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Abstract.

Silicon heterojunction (SHJ) solar cells are expected to gain significant market share in the
coming years. In the field, among identified degradation modes, moisture-induced degradation
can be a significant concern for this solar cell technology and should be monitored. This work
investigates the moisture-induced degradation mechanisms in SHJ cells encapsulated in dif-
ferent module configurations. Damp heat (DH) testing was performed under IEC 61215 stand-
ard conditions (85 °C and 85% relative humidity) for up to 2000 h. Different degradation mech-
anisms are identified after DH aging, due to moisture alone or in combination with sodium ions
originating from photovoltaic glass leaching. Under the influence of moisture, these ions can
migrate into the cell and degrade the cell passivation, resulting in massive power losses up to
57.6% of the initial value after 1500 h of DH aging. By using other types of glass, glass-glass
module configurations show less than 3% of power losses after 2000 h of DH aging. The front
side of the cell is much more sensitive than the rear side where the emitter of the cell is. After
highlighting the impact of sodium, moisture alone was studied with a module configuration
without glass. In that case, the degradation is characterized by increased series resistance
without passivation losses.

Keywords: SHJ solar cells, sodium, humidity-induced degradation, leaching, reliability, TCO.
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1 Introduction

Silicon heterojunction (SHJ) solar cells are expected to reach 20% of the world market share
by 2034 [1]. This technology allows very high efficiencies, with a world record of 26.81% and
27.09% with front and rear contacts respectively [2], [3], thanks to the good passivation of the
crystalline silicon (c-Si) surface by intrinsic hydrogenated amorphous silicon ((i) a-Si:H) [4]. On
top of cell, transparent conductive oxide (TCO) layers are deposited on both sides of the cell
with a dual function: as an electrode for laterally conducting carriers and as an antireflection
coating (ARC). In addition to cell performance, photovoltaic (PV) modules should continue to
produce more than 80% of their initial output for at least 25 years [5]. From a literature survey
of 54 performance datasets, Arriaga Arruti et al. calculated a median and average performance
loss rate (PLR) of 0.56%/year and 0.7%/year respectively, due to encapsulant discoloration,
loss of cell passivation, water ingress, potential-induced degradation (PID) and UV exposure
[6]. In the PV industry, the damp heat (DH) test is used to check the sensitivity of a module to
long-term exposure to moisture. It consists of exposing the module to an environment of 85 °C
and 85% relative humidity (RH) for 1000 h. After this exposure, the module must loss less than
5% of its maximum power to pass the test defined by the IEC 61215 protocol [7]. To surpass
these criteria, an understanding of the mechanisms is required. Recently, several studies have
shown the important sensitivity of SHJ modules to moisture, presenting new modes of degra-
dation that still need to be unveiled [8], [9], [10].

These works pointed to the soda-lime glass as the source of degradation, and in par-
ticular, the sodium ions (Na*) contained in this type of glass. In fact, the soda-lime glass is the
main glass used for module encapsulation due to its low cost and high availability [11]. It is
well known in the PV industry that under a strong electric field between the cell and the module
frame, sodium ions can be extracted from the glass and migrate towards the cell, leading to
PID [12]. However, in the absence of a voltage bias, soda-lime glass is also known to leach
and release sodium ions in contact with moisture [13], [14]. Once released from the glass
surface, these ions can diffuse within the encapsulant towards the cell.

