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HIGHLIGHTS

o Lightweight SHJ solar modules with a low area density while preserving high power density were fabricated.

o The efficiency loss in lightweight modules after DH test varied significantly, depending on the encapsulation materials.

e The TPO encapsulants show promising compatibility for encapsulating SHJ solar cells.

e An optimized damp heat-stable lightweight SHJ solar module has been successfully developed.

o Provide insights into the degradation mechanism of lightweight SHJ solar modules with different encapsulation materials.

ARTICLE INFO ABSTRACT
Keywords: Lightweight photovoltaic (PV) modules are able to open up vast new scenarios for PV applications, like building-
Silicon heterojunction (SHJ) integrated PV (BIPV) and vehicle-integrated PV (VIPV). Silicon heterojunction (SHJ) solar cells have been

Lightweight solar module recognized as one of the most advanced technologies for improving solar power generation. However, SHJ solar

Encapsulam_m . cells are inherently susceptible to damp heat-induced degradation (DHID), which is a critical concern for their
Damp heat-induced degradation (DHID) .. . R . .. . . P . .
Reliability application. In this study, lightweight SHJ mini-modules with a low area density (~ 2 kg/m*) while preserving

high power density (~ 70 W/kg) were fabricated using SHJ solar cells with different encapsulation materials and
architectures. A comprehensive analysis of the module degradation was carried out, focusing on the optical and
electrical properties of the modules and the chemical properties of the encapsulants after 1000 h of accelerated
damp heat (DH) aging test. The efficiency loss in lightweight SHJ solar modules after DH test varied significantly,
ranging from 3.22 % to 54.06 %, depending strongly on the encapsulation materials. The increase in series
resistance (Rs) was generally the dominant cause of module efficiency degradation. An optimized damp heat-
stable lightweight SHJ module was successfully fabricated, with only 0.47 %, efficiency degradation after
1000 h of the DH test. Its stability is almost the same as that of the glass/back sheet module. The comparative
study and comprehensive investigation provide insights into the DHID behavior of lightweight SHJ solar modules
with different encapsulation materials, contributing to the development of lightweight SHJ solar modules with
high DH stability for industrialized mass production.

* Corresponding authors at: Forschungszentrum Jiilich GmbH, 52428 Jiilich, Germany.
E-mail address: k.zhang@fz-juelich.de (K. Zhang).

https://doi.org/10.1016/j.apenergy.2025.126570

Received 4 March 2025; Received in revised form 7 June 2025; Accepted 31 July 2025

Available online 6 August 2025

0306-2619/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:k.zhang@fz-juelich.de
www.sciencedirect.com/science/journal/03062619
https://www.elsevier.com/locate/apenergy
https://doi.org/10.1016/j.apenergy.2025.126570
https://doi.org/10.1016/j.apenergy.2025.126570
http://creativecommons.org/licenses/by/4.0/

K. Zhang et al.

1. Introduction

Conventional crystalline silicon (c-Si) photovoltaic (PV) modules
usually consist of a superstrate solar glass covering, silicon solar cells,
two layers of polymeric encapsulant (one on the front of the solar cell
and another on the rear of the solar cell), a substrate polymeric back
sheet or glass, an aluminum frame, a junction box, and other materials
such as ribbons [1,2]. This architecture was developed in the late 1970s,
and has not changed significantly since then. The glass/back sheet
module normally has an area density in the range of 12-16 kg/m?, and
the glass/glass module has an area density in the range of 14-20 kg/m?
[3-5], which poses limitations for application scenarios, such as roofs
with low load tolerances and integrated applications. For these areas of
application, properties such as lightweight and flexibility are becoming
increasingly significant for the design of PV modules. Lightweight PV
modules are not only applicable to the ground installation, but also
opens up the scenarios like the building-integrated PV (BIPV) and the
vehicle-integrated PV (VIPV) [6]. In recent years, researchers have been
working on the development of lightweight PV modules by substituting
the cover glass with ultra-thin glass [7] or even lighter materials such as
polymer foils [3,8-10].

Silicon heterojunction (SHJ) solar cells are recognized as one of the
most advanced technologies for improving solar power generation
[11,12]. It can achieve a high power conversion efficiency (PCE) owing
to its excellent surface passivation to minimize surface recombination,
resulting in a higher open-circuit voltage (Voc) and fill factor (FF)
compared to other c-Si-based cell technologies, such as the aluminum
back-surface field (Al-BSF) cell and passivated emitter rear contact
(PERC) cell. The world record highest PCE of 27.08 % for a 210 x 105
mm? both sides contacted SHJ cell was reported by Trinasolar in
December 2024 [13]. In addition, SHJ solar cells are highly compatible
with bifacial PV module designs and integrated PV applications owing to
their symmetric architecture. Therefore, a combination of SHJ solar cell
technology with a lightweight module configuration would be a good
attempt. The concept of the lightweight module is to replace the con-
ventional glass cover with a polymeric sheet. Since this sheet is placed
on the front side, it must be transparent to sunlight. Ethylene tetra-
fluoroethylene (ETFE) has been used as the front sheet owing to its high
transparency and stability [3,4]. Thus, the module has a front sheet/
back sheet structure. Moreover, a metal frame is not required either.
This reduces the module area density to approximately 1.75 kg/m?2.

