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ARTICLE INFO ABSTRACT

Keywords: Silicon heterojunction (SHJ) solar cells have become one of the mainstream solar cells in the current photovoltaic
Silicon heterojunction solar cells market due to their high efficiency. Still, concerns about their long-term reliability are seen as a potential issue
Reliability

restricting further marketisation. In particular, the sensitivity of silicon heterojunction solar cells to high tem-
peratures and moisture is a concern. Sodium (Na) in combination with humidity is widely considered one of the
causes of degradation in silicon heterojunction solar cells. Yet, a comprehensive understanding of the mecha-
nisms behind Na-induced decay remains lacking. This study will investigate humidity-induced degradation of
industrial SHJ solar cells at elevated temperatures using various sodium-containing salts [sodium bicarbonate
(NaHCO3), sodium chloride (NaCl), and sodium nitrate (NaNO3)] to improve our fundamental understanding of
Na-induced degradation. We will show that SHJ solar cells exposed to NaHCO3 and NaCl show a significant
reduction in efficiency, while solar cells exposed to NaNO3 show minimal degradation. Further analysis indicates
that NaHCO3 may interact with the transparent conductive oxide (TCO) layer, leading to a reduction in surface
passivation and a deterioration of the metal-TCO interface. NaCl primarily affects the Ag contact, resulting in a
reduction of the adhesion of the screen-printed contact. Moreover, the TCO composition, particularly the oxygen
content, influences its chemical tolerance. These results show that Na-related degradation is more complicated
than initially thought. The chemistry is strongly influenced by the negative ions, as well as the composition of
TCO and metal paste. These factors are determined by the bill of materials and the contaminants introduced
during cell/module fabrication and operation of the SHJ module. The findings of this paper may lead to the
development of new accelerated testing protocols for SHJ technology to ascertain long-term reliability in the
field.

Contamination
Damp-heat stability

1. Introduction

In the current era of growing demand for renewable energy sources,
photovoltaics (PV) is gaining traction as a competitive option. Silicon-
based solar modules presently dominate the global photovoltaic mar-
ket due to their commendable cost-effectiveness [1]. Among emerging
technologies, silicon heterojunction (SHJ) solar cells have attracted
significant attention owing to their inherent advantages, such as
simplified structure, low process temperatures during manufacturing,
high open-circuit voltages, excellent temperature coefficients, and high
bifaciality factors [2,3]. Substantial progress has been achieved in recent
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years in enhancing the efficiency of SHJ solar cells through dedicated
research and technological advancements. Notably, LONGi has reached
a remarkable milestone by pushing the efficiency record of such cells to
27.3 %, signalling a promising trajectory for this technology [4,5].
However, as SHJ technology gains wider application, reliability is
emerging as a major concern compared to conventional c-Si solar cells
[6]. Na is often identified as a primary contributor to the degradation of
silicon solar devices [7-11]. Typically, industrial silicon modules utilise
tempered soda-lime glass as the front and often also as the back sheet.
This glass contains a significant amount of Na, which can migrate into
solar cells through the encapsulant layers under field operation
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conditions. Na ions may interact with various anions from the envi-
ronment and the module’s bill of materials (BOM). Bicarbonate (HCO3)
may originate from tempered soda-lime glass as well, as sodium bicar-
bonate (NaHCOs3) is commonly added during glass fabrication to lower
the melting point and enhance the chemical properties of the glass [12,
13]. Moreover, sodium nitrate (NaNOs) may serve as an additive in glass
fabrication to reduce the melting point, enhance molten liquid flow,
eliminate air bubbles and impurities, and improve glass transparency
and quality [13-17]. Consequently, Na could potentially coexist with
nitrate (NO3) on the surface of solar cells over prolonged operational
periods. Additionally, chloride (Cl7) can be introduced by various
environmental elements in the field, such as rainwater, soil, dust, and
seawater, which may infiltrate and directly contact solar cells and water
[18-21]. Studies by Segbefia et al. and Kumar et al. have demonstrated
the presence of Na and Cl ions in the failed regions of solar modules
installed outdoors for 20 years [10,22].

DH testing offers a swift means to simulate the degradation experi-
enced over years of real-world use [23-25]. SHJ solar cells are notably
vulnerable to such conditions, with the presence of Na-related impu-
rities potentially worsening their degradation [9,10,26-29]. However,
the chemical effects can vary depending on the specific ions involved [9,
10,29]. Discrepancies emerged in experiments conducted at the cell
level, revealing diverse impacts of Na-related impurities on SHJ cells.
Adachi et al. and Li et al. utilised NaHCOj3 solution to expedite degra-
dation and assess TCO stability [30-32]. Conversely, the use of NaCl led

1. Dark storage
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to notable increases in contact resistances due to degradation of metal
contacts [21,33]. Nevertheless, a comprehensive examination of
Na-related DH degradation has been lacking, emphasising the need for a
deeper understanding and identification of degradation indicators at the
cell level.

