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Abstract

Silicon tunnel oxide passivated contact (TOPCon) and heterojunction (HJT) solar cells have
increased market share. However, when these cells are encapsulated with a front glass and rear
polymer backsheet bill of materials (BOM), they face challenges related to humidity-induced
degradation. This study investigates the impact of contaminants on the degradation of silicon HIT
and TOPCon cells, as well as glass-backsheet modules, under damp heat (DH) conditions. The
results indicate a high sensitivity of HJT and TOPCon cells to contamination, which can lead to
significant power loss ranging between 10-16%rel after 1,000 h of DH testing. The contamination is
likely due to the presence of sodium (Na), calcium (Ca), chlorine (Cl), and Sulfur (S) potentially
introduced during handling, such as through the use of contaminated gloves or vacuum grippers or
direct contact with bare hands. Additionally, contamination may have occurred during
characterization, particularly when the bare cell was placed on a contaminated stage before
encapsulation. During DH testing, it is highly probable that Na* and Ca?* ions, along with CI- and S*
ions, interact with moisture, leading to an increase in charge carrier recombination and corrosion of
metal contacts, ultimately resulting in power loss. To mitigate this issue, specific preventive
measures can be implemented, such as cleaning cells with deionized water, ensuring proper
handling with clean gloves or handlers like vacuum grippers, and consistently placing cells on a
clean stage prior to encapsulation. These findings are critical for HJT and TOPCon manufacturers,
underscoring the essential need for meticulous handling of these cells at every stage to prevent
unforeseen or unknown failure modes when exposed to humidity.

Introduction

To reduce the cost of electricity generated by photovoltaic (PV) systems, it is essential to ensure that
PV modules maintain a minimum lifespan of 25 years, with an ideal target of 50 years, to achieve
long-term stability and minimize performance degradation by up to 20% [1]. Silicon heterojunction
(HJT) and tunnel oxide passivated contact (TOPCon) solar cells have emerged as leading
technologies to enhance the power generation efficiency of silicon-based solar cells, currently
achieving world-record efficiencies of 27.3% for heterojunction interdigitated back contact (HBC)
cells and 25.6% for TOPCon cells [2]. Despite these advancements, HJT and TOPCon solar cells
face reliability challenges, particularly when encapsulated with front glass and rear polymer
backsheet, or when utilizing low-cost encapsulation materials such as ethylene-vinyl acetate (EVA),
especially under conditions of high humidity [3], [4], [5], [6]- To address these reliability concerns,
both HJT and TOPCon cells are often encapsulated using polyolefin elastomer (POE) and glass
sheets on both the front and rear sides. However, this approach increases the module's weight, risk
of breakage, and overall cost [6], [7], [8], [9]. Consequently, modules encapsulated with front glass
and rear polymer back sheets continue to garner significant attention. In humid environments,
modules containing HJT cells often experience increased recombination losses, resulting in a
decrease in open circuit voltage (Voc), short circuit current (Jsc), and fill factor (FF). Similarly,
modules with TOPCon cells encounter an increase in series resistance, leading to overall
performance degradation [7], [9]. These issues are attributed to the presence of moaisture, either
alone or in combination with contaminants. Cations such as sodium (Na+), which can be released
from solar glass under high voltage or humid operating conditions, are known to cause recombination
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losses in HJT cells [10], [11]. In this study, we will demonstrate that improper or unclean handling
can introduce Na+ and other ions to the cells, thereby increasing the risk to both HJT and TOPCon
cells when exposed to humidity. Additionally, we will propose a rapid method to address this issue.