At the cell level, several studies have investigated the effect of these sodium ions on
SHJ cells. In these works, the sodium source is artificially added by dropping a droplet or by
spraying uniformly different types of water solutions with sodium onto the cell surface. For the
remainder of this article, we will refer to these tests as accelerated sodium tests. Adachi et al.
used droplets of 0.05 wt% NaHCOs; aqueous solution and obtained photoluminescence (PL)
signal losses on droplet areas after 3 h of DH testing showing the loss of passivation [8]. Gnoc-
chi et al. dropped NaOH droplets with different concentrations and presented PL signal losses
on droplet areas after 4 h of DH exposure [10]. After 24 h, the PL signal is completely lost,
even outside the droplet zones. Other studies have extended the test to the entire cell by
spraying water solutions over the entire cell surface, always followed by DH exposure. Li et al.
sprayed a 0.2 wt% NaHCOs; solution on the front and rear of entire cells before 18 h of DH
aging. They observed degradation of TCO films with chemisorption of Na*and H2O in grain
boundaries and acceleration of the In.O; decomposition due to the Na* presence [15]. In their
next study, they showed diffusion of these species into the (i) a-Si:H film, degrading the pas-
sivation of the cell [16]. Sen et al. used a NaCl (0.9 wt%) solution and sprayed it on either the
front side, the rear side or both sides of the cell, followed by 20 h of DH exposure [17]. After
this artificial exposure, they observed an increase in the contact resistance from the metalliza-
tion of both sides of SHJ cells. They suggested that sodium and chloride ions penetrated the
metal contacts, leading to a weakening of the adhesive strength at the interface between the
metal contact and the silicon substrate. In a more recent paper, they suggested that this con-
tact degradation could increase its porosity, leading to a reduction in carrier collection efficiency
[18]. Finally, several mechanisms of SHJ cell degradation have been proposed, but they do
not point to the same causes, so further investigation is needed and the representativeness of
the accelerated sodium tests needs to be confirmed.
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Previous works mentioned the detrimental impact of sodium ions on SHJ modules.
Adachi et al. compared glass-backsheet modules with soda-lime glass and with Na*-free glass
after 1000 h of damp heat test [8]. The soda-lime glass configuration showed 11% of maximal
power (Pmax) degradation after the test compared with the sodium-free glass configuration that
shows only 1% of Pnax l0sses. Sen et al. identified four failure modes for SHJ glass-backsheet
modules linked to chemical reactions between several contaminants (introduced to the cells
during handling or characterization before encapsulation), moisture and the module compo-
nents such as soldering flux, ribbon wire, silver paste, indium tin oxide (ITO) layers and eth-
ylene-vinyl acetate (EVA) films [19], without mentioning any sodium effect. Gnocchi et al. ob-
served significant degradation (65% of Pmax losses) of SHJ glass-glass modules after 2000 h
of DH aging compared to passivated emitter and rear contact (PERC) modules with the same
glass and encapsulant that only showed slight degradation [10]. By testing different configura-
tions (glass-glass modules, polymer encapsulation only, no encapsulation), they identified the
glass as the main root cause of SHJ module degradation. More recently, they proposed a
detailed microscopic model of moisture-induced degradation in SHJ modules with EVA encap-
sulation [10]. In their PID study, Arriaga Arruti et. al observed more than 20% of Pmax degrada-
tion for their unbiased glass-backsheet modules after only 500 h of DH exposure [20].

This work aims to investigate the degradation mechanisms of silicon heterojunction
modules under damp heat environment. The goal is to extend the cell study to module scale,
taking into account all parameters. By using soda-lime glass, the sodium source is not artificial
(unlike sodium water solution) and allow to get closer to the real amount of sodium in the
module. The process of glass lixiviation, sodium and moisture migration and hydration in the
encapsulant layer are taken into account in this work. Six module configurations are tested to
understand the role of sodium and moisture on SHJ modules, and their combination. Soda-
lime glass modules are compared to borosilicate glass and strengthened glass with potassium.
The frontsheet-backsheet configuration is used to evaluate the effect of moisture alone without
any source of sodium. Finally, the frontsheet-glass and glass-backsheet configurations provide
information on the sensitivity of the front and rear sides of the cell and the different migration
mechanisms in the module.

2 Experimental details

2.1 Solar cells and modules preparation

For SHJ cell preparation, 160 um-thick M2 n-type wafers were used. Passivation layers (i) a-
Si:H were deposited on both sides and selective layers (n) a-Si:H and (p) a-Si:H on front and
rear side respectively. These layers were deposited using industrial plasma-enhanced chemi-
cal vapor deposition (PECVD) equipment. Then, 100 nm-thick TCO layers were deposited us-
ing a physical vapor deposition (PVD) equipment. For the front side, an indium tin oxide (ITO)
with a 97/3 wt% In,0O3/SnO, composition was used. For the rear side, an industrial “SCOT”
product from Advanced Nano Products was used, which is a hydrogenated indium oxide based
material. They have a sheet resistance Rsheet Of 98 and 55 Q/sq, an electron concentration of
1.40 x 10%° cm™ and an electron mobility of 27.7 and 55.6 cm?V-1s?, respectively. The cell ar-
chitecture is shown in Figure 1.
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Figure 1 Scheme of n-type heterojunction solar cell with rear-emitter and different TCO lay-
ers between front and rear sides.