SHJ solar cells were found to undergo chemical deterioration in both
metal contacts and TCO layers after 1000 to 3000 h of DH testing
(equivalent to over 10 years of field operation) [31-35]. To expedite
degradation testing further, cell-level testing has been suggested, typi-
cally involving the direct application of stressors onto the solar cells,
followed by DH testing [21,28,31-34,36]. This approach enables swift
evaluation of various cell technologies or processes and allows for a
broader range of post-mortem analysis techniques to investigate the root
causes of degradation.

Therefore, in this experiment, we conducted DH accelerated tests on
SHJ solar cells and assessed the effects of three types of salt: NaHCO3,
NaCl, and NaNOs. By tracking changes in electrical performance, we
demonstrated the degradation caused by these Na-related salts and
identified potential degradation regions in SHJ solar cells. Additionally,
with the aid of advanced analysis techniques, we further investigated
the structures and elements of TCO layers and metal contacts. We
elucidated SHJ solar cell degradation under DH conditions caused by the
combination of Na ions with different anions from a mechanistic
perspective.

2. Solar cell cleaning
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Fig. 1. Schematic of SHJ Solar cells and experimental flowchart for this work.
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2. Experimental details

The samples utilised in the study comprised of M10 half-cut n-type
industrial SHJ cells, measuring 182 mm by 91 mm with 10 busbars. The
detailed schematic diagram for the SHJ cells used in this study is shown
in Fig. 1. These SHJ cells featured intrinsic hydrogenated micro-
crystalline silicon (i-pc-Si:H) passivation layers on both surfaces,
coupled with phosphorus-doped (n-pc-Si:H) and boron-doped (p-pc-Si:
H) hydrogenated amorphous silicon layers on the front and rear sides,
respectively. The front-side TCO consisted of indium oxide (InO),
whereas the rear side was coated with an indium-doped tin oxide (ITO)
layer. Each side featured a screen-printed H-pattern silver (Ag) grid.
Before the experiment, all SHJ solar cells were stored in a dark, indoor
environment with air exposure at room temperature to minimise any
potential self-degradation during the experiment.

For the purposes of this research, NaHCO3, NaCl and NaNO3 were
used as the Na-contaminants. The detailed experiment flow diagram is
displayed in Fig. 1. Prior to conducting the experiments, all cells un-
derwent a deionised water (DIW) cleaning, followed by a nitrogen gun
drying to minimise potential contaminants. Subsequently, a 0.031 mol/
L concentration of the designated salt solution was applied to the surface
of each group’s samples. Approximately 0.2 g of each solution was
sprayed onto the surface of each cell, followed by a natural drying
process inside a fume hood at ambient room temperature and atmo-
spheric pressure. Throughout the application of the solutions, meticu-
lous care was taken to handle the samples, ensuring the prevention of
any contamination both within individual samples and across different
samples. The DH test was carried out using an ASLi Environmental
chamber, set to a temperature of 85 °C and a relative humidity of 85 %
(DHS85). Following each measurement interval, the climate chamber was
allowed to cool to room temperature before being reheated for the
following damp-heat testing cycle. Based on the sample treatment, all
the cell samples were divided into seven groups: Control (without any
treatment), NaHCOs-front, NaHCOs-rear, NaCl-front, NaCl-rear,
NaNOs-front and NaNOs-rear.

The analysis of current-voltage (I-V) characteristics was conducted
using a LOANA solar cell analysis system from pv-tools, with a tailored
mask to fit the M10 half-cut cells and adjustments made to the contact
frame to support the 10 busbars. The series resistance (R;) values were
measured by multi-light method [37]. A BTimaging R3 equipped with a
high open-circuit voltage lens was employed to capture photo-
luminescence (PL) and R, images, with subsequent image processing
conducted via LumiTools software [38]. The transfer length method
(TLM) was used to determine the sheet resistance (Rsnee) and contact
resistivity (p.) on c-Si(n)/i-pc-Si:H/(n)-pc-Si:H/ITO/metallisation sam-
ples which were specially prepared samples, using the pv-tools
TLM-SCAN™. Prior to the application of the solution, 6 mm strips were
laser-cut from the SHJ cells’ non-busbar regions using a FOBA M1000
scribing laser. The finger line resistance (Rp;) was measured by SEM-
IPROBE LA-150/LA-200 probe station.

