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ents of polymer-based
encapsulants and backsheets for stable and high-
performance silicon photovoltaic modules:
materials nanoarchitectonics and mechanisms

Donggyun Kim, a Hyunsoo Lim,b Sung Hyun Kim,b Kang No Lee,c Jungmok You,d

Du Yeol Ryu *a and Jeonghun Kim *a

Photovoltaic (PV) technology enables the conversion of solar energy into electricity. Si-based PV modules,

which currently represent more than 90% of the global PVmarket, are expected to be in high demand in the

future. To increase the efficiency of Si-based PV modules, it is important to improve not only the

manufacturing technology and solar cell architecture but also the materials needed to produce the

modules. Encapsulants and backsheets, which are used to ensure the long-term lifespan and stability of

solar cells, play an equally important role in PV modules as solar cells. Research is being conducted on

polymers used in encapsulants and backsheets to increase cell efficiency by using additives or

composites with various materials. This article reviews the recent developments of materials and

additives for polymer-based encapsulants and backsheets in Si-based PV modules.
1. Introduction

Over the last few decades, the use of fossil fuels has increased
rapidly due to accelerating industrialization and the still-
increasing world population.1 Because of the limited reserves
of fossil fuels, oil and gas are expected to be depleted between
the years 2052 and 2060.2 This means renewable energy
resources are urgently needed to replace fossil fuels. Among the
major renewable energy sources (wind, water, solar, and
geothermal), solar energy is the most abundant renewable
energy resource.3–7 As a result, solar power is increasingly
regarded as a promising energy technology for the conversion of
solar energy directly into electrical energy.8–10 Depending on the
active material/architecture used, solar cells can be divided into
Si solar cells, cadmium telluride solar cells (CdTe), organic solar
cells, dye-sensitized solar cells (DSSC), gallium arsenide
germanium (GaAs) solar cells, quantum solar cells, perovskite
solar cells, and copper indium gallium selenide solar cells
(CIGS).11–19 Si solar cells currently account for more than 90% of
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the entire solar market. All currently available PV modules
degarde over time due to the external environment. Their
performance is signicantly reduced (Fig. 1a).20 To prevent this
serious performance degradation, it is necessary to satisfy all
requirements for cell efficiency, price, stability, module
connectivity, andmodule conguration. In the past, researchers
improved PV cell efficiencies with the help of different mate-
rials, introduced new designs (e.g., bifacial PV modules), and
changed the module conguration.21–24 The currently emerging
bifacial PV modules are also capable of using light that is re-
ected from the ground (Fig. 1b), while conventional PV
modules only use sunlight that hits the top of the PV module.
Conventional modules use an optically opaque backsheet for
absorption, while bifacial PV modules use a transparent back-
sheet to let light pass through the rear of the PVmodule.25,26 The
installation of bifacial solar panels, especially on highly reec-
tive ground, can increase power production by 20–30%.27,28