After production, the cells were cut in half with an IR laser (without edge passivation) and were
interconnected in pairs with ribbons and pads of electrically conductive adhesive (ECA) to form
strings of two half-cells. For module production, the polymer encapsulant used was a thermo-
plastic polyolefin with a high water absorption coefficient and a water vapor transmission rate
(WVTR) greater than 4 g/m2.day at 23 °C and 85%RH. This material was chosen to enhance
the migration of moisture and ions and to better highlight the degradation mechanisms.

Five types of materials for module covers were used to produce six different module
configurations, as shown in Figure 2 with three types of glass: soda-lime glass containing so-
dium (~17%mol NayO), borosilicate low sodium glass (<4%mol of Na,O) and sodium-free
glass (with K>O instead of Na,O). Two types of polymer films were used: an opaque aluminized
backsheet and a transparent film used as frontsheet or backsheet.

i Sodalime glass i i Low sodium glass i Sodium-free glass
: Encapsulant Encapsulant Encapsulant
Encapsulant Encapsulant Encapsulant
i Sodalime glass i ir Low sodium glass i Sodium-free glass
Soda-lime Glass-Glass Low sodium Glass-Glass Sodium-free Glass-Glass
| Transparent frontsheet | Sodalime glass | [ Transparent frontsheet |
- _Encapsﬁl_a_n_t" - Encapsulant ' “"Eﬁt:.a_ﬁgt_ll_a_n_t __________
Encapsulant Encapsulant Encapsulant
Aluminized backsheet Er Transparent backsheet 15 Sodalime glass i
Frontsheet-Backsheet Glass-Backsheet Frontsheet-Glass

Figure 2 Six configurations of SHJ modules with same SHJ cells and encapsulant layers but
different covers.

Eighteen modules (three per configuration) were manufactured in a 3S laminator at 160 °C
with a lamination time of 18 min. They were aged in an ESPEC DH85 chamber with standard
aging parameters (85 °C and 85% RH) [7].

To assess the module degradation, I-V curves were collected under standard test con-
ditions (AM 1.5G standard spectrum, 1000 W.m™2 and 25 °C) with a Spire 5600 SPL flasher.
Modules are bifacial (except the frontsheet-backsheet ones), it allows to characterize them
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with a front or a rear illumination. Photoluminescence (PL) and electroluminescence (EL) im-
ages of modules were conducted during the aging with a BT Imaging equipment. All images
were measured with the same parameters (exposure time = 0.2 s, injected current = 4.5 A (EL)
and 1-sun illumination (PL)) and are presented with the same scale for comparison. These two
measurements provide information on the structural and electrical degradation of the cell and
module. For EL, carriers are generated by injecting current into the module. In this case, a dark
area can correspond to different kinds of degradation. It can come from resistive losses that
limits the injected current or it can be depassivated areas that favor non radiative recombina-
tions instead of radiative ones. For PL, the carriers are generated by exposure to light thanks
to the photovoltaic effect. In this case, a dark zone only corresponds to a lower quality of pas-
sivation. The comparison between these two measurements therefore provides information on
the type of degradation observed, and can be correlated with the |-V measurements. A New-
port Oriel equipment was used to measure local external quantum efficiencies (EQE) between
300 and 1200 nm with a spot size of 5 mmz2. The series resistances of the modules were ex-
tracted from the IV measurement tool.

2.2 Initial module performances

Before aging, the glass-glass modules were subjected to |-V measurements with front illumi-
nation to identify the effect of the different types of glass on the initial performances. As shown
in Table 1, there are slight differences (less than 2%) between the short circuit current (Isc) of
the different module types, due to glass transparency and thickness differences.

Table 1 Initial parameters (short circuit current Isc, open circuit voltage Voc and fill factor FF)
of the SHJ glass-glass modules extracted from I-V curves measured with front illumination.
The mean values are shown for three modules for each configuration. Standard deviations

are less than 0.5% for all values presented.

Module type Isc (A) Voc (V) FF

Soda-lime 4.68 1.45 0.79
Low sodium 4.71 1.48 0.78
Sodium-free 4.61 1.48 0.78

They have a maximum power (Pmax) 0f 5.36 + 0.05 W. The performance degradation of each
type of module will be normalized to their respective initial measurements.

