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ARTICLE INFO ABSTRACT

Keywords: With the development of silicon (Si) solar cell technology, the tunnel oxide passivated contact (TOPCon) ar-
Reliability chitecture has become the dominant industrial technology in the solar market. At the same time, concerns are
TOPCon ) raised about the long-term stability of TOPCon photovoltaic modules. The front side metallization of TOPCon
Ezggr}‘:;t?:ggmdam“ solar cells is reported to be susceptible to corrosion as identified during cell and module level damp-heat (DH)

testing. In this work, we use copper (Cu) plating on screen-printed (Ag paste with up to 3 % Al) TOPCon solar
cells to address this problem. The plated cells show an improved performance due to the higher fill factor,
indicating the potential of reducing the silver (Ag) consumption and material cost without sacrificing the solar
cell efficiency. NaCl was chosen as a representative contaminant to assess the reliability at the cell level after 6 h
of DH. The Cu-plated TOPCon solar cells showed only a ~11.5%;. drop in efficiency, compared to ~80%ej
reduction in efficiency for the as-received cells. We also show that the Cu plating process results in a considerably
denser contact, which hinders the penetration of contaminants. Consequently, the method presented in this work
enhances the stability of photovoltaic technology with corrosion-sensitive contacts during field operation, thus

Contaminant-induced degradation

contributing to an increase in lifetime and reduction in levelized cost of electricity.

1. Introduction

According to the International Technology Roadmap for Photovol-
taic (ITRPV) 2024 [1], n-type Si solar cells are predicted to dominate the
mono-Si solar cell market from 2024. Tunnel oxide passivated contact
(TOPCon) [2-5] and Si heterojunction (SHJ) [6-9] are expected to be
the dominant solar cell architectures. In particular, TOPCon solar cells
will account for over 50 % of the solar cell market share within the next
10 years [1]. Meanwhile, efficiencies up to 26.58 % have been achieved
by large-area TOPCon solar cells [10,11].

For the levelized cost of electricity (LCOE) [12], both the initial ef-
ficiency and stability are of critical importance [13]. Still, manufacturers
mainly focus on increasing the initial efficiency of solar cells with less
focus on long-term stability. However, for economic and sustainability
evaluation, longer warranties and better stability are critical [14]. As
mono-Si single-junction solar cell efficiency keeps increasing and is
approaching the theoretical limit [15], the relative impact of certain
failure modes becomes higher. The damp-heat (DH) test [16] is a
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common accelerated stability test applied on photovoltaic modules to
assess their sensitivity to humidity and temperature under long-term
outdoor operation conditions. Numerous reliability issues, including a
reduction in fill factor, increase in series resistance, decrease in
open-circuit voltage, etc., after damp-heat testing have been reported
[17-21]. Table 1 shows the previous work on the DH-related degrada-
tion of TOPCon cells and modules. In summary, the results show that
severe degradation can be seen after DH testing, and the main sensitivity
is related to the front metallization of TOPCon devices. All these findings
indicate that this issue is not limited to certain manufacturers of TOPCon
cells/modules and is an indication of a more generic sensitivity.
Normally, damp-heat degradation is caused by the combination of
moisture, heat as well as contaminants that were either already present
or formed in the module or entered during operation. Regarding the
potential harmful contaminants, one particular contaminant of interest
is sodium (Na). Na is commonly believed to be released from the soda-
lime glass of modules [29-31]. The introduced Na could then induce
degradation of power output, fill factor and open-circuit voltage
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Table 1
Summary of the previous study on the DH-related degradation of TOPCon cells/
modules.

Previous work Device Test condition Brief conclusion
N. Igbal et al. Cell ~5 vol% acetic Vo drop, contact resistance
[22] acid solution, up to  increase, front Ag finger
120 min degradation
P. M. Module DH (85 °C/85 % FF drop, front side
Sommeling RH), up to 2500 h metallization degradation
et al. [23] induced by acid or moisture
Y. Zhou et al. Module  DH (85 °C/85 % I & FF drop, R; increase, front
[24] RH), up to 3000 h side corrosion
C. Sen et al. Cell DH (85 °C/85 % Voo, Isc and FF drop, front metal
[25] RH), delamination with the
0.9 wt% NaCl presence of Na™ and Cl~ at the
solution,upto20h  contact
X. Wu et al. Cell DH (85 °C/85 % V,. drop, contact resistance
[26] RH), increase, corrosion of front
0.9 wt% NaCl metal contact
solution, upto 40 h
Module DH (85 °C/85 % I & FF drop, failure along the
RH), up to 1000 h contact
C. Sen et al. Module DH (85 °C/85 % V,c & FF drop, failure related to
[27] RH), up to 1000 h moisture and contaminants
X. Wu et al. Cell DH (85 °C/85 % NaCl led to severe R, increase
[28] RH), and front side corrosion, while
0.155 mol/L NaCl NaHCO3 mainly led to V,. drop
or NaHCO3 at the rear.
solution, up to 100
h

