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ABSTRACT
Lightweight photovoltaic (PV) applications are pivotal for expanding the adoption of solar energy, enabling new installation sce-
narios and contributing significantly to the renewable energy capacity. However, degradation due to ultraviolet (UV) radiation 
is a critical concern for silicon heterojunction (SHJ) solar modules, particularly lightweight solar module configurations, where 
flexible polymer-based front sheets may provide reduced shielding against UV radiation. In this study, we present a compre-
hensive investigation of the UV-induced degradation (UVID) behavior of lightweight SHJ solar modules utilizing encapsulants 
with different UV-transmission: UV-blocking, UV-transmitting, and UV-downshifting. After indoor UV exposure of 120 kWh/
m2, equivalent to 30 months of outdoor exposure in Jülich, Germany, solar modules incorporating these encapsulants exhibited 
relative efficiency losses of 2.17%, 9.25%, and 6.15%, respectively. The decrease in efficiency was mainly attributed to a reduction 
in the fill factor (FF) of the solar modules, accompanied by a diminished pseudo fill factor (pFF). Based on detailed FF and pFF 
loss analyses, we found that pFF loss was the major cause of FF loss, which is attributed to the deterioration of the passivation 
properties due to UV radiation. Additionally, the influence of series resistance (Rs)-related FF losses increased, which is attrib-
uted to the deterioration of the interconnection foil rather than the UV radiation itself. Additionally, while downshifting (DS) 
encapsulants helped mitigate UV damage, we observed a diminished DS effect in lightweight configurations, potentially due to 
photooxidation. Utilization efficiency of DS decreases from around 34% to 21% after 120 kWh/m2 of UV exposure. Therefore, a 
novel encapsulation architecture combining UV-downshifting and UV-blocking encapsulants was proposed to ensure the UV 
utilization and stability of lightweight SHJ solar modules. Solar modules featuring this innovative dual-layer structure preserved 
over 98% of their initial performance after UV exposure, demonstrating a promising new approach for enhancing UV stability. 
The comprehensive investigation provides substantial insights into the degradation mechanism of lightweight SHJ solar modules 
under UV exposure and offers practical strategies in the progress of improving their durability and performance.

1   |   Introduction

The growing global demand for advanced high-efficiency pho-
tovoltaic (PV) technologies has led to extensive research into 

silicon heterojunction (SHJ) solar cells and modules, owing 
to their superior power conversion efficiency, bifacial struc-
ture, low temperature process, and excellent temperature co-
efficient [1–7]. The world record efficiency of 27.08% for both 
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sides contacted SHJ solar cell was achieved by Trinasolar in 
December 2024 [8]. Among the strategies to further enhance 
the application scenarios of SHJ solar modules, the use of light-
weight designs coupled with advanced encapsulation materials 
has gained increasing attention [9, 10]. Lightweight solar mod-
ules are not only applicable to ground installations but also open 
up scenarios such as vehicle-integrated PV (VIPV).

The concept of the lightweight solar module is to replace the 
conventional glass cover with a polymeric sheet  [10–14], thus 
resulting in a different microenvironment as compared to tra-
ditional glass/back sheet solar modules. Therefore, there are 
higher requirements for the encapsulation of lightweight solar 
modules to ensure their long-term stability and reliability.

UV-induced degradation (UVID) has been identified as one of 
the most critical reliability issues for SHJ solar cells and mod-
ules. This poses a serious concern when SHJ solar modules are 
operating in the field, particularly for lightweight solar module 
configurations, where flexible polymer-based front sheets may 
provide reduced shielding against ultraviolet (UV) radiation. 
Previous studies have reported that SHJ solar modules exhibit 
an average yearly degradation rate of 0.7% in the field, mainly 
related to failures caused by encapsulant discoloration, loss 
of passivation, moisture ingress, corrosion of TCO layers [15], 
potential-induced degradation (PID), and UV radiation [16]. A 
study systematically examined the UVID phenomenon in SHJ 
solar cells alongside other advanced crystalline silicon (c-Si) PV 
technologies. The findings revealed that SHJ solar cells were 
particularly sensitive to UV radiation, exhibiting substantial 
power losses of up to 11.8%, which was significantly higher than 
the conventional aluminum back surface field (Al-BSF) solar 
cells with power loss typically below 1% [17]. Furthermore, it 
was found that the efficiency degradation due to UV radiation 
was primarily a result of a decrease in open-circuit voltage (Voc) 
and fill factor (FF). Further research found that UVA photons, 
with a wavelength of 365 nm or lower, have the capacity to 
break silicon–hydrogen (Si–H) bonds (bond dissociation energy 
of ~3.4 eV corresponding to ~365 nm), increasing the dangling 
bond dissociation on the silicon surface, thus leading to a reduc-
tion in the chemical passivation of SHJ solar cells, resulting in 
increased surface recombination [18–20]. This process can sig-
nificantly reduce the hydrogen content in both intrinsic (< i > a-
Si:H) and doped hydrogenated amorphous silicon (a-Si:H) films, 
thus leading to the degradation of the interface passivation layer, 
resulting in a decrease in Voc. Sinha et  al. confirmed that the 
UVID of SHJ solar cells is ascribed to the loss of hydrogen (H) 
near the intrinsic hydrogenated amorphous silicon and crystal-
line silicon (< i > a-Si:H/c-Si) interface or in < i > a-Si:H layer, 
resulting in poor < i > a-Si:H/c-Si interface passivation [17]. In 
addition, many studies have revealed that UV radiation not only 
causes UVID of solar cells but also deteriorates polymer encap-
sulation materials [21–25]. UV radiation can trigger chemical re-
actions and degradation processes of polymers in solar modules, 
which changes the primary structure of the polymer, causing 
cross-linking or breaking of the chains, and other chemistry 
alterations [23]. Typical defects, such as encapsulant discolor-
ation (e.g., [ethylene-vinyl acetate: EVA] yellowing), are caused 
by photooxidation due to UV radiation, thereby decreasing its 
transmittance [23, 26–28]. UV radiation will also lead to the 
degradation of the back sheet, resulting in reliability issues such 

as powdering and embrittlement [21, 29]. Therefore, the adop-
tion of encapsulants with UV-blocking properties was used as 
one strategy to effectively mitigate the degradation of solar cells 
and materials induced by UV radiation, thereby ensuring the 
long-term stability of solar cells and modules.

