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A B S T R A C T

Tunnel oxide passivated contact (TOPCon) solar cells are expected to dominate the global photovoltaic market in 
the coming decade thanks to rapid advancements in power conversion efficiency (PCE). However, there are 
concerns about the reliability of TOPCon modules, particularly in hot and humid conditions. The current module- 
level fundamental analysis strategies for TOPCon solar cells provide too slow feedback for rapid process 
development. This study explores the degradation of metal contacts in TOPCon solar cells under accelerated 
testing conditions of 85 ◦C and 85 % relative humidity (DH85). The degradation was induced by two commonly 
used sodium-related salts, sodium bicarbonate (NaHCO3) and sodium chloride (NaCl), in the testing of the solar 
cells. When applied to the front side, NaHCO3 caused a ~5%rel PCE reduction after 100-h DH85 exposure, while 
NaCl leads to a more significant ~92%rel PCE reduction. The primary cause of degradation is a considerable 
increase in series resistance (Rs), likely due to electrochemical reactions within the Ag/Al paste. When the salts 
are applied to the rear of the TOPCon solar cell, the degradation becomes more complex. NaHCO3 increases 
recombination and results in a deterioration of the contact, resulting in a ~16%rel PCE reduction after 100-h 
DH85 testing. Conversely, NaCl primarily causes a decline in open-circuit voltage (Voc) and a ~4%rel PCE loss. 
This manuscript primarily investigates degradation mechanisms related on the rear side, with a focus on sig
nificant oxidation occurring at the interface between Ag and Si. These findings highlight the susceptibility of 
TOPCon solar cells to contact corrosion, emphasizing the electrochemical reactivity of metallisation as a po
tential risk for long-term TOPCon module operation. This study provides crucial insights into TOPCon cell 
degradation mechanisms, which are essential for optimising performance and enhancing the long-term reliability 
of TOPCon modules.

1. Introduction

Tunnel oxide passivated contact (TOPCon) solar cells have emerged 
as a promising strategy to reach the limiting efficiency of single junction 
silicon solar cells in industrial production. The seminal work by Feldman 
et al., in 2013 introduced the TOPCon structure, showcasing a note
worthy 23.0 % champion efficiency [1,2]. Subsequently, extensive 
research efforts by numerous scientists and engineers have propelled the 
evolution of TOPCon solar cells, leveraging optimised technique routes 

and advanced equipment [3–13]. This concerted effort has ushered in a 
new era for TOPCon solar cells, with the best reported company effi
ciency of 25.6 % on M10 silicon wafers by JA Solar [14]. The 
cost-effectiveness and impressive performance metrics of TOPCon solar 
cells have garnered substantial industry attention. Forecasts from the 
ITRPV 2024 report suggest that TOPCon solar cells have superseded 
passivated emitter and rear contact (PERC) technology [15]. As ex
pected, alongside enhancements in cell efficiency, TOPCon module 
performance has made impressive progress, surpassing that of PERC 
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modules. For instance, Astronergy has demonstrated a module efficiency 
of 22.8 % with a glass-glass design, surpassing the best PERC module 
efficiency of 21.7 % [16].

However, while the remarkable performance improvements under
score the potential of TOPCon technology, concerns loom over module 
reliability, a critical aspect of its commercial viability. Peters et al. 
emphasised that lower degradation rates contribute to extended system 
lifetimes, possibly reaching up to 50 years [17]. Yet, there are in
dications from researchers that TOPCon solar cells may encounter fail
ure risks under prolonged operational (or testing) conditions, notably 
exhibiting significant degradation under damp-heat conditions (DH85, 
85 ◦C, 85 % relative humidity) [18,19]. This degradation, attributed to 
factors like moisture, high temperature, acetic acid exposure, and 
sodium-related contamination, raises concerns about the stability of 
TOPCon modules during extended operation [18–20].

The lifetime of solar modules involves the gradual diffusion of ions 
into cells’ surfaces and bulk, facilitated by moisture or a potential dif
ference between the cell and the module frame [21,22]. This process can 
trigger electrochemical reactions and corrosion. For instance, Segbefia 
et al. noted that moisture played a significant role in the formation of 
various by-products on the cells’ surfaces of 20-year-old, field-aged solar 
cell modules. These included titania metal complexes from 
anti-reflective coatings, phosphate compounds from encapsulant mate
rials, sodium residues from the glass, carbonates and acetates from 
encapsulant materials, and other metal ions from solar cell metallisation 
and soldering ribbons [23]. Under conditions like damp-heat, the pres
ence of sodium ions accelerates chemical corrosion reactions, causing 
swift degradation [20,24–28]. The process could involve sodium ions 
(Na+) associating with a diverse array of anions, which may originate 
from the bill of module materials or be introduced as contaminants from 
the environment. HCO3

− may originate from the glass and, along with 
Na+, can degrade solar cells under damp-heat conditions. Some re
searchers have used NaHCO3 solution as an external contaminant to 
accelerate and study the degradation of solar cells in these conditions 
[25,26,29]. Chloride (Cl− ) has been detected in field-aged modules, 
likely originating from the natural water cycle [23,30–32]. Cl− can be 
introduced by environmental factors such as rainwater, soil, dust, and 
seawater, which may infiltrate and come into direct contact with solar 
cells [20,30–32]. Consequently, to simulate and accelerate degradation 
in damp-heat testing, some studies have used NaCl combined with Na+

[20,24,33]. Each of these interactions triggers distinct chemical re
actions, which, in turn, differentially affect the components within the 
cell [23,34–37].

