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ARTICLE INFO ABSTRACT

Keywords: The n-type tunnel oxide passivated contact (TOPCon) technology is going to be the leading industrial technology
PERC in 2024. However, there are still concerns about the reliability of TOPCon when used in the field, especially in
TOPCon glass/backsheet modules. This work investigates the impact of damp heat (DH) on the performance TOPCon and
Il;/[:r(ril:liseat PERC glass/backsheet modules by varying bills of materials (BOM), such as polyolefin elastomer (POE), ethyl-
Reliability vinyl acetate (EVA), and polymer backsheet options. It is found that PERC modules remain stable, with a

maximum power loss (Pyay) of only 1-2%,, after 1000 h of DH testing, regardless of the BOM used. However,
TOPCon modules experienced significant degradation with a drop in Ppax ranging from 4 to 65% after the same
testing duration. Despite utilizing POE, an expensive encapsulant with a significantly lower water vapour
transmission rate than EVA and devoid of acetic acid formation, a severe performance decline was observed in a
specific POE variant within TOPCon modules, with a loss of power of up to 65%;]. Three types of failures were
observed in TOPCon modules: point-localized failure, failure at/around the interconnection of ribbon wires and
busbars, and failure throughout the whole area of cells/modules. These failures likely result from electrochemical
reactions involving moisture, cell metallization, ribbon wires, contaminants, soldering flux, and additives
released from POE. The observed findings underline two crucial points: 1) the vulnerability and potential failure
of TOPCon solar cells when exposed to high humidity and contaminants, and 2) the high risk associated with
certain POE types, which could potentially adversely affect TOPCon cells. Hence, it is crucial to exercise utmost
caution and precision in handling and selecting encapsulation materials for TOPCon modules. Accordingly, ur-
gent and extensive research efforts are crucial to substantially increase our comprehension and fortify the reli-
ability of TOPCon cells against the pernicious effects of moisture and other contaminants.

Failure mode

1. Introduction

Ensuring long-term stability is essential for photovoltaic (PV) sys-
tems to minimize the levelized cost of electricity (LCOE). Ideally, a PV
system should maintain high-performance levels for 25 to ideally 50
years, with a maximum reduction of 20 % in relative performance,
emphasizing the critical importance of long-term stability [1]. Bifacial
passivated emitter and rear cell (PERC) dominated the market up to
2024, and tunnel oxide passivated contact (TOPCon) solar cells are ex-
pected to become the dominant technology in 2024 [2]. Despite this
expected market dominance, TOPCon solar cells still encounter reli-
ability issues, leading to significant power loss under high humidity
conditions [3-6]. These concerns need to be addressed as higher
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degradation rates would potentially make TOPCon inferior to PERC
technology in terms of LCOE.

Ethyl-vinyl acetate (EVA) has been found to exhibit a high water
vapour transmission rate (WVTR) and hydrolysis of acetic acid during
damp heat testing, contributing to severe reliability concerns [3,7-9].
Conversely, polyolefin elastomer (POE) has demonstrated lower WVTR
and lacks acetic acid hydrolysis, making it a preferable alternative to
EVA for enhancing PV module reliability [7]. Studies by Sommeling
et al. have shown that mini modules encapsulated with glass sheets and
EVA on both sides (glass/glass modules structure) experienced degra-
dation of up to ~50%y after 2500 h of damp heat (DH) testing [3].
However, replacing EVA with POE or thermoplastic polyolefins (TPO)
gradually improved reliability, reducing the loss to ~1-6%y, over a
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a) Schematic of the PERC cell
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b) Schematic of the TOPCon cell
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c) Experimental flow diagram
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Fig. 1. Schematic of a) PERC cell, b) TOPCon cell and c) the experimental flow diagram used in this work.

similar testing duration. Similarly, Zhou et al. demonstrated that full
modules encapsulated with glass sheets and EVA on both sides degraded
by over 8.28%. after 3000 h of DH testing [4]. In contrast, the loss was
only ~2%y, when encapsulated with a glass sheet and POE or
ethylene-propylene elastomer (EPE) on both sides (glass/glass module
structure). However, in the case of glass/backsheet module structures,
even when using POE or EPE, a power loss of ~6-7%;.; was observed
after 2000 h of DH testing. This loss was further mitigated by reducing
the cell gap and/or adding an additional metal layer to the rear side.
While double-sided glass and POE encapsulation enhance reliability
(glass/glass modules structure), they come with drawbacks such as
increased risk of damage (e.g., crack or delamination), additional weight
(posing challenges for rooftop installation), and higher manufacturing
costs [10,11]. A glass-backsheet module with EVA encapsulation re-
mains an attractive option due to affordability, provided it effectively
prevents failures induced by humidity or other contaminants. To tackle
the issue of humidity-induced degradation in TOPCon cell technologies,
comprehensive research is imperative. Therefore, this study aims to
investigate the impact of bills of materials (BOM) on the reliability of
PERC and TOPCon solar cells.