In recent years, with the development of the advanced c-Si solar 
cell technology, like SHJ and Tunnel Oxide Passivated Contact 
(TOPCon) solar cells [30, 31], the requirement of the maximum 
utilization of the short-wavelength response is increasing. 
Advanced solar cells have an optimized spectrum response in 
the short-wavelength range; however, they are typically more 
sensitive to UV radiation than Al-BSF and passivated emitter 
rear contact (PERC) solar cells [32]. Therefore, the implemen-
tation of UV-blocking encapsulants in SHJ and TOPCon solar 
modules is no longer a good option, as this will certainly dimin-
ish their advantages in short-wavelength response and come at 
the cost of a reduced short-circuit current (Isc). The other option 
is to use UV-transmitting encapsulants for advanced c-Si solar 
cell technology to better utilize the photogenerated current in 
the short-wavelength range, thus improving the efficiency of the 
solar modules. However, these advanced c-Si solar cells are sus-
ceptible to UVID [33]. To address these issues, it has been found 
that incorporating UV-downshifting encapsulants into solar 
modules is a more suitable solution [34–37]. UV-downshifting 
encapsulants, which are able to shift high-energy UV photons 
to visible light, offer promising benefits for both energy yield 
improvement and material protection. Firstly, the solar cell can 
use the shifted photons more effectively due to its higher exter-
nal quantum efficiency (EQE) in the specific shifted wavelength 
range compared to the EQE of the UV wavelength range from 
which the photons were shifted. This improves the efficiency of 
the solar module. Secondly, most of the high-energy UV photons 
are shifted, preventing the UV photons from reaching the solar 
cells, thus diminishing the UVID. However, despite the promis-
ing potential of UV-downshifting encapsulants, the long-term 
reliability of lightweight SHJ solar modules incorporating UV-
downshifting encapsulants remains insufficiently understood, 
particularly under prolonged UV exposure.

This study aims to investigate the mechanisms of UVID in 
lightweight SHJ solar modules utilizing encapsulants with 
different UV-transmission properties, involving UV-blocking, 
UV-transmitting, and UV-downshifting encapsulants. By sys-
tematically analyzing the changes in optical and optoelectronic 
properties under accelerated UV exposure of 120 kWh/m2, this 
work seeks to provide a comprehensive understanding of the 
degradation pathways and thus proposes an innovative encap-
sulation strategy for reliability enhancement in next-generation 
SHJ solar modules.

2   |   Experiment and Method

2.1   |   Solar Module Design

Figure  1 shows the schematic cross section of the single-cell 
lightweight SHJ solar module. M2 (156.75 × 156.75 mm) 0-busbar 
(0BB) and M2-half-cut (156.75 × 78.37 mm) 9-busbar (9BB) bifa-
cial monocrystalline n-type rear-junction SHJ solar cells were 
used for solar module fabrication. The solar cells are connected 
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using multiwire interconnection foil, denoted as IF in the follow-
ing, which is composed of 18 coated copper wires with polyeth-
ylene (PE) as a carrier foil. An electrically conductive adhesive 
tape (ECT) was used as an alternative to compare with IF in 
Section  3.1.5. Sn-Pb-coated Cu-ribbons (5 mm wide, 0.2 mm 
thick) were used as connectors. For solar module encapsulation, 
ethylene tetrafluoroethylene (ETFE) was used as the front cover 
material, which has a higher transmittance than glass com-
monly used in the PV industry (see Figure  S1f). The following 
encapsulants were used: thermoplastic polyolefin (TPO), another 
TPO named PO, EVA, and downshifting-EVA (DS-EVA). These 
encapsulants are categorized into three groups based on their 

light transmission to UV light (280–400 nm). TPO and PO are 
UV-blocking encapsulants with different UV-blocking proper-
ties. TPO blocks the UV light under 350 nm, denoted as UV-B350, 
while PO blocks the UV light under 375 nm, denoted as UV-B375. 
EVA is a UV-transmitting encapsulant, denoted as UV-T. DS-
EVA is a UV-downshifting encapsulant that can shift UV light to 
blue light, denoted as UV-DS in the following sections. Figure S2 
shows the excitation and emission spectra of UV-DS encapsulant. 
Figure 2 shows the transmittance (T) and reflectance (R) spectra 
of the encapsulants. The specifications of the encapsulants are 
listed in Table S1. A coated polyolefin-based foil with aluminum 
interlayer was used as the back sheet, which is denoted as Al-bs 
in the following. The specifications of the front sheet and back 
sheet are listed in Table S2. The glass/glass and glass/back sheet 
module samples were used as references for comparison. Glass 
with a thickness of 3.2 mm was used. The edges of the solar mod-
ules were sealed using polyisobutylene (PIB) tape. Table 1 lists the 
configurations of the test solar modules.

2.2   |   Solar Module Fabrication Process

After all the foils were layered, the solar modules were fabricated 
by a standard vacuum lamination process using a laminator from 
SM Innotech. The maximum deviation in efficiency of all SHJ solar 
cells used for solar module fabrication is less than 1.50%rel.

