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Tunnel oxide passivated contact (TOPCon) solar cells, fabricated using highly reactive silver-aluminium (Ag-Al)
paste, are prone to degradation via corrosion when exposed to water vapour and acidic environments. Mean-
while, single-glass (SG) photovoltaic modules conventionally employ polymer-based backsheets that exhibit
elevated water vapour transmission rates. This study presents a systematic analysis of the effects of backsheet,
metallic paste, encapsulant, and cell spacing on the damp-heat (DH) resilience of SG modules. The investigation
ranks the relative impact of these factors on the DH endurance of glass-backsheet modules as follows: backsheet/
front metallisation > encapsulant > cell spacing. Notably, modules incorporating an Al composite backsheet with
a water permeation rate of 0.01 g/m%/day demonstrated superior DH endurance, whereas modules with a
backsheet permitting 0.5 g/m?/day water permeation exhibited a 0.5 % decrease in power loss post-DH1000
ageing relative to conventional polymer backsheets (KPf). A prominent increase in the front finger contact
resistance by an order of magnitude was observed post-corrosion. Mitigation strategies include reducing the Al
content in metallisation pastes and employing advanced metallisation processes to enhance corrosion resistance.
Lower acidic concentrations in the encapsulation film correlate with reduced corrosion. White ethylene-vinyl
acetate encapsulants allow for the incorporation of more alkaline additives, decreasing film acid concentra-
tion, thereby enhancing DH endurance. With manufacturability and cost effectiveness in consideration, the
optimised TOPCon single-glass modules have a post-DH2000 power loss of only 2.37 %, demonstrating a rela-
tively superior level of DH endurance.

1. Introduction

The n-type tunnel oxide passivated contact (TOPCon) solar cell
technology offers superior passivation capabilities, resulting in sub-
stantially higher energy conversion efficiencies compared with the p-
type passivated emitter rear contact (PERC) solar cell in mass produc-
tion. Unlike the metallisation process used in PERC cells, TOPCon cells
utilise metallisation pastes burning through the aluminium oxide (AlOy)
layer that penetrate the passivation layers, ensuring effective contact
between the metal electrode and the p * or polycrystalline silicon (poly-
Si) layer [1]. However, the glass frits within the TOPCon metal pastes,
which are designed to dissolve the silicon nitride (SiNy) coating, have
been identified as significantly detrimental to TOPCon metallisation
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when exposed to moisture and acidic environments [2]. Sommeling
et al. investigated the corrosion processes affecting TOPCon cells in
acidic environments, demonstrating that the degradation of TOPCon
metallisation is primarily influenced by the glass frits, particularly those
containing lead (Pb) [3]. Moreover, TOPCon front-side metallisation
employs silver-aluminium (Ag-Al) pastes, as opposed to the silver (Ag)
pastes used at the front of PERC cells, to penetrate the AlOy layer,
thereby achieving superior contact quality. However, the large-sized
Ag-Al spikes formed during this process are more susceptible to corro-
sion [4]. Especially, when sodium-related salts such as sodium bicar-
bonate (NaHCO3) and sodium chloride (NaCl) are involved, the salts
intensify the electrochemical reactions within the Ag-Al pastes resulting
in a considerable increase in series resistance (R) [5]. Wu et al. have
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Table 1
Orthogonal experimental design.

Lo(3%)  Factor

I I I v

Level Backsheet Solar Cell Encapsulant film Cell gap
1 0.01 g/m2/ PERC POE + POE (VA 0.00 -0.5
day %) mm
2 0.5 g/rﬂz/ TOPCon A (Al EPE + EPE (VA 16.19 0.8 mm
day 0.47 %) %)
3 2 g/m?/day TOPCon C (Al EVA + EVA (VA 2 mm
0.38 %) 26.41 %)
Tables 2-1
Experimental design of different backsheets.
No. Backsheet Solar cell Encapsulant film Cell
gap
1 KPf (1.74 g/m2/ TOPCon A (Al POE + W-EVA (VA -0.5
day) 0.47 %) 12.56 %) mm
2 €ePET (0.75 g/m%/
day)
3 PPE (0.49 g/m?/
day)
4 PPf-Al (0.01 g/
m?/day)
Tables 2-2
Experimental design of different solar cell designs.
No. Solar cell Encapsulant film Backsheet Cell gap

1 PERC POE + W-EVA (VA KPf (1.74 g/m*/  —0.5
2 TOPCon A (Al 12.56 %) day) mm
0.47 %)
3 TOPCon B (Al
0.69 %)
4 TOPCon C (Al
0.38 %)
Tables 2-3
Experimental design of different encapsulant films.
No.  Encapsulant film Solar cell Backsheet Cell gap
1 POE + POE (VA 0.00 TOPCon A (Al KPf (1.74 g/m2/ -0.5
%) 0.47 %) day) mm

2 EPE + EPE (VA 16.19
%)
3 POE + W-EVA (VA

12.56 %)
4 EPE + W-EVA (VA
20.95 %)
Tables 2-4
Experimental design of different cell gaps.
No. Cellgap  Solar cell Encapsulant film Backsheet
1 -0.5 TOPCon A (Al POE + POE (VA 0.00 KPf (1.74 g/mz/
mm 0.47 %) %) day)
2 2 mm
3 -0.5 POE + W-EVA (VA
mm 12.56 %)
4 2 mm

reported that a laser-assisted firing process permits the use of
aluminium-less or even aluminium-free pastes, thus improving the
corrosion resistance of TOPCon cells [6]. Despite these advancements,
the front-side metallisation of TOPCon cells remains vulnerable to
corrosion induced by water vapour and acids, posing significant
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Fig. 1. Experimental design of backsheet with different structures.

challenges to the reliability of photovoltaic (PV) modules based on
TOPCon solar cells, particularly regarding the risk of damp-heat (DH)
induced degradation [7-9].