Scanning electron microscopy (SEM) visuals were captured using a
Zeiss 550 Crossbeam cryo-focused ion beam scanning electron micro-
scope (cryo-FIB-SEM). The Oxford Instruments Ultim® Max detector
facilitated energy-dispersive spectroscopy (EDS) analysis, which was
interpreted with AZtec software. X-ray photoelectron spectroscopy
(XPS) analyses were conducted to investigate the surface composition of
the top 10 nm film on selected samples. Prior to XPS measurement, all
samples were cleaned with DIW. The measurements were performed
using a Thermo ESCALAB250Xi spectrometer equipped with a mono-
chromatic Al K alpha X-ray source with an energy of 1486.68 eV and
power of 120 W. The reference binding energy for analysing the Cls
peak was set at 284.8 eV to account for any incidental hydrocarbon
contamination.
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3. Results and discussion
3.1. Electrical property variation

Prior to conducting the DH 85 tests, the SHJ solar cells from the
experimental batch were assessed. The champion cell I-V information is
shown in Fig. 2 (a), and the average power conversion efficiency (PCE)
was found to be approximately 24.4 %, with an average open-circuit
voltage (Vo) of 746 mV, and the details are listed in Supplementary
Table 1. The observed standard deviations for this set of cells indicate
minimal variation. After the DH85 test, the SHJ solar cells exhibited
varying degrees of degradation as shown in Fig. 2(b-f) and Supple-
mentary Table 2. The Control group maintained a stable PCE, with
negligible variations (~1.4%;]) observed over the entire test duration,
indicating that the SHJ solar cells were stable under the DH85 condi-
tions. Conversely, the samples in Groups 2 and 3 (cells exposed to
NaHCOs3) resulted in the most significant and rapid degradation. After a
20-h DHS8S5 test, cells exposed to NaHCOs3 on the front side experienced a
relative PCE reduction of ~80 %, with reductions of ~41%;. and
~12%,) in short-circuit current density (Js) and V,, respectively. The
relative R, increase reached ~2000 %, the highest among all experi-
mental groups. Similarly, cells pre-treated with NaHCOg3 on the rear side
exhibited a PCE reduction of approximately 41%;], primarily attributed
to a V,, drop of approximately 21%;¢. The relative R, increase on cells
pre-treated with NaHCO3 on the rear side was limited to ~130%e. The
degradation induced by NaHCOj3 occurred rapidly within the first 6 h,
with V,. and J stabilising thereafter until the end of the testing period.
NaCl exposure also led to cell degradation, consistent with our previous
studies, albeit to a lesser extent due to a lower NaCl concentration used
in this work [21,33]. The PCE reduction for cells with NaCl-treated front
and rear sides after the 20-h DH85 test were ~10%;ye and ~14%;e,
respectively, with V. losses mainly observed for the cell exposed at the
rear (~1.2%e)). While NaCl also contributed to an increase in R;, the
magnitudes were lower than those observed with NaHCO3 at equivalent
concentrations. In contrast, SHJ solar cells exposed to NaNOs were
found to be relatively stable. After the 20-h DH85 test, the PCE reduced
only ~2.5%;) and ~3.0%, for the SHJ solar cells exposed to NaNOs at
the front or rear, respectively. These losses could be attributed to a slight
increase in R;.

PL images were employed to assess the extent and uniformity of the
recombination induced by the accelerated testing. As depicted in Fig. 3
(a), NaHCOg3 led to a rapid and uniform decrease in PL intensity.
NaHCOg exposure on the front side resulted in a ~91%; in PL counts,
whereas this reduction was ~100%¢) for NaHCO3 exposure on the rear
side. Notably, even though the SHJ solar cell exposed to NaHCOs3 on the
front side showed the largest reduction after 1 h, it showed a lower
relative reduction after 20 h compared to the sample exposed on the rear
side, consistent with the relative changes observed in V,. as shown in
Fig. 3. In contrast, NaCl exposure on the front side did not significantly
affect the PL intensity of the SHJ solar cells throughout the testing
period, while NaCl exposure on the rear side resulted in a significant
reduction in the PL intensity after 20 h of DHS85 testing with a relative
decrease of ~39 %. This was, however, significantly more severe than
the SHJ solar cell exposed to NaHCOs on the rear side. Conversely, after
DHS8S5 testing, samples treated with NaNO3 showed stable PL intensity
similar to the control group, with variations of only ~2.8% and
~1.3%y¢ for NaNOgs on the front and rear sides, respectively.