Table 1

Detail module structure and bill of material of PERC and TOPCon used in this study.

2. Experiment

Bifacial p-type silicon PERC and n-type TOPCon solar cells sourced
from industry were used in this work. The PERC cells featured a
phosphorous-doped emitter (n™ emitter), hydrogenated silicon nitride
(SiNy:H) passivation layer, and screen-printed H-pattern silver grid on
the front side. At the rear side, there was an aluminium oxide (Al,03)/
SiNgH passivation layers stack and a screen-printed H-pattern
aluminium grid. The TOPCon cells featured a boron-doped emitter (p*
emitter), silicon dioxide (SiO3)/Al;03/SiNy:H stack, and a screen-
printed H-pattern silver grid on the front. At the rear side, there was a
Si0,/phosphorus-doped poly-silicon (n*poly-Si)/SiNy:H stack and a
screen-printed H-pattern silver grid. Fig. 1 (a) and (b) demonstrate the
detailed schematic diagram of PERC and TOPCon cells used in this
study, respectively. All cells were soldered on both sides to connect
ribbon/tabbing wires to the busbar of cells, creating an 8-cell string.
Subsequently, all cells were encapsulated with various BOMs at an in-
dustrial facility to create module structures, as listed in Table 1. The
encapsulation processes for the modules were executed at the pilot line
within the industrial facility. Approximately 30-40 % of the processes
were conducted manually, while the remaining processes were auto-
mated. These processes included soldering to connect ribbon and

(a) Group 1: PERC Modules

D Front side Cell type Rear side

(1) P1 Glass/EVA p-typ PERC EVA/Backsheet type "W"

(2) P2 Glass/POE type "A" p-typ PERC POE type "A"/Backsheet type "WT"
(3) P3 Glass/POE type "A" p-typ PERC POE type "A"/Backsheet type "W"
(b) Group 2: TOPCon Modules

D Front side Cell type Rear side

1Tl Glass/EVA n-type TOPCon EVA/Backsheet type "W"

(2) T2 Glass/POE type "A" n-type TOPCon POE type "A"/Backsheet type "W"
(3) T3 Glass/POE type "B" n-type TOPCon POE type "B"/Backsheet type "WT"
(4) T4 Glass/POE type "B" n-type TOPCon POE type "B"/Backsheet type "W"
(5) TS Glass/POE type "B" n-type TOPCon POE type "B"/Backsheet type "B"
(6) T6 Glass/POE type "C" n-type TOPCon POE type "C"/Backsheet type "W"

(7) T7 Glass/POE type "C"

n-type TOPCon POE type "C"/Backsheet type "WT"
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Table 2
I-V parameters of PERC modules before (initial) and after 1000 h of damp heat
testing.

Initial
D Pmax (W) Voc (V) Isc (A) Rs ()
P1 29.8 5.56 6.76 0.073
P2 30.0 5.56 6.74 0.067
P3 29.7 5.56 6.73 0.068
DH1000h
P1 29.5 5.57 6.75 0.076
P2 29.5 5.57 6.71 0.078
P3 29.3 5.56 6.72 0.076
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Fig. 2. Relative reduction in Pp.y, Voc, Isc and increase in Ry after 1000 h of
damp heat testing of PERC modules.

tabbing wires to the busbars and laminating to join BOM forming
modules. All modules underwent DH test at 85 °C and 85 % relative
humidity (RH) for up to 1000 h to study humidity-induced failures.
Fig. 1 (c) provides a detailed experimental flow diagram in this work. It
is worth noting that all BOM components, such as glass, polymer
backsheet, EVA, and POE, were procured from various manufacturers
worldwide and were considered for high-volume manufacturing. How-
ever, specific company names and the details of specific BOMs were
excluded due to confidentiality concerns.