Commercial PV modules are generally categorised into two pack-
aging types: double-glass (DG) modules and single-glass (SG) modules.
The DG modules based on TOPCon cells have already been commer-
cialised on a large scale, but these modules show a slightly stronger
degradation compared with comparable PERC modules, which usually
show significantly less than 1 % power degradation [10]. The degra-
dation process of TOPCon DG modules under damp-heat ageing occurs
in two steps: in the initial stage, a change in the optical properties of the
respective encapsulants, triggered by the influence of high temperature,
mainly results in short-circuit current (Is) loss; in the later stage, a large
amount of water vapour enters and corrosion occurs, causing severe
degradation of fill factor (FF) [11]. The DG modules utilise glass at both
front and rear sides, whereas the SG modules employ a polymer-based
backsheet. The polymer backsheet of SG modules, however, exhibits a
higher moisture permeation rate compared to the glass, which increases
the reliability risks associated with acetic acid formation and corrosion
when combined with TOPCon cells [12]. Notably, the corrosion process
can be exacerbated by the presence of acetic acid, which may form
within ethylene-vinyl acetate (EVA) or EVA-containing encapsulant, and
other acidic substances such as polymer additives or solder flux [8].
These reliability concerns have hindered the commercialisation of SG
packaging TOPCon modules. As a result, TOPCon-based PV modules
have predominantly been constructed with a DG structure to mitigate
the risks of DH-induced degradation. Nonetheless, SG modules with
polymer-based backsheets offer unique advantages, such as reduced
weight and enhanced mechanical strength, which are particularly
beneficial for rooftop PV applications. Therefore, addressing the reli-
ability challenges of SG modules based on TOPCon cells is of critical
importance.

The primary objective of this work is to achieve comprehensive un-
derstanding of the reliability issues associated with SG modules based on
TOPCon cells and to propose potential solutions to overcome these
challenges, thereby paving the way for further utilisation of SG modules.
It is evident that TOPCon cells are particularly vulnerable to degradation
in acidic and humid environments, which is the focus of this study. A
systematic examination will be performed on the effects of backsheets,
metallic paste materials, encapsulants and cell gaps on the DH endur-
ance of SG modules through orthogonal and variable-controlled meth-
odologies. The design guideline and the optimised set of materials and
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Table 3
Experimental lamination parameters of different encapsulant films.
No. Encapsulant film Temperature/°C Vacuum time/s Fisrt stage Second stage Third stage Crosslinking degree
Pressure/kPa Time/s Pressure/kPa Time/s Pressure/kPa Time/s
1 POE + POE 150 420 -80 30 -50 30 -30 660 82 %
2 EPE + EPE 146 420 -80 30 -50 30 -35 620 85 %
3 POE + W-EVA 148 420 —80 30 -50 30 -30 640 84 %
4 EPE + W-EVA 146 420 -80 30 -50 30 -35 640 88 %
humidity, factors such as ultraviolet radiation and thermal cycling have
Table 4 also been demonstrated to impact the reliability of modules [13].
Results of Lo (3" orthogonal experiment. However, in order to facilitate further in-depth research, the primary
Lo Backsheet Solar Cell ~ Encapsulant Cellgap  Power focus of this work is on the damp-heat endurance of single-glass modules
39 Film Loss/% based on TOPCon cells.
1 0.01 g/m?/ PERC POE + POE -0.5 0.02
day mm 2. Experimental
2 0.01 g/m?/ TOPCon EPE + EPE 0.8 mm 1.83
3 g:agl g/m?/ ?OPCOH EVA + EVA o mm 1.72 This investigation was conducted in two distinct phases. The first
day C phase aimed to identify the key factors influencing the DH performance
4 0.5 g/m%/ PERC EPE + EPE 2 mm 1.61 of TOPCon-based SG modules. A four-factor, three-level orthogonal
day ) experimental design, as detailed in Table I, was employed for this pur-
5 0.5 g/m*/ TOPCon EVA + EVA -0.5 11.60 - -
day A m pose. The primary variable among the backsheets was the water vapour
6 0.5 g/m%/ TOPCon POE | POE 0.8 mm 7.96 transmission rate (WVTR), which was measured at 38 °C and 90 %
day C relative humidity (RH) using a MOCON instrument based on the infra-
7 2 g/m*/day PERC EVA + EVA 0.8 mm 4.36 red method [14]. The modulated infrared sensor measuring limit is 5
8 2 g/m’/day I‘OPCon POE + POE 2mm 13.24 x 1072 g/m?/day. The solar cells utilised in the study differed in their
9 2 g/m?/day TOPCon EPE + EPE _05 6.72 structural designs and metallisation processes. The content of Al in
C mm metallisation paste was tested by energy dispersive spectrometer (EDS).
< 257 5.99 01.22 18.34 TOPCon A represents a solar cell using a conventional metallisation
K2 21.17 26.67 10.16 1415 process, whereas TOPCon C incorporates specialised paste and an
K3 24.31 16.40 17.68 16.57 advanced metallisation process to optimise the contact between the
k1 1.19 2.00 7.07 6.11 metal electrode and the Si substrate.
]]3 Z:(l)g g:i: g:gz ;;i The encapsulant films varied in vinyl acetate (VA) content. Ethylene-
vinyl acetate (EVA), known for its sensitivity to moisture, may release
R 691 6.89 369 1.39 acetic acid through hydrolysis, potentially exacerbating corrosion. In
contrast, polyolefin elastomer (POE) shows the least tendency for acetic
acid formation after hydrolysis [15,16]. Additionally, the sandwiched
8 EVA/POE/EVA (EPE) film was designed to balance reliability with
I DH 1000 manufacturing efficiency. It is important to note that higher VA content
B DH 2000 within the modules correlates with increased acid concentration,
thereby potentially leading to more severe corrosion. The VA content
6 - was determined by Thermal Gravimetric Analyzer (TGA). Take 10 mg of
the laminated encapsulant film and position it within the TGA appa-
2 ratus. Configure the TGA operating parameters to maintain a tempera-
'; ture of 30 °C for 5 min, followed by an increase to 600 °C at a rate of
z 10 °C/min, while documenting any changes in the sample’s mass
f h throughout this process. Ultimately, the numerical value indicating the
g mass variation during the first decomposition phase of the sample was
= employed to compute VA content. The cell gap configurations were
categorised as negative spacing, small spacing, and regular spacing. All
2 1 materials utilised in this study were commercially available. The lami-
nated samples used in this investigation had dimensions of 250 mm x
250 mm and consisted of two half-cells electrically connected in series
using 0.26 mm wide round ribbons, centrally positioned. To prevent
0 - moisture ingress at the module edges, which could potentially skew the
KPf ePET PPE PPf-Al experimental results, the samples were sealed with aluminium (Al) foil.
Backsheet The samples were subjected to a rigorous pressure cooker test (PCT) at

