SLG at the rear side (configuration B). All single cell laminates were produced at imec’s EnergyVille module lab
with the same lamination recipe. The initial efficiency (1), Isc, Voc and FF of the eight single-cell laminates, characterized under
both front- and rear-side illumination measurements, are shown in Table 1.

In order to exclude degradation mechanisms other than PID, a GG reference sample, identical with the samples in
configuration A, was included in this test. This sample was not put under high voltage stress and did not show any degradation

during the experiments (results not included in this report).

B. PID Testing and Characterization
The single cell laminates underwent PID stress testing according to the foil-method as described in IEC TS 62804-1: "Test

methods for detection of potential-induced degradation of crystalline silicon photovoltaic (PV) modules".3* The foil-method was
applied, with a temperature of 60°C and relative humidity of less than 60% being the (controlled, stable) environmental stress

conditions throughout the test duration. A 1000 V potential difference was applied between the aluminium (Al) foils and the
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short-circuited solar cell. During PID stress, the solar cell was at a negative potential (-1000 V) to the Al foils (0 V). Hence,
driving positive charges into the solar cell. Two laminates in configuration A were put under bifacial PID stress, i.e. Al foils
attached to both the front and the rear SLG covers, which is shown in Figure 1a. Two laminates in configuration A underwent
rear-side monofacial PID stress, i.e. Al foils attached to the rear SLG cover only, as shown in Figure 1b. The two laminates in
configuration B were subjected to rear-side monofacial PID stress, which is shown in Figure 1c. The two remaining laminates
in configuration A underwent rear-side monofacial PID stress while shielding the front side, i.e. Al foils attached to the front
SLG cover while short-circuited with the solar cell and thus no electrical field existed between the front SLG and the solar cell,
Figure 1d.

Intermediate measurements were performed regularly and the PV performance loss under PID stress was quantified using a
pv-tools LOANA PV analysis system for all measurement methods. Next to light IV measurements at standard test conditions
(STC), external quantum efficiency (EQE) measurements were also performed. All characterization measurements were
conducted on both the front side and the rear side of the single-cell laminates using monofacial illumination and a black cloth

underneath the laminate to reduce the reflected irradiance.

3. RESULTS

A. Bifacial PID stress in configuration A samples

Two identical laminates in configuration A underwent bifacial PID stress testing to investigate the impact of PID on both
sides of the FJ bifacial n-PERT solar cells. This setup is shown in Figure 1a. Front-side light IV measurements were conducted
regularly during the PID stress test and the generated power output (Pyax) degradation due to PID is shown in Figure 2. The
graph shows that 721 hours of PID stress resulted in a Pyax degradation level of 21% and 19% for sample one and sample two
respectively. Under rear-side illumination measurements, we observed a 12% and 10% Pyax degradation for both modules.
Notably, more than 85% of the degradation occurred within the first 15 hours of PID stress. From Figure 2, it is also clear that
under front-side illumination, PID is more present than under rear-side illumination. Both a higher degradation level as well as
a higher degradation rate in the first couple of hours can be observed.

The light I-V curves of the front and the rear-side illumination measurements of the first laminate in configuration A before
and after PID stress are shown in Figure 3a. The 21% Pyax degradation under front-side illumination after 721 hours of bifacial
PID stress originates from losses in Isc (~10%), Voc (~7%), and FF (~3%) while under rear-side illumination, the 12% Pyax
degradation was attributed to losses originating from Voc (~7%) and FF (~4%) whereas the change in Isc was negligible. The
second laminate in configuration A shows an almost identical behaviour for both the front and the rear-side illumination