However, several challenges are associated with the development
and deployment of lightweight SHJ solar modules. At the cell level, in
general, SHJ solar cells are more sensitive to moisture than other solar
cell technologies, such as PERC cell technology [14], due to the hy-
drophilic nature of the deposited amorphous silicon layers. Different
transparent-conductive oxide (TCO), such as indium tin oxide (ITO) and
aluminum-doped zinc oxide (AZO), have varying resistance to damp
heat (DH) [15]. The SHJ solar cell is degraded by moisture ingress with
increasing temperature, causing damp heat-induced degradation
(DHID), which decreases the module power output in the long run. At
the module level, a reliable encapsulation solution is only available for
glass/glass structures, and it is not yet ready for front sheet/back sheet
structures. Naturally, the glass facing the front acts as the first protection
of the glass module. However, the lightweight module architecture faces
a critical challenge of a higher water-vapor transmission rate (WVTR)
than conventional glass/back sheet or glass/glass encapsulated mod-
ules. Therefore, the lightweight module is literally more susceptible to
DHID than the glass module. Thus, the degree of protection required
from the front and back sheets also increases, which means a lower
permeability of the components is required. These components, partic-
ularly the polymeric elements of PV modules, play a vital role in the
durability and reliability of these devices [2,16]. The appropriate choice
of encapsulants with cell technology is critical to the life span of PV
modules. Therefore, introducing new materials and material combina-
tions should be preceded by a thorough testing of each new combination
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[17].

Ethylene-vinyl acetate (EVA) copolymer has been the dominant
module encapsulant choice for decades because of its advantages, such
as high transmittance, good adhesion to glass, favorable mechanical
properties, and low cost [1,18]. Although EVA is the most widely used
encapsulant for PV modules, it has some drawbacks, such as peroxide-
induced cross-linking and the production of corrosive acetic acid in
the presence of moisture and other environmental stressors, which can
lead to the corrosion of metal grids and other components of PV modules
[2,19], resulting in decreased reliability of PV modules. In recent years,
different types of next-generation encapsulant foils have been intro-
duced and have attracted increasing attention in the market. These
newer encapsulants can be categorized as polyolefin elastomer (POE)
encapsulants and thermoplastic polyolefin (TPO) encapsulants [40,41],
both of which consist of a polyethylene backbone with different side
groups. The main advantage of these encapsulants is the replacement of
the vinyl acetate side groups of EVA, by acrylates, acrylic acids or n-
alkanes; with no formation of acid consequently. Similar to EVA, POE
contains cross-linking agents (peroxide), and therefore has a similar
lamination process as EVA. TPO is a thermoplastic elastomer that ex-
ploits thermo-reversible physical cross-linking, such as ion bonds,
hydrogen bonds or via crystallites [17], showing potential in recycling
of solar modules. Moreover, TPO is free of peroxide, which can poten-
tially corrode solar cells. EPE (EVA/POE/EVA), which is a co-extruded
of EVA and POE that combines the advantages of EVA with low-cost
and POE with better material properties. In general, these new types
of encapsulants, such as TPO and POE, have lower WVTR than EVA and
are suitable for moisture-sensitive advanced cell and module technolo-
gies [17,20]. However, few studies have reported the selection of
encapsulants that are compatible with the SHJ cell technology within a
lightweight module architecture [21,22].

During long-term operation in the field, the modules will suffer from
environmental and weather impacts, such as moisture ingression,
elevated temperature, and ultraviolet (UV) radiation. These environ-
mental factors would lead to performance degradation of solar modules.
Encapsulation materials play an important role in module reliability
because the most prominent module failure mechanisms are linked to
the polymeric encapsulation materials used. Polymeric encapsulants and
front or back sheets are important for PV modules because of their
various functions [1,2,23]. However, these polymeric components are
not perfectly air/water-tight and are prone to permeation of gases,
including moisture, oxygen, and other gaseous species from ambient
surroundings [19]. Moisture ingress usually occurs through polymeric
materials, module edges, and voids created by manufacturing, handling,
and climatic stressors [24-29]. Once water penetrates the solar module,
the accumulated moisture within the module in the presence of other
climatic stressors can lead to all forms of degradation modes in the
components of PV modules [30,31]. Moisture ingress at elevated tem-
peratures leads to the formation of acetic acid within the EVA encap-
sulant. Acetic acid accumulation in solar modules is a major precursor
for interconnect corrosion, which usually occurs around cell intercon-
nect ribbons and cell metallization in modules [2,32-34]. According to
Peshek et al. [35], the routes of corrosion are dominated by moisture
ingress from the perimeter to the interior of the module. Discoloration
can also result from moisture ingress in PV modules [25]. Particulate
water trapped within the encapsulants acts as an optical barrier,
increasing absorption losses, which has a significant effect on the
quantum efficiency of the modules [35-37]. Additionally, moisture
ingress induces adhesion loss and creates voids which serve as a suitable
reservoir for moisture and gas accumulation [38] in the encapsulants
and back sheets, thereby predisposing all components of the PV module
to corrosion [38-41] and therefore may result in power loss [41,42]. The
loss of adhesion between solar cells, encapsulants, glass, and other
active layers due to environmental, climatic, and/or artificial mechan-
ical stressors results in delamination [18,24]. Delamination and discol-
oration cause optical performance losses [27,43].
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UV radiation has been identified as another critical factor for module
degradation and its lifetime by many research groups. UV radiation can
trigger chemical reactions and degradation processes of polymers in
solar modules, which changes the primary structure of the polymer,
causing crosslinking or the breaking of the chains, and other chemical
alterations [1]. Typical defect, such as encapsulant discoloration, like
EVA yellowing, is caused by photo-oxidation due to UV radiation. Acetic
acid and aldehyde can be formed due to UV radiation and temperature
[1]. It has also been reported that encapsulants are susceptible to losing
adhesion under UV irradiation [44,45]. In addition, from the perspective
of SHJ solar cells, the silicon-hydrogen (Si—H) bond can be broken by
high-energy UV photons, consequently leading to the deterioration of
the chemical passivation properties of SHJ solar cells [46]. Overall, the
degradation of polymer encapsulants and SHJ solar cells due to UV ra-
diation has a synergistic degradation effect on lightweight solar mod-
ules. However, UV-induced degradation (UVID) is not the main focus of
this study. Further insights into the mechanism of UVID behavior on
lightweight SHJ solar modules will be comprehensively investigated in
our future work.