[32-35]. Furthermore, Na can also be introduced into solar modules
during operation with exposure to seawater, dust, rainwater, and soil,
which can bring in a significant amount of chloride (Cl) as well [25,
36-38]. The presence of Na and Cl is reported in the solar cells of failed
modules (with increased series resistance, shunting, lower open-circuit
voltage, etc.) after an extended period of operation in the field [39,
40], illustrating that Na and Cl were able to penetrate the module and
lead to performance degradation of solar devices. Additionally, NaCl has
already been used to test salt mist corrosion on PV devices, as mentioned
in IEC 61701 [41]. Therefore, it is reasonable to use NaCl as a potential
contaminant to assess the damp-heat reliability of solar devices.
Recently, our research group [25] reported severe degradation of
TOPCon and SHJ solar cells compared to passivated emitter and rear
cells (PERC) when the solar cells were exposed to NaCl before
damp-heat testing. Among them, TOPCon was found to degrade the
most, particularly on the highly sensitive front side. This finding is
consistent with previous studies involving other contaminants.
Fortunately, there have been some reports of mitigation solutions for
these kinds of corrosion-related failures. It was shown that barrier layers
(SiOx [32,42], AlOx [33]) are effective in protecting SHJ cells from
contaminant (including Na™) related degradation. Our group recently
reported [26] that the use of paste with a low or no Al content on the
front enabled by laser-enhanced contact firing significantly enhanced
the damp-heat stability of TOPCon solar cells and modules. In this work,
we report on another method to improve the stability of TOPCon solar
cells by adding a plating process without any changes to the traditional
paste or firing process. The in-diffusion of harmful contaminants is
regarded as a highly possible cause for the degradation of TOPCon solar
cells under DH conditions [25]. Therefore, preventing contaminants
from infiltrating the metal contacts may be an appealing way to protect
the solar cells from degradation. One way to achieve this objective is
metal plating, which has previously been shown to fill the voids of
contacts and make them more compact [43] thereby potentially making
the contacts less sensitive to degradation. Thus, in this work, we plated
Cu on the front side to assess its protective effect under DH conditions.
The DH reliability test was conducted at the cell level which is up to two
orders of magnitude quicker than at the module level [25]. Notably, the
plated-Cu contact should typically be capped with Ag or Sn [44-48] to
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prevent oxidation and improve the soldering process. However, this
study mainly focused on the protective effect of plated-Cu on
contaminant-induced degradation, so no more capping layers were
added. According to the characterization results, the plated-Cu was
found to show a superior protective effect and highly alleviated the
NaCl-induced degradation after 6 h of DH testing. Besides, the
self-alignment plating process has the potential to reduce silver con-
sumption and costs without compromising electrical performance.
These combined effects could significantly contribute to lowering the
levelized cost of energy (LCOE) and enhancing sustainability.