3 Results and discussion

3.1 Sodium-induced degradation in damp heat environment

Three glass-glass modules configurations were tested under DH conditions (85 °C/85% RH).
Figure 3 presents the evolution of the I-V parameters of the three glass-glass SHJ module
configurations during DH aging up to 2000 h with front illumination. The results with rear illu-
mination are also presented for soda-lime modules.
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Figure 3 Evolution of the glass-glass modules Pmax (2), Isc (b), Voc (c) and FF(d) during DH
aging up to 2000 h. Soda-lime modules were measured with front and rear illumination. Data
points represent the mean values of three identical modules and the standard deviation is
shown with the error bar for each point.

Soda-lime modules show strong performances degradation after 1500 h of aging with approx-
imately 57.6% of Pmax losses. They are mainly due to Isc losses (-43.4%) while Voc and FF
decrease by 17.1% and 9.76% respectively. These parameters decrease at the same rate until
500 h of aging. After this time, the Isc and Voc reduction is significantly accelerated. The FF
continues a slow decrease until 1000 h and stabilizes for the last 500 h. FF losses correspond
to a notable increase (170 + 27%) in the series resistance Rseries (Figure S1).Regarding the
results with rear side illumination, lower Pmax lOSsSes are observed (-36.0%) compared to a front
illumination. The degradation is driven by a lower Isc and a higher FF reductions, while the Voc
losses are similar. For the modules with low sodium and sodium-free, Pmax Shows more than
ten times less degradation after 2000 h of aging, respectively, 2.65% and 3.11%, correspond-
ing to FF losses while Isc and Voc are maintained to their initial values throughout the duration
of DH test. From these IV results, it is clear that the type of glass used in the module manu-
facturing is of primary importance and the presence of sodium in it seems to be the source of
the degradation as shown by Adachi et al., Sen et al., Li et al. and Gnocchi et al. on solar cells.

To reinforce the analysis that can be made of these IV results, it is important to present
the spatial degradation in the modules thanks to EL and PL images of the modules. This will
allow speculation on the source of the damage based on complementary characterization tech-
nics. Figure 4 shows EL and PL images of one of each glass-glass module configuration every
500 h during DH aging.
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Figure 4 EL and PL images of glass-glass SHJ modules during DH aging up to 1500 h. The
images from the other modules of the same configuration are similar. They are not shown
here for sake of brevity.

For soda-lime modules, from 500 h of aging, a reduction of EL and PL intensities (dark areas)
begin to appear at the corners and edges of the module. For the next 500 h, the degradation
progresses towards the center of the module, following the water ingress profile into the glass-
glass module (moisture penetrates from the modules edges towards the center). After 1500 h
of aging, the images are completely darkened. For the modules with low sodium or sodium-
free, no significant variations in EL and PL intensities were detected after 1500 h of DH aging.

The EL and PL images are correlated to the IV results from Figure 3. After 500 h, Isc
and Voc reductions are associated with the dark areas visible in the PL images localized at the
modules edges (Figure 4), corresponding to the degradation of the cell passivation. First, the
passivation of the dark areas in PL is reduced (Voc losses), due to the sodium diffusion on the
cell front and rear sides. These areas show a reduced PL intensity. Eventually, the process
causing the passivation decrease ends in local Isc losses, corresponding to even lower PL
intensity. Compared to cell studies with the accelerated sodium test [16], these module-scale
results show an evolution of the Voc losses that can lead to Isc losses after diffusion of sodium
ions. This means that sodium ions have probably crossed the TCO layers and reached the
amorphous silicon layers of the cell.

Simultaneously, FF losses are observed with a notable increase in the series re-
sistance. This is probably due to TCO hydration with the chemisorption of OH" in grain bound-
aries, which can act as charge trapping and scattering centers and ultimately reduce the lateral
conductivity of the layers [15]. This may also be due to the ECA degradation [21] or to corrosion
of busbars and fingers. The presence of sodium in TCO layers could also reduce the conduc-
tivity of the layer. Gnocchi et al. have recently reported similar degradations on the same cell
structure (rear-emitter) with significant reductions in Isc, Voc and FF [10].