Overall, the damp heat stability is a critical challenge for lightweight
SHJ solar modules. Addressing these challenges is crucial for the
development and commercialization of lightweight SHJ solar modules
to ensure that they meet the performance and durability standards
required for diverse applications.

This study focuses on the development of SHJ solar cell-based
lightweight modules that are resistant to damp heat impact. The per-
formance and reliability of various combinations of encapsulants/front
sheets with SHJ solar cells in a lightweight configuration under damp
heat conditions were analyzed comprehensively. We investigated the
impact of humidity and temperature on the optical and electrical be-
haviors of lightweight PV modules. The degradation mechanism related
to each failure mode was analyzed accordingly.

2. Experiment and method
2.1. Lightweight module design

Fig. 1 shows the schematic cross-section of the lightweight SHJ solar
module, which has a similar sandwich structure compared to conven-
tional glass/back sheet modules. However, the front glass is replaced by
a polymer front sheet, and the edge sealant material is added between
the front sheet and back sheet.

Single cell mini-module samples measuring 210 mm x 210 mm were
prepared using M2+ (156.75 mm x 156.75 mm) size bifacial mono-
crystalline busbar-free n-type rear-junction SHJ solar cells. The cells are
connected using multiwire interconnection technology, which is
composed of 18 coated copper wires with polyolefin (PO) as a carrier
foil. This foil is in direct contact with the cell and sits between the cell
and the encapsulant. Sn-Pb-coated Cu-ribbons were used as connectors.
For the fabrication of the lightweight solar modules, four different front
sheet materials, ethylene tetrafluoroethylene (ETFE), polyvinyl fluoride
(PVF), polyethylene terephthalate (PET), and polyvinyl fluoride/poly-
ethylene terephthalate (PVF/PET) laminated foil were used. The speci-
fications of the front sheets are listed in Table S1 of the Supplementary
Information. The following encapsulants were used, thermoplastic
polyolefin (TPO), thermoplastic polyurethane (TPU), transparent

front sheet
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ethylene-vinyl acetate [EVA(T)], white ethylene-vinyl acetate [EVA
(W)]1, polyolefin elastomer (POE) [POE—S: POE with UV-transmitting
property & POE-UV: POE with UV-blocking property], EVA/POE/EVA
(EPE), UV-downshifting EVA (DS-EVA), and UV-downshifting EPE (DS-
EPE). These encapsulants are categorized into three groups based on
their light transmission to UV light (280-400 nm). TPO, TPU, and POE-
UV are UV-blocking encapsulants. EPE, POE—S, and EVA(T) are UV-
transmitting encapsulants. DS-EVA and DS-EPE are UV-downshifting
encapsulants that can convert UV light to blue light. The specifications
of the encapsulants are listed in Table S2. A polyolefin-based foil with
aluminum as the interlayer was used as the back sheet which is donated
as Al-bs in following. The specifications of the back sheet are listed in
Table S1. The edges of the modules were sealed using polyisobutylene
(PIB) tape. The specifications of the edge sealant are listed in Table S3.
The overall thickness of the modules was less than 2 mm. Table 1 lists
the configurations of the test modules with different encapsulants.
Table 2 lists the configurations of the test modules with different front
sheets. The TPO was used as encapsulant in this case as it shows the most
stable performance in DH test, see Section 3.1. The glass/glass and glass/
back sheet module samples were used as references for comparison.

2.2. Module fabrication process

The modules were fabricated by a typical vacuum lamination process
using a laminator from SM Innotech. The parameters of the lamination
process for each sample type are listed in Table S4. Two identical
modules were fabricated for each configuration. The cells used for
modules fabrication have the same performances.

2.3. Accelerated DH aging tests

Accelerated DH aging tests were performed at 85 °C and 85 %
relative humidity (RH) in a ESPEC climate chamber for accumulated
1000 h according to the IEC 61215 protocol [47]. The modules were
placed vertically in a holder in a climate chamber, as shown in Fig. S1.

Table 1
Configurations of the test modules with different encapsulants.

Front sheet Encapsulants (front/rear) Back sheet

ETFE TPO
TPU
POE-UV
EPE
EVA(T)/EVA(W)*
POE-S
DS-EVA
DS-EPE

Al-bs

Abbreviations: EVA, ethylene-vinyl acetate; POE, polyolefin elastomer; TPO,
thermoplastic polyolefin; TPU, thermoplastic polyurethane; EVA(T), transparent
EVA; EVA(W), white EVA; EPE, EVA/POE/EVA; DS-EVA, UV-downshifting EVA;
DS-EPE, UV-downshifting EPE; ETFE, ethylene tetrafluoroethylene; Al-bs,
polyolefin-based aluminum back sheet. * Transparent EVA was used on the
front side of the cell and white EVA was used on the rear side of the cell.

I i\ front encapsulant

back sheet

edge sealant

single SHJ solar cell, multi wire interconnection with foil
— back encapsulant

Fig. 1. Schematic of the lightweight SHJ solar module.
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Table 2
Configurations of the test modules with different front sheets.