The trends in AR; were comparable across Fig. 2 (f) and Fig. 3 (b),
although minor disparities could arise from variations in contact con-
figurations, measurement techniques, and tool limitations. Fig. 3 (b)
demonstrates that both the control group and NaNOs-treated groups
exhibited no significant deterioration in R;. However, the NaHCO3-front
sample displayed a rapid R, surge to ~660 % relative after DH85 testing.
Detectable Ry counts were limited to areas near busbars after the 20-h
DHSS5 testing, likely due to spectral limitations and tool constraints.
This discrepancy may contribute to the relative increase variations
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Fig. 2. (a) I-V curve of the champion SHJ cell from the experiment batch, and relative changes in (b) PCE, (c) Js, (d) Vo, (e) FF, and (f) R; as a function of DH85

duration for each group.

observed between Fig. 2 (f) and Fig. 3 (b). For the NaHCOs-rear sample,
the relative increase amplitude from R, imaging was ~115 %, consistent
with the R, increase (~120%;.) observed via I-V measurements. In
comparison to the NaHCOs-front, the R; image of NaHCOgs-rear
appeared more blurred after the 20-h DH85 test. This blurring could
stem from the requirement in R; imaging extraction to calculate the
difference between two distinct PL images with current extraction under
varying illumination conditions [39]. NaHCO3; notably degraded the
rear side contacts, leading to a diminished PL response (~99 % relative
count decrease), thereby preventing sufficient count differentiation for
tool processing.

In terms of the NaCl groups, NaCl-front exhibited a relative increase
in R; of ~41 %, while NaCl-rear showed a much higher relative increase
of about 270 %. The greater rise in R; observed in NaCl-rear compared to
NaCl-front could be attributed to differences in finger size and quantity.
There are more fingers present on the front side than on the rear side,
and the aspect ratio of the fingers on the front side is larger than that on
the rear side. These design choices aim to balance the optical and
electrical characteristics of the cells and likely contribute to variations in
degradation levels during the experimental period of DH85. Different
from NaHCO3 groups, NaCl rose R; first at the early stage rather than
recombination issues. It is hypothesised that NaHCO3; degraded the
surface layers first, and NaCl could play a role in the contact
degradation.

To go deeper into the root causes of degradation, TLM was employed
to measure the Rgper and contact p. of the front sides of cell stripes
exposed to salt and subsequent DH85 testing for up to 2 h. As illustrated
in Fig. 3 (c), the average Rspeer Values remained relatively stable across
all groups. However, a notable divergence in the Rgpe.r data was observed
in the NaHCO3 group, whereas the remaining groups exhibited a more
consistent range of extracted Rgper Values. Notably, only the NaHCO3
group displayed a significant increase in the ARgpe: Standard deviation,
indicating potential effects on the contact layers of SHJ solar cells after
the testing period. Variations in p. were observed in the NaHCO3 and

NaCl groups, while NaNO3 samples maintained stable p. ranges and
values throughout the testing period. Specifically, the average measured
pc increased from ~4.3 to ~9.9 mQ cm? for NaHCOj3 and from ~4.4 to
~11.5 mQ cm? for NaCl after 2 h of DH85. Although the average in-
crease from NaHCO3 was not statistically significant compared to the
NaCl group, as shown in Fig. 6 (b), we found a significantly large spread
in values.

Furthermore, to assess metal contact properties, finger line re-
sistances (Rp) were measured from different groups after 20 h of DH85
testing, as shown in Fig. 3 (e) and Supplementary Fig. 1. The front-side
line resistance values for all groups ranged from 2.1 to 2.4 Q/cm, while
the line resistance range for rear-side groups ranged from 3.1 to 3.3
Q/cm. Minimal differences were observed between each group for both
front-treated and rear-treated samples, with no obvious discrepancies in
resistance with varying salt compositions. Considering the significant
increase in R, extracted from the I-V measurements, it can be concluded
that this increase in R; can be fully attributed to the changes in contact
resistance between the TCO and the Ag metallisation.