To highlight the TCO crossing of sodium ions at grain boundaries, microscopic charac-
terization have been carried out. However, the transmission electron microscopy (TEM) and
the associated energy-dispersive X-ray spectroscopy (EDX) performed did not prove the pres-
ence of sodium in the TCOs. In order to observe the zone of interest, a focused ion beam (FIB)

7
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preparation was necessary, which implies gallium pollution of the sample. This pollution pre-
vented the detection of low levels of sodium because of the very close X-ray K of sodium and
gallium. These results suggest that the level of sodium pollution is low, even if the effect is
significant. In their PID study, Arriaga Arruti et al. measured sodium accumulation on the front
surface of the ITO layer and migration through the TCO [20]. We suggest that the main differ-
ence is the presence of an electric field, which is likely to result in higher sodium concentration.

Unlike soda-lime modules, low sodium and sodium-free modules do not show any Isc
and Voc reductions after 1500 h of aging, meaning that passivation of the cell is preserved. At
this time, only the soda-lime glass configuration presents growing dark areas in EL and PL
images, showing the significant impact of sodium in moisture-induced degradation. This vali-
dates the previous results published by Gnocchi et al. who measured more power degradation
for modules encapsulated with glass than without encapsulation [10], highlighting the signifi-
cant role of sodium ions .

For the low sodium and sodium-free modules, only FF losses remain, corresponding to
the action of moisture on TCO layers and contacts. In their study, Adachi et al. tested an Na*-
free glass (type not specified) and observed less degradation for these modules compared to
soda-lime modules [8]. Here, we demonstrate that the use of borosilicate (low sodium) and
potassium glass (sodium-free) as cover can be a method to avoid damp heat induced degra-
dation. In his work on glass lixiviation, Sterpenich has shown that sodium is more easily
leached than potassium, calcium and magnesium, whatever the composition of the starting
glass [22]. This may explain the reduced degradation of potassium glass modules.

After the aging test, the rear side of soda-lime modules presents lower Pmax reduction
than front side (Figure 3), reflecting more degradation for the front side of the cell compared to
the rear side. Regarding the evolution of other parameters, the front side degradation is driven
by greater losses in Isc compared to the rear side degradation which is driven by significant FF
losses. This could indicate that the front passivation is more degraded. EQE measurements
with front illumination were performed on these modules after 1000 h of DH aging to further
understand these observations.

Figure 5(a) displays the PL image of a soda-lime glass-glass module corner with the
location of 7 regions of interest for EQE measurements marked by gray and blue rectangles.
The blue gradient corresponds to the degradation gradient: the lighter the blue, the more de-
graded the area. EQE spectra obtained on each region are shown in Figure 5(b) between
300 nm and 1200 nm.
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Figure 5 Location of EQE measurements with front illumination after 1000 h of DH aging on
soda-lime glass-glass modules (a) and results between 300 nm and 1200 nm (b). Spectrum
variations between 800 nm and 1000 nm come from EQE equipment.

The EQE measured on the area that appears intact in the PL image (gray spot) is identical to
the EQE reference measured before DH aging. The lowest EQE corresponds to the measure-
ment point closest to the module edge, with a significant reduction for low wavelengths (300 —
800 nm). The intermediate points follow the same trend with EQE reduction at low wavelengths
and a decrease as they approach the edge of the module.

Under front illumination, short-wavelength photons are absorbed close to the front side,
while photons above 800 nm are absorbed uniformly throughout the wafer’s thickness [23].
When the front side is altered and recombination centers are formed, electron-hole pairs ob-
tained from short-wavelength photons have a higher probability of being recombined than pho-
tons absorbed further away from these recombination centers. Therefore these EQE results
indicate high front recombination which means that the front side of cell is severely damaged.
Lower EQE means lower Jsc and therefore Isc losses. The dark areas in the PL images (Figure
4) can be related to these Isc losses and not only to Voc losses. The lower the intensity on the
PL image, the higher the Isc losses. In their work, Arriaga Arruti et al. showed front-surface
recombination at the edges of the cell in the case of PID degraded modules [20]. In our work,
we show that the same evolution of EQE is observed after DH alone with soda-lime glasses
and that EQE varies depending on the state of degradation. Diffusion of sodium atoms is suf-
ficient to cause the observed degradation, the application of an electric field is not necessary.
The intensity of the drop in EQESs progresses similarly to the progression of moisture in the
module.

