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ARTICLE INFO ABSTRACT

Keywords: Moisture ingress is one of the key fault mechanisms responsible for photovoltaic (PV) devices degradation.
Moisture ingress Understanding moisture induced degradation (MID) mechanisms in field-aged PV modules is more reflective of
Lead oxide

the reality in the field. In the present work, MID products of reclaimed solar cells from 20-year-old field-aged
silicon PV modules is investigated. The defective areas in the PV modules were identified using visual inspec-
tion, electroluminescence (EL), ultraviolet fluorescence (UV-F), and infrared thermal (IR-T) techniques. SEM-
EDS analysis is used to elucidate the role of moisture on the observed degradation mechanisms. Degradation
of the ethylene vinyl acetate (EVA) encapsulation produces acetic acid, carbon dioxide, phosphorus, sulfur,
fluorine, and chlorine. Migration of metal ions under the influence of moisture ingress makes the formation of
oxides, hydroxides, sulfides, phosphates, acetates, and carbonates of silver, lead, tin, copper, zinc, and aluminum
feasible. Also, other competing reactions can lead to the formation of stannates of copper, silver, sodium, and
zinc. Another observation is that, in the presence of MID species, Pb is preferentially corroded (to form lead
acetate complexes) instead of the expected sacrificial Sn in the solder. These MID species account for different
defects and fault modes that lead to parasitic resistance losses. This is witnessed by the 1.2%/year degradation in
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the Py of the PV module.

1. Introduction

Moisture ingress is one of the key routes to photovoltaic (PV) devices
degradation [1-5]. In the field, and under environmental stressors (e.g.,
high temperature, humidity, ultraviolet radiation), moisture can enter
the PV modules from the edges, ‘breathable’ backsheets, and via cracks
or voids [3,4,6]. These channels of diffusion for moisture (water, oxy-
gen, and carbon oxides), are created during manufacturing, trans-
portation, handling, and installation [4,7-9]. Long periods of heavy
snow and wind loads complicate the situation in the Nordics. In the
Nordics, the global annual average climate moisture index (CMI) is
greater than 0.5 [5]. CMI is the measure of moisture availability at a
specific place and time based on the precipitation and moisture ab-
sorption of the local atmosphere [10]. Hence, the CMI can be an indi-
cator of the degree of moisture susceptibility of electronic devices
(including solar panels) in a particular place.

There are efforts within the PV community as regards preventing,
detecting, and mitigating moisture ingress and its effects in PV modules.
The use of encapsulation materials with high adhesion and moisture

barrier qualities, desiccant stacked sealants, and imbedded moisture
sensors are some of the ways of achieving this objective [4,11]. In her-
metic PV module configurations (e.g., double glass PV modules), mois-
ture ingress into the modules is limited. However, the escape of moisture
induced degradation (MID) or corrosion species is also limited. This can
therefore lead to accelerated degradation of field deployed solar panels.
A comprehensive review on moisture ingress in crystalline silicon PV
modules has been provided by Segbefia et al. [4]. In the field, PV
modules are exposed to multiple environmental stressors such as high
humidity, temperature, UV radiation, and soiling during their operation
in the field. The role of these environmental stressors in the formation of
MID species and subsequent degradation processes in the PV module is
significant and is the reality in the field. However, in the absence of
moisture ingress (under humidity exposure), formation of MID species is
impossible, irrespective of the environmental stressors the PV module is
exposed to. Hence, understanding the mechanisms and effects of MID in
field-aged solar PV modules is the best way to understand what happens
in the field.

Once moisture enters the PV module bulk, electrochemical reactions
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are initiated. The ethylene vinyl acetate (EVA) encapsulation when
exposed to moisture and light, can produce acetic acid [4,8,12]. In the
presence of excess moisture and light, the acetic acid can breakdown to
formic acid, and the incidence of corrosion is more likely [4]. Moisture
and acetic acid can attack the metal grids to form their respective metal
oxides, acetates, hydroxides, and bicarbonates [13-17]. The copper
ribbon, lead, and zinc (from the silver paste) can also degrade into
copper (Cu), lead (Pb), and zinc (Zn) acetates, respectively in the pres-
ence of acetic acid and moisture [14,16,18]. Recently, Jeffries et al. [14]
reported silver acetate as the main product of acetic acid corrosion in PV
modules. Moreover, it was reported that the corrosion of intermetallic
compounds (IMC) in acetic acid depend on the concentration of Ag in
the paste [14]. These degradation products can also lead to the degra-
dation of the solar cells, corrosion, and optical degradation [12-19].

In the presence of moisture, aluminum (Al) and sodium (Na) ions can
also leach from the Al- frame and the front glass, respectively into
emitter regions in the solar cells and modules, hence, cause potential
induced degradation (PID) [20,21]. These MID processes can also lead to
the incidence of microcracks and/or snail trails, optical degradation,
and antireflection coating (ARC) degradation, among others [8,22-24].
These degradation mechanisms affect the efficiency and performance
reliability of PV plants [25,26]. For instance, silver oxides deposited on
the metal grids lead to increased series resistance [14,17,18,27].
Degradation of the encapsulation and the silver grids in the presence of
moisture can lead to the formation of silver carbonates, sulfides and
phosphates which are precursors for snail trails [13]. The silver car-
bonate can reflect, absorb, and scatter light photons [28]. This in-
fluences the charge carrier generation, transport, and recombination in
the module bulk. Resistance effects leads to localized hotspots and
increased module temperature, and hence, a drop in the power output
[29]. MID products such as lead, silver, copper oxides, acetates, and
carbonates appear as dark spots in electroluminescence (EL) and ultra-
violet fluorescence (UV-F) images, and in infrared thermal (IR-T) im-
ages, they are seen as hotspots [12,14,17,19,30].

Electroluminescence, photoluminescence (PL), infrared thermal, ul-
traviolet fluorescence, dark lock-in thermography (DLIT), current-
voltage (I-V), and visual inspection techniques have been used to
detect these defects and fault mechanisms in PV plants [4,12,17]. The
collective advantage of these techniques is that they are non-destructive.
However, these techniques are incapable of establishing the micro-
structural causes of the observed degradation mechanisms. Hence, in-
vestigations to unravel the root causes of these degradation mechanisms
(based on degradation products) employ microscopic and spectroscopic
methods. MID species can be detected using scanning electron micro-
scopy (SEM), energy dispersive spectroscopy (EDS), electron beam
induced current (EBIC), fourier transform infrared (FTIR) spectroscopy,
X-ray photoelectron spectroscopy (XPS), atomic force microscopy
(AFM), thermo-gravimetric analysis (TGA), Raman spectroscopy, etc.
[4,8,12,31]. Even though these techniques are destructive, they are well
established. The prospects of employing both the destructive and
non-destructive methods to detect MID mechanisms have been reported
[8,12,16,17,28,32]. In these investigations, efforts were made to un-
derstand the MID observed in non-destructive methods at the micro-
structural level. Indeed, this twin approach employs the strengths of
both methods for defects and fault diagnosis.