2.3   |   UV Exposure Test

A UV exposure test was performed in a UV chamber with mer-
cury light tubes. The UV spectrum is shown in Figure 2, with 
a UVA spectrum peaking at a wavelength of 353 nm. The accu-
mulated UV intensity is approximately 56 W/m2 integrated from 
300 to 400 nm. The cumulative UV radiation dose is 120 kWh/
m2. After each 15 kWh/m2, the solar module samples were taken 
out of the chamber for characterization. The temperature of the 
UV chamber was not controlled but was monitored by a type K 
Class 1 thermocouple, which was around 25°C during the UV 
exposure. All the solar modules were in an open-circuit condi-
tion during the UV exposure.

FIGURE 1    |    Schematic cross section of the single-cell lightweight 
SHJ solar module.

FIGURE 2    |    Transmittance (solid line, T) and reflectance (dashed 
line, R) spectra of encapsulants with different UV-transmission proper-
ties in the range of 300–450 nm. The shaded curve shows the spectrum 
of the UV light source.

TABLE 1    |    Configurations of the test solar modules.

Front sheet Encapsulant (front) Solar cell Encapsulant (rear) Back sheet Interconnection

ETFE TPO M2 0BB TPO Al-bs IF

PO PO

EVA EVA

DS-EVA DS-EVA

DS-EVA + TPO TPO

DS-EVA + PO PO

Glass DS-EVA M2 0BB DS-EVA Al-bs IF

Glass DS-EVA M2 0BB DS-EVA Glass IF

ETFE EVA M2-half-cut 9BB EVA Al-bs ECT

Abbreviations: 0BB, 0-busbar; 9BB, 9-busbar; Al-bs, polyolefin-based aluminum back sheet; DS-EVA, UV-downshifting EVA; ECT, electrically conductive adhesive 
tape; ETFE, ethylene tetrafluoroethylene; EVA, ethylene-vinyl acetate; IF, interconnection foil; PO, another thermoplastic polyolefin; TPO, thermoplastic polyolefin.
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According to the data from Deutsche Wetterdienst (DWD) [38], 
the annual global irradiation in Aachen, Germany, is around 
1050 kWh/m2 (1991–2002). In general, an average UV fraction of 
4%–5% of global irradiation is considered a reasonable assump-
tion for locations without UV monitoring [31]. While the local 
climate tends to be relatively stable from year to year, signifi-
cant differences can occur between regions or climatic zones. 
Therefore, we can assume an annual UV radiation dose of ap-
proximately 47.25 kWh/m2 in the Jülich area, which is only 
27 km from the Aachen area. In our UV exposure test, the total 
UV radiation dose was 120 kWh/m2, which corresponds to ap-
proximately 30 months of field exposure.

2.4   |   Characterization Techniques

The analysis of the performance and performance degradation 
mechanism of the solar modules due to UV radiation was per-
formed based on the following characterization methods.

The current–voltage (I-V) characterization under standard test 
conditions (STC: AM1.5 G, 25°C, 1000 W/m2), EQE, and reflec-
tance of the solar modules were measured by using a LOANA 
solar cell and module analysis system from PV-Tools.

Photoluminescence (PL) imaging is employed as a nonde-
structive diagnostic technique to evaluate the quality of the 
material and defects in c-Si solar cells and modules. This was 
performed using an in-house-built setup. Solar modules are 
illuminated using a 90-W near-infrared laser at 808 nm, which 
excites electron–hole pairs within the silicon substrate. The 
subsequent radiative recombination of these charge carriers 
results in the emission of photons, which are captured using 
a near-infrared (NIR) InGaAs camera. Laser light reflected 
from the sample surface is blocked by a 1050 ± 30-nm band-
pass filter located between the sample and the camera, pre-
venting incident laser light from contributing to the measured 
PL intensity.

The total spectral transmittance and reflectance of encapsu-
lation foils were measured from 300 to 1200 nm in 5-nm steps 
using a UV–vis–NIR spectrophotometer with an integrating 
sphere (Perkin Elmer, LAMBDA 950).

3   |   Results and Discussion

3.1   |   UVID Behavior of Lightweight SHJ Solar 
Modules With Different Encapsulants

3.1.1   |   CTM Loss Analysis

Figure 3 shows the cell to module (CTM) loss of lightweight SHJ 
solar modules with different encapsulants, indicating that the 
cell to module efficiency loss is mainly attributed to the decrease 
in Jsc and increase in Rs, the latter is resulting in an FF reduc-
tion. The CTM η and Jsc losses were calculated by Equation (1).

The solar module with UV-DS encapsulant shows the lowest 
loss in Jsc from cell to module, which benefits from the UV-
downshifting effect. Since UV photons could be shifted to vis-
ible light, which can be more efficiently used by SHJ solar cells. 
While the solar module with UV-B375 encapsulant shows the 
largest Jsc loss from cell to module, as most of the UV photons 
are absorbed by the encapsulant.

3.1.2   |   Optoelectronic Properties Analysis 
of Solar Modules

Figure 4 shows the evolution of the electrical parameters of light-
weight SHJ solar modules with different encapsulants during UV 
exposure. The UV-T module shows the largest efficiency degrada-
tion of 9.25%rel after 120 kWh/m2 of UV exposure, which is equiv-
alent to 30 months of outdoor exposure in Jülich, Germany [39]. 
The relative efficiency degradation (Dη

rel) was defined and calcu-
lated by Equation (2), where ηUV0 denotes the efficiency of the solar 
module before UV exposure, ηUV120 denotes the efficiency of the 
solar module after 120 kWh/m2 of UV exposure.