Figure 6 shows the comparison between EQE from the illuminated front and rear sides
of soda-lime glass-glass modules before and after 1000 h of DH aging. Measurements are
performed on the second degraded zone closest to the module edge (Figure 5).
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The EQE measured for the front illumination shows a significant reduction for short wave-
lengths compared to the front reference. When the front passivation is degraded, the photons
absorbed near the front surface are more likely to recombine before reaching the p-n junction.
The EQE measured from the rear side does not show a reduction for short wavelengths but
for wavelengths above 800 nm. This confirms the reduction of photon collection on the front
side of the cell (the rear side with rear illumination).

The two differences between the front and the rear of the SHJ cells are the TCO and
the a-Si layers. The front and rear TCO have the same thickness but their intrinsic properties
(morphology, doping...) are different. The stack used for passivating the front surface is com-
posed of a double layer of (i) and (n) a-Si:H. On the rear, a stack with (i) and (p) a-Si:H layers
is used. The doping and the thicknesses are different between the front and rear regarding the
(1), (n) and (p) layers. In their cell study, Jiang et. al observed significantly less stability in Na*
environment for SHJ cells with underdense (i) a-Si:H layers, showing the predominant benefi-
cial effect of using dense a-Si layers to prevent degradation in sodium environment [24]. At cell
scale, Li et al. observed opposite results to ours, with greater degradation on the (p) a-Si:H
side than on the (n) a-Si:H side [16], meaning that the doping type does not seem to be the
parameter with the greatest impact.

In our case, the observed differences in degradation are probably due to the different
a-Si layer density between the front and rear sides. In addition, the TCO could also have an
influence on the degradation. Figure 7 shows a diagram of the SHJ cell used for these tests.
The front TCO has smaller grains than the rear TCO, with sizes of 15-20 nm and 30-40 nm for
front and rear sides respectively (Figure S2).
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Figure 7 Scheme of species (Na" and H.O ) diffusion in TCO layers of SHJ cells according to
the morphology of films (not drawn to scale).

Small TCO grains imply a large number of grain boundaries. With more grain boundaries, the
species migrations can be facilitated and the induced degradation can be accelerated. Li et al.
showed the dependence of heterojunction cell stability on TCO morphology, with enhanced
stability for cells with large grains of tungsten-doped indium (IWO) [15]. The doping and hydro-
genation of the indium-based TCO layers could also have an effect. Note that the magnitude
of the power losses caused by underdense a-Si layers presented by Jiang et al. and the low
power losses reduction from increasing the TCO grain sizes by Li et al. points in the direction
of a prevalence of the a-Si layers density on sodium resistance.

3.2 Impact of moisture on SHJ modules degradation

The first section highlighted the joint diffusion of moisture and sodium in glass-glass modules
from the edges towards the center. In these modules, the quantity of moisture reaching the
cells remains low compared to configurations with polymeric sheets as front and/or rear mod-
ule covers. We studied three module configurations to understand the effect of each stressor
(sodium and moisture) in the degradation mechanisms: frontsheet-aluminized backsheet (FS-
ABS), frontsheet-glass (FS-G) and glass-backsheet (GB-S). These three configurations allow
to modify the cell side (front or rear) facing the sodium source and also the main way for the
moisture penetration into the module. With polymeric covers, the diffusion occurs mainly
through the polymeric covers without aluminum rather than from the edges towards the center
through a lateral diffusion in the encapsulant. The aluminized backsheet blocks moisture in-
gress on the rear side as glass does and, at the same time, it eliminates the source of sodium
in the module unlike the glass. The backsheet without aluminum and the frontsheet are the
same polymeric film. These modules use the same polymer encapsulant and the same cell as
in the previous section (with a front ITO and a rear indium-based TCO). As a reminder, the
encapsulant is a thermoplastic polyolefin with a high water absorption coefficient and a WVTR
greater than 4 g/m2.day at 23 °C and 85%RH. This material was chosen to enhance the mi-
gration of moisture and ions and to better highlight the degradation mechanisms on the cell.

The FS-ABS configuration is used to study the effect of moisture on degradation mech-
anisms without the influence of sodium. The FS-G and G-BS can be compared to evaluate the
effect of moisture and sodium on both sides of the cell. Table 2 summarizes the different
sources of degradation for the different configurations.
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Table 2 Degradation sources for the different module configurations with polymer sheets.