For all modules, current-voltage (I-V) measurements were con-
ducted under standard testing conditions before and after 1000 h of DH
testing using a commercial module flash tester (Eternalsun Spire, Spi-
Sun Simulator™ 5600SLP Blue System). Line-scan open circuit
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photoluminescence (PL;g) and electroluminescence (EL;g) images were
captured using a BTi-M1 luminescence line-scan system before and after
the DH test. Line-scan open circuit PL;g serves as a contactless qualita-
tive method capable of distinguishing series resistance defects from
recombination defects in solar cells. The imaging process involves
restricting the camera’s field of view to a thin line spanning the width of
a sample and localizing photoexcitation within this line. Continuous
acquisition of individual line images synchronized with sample motion
enables real-time imaging. The final image is generated by combining
the acquired line images within the sample. Since only a fraction of the
cell area is illuminated at any given time, there is a lateral current flow
between the illuminated and non-illuminated regions. Consequently, the
resulting PL;g intensity is influenced not only by the local minority
carrier lifetime but also by the local Rg [12-14]. Regions with relatively
high series resistance (Rs) will exhibit a higher PL;g intensity compared
to areas with relatively low Ry [12-14].

EL;g image ratios were obtained by dividing EL;s images captured
before and after 1000 h of DH testing using LUMITOOLS, an advanced
image processing software [15]. Similarly, PL;g image ratios were ob-
tained by i) dividing PL;g images after 1000 h of DH testing by those
captured before DH testing (to visualize regions an increase Rg in the
modules) and ii) dividing PL;g images taken before (initial) and after
1000 h of DH testing (to visualize regions with an increase in recom-
bination in the module).

3. Results
3.1. PERC modules

Table 2 displays the I-V parameter of PERC modules before and after
1000 h of DH testing. Fig. 2 illustrates the relative losses in maximum
power (Pnax), open circuit voltage (Voc), short circuit current (Isg), and
the increase in series resistance (Rs) after 1000 h of DH testing for all
PERC modules. The Py, of PERC modules degraded by only 1-2%.;
(from ~29.8 to ~29.4 W) after 1000 h of DH test. The primary factor
contributing to this degradation was an increase in R, which rose by
~10%y¢ (from ~6.9 x 1072 to ~7.7 x 10~2 Q). Minimal changes were
observed in Voc and Isc (loss below ~0.5%)). Notably, no significant
discrepancy in the extent of P,y loss was observed with the use of either
EVA, POE, or backsheet materials W or WT. This highlights the inherent
stability of PERC cells, indicating that both high-quality (POE) and
lower-quality (EVA) encapsulation methods have negligible effects on
the reliability of PERC cells.

Fig. 3 presents the EL;g images before and after 1000 h of DH testing
for PERC modules. The EL;g intensity for modules containing PERC cells
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Fig. 3. EL;s images of PERC modules taken before and after 1000 h of damp heat testing.
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Table 3
I-V parameters of TOPCon modules before (initial) and after 1000 h of damp
heat testing.

ID T1 T2 T3 T4 TS5 T6 T7
Initial
Poax (W) 29.4 30.0 30.6 30.9 29.3 305 30.5
Voc (V) 5.76 5.77 5.78 5.79 5.74 5.76 5.77
Isc (A) 6.71 6.71 6.71 6.69 6.38 6.58 6.63
Rs (Q) 0.072 0070 0074 0072 0071 0070  0.073
DH1000h
Poax (W) 26.2 25.3 29.0 29.0 28.3 14.2 10.7
Voc (V) 5.77 5.76 5.78 5.79 5.75 5.75 5.75
Isc (A) 6.67 6.66 6.69 6.66 6.38 5.91 5.15
Rs (Q) 0112 0098 0095 0099 0090 0345  0.533
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Fig. 4. Relative reduction in Ppay, Voc, Isc, and increase in Rs of TOPCon
modules after 1000 h of damp heat testing.

remained largely unchanged before and after 1000 h of DH testing. Any
observed alterations were minimal in nature. These findings were
consistent with data obtained through the I-V tester, indicating no sig-
nificant alteration in both Pp,,x and R for the modules within the PERC
group.

a) EL§ images
Initial

Dh1000h_
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3.2. TOPCon modules