Most recently, the present authors reported the effect of moisture on
the morphological degradation of titania antireflection coatings (ARCs)
[33]. The influence of the degradation of these coatings on the efficiency
of the PV module is important. With emerging PV applications such as
floating PV and agro-PV at sight, understanding the mechanisms and
effects of MID in PV modules under multiple real field environmental
stressors is more important than ever. Up to now, research on the
microstructural signatures of MID in PV modules appear to focus more
on the EVA encapsulation, silver grids, solder, and copper ribbons [8,
12-19,32,34]. Most investigations ignore the effect of moisture ingress
on the solar cell microstructure itself and its degradation mechanisms. In
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addition, only a few of these reports were carried out on field-aged PV
modules [12,13,15,32,34]. Moreover, we have not come across any
published work on the effects of MID on silicon solar cells. Additionally,
none of the reports on the effect of MID on solar PV modules was done in
the Nordics, where the effect of moisture ingress is a huge challenge, due
to the high CMI in this climate. Hence, a holistic investigation on all the
solar cell components: solar cell, silver grids, solder, and copper ribbons
in the Nordic is necessary. The effect of moisture ingress on the degra-
dation of the EVA encapsulation is not presented in this work, as it is the
subject of another investigation.

In the present work, the MID of reclaimed solar cells from a 20-year-
old field-aged multicrystalline silicon (mc-Si) PV module is investigated.
The electrical characteristics of the PV module were acquired via I-V
characterization. The defective areas in the PV modules were identified
using visual inspection, EL, IR-T, and UV-F techniques. The micro-
structural characterization of the reclaimed solar cells employed SEM-
EDS techniques. A brief description of the PV modules and the
methods used for the investigation are given in Section 2, followed by
the findings and the discussions in Section 3.

2. Material and methods

The field-aged NESTE NP100G12 PV Module X for this investigation
was chosen from a batch of PV modules which were installed on a
Renewable Energy Park in Dgmmesmoen, Grimstad (58.3447° N,
8.5949° E), Norway in the year 2000. However, the PV modules on the
Energy Park were decommissioned in 2011 and were kept securely for
research purposes. The manufacture’s data sheet and the measured
average electrical data of the 43 field-aged PV modules and the PV
module selected for this study is summarized in Table 1. Details of the
Energy Park and the catalogue of the defects and failure modes of these
PV modules was reported earlier [5].

The module comprises of a (0.1 x 0.1) m? mc-Si solar cells with
screen printed aluminum (Al-) grids at the back and titania (TiO3) ARC.
The cell is sandwiched between ethylene vinyl acetate (EVA) encapsu-
lant. The front glass and the backsheets were made from a low iron
tempered glass and white multi-layered Tedlar®/Polyester/Tedlar®
(TPT), respectively. The rest of the module’s components are 2 junction
boxes, each containing a bypass diode and an anodized Al- frame. Tin-
ned copper was used for the interconnect ribbons. The panel is made up
of 72 cells connected serially in 3 parallel substrings [21]. The suspected
areas were extracted using a water jet cutting technique, followed by
subsequent solvent treatment. The reclaimed solar cell samples (from
the defective areas) were then taken through SEM-EDS analyses. The
experimental procedure for the study is illustrated in Fig. 1. Table 1
suggests that, after 20 years, the electrical characteristics of PV Module
X is similar to the average electrical characteristics of the 43 field-aged
PV modules. Hence, the degradation mechanisms in these field-aged PV
modules might be identical.

2.1. Visual inspection

A comprehensive visual inspection on the solar PV panel was

Table 1

The manufacturer’s data sheet and the measured average electrical parameters
of the 43 solar PV modules and PV Module X in 2020 normalized to Standard
Test Conditions (STC).

Year Prax Voc Vipp Tnpp I FF n
w) m " (A) A) (%) (%)

2000 (Data 100 21.6 16.7 6.0 6.7 70 13
sheet)

2020 (43 78.2 19.7 14.7 5.3 6.0 66 10
modules)

2020 (Module 76.0 19.8 14.4 5.3 6.0 64 10
X)
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Fig. 1. Experimental procedure for the microstructural investigation of the moisture induced degradation products in the field-aged PV module.

conducted under clear sky outdoor conditions. We also acquired high-
resolution photographs from the panel: front and rear sides in a dark
room with optimized light exposure. This extra step was invaluable in
identifying defects which were hidden in the conventional visual in-
spection method. The IEC 61215: 2016 standard was adhered to in
collecting and reporting the data from the visual inspection of the solar
panel.

2.2. -V measurements

Information on the electrical parameters was acquired from the solar
panel using a handheld I-V 500w I-V Curve Tracer as per the IEC 60904-
1 standard. The measurements were done under Standard Test Condi-
tions (STC) and data on the maximum power (Pyqy), short circuit current
(Is), open circuit voltage (V,,), fill factor (FF), maximum power point
voltage (Vppp), maximum power point current (Impp), module tempera-
ture (Tp,), and in-plane irradiance (Gj) characteristics of the panel was
documented. STC specifies cell temperature (25 °C), an in-plane irra-
diance (1000 W/mz) and air mass 1.5 (AM1. 5) spectrum for commercial
PV panels. The experiments were performed under clear sky in-plane
irradiance (960-1040 W/m?) and wind speed (<2 ms~ 1) conditions.
The I-V Tracer converted data points to STC automatically to minimize
errors related to data recording and processing. The temperature coef-
ficient (fy) of each electrical parameter (x) was computed using
regression plots: a graph of Ty, versus electrical parameter, x. Details of
the temperature coefficient measurement was presented earlier [21,35].

2.3. Ultraviolet fluorescence (UV-F) imaging

UV-F imaging is a handy tool for detecting cracks and moisture
induced degradation (e.g., cell and optical degradation) in PV plants
[36,37]. In the presence of ingressed moisture (e.g., water and oxygen),
fluorescent degraded species (in the solar panel’s encapsulation) un-
dergo photochemical transformations into nonfluorescent species [37].
Under UV light, degraded areas show darker traces due to defects

photoquenching. This helps to differentiate defective areas from healthy
areas in the solar PV panel [36]. UV-F images of PV module X was ac-
quired in a dark room using a TROTEC® LED UV TorchLight 15F (A ~
365 nm) equipped with a Wolf eyes FD45 spectrum filter. The experi-
ments were done as per the International Energy Agency (IEA) recom-
mended procedure [25,38].

2.4. Electroluminescence (EL) imaging

EL imaging is a suitable tool for quantifying resistive losses in old PV
modules affected by cracks and severed metal grids. EL characteristics of
the solar panel was acquired in a dark room using the BrightSpot EL Test
Kit: a 24 megapixels modified DSLR (digital single-lens reflex) Nikon
D5600 camera, a DC power supply device set, and a laptop computer
equipped with data acquisition and processing software. The measure-
ments were done as per the IEC 60904- 13 standard and the IEA pre-
scribed method [26]. The EL characterization was performed under I,
and 0.1I forward bias conditions in a dark room as reported earlier [5,
21].

2.5. Infrared thermal (IR-T) imaging

The field-aged PV module was taken through IR-T measurements
using the Fluke Ti400 Infrared Camera (A ~ 650-1400 nm) as per the
IEA prescribed procedure [26] and the IEC 62446- 3 standard. Details of
the experimental set up for the outdoor investigation under clear sky
outdoor conditions at the Rooftop facility was reported earlier [21]. For
these measurements, the IR thermal images were acquired after soaking
the solar panel in the sun for at least 15 min.

2.6. Solar cell reclamation and microstructural analysis

The regions of interest (areas affected by microcracks and moisture
ingress) were extracted using a Water Jet NC 3060D Beveljet cutting
machine. The machine which is controlled by a CNC software employs a
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fine water jet with abrasive under ultra-high pressure (ca. 4000 bar) for
sample cutting. The technique is very suitable when low cutting tem-
perature is desired. The as cut samples (consisting of the front glass,
encapsulant, copper ribbons, solar cell, and backsheet) was separated
using toluene. The samples were immersed in the toluene at room
temperature for 14 days, refer to Fig. 1. After 7 days, the front glass and
front encapsulant were separated. However, the backsheet could be
removed after 14 days. The extracted solar cells from the field-aged PV
module were analyzed using a field emission scanning electron micro-
scope (SEM) (JEOL 7200F) equipped with an energy dispersive X-ray
spectrometer (Octane Elect EDS system from EDAX®-AMETEK®) to
identify the MID products. The components of the solar cell extracted
from the field-aged PV module that were investigated are shown in
Fig. 2.

