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ARTICLE INFO ABSTRACT

Keywords: Silicon heterojunction (SHJ) solar cells are renowned for their high efficiency. However, SHJ solar cells are
Silicon heterojunction solar cells susceptible to various contaminants, leading to significant performance degradation when exposed to damp-heat
Reliability

conditions (e.g., 85 °C and 85% relative humidity). Sodium (Na) has been identified as one of the main con-
tributors to degradation in silicon solar modules subjected to damp-heat conditions. This work investigates the
role of an ultra-thin AlOx capping layer (~10 nm) in preventing the failure in SHJ cells caused by Na-related
contaminants. NaCl is applied directly to the solar cell, and the unencapsulated cell undergoes a damp heat
test at 85 °C and 85% relative humidity (DH85). It is found that without the AlOy barrier layer, the SHJ cells
experience a relative reduction in power of ~30%, after only 20 h at DH85. Both the front and rear sides of the
cell degrade when exposed to NaCl. This is primarily due to a deterioration of the Ag contact resulting in
increased series resistance (R;), and decrease in fill factor (FF), and an increase in recombination, leading to a
significant drop in open-circuit voltage (V,), particularly when NacCl is applied on the rear side. However, when
an AlOy barrier layer is applied to the SHJ cells, the performance losses caused by NaCl are significantly reduced
to only ~3.3%;el. The loss in V. on the rear side is completely suppressed, and there is only a slight increase in R;
of ~50%. compared to ~300%. increase in R for cells without the AlOy barrier layer. These findings indicate
that the ultra-thin AlOy barrier layer provides effective protection for SHJ cells against Na ions, mitigating both
R, and recombination losses. This AlOy barrier layer depositing method is compatible with existing industrial
mass-production ALD tools and thus presents a viable solution at the cell level for SHJ cells.
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1. Introduction significant tradeoff between initial efficiency and degradation. Even a

slight increase in the annual degradation rate can substantially increase

After the successful implementation of the passivated emitter and
rear cell (PERC) technology in the solar industry in the mid-2010s,
extensive research and development have focused on the next-
generation silicon solar cells with at least one full area passivating
contact (e.g., tunnelling oxide passivated contact (TOPCon) and silicon
heterojunction (SHJ) solar cells [1-5]). SHJ solar cells have achieved
remarkable power conversion efficiency (PCE) records, with Longi
setting a new world record of 26.81% in 2022 [6,7]. However, as silicon
solar cells approach their efficiency limits, the relative impact of
degradation significantly increases. Peters et al. demonstrated a
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the levelized cost of energy (LCOE) over the system’s lifespan [8]. They
suggest that newly installed PV modules should ideally have a lifetime of
more than 50 years for the lowest LCOE [8]. Therefore, ensuring module
stability and enhancing the failure tolerance of PV devices becomes
crucial to meet these longevity requirements.

However, SHJ PV modules can still experience considerable perfor-
mance degradation during long-term operation. Arruti et al. showed that
SHJ modules in the field exhibit an average yearly degradation of 0.7%,
primarily associated with failures caused by encapsulant discoloration,
loss of passivation, moisture, potential-induced degradation (PID), and
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ultraviolet (UV) exposure [9]. Moisture, particularly under elevated
temperatures, can accelerate module failures [10,11]. Segbefia et al.
recently reported moisture-induced degradation in field-aged silicon
modules, highlighting degradation in silicon solar cells, silver grids (Ag),
ribbons, and solder bonds [12]. Our previous research identified four
failure modes in SHJ glass-back sheet modules, all leading to significant
efficiency degradation after damp heat testing in conditions of 85 °C and
85% room humidity (DH85) [13]. Encapsulants like ethylene vinyl ac-
etate (EVA) and polyolefin (POE) are used for solar modules to protect
the cells from external factors (moisture and contaminants). However,
EVA, a mainstream and cost-effective material, has been found to be
unstable for long-term applications as it generates acetic acid, which
degrades module performance [14-17]. Acetic acid has been reported to
contribute to metal contact degradation on crystalline silicon solar cells
[18]. On the other hand, while POE offers superior protection, it comes
at a relatively high cost and is not stable under ultraviolet (UV) illumi-
nation [19-22].