Experimental Method

This study utilized standard bifacial n-type silicon HJT and TOPCon solar cells sourced from an
industrial production line, with all cells fabricated around early 2023. The cells were divided into two
groups: 1) cells with encapsulation, referred to as modules, and 2) cells without encapsulation,
referred to as non-encapsulated cells. Group 1 cells were encapsulated by soldering them to
connected ribbons and tabbing wires on both the front and rear sides. In the case of HJIT modules,
each module contained a single cell, whereas TOPCon modules consisted of 8 to 10 cells connected
in a series string. The encapsulation process involved placing a front glass sheet, with EVA layers
on both sides of the HJT cells and POE layers on the TOPCon cells, followed by a backsheet on the
rear side. All encapsulation steps, including soldering and lamination, were conducted on an
industrial production line. Notably, HJT and TOPCon modules were fabricated at two different
industrial production facilities. The cells in Group 2 were divided into two subgroups: (a) uncleaned
cells and (b) pre-cleaned cells. The cells in subgroup 2-b were cleaned with deionized water (DIW)
and dried with a nitrogen (N2) gun following pre-characterization and prior to DH testing. For the
TOPCon cells in subgroup 2-a, the cells were intentionally handled with bare hands or nitrile gloves
that had previously come into contact with other surfaces in the lab. In contrast, for the HJT cells in
subgroup 2-a, the cells were not directly touched with bare hands; instead, they were handled using
nitrile gloves that had been used for various tasks in the lab and then placed on the characterization
tools without prior cleaning. Subsequently, all modules (HJT, TOPCon), and non-encapsulated HJT
cells were subjected to the DH test at 85°C and 85% relative humidity (RH) for up to 1,000 h. The
non-encapsulated TOPCon cells were only tested up to 30 h due to the limited availability of tools
during this experiment. The detailed experimental process is illustrated in Fig 1. Current-voltage (I-
V) measurements were performed for all samples at standard testing conditions before and after DH
testing using a LOANA tool from pv-measurements. The line scan photoluminescence (PLLS)
images were captured using a BTi (PL-M1) luminescence imaging system before and after the DH
test. Internal quantum efficiency mapping analyses were performed using a LOANA tool from pv-
measurements. Depth profiling measurements were carried out on the failed and non-failed regions
in the non-encapsulated cells using time-of-flight secondary ion mass spectrometry (TOF-SIMS)
techniques using a 30 keV, Bi+ primary beam source. Additionally, scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDS) analyses were performed on selected
samples using a field emission high-resolution NanoSEM system to characterize the metal contact
and identify chemical elements.
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Figure 1 experimental flow diagram used in this work

Results and discussion: Fig 2(a) shows the change in |-V parameters of the HJT module and non-
encapsulated cells after DH testing. After 1,000 h of DH testing, HJT module B and pre-cleaned HJT
cells (non-encapsulated cell) did not exhibit significant changes in their |-V parameters. The
maximum power (Pmax) dropped by ~1-2%rel, and VOC and JSC reduced by less than 1%rel after
1,000 h of DH testing. However, after the DH testing, a substantial Pmax loss was observed for HIT
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module A and uncleaned HJT cell (non-encapsulated cell). HJIT module A degraded ~10%:.;, while
uncleaned HJT cells suffered a Pmax loss of ~25%rel. The primary factors responsible for these
losses were a reduction in Voc and Jsc. HIT module A experienced a decrease of VOC and JSC by
~2%e, While the uncleaned HJT cells demonstrated a more significant decrease of ~7-8%rel.
Notably, no notable changes in series resistance (Rs) was observed for all samples (data not shown).
Therefore, the decline in FF of ~14% for unclean cells and ~6%rel for HJT module A can be
primarily attributed to increased and non-uniform recombination in the HJT cells as shown in the
PL.s images in Fig. 2. Fig 2(b) presents the open circuit voltage PL s images of the modules and
non-encapsulated cells before and after 1,000 h of DH testing. The PL.s images of HJIT module B
and pre-cleaned cells taken before and after the DH testing look quite similar, which aligns well with
the I-V results, indicating minimal changes in these samples after the DH test. However, numerous
localised point failures were observed in HIT module A and unclean cells after 1,000 h of DH testing,
leading to a decreased PL intensity. These results explain the drop in Voc and Jsc observed during
the DH testing.

a) Relative One-Sun |-V parameters of HJT modules and cells
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Figure 2 (a) Relative one-Sun |-V parameters (Pmax, Voc, Jsc, FF) of HJT modules and non-
encapsulated cells and b) PL.s images of HJT modules and non-encapsulated cells before and after
1,000 h of DH testing.