The copper busbars, located around the perimeter of the PV module,
connect the Cu interconnect ribbons. They collect and deliver cumula-
tive current to the junction boxes. The silver fingers are perpendicular to
the Cu ribbons whilst the Ag busbars lie beneath the Cu ribbons. The Cu
ribbons are connected to the solar cells and the Ag grids with the solder,
which is made up of lead and tin. The effect of moisture ingress is more
severe around the perimeter of PV modules [12,30]. Hence, the solar
cells and other components for the SEM-EDS investigation were
extracted from the edge of the field-aged PV module.

3. Results and discussion
3.1. Visual inspection

Fig. 3 shows some of the results from the visual inspection of the PV
module. Fig. 3a shows the photographic images of a pair of solar cells
acquired under clear sky outdoor conditions highlighting signs of optical
degradation e.g., delamination and discolouration of the encapsulation.
Fig. 3b and c are images acquired from the same area of the field-aged
PV module under clear sky outdoor and dark room conditions, respec-
tively. Fig. 3b and c shows complementary signs of MID degradations,
which could not be seen in either of these Figs. alone.

Moisture induced discoloration is shown in the upper left corner in
Fig. 3b whilst Fig. 3¢ shows accumulation of MID species around the
solder joint. Fig. 3d and e shows the inner side of the TPT backsheets of
solar cells extracted from the middle and the edge of the field-aged PV
Module X, respectively. Fig. 3d is not discolored whereas Fig. 3e is
discolored. Discoloration of the backsheets is a typical sign of degra-
dation due to UV radiation. Yet, the effect of UV radiation is expected to
be uniform across the backsheet in the same PV module. Hence, we
believe that the degradation of the EVA encapsulation and the TPT
backsheets of the PV module is due to moisture ingress. In Section 3.6,
SEM-EDS analyses will be used to support this observation. Dark dis-
colored backsheets were also observed in optically degraded PV modules

Cu busbar
L Solar cell

Cu ribbon : Ag fingers
. Ag bpsbar ;

Solder

N e

Fig. 2. Components of the field-aged PV module extracted for the SEM-
EDS analysis.
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by other researchers [39]. Fig. 4 shows the visual images acquired from
the same area of a solar cell close to the edge of field-aged PV Module X
showing the degradation state of a Curibbon. Fig. 4a was acquired under
clear sky outdoor conditions and Fig. 4b was acquired under optimized
dark room conditions. The figure shows corrosion and oxidation of the
metal grids, and trapped moisture and MID species, especially around
the solder joint. Corrosion of metal grids around the solder joint area due
to moisture ingress was also reported by other authors [17-19,23]. Fig. 4
suggests that Module X has been affected by moisture induced defects.
Corrosion at the solder joint is attributed to the dissolution of lead
and tin (main components of solder) in moisture and acetic acid due to
galvanic corrosion [17]. This could be due to low adhesion at the solder
joint or the presence of defects during the soldering process [18]. The
observed corrosion at the solder joint region could also be as a result of
MID of the Ag grids [8]. However, this corrosion mechanism is only
feasible in the presence of moisture. It can be seen in Fig. 4 that the metal
grids have been masked out by MID species. The optical integrity of
these areas in Fig. 4 appears to be compromised as well. Earlier inves-
tigation by the present authors established that more than 90% of these
field-aged PV modules were affected by optical degradation, though
other stressors such as UV radiation also can play significant roles [5,
40]. This observation agrees with other reports on the role of MID
products in optical degradation of PV modules [13,14,16,27].

3.2. I-V characteristics of the field-aged PV module

Fig. 5 shows the electrical characteristics of field-aged PV Module X.
Degradation in the Py, Vo, and I due to increased series resistance
(Rs), low shunt resistance (Rsy), and reduced fill factor are illustrated.
The annual degradation in Ppuy, Vo, and I, for PV Module X were found
to be approximately 1.2%, 0.4%, and 0.5%, respectively. The degrada-
tion in PV Module X is similar to the average degradation in all the field-
aged PV modules. Corrosion of metal grids, optical degradation, and PID
due to moisture ingress are known to be the underlying causes of
resistance losses, hence, power degradation [4,25]. Considering the
location of the present investigation, the influence of MID mechanisms
on the degradation of these PV modules is high [5]. MID products such
as acetic acid, acetates, oxides and hydroxides of silver, lead, silver, tin,
and copper were reported to be responsible for increased series resis-
tance and shunting [12,14,30].

It was reported that increased series resistance, shunting, and ARC
degradation are the three key fault mechanisms that lead to power
degradation [8,22]. The effect of moisture ingress on the degradation of
the ARC in PV Module X was reported earlier [33]. On the other hand,
increased series and decreased shunt resistances due to a variety of
defects and fault modes lead to increased module operating temperature
(Ty) [29,40]. The temperature coefficients of the PV module can
therefore be an indicator of the effect of resistance losses [29,41,42].
Table 2 summarizes the average relative temperature coefficients of PV
Module X. The average temperature coefficient of efficiency (8,n) of the
field-aged PV module was found to be approximately —0.5%/°C, which
is equivalent to the average S, of all the field-aged PV modules [5].

Pymis the cumulative contributions from the temperature coefficients
of Voc (Bvoc); Isc (Bise), fill factor (Brr), Vinpp (Bvimpp)> and Lpp (Bmpp). The
Pisc among other factors, depends strongly on the collection fraction (f;)
[29,43]. The f, is the fraction of photogenerated charge carriers within
the solar cell that could be extracted from the solar cell as photocurrent
[44]. Hence, the f, depends on the resistive losses due to optical
degradation and parasitic absorption within the solar cell [29].

From Table 2, the By for PV Module X is relatively low, indicating
increased resistance losses. The 355 from other reports were higher, with
Bsc > 0.06 [42,45]. The observed lower fj;. for the field-aged PV module
suggests degradation due to reduced f. [29]. Strikingly, the Sy is
negative as reported earlier by Segbefia and Szetre [21] for field-aged PV
modules affected by PID. Migration of cations e.g., Na ions to the emitter
regions of solar cells are responsible for PID [9]. Moisture ingress has
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(b)
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(d)

Fig. 3. Visual images of the field-aged PV module. Photographic images of a (a) pair of solar cells showing signs of delamination and discolouration of encapsulation,
a copper ribbon under (b) clear sky outdoor and (c) optimized light exposure in dark room conditions, and the inner side of the backsheet of a solar cell (d) not

affected and (e) affected by moisture ingress.

r

F Trapped moisturd
and MID species

Fig. 4. Part of a solar cell and degraded copper ribbon showing signs of moisture ingress. Images were acquired under (a) clear sky outdoor and (b) optimized light

exposure dark room conditions from the same area of the solar cell.

been reported for the migration of these ions to sensitive areas such as
the emitter of solar cells [46]. Hence, it is likely that PV Module X is
suffering from PID as well due to moisture ingress, as will be demon-
strated with the EL, IR-T, and SEM-EDS characteristics.