Fig. 2. Power losses of SG modules with different backsheets after DH ageing.

module structure will then be proposed to achieve superior DH endur-
ance of the PV module with consideration of the manufacturability and
cost effectiveness. It is noteworthy that the single DH durability of the
modules may not be entirely equivalent to their long-term reliability
under outdoor conditions. In addition to high temperature and

121 °C, 100 % relative humidity (RH) and 2 atmospheric pressures for
48 h (PCT48). Power losses were recorded before and after the PCT48 to
assess the significance of each factor’s impact on the DH performance of
the modules.

In the second phase of the investigation, after identifying and pri-
oritising the influential factors, the impact of individual variables on the
DH endurance of SG modules was thoroughly analysed. The experi-
mental designs for the backsheet, solar cell, encapsulant, and cell gap are



Y. Ye et al. Solar Energy Materials and Solar Cells 292 (2025) 113764

(a) Backsheet KPf (@gaqksheeq ePET|

(¢) Backsheet PPE (d) Backsheet PPf-Al

Fig. 3. EL images of SG modules with different backsheets after DH2000 ageing: (a) Backsheet KPf, (b) Backsheet ePET, (c) Backsheet PPE and (d) Backsheet PPf-Al.
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Fig. 4. Comparison of EL images of SG module with Backsheet ePET at the same location before and after ageing.
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Fig. 6. Water vapour transmittance rate of different backsheets before and after

DH ing.
Fig. 5. Optoelectrical parameter differences of SG modules with different ageing

backsheets after DH ageing.
side, while the top side is the cell side. Backsheet KPf represents a
detailed in Table 1. conventional polymer backsheet, while Backsheets ePET, PPE, and PPf-

The backsheet designs outlined in Tables 2a varied in structure, as Al incorporat.e ?i;l(;) 'ilm low-zvatzg-pern;?biliw polym.er Inaterial, a
illustrated in Fig. 1. The bottom side of the backsheets in Fig. 1 is the air nano-meter-sized 510, layer and a 40 pm Al layer, respectively, to act as
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Fig. 7. Power losses of SG modules with different cell designs after DH ageing.

water-blocking barriers, thereby reducing water vapour transmission.
The WVTR for these backsheets was determined using an infra-red
method under testing condition of 38 °C and 90 % relative humidity
(RH). The primary variations among TOPCon cells shown in Tables II-2
were due to different Al content of active metal in metallisation pastes;
furthermore, TOPCon C employed an advanced metallisation process
designed to optimise the contact between the metal electrode and the
silicon substrate. Additionally, an acetic acid solution was prepared by
pouring acetic acid into deionised water at a concentration of 270 ppm,
and used to soak the cells for 4 h to directly assess their resistance to
acid-induced corrosion. The experimental setup must be completely
sealed and capable of providing a stable temperature of 25°Cand a stable
pressure of 1 atm pressure. Additionally, the setup is equipped with a
stirring device to ensure a more uniform concentration of acetic acid in
the container. The encapsulant films used in the experiments in
Tables 2c are widely utilised in PV manufacturing. White EVA (W-EVA),
which contains titanium dioxide (TiO), is typically employed to
enhance module power output through increased light reflection. White
EVA, which does not necessitate high transparency, can typically
incorporate more alkali metals like magnesium oxide (MgO) to
neutralise the acid produced during the encapsulant film’s ageing