The efficiency loss is mainly attributed to the decrease in FF 
and Voc. Previous studies have revealed that reductions in Voc 
and FF in SHJ solar cells are mainly caused by the deterio-
ration of surface passivation. High-energy UV photons can 
break the Si–H bond used for chemical passivation [17, 18, 40], 
leading to the formation of additional dangling bonds on 
the silicon surface and, consequently, an increase in surface 
recombination.

From the dark I-V curves of the solar modules, as shown in 
Figure 5, we observed an obvious increase in saturation current 
density (J01) for the UV-T module and a slight increase in J01 for the 
UV-DS module. The increase in J01, which is associated with the 
recombination processes occurring at the surface and within the 
bulk of the solar cell [41, 42], is most evident in the medium- and 
high-voltage regions of the dark I-V. This behavior is consistent 
with our observations and suggests that the surface passivation of 
the SHJ solar cells in the UV-T and UV-DS modules degraded as 
a result of UV radiation. The reduction in Voc can be explained by 
the increase in J01, according to the relationship between Voc and 
J01 [43], as expressed by Equation (3).

The solar module with the UV-B375 encapsulant, which absorbs 
most UV photons, exhibited the most stable performance with 
the least efficiency degradation. The UV-B350 module showed 
only a slight efficiency loss. As the UV-B350 encapsulant cannot 
completely block UV light, the residual UV photons that are not 
absorbed by the encapsulant can still reach the solar cell and 
cause surface passivation damage. Interestingly, the UV-DS mod-
ule demonstrated improved UV stability compared to the solar 
module with the UV-T encapsulant; however, it still exhibited an 
apparent efficiency degradation of 6.15%rel compared to the solar 
module with the UV-blocking (UV-B) encapsulant. On the one (1)

CTMrel
� or Jsc

(%) =

(

1 −
� or Jsc of solar module

� or Jsc of solar cell

)

× 100

(2)Drel
�
(%) =

(

1 −
�UV120

�UV0

)

× 100

(3)Voc =
kT

q
ln

(

Jsc
J01

+ 1

)
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FIGURE 3    |    CTM loss from (a) efficiency (η), (b) fill factor (FF), (c) short-circuit current density (Jsc), and (d) series resistance (Rs) of lightweight 
SHJ solar modules incorporating encapsulants with different UV-transmission properties. C stands for solar cell and M stands for solar module.

FIGURE 4    |    Normalized values of (a) efficiency (η), (b) fill factor (FF), (c) open-circuit voltage (Voc), and (d) short-circuit current density (Jsc) as a 
function of UV radiation dose for lightweight SHJ solar modules incorporating encapsulants with different UV-transmission properties.
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hand, the UV-DS encapsulant cannot completely shift all incident 
UV photons into blue light; unshifted UV photons can still reach 
the solar cell and degrade the surface passivation. On the other 
hand, there is a possibility that the downshifting (DS) effect was 
also degraded during the UV exposure, leading to an increased 
fraction of UV photons that are no longer shifted to blue light. 
Further in-depth discussion is presented in Section 3.2.3.

To provide a direct visualization of the recombination behav-
ior, PL imaging was performed. Figure 6 shows the PL images 
of lightweight SHJ solar modules with different encapsulants 
before and after 120 kWh/m2 of UV exposure. A pronounced 
reduction in PL intensity was observed for the UV-T module. 
Since a large amount of UV photons can penetrate the encap-
sulant and arrive at the solar cell. The high-energy UV photons 
broke the Si–H bonds, leading to deterioration of the surface 
passivation and thus increased charge-carrier recombination, 
which in turn reduced the PL intensity. The UV-DS module ex-
hibited moderate degradation because part of the UV photons 
was shifted into visible light, thereby reducing the number of 
UV photons reaching the solar cell and mitigating recombina-
tion losses. In contrast, the solar modules with either UV-B350 or 
UV-B375 encapsulant showed negligible changes in PL intensity. 
This is because a large fraction of UV photons was absorbed by 
the UV-blocking encapsulant, effectively preventing harmful 
UV photons from reaching the solar cell. Consequently, the pas-
sivation properties of these solar cells remained stable.

Overall, both PL intensity and Voc can reflect the passivation 
quality of the solar cells/modules. The observed Voc degradation 
trends are consistent with the PL imaging results, as described 
by Equation (4).

In addition to the efficiency loss associated with the decrease 
in Voc, a decrease in FF is another major contributor to UV-
induced efficiency degradation. It should be noted that FF 
losses are affected not only by carrier recombination but also 
by factors such as series resistance (Rs) and shunt resistance 
(Rsh). A detailed discussion of FF losses will be presented in 
the following section.

3.1.3   |   EQE Analysis of Solar Modules

As demonstrated in Figure  7, the EQE and reflectance of the 
lightweight SHJ solar modules incorporating encapsulants with 
different UV-transmission properties were measured before and 
after 120 kWh/m2 of UV exposure. A notable decline in EQE, 
ranging from 400 to 1000 nm, was observed in the UV-T mod-
ule after UV exposure. Since the transmittance and reflectance 
above 400 nm of both the front sheet and the UV-T encapsulant 

(4)Voc = Vref
oc +

kT

q
ln

(

IPL

I
ref
PL

)

FIGURE 5    |    Dark I-V curves of the lightweight SHJ solar modules incorporating encapsulants with different UV-transmission properties: (a) UV-
B350, (b) UV-B375, (c) UV-T, and (d) UV-DS, measured before and after 120 kWh/m2 of UV exposure.
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remained stable after UV exposure, as shown in Figure S1c,e, 
the EQE loss can be attributed to increased carrier recombina-
tion caused by passivation deterioration, rather than enhanced 
parasitic absorption in the encapsulation materials. This in-
terpretation is consistent with the I-V and PL imaging results, 
where increased carrier recombination led to reductions in Voc, 
PL intensity, and EQE in the 400–1000-nm range. In contrast, 
solar modules with UV-blocking encapsulant exhibited no mea-
surable change in EQE after UV exposure.