Table 3 shows I-V parameters of TOPCon modules before and after
1000 h of DH testing. Meanwhile, Fig. 4 depicts the relative losses in
Pmax, Voo, Isc, and the increase in Rg of TOPCon modules after 1000 h of
DH testing. In contrast to PERC modules, there was a notable decrease in
Phax observed in TOPCon modules, ranging from 4%pe to 65%e].
Modules with POE-B (T3, T4, T5) experienced a reduction in Ppay of
4-6%ye] (Pmax decreased from ~30.3 to ~28.8 W), while the module
with POE-A (T2) exhibited a decrease of ~16%;ye] (Pmax decreased from
~30.0 to ~25.3 W) after 1000 h of DH testing. The Pp,x of the module
with EVA (T1) degraded ~11%;ej (Pmax decreased from ~29.4 to ~26.2
W). The most significant loss was observed in the module with POE-C
(T6, T7), where Ppax dropped by ~50-65%;ye] (Pmax declined from
~30.5 to ~10.7 W). No clear trend was observed when altering the type
of polymer backsheet, whether type W, WT, or B. The loss in all modules
was primarily attributed to a considerable increase in R, which
increased by ~25.6-632%;,] (absolute Ry increased from ~7.2 x 102 to
~53 x 1072 Q). Voc and Igc remained relatively stable, with losses
below 0.7%.. It is worth noting that the substantial loss in Igc, ~10%e]
and ~20%;¢ observed in the T6 and T7 modules, respectively, was likely
attributable to the very high R;, which impeded carrier collection in
these modules. The significant reduction in Ig¢ resulting from poor Rg
has been a recurrent observation in our previous studies [16,17].

Figs. 5-7 present the EL;g and EL;g image ratio, and Figs. 8 and 9
show the PL; g images of all TOPCon modules, which displays the specific
failure modes of each module. The EL;g counts in TOCPon modules
significantly decreased, while the PL; s counts in most modules increased
after DH testing. The decrease in the EL;s counts of each module can be
better visualized in the EL;g image ratio, as shown in Fig. 5 (c), 6 (c), and
7 (c). This result suggests that the decrease in EL;g intensity observed in
TOPCon modules was due to an increase in Ry [13,14]. These results
align well with the changes in I-V parameters shown in Fig. 4. It is
important to emphasize that the selection of colour for EL/PL imaging
was made to facilitate quick interpretation of both failed and non-failed
areas within the modules. Typically, we opt for a grayscale colour scale
for EL and PL images, a choice based on the familiarity of PV manu-
facturers, installers and end users with this scheme. This familiarity
enables them to swiftly identify any module issues during image review
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Fig. 5. a) EL;g images of TOPCon modules with EVA_backsheet W (T1) and POE-A_backsheet W (T2) taken before and after 1000 h of damp heat testing com-
plemented by b) EL;s image ratio images (calculated by dividing the EL;s image at the initial stage by the EL;g image at the DH1000h stage).
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a) ELQ images b) ELﬁ image ratio
Initial Dh1000h Initial divided by DH1000h

1500

1000

BN | EL counts (/s)
° g
o

Fig. 6. a) EL; s images taken before and after 1000 h of damp heat testing, and b) EL; s image ratio (calculated by dividing the EL;s image at the initial stage by the
EL;s image at the DH1000h stage) of TOPCon modules with POE-B_backsheet WT (T3), POE-B_backsheet W (T4), POE-B_backsheet B (T5).

a) EL, s images b) EL, s image ratio
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Fig. 7. a) EL;g images taken before and after 1000 h of damp heat testing, and b) EL;s image ratio (calculated by dividing the EL;s image at the initial stage by the
EL;s image at the DH1000h stage) of TOPCon modules with POE-C_backsheet W (T6) and POE-C_backsheet W (T7).
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Fig. 8. PL;s images taken before (a) and (b) after 1000 h of damp heat testing of TOPCon modules with EVA_backsheet W (T1), POE-A_backsheet W (T2), POE-

C_backsheet W (T6) and POE-C_backsheet WT (T7).
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Fig. 9. PL;simage taken before (a) and (b) after 1000 h of damp heat testing of TOPCon modules with POE-B_backsheet WT (T3), POE-B_backsheet W (T4), and POE-

B_backsheet B (T5).

without the need for extensive explanation. However, when dealing
with image ratios, the use of grayscale can sometimes obscure localized
issues, making them more challenging to discern. Hence, we prefer to
employ a “hot colour” scale in such cases, as it effectively highlights
module issues, thereby facilitating rapid interpretation of the results.