(a) PERC

Solar Energy Materials and Solar Cells 292 (2025) 113764

process, thus mitigating the corrosion of the cell caused by the acid.
Inductively coupled plasma-mass spectrometry (ICP-MS) was employed
to measure the Mg content in various encapsulant films. Specifically, for
the determination of Mg content, 50 g of shredded encapsulant film was
immersed in 350 ml of pure water for 24 h, followed by dispersing the
solution using ultrasound for an hour, and finally the Mg content in the
solution was measured using ICP-MS. To quantify the acid concentration
within the encapsulants, a sample encapsulant film of 10 g in weight was
extracted from the SG laminated sample after PCT or DH ageing. The
encapsulant film was then cut into pieces and immersed in ethanol and
dispersed using ultrasound to facilitate the migration of acetic acid to
the solution and that afterwards the solution of acetic acid and ethanol
was subjected to acid-base titration using a potassium hydroxide (KOH)
solution. Tables 2d distinguishes between negative and positive cell
gaps, with two types of encapsulant films used for experimental vali-
dation of their effects on DH endurance.

All materials used in this study were readily available on the market.
The SG module samples utilised in the second phase were a commer-
cially standard design with dimensions of 2278 mm x 1134 mm.
Initially, half-cells were connected in series using 0.26 mm wide round
ribbons. The glass, encapsulant film and backsheet were then laminated.
The lamination parameters were slightly different according to the
encapsulant films and the crosslinking degrees were measured by xylene
extraction method, as shown in Table III. As per the recommendation
outlined in IEC 62788-1-6:2017, the extraction process was conducted at
a temperature of 140 °C for a duration of 8 h. The laminates were sub-
sequently encased within a frame, equipped with junction boxes, and
cured under the condition of 25 °C and 60 %-80 % relative humidity
(RH) for 4 h to complete the modules. The DH tests, extending up to
2000 h, were conducted to investigate the corrosion behaviour. The
current-voltage (I-V) and electro-luminescence (EL) measurements were
performed at intervals of 1000 h before and after ageing to evaluate the
impact of various factors on the DH endurance.

3. Results and discussion
3.1. The significance of influential factors

Table IV demonstrates that the power loss associated with the
backsheet and solar cell is comparable, both surpassing the impact
observed with encapsulant film and cell gap. This observation un-

derscores that the backsheet and cell are the most critical factors
affecting the DH endurance of SG modules. Following PCT48 testing, the

(b) TOPCon A

Fig. 8. The EL images of SG modules with different cells after DH2000 ageing: (a) PERC, (b) TOPCon A, (c) TOPCon B and (d) TOPCon C.
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Fig. 10. Power losses of modules after DH ageing and cells post acid treatment.
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module samples featuring ultra-low water permeable backsheets, as well
as those with PERC cells, exhibited minimum power loss. The PERC
cells, which do not incorporate Ag-Al paste that is highly susceptible to
water vapour, inherently possess superior corrosion resistance. The
ultra-low water permeable backsheet functions as an effective water
vapour barrier, comparable to glass, significantly impeding moisture
penetration and thereby retarding the corrosion process in cell metal-
lisation. Consequently, the modules based on PERC cells and DG mod-
ules incorporating TOPCon cells remain the leading choices for high-
reliability applications at this stage [8,17]. Generally, the average
power loss of various commercial DG modules based on TOPCon cells
after DH1000 is 1.00 %, and there is no significant additional degra-
dation in power after DH2000 [11]. In contrast, when ultra-low water
permeable backsheets were not utilised, there was a marked increase in
power loss, particularly for TOPCon-based modules. Post-PCT48 testing
consistently revealed power losses exceeding 5 %, underscoring the
considerable challenge in achieving DH endurance for SG modules based
on TOPCon cells. However, it is important to note that ultra-low water
permeable backsheets are often prohibitively expensive at the moment
of this research, even surpassing the cost of glass.

To reconcile the need for both cost efficiency and high reliability, the
primary strategies for enhancing the DH endurance of SG modules based
on TOPCon cells focus on improving the performance of both solar cells
and encapsulant films. In summary, regarding the DH endurance of SG
modules based on TOPCon cells, the relative significance of the various
influential factors is ordered as follows: backsheet/solar cell design >
encapsulant film > cell gap.

3.2. The impact of backsheet

The backsheet is the most critical factor influencing the corrosion of
TOPCon cells within the SG module configuration. As illustrated in
Fig. 2, the power losses observed in modules equipped with Backsheets
PPE (incorporating a nano-meter-sized SiO, layer) and PPf-Al (incor-
porating a 40 pm Al layer) were significantly lower than that in modules
using a conventional polymer backsheet. Notably, the DH endurance of
modules with Backsheet PPf-Al is comparable to that of DG modules.