3.3. Electroluminescence (EL) characteristics

Fig. 6 shows the EL and UV-F images of field-aged PV Module X.
Fig. 6a and b are the EL images acquired under I, and 0.1I forward bias
conditions, respectively. Fig. 6a shows the presence of microcracks and
darker regions at the edges of the solar cells. Microcracks are conduits
and reservoir for moisture ingress [4]. Darker marks at the edges of the
solar cells suggest that degradation at the cell edges is more severe [26].
From Fig. 6b, it can be seen that the majority of the solar cells around the

edge of the module are darker than those in the middle of the module.
Dark cell patterns (especially around the edge of the module) indicate
the presence of MID products such as metal oxides and acetates [12,14,
19,30]. In addition, most of the darker cells are located nearer to the
perimeter of the PV module. Degraded cells around the edges of the PV
module indicate moisture induced PID, as indicated by the . This
observation is in line with other reports [25,26]. The satellite cells in the
areas affected by cracks also show darker patterns.

3.4. Ultraviolet fluorescence (UV-F) characteristics

PV Module X shows weak fluorescence and luminescence signals,
which align with earlier investigations by the present authors [35,40].
The majority of the batch of field-aged PV modules from which PV
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Fig. 5. Electrical characteristics of the solar PV module. Degradation per year
(yr) in Pyax Voo, and I as well as the effect of the series resistance (Rg), shunt
resistance (Rsp), and fill factor (FF) are illustrated.

Table 2
Average relative temperature coefficients of solar PV Module X.

Temperature coefficient (%/°C)

Pvoc Psc Prr Puym Pvinpp Pompp

-0.4 0.05 -0.2 -0.5 -0.5 —0.07

Moisture

induced
degradation
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Module X was chosen were found to show weak fluorescence and
luminescence signal intensities [5]. Fig. 6¢, d, and 6e are the UV-F im-
ages of the corresponding marked out areas in Fig. 6a showing the ev-
idence of microcracks and MID. Although most of the defective areas
(microcracks) in the UV-F images correspond with the observation in the
EL image (Fig. 6a), some microcracks were hidden in the EL images.
Defects that do not affect current flow are not seen in EL images [26,47].
On the other hand, only degraded encapsulation areas are seen as dark
areas in UV-F images [36,37].

Usually, these microcracks are located around the perimeter of the
PV module. One reason for this observation is that, during
manufacturing, handling and transportation of PV modules, the likeli-
hood for microcracks formation is high. The thermal processing steps
especially induces thermochemical stress, and hence, microcracking in
the solar cells. Usually, some of the microcracks formed during the
manufacturing phase of the production process are not detected. So, in
the field, environmental and climatic stressors can make these micro-
cracks degrade further, even into macrocracks. Very high and low
ambient temperatures can induce microcracks in solar cells due to
thermochemical stress. In addition, in environments with high humidity
conditions, moisture can enter the PV module. Moisture ingress is more
feasible where there are microcracks and other voids around the edges of
the PV module. Moisture ingress can also initiate new microcracks or
make existing microcracks degrade further [48].

Formation and degradation of microcracks under the influence of
moisture ingress is one possible reason for the observed microcracks in

(b)

Fig. 6. EL characteristics of PV Module X acquired under (a) I, and (b) 0.1I forward bias conditions. (c)-(e) UV-F characteristics of various parts of PV Module X

showing signs of microcracks and MID. All images were acquired in a dark room.
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Fig. 6¢, d, and 6e. Specifically, the geometry of the microcracks and the
presence of some of the microcracks was not very clear in the EL images.
In Fig. 6¢, the copper ribbon in the defective area appears unbroken.
Hence, the position of the defect in Fig. 6¢ is not very clear in the EL
images (Fig. 6a and b). This defect is likely a moisture induced degra-
dation. In Fig. 6d, the copper ribbons of the defective cells (e.g., Cells 4,
7, 10 and 12) appear to be completely broken. These microcracks are
also multidimensional to the busbars and are more critical to power loss.
Since these microcracks are located close to the edge of the PV module,
the influence of moisture ingress on the microcracks formation and
degradation cannot be ruled out. The geometry and positions of the
microcracks in Cells 4, 7, 10, and 12 are not very clear in Fig. 6a,
however. Hence, UV-F technique is better suited for detecting moisture
induced defects and fault modes.

In addition, the nature of the microcracks (e.g., crack width) in
Fig. 6c and d shows further degradation of the microcrack regions which
might be due to the influence of moisture ingress under multiple real
field environmental stressors. The microcrack patterns in Fig. 6¢ and
d are broader in width and extend beyond the immediate crack regions.
However, the microcrack in Fig. 6e is narrower and suggests that the
effect of moisture ingress on this crack region is less severe. In Fig. e,
even though the microcrack is located at edge of the PV module, the
microcrack appears to be opened inwards away from the Al- frame.
However, in Fig. 6¢, the microcrack opens towards the Al- frame. In
Fig. 6¢, the influence of moisture ingress from the edge of the module is
greater than in Fig. 6e. In an earlier investigation on these field-aged PV
modules, PV modules with strong fluorescence and luminescence signals
show sharper crack patterns [40]. The effect of moisture on the degra-
dation of microcracks was also observed elsewhere [48]. Moisture
ingress induce the formation of silver and lead acetates, oxides, sulfides,
and phosphates in the affected areas in PV modules [13,28]. These
degradation products are witnessed as dark areas in EL and UV-F images
[13,14,16].

3.5. Infrared thermal (IR-T) characteristics

Defective cells cause mismatch losses, hence, lead to inhomogeneous
distribution of cell temperature (T,) throughout the PV module. Defec-
tive cells operate at higher T, and become hotspots. This in turn in-
fluences the T;,, of the PV module. The difference in the T, (AT) of the cell
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with the highest and lowest T, can be an indication of the presence of
specific defects and fault mechanisms [26,47,49]. Fig. 7a shows the IR-T
image of PV Module X. The respective zoomed-in EL images of the
marked-out areas in Fig. 7a are shown in Fig. 7b, ¢, and 7d. The
marked-out areas in Fig. 7a are closer to the frame of the module and
show the most critical hotspots. This is an indication of the occurrence of
large leakage current during operation. There are other hotspots all over
the module, however. The respective location of the hotspot cells closer
to the frame of the PV module supports the observations in the EL im-
ages. The number of hotspot cells suggests that the majority of the cells
in field-aged PV Module X are at different stages of degradation.

In Fig. 7b, no obvious crack was observed. Yet, the corresponding
area in Fig. 7a shows hotspots. The observed hotspots in Fig. 7a might be
due to metal grids corrosion and/or solar cell degradation. Fig. 7c shows
the presence of microcracks and the warmest cells were observed in this
area in the IR-T image, see Fig. 7a. On the other hand, Fig. 7d shows
some cracks. However, the hotspots of its corresponding area in the IR-T
image were not as high as the hotspots in Fig. 7c. The criticality of cracks
to current flow underpins the occurrence and severity of the hotspots
observed in Fig. 7c [25,26]. The AT of PV Module X was found to be
~8.2 + 2 °C. The presence of MID products such as acetic acid, oxides
and acetates of silver, lead, and copper could also influence the forma-
tion and the characteristics of the hotspots [12].

3.6. Microstructural characteristics

3.6.1. Solar cells

Fig. 8 shows the SEM micrographs of a multicrystalline silicon solar
cell extracted from the edge of PV Module X. Fig. 8a shows two distinct
surface morphology of the silicon microcrystal structures present in the
solar cell. Area 1 appears to be the characteristic surface morphology of
alkaline anisotropic etching of crystalline silicon [50]. On the other
hand, Area 2 depicts the surface morphology of isotropic etching using
acidic solutions [50]. As a multicrystalline silicon solar cell, the cell is
made up of different crystals with random crystallographic orientations.
It is known that etching rate depends on the etchant, crystal type and
orientation. Hence, the crystal type and orientations might be the reason
for the difference in the surface morphology in Fig. 8a.