4. Discussion

Overall, we found three distinct failure modes in TOPCon modules,
which were notably absent in the PERC modules. The first type of failure
mode, Type-1, was a point-localized failure. The second type, Type-2,
was a failure mode that occurs at/around the interconnection point
between ribbon wires and busbars of the cells. The third type of failure
mode, Type-3, was a complete failure across the entire area of the cells/
modules.

The Type-1 failure mode, characterized by point-localized issues,
was already prevalent in nearly all modules containing TOPCon cells
prior to undergoing the DH test (T1-T3, T5, T6). This was evident
through a localised low EL intensity and manifested as dark dots
randomly distributed within the modules, as depicted in Fig. 5 (a), 6 (a),
and 7 (a). In PL;g images, this failure mode appeared as a bright dot
pattern randomly scattered within the modules (see Figs. 8 and 9),
indicating a loss in R; within the TOPCon modules. Following 1000 h of

DH testing, the majority of these failures had intensified, particularly
noticeable in T1 (module with EVA), T2 (module with POE-A), T5
(module with POE-B), and T6 (module with POE-C) samples. This was
evidenced by a further decline in EL intensity, prominently observed in
Fig. 5 (b), 6 (b), and 7 (b). The exacerbated failure was distinctly visible
in the EL;g image ratio images, characterized by bright contrast [refer to
Figs. 5(c), 6(c) and 7(c)]. This localized failure led to a substantial drop
in EL counts, ranging approximately from 125%ej to 400%y], as illus-
trated in the EL;g image ratio depicted in Fig. 5 (c), 6 (¢), and 7 (c). In
one particular module (T2), this failure mode was observed to induce
both an increase in Rs and a slight rise in recombination loss. Fig. 10
presents ELjg and PL;g images taken before and after 1000 h of DH
testing, along with the PL;g image ratios comparing the DH1000h stage
to the initial stage (highlighting areas with increased Rs) and the initial
stage to DH1000h stage (highlighting areas with a slight recombination
increase) [13,14]. It is worth noting that some of these images were
previously displayed in Figs. 5 and 8. This observation is consistent with
the I-V data illustrated in Fig. 4, where the Isc of the T2 module slightly
declined ~0.75%, after 1000 h of DH testing.

The specific contaminant responsible for the Type-1 failure mode in
TOPCon modules remains unclear at present. A study is currently un-
derway to ascertain the root cause of these failures; however, it is
important to note that this investigation is in its early stages, and a
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c) PL, s image ratio
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Fig. 10. a) EL;g and b) PL;s images before (initial) and after 1000 h of DH testing, and c) PL; s image ratios of T2 TOPCon module (module with POE-B). The PL;g
image ratio was calculated by dividing: i) the PL;g image at the DH1000h stage by the PL;s image at the initial stage and ii) the PL;s image at the initial stage by the
PL;s image at DH1000h. In image (i), the bright region indicates areas with increased Ry after 1000 h of DH testing (increase in PL;g intensity after DH testing).
Conversely, in image (ii), the bright region highlights areas with recombination increase after 1000 h of DH testing (decrease in PL;g intensity after DH testing).

considerable amount of work remains to be done before definitive
conclusions can be reached and they will be shared with the community
at a later date. However, it is plausible that sodium (Na) and chlorine
(CD) are implicated in this phenomenon. It has been reported that human
fingerprints often contain notable quantities of Na and Cl, posing a risk
of solar cell contamination during production if not managed meticu-
lously [18,19]. Previous investigations have demonstrated the signifi-
cant impact of NaCl on various cell technologies [6,20-22]. Notably,
TOPCon cells were found to be particularly vulnerable, while PERC cells
exhibited less susceptibility [6]. It was observed that NaCl could induce
rapid corrosion of the front contact in TOPCon cells, potentially leading
to an increase in Ry, resulting in relative Py loss of up to 70 % within
just 20 h of DH testing in non-encapsulated cells [6].