measurements: a Pyax degradation of 19% with losses originating from Igc (~9%), Voc (~8%), and FF (~5%) at the front-side
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and a Pyjax degradation of 10%, originating from V¢ (~7%) and FF (~6%) at the rear side. This sample also showed a negligible
change in Igc under rear illumination, which is following the observations of the first sample. It should be noted that this
degradation mechanism evolves very quickly and most of the damage is already done after only 15 hours of high voltage stress.
The slight degradation which is observed after 15 hours of PID stress is attributed to a slow and almost linear decrease in FF.
Figure 3b. shows the EQE measurements of both the front and the rear side of the first laminate in configuration A under
bifacial PID stress. The EQE measurements under front-side illumination of the single-cell laminate show a significant relative
decrease in EQE response in the short- and mid-wavelength region (300-800 nm), whereas the long-wavelength region (800—
1200 nm) remained unaffected during PID stress. On the contrary, rear-side EQE measurements do not show any change after
721 hours of PID stress. Indeed, the EQE measurements confirm that the degradation is due to a degradation mechanism evolving
at the front-side of the solar cell. Furthermore, the limited decrease of the FF in combination with the EQE data proves that the

underlying degradation mechanism is not caused by PID-s.

B. Rear-side PID stress in configuration A samples

From the previous section, we learned that the degradation mechanism of FJ bifacial n-PERT solar cells under bifacial PID
stress is mainly occurring at the front side of the solar cell. However, this does not mean that the rear side is PID-free since the
mechanism occurring at the front-side of the solar might outweigh the mechanism occurring at the rear side of the solar cell.
Therefore, two identical laminates in configuration A underwent monofacial (rear-side) PID stress testing to investigate the
impact of PID only on the rear side of their solar cell, as shown in Figure 1b. Front-side light IV measurements indicated a Pyax
degradation level of 17% and 18% for sample one and sample two respectively after over 150 hours of PID stress, whereas rear-
side light I-V measurements show a 9% and 8% Pysx degradation respectively (Figure 4). Remarkably, the results show a similar
trend to the case where identical laminates underwent bifacial PID stress testing, i.e. PID-induced losses in power output are
more evident under front-side illumination PID than under rear-side illumination, even under rear-side monofacial PID stress.
Also, a higher degradation level, as well as a higher degradation rate in the first couple of hours under front-side illumination,
can be observed. It can be seen that the mechanism under rear-side monofacial PID stress develops a PID outcome significantly
more slowly than under bifacial PID stress. Eventually both stress tests lead to nearly the same level of degradation, but it took
up to five times as long in the monofacial rear side test.

The light I-V curves obtained under front-side illumination measurements of the first laminate in configuration A during
rear-side monofacial PID stress are shown in Figure 5a. The Pyax degradation of 17% originates from losses in Igc (~9%) and
Voc (~7%) while the fill factor remained unchanged. Under rear-side illumination measurements, a Pyax degradation of 9%

originating from Voc (~7%) and FF (~2%) was observed while the change in Isc was negligible. The second laminate in
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configuration A shows an almost identical behaviour for both the front and rear-side illumination measurements: an 18% Pyax
degradation originating from losses in Isc (~10%), Voc (~7%), and FF (~2%) and under rear-side illumination an 8% Pyax
degradation was attributed to losses originating from V¢ (~6%) and FF (~2%). This sample also showed a negligible change
in Igc under rear illumination, which is following the observations of the first sample.

Figure 5b. shows the EQE measurements of the front side of the first laminate in configuration A. The EQE measurements
of the front side of the single-cell laminate show a significant relative decrease in EQE response in the short- and mid-wavelength
region (300-800 nm), whereas the long-wavelength region (800—1200 nm) remained unaffected during PID stress. This is
following the findings under bifacial stress of the identical samples in configuration A. It should be noted that the intermediately
obtained EQE responses clearly show a slower PID behaviour than under bifacial PID stress. Rear-side EQE measurements do
not show any change after 152 hours of PID stress. Indeed, the EQE measurements confirm that also under rear-side monofacial
PID stress the degradation is due to a degradation mechanism evolving at the front side of the solar cell. However, the degradation
mechanism is found to be significantly slower than under bifacial stress.?

Since it is highly unlikely that an electrical field applied at the rear side of the laminate influences positive charges at the
front side of the solar cell, additional tests including laminates composed with a transparent frontsheet foil (configuration B)

were conducted to clarify this behaviour.