Moisture ingress

Sodium source

Side Front Rear Front Rear
Frontsheet-Aluminized Backsheet (FS-ABS) X X X
Frontsheet-Glass (FS-G) X X
Glass-Backsheet (G-BS) X X

Figure 8 presents the evolution of the |-V parameters of these polymeric modules during DH
aging up to 1000 h with front illumination.
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Figure 8 Evolution of the polymeric modules Pmax (), Isc (b), Voc (¢) and FF (d) during damp
heat aging up to 1000 h with front illumination. Data points represent the mean values of
three identical modules and the standard deviation is shown with the error bars.

After 1000 h of DH aging, FS-ABS, FS-G and G-BS modules show similar maximal power
degradation of 62.6%, 57.1% and 62.0% respectively. FS-ABS and FS-G show mainly FF
losses (57.3% and 47.1%) while G-BS have mainly Isc losses (54.2%) and a stable FF. FS-
ABS modules present almost no Voc degradation whereas FS-G have similar losses as G-BS
(13.1% and 14.6%).

To better understand the spatial degradation in the module, Figure 9 shows EL and PL
images of polymeric modules during DH aging.

12



374

375
376
377

378
379
380
381
382
383
384
385
386
387
388
389
390
391

392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410

Folvmes Frontsheet-Backsheet Frontsheet-Gl Glass-Backsheet EL & PLscales
modules rontshneet-bacKsnee rontsneet-Giass ass-backKksnee (Counts)

—TS5E+4

DH aging time EL PL EL PL EL PL

] -
e [T

3E+4

2E+4

1E+4

o

Figure 9 EL and PL images of FS-ABS, FS-G and G-BS modules during DH aging up to
1000 h. The images from the other modules of the same configuration are similar. They are
not shown here for sake of brevity.

For the FS-ABS configuration, after 500 h of aging, dark areas appear in the EL images along
the busbars and on the pads of the ECA joints. At the same time, no degradation is visible in
the PL images. After 1000 h, more degradation is observed in the EL images along the busbars
with larger dark areas. No dark areas are visible in the PL images, but a slight decrease in
intensity is observed over the whole image. In this configuration, the moisture ingress is on the
entire surface of the front side and without any source of sodium. This leads to the first degra-
dation along the busbars (visible in the EL images and not in the PL images), corresponding
to FF losses (Figure 8). It corresponds to an increase in the local series resistance (Figure S3).
These losses can be attributed to TCO hydration, contacts corrosion and to a chemical reaction
between the ECA and moisture, which can cause polymer degradation with weakening of ad-
hesion [25] and shear strength [26] or galvanic corrosion with increase of contact resistance
[21]. Compared with soda-lime glass-glass modules, no significant drop in Isc and Voc is ob-
served, and no totally darkened areas are visible in the PL images, showing that moisture
alone does not cause cell depassivation even with much more moisture reaching the cell.

The FS-G configuration still has the moisture ingress on front side, but adds the sodium
source on the rear side. In Figure 9, after 500 h of aging, dark areas appear in the EL images
along the busbars and on the pads of the ECA joints. This corresponds to the same front
degraded areas observed in the FS-ABS configuration, due to front moisture ingress. In PL
images, other areas appear dark (different from those of the EL), along several millimeters
away from the busbars and between the two half-cells (inter-cell area) between the busbars.
This corresponds to Voc losses observed after 500 h (Figure 8). These degradations are not
visible for the FS-ABS configuration, which means that they are induced by the glass on the
rear side. They are also not present in low sodium modules, meaning that the sodium must be
present to induce these degradations. In addition, this degradation away from the busbars is
not visible in the soda-lime glass-glass modules after 500 h, indicating that the front moisture
ingress accelerates sodium diffusion within the FS-G modules. In PL images, we suggest that
the zone of exclusion of degradation along the busbars is due to the protection provided by
some ECA paste effusion. This same area is the degraded area in EL images and is respon-
sible for FF losses. After 1000 h, maintaining the same scale, the EL and PL images are com-
pletely darkened, indicating that the degradation has progressed across the entire module.
The moisture-induced degradation on front side is the same as for the FS-ABS modules with
similar moisture ingress, corresponding to contacts degradation, and is confirmed by the FF
losses observed. This degradation has progressed over the entire contact areas (along the
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busbars and on the ECA pads), resulting in an increase in series resistance caused by chem-
ical reactions with moisture, leading to contact degradation and corrosion. Finally, this EL in-
tensity reduction over the entire image is a combination between these contact degradations
and sodium induced degradation (PL image). At this time, after 1000 h, the sodium ions have
probably diffused over the entire rear side and progressed on the front side from the inter-cell
area, corresponding to the Voc and Isc losses observed (Figure 8).

