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ARTICLE INFO ABSTRACT

Keywords: Silicon heterojunction technology (HJT) is expected to gain a significant market share in the near future. For HIT
Silicon heterojunction solar cells to deliver a low levelized cost of electricity (LCOE), it needs to have a high initial efficiency and degrade less than
Damp heat

0.5% relative per year. This work investigates damp heat-induced failure modes in silicon HJT glass-backsheet
modules. Four unique failure modes are identified after damp heat (DH) testing: point failure (Type-1); failure
around the interconnected regions of the busbars and ribbon wires (Type-2); failure between the busbars (Type-
3); and failure at/on the interconnected regions of busbars and ribbon wires (Type-4). The Type-1 failure mode is
likely caused by a chemical reaction between surface contaminants (introduced to the cells during handling or
characterization before encapsulation) and moisture that increase charge carrier recombination and lead to a loss
in maximum power (Ppax) of up to 40% in this study. Type-2 and Type-3 failure modes cause Pp,x losses of
~5%rl and 50%r.|, respectively, in this study and can appear due to exposure to soldering flux used for con-
necting the ribbon wires and busbars. Finally, the Type-4 failure mode causes a Py,x loss of ~16%y, in this study
after the DH test. The evidence suggests that this failure mode is likely due to the interaction of acetic acid,
generated from a reaction between the encapsulation material and moisture, ribbon wires, and silver paste
(busbars), resulting in recombination loss. We believe these failure modes must be well understood and mitigated
at preferably the solar cell level to ensure that HJT can meet its LCOE potential.

Failure mode
Humidity-induced degradation
Ethylene vinyl acetate
Glass-backsheet modules

1. Introduction

For economical and sustainability reasons, photovoltaic (PV) mod-
ules should continue to output over 80% of their initial performance for
at least 25 years, and ideally 50 years [1]. Silicon heterojunction (HJT)
solar cells have been recognized as one of the most prominent tech-
nologies to improve silicon solar cell power generation, and they
currently hold the silicon world record efficiency of 26.81% [2]. How-
ever, HJT modules can suffer from damp-heat (DH) or humidity-induced
degradation when encapsulated with ethyl-vinyl acetate (EVA) between
a front glass and rear backsheet structure as is commonly used for the
passivated emitter, and rear cell (PERC) and tunnel oxide passivated
contact (TOPCon) solar cells [3-5]. The DH test causes a significant
increase in both series resistance and recombination, resulting in severe
power loss [3-6]. To avoid this, current-generation HJT modules typi-
cally use polyolefin elastomer (POE) instead of EVA and glass sheets for
both the front and rear sides, resulting in a relatively stable module [3,
7]. However, these modules have a high risk of breakages, increased
module weight, reduced yield generation, and, most importantly,
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increased manufacturing costs [8]. A glass-backsheet module with EVA
encapsulation would be preferred if humidity-induced failures could be
prevented. To enable this, it is critical to understand the different types
of failure and their root causes. Unlike the PERC technology, where
humidity-induced failure modes and root causes have been broadly
studied and well understood, there is only limited work published for the
HJT cell technology. A cell-level testing standard that was developed for
PERC [9] is unsuitable for HJT cells due to its severe impact on the in-
dium tin oxide (ITO) layers. However, cell-level testing is crucial as it
allows more advanced characterization which enables quicker pin-
pointing of the cause(s) of degradation. This work aims to understand
the overall damp-heat failure modes in HJT glass-backsheet modules,
localize the failed regions, replicate similar failure modes at the
cell-level, and suggest the root cause of each failure mode. These find-
ings will help in developing solutions at the cell level to protect cells
from failure, which we believe is essential for HJT to meet its full lev-
elized cost of electricity (LCOE) potential.
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2. Experiment