A PV module consists of multiple PV cells that are inter-
connected. Generally, PV cells consist of a frame, glass, encap-
sulant, solar cells, backsheet, and junction box.29,30 Fig. 1c
shows a more detailed structure of a PV module and the
requirements that the encapsulant and backsheet should meet.
The frame surrounding the edges of the module is made of
aluminium, while carbon protects the module, and aids cooling
by radiating heat away. The aluminium frame must protect the
solar cells from external physical damage and have high
transmittance for visible light. The encapsulant consists of
a polymeric material to provide adhesion between the top
surface, the rear surface, and the solar cells. The encapsulant
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Schematic of a typical array of solar modules and their desired properties. (b) Comparison between a monofacial and a bifacial PV
module. (c) Components of a typical solar panel and the desired properties of encapsulant and backsheet materials. (d) Chemical structure of
common polymer materials for the encapsulant and backsheet.
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should protect the relatively fragile solar cells and circuits from
external forces, weather, corrosion, and UV light. Moreover, the
encapsulant should maintain optical coupling between the
solar cell and the incident sunlight and also minimize
potential-induced degradation (PID). PID is caused by the
potential between the module frame and the solar cell. This
potential difference causes the sodium ions present in the glass
to move, resulting in leakage current and output loss.31 And it
must also achieve and maintain reliable electrical isolation of
solar cell circuit elements.32 The encapsulant should also
This journal is © The Royal Society of Chemistry 2024
provide a certain peel strength (75–125 N cm−1) and gel content,
little thermal shrinkage (<2%), and long-term stability (25–30
years). The backsheet ensures waterproong, insulation, and
durability of the solar module.33 In addition, because the
backsheet is directly exposed to the environment, peeling,
discoloration, and corrosion due to water vapor transmission
can affect the output of the module – which means a water-
vapor barrier is required.34,35 It must also serve to electrically
isolate the internal circuitry from the environment. Durability is
also important because the performance of a PV module rapidly
J. Mater. Chem. A, 2024, 12, 7452–7469 | 7453
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Fig. 2 (a) Schematic of the film manufacturing process. (b) Photo-
graphs of the required film-manufacturingmachines. (i) Compounding
polymers and additives. (ii) Film extrusion. (iii) Film production, and (iv)
rolling of the film (final process). Courtesy of KM Corp.
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deteriorates if cracking or delamination occurs. The junction
box, which is located at the back, serves to protect the cables
and circuit boards needed to deliver the electricity generated
from the module to the inverter.

The encapsulant and backsheet are layers that protect the
cell over a long period of time; the most commonly used
encapsulant is ethylene vinyl acetate (EVA).36,37 EVA is regarded
as the most suitable encapsulation material because it is inex-
pensive, relatively easy to handle, and it has been used for over
35 years.38 However, despite possessing these excellent proper-
ties, EVA undergoes photothermally induced polymer degra-
dation.39 To overcome this problem, polymers such as ion-
containing polymers (ionomers), polyvinyl butyl (PVB), poly-
ethylene (PE), polyurethane (PU), silicone, and epoxy were
studied. Polyolen (PO), in particular, has been in the spotlight
recently thanks to its high volume-resistance, low moisture-
permeability, and lower PID.40 In particular, PO is increasingly
used because of the increasing number of bifacial modules.
Despite being 30% more expensive than EVA, PO is currently
being explored as a new material with potentially sufficient
long-term stability. The backsheet consists of a three-layer
structure: an air-facing layer (with good weather resistance),
a core layer (to ensure electric insulation), and a cell-facing layer
(to ensure adhesion to the back encapsulant).41,42 Commonly
employed processes for manufacturing three-layer backsheets
include lamination, coating, or co-extrusion. The backsheet,
which uses PET as a core layer, is laminated using an adhesive
layer (epoxy or polyurethane) between layers.43 For the air-facing
and cell-facing layers, either the uoropolymer polyvinyl uo-
ride (PVF) or polyvinyl diuoride (PVDF) is typically used
commercially. Their main purpose is to increase the UV resis-
tance of the core layer, polyethylene terephthalate (PET).44

However, uoropolymers have issues related to sustainability
aspects, and they are expensive.45,46 Therefore, non-
uoropolymers are currently being investigated to overcome
these problems. In addition, the industry has recently seen
a surge in the popularity of the CPC structure due to the high
cost of PVDF. This structure uses PET as the core layer and
replaces the inner and outer lms with a coating. Backsheets
produced by co-extrusion without the use of adhesives are
gaining attention as a viable alternative to the traditional
lamination process, addressing the associated cost and quality
concerns. As no adhesives are involved, the co-extruded back-
sheet can be converted to amonomeric state through a recycling
process (pyrolysis) and then polymerised again. This co-
extrusion approach uses a backsheet of PP for all three layers.41

The above polymers are generally mixed with additives to
increase the efficiency of PV modules and prevent polymer
degradation.47,48 The encapsulant polymer and additives are
compounded at a specic temperature and produced in the
form of pellets or chips. They are then extruded into a lm
(Fig. 2). Depending on thematerial chosen and its intended use,
the nal lm is produced through a series of steps including
lamination, co-extrusion, calendering, casting, winding and
stretching. The backsheet usually consists of a three-layer
structure and the air and cell facing layers are either coated or
laminated onto the core layer before being formed into a lm.
7454 | J. Mater. Chem. A, 2024, 12, 7452–7469
More recently, a co-extrusion process has gained ground, which
eliminates the need for adhesives and allows precise thickness
control.
2. Additives for encapsulants and
backsheets