C. Rear-side PID stress in Configuration B samples
Until now we have shown that FJ bifacial solar cells in a glass/glass packaging under rear-side monofacial PID stress exhibit

the same degradation behaviour as under bifacial PID stress. Only the degradation rate was found to be lower compared to
experiments under bifacial PID stress. To further investigate this behaviour, two identical laminates in configuration B underwent
monofacial (rear-side) PID stress testing to investigate the impact of PID on the rear sides of their solar cell separately. This
setup is shown in Figure lc. Since it has been shown in the literature that PID can be avoided by using a transparent
backsheet/frontsheet, no degradation due to PID is expected at this side of the solar cell unless the degradation mechanism under
rear-side monofacial PID appears to be the same as under bifacial PID stress.??

The light I-V curves under front- and rear-side illumination measurements of the first laminate in configuration B during
rear-side monofacial PID stress are shown in Figure 6a. Indeed, the results are very clear: over 130 hours of PID stress resulted
in a negligible Pyax degradation level of 4% and 2% under front-side illumination measurements for sample one and sample
two respectively. Also, under rear-side illumination measurements, we observed a negligible Pyax degradation of 4% and 3%

for both modules. It is noted that the Pyjax degradation of both modules was mainly caused by FF losses while the Isc and Voc
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remained unchanged. This indicates that the mechanism involved is not the same as in previous tests and might not be caused
by the high voltage but rather by the elevated temperature during PID stress.

The EQE measurements under front- and rear-side illumination of the first laminate in configuration B before and after rear-
side monofacial PID stress are shown in Figure 6b. In contrast to rear-side monofacial PID stress of laminates in configuration

A, no significant change in EQE response has been observed.

D. Rear-side PID stress in configuration A samples with the front side shielded
The previous sections show that bifacial solar cells in a GG configuration under monofacial PID stress unexpectedly degrade

at the non-stressed side of the solar cell. As demonstrated, this problem can be solved by replacing the SLG cover with a PID-
resistant cover at the non-stressed side. However, it indicates that an unintended electric field arises over the device stack at the
side which should not be PID stressed. Hence, when the unintended electric field at the non-stressed side of the solar cell is
cancelled out, no degradation due to PID is expected at this side of the solar cell. This was investigated using two identical
laminates in configuration A which underwent monofacial (rear-side) PID stress testing with the front side of the laminate
shielded from an external electric field. This setup is shown in Figure 1d. The shielding is acquired by attaching an Al foil to the
front side of the laminate and short-circuiting it with the solar cell.

The light I-V curves under front- and rear-side illumination measurements of the first laminate in configuration A before and
after rear-side monofacial PID stress with the front side shielded from an external electric field are shown in Figure 7a. Over
130 hours of PID stress yielded no significant power loss for both samples under front- and rear-side illumination measurements.

The EQE measurements under front- and rear-side illumination of the first laminate in configuration A before and after rear-
side monofacial PID stress with the front side shielded from an external electric field are shown in Figure 7b. In contrast to rear-
side monofacial PID stress of laminates in configuration A without the front shielded from an external electric field, no significant

change in EQE response has been observed.

4. DISCUSSION
Light IV and EQE measurements indicate that FJ bifacial n-PERT solar cells in a glass/glass packaging (configuration A)

under rear-side monofacial PID stress show the same final degradation level as observed after bifacial PID stress. The observed
degradation is caused by a mechanism evolving at the front side of the solar cell in both cases. While the final degradation level
tends to be the same, the degradation rate differs quite significantly for the samples under rear-side monofacial PID stress. It
took approximately five times as long to degrade to the same PID level as for the samples under bifacial PID stress. However,
when a frontsheet/glass configuration was used (configuration B), or when the front side of the solar cell was shielded from an

external electric field, a negligible change in Pyax degradation was observed after rear-side monofacial PID stress. This points
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out two things: (i) the mechanism under bifacial PID stress is mainly caused by a mechanism evolving at the front side of the
solar cell and (ii) the rear side of the solar cell of laminates in configuration A remains unchanged, both under bifacial and rear-
side monofacial PID stress.