However, the solar module with UV-DS encapsulant showed 
a pronounced reduction in both EQE and reflectance at wave-
lengths below 400 nm. The EQE decrease in this range may re-
sult from increased absorption within the UV-DS encapsulant 
or degradation of its DS effect. As evidenced in Figure S1d, the 
transmittance spectra of the UV-DS encapsulant after 120 kWh/
m2 of UV exposure showed a decrease in blue light output ac-
companied by an increase in transmitted UV light, providing 
direct proof of DS effect deterioration. Thus, the decrease in 

FIGURE 6    |    PL images of lightweight SHJ solar modules incorporating encapsulants with different UV-transmission properties: (a) UV-B350, (b) 
UV-B375, (c) UV-T, and (d) UV-DS, before and after 120 kWh/m2 of UV exposure.

FIGURE 7    |    EQE (solid line) and reflectance (dashed line) of lightweight SHJ solar modules incorporating encapsulants with different UV-
transmission properties: (a) UV-B350, (b) UV-B375, (c) UV-T and (d) UV-DS, measured before and after 120 kWh/m2 of UV exposure.
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EQE can be attributed to the degradation of the DS effect. We 
can therefore conclude that the DS effect was degraded due to 
the UV radiation in lightweight solar modules. This degradation 
reduces the conversion of UV photons into visible photons, al-
lowing a greater fraction of harmful UV light to reach the solar 
cell. Consequently, the increased UV photons at the solar cell 
accelerate passivation loss, thereby lowering the overall solar 
module efficiency.

3.1.4   |   FF Losses Analysis of Solar Modules

To gain further insights into the FF losses of the lightweight SHJ 
solar modules during UV exposure, the pseudo fill factor (pFF) 
of the solar modules was analyzed. The pFF provides a measure 
of FF without the influence of resistance losses and is a general 
indicator of carrier recombination in solar modules. Figure  8 
shows the absolute changes in pFF and FF for lightweight SHJ 
solar modules incorporating encapsulants with different UV-
transmission properties during UV exposure. As shown in 
Figure 8c,d, the FF losses after 120 kWh/m2 of UV exposure were 
mainly attributed to pFF losses for the UV-T and UV-DS mod-
ules, indicating that carrier recombination was the dominant fac-
tor. Especially, the UV-T module exhibited decreases of 4.72%abs 
in FF and 3.72%abs in pFF, while the UV-DS module showed 

corresponding reductions of 3.92%abs and 2.68%abs. As shown in 
Figure 8c, the module with UV-T encapsulant exhibited the fastest 
and most significant degradation in pFF, which correlates with its 
highest UV-transmittance. However, as shown in Figure 8b, the 
UV-B375 shows almost no decrease in pFF, indicating the UV pho-
tons were effectively blocked by the encapsulant, thus causing no 
measurable harm to the surface passivation of the solar cell. The 
slight decrease in FF was mainly attributed to the increased Rs-
related FF losses. Compared to the UV-B375 module, the UV-B350 
module exhibited larger FF and pFF losses, 2.17%abs and 1.07%abs, 
respectively, with pFF losses and Rs-related FF losses contributing 
almost equally to the total FF loss.

After 120 kWh/m2 of UV exposure, the Rs-related FF losses were 
similar across the solar modules with different encapsulants, 
which are 1.10%abs, 0.67%abs, 1.00%abs, and 1.24%abs in the UV-
B350, UV-B375, UV-T, and UV-DS modules, respectively. A previous 
study [40] attributed a noticeable increase in Rs-related FF losses 
in SHJ solar cells under UV exposure to elevated interface con-
tact resistivity, rather than deterioration of the Ag electrodes or in-
dium tin oxide (ITO) thin films. However, in our case, the similar 
increases observed for all solar modules incorporating different 
encapsulants suggest that the rise in Rs-related FF is not directly 
linked to UV-transmission properties. A more detailed analysis of 
this phenomenon will be provided in Sections 3.1.5 and 3.2.2.

FIGURE 8    |    Changes in pseudo fill factor (pFF) and fill factor (FF) of the lightweight SHJ solar modules incorporating encapsulants with differ-
ent UV-transmission properties: (a) UV-B350, (b) UV-B375, (c) UV-T, and (d) UV-DS, as a function of UV radiation dose. ΔpFFabs denotes the absolute 
change in pFF, whereas ΔFFabs denotes the absolute change in FF.
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3.1.5   |   Root Causes of the Increase in Rs-Related 
FF Losses

As discussed in Section  3.1.4, Rs-related FF losses were similar 
across all encapsulant types after 120 kWh/m2 of UV exposure, 
suggesting that the increase in Rs is not primarily driven by the UV-
induced effect but is more likely linked to other factors. Therefore, 
a reasonable assumption was raised that the Rs-related FF losses 
due to the increase in Rs are due to the interconnection method. 
To further understand the correlation between the interconnec-
tion method and the increase in Rs, additional solar modules using 
the UV-T encapsulant were fabricated with ECT in place of IF and 
subsequently subjected to the same UV exposure protocol.