Because the efficiency of PV modules can be enhanced
substantially with even a minute quantity of additives, the
development of new polymers and additives is of great impor-
tance.49 Additives used in the encapsulant include agents that
can accomplish the following tasks: facilitate crosslinking of
polymers,50,51 control the density and speed of crosslinking,52,53

absorb UV light to prevent photodecomposition of polymers,54,55

act as antioxidants by neutralizing radicals generated by UV,56–58

and serve as silane-coupling agents that can increase the
bonding strength for both solar cells and the encapsulant.59 All
crosslinking agents have peroxide groups, while most co-
crosslinking agents contain aryl groups (Table 1). When heat
or UV light is applied to the peroxide, radicals are generated,
and free radicals extract hydrogen from the polymer chain.
Then, crosslinking occurs, where the free radicals and polymer
chains combine (Fig. 3a). However, since it is difficult to achieve
This journal is © The Royal Society of Chemistry 2024
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Table 1 Chemical structures of additives

Name Chemical structure Name Chemical structure

Crosslinking agent Co-crosslinking agent

1,1-Di(t-amyl peroxy)-cyclohexane 1,3,5-Trimethyl-1,3,5-triaza cyclohexane

t-Butyl peroxybenzoate 1,3,5-Triacetylbenzene

Dicumyl peroxide Triallyl isocyanurate (TAIC)

UV absorbers 1st antioxidant (phenol)

2-Hydroxy-4-octyloxy
benzophenone

Tris(2,4-di-tert-butylphenyl) phosphite

2- Hydroxy-4-methoxy-
benzophenone

Octadecyl 3-(3,5-di-tert-butyl-4-
hydroxyphenyl) propionate

1st antioxidant (amine) 2nd antioxidant (phosphite)

Bis(2,2,6,6-tetramethyl-4 piperidyl)
sebacate

Tris(2,4-di-tert-butylphenyl) phosphite

Bis(1,2,2,6,6-pentamethyl-4-
piperidyl) sebacate

Tris(nonylphenyl) phosphite
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a high degree of crosslinking using a crosslinking agent alone,
a co-crosslinking agent is frequently used at the same time. Co-
crosslinking agents contain triaryl groups and affect the degree
of crosslinking by minimizing steric limitations and optimizing
the space between polymers. They can further improve both
crosslinking density and crosslinking speed.60 Compared to
using a crosslinking agent alone, using a co-crosslinking agent
This journal is © The Royal Society of Chemistry 2024
improves not only the crosslinking efficiency but also the
moisture permeability as well as optical transmittance (Fig. 3b).
Measurement of the degree of crosslinking of a polymer by
a crosslinking agent is characterized through gel content
analysis.61

When the encapsulant absorbs UV light, polymer radicals
form, and the polymer decomposes. Therefore, using an
J. Mater. Chem. A, 2024, 12, 7452–7469 | 7455
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Fig. 3 (a) Schematic showing the crosslinking mechanism in polymers
when both a crosslinking agent and a co-crosslinking agent are used.
(b) Schematic illustrating the difference between the use of the
crosslinking agent only as well as the use of a crosslinking agent
combined with a co-crosslinking agent.

Journal of Materials Chemistry A Review

Pu
bl

is
he

d 
on

 1
5 

Fe
br

ua
ry

 2
02

4.
 D

ow
nl

oa
de

d 
on

 7
/2

4/
20

25
 8

:5
9:

43
 P

M
. 

