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Abstract— The quality of the materials used in the PV module
assembly is very important. Since photovoltaic modules are
normally connected in series some of them are exposed to a high
system voltage between the cells and the grounded frame. To
investigate the influence of the EVA film quality on the stressed
photovoltaic module degradation we in-house developed mini
modules with p-type monocrystalline silicon solar cells. The
modules were assembled with EVA films of equivalent qualities
but different ages and exposed to an accelerated test (RH = 85%,
T = 60 °C). While modules with a “fresh” EVA film exhibit
almost no degradation, the modules with the “aged” EVA film
degrade very rapidly and severely. Their degradation rate was
around 0.2 %/day during the 2000 hours of damp heat test. The
strong silver line corrosion is due to the peroxide leftovers in the
“aged” EVA films.

Index Terms— high voltage stress, PID, leakage current, PV
modules, degradation, EVA film

I.

INTRODUCTION

Today, silicon photovoltaics (PV) is a very mature and
developed technology. Crystalline silicon PV modules share
over 90% of the global PV market [1] that in 2017 reached 100
GW. The total production capacity in 2016 was over 90 GW
[2], which resulted in the total global installation capacity of
400 GW in 2017 [3]. With increasing number of PV systems,
some of which are already more than ten years in operation, new
problems and new research fields have come up. It is very
important to know the behaviour of the PV modules under real
conditions for a very stable and successful PV system
operation. Additionally, the grid operators need to know the
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current and the future PV electricity production to provide a
reliable power supply to consumers. Therefore, it is very
important to gain the knowledge of degradation mechanisms in
PV modules.
Among degradation mechanisms is also the potential
induced degradation (PID) [4], [5]. PID is caused by a high bias
voltage, which the cells in PV modules can be exposed to when
connected in a string of a PV system. Currently, the string
voltage of PV systems in Europe is 1000 V. Thus, solar cells in
an ungrounded string can be exposed to up to the half of the
string voltage. If one side of the string is grounded the solar
cells can be exposed to the whole positive or negative string
voltage.
The potential induced degradation mechanisms differ on
the solar cell type used in the PV module. P-type crystalline
silicon PV modules are usually more sensitive to a high
negative voltage bias [4], [6], [7], while the n-type solar cells
are more sensitive to a positive bias. However, the high positive
bias can deteriorate also the p-type PV module performance
[8]–[10]. The researchers discovered that the PID in negative
biased p-type solar cells occurs mostly due to defects in the pn
junction that are filled up with sodium ions coming from the
glass cover sheet [11]. These defects introduce shunts to the
cell, which are recoverable by applying a reverse potential to
the PV module [12]. Solutions how to avoid the PID have been
already reported on the cell and module level and also on the
PV system level [4]. Some inverter manufacturers already offer
to apply a reverse bias to the PV strings during the night time
to heal the short-term reversible PID influence and prevent the
long-term one [13].
Recently, we investigated the behaviour of crystalline silicon
PV modules under a high-voltage bias in harsh conditions [10].
In our study of in-house developed PV modules, we could
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observe a severe degradation rate of PV modules with p-type
solar cells under positive bias which could not be completely
explained. We assumed that the cause of the high degradation
could be in the materials used in the PV module production,
especially the EVA film quality. It is well described in literature
that properties of the encapsulant like polarity, volume
resistivity or water vapour transmittance rate (WVTR) strongly
influence the PID effect [14]–[16]. Additionally, some PV
modules in-field exhibit similar effects to what we have
observed in our research.
Therefore, we decided to investigate the influence of the
EVA film quality on the degradation mechanisms. In this paper
we are presenting the test results of p-type crystalline silicon
PV modules with EVA films of different quality under a high
positive voltage bias and damp heat.

is usually used in thin film technologies. The same solar front
glass and the back sheet were used in all modules.

II. METHODOLOGY

Fig. 1. Photo of in-house developed test PV module: a) front site, b) back side.