3.2. Surface degradation analysis

SEM imaging coupled with EDS analysis was utilised to examine
changes on the surface subsequent to DH85 testing. SEM images in Fig. 4
(a) show the samples’ front surfaces following exposure to contami-
nants. The rear sides have a similar degradation trend, as plotted in
Supplementary Information Figs. S2 and S3. Corresponding EDS spectra
and elemental ratio analyses are presented in Fig. 4 (b) and Supple-
mentary Table 3. Comparative analysis with control groups revealed
similar appearances on both front and rear sides in SEM images. How-
ever, notable distinctions were observed in the elemental atomic ratio.
There is no Sn signal on the front side, while the atomic ratio of In-to-Sn
on the rear side was approximately 10:1, which is generally consistent
with the process recipe design. Control samples displayed pristine sur-
faces devoid of contamination, with the Si signal predominantly
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to 2 h of the front sides.

concentrated at the base of the pyramid. This non-uniform Si distribu-
tion might stem from the unevenness of the sputtering process on
textured surfaces, potentially rendering certain Si layers more suscep-
tible to contamination [40,41].

Even among samples exposed to contaminants, the front-side sam-
ples exhibited high consistency with the rear-side samples. For samples
exposed to NaHCO3, SEM imaging revealed random and non-uniform
textures on the pyramid surface, with Si signal distributions differing
from control groups. The distribution of the Si signal was no longer
consistent with the control groups. Blurry, boundary-like bright regions
indicated an increased detection of Si signals by EDS. Atomic ratio
analysis in Fig. 4 (d) further confirmed higher Si counts in regions with
elevated signal levels. Moreover, Na and C signal distributions corre-
lated with bright Si regions, suggesting NaHCO3 degradation affecting
the TCO and silicon layer properties. Conversely, samples treated with
NaCl and NaNOs displayed distinct Si signal distributions, maintaining

similar Si to TCO metal ratios as control groups. The Na signal distri-
butions were concentrated, likely residues from the solution after DH85
testing. Therefore, no significant degradation was observed with NaCl
and NaNOs, indicating less likelihood of TCO layer degradation with
these contaminants.

Comparison between samples suggests NaHCO3, due to its alkaline
properties, could react with surface materials such as InO/ITO and pc-Si
layers under DH85, potentially damaging surface layer structure and
properties. This damage facilitated Na ion diffusion into silicon surfaces
and bulk, increasing recombination centres and deteriorating surface
passivation, leading to significant changes in V,. and Rgpeer. Additionally,
NaHCOs-induced degradation of front-side surface layers could impact
optical properties, resulting in decreased Js. Conversely, NaCl and
NaNOs, being chemically neutral to InO/ITO, likely remained on cell
surfaces as precipitated crystals without significant reactivity. The
different crystal systems of NaCl and NaNOs residues on SHJ solar cells’
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surfaces further differentiated their effects [42,43]. elaborated in Fig. 5. The control groups depicted in Fig. 5 (a) exhibit
XPS analysis was utilised to further probe changes in surface layer distinct O peaks at approximately 529.6, 531.2, and 532.0 eV, corre-
properties, providing valuable insights into the failure mechanisms of sponding to lattice oxygen (O—In), oxygen-deficient (O-deficient), and

InO/ITO coatings on both the front and rear sides of SHJ solar cells, as hydroxyl groups (O—H), respectively [44-50]. O—In signifies oxygen
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relative Si, O and In atomic ratio of all experimental SHJ samples after 20 h of DH85 testing.
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Fig. 6. Cross-section SEM images of the (a—d) Ag finger bulk, and (e-h) Ag/Si interface treated with NaHCOs3, NaCl, NaNOs, and control group; (i) Proposed model
for SHJ Ag contact failure caused by NaCl under damp-heat conditions; (j) Example of the failed Ag contact after NaCl-related damp-heat testing.

atoms positioned within the ITO lattice structure, which are crucial for
maintaining crystalline integrity and a wide bandgap and ensuring high
transparency in the visible spectrum. Conversely, O-deficient peaks
indicate locations where oxygen atoms are absent from the lattice,
serving as donors to the conduction band, thereby enhancing electrical
conductivity. However, excessive oxygen vacancies can compromise
transparency, as observed by a lower oxygen-deficient peak area ratio on
the front side compared to the rear side in the control groups. Addi-
tionally, O—H, whether adsorbed on the surface or within lattice defects,
may introduce localised states, potentially hindering carrier mobility
and thereby reducing overall conductivity. Given the distinct optical and
conductivity requirements of the front and rear sides, variations in ox-
ygen oxidation state between the Control-front and Control-rear groups
are apparent.