View Article Online
additive that destroys radicals following UV absorption is very
desirable (Table 1). The benzotriazole and benzophenone
groups with –OH absorb UV light effectively and can form
hydrogen bonds with neighboring –CO or nitrogen. This
generates a continuous resonance, and the absorbed UV energy
is released as heat. Aer the resonance/absorption, the mole-
cule returns to the original (stable) structure and continues to
function as a UV absorber (Fig. 4a). UV absorbers operate at
different absorption wavelengths. Therefore, a UV absorber that
absorbs light in a certain wavelength range will not work for
other wavelengths. Recently, two or more UV absorbers or
antioxidants have been used together to cover a wider spectral
range – from UV to near-visible light – see Fig. 4b.62

Antioxidants are used to neutralize radicals, which were
generated by UV rays that were not blocked by UV absorbers.
Phenolic antioxidants and hindered amine light stabilizers
(HALS) are primary antioxidants that act as radical scavengers.
Phenol-based antioxidants react with UV-generated polymer
radicals and peroxy radicals to remove radicals (Fig. 5b). During
this process, yellowing may occur due to the production of
quinones.63 Amines in HALS react with peroxy radicals to
oxidize and release alcohol, and the generated nitroxyl radicals
serve as a catalyst and remove polymer radicals (Fig. 5a).
Fig. 4 (a) Transition mechanism of benzophenone and benzotriazole
under UV light. (b) Combined and individual UV absorption spectra of
the two UV absorbers.

7456 | J. Mater. Chem. A, 2024, 12, 7452–7469
Oxidation of HALS is a relatively slow and temperature-
dependent process. Because it is also not very effective at high
temperatures (above ∼80 °C), it is oen used in combination
with primary and secondary antioxidants. Unlike phenolic
antioxidants, today, HALS are primarily used because a color
change can be avoided (no quinone is produced). Secondary
antioxidants usually protect and stabilize polymers by decom-
posing and removing peroxides that were generated in already-
oxidized polymers. These are also known as peroxide “scaven-
gers”. They reduce peroxide to prevent decomposition into PO−

and OH− radicals. Phosphite is mainly used thanks to its
excellent reducing ability (Fig. 5c). The inuence of UV
absorbers and antioxidants is analyzed by FT-IR analysis aer
UV weathering.63 The additives used in the solar panel back-
sheets are similar to the additives used in encapsulants. Several
other additives are also commonly used: heat stabilizers (to
improve heat dissipation by minimizing residual high-
temperature heat), hydrolysis stabilizers (to prevent hydrolysis
of polyesters, which is promoted by the terminal carboxylic
acid), ame retardants (to prevent re hazards), and inorganic
pigments (to increase reectance).64–66
3. Encapsulant

To help improve PV modules, the encapsulant should have the
following properties: good adhesion to both top- and bottom-
layers, low light absorption, high thermal conductivity, phys-
ical strength (to protect cells from external impacts), good
stability at high temperatures, good stability in UV light, optical
transparency, and low thermal resistance.39 Polymers that are
commonly used as encapsulants include EVA, PVB, silicone,
thermoplastic olen (TPO), and polyolen elastomer (POE) – see
Table 2.67
3.1. Ethylene vinyl acetate

In most PV modules, EVA is used as an encapsulant due to its
high transmittance, low processing temperature, UV stability,
high volume-resistivity, excellent adhesion, and elasticity.
However, solar cell encapsulation with EVA lms still has
drawbacks. The disadvantages include high energy consump-
tion during lm fabrication, relatively short lifetimes, and
polymer decomposition triggered by photothermal heat.32

Polymer decomposition following UV absorption can lead to
Norrish reactions and the production of acetic acid (Fig. 6). The
TGA analysis conrms that the vinyl acetate group present in
EVA undergoes decomposition, resulting in weight loss as acetic
acid molecules are released.68 If the produced acetic acid is not
released through the backsheet (trapped in the PV module), it
can cause metallization, which can reduce transmittance and
yellowing, and lead to poor encapsulation overall.37,69 Many
researchers have attempted to improve the durability of EVA
lms by introducing composites into EVA or using additives.