Sodium (Na) originating from soda-lime glass has been widely
recognized as a critical factor in performance degradation [19,23,24].
Under high-voltage operation conditions, Na ions can permeate into
solar cells, leading to PID commonly observed in PERC solar cells [23,
25,26]. Even in the absence of high-voltage potential, Na ions can
degrade a solar cell by deteriorating surface passivation or result in
deterioration of the metal contact under a DH85 test [27-30]. We pre-
viously found that Na ions play a role in causing contact failures in SHJ
solar cells [30]. Consequently, it is crucial to develop approaches pre-
venting Na-induced degradation to ensure the long-term reliability of
solar modules. Therefore, to prevent Na ions penetration into the cell
and causing failure, some researchers have employed additional barrier
layers on solar cells to shield them from environmental contaminants.
Adachi et al. and Li et al. utilized a ~100 nm silicon oxide (SiO3) layer as
a barrier against Na ions, while Zahid et al. reported the use of AlOy to
protect PERC cells from PID [27,28,31]. Due to its low refractive index
and stable structure, AlOy also has great potential to be a suitable
candidate as a Na ions barrier layer in protecting SHJ solar cells. To
implement this application, thermal ALD appears to be a preferable
approach as it allows dense and conformal double-side deposition
without the need for plasma or high-temperature processes [32,33].

Moreover, Cl can originate from other sources, such as some types of
soldering flux, which are typically used to join the ribbon wires to
busbars, as demonstrated in the work by Nasta et al. [34]. In addition,
human fingerprints can also contain Na and Cl elements, which can
inadvertently contaminate solar cells if not handled properly [35,36].
Furthermore, NaCl can be found in various sources in the field, including
rainwater, soil, dust, and seawater, which can penetrate and come into
direct contact with solar cells and water [37-40]. Studies conducted by
Segbefia et al. and Kumar et al. have shown that Na and Cl ions were
present in the failed areas of solar modules that were installed outdoors
for 20 years [41,42]. In addition, Oh et al. discovered that Cl was
detected in the failed area of non-encapsulated cells that underwent DH
testing [11]. These findings suggest that Na and Cl ions may have
contributed to solar degradation. Na and Cl ions could have penetrated
the modules through various means, including during the processing or
encapsulation stages (such as through solar glass, soldering flux, or
human fingerprints) or from exposure to the outdoor environment (such
as rainwater, soil, or dust).

In this work, we show that the sensitivity of SHJ technology to NaCl
can be tested at the solar cell level, resulting in significantly faster
turnaround times compared to the DH85 test at the module level. Sub-
sequently, we show that the contact failure and recombination loss
caused by Na ions can be mitigated using an ultra-thin AlOy barrier
layer. This barrier layer is shown not to affect the subsequent module
fabrication process. As high-volume ALD tools are routinely used for
AlOy deposition in photovoltaics, this novel method can swiftly be
transferred to high-volume manufacturing.
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2. Experimental details

All the samples used in the experiments were M10 half-cut n-type
industrial silicon SHJ cells (182 mm x 91 mm) with 10 busbars. All the
SHJ cells were processed from half-cut silicon wafers. The SHJ cells
featured intrinsic hydrogenated amorphous silicon (i-a-Si:H) passivation
layers on both sides and phosphorus-doped (n-a-Si:H) and boron-doped
(p-a-Si:H) hydrogenated amorphous silicon layers on the front and rear
sides, respectively. Both sides had an indium-doped tin oxide (ITO) layer
with a screen-printed H-pattern silver grid. The samples were catego-
rized into three groups: 1) Control group with no barrier layer and no
exposure to NaCl (2 samples), 2) Group with no barrier layer and
exposure to NaCl (8 samples), and 3) Group with barrier layer exposed
to NaCl (8 samples).

For cells in Group 3, an ultra-thin AlOy barrier layer (~10 nm) was
deposited onto the full SHJ cells as shown in Fig. 1(a). The AlOy layers
were deposited in an industrial batch ALD reactor from Leadmicro
(QL200). Trimethylaluminum (TMA) was used as the metal precursor
and deionized water (DIW) as the oxidant. The pulse and purge periods
for TMA and H,0 were set at 4 s and 12 s, respectively. The pulse and
purge times for HyO were 6 s and 14 s, respectively. To prevent over-
heating of the SHJ cells, the process temperature was maintained at
150 °C. Prior to the process, the samples underwent a 20-min pre-heat
treatment to ensure temperature uniformity during the deposition pro-
cess. To eliminate potential surface contamination, the samples were
rinsed with deionized water and subsequently dried using a nitrogen
gun. The samples were vertically positioned in the wafer boat to enable
simultaneous deposition on both sides. Based on the growth rate per
cycle, the estimated final thickness of the AlOy layer was ~10 nm.