A clear correlation exists between EL darkness and power loss - the
more pronounced the EL darkening, the greater the power loss, as shown
in Fig. 3. Interestingly, no significant EL darkening was detected in
modules with Backsheet PPf-Al (with a 40 pm Al layer), indicating that
reducing the WVTR through the incorporation of a water barrier layer
markedly enhances the DH reliability of SG modules. By minimising
water vapour ingress, the risk of corrosion in TOPCon cell metallisation
can be substantially reduced.

After water vapour ingress, corrosion of the TOPCon cell metal-
lisation increases the resistance of the grid lines, resulting in a reduction
in fill factor (FF) and, ultimately, power loss [18]. Fig. 5 indicates that,
following DH ageing, the changes in short-circuit current (I,0) and
open-circuit voltage (V,.) of the modules were relatively minor, with the
primary impact being a reduction in FF. This reduction in FF is primarily
attributed to an increase in series resistance (R;). The module equipped
with Backsheet ePET (incorporating a 110 pm low-water-permeability
polymer material) exhibited the poorest performance - after 1000 h of
DH ageing, power loss exceeded 4 %, and after 2000 h, it raised to 7.53
%. As depicted in Fig. 4, the EL image revealed significant darkening
along the grid lines of the post-DH2000 module, indicating severe
corrosion following water vapour ingress. The R; increased by over 100
%, leading to a 5.18 % reduction in FF.

Fig. 6 illustrates the WVTRs of four types of backsheets before and
after DH ageing. Initially, the WVTRs of the three water-blocking
backsheets were lower than that of the conventional polymer back-
sheet; however, the WVTR of Backsheet ePET (with a 110 pm low-water-
permeability polymer material) increased significantly after DH ageing,
reaching 7.44 g/m?/day after 2000 h, which significantly compromised
its water-blocking performance. Unlike Backsheet KPf (conventional),
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(b) TOPCon A

(d) TOPCon €

Fig. 11. EL images of different cell designs after acid treatment: (a) PERC, (b) TOPCon A, (c) TOPCon B and (d) TOPCon C.

Backsheet ePET lacked the protection of polyvinylidene difluoride
(PVDF) on its air side, which offers superior weather resistance [19,20].
Therefore during the ageing process, the water-blocking layers in
Backsheet ePET were prone to hydrolysis [21,22], leading to structural
degradation and a loss of water-blocking capability [23]. In contrast,
SiO5 and Al demonstrated superior weather resistance, with damp and
heat conditions having little impact on their water-blocking properties.
Notably, Backsheet PPf-Al, which utilises an Al layer for water blocking,
consistently achieved a WVTR of less than 0.01 g/m?/day, contributing
to superior DH endurance.

In summary, water vapour ingress is the primary cause of cell met-
allisation corrosion in SG modules based on TOPCon cells. Reducing the
water permeability of the backsheet effectively enhances the reliability
of SG modules, making it critical for backsheets to maintain water
resistance throughout the ageing process. When the water permeability
of the backsheet remains consistently below 0.01 g/m?/day, the DH
endurance of SG modules is comparable to that of DG modules. In
comparison, conventional polymer backsheets, which have higher water
permeability, can achieve water permeability below 1 g/m?/day, lead-
ing to 0.5 % and 1.1 % reductions in power loss after 1000 and 2000 h of
DH ageing, respectively.

However, backsheets with low water permeability, such as the one
incorporating an Al layer, are typically more expensive, with costs that

can well exceed those of glass. Therefore, it is preferable, with our in-
terests, to further explore other influencing factors, in conjunction with
less expensive backsheet options, to develop more cost-effective mate-
rial configurations for enhancing the DH endurance of SG modules based
on TOPCon cells.

3.3. The impact of cell design

The cell design plays a critical role in determining the DH endurance
of SG modules. For instance, the power loss of SG modules based on
PERC cells remained below 1.5 % after 2000 h of DH ageing. This
resilience is largely due to the absence of Ag-Al paste in PERC cells,
which minimises the risk of metallisation corrosion caused by exposure
to water vapour and acids. However, the DH endurance of SG modules
based on different TOPCon cells varies significantly. As illustrated in
Fig. 7, the power loss in SG modules utilising TOPCon B cells reached
6.99 % after 2000 h of DH ageing, whereas modules using TOPCon C
cells exhibit a considerably lower power loss of only 2.37 %.

A comparison of the EL results, as shown in Fig. 8, further highlights
this disparity - the module based on TOPCon B cells shows significant
darkening along the grid lines, indicative of severe metallisation
corrosion. In contrast, the darkening observed in the module based on
TOPCon C cells is minimum.
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Fig. 12. Variation of (a) line resistance and (b) contact resistance of fingers in
different cells after acid treatment.

As shown in Fig. 9, the primary manifestation of metallisation
corrosion in these modules is an increase in R; and a corresponding
decrease in FF. As shown in Fig. 8, the R, of the module based on TOPCon
B cells increased by 63.24 % following 2000 h of DH ageing, accom-
panied by a 5.17 % reduction in FF. These findings underscore the
critical importance of cell corrosion resistance in ensuring the DH
endurance of SG modules based on TOPCon cells.