Despite the advancements in TOPCon technology, the reliability and 
specific degradation mechanisms under DH85 conditions remain inad
equately explored compared with the PERC technique. Therefore, a 
comprehensive understanding of how diverse ions affect TOPCon solar 
cells and contribute to degradation is imperative. In this study, we go 
into the degradation of TOPCon solar cells caused by various Na salts 
under damp-heat conditions. Through detailed analysis of elemental 
distribution, we unveil cell-level metal contact failure mechanisms 
induced by these contaminants. Furthermore, we propose several 
degradation models to elucidate and differentiate failures stemming 
from contacts, providing crucial insights into the reliability of TOPCon 
technology.

2. Experimental details

All experiments used G1 n-type TOPCon solar cells with 5 busbars 
(158.75 mm × 158.75 mm). As shown in Fig. 1, the cells’ pyramid- 
textured front side featured a boron-diffused emitter covered with 
aluminium oxide (Al2O3) and silicon nitride (SiNx), silicon oxynitride 
(SiOyNz) stack providing surface passivation and serving as antireflec
tion coating (ARC). On the rear side, the solar cell featured a tunnelling 
silicon oxide (SiO2) layer paired with a phosphorus-doped poly-Si layer, 
forming the n-type TOPCon structure, capped with a SiNx layer ARC. The 

front-side metallisation comprised a combination of silver (Ag) and 
aluminium (Al, 3–5 at.%) as the conducting material, while the rear-side 
metal contact solely consists of Ag for conduction.

The experiment flow is shown as Fig. 2. Before the experiments, all 
the solar cells were cleaned by deionised water (DIW) and fast-dried 
with a nitrogen gun to ensure that the solar cells were clear prior to 
the experiments. Sodium bicarbonate (NaHCO3) and sodium chloride 
(NaCl) were used as the Na-containing contaminants for the accelerated 
DH85 test. Samples were divided into 5 groups (at least 4 cells for each 
experiment group): Group 1 refers to the control samples only treated 
with DIW; Group 2 and 3 refer to samples exposed to NaHCO3 at the 
front (NaHCO3-front) or rear (NaHCO3-rear) side; Group 4 and 5 refer to 
samples exposed to NaCl at the front (NaCl-front) or rear (NaCl-rear) 
sides. Around 0.3g solution was sprayed on the sample surface for each 
sample, and the samples were naturally dried in the fume cupboard at 
room temperature and atmosphere. Each salt had a Na concentration of 
0.155 mol/L. We took care to avoid potential contamination within and 
between samples. Subsequently, samples were placed vertically in pol
ytetrafluoroethylene (PTFE) cassettes and isolated from each other to 
avoid cross-contamination during the damp-heat testing. An ASLi 
Environment chamber at T = 85 ◦C and a relative humidity of 85 % was 
used for the damp heat testing (DH85). Before each measurement, the 
climate chamber was cooled down to room temperature and heated up 
again for the next stage of damp-heat treatment.

We utilised a LOANA solar cell analysis system from pv-tools 
equipped with a 5-rail pin contact frame to examine the current- 
voltage (I-V) characteristics of solar cells. The series resistance (Rs) 
values were measured using the multi-light method (MLM) at illumi
nation levels of 0.9, 1.0, and 1.1 suns. Calibration of the system’s 
alignment and measurement stability was achieved using multiple 
reference cells, ensuring consistent measurement of the short-circuit 
current density (Jsc) and fill factor (FF) throughout the entire DH85 
test. A BTimaging R3 tool with a high open-circuit voltage lens was used 
to generate photoluminescence (PL) and series resistance images. All 
luminescence images were taken at the front sides of the TOPCon solar 
cells. We used LumiTools for luminescence image processing, and the 
exposure time was chosen so that the PL intensity was not saturated 
(<50,000 counts) and a 0 to 4 Ohmcm2 range was used for the Rs images 
[38]. To measure contact resistivity, we selected the non-busbar regions 
of the TOPCon cells and used a FOBA M1000 scribing laser to cut them 
into 6 mm wide stripes. The contact resistivity (ρc) of the front and rear 
sides were measured using the transfer length method (TLM) using a 
pv-tools TLM-SCAN+.

Furthermore, scanning electron microscopy (SEM) images were ob
tained to study the metal contact and cells’ surface. Top-view SEM im
ages were captured by FEI Nova NanoSEM 450 FE-SEM at 10 kV 

Fig. 1. Schematic of TOPCon solar cells used in this work.
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operating voltage. Under the same SEM conditions, energy dispersive 
spectroscopy (EDS) analysis was conducted by the Oxford Instruments 
Ultim® Max, and the results were processed with AZtec software to track 
and analyse the element information. In addition, we employed Zeiss 
550 Crossbeam cryo-focused ion-beam scanning electron microscope 
(cryo-FIB-SEM) for cross-section images of metal contact analysis. The 
stage was tilted 54◦ and vertically to the FIB gun during the FIB session. 
The SEM images were obtained at 36◦ to the sample surfaces, and the 
images and scales were adjusted based on this tilt angle. The SEM probe 
current was 1.5 nA, and the electron high tension (EHT) voltage was 20 
kV. The FIB probe was set up to 30 kV and 50 pA under standard kV 
mode. We also applied the same type of EDS tool to analyse the element 
information on the cross-section images. For X-ray photoelectron spec
troscopy (XPS) analysis, the samples were cleaned by DIW and con
ducted by Thermo ESCALAB250Xi X-ray photoelectron spectrometer. 
The XPS system utilised a monochromatic Al K alpha X-ray source with 
an energy of 1486.68 eV and a power of 120 W. The reference binding 
energy was set at 284.8 eV for the C1s peak to account for adventitious 
hydrocarbon.