Front sheets Encapsulants (front/rear) Back sheets

ETFE Al-bs
PVF Al-bs
PET1 (PVF/PET) Al-bs
PET2 PO Al-bs
glass Al-bs
glass glass

Abbreviations: ETFE, ethylene tetrafluoroethylene; TPO, thermoplastic poly-
olefin; Al-bs, polyolefin-based aluminum back sheet; PVF, polyvinyl fluoride;
PET, polyethylene terephthalate.

2.4. Characterization techniques

The analysis of the performance and performance degradation
mechanism of the modules due to the DH effect was carried out based on
the following characterization methods. The current-voltage (I-V)
characterization under standard test conditions (STC: AM1.5 G, 25 °C,
1000 W/m?), electroluminescence (EL) imaging and external quantum
efficiency (EQE) of the modules were measured by using a LOANA solar
cell and module analysis system from PV-Tools. X-ray computed to-
mography (XCT) images were taken using a Zeiss Xradia Versa 620,
voxel size is 740 nm, X-ray tube voltage is 100 kV. The total spectral
transmittance (T) and reflectance (R) were measured from 300 nm to
1200 nm in 5 nm steps using a UV-vis-NIR spectrophotometer with an
integrating sphere (Perkin Elmer, LAMBDA 950). Raman spectra of the
polymer encapsulant foils were performed from 0 to 4000 cm ™' using
inVia confocal Raman microscope with 10 mW power, 50 x magnifica-
tion, 532 nm excitation laser source, 10 s of exposure time.
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3. Results and discussion

3.1. Damp heat stability of lightweight modules with different
encapsulants

3.1.1. I-V characteristics

Fig. 2 shows the development of the electrical properties of the
modules encapsulated with different encapsulants over a regular time
interval (200h) during the DH test. The variance in efficiency for mod-
ules with the same configurations is shown in Fig. S2. It was found that
after 1000 h of DH test, the module encapsulated with EPE had the
largest efficiency degradation of 54.06 %pe, Whereas the module
encapsulated with TPO had the lowest efficiency degradation of 3.22
%yl The relative efficiency degradation (Df]el) was defined and calcu-
lated by eq. (1). A efficiency/power loss of less than 5 %) is required for
c-Si PV modules by IEC 61215 [47]. However, there is no specific norm
for lightweight glass-free modules. It is easy to see that the efficiency
degradation of modules is mainly due to the decrease in FF. The FF loss
was mainly attributed to the increase in series resistance (R;), as the
pseudo fill factor (pFF) was almost constant during DH test. Among all
the modules, the EPE module demonstrates a dramatic increase in R,
which was assumed to be attributed to the electrical contact problems
that probably arise from two parts: the contact between the fingers and
wires, and the contact between the wires and ribbons [48]. Additionally,
a very large increase in R; (typical values are from 0.8 to 10 Qcm?)
would lead to a decrease in short-circuit current density (Js.) [49,501,
which was also observed in the EPE module. In addition, the DS-EPE
module also demonstrated a significant increase in R.

D;el(%) _ <1 _’lDHloooh) %100 1)

"pHoR
Except for a slight reduction in V. for the EVA and POE-S modules,
the V. of all other modules remained almost constant with DH time. The
reduction in V,. can be explained by the increase in the saturation
current density (Jo1) according to the relationship between V,. and Jo;
[51]:
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Fig. 2. Normalized values of (a) efficiency (), (b) fill factor (FF), (c) pseudo fill factor (pFF), (d) short-circuit current density (Js.), (€) open-circuit voltage (V,.), and
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(f) series resistance (R;) as a function of damp heat time for modules encapsulated with different encapsulants.
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From the dark I-V curves of the modules, as shown in Fig. S3, we
observed a slight increase in Jy; for the EVA and POE-S modules. The
increase in Jy;, which is associated with the recombination processes
occurring in the surface and bulk of the solar cell [49,52], is most visible
in the medium- and high-voltage regions of the dark I-V, which is
consistent with our observations. This indicates that the passivation
layers of the SHJ solar cells in the EVA and POE-S modules were slightly
degraded owing to the damp heat effect.

TPO-encapsulated module exhibited the most stable performance
with slower degradation kinetics during DH aging compared to the other
investigated encapsulants. From the perspective of material properties,
TPO exhibits the highest degree of crystallinity compared to POE and
EVA, as reported by Oreski et al. [17,20]. In terms of thermo-mechanical
stability, TPO exhibits the most stable behavior due to its high melting
temperature, resulting in low thermal expansion [17,20]. Studies also
show that crystallinity has a dominant effect on the thermo-mechanical
behavior of encapsulants [17], which explains why TPO exhibits better
thermo-mechanical stability. In addition, TPO encapsulants have good
hydrolytic stability due to their specific low chemical polarity and high
crystallinity [20]. The TPO and ETFE laminated film exhibits the low
WVTR as shown in Table S2, thus could provide better resistance to the
moisture ingress compared with other investigated encapsulants.

Moisture ingress can trigger DH-induced defects. However, from the
WVTR results shown in Table S2, there is no direct relationship between
the WVTR of encapsulation materials and the module efficiency degra-
dation. The degradation of the lightweight SHJ solar modules is the
consequence of the synergistic effect of moisture ingress and the prop-
erties of the polymer materials. These properties depend not only on
hydrolytic properties, but also on factors such as chemical composition
and thermo-mechanical properties.