2. Methodology

Bifacial nine-busbar (9BB) 158 mm TOPCon solar cells were used in
this work. The TOPCon cells featured a tunneling SiOy/phosphorus-
doped poly silicon (n" poly-Si)/SiNy stack and a screen-printed H-
pattern silver grid (Al-free Ag paste) on the rear. The front side featured
a boron-doped emitter (p* emitter), AlO,/SiNy stack, and a screen-
printed H-pattern silver grid (Al-containing Ag paste) as shown in
Fig. 1 (a). As the cells were sourced prior to 2023, no laser-assisted firing
was used in the fabrication process. The plating process was done on
screen-printed solar cells by using a Conifer plating tool at the Solar
Industrial Research Facility (SIRF) at UNSW. As reported [25], NaCl
seriously affects the performance of TOPCon cells during DH testing
when applied on the front of cells, while the rear side of TOPCon was
found to be stable. Therefore, we plated a ~1 pm (estimated from
plating rate) Cu layer on the front side of TOPCon solar cells to test its
protective effect. The design of the experiment is shown in Fig. 1 (b).
Samples were cleaned with deionized water (DIW) before the plating.
During the plating process, the rear side completely contacted the
cathode electrode, and the front side was immersed in the plating so-
lution (CuSO4). A bias-assisted light-induced plating (LIP) was applied
with a ~150 mA constant current and illumination during the process.
Before the damp heat testing, all of the samples were cleaned with
deionized water (DIW) followed by nitrogen (N5) drying before the test
to ensure they were clean. Then, a ~0.9 % weight (medical-grade) NaCl
solution was sprayed uniformly on the front side of bare (Group Bare_-
NaCl) and plated (Group Plated_NaCl) cells. After that, all of the cells
were put into an ASLi Environment chamber for an 85 °C and 85 %
relative humidity accelerated damp-heat (DH) testing. Moreover, plated
and non-plated cell stripes without busbars were cut by a FOBA M1000
scribing laser tool. Then we measured the contact resistivity of those
samples at intervals during the DH testing.

The one-sun current-voltage (I-V) parameters of cells were measured
by a LOANA I-V tester from pv-tools. A BTi (LIS-R3) luminescence im-
aging system was used to capture the photoluminescence (PL) and series
resistance (R;) images with a high open-circuit voltage lens. PL images
were processed by LumiTools [49] and R; images were analyzed by
ImageJ [50]. A pv-tools TLM-SCAN™ tool was used to carry out the
transfer length method (TLM) measurement at intervals during the DH
testing to extract the contact resistance. A four-point probe station was
used to measure the line resistance of solar cells. Top-view scanning
electron microscopy (SEM) images were taken by a FEI Nova NanoSEM
450 FE-SEM, while a ZEISS Cryogenic focused ion beam (Cryo-FIB)-SEM
tool was used to cut through the finger contact of cells and take
cross-sectional SEM images as well. The energy dispersive spectroscopy
(EDS) data was measured by the Oxford Instruments Ultim® Max and
analyzed with AZtec software.

3. Results and discussion
3.1. Performance of the as-plated cells
The top-view SEM images on the front metal of bare and as-plated

samples are shown in Fig. 2. As shown in Fig. 2 (a), the metal contact
of the bare sample showed a highly porous structure. As shown in Fig. 2
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Fig. 1. (a) Schematic of TOPCon solar cells with Cu plated on the front grid, and (b) experimental flow chart used in this work.

(b)

Fig. 2. Top-view SEM images of the front metal contact of the (a) as-received and (b) plated sample.

(b), the Cu-plated contact did not show any pores. In Fig. 3, the top-view
EDS results demonstrate that the plated-Cu covers the screen-printed
metal surface very well. The Ag signal could hardly be detected after
the plating process, except for some scattered Ag particles outside of the
finger regions.

A cryo-FIB was utilized to cut through the fingers and subsequently
capture cross-sectional SEM and EDS results for detailed analysis. In
Fig. 4, the images of the front metal of as-received and plated samples
are shown. The capping layer of the samples is coated Pt for FIB sample
preparation after the DH test, and it has no adverse effects on the sub-
sequent analysis. In Fig. 4 (a), the finger bulk showed structures with
high porosity, which was consistent with what we observed on the metal
surface. Importantly, the Cu signal of the plated sample shown in Fig. 4
(b) illustrated that the Cu layer completely covered the surface of the
contact and even filled some voids in the metal bulk, as long as those
voids were accessible by the plating solution during the plating process.

However, Cu also has well-known problems for solar cell application,
especially the diffusion into Si. It is reported that Cu can penetrate into
Si, form deep-level traps and lead to parasitic recombination in solar
cells [51-53]. Fortunately, the Cu layer, in our case, was separated from
the Si bulk by the SiNy/AlOy passivation layer and the screen-printed

metal contact. Both of them were reported to serve as an effective bar-
rier layer to hinder Cu diffusion under normal operation conditions
[54-56]. Therefore, we do not expect our cells to suffer from Cu
in-diffusion. Additionally, the complete cell should also be capped with
Ag or Sn to prevent Cu oxidation and assist the soldering process.