3. Results and discussion

3.1. Cell-level measurements

The initial performance of the 30 cells was measured, and the cor
responding results, including standard deviations, are summarised in 
Table 1. The average measured power conversion efficiency (PCE) of the 
cells was around 23.1 %. The standard deviations were found to be small 
for all parameters, thus indicating that all solar cells were comparable, 

which is to be expected for industrial solar cells.
The Group 1 samples were found to be relatively stable after 100 h of 

DH85. As shown in Fig. 3 and Table 2, the efficiency only decreased by 
0.44 %, mainly driven by a 0.55 % drop in FF. These results indicate that 
exposing TOPCon cells to high humidity at elevated temperatures for 
extended periods did not inherently lead to degradation.

However, cells exposed to Na-salts were not stable. As shown in 
Table 2, NaHCO3-exposed cells (both front and rear) showed a notable 
reduction in PCE, with relative decreases of ~5.2 % and ~16.0 %, 
respectively, after 100 h of DH85. The degradation of the NaHCO3-front 
cells was primarily attributed to a significant increase in Rs (~210 % 
relative increase). Meanwhile, the NaHCO3-rear cells experienced not 
only a substantial increase in Rs (~450%rel increase) but also a signifi
cant reduction in Voc (~4.3 % relative decrease) after 100 h of DH85. 
Notably, the Voc drop of the NaHCO3-rear cells occurred within the first 
20 h and remained stable thereafter, while the increase in Rs was not 
prominently observed until after 10 h of testing, continuing to rise until 
the conclusion of the experiment. Consequently, the PCE of NaHCO3- 
rear cells decreased rapidly within the initial 20 h due to the combined 
effect of Voc reduction and an increase Rs.

During the entire testing duration, NaCl-front cells exhibited the 
most severe increase in Rs up to ~10,000 %. Additionally, a significant 
decrease in Jsc was observed after 6 h, most likely resulting from a poor 
current extraction. A slight decrease in Voc (~0.89%rel) was also noted. 
NaCl-rear cells experienced a relative PCE degradation of ~3.7 %, pri
marily attributed to a Voc loss (~1.8 % relative decrease), while other 
parameters such as Jsc (~0.47 % relative decrease) and Rs (~13 % 
relative increase) remained relatively stable after 100 h of DH 85.

Fig. 4 shows the PL images captured at various stages of the DH85 
test, while Table 3 illustrates the count variations. During the damp-heat 
testing, the repeatability of PL and Rs imaging was verified by a refer
ence sample, avoiding systematic errors. All samples were positioned at 
the same location on the testing stage to allow for direct comparison. It is 
evident that the control group remained stable (~1.6%rel) throughout 
the DH85 period, affirming the adequacy of our pre-cleaning procedure 
and suggesting that the damp-heat test alone did not lead to sample 

Fig. 2. Experimental flow chart used in this work.

Table 1 
The average testing TOPCon cell performance before DH85 testing.

Number of 
cells

PCE 
(%)

Jsc (mA/ 
cm2)

Voc (mV) FF (%) Multiple light Rs 

(Ohmcm2)

30 23.1 ±
0.1

40.1 ±
0.1

700.5 ±
0.8

82.4 ±
0.5

0.37 ± 0.06
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degradation. The PL counts of the NaHCO3-front were found to be 
relatively stable, with only a decrease of ~5.0%rel observed after 100 h 
of DH85, mainly attributed to faint recombination traces along the 
busbars. Conversely, the NaHCO3-rear sample displayed a noticeable 
reduction in the overall PL intensity, experiencing a more substantial 
relative drop of ~68 % during the 100-h DH85 test. This decline was 
apparent from the initial stages of DH85 testing, with evidence of 
degradation observed both in the coating and metallisation regions, as 
indicated by the close up of the PL images.

In the case of NaCl-front, there was a reduction of ~4.7%rel in PL 
counts after 100 h, with degradation primarily localised adjacent to the 
metallisation regions. Furthermore, a uniform decrease in PL counts was 
observed for NaCl-rear samples, with a relative value of ~34 %, which 
was less pronounced compared to the NaHCO3-rear sample. Neverthe
less, similar to NaHCO3-rear, we can see an uniform decrease in the PL 
images (which were taken from the front sides of the cells) for the cell 
exposed to NaCl at the rear, as shown in Fig. 4. This suggests that NaCl 
exposure results in a significant and uniform increase in recombination 
on the rear side of the TOPCon solar cell during DH85, which is 
consistent with the 1.8 % reduction in Voc, as shown in Table 2.

Fig. 5 illustrates the Rs images after various DH85 times, revealing 
distinct trends among different treatment groups. The control group 
exhibited a negligible Rs increase over the entire testing period, with a 
relative increase of ~20 %. The NaHCO3-front sample showed a sub
stantial relative increase in average Rs of ~320 %, particularly 

accentuated in certain regions, notably at the periphery, following 100 h 
of DH85. Meanwhile, NaHCO3-rear exhibited a remarkable ~860%rel 
increase in Rs count. Unlike the front side, the rear side exhibited pro
nounced localised increases in Rs, predominantly in the central regions 
of the solar cell. Furthermore, NaCl-front exhibited a dramatic ~2800 % 
increase in average Rs throughout the testing period, with immediate 
and non-localised Rs increase already evident after 4 h of DH85. Un
fortunately, after 100 h of DH85, certain regions experienced Rs in
creases beyond the validity of the measurement technique [39]. In 
contrast, the NaCl-rear sample displayed a minimal ~14%rel increase in 
average Rs after 100 h of DH85, akin to the control group.