Fig 3(a) presents the changes in EL images, relative Pmax, and Rs increase in a TOPCon module
after 1,000 h of DH testing. Similar to the trend observed in HJIT modules, TOPCon module B
remained stable, with no significant reduction in Pmax or increase in Rs observed. The EL images
before and after 1,000 h of DH testing remained largely unchanged. In contrast, TOPCon module A
exhibited a Pmax drop of ~15.6%e, which was attributed to a relative Rs increase of about 41%el.
Several point-localized issues were already present in TOPCon module A before undergoing DH
testing, as evidenced by localized low EL intensity, which appeared as dark spots randomly
distributed within the module, indicating an increase in Rs. Notably, the localized dark EL regions in
TOPCon module A appeared as bright spots in PL.s images. Despite these changes, no substantial
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variations in Voc or Jsc were observed in the TOPCon modules (data not shown). This suggests that
the localised dark spot in TOPCon module A was due to the Rs increase. Fig 3(b) displays the PL.s
images of non-encapsulated TOPCon cells and the PLs ratio image, calculated by dividing the post-
DH testing image by the initial image (pre-DH testing). TOPCon cells that were handled with bare
hands or contaminated nitrile gloves exhibited a localized increase in PL.s intensity in the pre-
touched areas, accompanied by a Pmax drop of ~2.2%;e and Rs increase of ~86%rel after 30 h of DH
testing. These pre-touched regions appeared dark in EL images (data not shown), further suggesting
an increase in Rs in these areas. In contrast, non-encapsulated TOPCon cells that were not touched
with bare hands or contaminated nitrile gloves remained relatively stable after 30 hours of DH testing,
with no noticeable increase in PLs intensity and consistent PL.s images. These results suggest that
the localized failures observed in both HJIT and TOPCon modules were likely due to improper
handling, such as pre-touching with contaminated nitrile gloves or bare hands or placing the cells in
non-clean areas prior to encapsulation.

a) TOPCon Modules: EL images b) TOPCon Cells: PL, s images
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Figure 3 a) EL images of TOPCon modules before (i) and after (ii) 1,000 h of DH testing, and relative
Pmax loss and Rs increase (b) PLLS images of hon-encapsulated TOPCon cells before (iii) and after
(iV) 30 h of DH testing, along with the PLLS ratio image, illustrating the localized increase in Rs due
to prior contact with bare hands and contaminated nitrile gloves.

To gain a deeper understanding of the loss occurring on the surface or within the bulk silicon of HIT
cells, IQE mapping was performed on the failed region of both the module and non-encapsulated
cells, utilising both short and long wavelengths and the results are shown in Fig 4 (a-d). Note that
the IQE analysis of the failed modules was conducted on the same modules, as depicted in Fig 2(b)
(HJT module A). However, the IQE analysis of the non-encapsulated cells was performed on a
separate group, distinct from the cells shown in the PLLS images in Fig 2(b). The observed failure
in the non-encapsulated cells occurred after ~200 h of DH testing. The IQE analysis of HJIT module
A and the unclean HJT cell revealed similar fingerprints in the failed regions [areas circled with blue
dashed lines, Fig 4(a-d)] across the 405 nm and 940 nm IQE mappings. Additionally, noticeable
marks from the vacuum gripper were observed on the IQE maps of the unclean cell at both short
and long wavelengths [areas circled with black dashed lines, Fig 3(c-d)]. These findings suggest that
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the contaminants in the fingerprints and vacuum gripper may have interacted with moisture, the
underlying transparent oxide, and the amorphous silicon layer stack, increasing recombination and
decreasing VOC and JSC.