Next, all samples from Group 2 and Group 3 were subjected to a 0.9%
weight sodium chloride (NaCl) solution, which was the source of Na
used in the experiment. The experiment flow is shown in Fig. 1(b). For
each sample, about 0.2 g NaCl solution was uniformly sprayed on the
test surface, and the samples were dried naturally in a fume cupboard.
Afterwards, control (Group 1) and contaminated samples (Groups 2 and
3) were placed separately in two wafer cassettes and loaded into an ASLi
Environment chamber (T = 85 °C and a relative humidity of 85%). The
climate chamber was cooled down to room temperature periodically to
facilitate the characterization of the samples. During loading, trans-
ferring, and characterizing the samples, the samples are strictly
controlled to minimize the potential NaCl contamination at the vertical
edges of the SHJ cells.

Current-voltage (I-V) characteristics were measured using a LOANA
solar cell analysis system from PV tools. A customized mask was utilized
to accommodate the M10 half-cut cells, and the contact frame was
adjusted to accommodate the 10 busbars. Reference cells were used to
calibrate the light source, ensuring stable measurements of short-circuit
current density (Jy) following the DH85 test. Photoluminescence (PL)
and series resistance (R;) images were taken by a BTimaging R3 tool
with a high open-circuit voltage lens. The luminescence images were
additionally processed by LumiTools [43]. The transfer length method
(TLM) was used to measure the sheet resistance (Rgpee:) and contact re-
sistivity (p.) of c-Si(n)/i-a-Si:H/(n/p)-a-Si:H/ITO/metallization struc-
tures with customized samples using a PV-tools TLM-SCAN™. Prior to the
application of NaCl solution, 6 mm wide stripes were cut from the
non-busbar regions of the SHJ cells using a FOBA M1000 scribing laser.
Scanning electron microscopy (SEM) images were taken by FEI Nova
NanoSEM 450 FE-SEM at 10 kV, with a working distance of approxi-
mately 5 mm. The detector used for energy dispersive spectroscopy
(EDS) was the Oxford Instruments Ultim® Max, and the results were
analyzed with AZtec software. This allowed for the identification of each
element signal. To further characterize the metal contact, plasma
focused ion beam (PFIB) was used to prepare some specific
cross-sectional samples using the ThermoFisher Helios G4 PFIB UXe
DualBeam system. X-ray photoelectron spectroscopy (XPS) was con-
ducted by Thermo ESCALAB250Xi X-ray photoelectron spectrometer.
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Fig. 1. (a) Schematic of SHJ solar cells with an AlOy barrier layer (not to scale) and (b) experiment flow chart. For clarity, the AlOy layer on the sides of the solar cell

is not shown.

The X-ray source was mono-chromated Al K alpha (energy 1486.68 eV)
with 120 W power, and the binding energy reference was Cls peak at
284.8 eV for adventitious hydrocarbon.

3. Results and discussion
3.1. Cell performance after AlOy barrier layer deposition

Table 1 presents the [-V parameters before and after the deposition
of the ALD AlOy barrier layer on both sides of the cells. The I-V mea-
surements were done twice at each state, and the average results are
listed. No noteworthy changes were found in any of the parameters after
the ALD AlOy barrier layer was applied. The measured PCE of the cells
remained at approximately 24%. No significant changes were observed
in the luminescence images before and after the ALD process for all cells.
Representative cells are shown in Fig. 2 for this study. This indicates that
the introduction of an ultra-thin AlOy barrier layer has no significant
impact on the performance of the SHJ solar cells used in this work.

Fig. 3 presents top-view SEM and EDS analysis images of a specific
region of the cells after the deposition of the AlOy barrier layer. The EDS
analysis results demonstrate the uniform distribution of aluminium (Al)
on both the silver (Ag) finger and the transparent conducting oxide re-
gions. However, there is a distinct difference in the oxygen (O) signal
observed within and outside the finger region, likely due to the presence
and impact of the oxygen-rich ITO layer.