Bifacial half-cut n-type silicon HJT solar cells and partly processed
cell precursors with a size of 182 mm (L) x 91 mm (W) sourced from
industrial production lines were used in this work. All samples were split
into 3 groups: 1) modules with encapsulated cells, 2) modules with
encapsulated cell precursors (HJT lifetime precursors with busbars
connected to ribbon wires either on the front or on the rear), and 3) non-
encapsulated cells. All samples featured an n-type wafer, intrinsic hy-
drogenated 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, followed by indium-doped tin oxide (ITO) layer deposited
on both sides. It is noted that due to the high cost and the scarcity of
indium, alternatives to ITO are investigated for HJT solar cells [10-12].
A screen-printed H-pattern silver grid was printed on both sides of cells
in Groups 1 and 3, the schematic diagram of these cells can be seen in
Fig. 1 (a). For Group 2, one sample had screen-printed busbars con-
nected with ribbon wires on the front side (Group 2-a), while another
had screen-printed busbars connected with ribbon wires on the rear side
(Group 2-b). All cells in Group 1 and some in Group 3 had tabbing and
ribbon wires connected to busbars on both the front and rear sides using
a standard industrial soldering process. EVA encapsulation was used for
both the front and rear sides, followed by glass on the front and back-
sheet on the rear side for samples in Groups 1 and 2, while for the cells in
Group 3, no EVA, glass, and backsheet were used (non-encapsulated).
Note that all mini-modules with encapsulated cells (Group 1) and cell
precursors (Group 2) were fabricated at an industrial facility. All

a) Schematic of the HJT cells
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soldering processes to connect ribbon wires with busbars were also done
at the industrial sites.

The non-encapsulated cells in Group 3 were used to investigate the
root cause of each failure mode observed in modules. These cells were
divided into 5 sub-groups: a) non-cleaned, b) pre-cleaned, c) flux be-
tween busbars, d) flux on busbars, and e) acetic acid on busbars. Cells in
sub-groups (c-e) were laser cleaved into 50 mm (L) x 91 mm (W) tokens
after being connected to ribbon/tabbing wires due to limited cell
availability. Subsequently, cells in the sub-groups (b-e) were cleaned
with deionized (DI) water and dried by blowing nitrogen (N3) on both
sides before the subsequent processes to minimize surface contamina-
tion (potentially introduced from contaminated gloves, placed on
contaminated stages for characterization, etc.). Cells in sub-groups (c)
and (d) were exposed to soldering flux (both sides) between and on the
interconnected regions of the busbars and ribbon wires, respectively,
before the damp heat (DH) test to study the role of soldering flux on the
failure. The cell in sub-group (e) was exposed to acetic acid 35% on the
interconnected region of busbars and ribbon wires to understand its
impact on the degradation behavior.

All samples in Groups 1, 2 and some cells in Group 3 (3-a and 3-b)
then underwent a DH test at 85 °C and 85% relative humidity (RH)
between 500 h and 4000 h, depending on the groups to determine
failure modes after the DH test. Some cells in Group 3 (3-c, 3-d, 3-e) were
DH tested with conditions of 100 °C and 85% RH to accelerate the test;
see Fig. 1 for the detailed experimental flow diagram and an example
image of one of the mini-modules used in this work (Group 1). Note that
prior to the introduction of humidity, all samples were preheated in the
chamber for 20 min to prevent condensation of water on samples.

¢) Module with encapsulated cells

ilp a-SitH ——; i
= Al 5 an k.
ITO
Metal grid 8
b) Experimental flow diagram | S E
[ N-type Silicon, size: (L) 182 mm x (W) 91 mm ]
1 I T T i | 1 | I
[ i-a-Si:H: both sides, n-a-Si:H: front side, p-a-Si:H: rear side, ITO: both sides ]
T T T T T T T T
[ Fingers & busbars: both sides ] [ Busbars: front ] [ Busbars: rear ] [ Fingers & busbars: both sides ]
Ribbon &tabping ircss ] [ Ribbon wires: front ] [ Ribbon wires: rear ] [ Ribbon & tabbing wires: both sides ]
both sides
R Laser cleave into
[ Front glass, rear back sheet, both sides EVA ] [ size: (L) 50 E,"." x (W) 91 mm
T

[ Pre-clean: DIW, N, blowing ]

Flux Flux on At':etic

between busbar acid on

busbar busbar
I I

—

DH:85°C-85% RH, duration: up to 4,000 h (Group 1), 2,500 h (Group 2), and 500 h (Group 3)