Table 2 summarizes the electrical performance of samples before and
after the plating process. It is notable that the PCE of samples improved
by ~0.09%,ps after the plating process, with no significant changes
observed in V,. The high-density plated-Cu layer reduced the line
resistance of fingers and busbars, which was probably the main reason
for the ~0.56%;gps higher fill factor (FF) [57]. On the contrary, the
additional Cu layer increases the size of the front metal contact, thereby
increasing shading, leading to a ~0.12 mA/cm? lower J, as shown in
Table 2. The increased FF and decreased J;, could also be confirmed by
the current-voltage curve with locally magnified images, as shown in
Fig. 5. Moreover, the overall improved efficiency caused by lower metal
resistance also showed the potential of reducing Ag usage and material
cost [57], by replacing part of the screen-printed Ag on the top with
plated-Cu, which may reduce the LCOE of the technology.

Fig. 3. Top-view EDS images of the front metal contact after the plating process, with EDS mapping of elements Si, Ag, and Cu.
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Fig. 4. Cross-sectional SEM images of (a) as-received and (b) plated samples and corresponding EDS mappings for Ag (both samples) and Cu (plated sample only).

Table 2

FF, Vo, Js, and PCE, as well as the corresponding standard deviation of the as-
received and plated solar cells. The absolute variations were calculated based on
the mean value of each parameter before and after plating.

PCE (%) Vo (mV) Jse (mA/ FF (%)
cm?)
Before Plating 23.24 + 706.4 + 39.79 £ 82.68 +
0.03 1.6 0.08 0.27
After Plating 23.33 £ 706.6 + 39.67 £ 83.23 £
0.06 1.7 0.10 0.12
Absolute 0.09 0.1 -0.12 0.56
Variation
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Fig. 5. Current-voltage curve of a representative cell before and after the
plating process.

3.2. Accelerated damp-heat testing of TOPCon solar cells

After evaluating the performance of as-plated cells, their protective
effects against NaCl-induced degradation were assessed by accelerated
damp-heat testing, together with bare samples without plated-Cu, as
shown in Fig. 1 (b).

3.2.1. I-V results during DH testing

Fig. 6 shows the I-V parameters of cells from different groups, as
shown in Fig. 1 (b), as a function of the damp heat testing time. The
Control samples remained stable, indicating that the high-temperature
and high-humidity damp-heat test by itself did not induce degradation
of TOPCon solar cells. Additionally, no significant degradation was
observed in the plated samples after the DH testing. The results further
confirmed that the plated-Cu was not detrimental to cells and also
remained stable under conditions of 85 % relative humidity and 85 °C.
However, losses can be observed in the bare cells exposed to NaCl
(Bare_NaCl) during the DH testing. After 6 h of DH testing, a significant
rise in Ry was observed, which was found to be nearly 50 times higher
than the initial value. The relative ~52.2 % lower short-circuit current
density (Jy) indicated a reduced carrier collection ability after DH
testing, and the ~2.8%;¢ drop of open-circuit voltage (V,.) illustrated
some induced recombination, potentially due to metal ion infiltration
from the corroded contacts and the contaminants introduced for accel-
erated DH testing. Overall, the 6 h of DH testing led to over 80 % relative
degradation of PCE for the Bare_NaCl sample. The severe degradation of
TOPCon samples is in good agreement with our previous work [25,28].

Interestingly, in contrast to the Bare NaCl samples, the Plated_NaCl
samples only presented a relatively minor drop (~11.5%y)) in PCE after
6 h of DH testing. There was just a ~1.2%y,] J;c drop for the Plated_NaCl
samples after the DH testing and only a ~0.2%e] V, drop. The perfor-
mance degradation was mainly caused by a ~10.2 % decrease in FF,
which could be mostly attributed to an increase in R, (around 5 times
higher). However, the FF loss was still significantly lower compared to
the Bare_NaCl samples (~64.6%.| loss after 6 h of DH testing). Overall,
the Bare NaCl sample just showed an end-of-life efficiency of less than 5
%, while the Plated_NaCl sample still maintained an efficiency of higher
than 20 %. Consequently, Cu-plating was found to be highly effective in
alleviating the NaCl-induced degradation during the DH testing.
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Fig. 6. Relative variations of Ry, FF, V,, J;c and PCE of all cells shown in Fig. 1 (b) during DH testing.