3.2. Cell performance after DH85 test

3.2.1. -V results

After 20 h of DH8S5, the control group experienced only minor PCE
attenuation, and all the parameters, such as J, V,, fill factor (FF), and
R, remained relatively stable, as shown in Fig. 4. These results indicate
that high humidity at an elevated temperature for 20 h by itself does not
degrade the SHJ cells. However, Na_front_bare and Na_rear_bare sam-
ples (i.e., solar cells without AlOy barrier layer) showed a pronounced
PCE degradation (~11.4%y and ~33.5%;.;, respectively) after 20-h
DHS85. In the first 2 h, the R, of the Na_front_bare samples increased
by up to 143%y). This results in a decrease in FF from 82.5% to 76.9%
and a notable decline in PCE. No substantial changes in Js. and V, were
observed for the Na_front_bare samples even after 20 h of the DH85 test.

Table 1
A comparison of average cell performance before and after the ALD process.
Number of PCE (%) Jsc (mA/ Voc (mV) FF (%)
cells cm?)
Before 10 24.0 + 39.3 + 741.9 + 82.3 +
ALD 0.08 0.08 0.77 0.33
After ALD 10 24.0 + 39.2 £ 7419 £ 82.6 +

0.09 0.08 0.67 0.29
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Fig. 2. PL and R images of SHJ solar cells before and after the ALD process.
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Fig. 3. Top-view SEM images and corresponding EDS mappings of Ag, O and Al
of a SHJ solar cell with an AlOy barrier layer.

After 20 h of DH85, the R; of the Na_rear_bare sample increased linearly
with time (~245.8%; after 20 h of DH85 test) and was much higher
than Na_front_bare (~199.3% after 20 h of DH85 test). The V,. of
Na_rear_bare started to decrease after 6 h with a loss of ~8.2%. after
20 h of the DHS85 test. On the other hand, only a minor drop in PCE
(~3.3%ye)) was observed in the samples in Na_front ALD and Na_rear -
ALD (cells with AlOy barrier layer) after 20 h of DHS85 test. This drop in
PCE can also be attributed to an increase in R,, but the extent of loss
(~3.1%;e for Na_front_ALD and ~2.8%;e] for Na_rear ALD after 20 h of
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Fig. 4. Relative changes in PCE, Js, V,., FF and R, as a function of DH85 duration for the groups shown in Fig. 1.

DHB8S5 test) was significantly less than the cells without AlOy barrier
layer (Na_front_bare and Na_rear_bare). No significant loss of V,. was
observed in the samples in Na_rear ALD. These results strongly suggest
that ultra-thin AlOy barrier layers can effectively shield the cells from
NaCl-induced R and recombination issues, even after undergoing the
DHB8S5 test. Additionally, this protective measure ensures the continued
high performance of the SHJ cells, highlighting the significance and
effectiveness of the AlOy barrier layer.

3.2.2. Photoluminescence results

Fig. 5 presents PL and R, images of all SHJ cells before and after 20 h
of DH85. No significant changes were recorded in PL and Ry images for
the control group before and after 20 h of DH85 testing. These were
consistent with the I-V results shown in Fig. 5 and indicated that the SHJ
solar cells were stable after 20 h at DH85. The PL and R images showed
clear differences for the Group 2 samples. A rapid increase in Ry
(~121.3%;e)) was observed within the first 2 h for the Na_front_bare
sample, quite uniformly distributed over the whole sample. For longer
DH85 durations, the R kept increasing up to 196.0%;] after 20-h DH85.
Combining with I-V results and PL images, the R variation indicates
that NaCl likely affected the Ag fingers and/or the ITO layer but did not
significantly affect the a-Si:H layers. The change in behaviour of Ry for
Na_rear_bare cells differed from that of Na_front_bare cells. In the initial
2 h, only a slight non-uniformity increase in R; was observed, located
between the busbars. However, as the DH85 time increased to 6 h, the R;
at the edge area of the cells began to increase. This was complemented
by areduction in PL intensity in the same region, which will be discussed
in the next section. After 20 h of DH85, the R; image shows a further

Control Na_front_bare
PL PL R, PL
T T = = =T T

Na_front_ALD

progression of the increase in R, for the whole cell, especially at the
edges where the R; calculation method likely exceeded its valid range
[44].