] [ DH:100°C-85% RH, duration: 50 h J

¥ I | I | | I
Group 2: Module with encapsulated cell 3
[ precursors ] [ Group 3: non-encapsulated cells ]
f ¥
Group 1: Module with - - -
encapsulated cells et M°'1"fe}v:el':l i Moduler;tel;l 3-a:non- || 3-b:pre- || 3-c:flux 3-d: flux 3e: AA
er P 1 P 1 d
precursors with precursors with Cleanes petjul o 0 48
cell cell cell cell cell

bb/ribbon on front

bb/ribbon on rear

Fig. 1. a) Schematic of HJT cells, b) experimental flow diagram (bet. means between, bb means busbars, and AA means acetic acid), and c) photo of a module with

encapsulated cell (show as an example of Group 1 sample used in this work).
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The current-voltage (I-V) measurements were performed for Group
1 at standard testing conditions at the initial state and after incremental
steps during the DH test using a commercial module flash tester (Eter-
nalsun Spire, Spi-Sun Simulator™ 5600SLP Blue System) tool and Group
3 was tested using a commercial solar cell analysis tool (pv-tools
LOANA). For all samples, the line-scan open circuit photoluminescence
(PLrg), electroluminescence (ELrs), and series resistance (Rs) images
were captured using a BTi-M1 luminescence line-scan system before and
after the DH test.

Line-scan open circuit PLig is a contactless qualitative method that
can distinguish series resistance defects from recombination defects in
solar cells [13-15]. Line-scan PL;g imaging is performed by restricting
the camera field of view to a thin line spanning the width of a sample and
localizing photoexcitation within this line. Individual line images are
continuously acquired in sync with the sample motion, enabling
on-the-fly imaging. The final image is produced by combining the ac-
quired line images within the sample. As only a fraction of the cell area is
illuminated at one time, there is a lateral current flow between the
illuminated and nonilluminated regions. This means that the resulting
PL;s intensity is not only determined by the local minority carrier life-
time but also by the local Rg [13-15]. In PL;g, regions with relatively
high R will show a higher PL;g intensity than areas with relatively low
R, [13-15].

3. Results and discussion

Four failure modes were identified in the modules with encapsulated
cells (Group 1) after DH testing, leading to Py« loss ranging from 5 to
50%;. depending on the failure mode. These failure modes appear as
different darkened features in the EL; g images of Fig. 2: Type-1 darkened
in localized points; Type-2 developed darkening around the intercon-
nection of busbars and ribbon wires; Type-3 became very dark between
the interconnected regions of busbars and ribbon wires; and Type-4
darkened at/on the interconnected region of busbars and ribbon
wires. The details of each failure mode will be discussed in the subse-
quent sections.

3.1. Type-1 failure mode: point degradation

Fig. 3 shows the relative changes in I-V parameters and EL;gs, PL;s,
and Rg images taken before and after DH testing of modules with
encapsulated HJT cells (Group 1) with the Type-1 failure mode. After
1000 h of DH testing, Py reduced by ~10%;, which increased to
~40%;. after 4000 h of DH testing. The saturation current density for
both the n = 1 and n = 2 diode (Jo; and Jyy) increased >3 orders of
magnitude, respectively, after 1000 h of DH testing and further
increased with continued DH conditions, leading to a significant drop in
open circuit voltage (Voc) of ~10%e. This is consistent with results
reported by Karas et al. where Vo degraded significantly after the DH
test, leading to a severe drop in Py, [3]. In addition, a substantial drop
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in short circuit current (Jsg) of ~30%;. was potentially due to the
degradation of the ITO layers caused by the contaminants since there
was no encapsulant discolouration observed (data not shown here) [16],
and resulted in ~40% reduction of Pp,,x. The initial PLig and ELig
images were relatively clean; however, after 1000 h of DH testing, many
dark spots randomly appeared in the modules, reducing luminescence
intensity (both PLs and EL;s). Prolonging the DH test duration to 4000
h, a failure appeared in the center of the cells in the shape of a dark
rectangle, in addition to the random dark spot failures. Further inves-
tigation is required to determine whether this is a new failure mode or
an extended failure of the Type-1 failure mode. The Ry images showed an
overall improvement after the DH test, even in failed regions, and were
consistent with the one-sun I-V results (Rg decreased by ~30%]).