According to Li et al. [51], in the presence of moisture and light, the
EVA encapsulation can produce acidic or basic environments in the solar

Fig. 7. (a) IR-T characteristics of PV Module X acquired under clear sky outdoor conditions. (b)-(d) EL characteristics acquired under I, bias conditions of the

corresponding marked areas in (a).
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(b)

Fig. 8. SEM micrographs of a solar cell extracted from PV Module X showing (a) the types of micro crystallographic features and (b) high magnification micrograph

of Area 1.

panel bulk depending on the voltage bias in the field. Under negative
bias, as typical of solar panels affected by PID, the EVA under moisture
ingress can produce basic environment in the panel. High basic envi-
ronment can make degradation of the silicon solar cell, antireflection
coating, and corrosion of the metal grids feasible. However, under
negative bias, the effect of basic environments on the corrosion of Ag
metallization is negligible [51]. Yet, the amount of moisture accumu-
lation within the solar panel is the rate determining step for the resulting
basic or acidic environment in the panel. Moreover, since the solar cells
used for the present investigation were extracted from the edge of the
module, the influence of voltage bias (i.e., PID) on the degradation
mechanisms in the module cannot be ruled out. Fig. 6b shows that the
module might be affected by PID. Therefore, it is likely that the EVA
encapsulation degraded and provided both acidic and basic environ-
ments inside Module X. This suggests that degradation of different
crystals in the solar cell to different degrees is possible. This is likely one
of the reasons for the differences in the surface morphologies observed
in Fig. 8a.

In the high-magnification micrograph of Area 1 (Fig. 8b), the state of
the microcrystals of the solar cells is clearer. Some portions of the

microcrystals have disintegrated and undergone morphological
changes. In this situation, the consequences for parasitic resistance
losses and power degradation cannot be ruled out. The role of moisture
ingress in the degradation of the solar cell appears to be significant. The
white particles in Fig. 8b are the titanium dioxide (TiO2) ARCs used on
the surface of the solar cells to optimize efficiency. The effect of moisture
on the degradation of the TiOy ARCs in field-aged PV Module X was
reported earlier [33]. The TiO, ARCs were found to be oxidized, highly
porous, and aggregation of silver nanoparticles (NPs) on the surfaces of
the TiOy ARC particles were observed. Hence, the formation of titania
metal complexes (e.g., silver-titania and titania-alumina complexes) is
feasible [33]. Degradation of the TiO; ARC due to moisture ingress in
field deployed PV modules was also reported by Baldus-Jeursen et al.
[23]. In addition, migration of metal ions to the surface of the ARC leads
to leakage currents, and hence, PID [23,52].

Fig. 9 shows the SEM micrographs and EDS analyses of a solar cell
extracted from the edge of the module. Fig. 9a and c are the respective
SEM and EDS analyses acquired approximately 10 mm from the edge of
the solar cell. In Fig. 9b and d, the SEM micrograph and EDS analysis
taken from the edge of the cell are shown, respectively. The EDS

Element | At. %
(6] 11.6
Si 85.8
P 0.4
Ti 2.1

(©

Element | At. %
(6] 14.5
Al 0.6
Si 81.4
Sn 0.1
Ti 34

(d)

Fig. 9. SEM micrographs and EDS analyses of a solar cell extracted from the edge of PV Module X. (a)-(b) SEM micrographs and (c)-(d) EDS analyses acquired ca. 10
mm from the edge and just at the edge of the solar cell. SEM micrographs of the marked-out areas in (a) and (b) are shown in (e) and (f), respectively. The EDS

analyses are represented in atomic % (at. %).
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analyses show the composition of oxygen (O), silicon (Si), phosphorus
(P), titanium (Ti), aluminum (Al), tin (Sn), and lead (Pb) in atomic % (at.
%). Fig. 9e and f are the SEM micrographs of the marked-out areas in
Fig. 9a and b, respectively. The microcrystal structures in Fig. 9a are
similar to what was observed in Fig. 8a, Area 2. However, the micro-
crystal structures in Fig. 9b are completely different from what was
observed in Fig. 8. The microcrystalline features of the solar cell in
Fig. 9b appear to be more amorphous. The EDS analyses in Fig. 9c and
d shows that the amount of oxygen is higher in the results acquired from
the edge of the field-aged PV module. It is clear from Fig. 9e and f that
the region of the solar cell in Fig. 9f is more amorphous than what is
observed in Fig. 9e. The presence of oxygen in Fig. 9e and f suggests that
there is a general trend of degradation across the solar cell. With these
microcrystalline structures, poor charge carrier generation and high
parasitic recombination in the solar cells is expected. This is likely one of
the key factors for the observed degradation in Py, of the field-aged PV
module, refer to Fig. 5. Phosphorus (P) in Fig. 9c is believed to come
from the MID of the EVA encapsulation [23].

Phosphorus containing additives are used as secondary antioxidants
to stabilize the encapsulation materials against peroxide degradation
[13]. Hence, formation of phosphate compounds under the influence of
moisture ingress is possible. At the edges and areas in the PV module
where the influence of moisture ingress is more pronounced, formation
of degradation compounds (e.g., Al,03) is likely, see Fig. 9d. Formation
of aluminum oxides due to the influence of moisture and acetic acid was
also reported elsewhere [18]. More significantly, the number and pro-
portion of chemical species increase in the EDS data acquired from the
edge of the solar cell due to moisture ingress. For instance, the amount of
Ti in Fig. 9c is less than what is observed in Fig. 9d. Migration and ag-
gregation of TiO, nanoparticles (NPs) around the solar cell edges under
the influence of moisture ingress is a possible explanation for this
observation.

Fig. 9d shows the presence of Al and Sn. Aluminum can leach from
the back contact of the cell or from the Al- frame of the PV module to the
cell surface under the influence of moisture ingress [16,20]. Galvanic
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corrosion of the Al back contact, under the influence of moisture and
acetic acid, causes optical degradation and deposits oxide films on the
electrodes, especially around the solder joint [18]. This is because Al has
the least potential (—1.662 V) among the metals in the Ag paste and
solder material and is preferentially corroded in the presence of mois-
ture and acetic acid [17,18].

According to Bai et al. [20], in the presence of moisture, Al ions are
capable of migrating to the surface of the solar cell via hydrolysis. In
addition, Sn from the solder or the tinned Cu ribbon can migrate under
moisture ingress (Fig. 9d), as observed elsewhere [16]. This appears to
confirm the observation that degradation is more severe around the
edges and cracked areas of the PV module [12]. This is because moisture
ingress takes place through microcracks, voids, and the edges of PV
modules [4]. Fig. 10 shows the SEM-EDS elemental mappings of oxygen,
sodium, silicon, titanium, and carbon, for a sample of the solar cell
extracted from Module X. Fig. 10 suggests some amount of oxygen is
present, which is one of the main moisture ingress species. That is,
formation of chemical complexes between oxygen and the elements in
Fig. 10 is feasible. Fig. 10c suggests that the migration of sodium (Na™)
ions under the influence of moisture ingress cannot be ruled out. The
presence of these ions at the emitter regions of the solar cell leads to PID
[9]. Also, the formation of sodium hydroxides and bicarbonates is
possible. This observation agrees with the leaching behaviour of Na™
ions in the presence of moisture reported by Smets and Lommen [53]
and Hoffmann and Koehl [46]. Moisture induced migration of Na™' ions
lead to the solar cell degradation [24].