Upon comparison of Fig. 5(a) and (b), the sub-peaks corresponding
to O in NaCl-front and the two NaNO3 groups exhibited consistency with
those observed in the corresponding Control groups. However, a distinct
trend emerged with NaHCOg3 treatment after a 20-h exposure to DH85
conditions. In NaHCOs-exposed samples, there was a notable increase in
the O-deficient peak, while the O-In peak experienced a reduction,
particularly pronounced in NaHCOs-front samples. Specifically, the O-In
peak in NaHCOgs-front samples constituted only ~40 % of the total O
peak, representing a substantial decrease of ~25 % compared to
Control-front samples. This suggests a potential breakdown of the O-In
structure induced by NaHCOs under DH85 conditions. Moreover, the
observed increase in the O-H ratio implies a higher likelihood of carrier
trapping. However, despite these detrimental effects on the crystalline
structure, the significant increase in O-deficient peaks could contribute
to enhanced electrical conductivity. Consequently, while the average
Riheer Values remain similar post-DH85 treatment with NaHCOs3, no ag-
gregation was observed in Fig. 3(c) and (d). Similar trends were

observed in NaHCOgs-rear samples, where the O-In peak underwent a
noticeable increase (~11 %) while experiencing a decrease (~9 %) of O-
deficient compared to Control-rear. This indicates structural damage to
the ITO layer induced by NaHCOs3 treatment, leading to deteriorated
electrical performance.

This observation suggests that the reaction between NaHCO3 and the
surface layers may cause localised removal of TCO layers and potential
damage to the pc-Si layer, leading to deterioration of surface passiv-
ation. Additionally, increased exposure of Si to Na and other contami-
nants could further increase the recombination centre density. This
damage might explain the observed variations in surface texture and the
Si EDS signals in the NaHCOgs-treated samples, as shown in Fig. 4.
Consequently, these changes can exacerbate recombination issues and
result in a drop in V,, [31,32,34].

While NaCl also resulted in increased recombination at the rear side,
its impact was limited at the front side. Furthermore, the analysis of
Fig. 5 (a) and (c) indicates that NaCl exposure did not significantly affect
the relative ratios of Si, O, and In or the surface morphology. This
discrepancy might be attributed to the presence of more O-deficient sites
and a lower crystallinity of the rear-side ITO compared to the front side.
As a result, a more oxygen-deficient structure could facilitate more Na
transport through the TCO layer and further affect the pc-Si layer
passivation properties as well as the silicon substrate surface recombi-
nation. Furthermore, the combined effects of NaCl and DH85 treatment
resulted in a reduction in the O-deficient peak ratio, potentially due to
Na ions occupying vacancy positions and forming O-Na bonds. The
similar peak positions of O in metal oxides could lead to overlapping
peaks, where O-Na bonds could overlap with O-In, contributing to a
larger ratio of labelled O-In, possibly including O-Na [51-53]. However,
this reaction could be limited to the ratio of O-deficient according to the
O status comparison of the front and rear sides. This is likely to lead to
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differences in Na transfer, consequently resulting in the observed V,
differences between NaCl-front and NaCl-rear samples.

In contrast, previous measurement results show no apparent
recombination issues in SHJ solar cells exposed to NaNOs. Considering
that both NaCl and NaNOs could be seen as chemically neutral to TCO
materials, this clearly demonstrates that anion should also be considered
when explaining the cause of Na-related degradation. NO3 possesses a
larger size compared to Cl~, which is a monoatomic anion. As previously
mentioned, O-deficient refers to vacancies formed by the detachment of
O in the crystal lattice of metal oxides or other oxygen-containing
compounds, resulting in an oxygen deficiency. This vacancy could
easily allow the monatomic anions, like C1™, to transport. However, for
NaNOg3, NO3 has a robust structure due to stable covalent bonds be-
tween oxygen and nitrogen. It is unlikely that NO3 will split into mul-
tiple monatomic ions, making it difficult for NO3 to diffuse through TCO
layers under normal experimental conditions due to its size. Addition-
ally, Na* and NO3 form extremely strong ionic bonds, so Na * could
remain on the TCO surfaces to maintain electrical neutrality if NO3 does
not diffuse in. Consequently, under our experimental conditions, it is
less likely for Na™ and NO3 to diffuse through vacancies within the ITO.
Therefore, without Na diffusion, the sample exposed to NaNOj still
performed well even after 20 h of DH85 testing.