3.2. Type-2 failure mode: degradation around the interconnection of
busbars and ribbon wires

Fig. 4 (a) shows the changes in the I-V parameters, and Fig. 4 (b)
shows the EL;s, PLis, and R images of modules with encapsulated HJT
cells with the Type-2 failure mode. After 1500 h of DH testing, this
failure mode caused Py« to drop ~5%; with Rgincrease ~30%;e| as the
primary loss. This failure mode caused a decrease in EL;g but an increase
in PL;g counts around the interconnected regions of busbars and ribbon
wires, primarily because carriers were unable or less likely to be elec-
trically extracted from this region, leading to an increase in Rg (see Ry
images) [15]. Fig. 4 (c) illustrates the changes in PL;g before and after
1500 h of DH testing and the differential PL;g images (DH 1500 h minus
initial) of modules with encapsulated cell precursors (Group 2) with
partial metallization (only busbars and ribbon wires) on the front only,
and rear only. No significant changes in PL;g intensities were observed in
the module with encapsulated cell precursors with partial metallization
on the front side (Group 2-a). However, the Type-2 failure mode was
observed in the module with encapsulated cell precursors with partial
metallization on the rear (Group 2-b). There was a substantial increase
in the PL;g counts around the interconnected regions of busbars and
ribbon wires, which was better visualized in the PL;g subtracted image
(bright regions), indicating an increase in R in those regions [15]. These
results suggest that the Type-2 failure mode mainly occurred on the rear
side, where moisture permeated the modules via the backsheet and
interacted with ribbon wires, soldering flux, Ag paste (busbars), and ITO
layer leading to corrosion [17]. Note that failure around the intercon-
nection of busbars and ribbon wires (Type-2 failure mode) is one of the
most common failure modes that has also been observed in
glass-backsheet modules fabricated using other cell technologies [18,
19].

3.3. Type-3 failure mode: degradation between the interconnection of
busbars and ribbon wires

Fig. 5 illustrates the changes in the I-V parameters and EL;g, PL;s,
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Fig. 2. EL;s images of modules with encapsulated cells (Groupl) before (initial) and after DH testing show four failure modes.
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Fig. 3. Changes in a) I-V parameters and b) EL;s (1), PL;s (2), and R (3) images of modules with encapsulated cells that show Type-1 failure mode after DH testing.
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Fig. 4. Changes in a) I-V parameters and b) EL;g, PL;s, and Ry images at 1) initial, 2) DH1500h of modules with encapsulated cells that showed Type-2 failure mode
after DH testing. ¢) changes in PL;s images before and after 1500 h of DH testing and PL;g subtracted images (DH1500h minus initial) of the modules with
encapsulated HJT cell precursors with partial metallization (busbars and ribbon wires), 3) on the front (Group 2-a) and 4) on the rear (Group 2-b), showing Type-2
failure mode occurred on the rear side.
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Fig. 5. Changes in a) -V parameters and b) EL;s, PL;s, and R images at 1) initial, 2) DH2500h of modules with encapsulated HJT cells that showed Type-3 failure
mode after DH testing. ¢) change in PL;g images before and after 2500 h of DH testing and PL;g subtracted images (DH2500h minus initial) of the modules with
encapsulated cell precursors with partial metallization (busbars and ribbon wires) 3) on the front (Group 2-a) and 4) on the rear (Group 2-b), showing Type-3 failure
mode occurred on both sides.
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and Ry images of modules with encapsulated cells that show Type-3
failure mode after the DH test. The Type-3 failure mode was the most
severe failure mode that caused a significant increase in Ry (~200%y)),
leading to a massive decrease in Pp,x of up to ~50%;¢ after 2500 h of
DH testing. This failure mode was the long-term development of the
Type-2 failure mode. It decreased EL.g, but increased PL;g intensities in
the areas between the interconnection of busbars and ribbon wires due
to a significant increase in Rg; therefore, the carriers could not be
extracted [15]. This failure mode was also observed in the modules from
Group 2 with encapsulated cell precursors that were only partially
metallized (busbars, ribbon wires) on either the front or rear side, see
Fig. 5 (c). After the DH test, there was a substantial increase in the PL;g
counts of these modules (the bright region in PL;g subtracted images),
indicating an increase in R of these modules (with HJT cell precursors).
Note that no fingers were printed on these HJT cell precursors, sug-
gesting that the Type-3 failure mode in this study was likely related to a
failure of the ITO layer, for example, by corrosion.