No substantial variations in PL count in the Na_front_bare cells were
detected after 20 h of DH85. However, for Na_rear_bare cells, a signifi-
cant decline in PL intensity (~88.3,.)) was observed after 20 h of the
DHSS5 test. This decline originated at the cell’s edge after 6 h of DH85
(~6.5%ye)) and gradually spread throughout the entire cell area. The
rapid loss at the cell’s edge can likely be attributed to the edge-exclusion
during the ITO deposition on the rear side, as shown in Fig. 6. This leaves
the doped a-Si:H layer directly exposed to NaCl and humidity, and the
resulting reaction results in a significant loss in surface passivation.

In contrast, the Group 3 samples with an AlOx barrier layer
(Na_front ALD and Na_rear ALD) exhibited minimal to no significant
changes in PL intensity even after 20 h of DH85, including at the edges.
The results indicate that the AlOy barrier layer effectively prevents
recombination loss caused by the penetration of Na into the front or rear
side of the cells. The variations in R; images were ~15.6%; and
~8.9%re) for Na_front_ALD and Na_rear_ALD, respectively, after the first
6 h of DHS85 test. The slight changes seen in the samples with the ALD
AlOy barrier layer are so minimal that they can be considered insignif-
icant when compared to those without the AlOy barrier layer. However,
after an extended test period, a slight non-uniform increase in R; was
observed in the edge regions, possibly attributed to the damage of AlOy
due to our repeated handling of the samples for characterization.
Nevertheless, the overall outcome demonstrates that the AlOy barrier
layer also suppresses the increase in R caused by NaCl exposure.

These observations align with the earlier discussed I-V results, which

Na_rear_bare Na_rear_ALD
R, PL R, PL R,
R

PL scale
(counts)

10*

5
4
3
2
1
0
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(ohm-cm?)
4

0

l:.__“_..___‘;j G,

Fig. 5. PL and R, images of SHJ solar cells from four experimental groups during the NaCl-induced DH85 test (0, 2, 6 and 20 h). See Fig. 1 for a description of

the samples.
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Rear side

‘ Edge zoom-in ‘ ITO edge exclusion

Fig. 6. Images of edge metallization and ITO design on the front and rear sides of industrial SHJ solar cells.

indicated a significant decrease in V,, particularly in Na_rear_bare cells
and to a lesser extent in Na_front_bare cells, while Na_front ALD and
Na_rear_ALD cells remained unaffected. The changes in R; images were
also consistent with the I-V measurement results. These findings further
confirm the efficacy of the AlOx barrier layer as a protective measure
against recombination and contact loss in SHJ cells.

3.2.3. TLM results

To gain a deeper understanding of the factors contributing to the
increase in Ry after the DHS85 test, specifically the p. and Rgpeer, TLM
measurements were conducted on all cells before NaCl exposure and
after 10 h of the DHS8S5 test. Figs. 7 and 8 depict the average p. and Rgheet
of cells with (Na_front_ALD, Na_rear ALD) and without (Na_front_bare,
Na_rear_bare) AlOy barrier layer that were exposed to NaCl before the
DHS85 test. The average p. of cells without an AlOy barrier layer
increased from ~3.9 to ~4.4 mQ c¢m? (Na_front_bare) and 1.0-2.4 mQ
cm? (Na_rear_bare) after 10 h of DHS85 test (Fig. 7). However, no sub-
stantial changes in the average p. were observed in cells with the AlOy
barrier layers. The p. of Na_front ALD and Na_rear_ALD cells were ~4.1
mQ cm? and ~1.0 mQ cm?, respectively, before and after 10 h of DH85
test. There were no significant differences in the Ry 0f all cells (with or
without the AlOy barrier layer) before and after the DH85 test (Fig. 8),
indicating that NaCl exposure may not have a significant impact on the
ITO layer. The difference in sheet resistance between the Na_front_bare
and Na_front-ALD samples can be attributed to a difference in the bulk
doping of the n-type silicon wafer used for the SHJ solar cell. This
suggests that the ITO layer might not be significantly impacted by NaCl
exposure. The increase in R; observed in cells without AlOy barrier layer

74 NaClfront

Contact resistivity (mOhmcm?)

Before NaCl| 10 Before NaCl| 10 h

( a) Na_front_bare Na_front_ALD

could thus be attributed primarily to the significant rise in p.. In contrast,
the AlOy barrier layer provided robust protection for all cells, preventing
increases in R;.