As mentioned above we could recently observe a severe
degradation of p-type silicon modules exposed to high positive
bias under damp heat conditions. All investigations lead to a
single conclusion that there might be a problem in the
lamination process or in the EVA film quality, since the PV
modules were assembled by using an EVA film which had been
removed from a sealed packaging, and then stored exposed to
air for several months in a dark place at room temperature in
our Laboratory. Although the lamination process was visually
perfect and yielded very good adhesion results, we assumed that
the EVA film was the cause of a fast and severe corrosion of
silver lines reported in [10].
To prove our assumptions, we made new modules with
three EVA films of equivalent quality but different ages. The
first film was fresh (denoted as “fresh” in the paper), the second
was less than half a year (the limit of the usability of the film)
stored in our Laboratory (denoted as “aged” film in the paper)
and the third film (denoted as “expired” film in the paper) was
kept in our Laboratory for more than four years. The laminates
consisting of “fresh” and “aged” films were visually good with
an excellent adhesion. The “expired” film could not be
laminated well. The laminate could be easily peeled off the
glass substrate. Anyhow, all three films were optically
comparable with no signs of material yellowing.
To investigate the influence of the EVA film aging on the solar
cell degradation we assembled five small area p-type crystalline
silicon PV modules with dimensions of 23 x 33 cm2 (Fig. 1).
The module fabrication procedure followed a typical
commercial manufacturing process, only on a small scale and
manual assembly. Commercially available pseudo-square highefficient p-type monocrystalline solar cells with a textured front
surface covered by a SiNx antireflective coating and with no
special treatment or production steps to make the solar cells PID
resistant were used. The cells were cut to form small-area solar
cells with the dimension of 78 x 39 mm2 by a laser cutter. The
laser cut the cells up to the half of the total depth from the back
side; afterwards, the cells were broken apart. Each module
consisted of 12 small-area solar cells connected in series. Due
to the small dimension of the module, we used a thinner
aluminium frame to seal them and a smaller junction box which

After assembly, the modules were electrically
characterized to obtain their initial performance parameters.
Additionally, all modules were characterized by
electroluminescence (EL) imaging technique. For the
experiment, four modules were exposed to accelerated test
conditions DH85/60 in a climate chamber with relative
humidity (RH) and temperature of 85% and 60 °C, respectively.
One module was kept in dark at room temperature during the
test for a reference. The climate conditions were chosen with
regard to the defined PID test requirements in the IEC-62804
standard [17]. During the test, a high voltage bias of +1000 V
was applied between the short-circuited module contacts and
the grounded PV module aluminium frame. The leakage current
was constantly measured with an in-house developed
datalogger [18]. The total test period was 2472 hours, much
longer than the suggested PID test (96 h) and damp heat test
(1000 h) described in qualification standards IEC 62802 [17]
and IEC 61215 [19], respectively. During the test the modules
were periodically taken out of the climatic chamber for
electrical characterisation and electroluminescence tests.
The electrical characterisation was made at controlled
conditions under a sun simulator class ABA according to IEC
60904-9 [20]. Due to the size of the modules the measurements
were done at a larger distance between the sun simulator and
device under test (DUT) to ensure the irradiance as
homogeneous as possible. The average irradiance on DUT was
over 750 W/m2. After the measurement the results were
corrected to the standard test conditions (STC: 1000 W/m2 and
25 °C). Due to the measurement procedure and higher
measurement uncertainties the measured output power cannot
be declared as the real STC power. Since the measurement
conditions were controlled and repeatable and STC corrections
done, the resulting measured power will be referred as
“adjusted test conditions” (PATC) in the paper.
The initial EL images and initial data of all test modules
with their initial output power are presented in Fig. 2 and
Table I.
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Fig. 2. EL images of test modules at injection level I = ISC@ATC. The data of the modules are collected in Table I.
TABLE I
INITIAL DATA OF TEST MODULES.

EVA film

PATC / W

MREF
Maged
Mexpired
Mfresh1
Mfresh2

“aged”
“expired”
“fresh”
“fresh”

6.95
7.05
6.26
6.29
6.22

Location in
Fig. 2
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c
d
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From the EL images at current injection of ISC@ATC , we
can see that all modules have some contact finger interruptions
and micro cracks. Both inhomogeneities are presumably a
consequence of the laser cutting process of the solar cells and
manual soldering procedure.
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Fig. 3. Leakage current of tested PV modules during the extended PID test.

