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The potential-induced degradation (PID) is one of the significant issues in realizing low-cost electricity from photovoltaic (PV) power generation
plants. In this paper, we have investigated PID in crystalline Si (c-Si) PV modules with conventional p-type multicrystalline Si solar cells after the
application of lightning impulse strikes. Lightning impulses with a voltage of −40 kV were applied to the module between the shorted electrodes of
the c-Si cell and the mimic aluminum frame. It is confirmed that no degradation in the electrical characteristics of the c-Si cell occurs by applying
the impulse only. We have found that the PID of c-Si PV modules was accelerated by applying the impulses between a c-Si cell and a metal frame.
The acceleration of PID in the module applied with a lightning impulse might be caused by the migration of Na+ ions easily toward the c-Si cell
owing to damage to the ethylene-vinyl acetate encapsulant by impulses. © 2023 The Japan Society of Applied Physics

1. Introduction

The installation of photovoltaic (PV) systems has continued
to increase globally owing to the strong demand for a shift to
power generation from renewable energy sources. PV power
generation, which is expected to serve as one of the major
electricity sources, requires achieving low electricity prices.
To obtain low-cost electricity from PV power generation
systems, a long-term operation of PV modules is effective, in
addition to the high efficiency and low price of PV modules.
Therefore, degradation of PV modules is one of the important
issues.
The causes of degradation of PV modules include, for

example, mechanical cracks, discoloration or delamination of
the encapsulant, and corrosion of the electrodes. Furthermore,
potential-induced degradation (PID) is a significant issue in
PV systems. PID in PV modules is a phenomenon that results
in a decrease in the maximum output power of PV modules
due to the potential difference between the grounded alu-
minum frames of PV modules and the solar cells inside the
PV modules under operation.1,2) Therefore, the PID phe-
nomena are a concern, especially in large-scale PV plants
with relatively high operating voltage. It has been reported
that PID phenomena occur not only in PV modules with
conventional p-type crystalline silicon (c-Si) solar cells3–7)

but also in other types of PV modules, such as PV modules
consisting of n-type homojunction Si solar cells,8–14) Si
heterojunction solar cells,15–18) thin-film Si solar cells,19,20)

compound semiconductor solar cells.20,21) Even in the PV
modules using conventional c-Si solar cells, several origins
of PID phenomena have been proposed, for instance, ion
migration of Na+ from a cover glass to c-Si cells22–25) and
charge accumulation in an anti-reflection layer of c-Si
cells.26) Moreover, environmental conditions or climate
regions around a PV system installation, such as high
temperature and high humidity, have the potential to lead
to PID acceleration. The PID phenomena are not always
irreversible degradations, but the recovery of PID has been
reported.27,28)

Lightning strikes are widely known as electrical phe-
nomena with extremely high voltage that can cause serious
damage to electrical systems. If PV plants receive lightning
strikes, parts of PV modules can be applied with high
impulse voltage owing to a direct lightning strike for PV
systems or induced lightning nearby the systems.29,30) The
degradation of performance in PV modules by applying a
lightning impulse has been reported.31–33) Also, direct
damages to PV modules such as cracking or burnout caused
by a lightning strike have been observed. Meanwhile, there
are only a few studies focused on the following degradation
in PV modules after the introduction of lightning-induced
surges. The authors have previously reported on this topic.34)

In this paper, we have investigated the acceleration phe-
nomena of PID in c-Si PV modules after the application of a
lightning impulse strike. This paper reports in detail on
Ref. 34 by expanding the contents and providing additional
data.

2. Experimental methods

The PV modules fabricated by hand assembling with
commercially available conventional type of multicrystalline
p-type silicon solar cells were used in this study. The tested
PV modules consisted of one c-Si solar cell with a structure
of cover glass/ethylene-vinyl acetate (EVA)/p-type multi-
crystalline Si solar cell/EVA/back sheet of poly(vinyl
fluoride) (PVF)/poly(ethylene terephthalate) (PET)/PVF.
The tested modules had a square shape with a side of
18 cm, and the size of the c-Si cells placed in the modules
was 15.6 cm. The electrodes connected to the c-Si cell were
pulled out using interconnector ribbons from the two
opposite edges of the module. On the two opposite edges
without electrodes of the module, aluminum tapes were
placed as a mimic Al frame. The Al tapes at the edges of
the module were continuing from the cover glass to the back
sheet.
Figure 1 shows a schematic diagram of the electrical