To directly evaluate the corrosion resistance of the cells, we con-
ducted an experiment in which the cells were soaked in an acetic acid
solution. As depicted in Fig. 10, the trend in power loss for the cells
following acid treatment closely mirrors that observed in the post-DH SG
modules. The change in power output for PERC cells before and after
acid treatment was negligible, indicating minimum corrosion of the
metallisation.

In contrast, TOPCon B cells exhibited the poorest corrosion resis-
tance, with a power loss of 66.4 % after acid treatment, whereas TOPCon
C cells showed a significantly lower power loss of only 2.5 %. These
findings are corroborated by the EL results, as shown in Fig. 11. Spe-
cifically, when the power losses of the cells following acid treatment
exceeds 20 %, the DH endurance of the SG modules is generally poor.
This acid treatment method may be effectively utilised to screen TOP-
Con cells, ensuring that SG modules based on these cells achieve

Solar Energy Materials and Solar Cells 292 (2025) 113764

superior DH endurance, which requires further exploration of the cor-
relation between these two factors.

Following DH ageing, the parameter exhibiting the most significant
variation within the modules is the series resistance. To identify the root
cause of this increase in R;, we conducted tests on the line and contact
resistances of the solar cells before and after acid treatment. As shown in
Fig. 12, both the line and contact resistances of the fingers increased
after acid exposure. However, the rise in finger resistance for PERC cells
was minimum, indicating that PERC cells are substantially more resis-
tant to acid corrosion compared to TOPCon cells. For TOPCon cells, the
change in front finger contact resistance was particularly pronounced.
For example, the contact resistance of the front finger in the TOPCon B
cell, which experienced the highest power loss, increased by a staggering
170 times. In contrast, the front finger of the TOPCon C cell exhibited
16.4 % increase in resistance, demonstrating significantly better resis-
tance to acid corrosion. Consequently, the power loss in the module
based on TOPCon C cells was limited to just 2.37 %.

Comparing the microscopic images of the front finger before and
after acid treatment in Fig. 12, it becomes evident that after acid
treatment, the finger of the TOPCon B cell was narrower and contained
fewer Ag deposits than that of the TOPCon C cell, indicating more severe
corrosion. Specifically, after acid treatment, the fingers of the TOPCon B
cell showed signs of detachment, as illustrated in Fig. 13(e) and (f). The
interface between the metal and Si within the TOPCon B cell also
exhibited severe corrosion, resulting in the formation of voids and even
delamination, as depicted in Fig. 13 (k). This corrosion compromises the
adhesion between the finger and Si, increases contact resistance, and can
even lead to finger detachment. In contrast, the finger of the TOPCon C
cell remained firmly bonded to the Si after acid treatment, with no
apparent voids, highlighting the critical importance of the metal-Si
interface in determining the extent of corrosion in TOPCon cells. The
corrosion mechanism is complex and some possible chemical reactions
on the front metal contacts of TOPCon solar cells are listed in Table 5. Al
has extremely high activity and most metallic Al in the contact is prone
converting into Al,03/Al(OH)3 under high temperature and humidity,
as shown in Egs. (1)-(4) [24]. Furthermore, the water may directly
destroy Ag-Si alloy following the reactions depicted in Eq. (5) [5]. The
most detrimental process is controlled by a remarkably simple reaction,
dissolving lead oxide (PbO) by acetic acid as shown in Eq. (6) [3]. These
degradations lead to destructive contact, resulting in higher R; and
power loss.

Table VI presents the active metal compositions in three types of
TOPCon cell pastes, demonstrating that reducing the Al content con-
tributes to enhancing the cell’s resistance to acid corrosion. The
advanced metallisation process employed for TOPCon C cells allows for
the use of less Al, which prevents the formation of voids resulting from
the interaction between Ag and Si. Additionally, as indicated by certain
literature [3], lead (Pb) plays a significant role in corrosion, it is note-
worthy that TOPCon C cells do contain less Pb. However, the TOPCon A
cell, despite having a higher Pb content, exhibits superior resistance to
acid corrosion compared with TOPCon B. This finding underscores the
importance of evaluating the acid corrosion resistance of TOPCon cells
by considering the metallisation paste as an integrated system rather
than focusing on individual components. The metallisation process, in
conjunction with the composition of the paste, is crucial for ensuring
optimum corrosion resistance.

3.4. The impact of the encapsulant film

Modules encapsulated with various films were fabricated and sub-
jected to DH experiments to evaluate their effects on the DH endurance
of SG modules based on TOPCon cells. As illustrated in Fig. 14, modules
encapsulated with dual EPE exhibited the highest power loss, exceeding
5 % after 2000 h of DH ageing, whereas modules encapsulated with a
combination of POE and W-EVA demonstrated the lowest power loss.
The results from EL imaging and power loss measurements are
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Fig. 13. Top-down viewed SEM and Ag EDS mapping of fingers in TOPCon B (a, b, c, d, e, f) and TOPCon C (g, h, i, j) before (a, b, g, h) and after (c, d, e, f, I, j) acid
treatment. And high resolution cross-sectional SEM images along the metal-Si interface of different cells after acid treatment: (k) TOPCon B; (1) TOPCon C.