3.1.2. EL imaging

Fig. 3 shows the EL images taken at low current (~ 0.5 A) injection
conditions with an exposure time of 3 s for all modules before and after
1000 h of DH test. EPE and DS-EPE modules showed significant defects
in the EL images, while the EPE module showed very specific defects in
the EL images. Looking at the EL images of the EPE module shown in
Fig. 3(d), a dark band which is marked by a red rectangular shape, was
found on the top of the EPE module after 1000 h of the DH test, probably
caused by the contact failure between the wires and ribbons. This defect
was also observed in the DS-EPE module, as shown in Fig. 3(h). To
investigate this issue further, a re-soldering process was performed on
another EPE module with the same configuration, which underwent the
same DH test batch and showed identical defects to those observed in the
EPE module shown here. The EL images and I-V characteristics were

(a) TPO (b) TPU
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measured again after each re-soldering process, as shown in Fig. S4.
After re-soldering the wires with ribbons, the efficiency of the module
was recovered accordingly. The Ry was reduced and Jg. also improved.
Additionally, looking at the light I-V curves shown in Fig. S4(b), the
current in the reverse-bias voltage can reach saturation, which indicates
that the decrease in Jg is due to the increase in R rather than being
influenced by optical degradation. The significant increase in R; affected
the transport of the carriers resulting in the decrease in Jg.. Moreover,
the dark band in the EL was eliminated. This indicates that the dark band
in the EL of the EPE and DS-EPE modules were caused by the detachment
of the contacts between the wires and ribbons due to the solder joint
failure, resulting in a significant increase in Rs. Fig. S4(c) shows a
schematic of the solder joint failure between wire and ribbon. A slight
bending of the module edges was observed because of the elevated
temperature during the DH process, as the lightweight module was not
as rigid as the glass module. The modules were placed vertically in a
holder within the climate chamber, and the edges in contact with the
holder were easily softened by the high temperature. This increases the
risk of solder joint deterioration, resulting in wire detachment from the
ribbon.

In addition to this dark band defect, we also observed another defect
in the EL of the EPE module. Some bright and dark intersection regions
can be seen in the EL image of the EPE module, as shown in Fig. 3(d). In
general, contact failure could be induced by chemical corrosion, such as
acetic acid formation, or thermal stress [53]. We suspected that this
defect was probably caused by contact failure between the fingers and
wires due to thermal stress, rather than corrosion of the metallization.
Corrosion of metal contacts is mostly prominent when using EVA
encapsulants, which form acetic acid [17]. Acetic acid formation can
also occur with EPE encapsulants. However, there is no indication of
increased acetic acid in the EPE module after 1000 h of the DH test from
Raman spectroscopy analysis in Section 3.1.5. The cell is additionally
protected by a polyolefin interconnection foil, which is in direct contact
with the cell and sits between the cell and encapsulant. The moisture/
acetic acid would degrade the surface of the cell (e.g. ITO) earlier than
corrode contacts [54]. The defect is supposed to expand due to the
diffusion of moisture/acetic acid. However, the expansion of such de-
fects was not observed in the evolution of the EL images at 200-h in-
tervals as shown in Fig. S6. It is identified that the defect occurred
between 200 and 400 h, and that the defect was exacerbated by pro-
longing the DH aging time. Meanwhile, the efficiency degradation
shows a significant drop between 200 and 400 h. Therefore, we can
temporarily conclude that this bright and dark intersection defect was
primarily caused by contact failure due to thermal stress. A detailed
microscopic analysis of this defect was carried out using XCT as
described in Section 3.1.3.

In DS-EVA module, defects in EL image are also likely to be caused by

DH 0h

counts
25000

21000

17000

DH 1000h

dark band  bright and dark
intersection
regions

13000

9000

5000

dark band

Fig. 3. EL images of the modules encapsulated with different encapsulants (a) TPO, (b) TPU, (c) POE-UV, (d) EPE, (e) EVA, (f) POE—S, (g) DS-EVA and (h) DS-EPE
before and after 1000 h of the DH test. EL images of all modules with their individual scales are shown in Fig. S5.
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the interconnection issue between the fingers and interconnection wires.
Additionally, an edge defect [55] due to the moisture ingress from the
module edges was also observed in DS-EVA module. The bands with
lower luminescence were also found in EL images in TPU, POE-UV and
POE-S modules and are also likely to be caused by the degradation of the
contact between the wires and ribbons. For the rest of the modules, we
did not observe any obvious defects in the EL images.

3.1.3. X-ray computed tomography

In order to have a deep understanding of the bright and dark inter-
section regions defect in the EL of the EPE module. XCT was used for in-
depth investigation. A strip of the degraded EPE module was selected
and cut out for X-ray scanning. The area selected for X-ray scanning is
marked by a blue rectangle in Fig. 4(a) and is divided into eight regions
of interest (ROI) from ROI1 to ROI8. Two areas (ROI1-ROI2 and ROI7-
ROI8), which contained two distinct EL intensities, were selected for
further XCT scanning analysis. From the reconstructed images in Fig. 4
(b), we can clearly see the intact interaction of the finger and wire in the
ROI1-ROI2 area. However, we found the finger breakage in the ROI7-
ROI8 area as shown in Fig. 4(c), which was caused by the detachment
of the wires, resulting in contact failure between the fingers and wires. It
is reported that the thermal loading creates deformation in copper wires
and this deformation is stored in the copper wires as strain energy. As
the strain energy accumulates with increased thermal loading, this
eventually results in fatigue failure [56,57]. As discussed in Section
3.1.2, we believed that the decrease in conductivity between the wires
and fingers was caused by the wires detaching from the fingers due to
thermal stress during the DH process. This was confirmed by the results
of the XCT analysis. In a solar module, each layer has a different coef-
ficient of thermal expansion (CTE), and these differences can create
thermal stresses during temperature changes [56]. Differential expan-
sion and contraction of materials with varying CTE can lead to cracking,
solder joint fatigue, and interface delamination, thus affecting the long-
term reliability of the module. However, the investigation of degrada-
tion mechanism of the thermo-mechanical properties of the module is
beyond the scope of this work. This will be further investigated in our
future work.