These findings are consistent with the previously discussed I-V re
sults illustrated in Fig. 3 and summarised in Table 2. Treatment with 
NaHCO3 led to a decrease in Rs on both the front and rear sides of 
TOPCon solar cells, with the primary Voc reduction observed when 
NaHCO3 solution was applied to the rear side. In contrast, NaCl treat
ment resulted in a rapid and severe increase in Rs, accompanied by a 
slight rise in recombination on the front side, while resulting in an in
crease in recombination at the rear side, thereby lowering the Voc, 
without displaying any Rs issues. This indicates that Na + may degrade 
the solar cells in different ways depending on the accompanying anions, 
likely due to differences in their chemical properties.

3.2. Resistance measurements

To investigate the contact degradation further, TLM measurements 
were used to extract ρc for the screen-printed contacts. Fig. 6 depicts 
variations in ρc for both the front and rear sides of TOPCon solar cells. 
The initial measurements were taken before exposure to the salt solu
tions. Following a 40-h DH85 test, all front-side samples showed varying 
degrees of Rs degradation, with average ρc increasing from approxi
mately 1.0 to 1.6 mΩ cm2 for the Control-front group, from 1.6 to 4.1 
mΩ cm2 for the NaHCO3-front group, and from 1.0 to 490 mΩ cm2 for 
the NaCl-front group. The ρc of the NaCl-front group exhibited a dra
matic rise, consistent with I-V results and Rs images, while NaHCO3- 
front showed a slower and less pronounced Rs decrease during testing. 
Among the rear-side groups, only NaHCO3-rear showed an increase in 

Fig. 3. Relative changes in PCE, Jsc, Voc, FF and Rs as a function of DH85 duration for the experimental groups.

Table 2 
Summary of the relative one-SunI-V parameters of TOPCon solar cells after the 
100-h DH85 test.

Parameter variation Control NaHCO3 NaCl

front rear front rear

PCE − 0.44 % − 5.2 % − 16 % − 92 % − 3.7 %
Jsc − 0.22 % − 1.1 % − 1.4 % − 78 % − 0.47 %
Voc 0.01 % − 0.2 % − 4.3 % − 0.89 % − 1.8 %
FF − 0.55 % − 4.0 % − 11 % − 63 % − 1.6 %
Rs 21 % 210 % 450 % 10,000 % 13 %
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ρc, rising from approximately 0.7 to 2.1 mΩ cm2, while NaCl-rear and 
Control-rear groups showed no obvious ρc change during DH85 testing, 
maintaining values around 0.6 mΩ cm2. The rear side appeared more 
stable than the front side, likely due to differences in paste composition, 
particle size, and pattern design.

The line resistances of experimental samples were also measured, 
and the results are shown in Fig. 7. The Control-front and Control-rear 
groups had line resistivities of approximately 0.94 Ω/cm and 0.93 
Ω/cm, respectively. NaHCO3-front showed a slight increase in line 
resistance to approximately 1.1 Ω/cm, while NaCl-front had a value of 
roughly 1.5 Ω/cm. Rear-side values remained similar, with values of 
0.91 Ω/cm for NaHCO3-rear and 0.83 Ω/cm for NaCl-rear, respectively.

As depicted in Fig. 8, a front-side series resistance loss analysis was 

Fig. 4. PL images of TOPCon cells from each experimental group taken at various stages (0, 4 and 100 h) during DH85 test.

Table 3 
The change in the average luminescence intensity and average Rs of TOPCon 
solar cells after a 100-h DH85 test.

Group PL intensity change Average Rs change

Control 1.6 % 20 %
NaHCO3-front − 5.0 % 320 %
NaHCO3-rear − 68 % 860 %
NaCl-front − 4.7 % 2800 %
NaCl-rear − 34 % 14 %

Fig. 5. Rs images of TOPCon cells from each experimental group taken at various stages (0, 4 and 100 h) of the DH85 test.
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conducted using Griddler 2.5 PRO [40]. The primary input changes were 
the contact resistivity and line resistance extracted from Figs. 6 and 7. 
For the NaCl-front, the main contributor to the series resistance loss was 
the increase in contact resistivity (~99 % of the additional front resis
tance loss). In the simulation for the NaHCO3-front, the contact re
sistivity was also found to be the primary factor (~62 % of the additional 
front resistance loss) contributing to the series resistance. Based on these 
simulations, the increase in series resistance was primarily due to the 
rise in contact resistivity.

Based on previous measured and simulated results, it is evident that 
both NaHCO3 and NaCl degrade the front contact in terms of resistance. 

However, the increase in front resistance is more pronounced with NaCl, 
indicating that NaCl is more reactive and aggressive in causing front 
metal/Si interface and line resistance failures compared to NaHCO3. For 
the rear-side groups, the line resistance remained unchanged, but only 
the NaHCO3-rear sample showed increased contact resistivity. This 
suggests that rear-side degradation in the NaHCO3-rear sample is solely 
due to failures at the metal/Si interface. NaCl did not affect the rear side 
contact, indicating that NaCl is unlikely to degrade the Al-free Ag paste 
which is consistent with our previous work [33].

Fig. 6. Contact resistivities (ρc) of the (a) front sides and (b) rear sides after various DH85 durations for the control, NaHCO3 and NaCl samples.