Table 5
Possible chemical reactions on the front metal contacts of TOPCon solar cells.

Water Acid

Hy0(q—~H"+OH™ (Eq. (1))
Alg) - 3e ALY (Eq. (2)
APP*-30H —Al(OH)3aq/s) (EQ-
3
2A1(0H)3(aq/5)=Al203(5)+3H20(aq)
(Eq. (4))
Ag-Si(s)+4H,0(q)—Ag(s) + Si
(OH) 4(aq)+2H2(g) (Eq. (5))

PbO+2CH;COOH—Pb?*4+2CH;CO0™ +
H0 (Eq. (6))

Table 6

EDS analysis of active metals in pastes from various TOPCon cells.
Cell type Al Zn Ag Pb
TOPCon A 0.47 0.52 96.66 2.35
TOPCon B 0.69 0.29 97.55 1.47
TOPCon C 0.38 0.34 98.49 0.79

consistent, confirming that the post-DH power loss is primarily due to an
increase in series resistance, as shown in Fig. 15. Specifically, the R; of
the dual EPE-encapsulated modules increased by 57.35 % after DH2000.

EVA, promoted by its high water uptake potential of 115 g/day [25],
can undergo hydrolysis via Norrish II [26] under hot and humid con-
ditions, generating acetic acid that corrodes cell metallisation [27].
Since the acetic acid has an autocatalytic effect, its retention at the
interface encapsulant/backsheet promotes degradation of EVA, i.e. even
higher production of acetic acid [28]. Therefore, more VA content, more
acetic acid production. The dual EPE encapsulation configuration has no
more alkali metals to neutralise the acid, leading to the highest acid
concentration in the post-DH modules, which in turn causes severe
corrosion and increase of the series resistance as depicted in Fig. 16 and
Fig. 17.

However, corrosion can still occur even in the absence of EVA. This
may be attributed to electrochemical reactions involving moisture, cell

I pH1000
I DH2000

Power Loss / %

POE+POE

EPE+EPE POE+W-EVA EPE+W-EVA

Fig. 14. Power loss of SG modules with different encapsulation films after
DH ageing.

metallisation, ribbon wires, contaminants, soldering flux, and additives
released from POE [8,29]. Especially, the silane coupling agent in the
cross-link-type polyolefin elastomer (POE) encapsulant used in mass
production also causes corrosion when it hydrolyses to produce silanol
and further hydrolyses to produce hydrogen ions [30]. Fig. 18 verifies
the existence of KH570 in POE film through gas chromatography (GC).
As shown in Fig. 14, after 2000 h of DH ageing, the power loss in
modules encapsulated with dual POE reached 4.01 %. As a result, POE
generally exhibits the lowest tendency of acetic acid, but the use of POE
as encapsulants is not sufficient to suppress the corrosion [8,10].

To further investigate the influence of acid concentration on the DH
endurance of SG modules, the acid-base titration method was employed
to measure the acid concentration in the encapsulant films of the



Y. Ye et al.

(a) POE + POE

120

I POE+POE |
B EPEHEPE
I POE+W-EVA |
I EPE+W-EVA |

100

Variance of Optoelectrical parameters / %

-6

000THA
000ZHA
0001 HA
000ZHA A
000THA -~
000THA
0001HA
000ZHA A

FF R,

S

I

sc

Vv

oc

|
|
|
|
|
|
|
|
|
|
|
|

Fig. 17. Optoelectrical parameters of SG modules with different encapsulation
films after DH ageing.

modules, as shown in Fig. 19. The dual EPE encapsulation strategy
resulted in the highest acid concentration, reaching 47.68 ppm after
DH2000, while the double POE encapsulation option reached 26.44
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ppm. Additionally, when white EVA was used, the acid concentration in
the film after DH2000 was 10 ppm lower than dual EPE, resulting in a
approximately 0.4 % lower power loss at DH2000. As shown in Fig. 20,
W-EVA incorporates more alkali metal compounds to neutralise acids,
thereby reducing the acid concentration in the encapsulation film. As
mentioned by Y. Chenli et al., the incorporation of MgO in white EVA
counteracts the acetic acid generated by the hydrolysis of white EVA,
thereby improving the DH endurance of the modules [30].
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3.5. The impact of cell gap

The spacing between adjacent solar cells within a module can also
influence the module’s DH performance. As we previously noted, due to
the effects of module lamination, a gap may form between the encap-
sulant film and the ribbon, facilitating the transmission of water vapour
[171, as shown in Fig. 21. Negative cell spacing (overlapping or shin-
gling) provides an additional barrier to water vapour, whereas positive
cell spacing with a gap allows water vapour to enter more easily be-
tween cells. This moisture can then spread along the bonding strip to the
front side of cells, which are more susceptible to corrosion.

As shown in Fig. 22, when dual EPE encapsulation configuration was
used, the power loss in the post-DH1000 module with a 2 mm cell gap
was 0.3 % higher than that in the module with a —0.5 mm cell gap, with
the difference increasing to 2.3 % after DH2000. Fig. 20 reveals a severe
darkening area on one side of the cell, which corresponds to the front
side where water vapour, spreading along the bonding strip, first makes
contact. This observation suggests that a cell overlap design can be an
effective strategy to mitigate water penetration.