3.2.4. SEM and EDS analysis

Fig. 9 presents both top-view and cross-section SEM images of the
front contact of cells in the Na_front_bare and Na_front ALD groups, as
well as the rear contact of cells in the Na_rear bare and Na_rear ALD
groups after 20 h of DH85. Also included in Fig. 9 are the front and rear
contacts of a control cell. The images show that the front contact of
Na_front_bare and the rear contact of Na_rear_bare, which were exposed
to the NaCl solution, exhibit significant differences compared to the
control group. The fingers that were exposed to the NaCl solution (e.g.,
Na_front_bare and Na_rear_bare) appeared less dense after 20 h of the
DHS85 test, and the contacts shown in Fig. 9 (b), (e), (h), and (k)
appeared more porous and were more prone to delamination compared
to the control samples. Additionally, the cross-section shape of the fin-
gers was no longer the original trapezoid shape achieved through in-
dustrial screen printing, as seen in Fig. 9 (d) and (j). This relatively high
porosity and potential delamination in the contacts may result in
reduced conductance within the fingers and between the fingers and the
ITO, consistent with the observed increase in contact resistance shown
in Fig. 7.

As a result, these issues contribute to the increase in R; of the SHJ
solar cells. In contrast, the samples with an AlOy barrier layer main-
tained dense structures within the fingers, as depicted in Fig. 9 (c), (),
(i), and (1). Only slight porosity was observed on the finger surface, and
no evident porosity or delamination was observed inside the finger. The
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NaCl rear

(3]
L
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L

Contact resistivity (nOhmcm?)
N w

-
i
o

0+ "
Before NaCl| ~ 10h Before NaCl| ~ 10h
(b) Na_rear_bare Na_rear_ALD

Fig. 7. The contact resistance (p.) at the (a) front side and (b) rear side of the SHJ solar cell before and after 10 h of DH85. See Fig. 1 for a description of the samples.
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Fig. 9. Top-view SEM images of the finger regions of the (a) control, (b) Na_front_bare, (c) Na_front ALD and (g) control, (h) Na_rear_bare, and (i) Na_rear ALD
samples. Cross-section SEM images of the finger regions of the (d) control, (e) Na_front _bare, (f) Na_front ALD and (j) control, (k) Na_rear_bare, and (1) Na_rear ALD

sample. See Fig. 1 for a description of the samples.

trapezoidal shape of the fingers remained intact. This phenomenon was
attributed to NaCl-related silver corrosion [45-48]. As a result, the
adhesion between inner conductive particles in the fingers and the finger
conductivity might have decreased, which is consistent with the rapid
increase in R observed in the I-V measurements shown in Fig. 4.

3.3. Detailed investigation of the AlOy barrier layer

3.3.1. P-FIB cross-section SEM images
To comprehensively understand the factors contributing to the

failure and non-failure of certain contacts following DH85 with NaCl
exposure, P-FIB was utilized to generate cross-section images, followed
by SEM and EDS analyses, and the results are shown in Fig. 10. Three
conditions were compared: 1) Control: cell without an AlOy barrier layer
and no pre-exposure to NaCl solution. These cells remained stable after
the DHS5 test, as depicted in Figs. 4 and 5. 2) Na_front_bare: cell without
an AlOy barrier layer but were pre-exposed to NaCl on the front side.
This cell failed after the DH85 test, as shown in Figs. 4-6. 3) Na_fron-
t_ALD: cell with an AlOy barrier layer and pre-exposure to NaCl on the
front side. This cell did not fail after the DH85 test, as illustrated in
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Fig. 10. Cross-section SEM images of control, Na_front_bare and Na_front ALD samples prepared by P-FIB and corresponding EDS mappings of Ag, Na and Cl. See

Fig. 1 for a description of the samples.

Figs. 4-6. All cells underwent 20 h of DH85.