For the G-BS configuration, similar to FS-ABS and FS-G modules, dark areas are visi-
ble in the EL images along the busbars and on the ECA pads after 500 h of aging. In this case,
the contact degradation is on the rear side due to rear moisture ingress through the backsheet
layer. In the PL images, dark areas are visible along several millimeters away from the busbars
and on the cell between the busbars, next to the inter-cell area. In this area, the moisture from
the rear side can reach the front glass and releases sodium ions. Then, they simply diffuse
over the cell front side, leading to its degradation and induced Voc and Isc losses. These dark
areas and corresponding Isc losses are more significant than for FS-G modules, meaning that
the degradation is enhanced when the front side of the cell faces the sodium source. In the
FS-G configuration, the sodium ions preferentially diffuse on the rear side and must go around
the cell to diffuse on the front. After 1000 h, the images are completely darkened, meaning that
the degradation has progressed across the entire module. Compared to the FS-G modules,
the sodium ions have probably diffused over the entire front side and started to progress on
the rear side from the inter-cell area.

To complete these results, Figure 10(a) displays the scheme of module with the loca-
tion of EQE front side illumination on degraded area of FS-G and G-BS modules after 1000 h
of DH aging, and the associated EQE between 300 to 1200 nm in Figure 10(b).

100
(a) (b) —— Frontsheet-Glass
1------ Glass-Backsheet

[ ] 80

60

EQE (%)

40 -

20

0“’ T | I B L B |

— —
300 400 500 600 700 800 900 1000 1100 1200
Wavelength (1)

Figure 10 Location of EQE front side measurements with front illumination after 1000 h of
DH aging on polymeric modules (a) and results between 300 to 1200 nm (b).

The G-BS modules show lower EQE than the FS-G modules, especially for short wavelengths,
corresponding to front-surface recombination. For similar PL images (completely dark), the
EQE measurements with front illumination show the differences in degradation between the
two configurations. The front side of the G-BS modules is more degraded than FS-G one,
corresponding to the significant reduction in Isc losses. These results confirm the greater im-
pact of sodium on the front side of the cell compared to the rear side of our modules.
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Conclusion

This work investigates the different degradation mechanisms of silicon heterojunction modules
in a damp heat environment. Several module configurations were studied to vary the degrada-
tion sources (sodium and moisture) and their spatial distribution in the module. The modules
were aged under DH conditions to explore the different mechanisms that can occur. First, the
glass-glass configuration with soda-lime glass shows significant Voc and lsc losses due to de-
passivation of the cell with current production loss of certain areas by the action of sodium ions
originated from glass lixiviation. Then, by using other type of glass with low sodium or without
sodium, the degradation has been drastically reduced and suggest an alternative to avoid the
main moisture-induced degradation on SHJ cells.

The study shows a greater sensitivity to sodium-induced degradation of the front side
of the cell compared to the rear side, with significant front-surface recombination on the front
side. This difference may be due to the nature of the amorphous silicon layers and/or the mor-
phology of the TCO layers as already shown in the literature on cells.

The role of moisture alone was investigated by suppressing the sodium source with the
FS-ABS configuration or by comparing the FS-G and the G-BS configurations. After DH aging,
without sodium in the module, the cell passivation is maintained. However, moisture induces
significant FF losses, due to degradation of contacts and TCO layers which increases the se-
ries resistance of the modules.

Overall, this study shows that all material components must be considered as sources
of degradation and must be carefully selected to ensure module reliability. It is important to

notice that the mechanisms observed are specific to the cells studied in this paper and may be
different with different SHJ cells.
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Figure S1 I-V curve evolution of soda-lime modules during DH aging.

Figure S2 Transmission electron microscope (TEM) images of TCO layers for the front and
rear side of the SHJ cells with the grain size for each side: 15-20 nm and 30-40 nm for front

and rear sides respectively.
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Figure S3 I-V curve evolution of FS-ABS modules during DH aging.

1,5

20