Figure 9 compares the changes in pFF and FF for solar modules 
with the UV-T encapsulant and interconnected using either IF 
or ECT. Both configurations exhibited similar overall pFF deg-
radation rates. The FF losses of the solar module interconnected 
with ECT were almost entirely attributable to pFF losses, with a 
minimal increase in Rs-related FF losses. In contrast, the solar 
module with IF showed a clear increase in Rs-related FF losses. 
This suggests that the increase in Rs-related FF losses in light-
weight SHJ solar modules stems from the interconnection foil 
rather than direct UV effects on the solar cells. Previous studies 
have reported that interconnection foils in lightweight SHJ solar 
modules degrade under damp heat conditions [11]. We therefore 
suspect that moisture ingress into the lightweight solar module 
may be responsible for the observed Rs increase. Further discus-
sion is provided in Section 3.2.2.

3.2   |   UVID of SHJ Solar Modules With 
Downshifting Encapsulants: Influence of Solar 
Module Structure

3.2.1   |   Optoelectronic Properties Analysis 
of Solar Modules

Figure 10 presents the evolution of normalized electrical pa-
rameters for SHJ solar modules using UV-DS encapsulant 
in different solar module structures under increasing UV 

radiation dose. After 120 kWh/m2 of UV exposure, the glass/
glass (G/G) and glass/back sheet (G/BS) solar modules ex-
hibited relatively low efficiency degradation of 2.18%rel and 
1.62%rel, respectively, compared to 6.15%rel of the front sheet/
back sheet (FS/BS) solar module. In the G/G solar module, 
efficiency loss was dominated by a Jsc reduction of 1.32%rel, 
with minimal changes in FF and Voc. The G/BS solar module 
shows a similar efficiency degradation profile to the G/G solar 
module. By contrast, the FS/BS solar module shows the larg-
est efficiency loss, primarily driven by declines in FF and Voc. 
As shown in Figure S1f, the ETFE front sheet exhibits higher 
UV-transmittance than glass, allowing more high-energy UV 
photons to reach the solar cells, resulting in significant passiv-
ation degradation.

3.2.2   |   FF Losses Analysis of Solar Modules

Figure  11 shows the changes in pFF and FF of the SHJ solar 
modules with UV-DS encapsulant in different solar module 
structures under increasing UV radiation dose. After 120 kWh/
m2 of UV exposure, the G/BS and G/G solar modules exhibited 
markedly smaller pFF reductions than the FS/BS solar module. 
Based on previous analysis, pFF loss is closely linked to the 
UVID. In the FS/BS solar modules, degradation of the DS effect 
allowed more UV photons to reach the solar cell, thereby in-
creasing pFF loss. In contrast, the G/G and G/BS configurations 
effectively suppressed DS degradation, resulting in significantly 
lower losses.

Furthermore, Rs-related FF losses were negligible in the G/G 
solar module and only slightly increased in the G/BS solar 
module. As previously discussed, such losses in lightweight 
solar modules originate from the interconnection foil. Due to 
the higher water vapor transmission rates of polymer front and 
back sheets, lightweight designs allow for greater moisture in-
gress than conventional glass solar modules. The penetrated 
moisture can deteriorate solar cell interconnections employing 
interconnection foil, thereby increasing Rs-related FF losses 
[11]. We therefore speculate that the increase in Rs-related FF 
losses is due to degradation of the interconnection foil caused 

FIGURE 9    |    Changes in pseudo fill factor (pFF) and fill factor (FF) of the UV-T lightweight SHJ solar modules with different interconnection 
methods: (a) IF and (b) ECT, as a function of UV radiation dose. ΔpFFabs denotes the absolute change in pFF, whereas ΔFFabs denotes the absolute 
change in FF.
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by moisture ingress. A thorough investigation of this issue is 
beyond the scope of this study, but will be explored further in 
subsequent work.

3.2.3   |   EQE Analysis of Solar Modules

Figure  12 compares the EQE and reflectance of the UV-DS 
module with different solar module structures before and after 
120 kWh/m2 of UV exposure. In the FS/BS solar module, both 

EQE and reflectance dropped markedly at wavelengths below 
400 nm, whereas the G/G and G/BS solar modules showed no 
observable changes. These results confirm that the DS effect 
degraded in the FS/BS configuration but remained stable in 
G/G and G/BS solar modules. Previous studies have shown that 
the synergistic action of UV photons and oxygen can trigger 
photooxidation, leading to polymer encapsulants degradation 
[21, 28, 44]. It is therefore reasonable to attribute the deterio-
ration of the downshifting particles in FS/BS solar modules to 
photooxidation. Compared with a glass front cover, the polymer 

FIGURE 10    |    Normalized values of (a) efficiency (η), (b) fill factor (FF), (c) open-circuit voltage (Voc), and (d) short-circuit current density (Jsc) as a 
function of UV radiation dose for solar modules with UV-DS encapsulant in different solar module structures: front sheet/back sheet (FS/BS), glass/
back sheet (G/BS), and glass/glass (G/G) solar modules.

FIGURE 11    |    Changes in pseudo fill factor (pFF) and fill factor (FF) of solar modules with UV-DS encapsulant in different solar module struc-
tures: (a) front sheet/back sheet (FS/BS), (b) glass/back sheet (G/BS), and (c) glass/glass (G/G), as a function of UV radiation dose. ΔpFFabs denotes 
the absolute change in pFF, whereas ΔFFabs denotes the absolute change in FF.
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front sheet in FS/BS solar modules provides less protection 
against oxidants, such as ozone and oxygen, facilitating their in-
gress and subsequent degradation of the downshifting particles. 
However, the chemical mechanism of this degradation requires 
further investigation.