The metal contact in both the control cell and the cell with the AlOx
barrier layer (Na_front ALD) displayed a highly compact, less porous
appearance, consisting of a mixture of small and large Ag particles that
adhered firmly to the Si substrate. No noticeable Na and ClI signals were
detected in the metal contact of the control cell. However, in the metal
contact of the cell with the AlOy barrier layer (Na_front ALD), a signif-
icant amount of Cl was detected, while no trace of Na was observed.
Conversely, the Na_front bare sample displayed higher porosity, with
mainly larger Ag particles observed in the metal contact. Additionally,
the metal contact was found to be detached from the Si substrate.
Furthermore, the EDS mapping revealed pronounced Na and Cl con-
centrations in certain regions within the finger bulk. These strong signals
were predominantly observed at the interstices between the silver par-
ticles, with consistent positions of Na and Cl in the mapping. These re-
sults indicate that NaCl might have undergone an electrochemical
reaction with the Ag and binder resin, resulting in the degradation and/
or removal of the binder resin and corrosion of Ag [49-53]. The deg-
radation/removal of the binder resin within the contact likely weakened
cohesion within the low-temperature Ag paste, leading to the removal of
binding material and/or smaller Ag particles from the contact [52,53].
Consequently, after 20 h of the DH85 test, only the larger Ag particles
remained visible. The removal of binder resin and/or smaller Ag parti-
cles from the metal contact likely caused an increase in porosity.
Moreover, the degradation and/or removal of the binder resin within the
contact could have reduced the adhesive strength at the interface be-
tween the contact electrode and the Si substrate [40]. This weakening of
the interface led to observed delamination. The rise in porosity within
the contact electrode, along with the delamination of the finger elec-
trode from the Si substrate interface, most likely resulted in reduced
carrier collection efficiency, leading to an increase in R; and a significant
decline in performance.

It is important to acknowledge that EDS analyses are inherently
characterized by localized observations, which pose a substantial chal-
lenge in achieving comprehensive element detection within a specific
region. In our study, diligent efforts were devoted to obtaining clear
images depicting the infiltration of NaCl into the contact, resulting in the
dissolution of the binder resin and interfacial delamination. However,
our efforts yielded less significant NaCl detection at the interface itself.
In Fig. 10, a careful examination will reveal that we could detect NaCl,
although its presence is not as pronounced as in other areas. This sug-
gests the possibility of NaCl’s ingress into the specific area, conceivably
contributing to localized degradation and binder resin removal.

Furthermore, it is plausible to infer that limited NaCl detection at the
interface may be attributed to antecedent chemical reactions between
NaCl and the binder resin, resulting in their mutual elimination before
the commencement of our analytical examination. As a result, during
the EDS examination, we may not have been able to detect these com-
ponents due to their prior removal. Notwithstanding these challenges, it
is noteworthy that we did ascertain elevated concentrations of NaCl at
the interface in select alternate regions. Regrettably, constraints on
manuscript length preclude the presentation of these additional findings
herein.

The results of this research additionally indicate that the isolated
infiltration of Cl into the contact is improbable to trigger swift and
substantial deterioration of the metal contact. Nevertheless, when both
Na and Cl penetrate the contact electrode, their combined presence can
result in substantial deterioration of the contact, thereby contributing to
an increase in R;. The AlOy barrier effectively prevented the penetration
of Na ions into the cells.

3.3.2. XPS analysis

To gain further insights into the protective mechanisms of the AlOy
barrier layer, an XPS analysis was conducted. The width of XPS detec-
tion regions was wider than the finger width, so Figs. 11 and 12 show
signals from the Ag metal and ITO regions of the solar cell. Fig. 11 (a)
and (b) show the XPS results of the O1s peaks for samples without and
with the AlOy barrier layer, respectively. Four oxygen-related peaks
were detected in the cells without the AlOy barrier layer, consistent with
the ITO analysis results reported by Donley et al. [54]. The O1s peak of
the sample with the AlOy barrier layer is primarily located at ~531.7 eV,
indicating the presence of oxygen vacancies in the structure originating
from Al-O-H bonds formed during the HyO-assisted ALD process [55,
56]. This also indicates that the ALD AlOx layer is very uniform, as no
XPS signal could be detected from the underlying ITO layer in this case.
The Al2p peak shown in Fig. 12 (a) is centered around 74.6 eV and
further confirms the existence of AI-O-H bonds [57].