III. RESULTS
A. Leakage current
The leakage current between the short-circuited PV
module contacts and grounded aluminium frame was measured
continuously during the test period in a time interval of 30 s.
All modules exhibited an increase of the leakage current from
the beginning to a certain saturated value after around 500 hours
of the test. After over 1000 hours the leakage current started to
decay slowly. The saturated values were around 8 µA, 6 µA and
1 µA for Maged, Mexpired and Mfresh2, respectively. The leakage
current of Mfresh1 was not monitored through the whole
experiment but it was close to the values of M fresh2. From the
measured values we can conclude that the leakage current is
connected with the age of the EVA film. The module with the
“fresh” EVA film (Mfresh1 and Mfresh2) exhibited much lower
leakage currents than the modules assembled with other two
EVA films. However, the module with the “aged” EVA film
exhibits a higher leakage current than the module with the
“expired” EVA film (Mexpired). The evaluation of the leakage
current is presented in Fig. 3. Spikes in the plot occurred due to
interruption with opening of the chamber for module
characterisation.

B. Module performance
The power output PATC of the tested modules during the
test period is presented in Fig. 4. All modules exhibit a
degradation, although, the degradation of Maged and Mexpired are
more severe. Both modules start to degrade very early. After
200 hours, their PATC degradation was already around 2 %. The
5 % degradation rate which is commonly used or suggested in
the qualification tests [17], [19] was reached after 700 h of
DH85/60 test. The degradation of the other two modules
(Mfresh1, Mfresh2) reached the 5 % degradation limit at the end of
the test period (after 2000+ hours).
Since the modules were exposed to a positive bias of 1000
V no standard degradation mechanisms are expected. The only
difference between the tested modules is the quality of the EVA
film. In the Maged and Mexpired which were assembled with
“aged” and “expired” EVA films the silver finger lines and
busbars start to colorize very soon due to the silver corrosion
(Fig. 5 and 6). The corrosion is accelerated by the temperature
and humidity. The modules with the “fresh” EVA film (Mfresh1
and Mfresh2) exhibit a little silver colorization just at the end of
the test period (after 2000 hours of the DH85/60 test).
Additionally, in the Maged and Mexpired the EVA starts to
evaporate above the silver lines and build small bubbles which
are trapped in the pyramids of the textured glass (Fig. 6). The
bubbles appear after around 1000 hours of DH85/60 test. In the
modules with the “fresh” EVA film no evaporation could be
observed.
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The degradation of the PV module is visible also from the
EL images made periodically during the interruptions of the
PID test. Fig. 7 presents the PV module assembled with the
“aged” EVA film (top) and the non-degraded module with the
“fresh“ EVA film (Fig. 7 – bottom). The relative change in the
mean EL intensity is presented in Fig. 8.
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Fig. 6. Macro photos of the bubbles above the corroded silver busbars and
finger after the PID test (a - busbar area on the cell, b – zoomed in photo of
bubbles on a busbar)
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Fig. 4. Normalized power output of tested modules.

Fig. 5. Corrosion of silver lines (left) and bubbles above the silver lines (right)
after the PID test.
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Fig. 7. El images of modules with the “aged” (top) and “fresh” (bottom) EVA film.
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Beside the mean EL intensity decay and maximal power
output decay we could also observe changes in all module
parameter like Voc , Isc and FF (Table II). The change in the fill
factor could be explained by the increase of the series resistance
due to the silver corrosion, while the drop of the open-circuit
voltage indicates changes in the sole solar cell. We assume that
the Ag+ ions, which occur due to the corrosion process, could
move from the silver lines and influence the penetration of the
light. To prove that we measured the quantum efficiency of the
degraded module Maged and the reference module both
assembled with the same EVA film. The results show (Fig. 9)
that the degraded cell has a lower QE at lower and higher
wavelengths, which is well correlated with the reflection peaks
of the silver nanoparticles as reported in [21], [22] as also due
to yellowing (see section 3.3).
TABLE II
MODULE PARAMETERS BEFORE AND AFTER PID TEST.

Mref
Maged
Mexpired
Mfresh1
Mfresh2

Isc
0.94
0.95
0.83
0.85
0.84

PATC
6.95
7.05
6.26
6.29
6.22

600

800

1000

Wavelength / nm

Fig. 8. Mean EL intensity of the tested modules during the test.

before PID test
Voc
FF
6.63
83.69
6.65
83.60
6.53
87.09
6.55
86.10
6.57
85.54

400

after 2472 h of PID test
Isc
Voc
FF
PATC
0.96 6.71 84.10 6.90
0.87 6.28 79.51 5.55
0.78 6.36 82.33 5.19
0.83 6.52 85.71 5.91
0.83 6.52 86.04 5.91

Fig 9. Quantum efficiency QE of the degraded Maged and non-degraded PV
module.