The above analyses from EL imaging and XCT confirm that the in-
crease in Rg in the EPE module is primarily caused by solder joint failures
between the wires and ribbons, and interconnection failures between

(b)
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the fingers and wires.

3.1.4. Visual inspection and optical properties analyses

In addition to analyzing the electrical properties of the modules
before and after the DH test, a visual inspection of the modules was
carried out to identify the defects such as cracks, discoloration, delam-
ination, and soldering defects. Visual images of all types of modules
before and after the DH test are shown in Fig. S7. From the visual in-
spection of the module, a slight bending at the edges of the modules was
observed. Because the modules were placed vertically in a holder in the
climate chamber, the edges softened owing to the elevated temperature.
Additionally, an obvious yellowing effect was observed in the EVA
module, particularly at the edges of the module (over the white back
sheet), as shown in Fig. 5(a). Several investigations have shown that
EVA discoloration (yellowing or browning) results primarily from the
formation of polyconjugated C—C bonds (polyenes) by multistep
deacetylation and from the presence of 1,3-unsaturated carbonyl groups
due to thermal oxidation, and is enhanced by increased UV radiation
[1,23,58]. Another source for discoloration is the production of chro-
mophores and luminophores from additives in encapsulant and not from
the encapsulant itself [1]. In our case, a single DH process without UV
radiation resulted in a light yellowing effect.

To identify the changes in the optical properties of the encapsulants,
the modules were dismantled to obtain aged encapsulants. The trans-
mittance and reflectance spectra of the aged encapsulants were
measured and compared with those of unaged encapsulants. The prep-
aration process of unaged encapsulant samples is provided in the Sup-
plementary Information. The EVA(T) encapsulant exhibited a minor
reduction in transmittance in the 300-400 nm wavelength range,
whereas the reflectance remained constant before and after DH, as
shown in Fig. 5(b). This indicates that the optical loss from the encap-
sulant was mainly due to the increased light absorption. Therefore, we
observed only a 0.93 %;¢ reduction in the photocurrent for the EVA
module according to the integrated current calculated from the EQE
measurements (in Section 3.1.6). This indicates that the negligible
reduction in photocurrent was caused by the yellowing effect of the EVA
modules. As for the rest of the modules, we did not observe any obvious
discoloration and other defects.

Fig. 4. X-ray computed tomography (XCT) of the degraded EPE module: (a) X-ray scanning of two areas, ROI1-ROI2 and ROI7-ROI8, which contain two distinct EL
intensities. (b) Reconstructed image showing intact interaction of the finger with the wire in the ROI1-ROI2 area. (c) Reconstructed image showing finger breakage in
the ROI7-ROI8 area. The XCT images were taken by Zeiss Xradia Versa 620, voxel size is 740 nm, X-ray tube voltage is 100 kV, exposure time per projection is 15 s,

and the number of projections is 1200.
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Fig. 5. (a) Visual images of EVA-encapsulated modules before and after 1000 h of the DH test. (b) Transmittance (solid line) and reflectance (dash line) of EVA

encapsulant foil before and after 1000 h of the DH test.

3.1.5. Raman spectroscopy analysis

Raman spectroscopy analyses were performed on the encapsulants
samples before and after 1000 h of the DH test to further check the
polymer encapsulants degradation process. The aged encapsulant sam-
ples were obtained from the dismantled modules after 1000 h of DH
aging test. The encapsulant sample was positioned at the center and
above the cell. The details of the preparation of the unaged encapsulant
samples are provided in the Supplementary Information.

Fig. 6 shows the Raman raw spectra of the different encapsulants
before and after 1000 h of the DH tests. This is mainly an investigation of
the fluorescence background [59,60]. A significant increase in the
fluorescence background was observed in the DS-EPE sample. TPU
showed the least increase in the fluorescence background, as shown in
Fig. 6(c). The intensity of the fluorescence background, which is related
to the formation of chromophore groups (containing polyconjugated
C=—C bonds), is an indicator of polymer aging. The chromophore groups
can exhibit strong fluorescence and are one reason for the yellowing of
the encapsulant [60].

In addition, the raw Raman spectra of the EVA(T) encapsulants at
different locations in the EVA module after 1000 h of DH test were
analyzed, as shown in Fig. S8. We obtained EVA(T)-encapsulant samples
from three typical positions in the module. Two samples were located on
the left edge of the module, over the white back sheet. Two samples were
located on the top edge of the module, over the white back sheet. Two
samples were located at the center of the module over the cell. Strong
fluorescence background in raw Raman spectra (Fig. S8) is observed at
the left and top edges of the module. This indicates that the chromo-
phore groups were mainly generated at the edges of the module,
resulting in yellowing of the EVA module. These findings confirmed that
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moisture ingress as the driver of discoloration is more severe at the
module edges than at the center of the module.

The normalized Raman spectra are shown in Fig. S9. We did not
observe any obvious decrease in the Raman peaks of encapsulants. The
EVA encapsulant is most likely to release acetic acid in the presence of
moisture, which can lead to the corrosion of metal grids and other
components of solar modules, resulting in an increased Rs. However, the
normalized Raman spectra show no sign of an increase in the acetate
group (OCO, 629 ecm™1). This indicates that there is no formation of
acetic acid after DH. And no typical corrosion defects were observed in
the EL imaging. The increase in R; is as low as that of the TPO module,
which is free of acid formation. Therefore, we conclude that acid
corrosion is not the major degradation mechanism for the EVA module
in our case. In addition, for other EVA-containing encapsulants (e.g.,
EPE, DS-EVA, and DS-EPE modules), the intensity of the acetate group
shows no changes before and after 1000 h of DH, as shown in Fig. S9.
This confirms that failure due to acid corrosion is not the primary
degradation mechanism.