Fig. 7. I-V measurement on the (a) front-side and (b) rear-side metal finger for the control, NaHCO3 and NaCl samples after 100 h of DH85. The value for the line 
resistance extracted from the slope of the I-V measurement is indicated in the graph as well.

Fig. 8. Analysis of front resistance loss in front-exposed groups using Griddler 2.5 PRO [40].
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3.3. SEM images

Top-view SEM imaging and EDS analysis were employed to investi
gate surface and contact anomalies. Fig. 9 illustrates surface analysis 
depicting the distribution of contact elements such as Ag, Si, O, and Na 
on both front and rear contacts after undergoing 100 h of DH85. The 
analysis depth was approximately 1~2 μm based on the EDS settings 
used in this work. This examination revealed a significant deviation in 
particle size and structure from TOPCon metallisation compared to our 
earlier findings on silicon heterojunction (SHJ) solar cells [20,24]. 
Despite contact degradation in this study, TOPCon front contacts 
showed no notable changes in the Ag metallisation based on SEM images 
[20,24]. In standard TOPCon processes, high-temperature firing causes 
lead silicate glass to melt and dissolve Ag particles, which then fluidize 
and etch the silicon nitride layer. Upon cooling, Ag and lead separate, 
with Ag crystallizing at the Si surface. This process enhances the 
bonding between individual Ag particles, creating a more cohesive and 
robust network. The stronger interconnections between the particles 
reduce the likelihood of structural failure or separation, ensuring the 
overall Ag structure remains intact. Therefore, the preservation of Ag 
structures after DH85 testing can be attributed to the reinforcement and 
enhanced interconnections of Ag particles [41–44].

In Fig. 9 (a), Control-front SEM images and EDS analysis exhibit clear 
element distribution and boundaries between metal and non-metal re
gions with no significant Na signal. However, in NaHCO3- font samples, 
isolated instances of Na and O were observed exclusively on the metal 
contact areas. Conversely, the NaCl-front sample, which had the largest 
increase in Rs, displayed substantial Na presence, notably within the 
ARC region rather than on the metal itself. This suggests that most Na 
applied on the screen-printed metal had likely penetrated the metal 
contacts and could no longer be detected by EDS.

Control-rear samples also demonstrate similar Ag, Si, and O distri
bution as the Control-front samples, with no Na signal detected. Analysis 
of rear contacts in Fig. 9 (b) shows that NaHCO3-treated samples, which 
exhibited significant Rs increases, also present the highest Na concen
trations, particularly between the ARC and metal regions, with 
increased intensity near metal contacts, accompanied by a decrease in 
detected silicon intensity. Na and O sporadically co-existed on the metal 
surface. Na signals from NaCl-rear samples were scattered along metal 
fingers distributed on the ARC surface.

When comparing the Na signal distribution across the experimental 

groups, Na salts exhibit different behaviour on front and rear surfaces. 
Ag structures remained robust across groups, except for NaHCO3-rear, 
with no significant change in key element distribution, such as O and Si, 
in other groups. The presence of NaHCO3 may lead to the formation of 
additional oxides on the cell surfaces. However, detecting degradation 
within the metal contacts is limited with top-view SEM images and 
surface EDS analysis. Therefore, cross-sectional SEM images are essen
tial for further identifying the cause of degradation.

A combination of FIB and EDS techniques was employed to examine 
the metal contact properties of samples after 100 h of DH85, as illus
trated in Figs. 10 and 11. In the Control-front group, the metallisation 
fingers exhibited close integration, facilitated by the presence of glass 
frit components such as lead oxide (PbO). In the realm of industrial 
TOPCon solar cells, the prevalent use of Al/Ag paste for front-side 
metallisation aims to minimise the contact resistivity between the 
metal and the boron-doped emitter [45–47]. SEM and EDS analyses 
distinctly revealed the presence of Ag and Al particles in the 
Control-front group, as illustrated in Fig. 10 (a). Particularly noteworthy 
was the observation of Al predominantly as clusters within the Ag ma
trix, consistent with findings from prior studies [45–47]. Moreover, no 
Na and Cl were detected in the Control-front samples.

In contrast to the control-front samples, those exposed to NaHCO3 
and NaCl exhibited areas resembling corrosion-like structures, as shown 
in Fig. 10 (a). EDS mappings highlighted dispersed Al and O signals in 
the contaminated groups rather than localised clustering, with signifi
cant O signal distributions accompanying the Al signal areas, indicating 
corrosion of Al clusters in metal contacts. This could contribute to the 
increase in line resistance. as shown in Fig. 7. Furthermore, in NaCl-front 
samples from Fig. 10 (a), noticeable Cl residues were primarily found in 
Al-associated voids or Pb regions within the metal contacts. The 
inconsistent correlation between Na and Cl signals raised concerns about 
the infiltration of Na+ into the metal/Si surface, potentially increasing 
recombination. Considering Cl ions’ propensity to bind with metal ele
ments like Pb and Al, this could deteriorate the contact between silicon 
and the screen-printed contact [48–51].

To explore the contact interface in more detail, SEM images at higher 
magnification were captured and presented in Fig. 10 (b). In the Control- 
front samples, the interface glass layer exhibited uniform bonding be
tween the metal and Si. Additionally, the Al signal was mixed with Pb 
and highly localised at a specific interface region between Ag and Si, 
potentially indicating the presence of Ag/Al spikes on the silicon 

Fig. 9. Top-view SEM images and EDS analysis of (a) front and (b) rear metal contacts for the control, NaHCO3, and NaCl samples after 100-h DH85. Please note that 
the samples were not cleaned prior to the SEM and EDS measurements and thus may contain salt residues.