C. EVA film characterisation
To confirm the influence of the EVA film age on the silver
corrosion we made several investigations on unprocessed and
laminated EVA film cut out from the modules. Spectroscopy
techniques from FT-IR, fluorescence, Raman to UV-Vis-NIR
do not reveal any significant differences of the optical
properties between EVA films. The only noticeable difference
between the “aged” and the “fresh” EVA film which could be
observed was a lower reflection in the blue region of the
spectrum which could be a consequence of the yellowing
process of the ”aged” film.
To measure the degree of crosslinking of the EVA films
differential scanning calorimetry (DSC) was used. DSC is a
thermos-analytical technique to detect endothermic/exothermic
processes by measuring absorbed or released amount of energy.
The DSC was carried out by Perkin Elmer – Heat Flux DSC
4000 instrument. First the sample was heated up from 25 °C to
200 °C at a heating rate of 10 °C/min and held at the
temperature for 1 minute. In the second phase the sample was
cooled down to 25 °C at the cooling rate of 10 °C/min and held
at the lowest temperature for 5 minutes. At the end, we repeated
the heating procedure from the first phase. The second heating
phase was done to check whether there are still an energy flow
present in the samples. The DSC results for the “aged” and
“fresh” EVA film in an unprocessed and laminated stage is
presented in Fig.s 10 and 11.
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Normalized heat flow / (W/g)

as corrosion of the silver gridlines [24]–[27]. The observed
degradation effects have been explained by the high amount of
still reactive peroxides in the modules which can react either
directly with the surface of the metallic PV module components
or with degradation products of the EVA encapsulant like acetic
acid and subsequently lead to a corrosion of the soldering
material or the silver grid lines.
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Fig. 10. DSC measurements of the unprocessed (top red line) and laminated
(bottom blue line) “aged” EVA film.
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Fig. 11. DSC measurements of the unprocessed (top red line) and laminated
(bottom blue line) “fresh” EVA film.

EVA film quality has a crucial role on the degradation
mechanisms in PV modules. It is well known that the EVA film
has to be used as soon as possible after opening the sealed
packaging foil keeping the EVA film roles fresh. Our research
was focused on the potential induced degradation mechanisms
in modules with not top-quality EVA films. The only difference
between the tested modules was a different time period between
the opening of the sealed packaging foil and the use of the EVA
film. The in-house fabricated modules made of p-type mc-Si
solar cells were exposed to harsh conditions in the climatic
chamber with temperature of 60 °C and humidity of 85%.
Additionally, the PV modules were exposed to a high positive
voltage of 1000 V. During the test the module performances
were characterised and observed by EL imaging technique.
While the module with the “fresh” EVA film degrade very
slowly, the modules with the “aged” EVA film start to degrade
right from the beginning and with the degradation rate of 0.2
%/day. The main degradation mechanism in the module is the
corrosion of the silver conduction lines. With DSC analysis we
proved that the degree of crosslinking of the “aged” EVA film
is lower, which results in some residual peroxides in the film
that react with the silver. Beside the silver corrosion we could
observe also a severe solar cell performance degradation. An
additional investigation of the quantum efficiency of the
degraded and reference module reveals a lower response at
shorter (below 600 nm) and longer (beyond 900 nm)
wavelengths. Since the response correlates with the reflection
form silver particles we assume that silver ions migrate from
the conduction lines across the cell surface.

From the DSC we calculated the crosslinking degree XSx by
[23]:
𝑋𝑆𝑥 =

∆𝐻𝑆0 − ∆𝐻𝑆𝑥
∆𝐻𝑆0

Where ∆HS0 is the enthalpy of the crosslinking reaction of the
uncured EVA reference, ∆HSx is the enthalpy of the crosslinking
reaction of the test sample. For the “aged” and “fresh” EVA
films we could measure a crosslinking degree of 60.8% and
93.7%, respectively. The DSC analysis reveals that almost 40%
of the peroxides in the “aged” EVA film did not react.
Presumably, these leftovers of peroxides react with silver which
leads into the corrosion of finger and busbar conduction lines
as observed in modules Maged and Mexpired. This is in good
agreement with other studies published in literature, where
several authors reported a correlation between poorly
crosslinked EVA and discoloration of soldering ribbons as well
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