Currently, the G/G and G/BS configurations dominate the PV 
market. This study demonstrates that the combination of down-
shifting encapsulants with these configurations yields high UV 
stability. In contrast, integrating downshifting encapsulants 
into lightweight solar module designs significantly reduces UV 
stability, highlighting the need for more reliable encapsulation 
strategies tailored to lightweight solar modules or more stable 
UV-downshifting materials.

3.3   |   Dual-Layer Encapsulation Design: An 
Innovative Strategy to Enhance UV Utilization 
and Stability

3.3.1   |   Advantages of the Dual-Layer 
Encapsulation Design

From the above analysis, the UV-DS encapsulant has been 
shown to shift UV photons into the visible range. However, re-
sidual UV photons, which are not shifted can still penetrate the 
encapsulant, inducing UVID in the solar cells. Furthermore, 
degradation of the DS effect was observed in lightweight solar 
modules with UV-DS encapsulant during UV exposure. As the 
DS effect deteriorates, an increasing fraction of UV photons 
remain unshifted, leading to greater passivation degradation, 
and consequently higher efficiency losses. To address this 
issue, a novel dual-layer encapsulant design was proposed, 
combining a UV-DS layer with a UV-B layer as the front en-
capsulant in lightweight solar modules. The structure of the 
solar module is illustrated in Figure 13. The configurations of 
the solar modules are shown in Table 1. CTM losses of light-
weight SHJ solar modules with dual-layer encapsulants are 
shown in Figure S3. In this design, UV photons not effectively 
shifted by the UV-DS layer are subsequently blocked by the ad-
ditional UV-blocking layer, thereby protecting the solar cells 
from UV-induced damage. A 120 kWh/m2 of UV exposure was 
performed to assess the UV stability of this configuration.

3.3.2   |   Performance and Stability of Solar Modules 
With Dual-Layer Encapsulation Design

Figure 14 presents the evolution of normalized electrical param-
eters during UV exposure for the lightweight SHJ solar mod-
ules with the proposed dual-layer encapsulant design, compared 
with the single-layer UV-DS encapsulant design. Two dual-layer 
configurations were investigated: (i) UV-DS combined with 
UV-B375 encapsulant and (ii) UV-DS combined with UV-B350 
encapsulant. The results show that both dual-layer designs ex-
hibit lower efficiency degradation than the single-layer UV-DS 
module. Notably, the UV-DS + UV-B375 module maintained η, 
FF, Voc, and Jsc nearly unchanged after 120 kWh/m2 of UV ex-
posure, indicating excellent UV stability. In contrast, the UV-
DS + UV-B350 module displayed a slight efficiency reduction, 
primarily due to a decline in FF. This observation is consistent 
with the previous discussion that even a minimal number of UV 
photons in the 350–375-nm wavelength range can induce UVID 
in SHJ solar cells.

A comparison of PL imaging among the three solar module types 
is shown in Figure S4. The PL intensity of the UV-DS + UV-B 
encapsulant solar modules remained virtually unchanged after 
UV exposure, indicating stable passivation of the SHJ solar cells. 
In contrast, the UV-DS module exhibited a noticeable reduction 
in PL intensity, attributed to passivation degradation.

As previously discussed, FF losses are the primary cause of effi-
ciency degradation in lightweight SHJ solar modules during UV 
exposure. Figure 15 shows the absolute changes in pFF and FF 

FIGURE 12    |    EQE (solid line) and reflectance (dashed line) of solar modules using UV-DS encapsulants in different solar module structures: (a) 
front sheet/back sheet (FS/BS), (b) glass/back sheet (G/BS), and (c) glass/glass (G/G), measured before and after 120 kWh/m2 of UV exposure.

FIGURE 13    |    Schematic of the lightweight SHJ single-cell solar mod-
ule with dual-layer front encapsulant.
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for solar modules with dual-layer encapsulant and comparison to 
single-layer encapsulant. The dual-layer design (UV-DS + UV-B) 
exhibited smaller pFF and Rs-related FF losses than the single-
layer (UV-DS) design. Notably, the pFF of the UV-DS + UV-B375 
module remained stable, whereas the UV-DS + UV-B350 module 
showed a slight reduction in pFF. This minor decrease is at-
tributed to the insufficient UV cutoff wavelength of the UV-B350 
encapsulant, as discussed earlier.

Furthermore, the Rs-related FF losses were markedly reduced in 
the UV-DS + UV-B module, demonstrating that the novel dual-
layer encapsulation design effectively suppressed Rs-related 
FF losses. As discussed in Section  3.2.2, the increase in Rs in 
lightweight solar modules is likely induced by moisture ingress, 
which deteriorates solar cell interconnections. The improved 

stability observed here can be attributed to the enhanced barrier 
properties of the dual-layer encapsulant, which more effectively 
hinders the ingress of moisture and oxidants compared with the 
single-layer design.

Figure  16 shows EQE and reflectance of the lightweight solar 
modules with the dual-layer encapsulant design, in comparison 
with those using a single-layer encapsulant, measured before 
and after 120 kWh/m2 of UV exposure. EQE and reflectance 
of these lightweight solar modules exhibited a pronounced re-
duction in the short-wavelength range from (280–400 nm). 
The overall photocurrent loss derived from the EQE data was 
0.90%rel for the UV-DS module, 0.85%rel for the UV-DS + UV-B350 
module, and only 0.32%rel for the UV-DS + UV-B375 module. The 
latter effectively blocked most UV photons from reaching the 

FIGURE 14    |    Normalized values of (a) efficiency (η), (b) fill factor (FF), (c) open-circuit voltage (Voc), and (d) short-circuit current density (Jsc) as 
a function of UV radiation dose for the lightweight SHJ solar modules with UV-DS, UV-DS + UV-B350, or UV-DS + UV-B375 as the front encapsulant.