In this study, it is plausible that NaCl might have been accidently
introduced to the cells during handling or storage, possibly by gloves
contaminated by direct contact with bare hands or placement of cells in
an inadequately controlled environment prior to encapsulation. How-
ever, owing to the heightened sensitivity of the metallization in TOPCon
cells to NaCl compared to PERC cells, as evidenced in previous research,
the failure was more pronounced in modules containing TOPCon cells
versus PERC cells [6]. Moreover, it is plausible that the localized failure
observed in the TOPCon module was exacerbated by the residue of
soldering flux used during the connection of ribbon wires and busbars of
the cells. Previous studies have indicated that the residue of certain
types of soldering flux can induce metal corrosion, thereby increasing
the Rs of solar cells after DH testing [16,23]. During the handling and
soldering processes involved in connecting ribbon wires to busbars
before encapsulation, this flux may inadvertently infiltrate the TOPCon
cells, resulting in an increase in Rs. Further elucidation on the potential
role of soldering flux in precipitating TOPCon module failure will be
revisited in the subsequent section.

It’s notable that a comparable localized failure, identified as Type-1
failure mode, was also observed in single glass modules featuring sili-
con heterojunction (HJT) solar cells in our previous research [16]. This
failure mode led to a Ppax loss of up to 40%y,) after 4000 h of DH testing.
Despite the modules in our earlier study being fabricated by a different
industry partner from those used in this investigation, intriguingly,
similar failure patterns emerged. However, in modules containing HJT
cells, these contaminants resulted in more pronounced recombination

losses (Voc and Isc reduction) rather than an increase in Rs. This un-
derscores the possibility of similar contaminants occurring in numerous
industrial settings, emphasizing the need to mitigate their adverse effects
during DH testing, especially when dealing with TOPCon and HJT cells.

Type-2 failure mode refers to failures occurring at or around the
interconnection points between ribbon wires and busbars of the cells.
This failure initiates at these interconnection points and gradually ex-
tends to the surrounding cell areas with prolonged DH testing. This
failure mode is more prominently observed in T3 (modules with POE-B,
Backsheet WT), T4 (modules with POE-B, Backsheet W), and T5 (mod-
ules with POE-B, Backsheet B), with a particularly pronounced presence
in T1 (modules with EVA). This failure mode has been observed to
induce an increase in Ry in certain modules (T3, T4, T5). Additionally, in
some instances, this failure mode has been noted to cause both an in-
crease in Rs; and a slight increase in recombination. An illustrative
example of this can be seen in T1 (modules with EVA, Backsheet W), as
presented in Fig. 11. Fig. 11 displays EL;s and PL;g images captured
before and after 1000 h of DH testing, along with the PL; g image ratios
comparing the DH1000h stage to the initial stage (highlighting areas
with increased R;) and the initial stage to DH1000h stage (highlighting
areas with a slight recombination increase) [13,14]. This result aligned
with the I-V data presented in Fig. 4, where a minor decrease in Isc
(~0.5%ye)) was observed in the T1 module after 1000 h of DH testing
(see Fig. 12).

The Type-2 failure mode has also been observed in the works of Zhou
et al. and by Hangzhou First, where it was observed in nearly every
glass/backsheet module encapsulated with either EVA, EPE, or POE [4,
5]. Furthermore, our previous research on HJT glass backsheet modules
(Type-2 and Type-4 failure modes) has also identified this particular
failure mode [16]. The occurrence of this failure may be attributed to a
chemical reaction involving ribbon wires, cell metallization, moisture,
and soldering flux [23]. This reaction can take place with [16,24] or
without [23] the presence of acetic acid, which is typically generated by
hydrolysis from EVA. This scenario is evident in the T3 module
(equipped with POE-B) as well as in modules T6 and T7 (utilizing
POE-C), as will be demonstrated in Fig. 12 (showing EL;g images after
500 h of DH testing). Additionally, this issue was observed by Hangzhou
First involving modules with POE, a material not known to produce
acetic acid [5].
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Fig. 11. a) EL;s and b) PL;g images before (initial) and after 1000 h of DH testing, c¢) PL;s image ratios of T1 TOPCon module (module with EVA). The PL;s image
ratio was calculated by dividing i) the PL;s image at the DH1000h stage by the PL;g image at the initial stage and ii) the PL;s image at the initial stage by the PL;g
image at DH1000h. In image (i), the bright region indicates areas with increased R, after 1000 h of DH testing (increase in PL;g intensity after DH testing).
Conversely, in image (ii), the bright region highlights areas with recombination increase after 1000 h of DH testing (decrease in PL;g intensity after DH testing).
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Fig. 12. EL;s image taken before and after 500 h and 1000 h of damp heat testing of T6 and T7 TOPCon modules (module with POE-C), showing the gradual
transition from Type-2 failure mode to Type-3 failure mode following prolonged DH testing.