connection in the lightning impulse application for the tested
module. To simulate lightning strikes, a high-voltage impulse
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generator was utilized. Lightning impulses with a voltage of
−40 kV were applied 10 times to the tested modules between
the shorted electrodes of the c-Si cell and the Al tapes. The Al
tapes of the modules were connected to the Earth point.
The PID tests were performed by applying a negative DC

voltage of 500 V or 750 V. The voltage was applied to the
shorted electrodes of the c-Si cell from a grounded Al plate
with a conductive rubber sheet inserted between the cover
glass of the module and the Al plate.22) In the PID tests, the
tested PV modules were kept in a thermostatic chamber at a
temperature of 75 °C for 2 h.
The leakage current in PV modules reflects the conditions of

insulation layers such as cover glass and EVA encapsulant. To
estimate the conditions of the tested modules, the measure-
ments in the leakage current of the modules between the cover
glass and the c-Si cell in the module were carried out. The
leakage current in the modules was measured at 30 °C with
DC −500 V for 5 min under the same electrical connection in
the PID test.
To evaluate the PID of the c-Si cell in the tested modules,

the measurements of the current–voltage (I–V ) characteristics
under the dark condition were utilized. In addition, electro-
luminescence (EL) images of the modules were taken at some
steps in the test sequence. The injection current of 4 A to the
c-Si cells was used to obtain the EL images. Moreover, the

voltage application of a fixed reverse bias of 4 V for 2 h to the
c-Si cells was performed to understand the degradation of the
cells in detail.
The test sequence in this study was as follows. Firstly, the

initial results of the modules of the dark I–V characteristics,
the leakage current, the EL images, and the current of the
cells under fixed reverse voltage were obtained. The light-
ning impulse voltage was applied to one module, then the
dark I–V and the leakage current measurements were
performed. The PID tests with −500 V were carried out to
the reference module and the impulse applied module. After
the PID tests, the application of a fixed reverse bias voltage
was conducted on the cells of both modules. The measure-
ments of the dark I–V and the leakage current and the taking
of EL images were subsequently performed. Finally, the
PID tests with −750 V were carried out on both tested
modules followed by the dark I–V measurements and EL
images observation.

3. Results and discussion

3.1. Lightning impulse application
Figure 2 shows the voltage waveform of the applied lightning
impulse at first and 10 times. The applied impulse voltage
between the electrodes of the tested PV module and Al tapes
placed on the edges of the module reaches −40 kV less than
1 μs. The impulse voltage drops rapidly around −10 kV until
the next 1 μs. The overall voltage application is finished in
less than 50 μs. Although the impulse voltage application
onto the tested module was carried out 10 times, the applied
voltage waveforms had no notable differences.
The appearance of the experimental setup around the tested

module and the photo of the tested module during lightning
impulse application are shown in Figs. 3(a) and 3(b). The
strong electrical sparks on the surface of the module were
observed between the electrodes of the cell at the edge point
of the tested module and the corner of the Al tapes nearest the
cell electrodes. The voltage drop shown in Fig. 2 might result
from these strong sparks. In addition, it is notable that many
slim sparks spread widely in the overall module, as shown in
Fig. 3(b). Although only the back sheet side of the module is
shown in Fig. 3(b), the sparks were also confirmed on the
cover glass side of the module.

Fig. 1. Schematic diagram of electrical connection in the lightning impulse
application for the tested module.