X. Wu et al.                                                                                                                                                                                                                                      Solar Energy Materials and Solar Cells 278 (2024) 113188 

7 



surfaces. This Ag/Al spike phenomenon has been extensively docu
mented in the literature as contributing to the formation of ohmic 
contacts on boron-diffused emitters [45,52–54]. However, both 
NaHCO3 and NaCl degraded the contact interfaces, with voids likely 
forming at the interface after DH85 testing. The distribution of Al at the 
interface was also affected during the degradation period. The Al-spike 
structures were no longer as pronounced as those displayed in the 
Control-front sample in Fig. 10 (b), indicating damage to the ohmic 

contact formed at the metal/Si interface. Furthermore, for the 
NaCl-front sample, Cl in proximity to Pb was observed at the interface, 
suggesting deterioration of the interface glass frit. As the interface glass 
frit degraded, the binding between the metal and Si weakened. Conse
quently, NaHCO3 and NaCl caused varying degrees of resistance in
crease in the TOPCon solar cells.

As depicted in Fig. 11, the FIB-SEM images and corresponding EDS 
analysis provides insight into the rear-side contract failure mechanisms. 

Fig. 10. (a) 5000 × and (b) 40,000 × Cross-section SEM images of front-side treated TOPCon samples after 100-h DH85 by cryo-FIB and corresponding EDS 
mappings of Ag, Al, Pb, O, Na and Cl.

Fig. 11. Cross-section SEM images of rear-side treated TOPCon samples after 100-h DH85 by cryo-FIB and corresponding EDS mappings of Ag, Te, Pb, O, Na and Cl.
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In Control-rear samples, the primary glass used were TeO2 and PbO, 
with Ag being the sole conductive element detected, while Al was ab
sent. This configuration is advantageous as Ag can readily form contact 
with poly-Si, exhibiting excellent electron conductivity and extraction in 
n-type TOPCon cells [55–58]. Similar to the Control-front sample, no 
traces of Na or Cl were observed in the Control-rear sample, as shown in 
Fig. 11. However, NaHCO3-rear samples exhibited localised dark regions 
at the Ag and Si interface. Combined with EDS analysis, the interface 
between metal/Si was locally heavily oxidised, indicating reduced 
conductivity and potentially contributing to the observed increase in Rs. 
Particularly, the heightened O signals at the Si/Ag interface in NaH
CO3-rear samples underscore severe oxidation issues, surpassing typical 
glass frit and interface oxide sizes seen in the Control-rear sample. These 
findings confirm the deterioration at the Si/Ag contact interface. The 
contact edge oxidation was not observed in the NaHCO3-front samples, 
which could be attributed to the SiOyNz layer on the front side. This 
layer may facilitate the formation of a more stable interface structure 
between the outer edge where the metal and silicon surfaces meet upon 
firing (Ag-O-Si), compared to the Ag-Si structure, thereby preventing 
issues observed on the rear side.

From Fig. 11, NaCl-rear samples maintained a similar non-oxidised 
Si/Ag interface to the Control-rear, suggesting a lack of contribution 
to rear-side contact failure, which contrasts sharply with front-side 
failures. It is noteworthy that Cl signals were present within the metal 
contacts of NaCl-rear samples; however, unlike the front, Cl was less 
dispersed and not overlapping with Pb, indicating a different reaction 
mechanism that did not elevate Rs in NaCl-rear samples. Considering the 
discrepancies in material reactivity and elemental traces between NaCl- 
front and NaCl-rear, this information suggests that Al-free Ag paste is 
unlikely to undergo evident redox reactions during DH85 testing. This 
observation is consistent with the findings reported in our previously 
published work [33]. Al could potentially emerge as a critical factor in 
the instability of front-side contacts, a discussion that will be further 
elaborated in subsequent sections.

3.4. XPS analysis

To enhance our comprehension of the failure mechanisms occurring 
at the contact surface, we performed XPS analysis, as illustrated in 
Fig. 12. The analysis centred on the essential metallic components found 
in both the front and rear contacts. With a focus on surface element 

analysis, probing to a depth of approximately 10 nm, the XPS exami
nation unveiled intriguing findings. The Control-front and Control-rear 
samples displayed two distinct Ag peaks, positioned at approximately 
~369 eV for Ag3d5/2 and ~375 eV for Ag3d3/2. These peaks are indic
ative of Ag in its metallic state (Ag0) [59–61]. The Pb peaks were 
identified at around ~139 eV for Pb4f7/2 and ~144 eV for Pb4f5/2, 
aligning with the Pb2+ state and suggesting Pb-O bonding typical of PbO 
[62–64].

The analysis uncovered the appearance of additional Ag peaks across 
all front-side samples exposed to contaminants. These peaks showed a 
shift to lower binding energies, located at approximately ~367 eV for 
Ag3d5/2 and ~373 eV for Ag3d3/2, suggesting the presence of Ag ions 
(Ag+) [60,65]. This shift could be related to the Ag oxidation and is also 
likely to contribute to the decrease in conductance of the front-side 
contacts. Additionally, new Pb peaks were observed in the contami
nated samples, also exhibiting lower binding energies than those asso
ciated with Pb2+, potentially indicative of Pb0 [64,66]. This suggests a 
partial reduction reaction occurring within PbO. Combined with the 
SEM and EDS analysis shown in Figs. 9 (a) and 10 (a), this reaction might 
also occur at the metal/Si contact interface, potentially leading to fail
ures in contact resistivity. The fingerprints of Pb degradation could also 
be discerned in Fig. 10 (b), offering further evidence of glass frit 
degradation.