3.4. Type-4 failure mode: degradation at/on the interconnection of
busbars and ribbon wires

Changes in the -V parameters and EL;g, PL;s, and R images of
modules with encapsulated HJT cells that show Type-4 failure mode
after the DH test can be found in Fig. 6. This failure mode reduced Py«
~16%;. after 4000 h of DH testing. Type-4 failure mode caused an in-
crease in R of ~8%;,] and some recombination loss, resulting in Vo and
Isc dropping by ~4%) after 4000 h of DH testing. The I-V data showed
consistent results with changes in EL; s and PL; g (decreased intensity) on
the interconnected regions of busbars and ribbon wires, suggesting
increased recombination in the failed regions. Ry images show a slight
increase in the failed regions but some improvement in the non-failed
areas. The explanation for this improvement remains unclear; a more
detailed study is required to explain this observation. Changes in PLg
and PLjg subtracted images (initial minus DH2500h) of the modules
with encapsulated HJT cell precursors can be seen in Fig. 6 (c). The
Type-4 failure mode was mainly observed in the module with HJT cell
precursors with partial metallization on the rear side (Group 2-b, bright
regions in PL;g subtracted images, indicating a loss in PL intensity in the
failed region). No Type-4 failure mode was observed in the module with
partial metallization on the front side (Group 2-a, PL counts on the
interconnected regions remained almost unchanged). These results
imply that Type-4 failure primarily occurred on the rear side, where
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moisture penetrated the modules via the backsheet and reacted with
ribbon wires, acetic acid (generated from EVA), Ag paste (busbars), and
ITO layer leading to recombination loss.

3.5. Root causes of each failure mode

To further understand the root causes of each failure mode, DH
testing was also carried out on the non-encapsulated cells (Group 3).
Fig. 7 shows the changes in Ppax, Voc, and PLpg images of non-
encapsulated cells that were cleaned (Group 3-b) and not cleaned
(Group 3-a) prior to the DH test [more detail of these groups can be seen
in Fig. 1 (b)]. After 500 h of DH testing (85 °C, 85% RH), no changes in
Pmax» Vo, and PL;g images were observed in the cell cleaned before the
DH test. However, the Py, of non-encapsulated cells that were not
cleaned prior to the DH test dropped by ~20%], and Voc decreased by
7%re1, In addition, there were many localized point failures that occurred
in the PL;g image after DH testing, particularly at the edge of the cells
where they were touched/handled (potentially using contaminated
gloves in our case). The failure behavior in the non-cleaned cell after DH
testing was similar to the Type-1 failure mode observed in the glass-
backsheet module with encapsulated cells (Group 1), suggesting that
Type-1 failure mode is potentially caused by surface contamination. This
contamination was probably accidently introduced during handling
(touching the surface of the cells with bare fingers or contaminated
gloves/handlers) and/or characterization (placing the cells on poten-
tially contaminated characterization stages) before module encapsula-
tion. These contaminants may chemically interact with moisture and
cause recombination, leading to a severe power loss after the DH test.
Note that Jo; and Jyo of non-cleaned cells with Type-1 failure mode also
increased after the DH test (data not shown), further implying that
recombination loss was mainly due to an increase in surface recombi-
nation [20,21]. The exact type of contamination, or how it reacted with
moisture leading to an increase in recombination, is still unclear.
However, these results show that this contamination can be minimized
by handling bare cells with fresh/clean gloves, cleaning characterization
stages before using, and/or cleaning bare cells with DIW, followed by No
drying prior to module encapsulation and DH testing. This result high-
lights that surface contamination is very harmful to HJT cells, mainly
when exposed to moisture at elevated temperatures; therefore, careful
attention should be paid to handling in HJIT manufacturing. Note that in
high-volume solar module manufacturing, handling is fully automated.
However, it should be assured that all handlers are clean to avoid
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Fig. 6. Changes in a) I-V parameters and b) EL;s, PL;s, and Ry images 1) initial, 2) DH4000h of modules with encapsulated cells (Group 1) that showed Type-4 failure
mode after DH testing. c¢) changes in PL;s images before and after 2500 h of DH testing and PL;g subtracted images (Initial minus DH2500h) of the modules with
encapsulated cell precursors with partial metallization (busbars and ribbon wires) 3) on the front (Group 2-a) and 4) on the rear (Group 2-b), showing Type-4 failure

mode occurred primarily on the rear side.
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b) PL, ¢ images of non-encapsulated cells
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Fig. 7. Changes in a) I-V parameters and b) PL;s images 1) initial, 2) DH500h of non-encapsulated HJT cells that were not cleaned (Group 3-a) and cleaned with
DIW, followed by N, drying (Group 3-b) before DH testing. The non-clean cell shows a Type-1 failure after DH testing.

contamination of the solar cell precursors.