Fig. 2. The voltage waveform of the applied lightning impulse.
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The dark I–V characteristics of the solar cell in the tested
PV module before and after impulse application are shown in
Fig. 4. It was observed that the I–V curve of the cell after
impulse voltage application to the module was not different
from the I–V curve of the cell at the initial.
Figure 5 shows the time dependence of current in the

tested solar cell during reverse bias voltage application of
−4 V before and after impulse application of 10 times. The
reverse current in the cell at initial was stable for 2 h. After
impulse application to the tested module, there was no
change in the reverse current of the cell compared to the
initial of the cell.
In the lightning impulse application, there were no effects

on the dark I–V characteristics and the reverse current in the
cell, as shown in Figs. 4 and 5. The results indicate that there
is no degradation in the electrical characteristics of the c-Si
cell by applying the impulse voltage of −40 kV 10 times
between the frame and the cell electrodes of the PV module.
3.2. Effects of lightning impulse for PID in c-Si PV
modules
Figure 6 shows the time dependence of current in the solar
cells during reverse bias application of −4 V after the PID
test of −500 V. In addition to the result from the tested
module of impulse application, also shown in Fig. 6 is the
result from the reference module with no impulse application
during the reverse bias application of −4 V after the PID tests
of −500 V. The time dependence of the current in both
modules was obtained just after the PID test. The current of
both cells at the start of the bias application indicates over
1 A, then the current decreases rapidly. Finally, the current
saturates near 0.2 A until 2 h. The current of the cell in the
impulse applied module shows 1.51 A at the beginning of the
bias application, which is higher than that of the cell in the
reference module at the beginning with 1.30 A. The saturated
current at the end of the bias application for 2 h in the cell of
impulse application indicates 0.153 A, which is higher than
that of the cell of the reference module with 0.140 A.
The reverse current while applying −4 V in the cell before

the PID test with −500 V indicated no variation with time, as
shown in Fig. 5. Therefore, the origin of the variation in the
reverse current shown in Fig. 6 was created by the PID test.
The migration of Na+ ions from the cover glass into the cell

is the main cause of PID in modules consisting of conven-
tional c-Si solar cells. The large reverse currents in the cells
after the PID tests shown in Fig. 6 may originate from current
paths caused by the Na+ migration in the cells. The drift of

(a) (b)

Fig. 3. Lightning impulse application. (a) Experimental setup around the tested module. (b) Sparks during lightning impulse application.

Fig. 4. Dark I–V characteristics of the solar cell in the tested PV module
before and after impulse application of 10 times.

Fig. 5. Time dependence of current in the solar cell during reverse bias
application of −4 V before and after impulse application.
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the Na+ ions to the outside of the pn junction in the cells by
applying the reverse bias voltage to the cells possibly resulted
in significant drops in the reverse currents in the cells during
reverse bias applications with −4 V. Additionally, the
application of reverse bias to cells serves as a recovery
treatment from the PID. It is assumed that the saturation
current of the reverse bias application shown in Fig. 6
reflected the residual effects of the PID tests with −500 V.
The large initial reverse current of 1.51 A in the cell of the
impulse applied module compared to the reference cell could
indicate that a greater amount of Na+ ions reached the cell of
the impulse applied module. However, the inversion of the
reverse current in the reference and the impulse applied
modules around 1000 s in Fig. 6 is still unclear. To under-
stand the details, it is necessary to estimate the distribution
and drift phenomena of Na+ ions in the cell after the
lightning impulse application in the future.
The dark I–V characteristics of the tested modules in each

step of the test sequence are shown in Fig. 7. In both
modules, the I–V characteristics of each step at the initial, the
step after the PID test with −500 V followed by fixed voltage
application with −4 V, and the step after the PID test with
−750 V are plotted in Fig. 7. In the impulse applied module,
the step after impulse application is the initial condition. Note

that lightning impulse application had no effect on the I–V
characteristic of the impulse applied module, as shown in
Fig. 4. In the initial condition of the modules, the reverse
current of the reference module shows a larger current than
the reverse current of the impulse applied module. However,
a large reverse current was observed in the impulse applied
module at the step after the PID test with −500 V and a fixed
voltage of −4 V compared to the reference module. This
means that the application of the lightning impulse voltage
before the PID test accelerated the PID of the module. After
the PID test with −750 V, the reverse current of the reference
module became larger again than that of the impulse applied
module. This result indicates that the PID of the reference
module has progressed compared to the impulse applied
module. The possible reason for this is discussed in a later
part.
Figure 8 shows the leakage current of the tested modules at