From Fig. 10b and d, distribution of oxygen across the surface of the
cell can be observed. The black spots and traces around the pyramids of
the Si microcrystals are the traces of oxidized TiO2 ARC NPs around
these areas. This was also observed elsewhere [16]. Fig. 10e also sug-
gests that beside the TiO3 ARC NPs, traces of Ti were observed across the
cell area. The traces of carbon (Fig. 10f) indicate that the presence of
acidic species e.g., acetic acid in the module is possible. EVA encapsu-
lants produce acetic acid under the influence of moisture and light [4].
The presence of carboxylic acids led to further degradation of Si in these

(e

(d)

()

Fig. 10. (a) SEM micrograph and EDS element mappings of (b) oxygen, (c) sodium, (d) silicon, (e) titanium, and (f) carbon acquired from the edge of a solar cell

extracted from PV Module X.
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areas, see Fig. 10d and f.

The presence of carbon could also be due to the diffusion of carbon
dioxide (COy) from the edge of the module or/and through cracks
created in the module during field operation [4]. Fig. 11 shows the SEM
micrograph and the respective EDS analyses of a cell area close to the Ag
fingers of a solar cell extracted from the edge of Module X. The SEM
micrograph in Fig. 11a suggests that the front surface of the solar cell
and the Ag finger have undergone substantial degradation.

This observation is supported by the EDS full area analysis (Fig. 11b)
and spot analyses in Fig. 12¢ and d. The presence and amount of oxygen
in the EDS analysis in Fig. 11b suggest the influence of moisture ingress
on the observed cell degradation. There is migration of cations of so-
dium, aluminum, lead, silver, potassium, and titanium to the surface of
the solar cell under the influence of moisture ingress. Subsequently, the
spot analysis of Point 1 shows that the silicon solar cell has been
oxidized, see Fig. 11c. Interestingly, the amount of Si at Point 2 is the
least due to the presence of C and O, see Fig. 11d. Moreover, the pres-
ence and amount of carbon in Point 2 indicates the presence of MID
products of EVA such as acetic acid.

The release of chlorine and phosphorus in the degradation process of
the EVA encapsulation material is also possible, see Fig. 11b. Not long
ago, Kumar et al. [12] also observed about 0.28 atomic % of chlorine in a
field-aged PV module that was deployed in India. The presence of
moisture and acetic acid accounts for the observed degradation of the
solar cell and Ag grid in Fig. 11a. Ingressed moisture activates the sur-
face of the Ag followed by reaction of the activated Ag grid with acetic
acid to form silver acetate [13,14,16]. The formation of silver acetate
leads to optical degradation [27]. Fig. 12 shows the EDS mappings of
oxygen, silicon, carbon, and phosphorus of the SEM micrograph in
Fig. 11a.

Fig. 12a shows that oxygen is found across the surface of the solar
cell. In Fig. 12b, it appears that Points 1 and 2 are at different vertical

€

-
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Point 2
Point 1
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heights on the solar cell, compare with Fig. 11a. The Si mapping shows
crevices or pits at the regions where carbon is present. The crevices
appear dark in the EDS maps, see Fig. 12. These crevices appear to serve
as reservoirs for moisture and MID products, refer to Fig. 11d. In that
regard, acetic acid might accumulate and contribute to further degra-
dation in the localized areas of Point 2 which can result in the observed
crevices in Fig. 11. In addition, Fig. 12c shows that carbon is present
across the surface of the solar cell, even on the Ag grids, except at Point 1
(as in Fig. 11a). Point 1 is therefore appears to have undergone full
carboxylic acid degradation, and hence, the presence of carbon in these
regions is negligible. This is because it is unlikely that the diffusion of
moisture and its degradation species will be restricted to Point 2 (refer to
Fig. 11a) alone. Furthermore, MID products such as Ag ions tend to
absorb CO; to form their respective carbonates and acetates [13,54].
This could reduce the concentration of C at Point 1, and hence, could not
be present in the EDS analyses of this area. Moreover, the production
and accumulation of phosphorus across the solar cell-Ag grid boundary
is consistent, see Fig. 12d. It is believed that MID processes of the solar
cell and the encapsulation release phosphorus to form silver phosphates
[13]. In addition, the accumulation of phosphorus at the cell-Ag grid
boundary is greatest nearer to Point 1 (where C is absent). Production
and accumulation of phosphorous in the PV module can be correlated to
the degree of EVA encapsulation degradation in the presence of moisture
[8,55]. The silver phosphates (AgsPO4) degradation products lead to
optical degradation [13,55].

3.6.2. Degradation of the silver grids

One of the most important components of the solar cell is the silver
grids: fingers and busbars, refer to Fig. 2. Yet, the Ag grids are prone to
degradation in the presence of moisture and acetic acid [13,14,17].
Fig. 13 shows the SEM micrographs and EDS spectra of the Ag finger grid
on a newly acquired commercial me-Si solar cell. Trace amounts of
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Fig. 11. (a) SEM micrograph of front surface of solar cell and (b) EDS analyses of the full area of SEM micrograph in (a). (c) Point 1, and (d) Point 2 of the Ag-Si

region of a solar cell extracted from the edge of the field-aged PV module showing
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degradation of the solar cell and the Ag finger.
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Fig. 12. EDS element mappings of (a) oxygen, (b) silicon, (¢) carbon, and (d) phosphorus of the SEM micrograph in Fig. 11a.
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Fig. 13. (a)-(b) SEM micrographs of the Ag finger grid on a newly acquired commercial multicrystalline silicon solar cell and (c) EDS spectra of (b).
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impurity Cl and O in Fig. 13c comes from the silicon production process.

In Fig. 13b, the morphology of the Ag grid shows a compact and well-
ordered microstructure. The neck of the Ag micro-clusters is thicker as
compared to the pore sizes. The pore density of the Ag micro-clusters is
low as well. Fig. 14 shows the SEM micrographs and the EDS analysis of
the Ag finger of a solar cell extracted from the edge of field-aged PV
Module X. Fig. 14a and b shows the morphologies of the Ag grid of the
solar cell and the EDS analysis is shown in Fig. 14c. The microstructure
of the Ag grid in Fig. 14a is coarser than what is observed in Fig. 13a.
Also, the neck of the Ag micro-clusters in this case are thinner and
irregular, see Fig. 14b. The pore density is also higher as compared to
what was observed in Fig. 13b. In addition, white micro crystallites were
observed on the Ag NPs. These white crystallites are expected to be the
acetates of silver or lead. These observed morphological changes agree
with other reports in literature [13,14]. Duerr et al. [13] observed coarse
Ag finger grids, white silver acetate crystals, and more porous Ag clus-
ters in crystalline silicon modules affected by snail trails.

Jeffries et al. [14], observed thinner Ag cluster necks, larger and
more pores, and irregular bumps, and white spot crystallites after a
commercial Ag paste was subjected to 3000 h of acetic acid exposure.
Moreover, Fig. 14c suggests that the Ag grids have been oxidized. This
suggests that the formation of zinc, silicon, lead, and silver oxides is
feasible. Fig. 15 shows the SEM micrographs and EDS analyses of the Ag
busbar (refer to Fig. 2) of a solar cell extracted from the field-aged PV
module. The analysis was carried out in the region nearer to the solder
joint of the solar cell.