FIGURE 15    |    Changes in pseudo fill factor (pFF) and fill factor (FF) of the lightweight SHJ solar modules with (a) UV-DS, (b) UV-DS + UV-B350 
and (c) UV-DS + UV-B375, as a function of UV radiation dose. ΔpFFabs denotes the absolute change in pFF, whereas ΔFFabs denotes the absolute 
change in FF.
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solar cells, resulting in negligible pFF degradation and stable 
passivation properties, as indicated in Figure 15. Consequently, 
the observed EQE reduction in the UV-DS + UV-B375 module is 
attributed primarily to degradation of the DS effect, with the 
associated current loss limited to 0.32%rel. Furthermore, the 
DS utilization efficiency, estimated from the EQE spectra, de-
creased from approximately 34% to 21% after 120 kWh/m2 of UV 
exposure.

Although the DS effect degraded in all lightweight solar mod-
ules with DS encapsulants, the resulting photocurrent loss was 
limited to only 0.32%rel. Incorporating a UV-B encapsulant in 
a dual-layer configuration with UV-DS significantly enhanced 
UV stability by reducing carrier recombination losses compared 
to a single-layer UV-DS design. As shown in Figure S5, the dual-
layer solar module retained over 98% of its initial efficiency after 
120 kWh/m2 of UV exposure, representing an 8.92%rel higher 
post-exposure efficiency than the solar module with a UV-T en-
capsulant. This design not only delivers a higher initial power 
output but also maintains superior performance after UV ex-
posure, indicating strong potential for improved long-term en-
ergy yield.

4   |   Conclusions

This study comprehensively investigated the mechanism of 
UVID in lightweight SHJ solar modules utilizing UV-blocking, 
UV-transmitting, and UV-downshifting encapsulants. After 
120 kWh/m2 of indoor UV exposure, equivalent to 30 months of 
outdoor exposure in Jülich, Germany, solar modules incorpo-
rating these encapsulants exhibited relative efficiency losses of 
2.17%, 9.25%, and 6.15%. The decrease in efficiency was mainly 
attributed to the decrease in Voc and FF of the solar modules, ac-
companied by a diminished pFF. Accordingly, pFF loss was found 
to be the major cause of FF loss, which is attributed to the de-
terioration of the passivation properties of the solar cells due to 
UV radiation. Additionally, the influence of Rs-related FF losses 
increased, which is attributed to the deterioration of the intercon-
nection foil supposedly caused by environmental factors such as 
moisture and oxygen, rather than UV radiation itself.

The results revealed that lightweight SHJ solar modules with 
UV-downshifting encapsulants effectively mitigated UVID. 
However, the UV-downshifting encapsulants cannot com-
pletely shift UV photons, and a reduction in the DS effect 

was observed, supposedly caused by the photooxidation. The 
chemical mechanism behind this requires further investiga-
tion. Utilization efficiency of DS decreases from around 34% to 
21% after 120 kWh/m2 of UV exposure. A novel encapsulation 
architecture combining UV-downshifting and UV-blocking 
encapsulants was proposed to ensure the UV utilization and 
stability of lightweight SHJ solar modules. Solar modules fea-
turing this innovative dual-layer structure preserved over 98% 
of their initial performance after UV exposure, demonstrating 
a promising new approach for enhancing UV stability. The 
efficiency of this dual-layer solar module after UV exposure 
was 8.92%rel higher than that of the solar module with UV-
transmitting encapsulant. The dual-layer structure provides 
more initial power, which remains high even after UV degra-
dation, showing promising energy yield.

The comprehensive investigation provides substantial insights 
into the degradation mechanisms of lightweight SHJ solar 
modules under UV exposure and offers practical strategies in 
the progress of improving their durability and performance. In-
depth investigation of the degradation mechanism of DS effect is 
still ongoing. The development of DS encapsulant foil with lon-
ger shifted wavelengths, such as green light, and higher reliabil-
ity shows greater application potential.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Transmittance (solid line, 
T) and reflectance (dashed line, R) spectra of different encapsulants: 
(a) TPO (UV-B350), (b) PO (UV-B375), (c) EVA (UV-T), measured by UV–
vis–NIR spectrophotometer, before and after 120 kWh/m2 of UV expo-
sure. (d) Transmittance of DS-EVA (UV-DS) before, after 60 kWh/m2, 
and after 120 kWh/m2 of UV exposure, measured by an in-house-built 
setup. (e) Transmittance (solid line, T) and reflectance (dashed line, R) 
of ETFE front sheet measured by UV–vis–NIR spectrophotometer, be-
fore and after 120 kWh/m2 of UV exposure. (f) Comparison of trans-
mittance (solid line, T) and reflectance (dashed line, R) of ETFE front 
sheet with glass. Figure S2: Excitation and emission spectra of down-
shifting encapsulant foil. Figure S3: CTM loss from (a) efficiency (η), 
(b) fill factor (FF), (c) short-circuit current density (Jsc), and (d) series 
resistance (Rs) of lightweight SHJ solar modules incorporating encapsu-
lants with different UV-transmission properties. C stands for solar cell 
and M stands for solar module. Figure S4: PL images of lightweight 

SHJ solar modules with (a) UV-DS, (b) UV-DS + UV-B350, and (c) UV-
DS + UV-B375, measured before and after 120 kWh/m2 of UV exposure. 
Figure S5: Solar module efficiency before and after 120 kWh/m2 of UV 
exposure, with currents for efficiency calculation derived from EQE 
measurements. Table  S1: Specifications of encapsulants. Table  S2: 
Specifications of front sheet and back sheet. 
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