3.1.6. EQE analysis

In addition, EQE and reflectance analyses were conducted on the
modules before and after 1000 h of the DH test. A general minor
decrease in the spectral response of EQE from 400 to 1200 nm was
observed for the modules encapsulated with DS-EVA and DS-EPE, as
shown in Fig. 7. This was due to a slight increase in light absorption of
the encapsulants after the DH test, as shown in Fig. S10. Moreover, an
apparent decrease in EQE and a slight decrease in reflectance in the
short-wavelength range (280-400 nm) were also observed for these two
types of modules, which is attributed to a deterioration in the UV-
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Fig. 7. EQE (solid line), reflectance (dash line) and integrated short-circuit current density (Js.) (dash dot line) of modules encapsulated with downshifting

encapsulants, (a) DS-EVA and (b) DS-EPE, before and after 1000 h of the DH test.

downshifting effect and/or an increase in the light absorption. Overall,
the photocurrent losses due to the changes in optical properties of the
encapsulants were 1.72 % for the DS-EVA module and 1.98 % for the
DS-EPE module. The downshifting encapsulants shed light on protecting
advanced cell technologies from UV degradation while simultaneously
utilizing UV light. However, more attention should be paid not only to
the UV stability but also to the DH stability of such new encapsulants
when combined with unconventional module structures such as the
lightweight solar module structures. Further investigation into its DH
and UV stability is required.

A slight reduction in EQE from 280 to 500 nm was observed in the
EVA module, as shown in Fig. S11(e). This reduction was attributed to
the increased parasitic absorption of the EVA encapsulant after 1000 h
DH, as discussed in 3.1.4. For the rest of the modules, we observed no
obvious change in EQE and reflectance before and after DH, as shown in
Fig. S11.

3.2. Improved damp heat stability of lightweight modules with different
front sheets

The optimum combination of different encapsulants with SHJ solar
cells within a lightweight module structure was determined in the above
section. The lightweight module with TPO as the encapsulant, ETFE as
the front sheet, and polyolefin-based foil with an aluminum interlayer as
the back sheet showed the most damp-heat-stable performance, with
only 3.22 %y, efficiency degradation after 1000 h of the DH test
compared with modules using other encapsulants. The efficiency
degradation of such lightweight modules is even lower than the 5 %
required by IEC 61215 for glass modules. In order to further improve the
damp heat stability of the lightweight modules, different front sheet
materials were investigated in this section, including ETFE, PVF, PET/
PVF laminated foil (denoted as PET1), and PET (denoted as PET2). The
optical properties of the different front sheets were characterized by UV/
vis spectroscopy. Fig. S12 shows the transmittance and reflectance of
different front sheets. The ETFE has the highest transmittance and is also
transmission to UV light. While PVF, PET1 and PET2 block UV light.
Table 2 lists the configurations of the modules with different front
sheets. All the modules used TPO as encapsulants. A polyolefin-based
foil with an aluminum interlayer was used as the back sheet. The
glass/glass and glass/back sheet modules were used as references for
comparison.

3.2.1. Cell-to-module analysis

Fig. 8 shows the power density (module output power divided
module weight) and area density (module weight divided module area)
of the modules for each configuration. Lightweight modules have a
lower area density while keeping a higher power density compared to
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density and area density of modules with different

conventional glass/glass and glass/back sheet modules, demonstrating
their great potential for integrated PV applications.

Fig. 9 shows the efficiency loss from cell-to-module (CTM) for
modules with different configurations. The CTM efficiency loss was
calculated using the following equation:

Module Eﬂciciency) « 100

Cell Efficiency 3

CTM (%) = (1 -

In general, the CTM efficiency loss is mainly attributed to the
decrease in Jg and the increase in R, as shown in Fig. S13. The CTM Jg
loss is related to the different optical properties of the different front
sheets, as shown in Fig. S10 and the light absorption by the front side
TPO encapsulant. The PET2 module had the lowest CTM efficiency due
to its low Jy. loss and the small increase in Rs. However, the glass/glass
module had the highest CTM Jg loss. This is because the glass is also
used as a back cover, which does not have the benefit of reflecting light
from the rear side compared to other modules that use a white back
sheet.

3.2.2. DH test results

Fig. 10 shows the development of the electrical properties of the
modules with different front sheets after 1000 h of the DH test. The
variance in efficiency for modules with the same configurations is shown
in Fig. S14. It was found that replacing the ETFE with a PET2 front sheet
reduced the module efficiency degradation from 3.22 %;.| to 0.47 Y%ye]
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urations. C stands for cell and M stands for module. The numbers in the graph
indicate the CTM relative efficiency loss.

after 1000 h of DH. Its damp heat stability is the same as that of a
traditional glass/back sheet module. We did not find any obvious defects
in these modules after 1000 h of DH by visual inspection, as shown in
Fig. S15 and the EL images, as shown in Fig. 11. The increase in Ry due to
the damp heat effect was still the major cause of module efficiency
degradation after 1000 h of the DH test.