Fig. 15a shows that degradation of the Ag grid is possibly minimal.
However, the EDS analysis of Fig. 15a suggests that Ag20 is the main
degradation product, see Fig. 15c. Fig. 15b is the SEM micrograph of the
marked-out area in Fig. 15a, which highlights the degradation of the Ag
grid better. This observation is supported by the corresponding EDS
analysis in Fig. 15d, where the main degradation product expected in
this area is AgO. A further EDS analysis at Point 1 in Fig. 15b suggests
that the Ag grid could be present in a more severe degraded form, see
Fig. 15e. The presence of fluorine in the EDS analysis in Fig. 15e might
be coming from the degradation of the EVA encapsulant. The migration
of Na, Al, and Pb to the surface of Ag grid is due to moisture ingress, as
observed elsewhere [12,13,15-17,19]. Zinc, a component of Ag paste, is
one of the degradation products responsible for optical degradation [13,
28]. Zinc oxide (ZnO) was reported to be the intermediate compound for
the formation of silver carbonate and silver hydroxide [54]. In this re-
action mechanism, ZnO catalyzes the adsorption of ingressed CO5 onto
the Ag grid [13,54,56]. COy could also be the byproduct of EVA
degradation [4,13].

It was reported that under the influence of moisture, Ag has affinity
for phosphorus, silicon, and sulfur [55]. Fig. 16 shows the SEM-EDS
element mappings of oxygen, sodium, sulfur, lead, and zinc of the Ag
busbar around the solder joint. The SEM micrograph in Fig. 16a shows a
degradation trend similar to what was observed in Fig. 15b. The
observed degradation is likely due to the presence of moisture and MID

Fig. 14.
in (b).
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species on the Ag busbar region. The EDS element maps suggest that the
formation of the oxides and sulfides of sodium, lead, and zinc cannot be
ruled out.

Secondary organosulfur antioxidants, adhesion promoters, and sta-
bilizers are used in the processing and/or stabilization of PV module
backsheets [8,13,55]. These encapsulation materials release sulfur and
phosphorus under the influence of moisture, and hence, lead to the
formation of metal sulfides and phosphates [55]. These chemical species
are highly photosensitive and can influence the opto-electrical charac-
teristics of the PV module. The presence of oxygen and cell cracks can
accelerate the formation of AgsS, and subsequent optical degradation
[13,55]. In the visual inspection, it was observed that the field-aged PV
module has undergone optical degradation. This observation is in line
with the report by Duerr et al. [13]. Photosensitive Ag,S appears as dark
and hotspots in EL/UV-F and IR-T images, respectively.

3.6.3. Degradation of the copper ribbons

Fig. 17 shows the SEM micrographs and EDS analyses of the top and
rear surfaces of the tinned Cu ribbon extracted from the field-aged PV
module. The surface of the Cu ribbon is seen with microcracks which
accelerate moisture ingress and degradation, see Fig. 17a. The observed
oxidized layers along the crack contours suggest the influence of mois-
ture ingress. It also indicates the role of moisture ingress in the devel-
opment of microcracks. Cracks on Cu ribbons during thermal cycling has
been observed and reported previously [15,57,58]. Point 1 shows
erosion of the tin-plated surface on the Cu ribbon, see Fig. 17a. The EDS
analysis of this region is shown in Fig. 17b indicating the presence of Cu.
The EDS analysis of Point 2 shows the ‘uneroded’ surface of the
tin-plated Cu ribbon in Fig. 17¢, in which Cu is absent. The amount of Sn
in Fig. 17b is higher than the amount of Sn in Fig. 17c. On the other
hand, the amount of oxygen, silicon and lead are higher in Fig. 17c. In
the first place, migration of O, Na, Ti, Si, and Pb elements to the surface
of tinned Cu ribbon is normally due to moisture ingress. The amount of
oxygen in Fig. 17b and c suggests that the surfaces of the tinned Cu
ribbon are more oxidized due to the formation of surface oxide layers of
Sn and Pb in the presence of moisture. That is, Sn and Pb of the tinned
plated component of the Cu ribbon were oxidized preferentially to
protect the Cu ribbon from degradation. This is likely the reason for the
lower amount of Sn observed in Fig. 17c. However, when a large chunk
of the protective oxidized Sn is removed, Cu could be found in a greater
amount with lesser amount of oxygen, see Fig. 17b. Fig. 17d is the SEM
micrograph of the rear surface of the tinned Cu ribbon and the corre-
sponding EDS analysis is shown in Fig. 17e. The SEM-EDS analyses of the
rear surface of the Cu ribbon suggest that this region has also undergone
degradation due to moisture ingress.

The substantial amount of oxygen, aluminum, and the presence of
carbon suggest the effect of moisture ingress and subsequent formation
of carboxylic acids in this region. The presence of moisture together with
acetic acid means that the formation of copper oxides, hydroxides, and
acetates is feasible. In addition, the formation of metal complexes such
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(a)-(b) SEM micrographs of the Ag finger of a solar cell extracted from the edge of the field-aged PV module and (c) EDS analysis of the SEM micrograph
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Fig. 15. (a) SEM micrograph of the Ag busbar from the region nearer to the solder joint of the field-aged solar cell. (b) High magnification SEM micrograph of the
marked-out area in (a). (c)-(e) EDS analyses of the SEM micrograph areas in (a), (b), and point analysis at Point 1, respectively.

as copper stannates and silver stannates around this region cannot be
ruled out. These complexes have detrimental effect on the optoelectrical
properties of the PV module [57].

Other competing reactions in this region can lead to the formation of
aluminum and lead oxides and hydroxides [18]. In addition, it was
observed that more elements were found on the rear surface of the Cu
ribbon, see Fig. 17e. It is expected that these species migrated to the rear
surface of the Cu ribbon under the influence of moisture ingress. How-
ever, the ratios of oxygen and copper in Fig. 17b and e are approximately
2:1 in both cases. This suggests that the degradation of the Cu ribbon in
the PV module under the influence of moisture ingress is similar.

Fig. 18 shows the SEM-EDS analyses of the Ag busbar (refer to Fig. 2)
of a solar cell at the solder joint extracted from the field-aged PV module.
During PV module fabrication, the solar cells are stringed together with
the Ag busbar underneath the Cu ribbon. SEM-EDS analyses were ac-
quired from the region of the Ag busbar at the solder joint of the solar
cell. Fig. 18a shows that after the Cu ribbon was detached from the solar
cell, a large chunk of the tinned Cu ribbon remained on the solar cell and
masked out the Ag busbar. This suggests that the Cu ribbon has under-
gone degradation leaving behind significant remnants of the tinned Cu
ribbon. In this case, the possible influence of moisture ingress in the Cu
ribbon degradation cannot be ruled out. This is supported by the pres-
ence and amount of copper, tin, and oxygen in the EDS analysis, see
Fig. 18b.

Degradation of the Cu ribbon might also be accelerated by the
presence of acetic acid, as observed in Fig. 17d and e. The Cu ribbon
degradation due to the presence of acetic acid was reported elsewhere
[15-17,27]. Formation of oxides of copper, tin, lead, aluminum, and
silver in such areas is feasible, and underlines parasitic resistance losses.

3.6.4. Degradation of the solder bonds
Fig. 19 shows the SEM-EDS analyses of the solder bond in the solar

13

cell extracted from the field-aged PV module. Fig. 19a shows the SEM
micrograph and Fig. 19b shows the corresponding EDS analysis of the
SEM micrograph in Fig. 19a. Fig. 19 indicates that the major component
of the solder is lead and tin. Apart from Pb and Sn, migration of chemical
species under the influence of moisture ingress is the reason for the
observed oxygen, sodium, aluminum, silver, calcium, and copper in
Fig. 19b. Point analyses for Pb and Sn in Fig. 19a show that Pb was more
oxidized. The amount of oxygen at areas where Pb was observed was
higher than areas where Sn was observed (not shown here). Yet, Sn
remained largely unoxidized, even though Sn has lower potential.