However, as indicated in Table 6, the cell gap plays a relatively
minor role in DH endurance. When the encapsulation solution consists
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of POE and white EVA, there is little difference in power loss after DH
among modules with varying cell gaps, and no significant differences in
EL images were observed, as also demonstrated in Figs. 22 and 23. These
results suggest that the encapsulant film has a more substantial impact
on the DH endurance of SG modules than the cell gap. Furthermore, it
implies that when the backsheet, cell, and encapsulant are properly
optimised, the influence of the cell gap becomes negligible.

4. Conclusions

TOPCon solar cells, which incorporate highly reactive silver-
aluminum paste, are particularly vulnerable to corrosion from water
vapour and acids. Additionally, single-glass module lamination often
utilises polymer backsheets with high water vapour transmission rates,
exacerbating the risk of significant power losses under hot and humid
conditions. This study systematically and comprehensively examined
the effects of backsheet composition, cell type, encapsulant film, and cell
gap on the damp-heat endurance of the single-glass modules, employing
orthogonal and variable-controlled methods. The findings underscore
that all observed corrosion behaviours are initiated by water vapour
ingress.

Modules using an aluminum composite backsheet with a water
vapour transmission rate (WVTR) of 0.01 g/m?/day demonstrated su-
perior damp heat endurance with 1.52 % power loss after DH2000,
while those with a backsheet exhibiting a WVTR of 0.5 g/m?/day, which
is 50 times higher, showed only a 0.5 % greater power loss after 1000 h
of DH ageing compared to modules with conventional polymer back-
sheets. To ensure the long-term damp-heat endurance of single-glass
modules based on TOPCon cells, it is crucial that the backsheet not
only exhibit a low initial WVTR but also maintains superior water
resistance throughout prolonged outdoor ageing. However, backsheets
with enhanced weather and water resistance typically incur higher
costs, which may offset the cost advantages associated with SG modules.

The impact of the TOPCon cell design on damp-heat endurance is
comparable to that of the backsheet. The silver-aluminium paste on the
front side of TOPCon cell, which burns through the passivation layers of
SiNy and AlOy, can lead to severe corrosion at the silver-silicon interface.
The most pronounced consequence of this corrosion is a significant in-
crease in front-side grid contact resistance, coupled with a rise in series
resistance and a decline in fill factor, ultimately resulting in substantial
power loss. For instance, the front finger contact resistance of a TOPCon
cell can increase by a factor of 170, corresponding to module power loss
of more than 5 % after 2000 h damp-heat ageing. Reducing the
aluminium content in the metallisation paste and adopting advanced
metallisation processes can mitigate the formation of interface voids
between silver and silicon following damp-heat ageing, thereby
enhancing the corrosion resistance of cell metallisation. Notably, TOP-
Con C cells have superior corrosion resistance post-acid treatment, so
the power loss of single-glass modules was limited to 2.37 % after
DH2000 ageing. To enhance the acid corrosion resistance of solar cells,
it is essential to consider the metallisation paste composition in
conjunction with the metallisation process. The acid immersion method
proves to be an effective tool for rapidly assessing the acid corrosion
resistance of solar cells.

Different encapsulation films result in varying acid concentrations in
post-damp-heat modules. Lower acid concentrations reduce the cell
metallisation corrosion and minimise the power loss after damp-heat
ageing. White EVA, in particular, allows for the inclusion of a greater
quantity of alkaline substances, thereby reducing acid concentration,
further improving the damp-heat endurance of single-glass modules
based on TOPCon cells.

The impact of cell gap is minimal; although regular cell gaps can
facilitate water vapour transmission pathways, there are no significant
differences in power losses when the acid concentration in modules is
below 20 ppm.

Overall, employing a high-water-resistance backsheet, acid-resistant
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solar cells and an encapsulant film with lower acid concentration are
effective strategies to enhance the damp-heat endurance of single
modules based on TOPCon cells. Considering cost factors, the optimum
combination (cells with corrosion resistance, low-acid encapsulation
film and conventional polymer backsheet) resulted in a power loss of
only 2.37 % after 2000 h of damp-heat ageing, which is well below the
allowable threshold of 5 % defined by the IEC standards. Taking a
comprehensive consideration on the cell, encapsulant film and back-
sheet, this work provides design guidelines for single-glass modules
based on TOPCon cells. These guidelines can help to increase the
modules’ damp-heat endurance, thereby reducing the reliability risks
associated with installing them in areas of high temperatures and hu-
midity. In light of the findings of this study, we shall inform further
sequential and combined testing under various factors, including ul-
traviolet radiation and thermal cycling. The objective of this testing is to
establish a relationship between the module’s lifetime and accelerated
testing. This will assist in optimising the module’s design, thereby
ensuring the requisite quality.
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Fig. 23. EL images of SG modules with different cell gaps after DH2000 ageing: (a) —0.5 mm, (b) 2 mm (EPE + EPE configuration); (¢) —0.5 mm, (d) 2 mm (POE +
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