3.3. Contact failure analysis

Normally, the low-temperature sintering Ag paste for industrial SHJ
solar cell applications contains Ag powders, resin, additives, and sol-
vents. For this work, the fingers were found to be a mixture of flake and
spherical Ag powders. Flake Ag powder typically ranges in particle size
from several micrometres to tens of micrometres, boasting a significant
specific surface area for enhanced conductivity through increased con-
tact area. With an average thickness of 50-150 nm, flake Ag powder
exhibits exceptional conductivity and malleability. Its high purity and
unique microstructure contribute to superior conductivity, reducing
resistance and maximising efficiency. Additionally, flake Ag powder
demonstrates excellent stability in conductive Ag paste, retaining its
conductivity over extended periods without oxidation or degradation
[54-58]. Spherical Ag powder possesses a uniform spherical configu-
ration, featuring a high sphericity ratio that minimises variance between
its average particle size and equivalent diameter. Despite its lower
specific surface area, this structure boasts a higher particle density,
facilitating the formation of a compact conductive layer and exceptional
filling capability [59-61]. The resin, usually made of epoxy resin for
industrial SHJ solar cell applications, acts as a binder in the Ag paste,
holding the metallic particles together and adhering them to the TCO
layer, ensuring strong adhesion [62-64]. Additives such as a coupling
agent enhance resin adhesion, an anti-aging agent improves resin
weather resistance, and a curing agent facilitates resin curing under heat
exposure [65-67]. The paste’s solvent typically consists of an environ-
mentally friendly solvent with a high boiling point, utilised for viscosity
adjustment and printing [68-70]. In the sintering process, the solvent
evaporates, allowing the resin and additives to solidify and adhere to the
Ag powder, forming the metal contacts. In this study, while the
front-side and rear-side pastes share similar compositions, the primary
distinctions lie in the height and size of the fingers. Specifically, the
rear-side fingers exhibit a lower height and smaller size compared to
those on the front side.

FIB-SEM was used to investigate the degradation of contacts in
greater detail from finger bulk and finger/Si interfaces, as shown in
Fig. 6(a-h), with the corresponding images and EDS mapping presented
in Supplementary Information Figs. S6 and S7. As shown in Fig. 6 (a) and
(e), the FIB-SEM images of the control groups also display two types of
Ag particles tightly adhered by resin. As previously described, spherical
Ag particles fill the gaps between flake Ag particles and the interfaces
between the Ag contact and the silicon surface. Notably, no significant
variations in the Ag structure were observed in samples from the
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NaHCO3 and NaNOj groups. Additionally, the C atomic ratios of the
NaCl samples did not change significantly, and it has been shown that
epoxy resin can tolerate Na salt environments and resist metal corrosion
[71-74].

Attention is directed towards the samples treated with NaCl. In Fig. 6
(c), some flake Ag particles were observed to bind together, while the
size of the spherical Ag particles and their corresponding fill effect were
reduced. Consequently, as shown in Fig. 6 (g), the degradation of
spherical Ag particles resulted in more voids between the metal contact
and the TCO layer, potentially with mesh binding resin observed at the
interface region. Limited spherical Ag particles could be observed in the
metal bulk and the interface. Despite this, the metal conductivity of the
new Ag finger structure remained consistent with the control group, as
indicated by the Rp, values presented in Fig. 3 (e). This suggests that the
NaCl treatment did not materially affect the effective Ag content of the
metal contact. However, the effective contact area between Ag and ITO
in the NaCl-treated samples was reduced compared to the rest groups
due to the increase in void size. This reduction in contact area likely
accounts for the significant rise in R; observed in the NaCl-treated
samples. The examination of samples exposed to NaCl revealed a
distinct metal degradation mechanism. Research indicates that Ag
nanoparticles are likely to dissolve in a NaCl environment due to their
active properties [75-81]. Studies by Yang et al. and Wiley et al.
demonstrate that Ag nanoparticles can also undergo a recrystallisation
process into larger Ag particles, primarily due to the effects of chloride
ions (Cl7) [82,83]. According to their findings, the etching of Ag
nanoparticles by dissolved O, and C1~ was first proposed by Wiley et al.
[83]. They confirmed that chloride ions, rather than alkali metal cations,
induce the oxidative dissolution of Ag nanoparticles by substituting
NaCl with KCl while maintaining other experimental conditions con-
stant. Henglein et al. noted that adding a coordinating anionic ligand to
an Ag sol accelerates the oxidative dissolution of Ag [84]. They sug-
gested that for an Ag atom on the particle’s surface to bind with a ligand,
it must transfer some negative charge to other surface Ag atoms. This
increased electronegativity makes neighbouring atoms more susceptible
to oxidation. The Ag ions released by the Oy/Cl™ etching of Ag nano-
particles are re-reduced in the reaction environment. Over time, the
dynamics of the dissolution and regeneration of Ag particles and ions
reach equilibrium, as shown in Eq. (1). Shown as Supplementary Fig. 12,
Fargasova et al. provided evidence of NaCl treatment impact on Ag
nanoparticles, which were recrystallised and clustered under different
NacCl environments [85].