An explanation of the unexpected degradation evolving at the front side of the solar cells under rear-side monofacial PID
stress in a glass/glass packaging can be found in the test setup. One must keep in mind that the frame at the inside of the climatic
chamber (mostly manufactured in stainless steel) is grounded, and therefore an unintended electric field between the solar cell
(with a potential at -1000 V) and the grounded inside of the climatic chamber is formed. This is clarified in Figure 8a, which
shows a sample in configuration A under rear-side monofacial PID stress in a climatic chamber together with the unintended
electric field. Indeed, the potential difference in our case will partly be formed across the air gap between the inside of the
climatic chamber and the PV laminate and thus the driving force behind the mechanism at cell level will be less, which results
in a lower degradation rate, explaining the observed behaviour.

Three measures can be taken (also separately) to avoid this unintended degradation mechanism:

(1) shorting the non-stressed side of the glass/glass laminate with the solar cell (e.g. by an Al foil) and thus cancelling the
unintended electric field across the device stack, as shown in Figure 8b;

(i1) using a floating high voltage source; it should be noted that when multiple PV laminates are stacked on top of each other,
an unintended electric field in this case can arise between the Al foil and the solar cell of the PV module on top;

(iii) changing the modules topology, i.e. replacing the glass cover by a PID-resistant cover at the non-stressed side.

5. CONCLUSIONS

In this work, we used FJ bifacial n-PERT solar cells to investigate the impact of PID testing methodologies as described in
the PID standard IEC TS 62804-1. From our results, it is clear that n-PERT solar cells in a glass/glass packaging under bifacial
PID stress suffer from a PID mechanism which is only evolving at the front side of the solar cell. However, when the modules
underwent monofacial PID stress testing from the rear side only, a similar but slower behaviour was observed, i.e. the PID
mechanism evolves at the front side of the solar cell. By PID stress testing identical solar cells in a frontsheet/glass packaging
or with the front side shielded from an external electric field, we have shown that this is not the case. In fact, rear-side monofacial
PID stress of such bifacial n-PERT solar cells does not initiate a significant power loss.

The explanation of this misinterpretation in results of bifacial solar cells in a glass/glass packaging undergoing monofacial
PID stress can be found in the test setup: it is the result of an unintended electric field arising between the grounded inside of the

climatic chamber and the solar cell at a negative potential (in our case -1000 V).
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With this paper we aim to raise awareness of this pitfall while conducting PID stress according to the foil-method as described
in IEC TS 62804. Therefore, we included three possible measures which should be considered when monofacial PID stress tests
of bifacial PV modules are conducted:

(1) shorting the cell and the non-stressed glass cover side (shielding);

(i1) using a floating high voltage source;

(iii) replacing the glass cover by a PID-resistant cover at the non-stressed side.
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TABLE 1. The initial n, Isc, Voc and FF of the eight single-cell laminates in this PID experiment under front-

and rear-side illumination.

PROGRESS IN PHOTOVOLTAICS

Sample n[%] Isc[mA] Vod/mV] FF[%]
Al 19.7 9496 654 77.4
A2 19.8 9424 659 75.0
A3 19.3 9410 653 76.2
- A4 19.0 9288 651 76.4
E AS 19.1 9347 658 75.6
A6 19.4 9454 661 75.4
B1 19.5 9265 660 77.4
B2 19.8 9455 655 71.7
Al 16.8 7987 652 78.4
A2 16.4 7774 653 78.4
A3 17.6 8614 649 76.5
N A4 16.7 8210 645 76.9
5 AS 17.1 8339 654 76.2
A6 17.8 8731 655 75.7
B1 16.0 7585 653 78.5
B2 16.0 7667 648 78.5
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FIGURE 1. Visual representation of the different configurations included in this PID experiment (not drawn to
scale). a) laminate in configuration A (glass/glass) undergoing bifacial PID stress, b) laminate in
configuration A undergoing rear-side monofacial PID stress while the front side is not shielded, c) laminate
in configuration B (frontsheet/glass) undergoing rear-side monofacial PID stress and d) laminate in
configuration A undergoing rear-side monofacial PID stress while the front side is shielded. The solar cells

were always short-circuited during PID stress.
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FIGURE 2. The normalized PMAX degradation of the two laminates in configuration A under bifacial PID
stress as a function of time.
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