Unlike Type-1 failure mode, Type-2, Type-3, and Type-4 failure
modes were only observed in the encapsulated cells but not in the non-
encapsulated (both pre-clean and non-cleaned cells) that directly un-
derwent the DH test. However, Type-2, Type-3, and Type-4 failure
modes were observed in the non-encapsulated cells exposed to soldering
flux (Groups 3-c and 3-d) and acetic acid (Group 3-e) on/between
interconnected regions of busbars and ribbon wires before the DH test,
see Fig. 8. The non-encapsulated cells exposed to soldering flux on the
interconnected regions before the DH test (Group 3-d) showed the Type-
2 failure mode after DH testing. There was a decrease in EL;g but an
increase in PL;g intensities around the interconnected regions after 50 h
of DH testing (100 °C, 85% RH), due to R; increase, see Fig. 8 (a). Type-3
failure mode was realized in the non-encapsulated cells exposed to
soldering flux between the interconnected regions prior to the DH test
(Group 3-c). A significant drop in EL;g but an increase in PL;g intensities
were seen in this cell due to an increase in Ry after DH testing, see Fig. 8
(b). The non-encapsulated cells exposed to acetic acid (35%) on the
interconnected regions before DH testing showed Type-4 failure mode,
see Fig. 8 (c). Both EL;s and PLig intensities decreased in the inter-
connected regions due to increased recombination. Note that the line-
like scratches seen in Fig. 8 (a) and (b) after DH testing were due to a
sample breakage during manual handling and should be ignored. This
result suggests that the Type-4 failure mode observed in the glass-
backsheet modules with encapsulated HJT cells (Group 1) and cell
precursors (Group 2-b) in this study is potentially due to the chemical
reactions between acetic acid (hydrolyzed from EVA during DH testing)
and moisture penetrating the module from the rear side (through the

backsheet), resulting in recombination loss. The detail of how these
reactions caused recombination to increase remains unclear; a more
detailed study is required to fully understand this phenomenon.

The Type-2 and Type-3 failure modes observed in the glass-backsheet
modules with encapsulated HJT cells (Group 1) and cell precursors
(Group 2) presented in Figs. 4 and 5 are highly likely due to the
involvement of soldering flux. These modules likely underwent different
concentrations and/or types of soldering flux used for connecting bus-
bars and ribbon wires than those of the mini-module that showed Type-1
and Type-4 failure modes after DH testing. Also, the soldering flux used
for connecting ribbon/tabbing wires to busbars may be mixed with a
high concentration of lead (Pb) and/or tin (Sn), and/or organic acid,
which likely accelerates the chemical reaction between ribbon wires
[Pb, copper (Cu), Sn)], silver paste (Ag), ITO layers (In, Sn), and mois-
ture (H,0) leading to corrosion in those regions [18,22-24]. The direct
impact of flux and Pb solder in causing contact degradation after DH
testing was also observed in other work where a different type of flux
together with (or without) Pb solder used varied the extent of contact
degradation (Rg increase) after DH testing [17]. It is essential to high-
light that, in some cases, the usage of a different Ag paste also resulted in
a Type-3 failure (data not shown). This was likely due to a high con-
centration of Cu (high corrosive elements) in these Ag pastes [25], which
quickly interacted with moisture during the DH test, resulting in contact
degradation. However, the Type-3 failure mode observed in our study
was unlikely to be caused by only a reaction between the Ag metalli-
zation and moisture, as no Type-3 failure mode was realized in the
non-encapsulated cell that directly underwent the DH test and/or was
submerged entirely in water for up to 500 h (data not shown).
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Fig. 8. Changes in EL;s, PL;s images of non-encapsulated cells with interconnected ribbon wires on both sides that pre-exposed to soldering flux a) on the inter-
connected regions (Group 3-d), b) between the interconnected regions (Group-3-c) and c) acetic acid (35%) on the interconnected regions (Group 3-e). d) change in
R, images of 1) Group 3-d, 2) Group 3-c, and 3) Group 3-e before and after 50 h of DH testing. These non-encapsulated cells show Type-2 (a), Type-3 (b), and Type-4

(c) failure modes after DH testing.
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Furthermore, the silver paste used in this work did not contain any Cu
additive.