The Type-3 failure mode, characterized by failure across the entire
module area, was notably more prominent in the T6 and T7 modules
(modules with POE-C). This failure mode emerges from a prolonged
manifestation of the Type-2 failure mode, as demonstrated in Fig. 12.
The evolution of EL;g images at different stages of DH testing (initial,
500 h, and 1000 h) is depicted in Fig. 12 (note that some images were
previously shown in Fig. 7). Type-2 failure mode was observed in these
modules after 500 h of DH testing, progressing subsequently into Type-3
failure mode after 1000 h of DH testing. This particular failure mode has
also been observed previously in HJIT modules encapsulated with a front
glass sheet, EVA, and polymer backsheet (referred to as Type-3 failure
mode), resulting in up to a 50%;pe] Pmax loss after 2500 h of DH testing
[16]. The precise root cause of this failure mode remains unknown, and
ongoing research aims to determine its underlying factors. However, it is
plausible that this failure could be attributed to the electrochemical

reaction between cell metallization, moisture, and soldering flux [16,
23] and potentially exacerbated by critical elements released from the
POE-C. It remains uncertain why POE-C exhibited a significantly nega-
tive impact on TOPCon cells compared to POE-A and POE-B and why
there is a variance in chemical composition between these materials.
This discrepancy resulted in a more extensive failure, even surpassing
that of cheaper encapsulation materials like EVA (Ppax drop of
~11%.)). Studies are underway to analyse the critical composition and
additives of each POE encapsulation to ascertain if they contribute to
causing this severe failure, as observed in T6 and T7. It is important to
note that the Type-3 failure mode presented in this study has also been
observed by another industry partner (who conducted separate testing
at their facility) when utilizing a specific type of POE (distinct from
POE-C used in this study), although the data are not disclosed here due
to confidentiality reasons. These findings underscore the critical issue
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associated with certain types of POE encapsulations and suggest that
greater attention and detailed study should be exercised before selecting
the type of encapsulation for TOPCon cells.

5. Conclusion

In summary, this study delves into the effects of damp heat-induced
degradation in bifacial n-type TOPCon and p-type PERC glass backsheet
modules, employing various BOMs such as POE, EVA, and different
backsheet options. Our findings indicate that PERC modules demon-
strate stability, with only a 1-2%. decrease in Py, after 1000 h of DH
testing, irrespective of the BOM used. Conversely, TOPCon modules
experience significant degradation, with Pp,« decreasing by 4-65%;.
relative after the same DH testing duration. Despite utilizing POE, an
expensive encapsulant type with a significantly lower water vapour
transmission rate and the absence of acetic acid formation, a substantial
performance decrease was observed in modules with POE-C (Pp,,x drop
~65%;1) compared to modules with EVA, where the Pp,,x drop was only
~11%;.1. Across all modules, this loss is primarily due to a severe in-
crease in Rs. Three types of failure modes are observed in TOPCon
modules: point-localized failure (Type-1), failure at/around the inter-
connection of ribbon wires and busbars (Type-2), and failure throughout
the entire area of cells/modules (Type-3). Type-1 failure could be
attributed to the electrochemical reaction between moisture, cell
metallization, and contaminants likely present on the cells before
encapsulation. Type-2 failure mode was observed in modules with
TOPCon cells encapsulated with either EVA or POE, starting at the
interconnection point and then spreading to the surrounding cell area
after extended DH testing. This failure mode likely results from an
electrochemical reaction between moisture, ribbon wires, cell metalli-
zation, and soldering flux with or without acetic acid, causing metal
corrosion and an increase in R,. Type-3 failure mode occurred mainly in
modules with TOPCon modules encapsulated with POE-C, likely due to
an electrochemical reaction between cell metallization, moisture, sol-
dering flux, and critical elements released from the POE-C, leading to a
severe increase in Ry and a significant Pp,x drop. These findings high-
light two critical points: firstly, the vulnerability and potential failure of
TOPCon solar cells when exposed to high humidity and contaminants
before encapsulation, and secondly, the high risk associated with certain
POE types, which could adversely affect TOPCon cells. Hence, careful
consideration is necessary when handling and selecting encapsulants for
TOPCon modules. Consequently, further research is essential to deepen
understanding and enhance the reliability of TOPCon cells against the
deleterious effects of moisture and contaminants, particularly when a
glass/backsheet module structure is utilized.
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