Previous studies have established that human fingerprints often contain considerable amounts of
Na*, Ca?*, and CI ions, which can potentially contaminate solar cells during production due to
improper handling [12], [13]. Multiple research studies have shown that the presence of Na* and/or
Cl- ions can lead to increased recombination and Rs in HJT and TOPCon cells after damp heat (DH)
testing [10], [14]. This degradation causes significant reductions in Voc and Jsc, as well as an
increase in Rs, ultimately leading to a substantial decrease in power output. Therefore, to obtain a
more detailed understanding of the specific contaminants contributing to the observed failure in this
study, TOF-SIMS depth profiling was performed on both the failed area of the unclean HJT cell that
underwent ~200 h of DH testing and on the fresh cell that did not undergo DH testing. The results of
this analysis are presented in Fig 4(e). The fresh HJT cell exhibited a significantly lower Na* and
Ca?* signal (< 10? counts), even after sputtering through the n* layer (PO+) (after ~500-1000 s
sputtering). However, the failed region of the unclean HJT cell displayed notably high concentrations
of Na* and Ca?* ions. At the surface, the Na* and Ca?* signals were ~105 counts, while in the doped
layer (after ~500-1000 s of sputtering), it remained at ~10* counts, down to ~4x10° counts in the
silicon bulk (>1000 s of sputtering). These findings suggest that Na* and Ca?* ions likely played a
significant role in the failure of HJT cells in this study. It is important to note that the signals of CI-
and S, Mg?* were similar between failed and fresh samples and the signals were relatively low;
therefore, these data have been excluded from this work.
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Figure 4 IQE mapping at (a) 405 nm and (b) 940 nm of HJT module A after 1,000 h of DH testing.
(c) and (d) IQE mapping at 405 nm and 940 nm, respectively, of the unclean HJT cell after ~200 h
of DH testing. (e) TOF-SIMS depth profiling on the failed region of the unclean HJT cell that
underwent 200 h of DH testing and the fresh cell that did not undergo DH testing. Fresh_Front
represents the front side of the fresh cell and Fail_Front represents the front side of the unclean cell
(failed region).

Fig 5 presents the top-view SEM image and point analysis EDS of the front side of the failed region
of pre-touched/unclean TOPCon cells. Similar to HJT cells, Na and Ca were also detected in
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TOPCon cells. Additionally, Cl, S, and a small amount of Mg were found in the failed region. The
elements C, O, Si, Al, and Ag likely originated from the TOPCon cell itself. The presence of Na, Ca,
Cl, and S may have induced chemical reactions with the metal contacts of TOPCon cells, leading to
increased Rs. This is consistent with findings by our previous work [14], demonstrating that NaCl can
severely corrode the metal contacts of TOPCon cells after DH testing, resulting in a power loss of
~80%rel after only 20 h of DH testing in non-encapsulated TOPCon cells.

Despite the identical manufacturing processes and structures, the differing results for Modules A and
B in both HIT and TOPCon modules post-DH testing are puzzling. However, based on the DH testing
results of the non-encapsulated cells (samples in Group 2), it is highly probable that Modules A and
B for both HJT and TOPCon were handled differently prior to encapsulation, leading to distinct
variations in potential contaminations such as Na*, Ca?*, CI, and S". These findings suggest that
moisture alone may not have caused significant degradation in TOPCon and HJT cells, even when
encapsulated with low-cost materials like EVA. Furthermore, the results indicate that if critical
contamination is already introduced to the cells before encapsulation, severe degradation is likely to
occur, even with the use of high-quality encapsulants like POE. This conclusion is supported by the
results from the cleaned HJT and TOPCon cells, which exhibited no substantial degradation after
undergoing similar DH testing. Therefore, it is crucial to exercise caution during the manufacturing
process of handling HJT and TOPCon cells. It is recommended that cells be handled using fresh,
clean gloves, clean characterization stages before use, and clean the cells with deionized water
(DIW) prior to module encapsulation and DH testing to minimize contamination. Adopting these
precautions can effectively reduce the risk of surface contamination and ensure the optimal
performance of both HJT and TOPCon cells.

TOPCon: SEM

Spectrum ¢

Spectrum 27

Spectrum 26

Spectrum 28

Figure 5 Top-view SEM images and point EDS analysis of the failed region of pre-touched TOPCon
cells after 30 h of DH testing, revealing the presence of Na*, Ca?*, Cl, S-, and Mg?* in the failed area.
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Conclusion

This study examines the effects of contaminants on the degradation of silicon HJT and TOPCon
cells, as well as glass-backsheet modules, under DH conditions. The findings reveal that HJT and
TOPCon cells exhibit high sensitivity to contamination, leading to substantial power losses of 10—
16%:e after 1,000 hours of DH testing. The contamination is likely attributable to the presence of Na,
Ca, Cl, and S, potentially introduced during handling, such as through contaminated gloves, vacuum
grippers, or direct contact with bare hands. Contamination could also occur during characterization,
particularly when bare cells are placed on contaminated surfaces prior to encapsulation. During DH
testing, it is highly probable that Na* and Ca?* ions, along with CI- and SZ ions, interact with moisture,
increasing charge carrier recombination and corroding metal contacts, ultimately resulting in power
loss.
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