It is known that solder degradation in the presence of moisture and
acetic acid obeys the galvanic corrosion reaction [17,18]. In the pres-
ence of moisture and acetic acid, Pb is preferentially corroded [59].
Acetic acid catalyzes the degradation of the Pb in the solder in the
presence of moisture [60]. Under atmospheric conditions, a nanometer
sized protective lead oxide passive layer is formed on the surface of Pb
according to the following reaction mechanisms:

Anode (oxidation) : Pb — Pb*? 4 2¢~ D
1

Cathode (reduction) : 502 +H,0+2¢ —20H" 2)

Passive PbO layer : Pb™> +20H~ — PbO + H,0 3)

The passivation lead oxide (PbO) layer protects the Pb metal from
further corrosion and degradation. However, in the presence of moisture
and acetic acid, the PbO protective layer is susceptible to dissolution,
and hence, degradation. The acidified electrolyte (consisting of several
MID products) in the PV module permeates into cracks and defects in the
PbO protective layer and reacts with the Pb to form soluble lead acetate
complexes according to the following reaction mechanisms [61]:



O.K. Segbefia et al. Solar Energy Materials and Solar Cells 258 (2023) 112407

(b)
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10 pm 10 pm?
(d) (e) (H)

Fig. 16. (a) SEM micrograph and EDS element mappings of oxygen (O), sodium (Na), sulfur (S), lead (Pb), and zinc (Zn) of the Ag busbar at the solder joint of the

extracted solar cell.

Point 1 Point 2
Element At. % Element At. %
Ti 6.2 0 66.7
O 37.9 Na 5.2
Si 6.6 Si 9.3
Pb 5.7 Pb 16.6
Sn 25.5 Sn 23
Cu 18.1 ©
(b)
Element At. %
C 6.9
O 45.7
Cu 25.1
Al 4.1
Si 2.3
Pb 8.9
Sn 7.0
(e)

(d)

Fig. 17. (a) SEM micrograph of the top surface of the Cu ribbon and the corresponding EDS analyses of (b) Point 1 and (c) Point 2. (d) SEM micrograph and (e)
corresponding EDS analysis of the rear surface of the Cu ribbon. Data was acquired from the field-aged PV module.
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Fig. 19. (a) SEM micrograph and (b) EDS analyses of the solder bond in the solar cell extracted from the field-aged PV module. EDS element mappings of (c) lead, (d)
sulfur, (e) tin, and (f) calcium indicating formation of metal complexes due to moisture ingress.

PbO layer dissolution : PbO +2CH;COOH — Pb™? 4+ 2CH;COO™ + H,0O
()]

2PbO + Pb*? 4+ 2CH;COO~ + H,0— Pb(CH;COO), » 2PbO o H,0 (5)

To understand other competing reactions, elemental maps were ac-
quired from Fig. 19a. It was observed that the mappings of Pb and sulfur
were similar, see Fig. 19¢ and d. On the other hand, the mappings of Sn
and calcium were also similar, see Fig. 19e and f. Interestingly, the
elemental mappings of the minor elements (e.g., Na, Al, Si, P, and Cu)
were similar to the mappings of Pb and sulfur. These elemental
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mappings suggest that the formation of lead sulfides and phosphates is
feasible. Formation of other Sn-metal complexes such as calcium, cop-
per, and sodium stannates is also expected, see Fig. 19e and f.

Taken together, moisture ingress is the underlying factor for the
formation of oxides, hydroxides, sulfides, phosphates, acetates, and
carbonates of silver, lead, tin, copper, zinc, and aluminum in the field-
aged PV modules. Notably, moisture can induce the formation of
photosensitive metal-ligand complexes of silver, tin, and titanium. The
solar cells also undergo consequential degradation when exposed to
moisture and its degradation products. These MID products lead to the
observed corrosion, cracks, optical degradation, and PID in the field-
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aged PV module. Subsequently, these defects and fault modes cause
parasitic resistance losses, and hence, power degradation in the field-
aged PV module.

4. Conclusion

In the present work, the effect of moisture ingress on the degradation
of reclaimed solar cells from a 20-year-old field-aged mc-Si PV module
was investigated. Visual inspection, I-V characterization, EL, UV-F, and
IR-T imaging techniques show that the PV module has undergone sub-
stantial degradation. To elucidate the role of moisture ingress on the
observed degradation mechanisms, microstructural analyses were con-
ducted on the extracted solar cells from the PV module using SEM-EDS
techniques. Visual inspection demonstrated that the EVA encapsulation
has undergone optical degradation and the extracted cells show dark
discolored TPT backsheets. Corrosion at the solder joint was dominant
and is attributed to the dissolution of lead and tin (main components of
solder) and the Ag grids in moisture and acetic acid due to galvanic
corrosion.

Moisture ingress, in the presence of light, in the field-aged PV module
led to the degradation of the EVA encapsulation, and hence, the for-
mation of carboxylic acids such as acetic acid and degradation products
such as CO, CO,, phosphorus, sulfur, fluorine, and chlorine. In the
presence of moisture and acetic acid, the solar cells, metal grids, solder
bonds, and the antireflection coatings undergo different forms of
degradation. The solar cell and ARC become oxidized under the influ-
ence of moisture ingress. Moisture ingress influences the migration of
metal ions e.g., Na, Ag, Pb, Sn, Cu, Zn, and Al to the surface of the solar
cells, and hence, leads to PID. Silver and zinc ions originate from the
degradation of the silver paste used for the Ag grids and busbars. Whilst
Pb and Sn ions come from the solder, the copper ribbon is the source of
Cu and also Sn ions. The Al and Na ions migrate from the Al- frame and/
or rear solar cell contact and the soda lime front glass, respectively.

In this regard, the formation of oxides, hydroxides, sulfides, phos-
phates, acetates, and carbonates of silver, lead, tin, copper, zinc, and
aluminum have been observed. Degradation of the front and rear sur-
faces of the copper ribbons appears to be similar. However, degraded
remnants of the Cu ribbon can mask out the silver busbar, leading to
parasitic resistive losses. Also, other competing reactions can lead to the
formation of stannates of copper, silver, sodium, and zinc. Similarly,
migration of silver and aluminum to the surfaces of the TiOy ARC NPs
can lead to the formation of titania-alumina and silver-titania com-
plexes. It was observed that, in the presence of moisture and acetic acid,
Pb is preferentially corroded (to form lead acetate complexes) instead of
the expected sacrificial Sn in the solder.

These MID species may account for the observed metal grids corro-
sion, cell cracks, optical degradation, and PID in the field-aged PV
module. In the EL and UV-F images, these degradation species appear as
dark spots, and as hotspots in IR-T images. It is well known that these
defects and fault modes can lead to parasitic resistance losses which was
witnessed by the overall 1.2%/year degradation in the Py, of the field-
aged PV module. The relative temperature coefficient of efficiency of the
examined PV module was found to be —0.5%/°C. In a Nordic environ-
ment with high CMI, the role of these MID mechanisms in the degra-
dation of field-aged solar PV modules is very significant. Investigation of
MID mechanisms in field-aged solar PV modules is more reflective of the
reality in the field. Though solar PV module materials and technology
have evolved over the years, MID mechanisms in solar PV modules
appear to follow a similar trend. Hence, insights from this work can
guide decision making at the present and in the future as regards un-
derstanding the performance reliability of solar PV plants.
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