3.2.2. Series resistance and photoluminescence images

Figs. 7 and 8, respectively, show the R and PL images of represen-
tative samples of Group Control, Plated, Bare_ NaCl and Plated NacCl,
which were captured at designated intervals by removing the solar cells
from the climate chamber during the DH experiments. For the Control
and Plated samples, no noteworthy degradation could be observed from
either R or PL images, which is in good agreement with the [-V results in
Fig. 6. However, notable Ry issues can be observed for the Bare_NaCl
sample after only 2 h of DH testing, which deteriorated further after 4
and 6 h of DH testing. Meanwhile, the Plated_NaCl sample also showed a
slight Ry issue with fabric-like patterns in the R; image after the DH
testing, but compared with the Bare_ NaCl sample, the Plated_NaCl
sample was a lot more stable.

On the other hand, no significant changes were revealed in the PL
images of both Bare_NaCl and Plated_NaCl samples, indicating that the
DH testing did not significantly increase the recombination all over the
TOPCon solar cells in this study. However, the locally magnified images
revealed that the Bare NaCl sample exhibited a blurry signal along the
metal contact region, suggesting that the front passivation layer is stable
under the DH condition, and NaCl-induced recombination primarily
occurred at the contact after the DH testing. In contrast, the PL image of
the Plated_NaCl sample was notably brighter around the contacted re-
gion, in good agreement with the more stable V,. performance derived
from the I-V measurement. The results could also explain why the
plated-Cu, which just covered the metal instead of the whole area of the
cells, was able to protect cells from NaCl-induced degradation.

3.2.3. Four-point probe and TLM measurement results
Based on both I-V and luminescence results, the major problem of the
samples that showed a decrease in performance was the rapid increase of

R;. Therefore, four-point probe and TLM measurements were carried out
to study the resistive losses in more detail. Fig. 9 (a) presents the line
resistance of samples after 6 h of DH testing, measured on fingers
without the presence of busbars, by a four-point probe station. The line
resistances of Bare_NaCl and Plated NaCl samples were obtained for
comparison, and samples from the Control and Plated Group were also
measured as references to exclude the effect of the additional plated-Cu
layer itself on the line resistance measurement. According to the results,
the Plated samples had lower line resistance than the Control samples,
mainly due to the larger cross-section area with the presence of the
plated-Cu layer. Surprisingly, both the Bare NaCl and Plated NaCl
samples showed slightly higher line resistance than the Control and
Plated samples, respectively, indicating a quite minor NaCl-induced
degradation in the metal bulk. The effect of the higher line resistances
on the FF was then calculated by Griddler 2.5 PRO [58] simulations. The
simulation results indicated that the increase of line resistance only
leads to ~1.56%;e| higher R; for the bare samples and ~0.88%. for the
plated samples, respectively. This indicates that the increase in Ry for
both the bare and plated samples cannot be attributed to an increase in
line resistance.

On the contrary, a severe increase was observed in the contact re-
sistivity of samples. Fig. 9 (b) shows the measured contact resistivity
results of NaCl-exposed samples during DH testing. It clearly shows that
without the protection layer, the contact resistivity of samples increased
rapidly during DH testing, which could likely explain the swift R in-
crease. Notably, even after 0.5 h of DH testing, a 10-fold increase in
contact resistivity is observed. For longer DH testing times, the contact
resistance increases for both the bare and plated samples. Notably, the
increased contact resistivity of the plated sample could be due to the
corrosion of the metal-Si contact and deteriorated Cu. However, it still
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Fig. 7. R, images of as-received and plated cells exposed to NaCl solution before and after 2, 4 and 6 h of DH testing.

maintains a contact resistance that is at least one order of magnitude
lower than its bare counterpart. From this result, it is clear that NaCl
severely degraded the metal-Si contact interface without protection and
Cu-plating on top of the screen-printed contact is an effective way to
protect this interface.