3.2.3. Equivalence between accelerated DH aging and field conditions
The optimized lightweight SHJ solar modules demonstrate very
promising performance and stability in accelerated DH aging test, per-
forming as well as glass/back sheet modules. However, concerns have
therefore been raised about their performance and reliability in the field
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conditions. Field test is important and imperative to understand the
lifetime of lightweight SHJ solar modules in real-world conditions.
Although field test provides a practical assessment of module degrada-
tion, it usually takes quite a long time before significant degradation can
be observed. Therefore, accelerated aging tests are always performed to
save time. However, investigation of the field performance and reli-
ability of lightweight SHJ solar modules is beyond the scope of this
work. Nevertheless, the acceleration factor (AF) modelling was pro-
posed, which is instrumental in understanding the equivalence between
accelerated aging test and field conditions [61,62].

The extent of module degradation under damp heat conditions pri-
marily depends on temperature and humidity. The effect of these
microclimatic factors, either individually or synergistically, on module
degradation can be modelled using the Arrhenius equation, the modified
Arrhenius equation, and the modified Peck’s equation [61]. The
Arrhenius model given by eq. (4) is the most commonly used model
[61], which reveals the degradation rate as a function of temperature.

f(T)=Ae e<7"in7) &)

Where f(T) is the DH aging rate of the modules that depends on
temperature. kg is the Boltzmann constant. E, is the activation energy. A
is a constant of the Arrhenius model.

Although the pristine Arrhenius model is widely applied to
temperature-dominated reactions, however, it is insufficient for module
degradation with regard to the effect of hydrolysis, since temperature
alone cannot initiate the DHID. Relative humidity is another important
factor causing degradation. To take this parameter into account, a
modified Arrhenius equation, known as the Peck model [61,63,64], was
proposed as shown in eq. (5).

Eq
“kgT

f(T,RH):Aw( >'(RH)" (5)

Then, the AF between the accelerated aging tests and the field con-
ditions can be calculated by using eq. (6).
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and after 1000 h of the DH test.

AF = exp {—a (6)

()| (i)
kB Tmodule Ttext RHﬁeld

Where Todule i the module temperature in the field, which varies
depending on the location and weather conditions, typically ranging
from 25 to 75 °C [65]. Test is the temperature of the DH test, which is
85 °C. RHjfelq is the relative humidity in the field, which also varies
depending on the location and weather conditions. RHieg; is the relative
humidity during the DH test, which is 85 %. And n is the model
parameter that indicates the impact of relative humidity on module
degradation.

The determination of E, is critical for modelling, as it depends not
only on temperature, but also on the encapsulation material and the
module configuration. Modules with different encapsulation materials
result in different DH aging results. Essentially, a reliable estimate of E,
should be derived from experiments involving at least three temperature
variations and linear degradation processes. Therefore, DH tests at three
different temperature variations are required. However, so far, we have
only conducted DH tests under two different temperature variation
conditions: 85 °C, 85 % RH and 55 °C, 85 % RH. The normalized effi-
ciencies of the modules during DH aging at 55 °C, 85 % RH conditions
are shown in Fig. S16 in Supplementary Information. As expected, the
modules demonstrate an even lower level of efficiency degradation at
55 °C, 85 % RH than at 85 °C, 85 % RH. Since the available data are
insufficient to provide a reliable estimate of E, and thus AF. Therefore,
we will further investigate the equivalence between accelerated aging
tests and field conditions in future work.

4. Conclusions

This study demonstrates the possibility of fabricating lightweight
SHJ solar modules with a low area density (~ 2 kg/m?) while preserving
high power density (~ 70 W/kg) and damp heat stability even for single
cell modules. For larger solar modules the power density is expected to
be higher because of less cell interconnection material and less edge
sealant material per area. We investigated the compatibility of different
encapsulation materials with SHJ solar cells in lightweight module
structures under damp heat conditions. A comprehensive analysis of the
module degradation was performed focusing on the optical and elec-
trical properties of the modules and chemical properties of the encap-
sulants. The results indicate that the efficiency loss in lightweight SHJ
solar modules after DH test varied significantly, ranging from 3.22 %
to 54.06 %), depending strongly on the encapsulation materials. In
general, an increase in Rs is the dominant cause of degradation of the
module efficiency after 1000 h of the DH test. The module encapsulated
with EPE showed the greatest efficiency degradation due to a significant

10

increase in Rs. This can be attributed to two main factors: wires
detaching from the ribbons due to solder joint failure and interconnec-
tion failure of wires detaching from the fingers. XCT revealed that the
wires detached from the fingers, causing finger breakage, which is
consistent with our observations from the EL images. EL imaging and
Raman analysis revealed that metal corrosion was not the main degra-
dation mechanism. An obvious yellowing effect was found in the EVA
module after 1000 h of the DH test, but it only caused a negligible impact
on the module performance. The TPO-encapsulated module was found
to have the lowest degradation efficiency of 3.22 %, after 1000 h of the
DH test due to its low water permeability and high thermal stability
compared to the other encapsulants investigated in this study. This
indicated that TPO is a promising encapsulant for moisture-sensitive
solar cells.

Furthermore, the optimized damp heat-stable lightweight solar
module was successfully fabricated by using PET2 material instead of
ETFE as the front sheet, polyolefin-based aluminum as the back sheet,
and TPO as the encapsulant. The efficiency degradation of the module
was only 0.47 %) after 1000 h of the DH test. Its damp heat stability is
the same as that of a traditional glass/back sheet module.

This study addressed the major challenge of DH stability for light-
weight SHJ solar modules and could provide significant reference in-
formation for the development of damp heat-stable lightweight SHJ
solar modules for industrial mass production. Nevertheless, thermo-
mechanical properties are found to be another critical factor for light-
weight solar modules when combining multilayer polymer foils with
different thermo-mechanical properties. Further investigations in terms
of the thermo-mechanical stability of the lightweight solar module will
be investigated in our future work.
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