each step of the applied stresses. The difference in leakage
current at the initial between both modules may result from
variations in the tested modules. The leakage current of the
module after impulse application increases appreciably in
comparison with the initial leakage current of the same
module. The lightning impulse application with −40 kV
between the cell and frame mimicked by Al tapes led to an
increase in the leakage current in the tested module. The
result suggests that the EVA encapsulant layer was damaged
by the impulse strikes. The leakage current reduction in the
impulse applied module after the PID test was observed, as
shown in Fig. 8. The possible reason for the reduction was a
partial recovery of the damage caused by the impulse
application to the module by heating during the PID test at
75 °C.
The EL images of the reference and the impulse applica-

tion modules in each step of the test sequence are summar-
ized in Fig. 9. In the EL images of the impulse applied
module, no mechanical damages as cracks were observed in
the EL images of the module after PID tests. The EL intensity
of the modules decreased, especially in the images from the
modules after the PID test with −750 V.
To clarify the intensity of EL images, histograms of the EL

images were obtained. Figure 10 shows the histograms
calculated from the EL images of the tested modules shown
in Fig. 9. Because the histogram spectrum of the tested
modules shifts toward the weak brightness side after PID
tests, the PID occurred in the reference module and the
impulse applied module. The spectrum shift after the PID test
with −500 V followed by the fixed voltage application with
−4 V in the impulse applied module seems slightly large,
compared to the spectrum shift of the reference module. The
findings reinforce that the PID was accelerated by applying
the lightning impulse voltage of −40 kV preliminarily to the
PV module. As shown in Fig. 9, the EL intensity of the cell in
the impulse applied module after the PID tests decreased not
a part of the cell, but over the entire area of the cell. Many
slim sparks were observed throughout the module during the
lightning impulse application, as shown in Fig. 3(b).
Therefore, damage that led to PID acceleration caused by
the impulse voltage was introduced all around the impulse
applied module.
From the I–V characteristics and EL intensity shown in

Figs. 7, 9, and 10, the cell in the reference module had lower

Fig. 6. Time dependence of current in the solar cells during reverse bias
application of −4 V after the PID test with −500 V.

Fig. 7. Dark I–V characteristics of the tested modules in each step of the
test sequence.
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performance and was weaker to the PID than that in the
impulse application module because the larger reverse current
and the lower EL intensity were observed in the initial in the
reference module. The PID of the reference module was
larger than the PID of the impulse applied module after the
PID test with −750 V. It is believed that the relatively tough
condition of the PID test with −750 V resulted in the Na+

migration easily to the module regardless of the lightning

impulse application. Consequently, the larger PID was
observed in the reference module.
By application of a lightning impulse only, there was no

effect on the c-Si solar cell in the tested module, as described
in Sect. 3.2. However, acceleration of PID was observed in the
tested module with a lightning impulse in advance, although
the applied voltage in the PID test was the relatively low
voltage of −500 V, as shown in Figs. 6, 7, and 10. One of the

Fig. 8. Leakage current of the tested modules in each step of the test sequence.

Fig. 9. EL images of the tested modules in each step of the test sequence.

Fig. 10. Histograms of the EL images of the tested modules in each step of the test sequence.
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major origins of PID phenomena in PV modules fabricated
using conventional c-Si solar cells and EVA encapsulant is the
migration of Na+ ions from a cover glass to c-Si cells passing
through an EVA encapsulant layer. A migration of Na+ ions
during the PID test might be much easier in the EVA
encapsulant with damage by applying impulse voltage. It is
conceivable that acceleration of PID in c-Si PV modules
applied with lightning impulse is not caused by damage to c-Si
cells but by damage to the EVA encapsulant.

4. Conclusions

It is confirmed that no degradation occurs in the electrical
characteristics of the c-Si cell by applying the impulse
voltage of −40 kV 10 times between the frame and the cell
electrodes of the PV module. From the results of this study,
we have found that the PID of c-Si PV modules was
accelerated due to the application of lightning impulse
voltage between a c-Si cell and the metal frame of the
modules. The acceleration of PID in c-Si PV modules applied
with lightning impulse might be caused by damage to the
EVA encapsulant. It seems that the migration of Na+ ions in
the damaged EVA layer has been easy despite the PID test
with a relatively low voltage of −500 V.
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