Following exposure to Na-containing salts on the rear side, no 
notable changes were observed in the peak positions or intensities of Ag 
and Pb after 100 h of DH85 testing. Despite a discernible decline in Rs, 
the chemical states of Ag and Pb remained constant. Figs. 9 (b) and 11
indicate that the deterioration at the rear contacts, prompted by 
NaHCO3, primarily manifested at the Ag/Si interface. While Fig. 11 il
lustrates Cl penetration, it is plausible that NaCl might not induce sig
nificant chemical interactions with the rear metal contacts or 
substantially modify the properties of the metal and PbO. Hence, the Rs 
values for NaCl-rear samples remained relatively steady under DH85 
conditions. Given the noteworthy composition variance, it is conceiv
able that Al could exert a significant influence on the degradation of 
contacts.

3.5. Possible reaction principles of metal contact degradation

From previous SEM, EDS and XPS analysis, post 100-h DH85 testing, 
the Ag structure remained largely unchanged, retaining its dense 

Fig. 12. XPS spectra for TOPCon solar cells of (a) Ag peaks and (b) Pb peaks of front-side contaminated groups, and (c) Ag peaks and (d) Pb peaks of rear-side 
contaminated groups underwent 100 h of DH85.
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composition. Notably, induced contaminations were consistently 
detected around Al signal regions, accompanied by the presence of ox
ygen signals in proximity to these areas. The inherent electrochemical 
properties of Al and Ag, allowing for oxidation-reduction reactions [67,
68], can develop internal electrochemical potentials. Also, metallic Pb 
was observed, likely due to a Pb reduction reaction. Under the influence 
of induced contamination, humidity, and elevated temperatures, these 
reactions may accelerate. Two sequential possible models have been 
proposed and outlined in Table 4 to describe these reactions.

All reactions involving contaminants during DH85 were based on 
ionisation, leading to an increased production of hydrogen ions (H+) and 
hydroxide ions (OH− ). In this environment, metal Al loses electrons, 
converting into Al3+, which then reacts with OH− to form aluminium 
hydroxide [Al(OH)3] [51,69–72]. As shown in Table 4, NaHCO3 induces 
ionisation, producing Na+ and HCO3

− . HCO3
− continues to generate OH- 

and carbonic acid (H2CO3), which decomposes into carbon dioxide 
(CO2) and H2O [73,74]. Limited H2CO3 may also react with PbO, 
releasing Pb2+ from the glass frit under DH85 conditions. OH− further 
reacts with ionised Al ions to produce Al(OH)3, which, unstable under 
damp-heat conditions, decomposes into chemically stable Al2O3 and 
H2O. However, Al2O3, being an insulating material, contributes to 
gradual contact failure, evidenced by the observed increase in Rs. 
Additionally, limited Pb2+ may gather electrons from Al to form metallic 
Pb during DH85. Residual H+ from ionisation initiates reactions with 
oxygen or other oxidising agents, extracting electrons from Al, 
completing the oxidation-reduction cycle.

The chlorine ion can form complexes with metal ions, thus acceler
ating metal corrosion [81–83]. NaCl, commonly used to evaluate alloy 
corrosion, triggers reactions in the front contact during DH85. Specif
ically, Al reacts according to Eqs. (2) and (3), while chlorination might 
occur in PbO as per Eq. (10) [84]. Previous research and literature 
emphasise the significant permeability of Cl− , allowing it to penetrate Al 
(OH)3 and Al2O3, leading to more ionisation of Al3+ during DH85 [24,
77,85]. Consequently, most metallic Al in the contact converts into 
aluminium chloride or Al2O3/Al(OH)3 [85,86]. Similarly to the NaH
CO3-front, some metallic Pb forms from the reduction reaction, as shown 
in Eq. (13). Observations in the NaCl-front show Pb signals mainly 
associated with Cl, along with voids containing Al, O, Na, and Cl signals. 
The combination of Pb and Cl affects the front contact, influencing 
electrical and mechanical properties, resulting in the delamination of 
metallisation and silicon-based surfaces, as previously noted [20]. 
Degradation of Al and PbO renders the TOPCon solar cells nearly 
inoperative within the test period in the NaCl-front group. However, 
treatment with NaHCO3 leads to slower and less significant contact 
degradation. This difference primarily arises from the larger anion size 
and chemical activity of these salts due to their polyatomic combination 
structures, which hinder direct access to the Al surface. Additionally, the 
Al corrosion by-products of NaHCO3, primarily Al(OH)3 and Al2O3, 
could be likely to passivate the Al surface, resulting in a lower corrosion 
rate. Following the reaction, limited Na is detected in the NaCl-front 
contact, suggesting possible diffusion into deeper cell regions, 

exacerbating recombination issues.
The rear-side contacts experienced significant failure when treated 

with alkali salts like NaHCO3. These salts, resulting from incomplete 
neutralisation of strong bases and weak acids, exhibit alkalinity in 
aqueous environments and release OH− [87–89]. In Figs. 9 (b) and 11, 
SEM-EDS analysis consistently showed an accumulation of Na and O 
signals along the exposed regions of the Si-Ag boundary, indicating 
potential corrosion at the Ag/Si interface. In contrast to the front-side 
contacts, the rear side of the control group, coated with SiNx:H, have a 
lower O concentration. Consequently, the rear-side metallisation expe
rienced reduced oxygen intervention, which may have promoted the 
formation of an Ag/Si alloy at the interface rather than an Ag-O-Si 
structure. Under damp-heat conditions, NaHCO3, for instance, as 
shown in Eqs. (4) and (5), could readily hydrolyse to produce OH− . 
Ag/Si alloy might undergo corrosion in basic settings, following re
actions depicted in Eqs. (15) and (16). Consequently, Si might exist 
partly as SiO2, while some could combine with Na+ in the form of acid 
radicals, such as SiO3

2− , after DH85 testing [90,91]. The increased SiO2 
thickness could hinder Na accumulation on the surface, explaining the 
observed EDS element distributions. 