Fig. 12 (a) and (b) depict the Al2p peak of cells featuring an AlOy
barrier layer, which were subjected to 20 h of DHS85 test, with and
without prior exposure to NaCl solution, respectively. The Al peak of the
cells not exposed to NaCl before test was located at approximately 74.6
eV, whereas the peak of the cells that underwent NaCl treatment before
DHS85 test was observed at around 73.9 eV. This shift indicates a
reduction in the concentration of OH™ ions or the coordination number
of AI** ions within the film [58,59]. Note that samples in this study did
not undergo long high-temperature annealing (above 250 °C); instead,
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Fig. 12. XPS Al2p spectra for SHJ sample with ALD AlOy barrier layer that underwent 20 h of DH85 without (a) and with (b) pre-exposure to NaCl.

the samples were treated under DH85 conditions. Consequently, the
altered states of Al observed in the peak shift could be attributed to the
infiltration of Na ions, which potentially induced changes in the Al
states. As a result, the center peak position shifted. This mechanism
further highlights the effectiveness of the AlOy barrier layer in pre-
venting the penetration of Na ions into the cells.

The XPS analysis also allowed us to extract the atomic ratio of Na to
Cl present on the surface of the cells. Table 2 displays the atomic ratio of
Na to Cl obtained from cells that were exposed to NaCl before the DH85
test, with and without the ALD AlOy barrier layer. One would expect the
Na to Cl atomic ratio to be around 1.0 as that is the ratio in the NaCl
solution. However, the cells without the ALD AlOy barrier layer had
surface atomic ratios of Na to Cl of 2.3 and 1.4. On the other hand, the
samples with AlOy layers had significantly higher ratios of 7.4 and 8.7,
proving the influential role of the ALD AlOy barrier layer in blocking Na
ions from entering the electrode fingers.

4. Conclusion

In summary, this study shows that SHJ solar cells are very sensitive
to corrosion due to NaCl, resulting in a significant decrease in perfor-
mance after a damp-heat test. By exposing SHJ cells to NaCl prior to

Table 2
Atomic ratio of Na to Cl of samples exposed to NaCl with and without AlOy
barrier layer after a 20-h DH85 test.

Samples w/AlOy Samples w/o AlOx
Measurement point 1 7.4 2.3
Measurement point 2 8.7 1.4

DHS85 testing, the corrosive and recombination-related degradation
after DH85 testing can be significantly accelerated. We show consider-
able drops in the power conversion efficiency of up to ~33.5%; after
just 20 h of damp-heat testing. This rapid testing sheds light on the
underlying mechanisms contributing to an increase in R and reduction
in V,.. Extensive characterizations provided compelling evidence sug-
gesting that the degradation of R and V. likely occurs within the metal
contact area and ITO layers. This may be instigated by the electro-
chemical reaction between Na, Cl ions and moisture during DH85
testing. It is important to note that it is not yet definitively established
whether the presence of Na ions alone or in conjunction with Cl ions is
the primary driving force behind the electrochemical reactions that
result in extensive corrosion of the metal contacts and degradation loss.
We are currently investigating the distinct roles played by Na cations
and Cl anions in contributing to failures, and we will present the findings
in future work. The simultaneous presence of Na and Cl ions on the
contact surface, along with the potential penetration of these impurities
within the metal contact, leads to corrosion of the silver contacts and
possibly degrades and/or removes the binder resin within the contact.
This degradation/removal of the binder resin seems to weaken the ad-
hesive at the interface of metal contact and ITO/Si substrate, leading to
the detachment of the metal contact. This degradation/removal of
binder resin also likely increases the porosity of the contact. The
increased porosity within the contact electrode and the delamination of
the finger electrode from the Si substrate interface are likely responsible
for reduced carrier collection efficiency and increased R;, reducing the
performance of SHJ cells after DH85 testing. The drop in V,. can be
attributed to NaCl reacting with the amorphous silicon layers of the SHJ
cells at the edges of the rear side of the solar cell due to the edge-
exclusion of the ITO deposition, causing an increase in recombination.
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Based on this research, we propose that a reduced edge exclusion at the
rear side can potentially enhance the reliability of such industrial SHJ
solar cells. Fortunately, we show that the introduction of a 10-nm ALD
AlOy barrier layer proves to be highly effective in preventing all detected
failures during our accelerated DH85 testing. This barrier layer effec-
tively preserves SHJ cell performance by preventing the Na ions from
reaching the metal contact and the amorphous silicon and ITO. This
barrier layer thereby safeguards the overall performance of SHJ solar
cells. We believe that a thin AlOy barrier layer (~10 nm) is a compatible
and feasible approach to enhance SHJ solar cell stability and holds
promising potential for direct integration into industrial production
lines.
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