3.2.4. SEM and EDS analysis

The effectiveness of plated-Cu in protecting cells against degradation
can be further demonstrated through SEM images, as shown in Fig. 10.
Top-view SEM images on the front metal of samples of Group Bare_NaCl
and Plated NaCl were taken to check the morphology after 6 h of DH
testing. As shown in Fig. 2 (a), the screen-printed metal contact origi-
nally had a porous structure. This porous structure allows for contami-
nants to enter the contact and react with constituents of the screen-
printed contact. The hypothesis is supported by Fig. 10 (a), presenting
the front metal of the Bare_NaCl sample after 6 h of DH testing. A high
concentration of needle-like particles is visible at the ravine of the
porous surface, indicating pronounced corrosion during DH testing [19].
In contrast, the surface of plated contact was much more compact.
Fig. 10 (b) shows that after 6 h of DH testing, the contact morphology of
the plated-Cu became squaliform, illustrating slight Cu corrosion. This
contrasts with the smoother surface before DH testing in Fig. 2 (b).
However, the metal contacts remained significantly denser compared to
those without copper plating. As a result, despite slight degradation that
appeared on the surface of the plated-Cu, the plated-Cu could still play a
protective role on the top of the printed metal. Thus, performance

degradation was slower compared to samples without plated-Cu.
Consequently, it could be deduced from the surface morphology that
applying Cu plating can reduce the porosity of the metal surface, slowing
down ion penetration and mitigating TOPCon front contact degradation.

Moreover, based on the results discussed in previous sections, the
degradation caused by NaCl solution during DH testing was mainly
attributed to the corrosion taking place at the interface between Si and
metal. To have a deeper understanding of the degradation and the
protective effect, a detailed analysis was conducted by using Cryo-FIB to
capture cross-sectional SEM and EDS results. In Fig. 11, the front metal
of Bare_ NaCl, and Plated NaCl samples after 6 h of DH testing were
presented for comparison. The element signals of Ag, Na, and Cl for both
samples and also Cu signal for samples with plated-Cu (Plated_NaCl
group) are also shown.

As shown in Fig. 11 (a), pronounced Na and Cl signals could be
observed in the contaminated samples without Cu (Bare_NaCl). The
results clearly show that both Na and Cl were not only detected in the
finger bulk but also close to the metal-Si interface. Moreover, the posi-
tions of Na and Cl signals are not consistent, indicating those two ele-
ments did not move into the metal bulk together as a compound.
Therefore, under the DH conditions, the high-mobility Na* and CI~
might swiftly penetrate from the metal surface to the metal bulk and
even metal-Si contact through the observed pores and voids. The sepa-
rate presence of Na™ and Cl™ also indicates an electrochemical reaction
with the metal-Si contact. As reported, the ions could react with com-
ponents (Ag, glass frit, etc.) of the TOPCon cell front metal paste and
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Fig. 9. (a) Line resistance of bare and plated cells with pre-exposure to NaCl solution after 6 h of DH testing, and the line resistance of control and plated samples
without contamination were also measured for comparison. (b) Contact resistivity as a function of DH time of samples with or without plated-Cu. All samples were

pre-exposed to NaCl.

Fig. 10. Top-view SEM images of the front metal contact of (a) Group Bare_NaCl and (b) Group Plated_NaCl after DH testing.

thus lead to severe corrosion [25] and electrical degradation. Addi-
tionally, our previous work [26] also demonstrated that the aluminum
(Al) additive of the TOPCon front metal paste was sensitive to corrosion
by NaCl during the DH testing. With the presence of relatively high
temperature and humidity, the oxidation of Al caused by corrosive ions
(Cl” in our case) could be further accelerated. Notably, deterioration of
the metal-Si contact, as marked in the SEM image of the Bare NaCl

sample, highly overlapped with the signal of Cl. Considering the con-
ditions of glass frit and additives of the paste were important to keep the
adhesive strength of the metal-Si interface and ensure a good quality
ohmic contact, the presence of corrosive ions at the interface should be
responsible for the severe degradation of the contact components and
lead to rapid increase of contact resistance, shown in Fig. 9 (b). Inter-
estingly, according to I-V results, the plated-Cu significantly alleviated
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Fig. 11. Cross-sectional SEM images of (a) Bare_NaCl, and (b) Plated_NaCl samples after DH testing and corresponding EDS mappings, including Ag, Na, and Cl for all

samples, and also Cu for plated samples.

the NaCl-induced degradation and slowed down the increase of R;.
Fig. 11 (b) shows the SEM and EDS of the plated sample with exposure to
NacCl solution (Plated_NacCl). Only a small Cl signal can be observed near
the contact, and almost no Na signal could be detected after 6 h of DH
testing. This results in significantly reduced contact corrosion compared
to bare samples, leading to only a slight PCE degradation, as illustrated
in Fig. 6.