It remains unclear why samples in Group 1 (mini-module with
encapsulated cells) produced different results after DH testing as they
were fabricated at industrial facilities. These mini-modules were all
fabricated using the same HJT cell structure (same passivation, ITO,
silver paste, and contact curing process), connected to the same type of
ribbon/tabbing wires, and encapsulated with the same module structure
(front glass, rear backsheet and EVA). However, these mini-modules
were produced at different times. According to the DH testing results
of non-encapsulated cells (samples in Group 3), it is highly likely that the
samples in Group 1 were handled differently and/or underwent slightly
different processes prior to encapsulation. Some mini-modules (those
resulting in Type-1 failure mode after DH testing) might accidently be
handled with contaminated gloves and/or placed on the contaminated
stage during characterization and/or storage prior to the encapsulation,
resulting in Type-1 failure mode after the DH test. Other mini-modules
(those resulting in Type-2 and Type-3 failure modes after DH testing)
likely underwent different concentrations and/or types of soldering flux
used for connecting busbars and ribbon wires and/or somehow acci-
dently contaminated with Pb and Sn prior to modules encapsulation;
therefore, after DH testing, Type-2 and Type-3 appeared.

The mini-modules that resulted in Type-4 failure mode after the DH
test were not likely to have been exposed to external contaminants
(those that caused Type-1 failure mode). In addition, the soldering flux
used for connecting the ribbon wires to busbars in these modules might
be less or contain an insignificant amount of Pb/Sn and/or organic acid
(note that these modules were fabricated at the same time as that of
modules that showed Type-1 failure mode after DH testing). Therefore,
after the DH test, Type-1, Type-2, and Type-3 failures were not detected
in these mini-modules. The Type-4 failure mode observed in these
modules highly likely only resulted from the byproduct of EVA (acetic
acid) used for encapsulation.

Although the experimental design in this work cannot determine
exactly how each failure mode occurred after DH testing, it demon-
strates plausible situations that could happen in the industry environ-
ment and lead to the actual failure modes observed. This work clearly
shows that HJT modules can exhibit a wide range of failure modes
resulting from a complex interaction of the HJT solar cell with con-
taminants, soldering flux, moisture, and acidic acid, which may result in
these modules failing their performance warranty. More work is needed
to ensure that these failure modes are better understood and mitigated at
the HJT solar cell level, as not all stressors can be avoided (e.g., moisture
and acidic acid) at the module level.

It is also essential to note that although glass-glass modules (less
susceptible to moisture ingress) rather than glass-backsheet modules are
commonly used for HJT solar cells as studied in this work, it is likely that
similar failure modes would occur in these modules, but over longer
timescales. Therefore, these failure modes must be well understood and
eliminated at preferably the solar cell level to ensure that HJT modules
can meet their LCOE potential.

4. Conclusion

This work investigates damp heat-induced failure modes in the sili-
con HJT glass-backsheet modules. Four failure modes are identified after
the DH test, and each failure mode requires different testing approaches
to recreate the same failure signals at the cell level (non-encapsulated
cells). Type-1 failure mode (point degradation) causes a Pp,x loss of up
to ~40%. after 4000 h of DH testing, with the primary loss due to the
increasing localized recombination at the surface. This failure mode is
potentially caused by chemical reactions between contamination
(introduced to the cells during handling or characterization before
encapsulation) and moisture, resulting in recombination loss after the
DH test. Type-2 and Type-3 failure modes (degradation around and
between interconnected regions of busbars and ribbon wires) caused
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Prax loss of ~5% and ~50%. respectively. These failure modes are
highly likely caused by the chemical reactions between moisture, sol-
dering flux (or some contamination containing a high concentration of
Pb), ribbon wires, Ag paste, and ITO layers, leading to corrosion on the
failed regions and increased Rg. Type-4 failure mode (degradation at/on
interconnected regions) causes a Py« loss of ~16%y,) after 4000 h of DH
testing. This failure mode is likely caused by a chemical reaction be-
tween acetic acid generated from EVA and water (penetrating the
module from the rear side), leading to recombination loss. These results
indicate that careful attention should be paid to all types of contami-
nation when dealing with HJT solar cells, some of which are inherently
present in module packing components. Hence, we suggest that the
preferred solution is to mitigate these failure modes at the HJT solar cell
level.
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