Ag − Si(s) + 4H2O(aq)→Ag(s) + Si(OH)4(aq) + 2H2(g) (Eq. 15) 

Si(OH)4(aq) + OH− →H3SiO−

4 + H2O(aq) (Eq. 16) 

This reaction influenced the oxide formation from NaHCO3 between 
Si and Ag, resulting in larger oxide sizes compared to normal glass frit 
(Fig. 11). Consequently, carrier transportation faced greater impedance, 
elevating contact resistivity and impacting the cells’ Rs. However, NaCl 
exhibited no discernible impact on the rear-side contact. Cl signals pri
marily resided in void regions, with limited observable overlap between 
Cl and Pb EDS mappings. Considering our prior theory on front contact 
failures, where Ag was the primary conductive component at the rear 
side without any other active metals in the contact under neutral con
ditions, there existed no driving force for Cl to combine with Pb.

Recently, the introduction of laser-assisted firing [such as laser- 
enhanced contact optimisation (LECO)] has enabled the application of 
Al-free Ag paste on the front side of TOPCon solar cells. This technique 
achieves excellent ohmic contact [33,92,93]. Our previous research 
demonstrated that Al-free front-side Ag contacts exhibit significantly 
better reliability compared to Ag/Al paste under NaCl-induced DH85 
testing, highlighting the critical role of Al in front-side contact degra
dation [33].

4. Conclusion

This study explores the accelerated degradation of industrial TOP
Con solar cells subjected to DH85 testing, focusing on the impact of two 
different Na-related salts, NaHCO3 and NaCl, as contaminants. The study 
observes varying degradation levels after 100-h DH85 testing, particu
larly affecting the front and rear sides of the solar cells. Front-side 

Table 4 
Possible chemical reactions induced by NaHCO3 and NaCl on the front metal contacts of TOPCon solar cells [51,71,74–80].

Possible chemical reactions by NaHCO3 Possible chemical reactions by NaCl

H2O(aq)→H+ + OH− (Eq.1)
Al(s) − 3e− →Al3+(Eq. 2)
Al3+ + 3OH− →Al(OH)3(aq/s)(Eq. 3)
NaHCO3(s)→Na+ + HCO−

3 (Eq. 4) NaCl(s)→Na+ + Cl− (Eq. 8)
HCO3

− + H2O(aq)→H2CO3 (aq)+OH− (Eq. 5) Cl− + H2O(aq)→HCl(aq)+OH− (Eq. 9)
H2CO3(aq) + PbO(s)→ Pb2+

+ CO2−
3 + H2O(aq)(Eq. 6) 2HCl(aq) + PbO(s)→Pb2+

+ 2Cl− + H2O(aq)(Eq. 10)
Al3+ + 3HCO3

− →Al(OH)3 (aq/s) + 3CO2(g)(Eq. 7) Al3+ + 3Cl− →AlCl3(aq/s)(Eq. 11)
2Al(OH)3(aq/s)→Al2O3(s) + 3H2O(aq)(Eq. 12)

Pb2+
+ 2e− →Pb(s)(Eq. 13)

4H+ + 4e− +O2(g)→2H2O(aq)(Eq. 14)
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degradation primarily involves contact-related issues, with NaCl 
demonstrating the most severe effects, resulting in a relative PCE 
reduction of approximately 92 % after 100-h DH85 testing. This 
reduction is mainly attributed to increased Rs complemented by a 
decrease in Jsc resulting from inadequate current extraction. Rear-side 
contamination led to an increase in recombination, possibly due to Na 
infiltration through degraded ARC layers, resulting in drops in Voc and 
Jsc. Furthermore, NaHCO3 treatment could increase local Rs values with 
approximately 16.0 % relative PCE drop. However, NaCl did not notably 
impact rear Rs.

This manuscript mainly focuses on metal contact failures and pro
poses several degradation models. These suggest that front-side contact 
failures primarily stem from oxidation-reduction reactions between Al, 
Ag and PbO within the metal contacts, particularly highlighting the 
susceptibility of the Ag/Al paste to long-term stability risks, especially 
when exposed to ion-level contaminants. These models elucidate dif
ferences in front contact degradation mechanisms among NaCl and 
NaHCO3, potentially extending their applicability to other ion combi
nations. Regarding the rear side, alkaline conditions may have 
contributed to rear-side contact deterioration involving NaHCO3.

In summary, this study unveils that TOPCon contact degradation 
mechanisms are significantly influenced by the combination of ions and 
paste compositions. The findings offer crucial insights into the degra
dation patterns and underlying factors affecting the metal contacts of 
TOPCon solar cells, potentially aiding in the evaluation of module-level 
reliability. The research advocates for expanded accelerated testing 
methods and highlights opportunities for optimising processes to bolster 
the long-term reliability of TOPCon cells or modules in practical 
applications.
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