Moreover, a detailed EDS analysis was conducted to quantify the
amount of contaminants in both samples. As EDS is a localized charac-
terization analysis, the fractions of natural components (Ag, Si, Al, Pb,
etc.) of the metal contact slightly varied with the location of the FIB
cutting. Therefore, it might not be appropriate to directly compare the
absolute atomic fractions of contaminants between two samples.
Instead, to make the analysis more convincing, the atomic fraction of Ag
was chosen as a reference, and the atomic ratios of Na and Cl to Ag of the
two samples were compared and shown in Table 3, which could also
prove the protective effect of the plated-Cu. Notably, both two elements
showed significant differences between samples with or without Cu
protection. Regarding the Bare_NaCl sample, the atomic ratio of Na to
Ag achieved around 1.36 % in the cross-sectional area. However, no
significant Na signal could be detected in Plated-NaCl samples. Both are
consistent with EDS mapping results. Additionally, the ratio of Cl to Ag
also decreased greatly with the presence of plated-Cu. As expected, the
Cl/Ag of the Plated NaCl sample was found to be ~0.22 %, which is
much lower than that of Bare_NaCl (~2.33 %), agreeing with the EDS
mapping again. The results further confirmed our hypothesis that the
dense plated-Cu layer can mitigate the penetration of ions through the
surface of metal due to the natural porous structure. The EDS mapping
and atomic fractions of Na and Cl provided insights into a reduced R;
increase and V. decrease. Therefore, the results revealed the protection
mechanism of plated-Cu. The plated-Cu acts as a barrier layer by
covering the metal surface and filling voids. In that way, the in-diffusion

Table 3
The EDS elemental atomic ratio of Na and Cl to Ag for the Bare_NaCl and Pla-
ted_NaCl samples shown in the cross-sectional SEM images in Fig. 11.

Atomic ratio (%) Na/Ag Cl/Ag

Bare_NaCl 1.36 2.33
Plated_NaCl 0.00 0.22

of contaminants was significantly alleviated. Consequently, the plated-
Cu effectively protects the solar cells from severe contact corrosion
and performance degradation.

4. Conclusion

TOPCon cells with Al-containing front Ag-paste are reported to be
quite sensitive to the contaminants under 85 °C and 85 % relative hu-
midity accelerated damp-heat (DH) test. The study utilized bias-assisted
light-induced plating to grow ~1 pm Cu on the front grid of TOPCon
cells to improve its stability. The as-plated cell efficiency was ~0.09%gps
higher than the as-received TOPCon solar cell due to an increased fill
factor. NaCl was chosen as a representative contaminant to conduct an
accelerated cell-level damp heat test. The I-V results showed a rapid R;
increase and V. drop, resulting in over 80%; efficiency degradation for
the non-plated TOPCon solar cells after 6 h of DH testing. However, the
Cu-plated samples performed much better under the same conditions
with only a ~11.5%, drop in PCE after 6 h of DH testing, resulting from
a slight Ry increase. Considering the results of this accelerated test, we
conclude the plated-Cu layer can effectively alleviate NaCl-induced
degradation under DH conditions and highly improve the device sta-
bility. The electrical performance of cells was also confirmed by PL and
R, images. Additionally, the contact resistivity of NaCl-exposed bare
cells was already 1 to 2 orders of magnitude higher than that of plated
cells after just 2 h of DH testing, explaining most of the loss in FF. The
following detailed SEM and EDS analysis showed that the degradation
mainly took place at the metal contact region. It illustrated that during
DH testing, ions might diffuse through the holes of metal and trigger
potential electrochemical reactions with the Ag, glass frit, and additives
of the TOPCon cell front metal paste. The reactions then lead to higher
contact resistance and also parasitic recombination at the contact re-
gion. Fortunately, the plated-Cu is dense enough to cover the metal
surface and fill the voids to make the whole contact more compact.
Therefore, the penetration of ions is hindered and contact is more stable
during DH testing. The results showed the potential of reducing Ag
consumption and cost with better electrical performance as well as
higher resistance to contaminant-induced degradation during the
operation in the field. Consequently, our work offers a pathway to
photovoltaic technology with a longer lifetime and lower LCOE.
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