Ag+ Cl” - AgCl+e (Eq. 1)

Based on this information from the literature, a possible model for
SHJ Ag contact degradation under damp-heat conditions is proposed, as
shown in Fig. 6 (i). Before NaCl damp-heat testing, nano-scale spherical
Ag particles fill the gaps between flake Ag particles and the interface
between the Ag and TCO layers. However, after damp-heat testing of
NaCl-exposed samples, these nano-scale spherical Ag particles may
dissolve and recrystallise on the crystalline flake Ag particles. Damp-
heat treatment further encourages the recrystallisation of additional
nano Ag-particles, increasing the size of the flake Ag particles. As a
result, some flake Ag particles may connect, but more voids will form
within the metal contacts and interface. Thus, the bulk conductivity of
the Ag contact was not significantly affected by damp-heat NaCl expo-
sure, as indicated by the Ry values in Fig. 3 (e). The removal of Ag
nanoparticles could expose the binder resin structure, as shown in Fig. 6
(g). The recrystallisation of Ag content could alter the original structural
stress of the resin-bonded Ag particles. In more severe conditions, the
resin structure might fracture at specific points due to its elasticity,
worsening the adhesion of the Ag contact and the metal-Si interface.
Consequently, the physical structure change between the metal and Si
increases contact resistance due to less effective contact, which was also
found in the work reported by Sen et al. [21].

In addition, R and p. increases were observed in NaHCOg3 groups.
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Unlike NaCl, NaHCOg primarily induced recombination issues, which
subsequently led to contact failures from electrical property character-
isation as shown in Fig. 3. Combining with previous EDS and XPS
analysis, it was found that surface contact layers, such as TCO and pc-Si
layers, could undergo significant deterioration after exposure to
NaHCOs3 in DH85 testing conditions. Therefore, it is probable that the
contact failure originated from the degradation of the contact layers
rather than the Ag component.

4. Conclusion

In this study, we investigated the effects of three types of sodium-
related salts (NaHCOs, NaCl, and NaNOs) on the damp-heat degrada-
tion of industrial SHJ solar cells. Our experimental results revealed that
NaHCO3 and NaCl caused significant reductions in relative efficiency,
ranging from approximately 10 %-80 %, for both sides of the SHJ solar
cells after 20 h of DH85. Specifically, NaHCOs3 treatment induced a rapid
drop in V,. and an increase in R, while NaCl primarily contributed to Ry
increases and recombination issues at the rear sides of the cells.
Conversely, NaNO3 had minimal degradation, with efficiency reductions
of only approximately 2 %-3 %, and the electrical parameters remained
relatively stable during the test period.

In light of the previous analysis, it becomes evident that various Na
salts possess the capability to initiate different degradation pathways
involving distinct anionic species. NaHCOs, characterised by its status as
a strong base weak acid salt, engenders chemical reactions upon inter-
action with InO/ITO and pc-Si layers, thereby increasing surface
recombination. The resultant contact failure may be attributed to the
deleterious effects of this reaction on the interface between Ag and Si.
Conversely, the degradation induced by NaCl primarily manifests within
the metal, leading to the reshaping of Ag particles and the occurrence of
delamination between Ag and ITO interfaces. Furthermore, NaCl may
exacerbate recombination issues in instances where the InO/ITO layers
are inadequately designed to mitigate oxygen vacancies. In contrast,
NaNO3 was found to be inert in terms of inducing degradation, sug-
gesting that sodium-related degradation is triggered only under specific
conditions. These findings underscore the intricate interplay between Na
salts and their consequential impact on material degradation pathways,
thereby highlighting the necessity for tailored design strategies to
mitigate adverse effects in relevant applications.

In summary, this testing approach amplifies potential issues that may
emerge in SHJ modules under operational conditions, enabling detailed
characterization and precise identification of degradation pathways.
This research highlights the significant influence of ion combinations on
SHJ contact degradation mechanisms, providing valuable insights into
the degradation patterns and influencing factors for TCO and metal
contacts in SHJ solar cells. These findings support the evaluation of
module-level reliability and underscore the need for optimized accel-
erated testing methods. Ultimately, this work advocates for process
optimization to enhance the long-term reliability of SHJ solar cells and
modules in practical applications.
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