Oliveira et al. introduced graphene oxide (GO) to make EVA
more resistant to photodegradation.70 Without the GO addition,
the decomposition of the EVA encapsulant, which was treated
with cyclohexane, was not slowed down. This can be concluded
This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Removal mechanism of radicals using: (a) hindered amine 1st antioxidant, (b) phenolic 1st antioxidant, and (c) phosphite 2nd antioxidant.
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from the XRD results that indicate that the EVA encapsulant
without GO dissolved in cyclohexane, and the crystallinity
changed. The addition of GO increases crystallinity, which
minimizes the diffusion of gaseous substances within the EVA
encapsulant and helps suppress photooxidation. Photooxida-
tion is a reaction where oxygen causes chain scission (breakage)
of the polymer. The concentration of the added GO varied
(0.25 wt% to 0.50 wt%, 0.75 wt%, 1.0 wt%, and 2.0 wt%). The GO
addition reduced the deterioration of the EVA encapsulant
signicantly. However, when the concentration was high, the
transparency of the lm also decreased. Nanocomposites (GO/
EVA) with a concentration of 0.25 wt% were still suitable for
PV modules.

To improve the low thermal conductivity of the EVA layer, the
lower EVA matrix layer was doped with three different nano-
particles: boron nitride (BN), zinc oxide (ZnO), and silicon
carbide (SiC), at loading ratios of 10%, 20%, and 30%.71 This
resulted in signicant reductions in local and average solar cell
Table 2 Structure of polymers that are typically used for encapsulation

Structure Name Advantages

EVA

Low cost
High volume-resistivity
UV radiation resistance
Low processing-temperature

PVB

Better UV stability and adhes
High glass-transition tempera
Good recycling properties
No crosslinking step

Silicone

High stability in UV light
High-temperature stability
No discoloration
Robustness

TPO

No crosslinking step
Low water-vapor permeability
Stable at high temperature
Easy recycling and good adhe

POE Good transparency
No acid formation

This journal is © The Royal Society of Chemistry 2024
temperatures for a 30% loading ratio – especially for SiC, which
reduced the temperature of the solar cell device by approxi-
mately 2 K compared to BN and ZnO. Due to the low average cell
temperature, the EVA nanoparticle layer also improved its
thermal and electrical efficiencies. The thermal and electrical
efficiencies for SiC reached maxima of 70.02% and 16.95%,
respectively, and net electric power gain improved by 7.16%.

A method to improve the solar panel characteristics, by
doping EVA with a small amount of nano ZnO nanoparticles
(0.05 wt%, 0.1 wt%, 0.15 wt%), was reported previously.72 The
EVA/ZnO composites showed superior electric insulation, frac-
ture strain, good light transmission, and high tensile strength,
from 3.7 MPa (for intrinsic EVA) to 15.3 MPa (for EVA/ZnO). At
high temperatures, EVA/ZnO maintained a low dielectric
constant and low heat dissipation. The 0.1 wt% EVA/ZnO
nanocomposite showed the best performance and may be
used as an alternative to the conventional EVA encapsulant in
the future.
films, incl. advantages and disadvantages

Disadvantages

Short lifetime
Decomposition via photothermal heat (forming acetic acid)
Poor recycling properties

ion Vulnerable to hydrolysis
ture Poor volume resistance

High price
Hard to laminate
Volume resistance and water vapor permeability are low

Embrittlement and peeling may occur at low temperature

sion
Requires additives
Longer gel-formation time

J. Mater. Chem. A, 2024, 12, 7452–7469 | 7457
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Fig. 6 Schematic illustrating the EVA-degradation mechanism. Reproduced from ref. 39 with permission from Elsevier, copyright 2021.

Fig. 7 (a) Si solar module with a QD@EVA film under (i)–(vi) white
light and (vii)–(xii) 365 nm UV light. (i) and (vii) As-purchased solar
module. QD concentration: (ii) and (viii) 0, (iii) and (ix) 0.2, (iv) and (x)
0.63, (v) and (xi) 3.2, (vi) and (xii) 6.2 wt%. (b) IPCE spectra of the single
Si solar module (i)–(v) covered with QD@EVA films (vi) without a film.
The insets showmagnified spectra in the near-UV and visible regions.
QD concentration: (i) 0, (ii) 0.2, (iii) 0.63, (iv) 3.2, (v) 6.2 wt%. (c)
Photographs of CGS/ZNs QD dispersions in toluene, under white
light and UV (365 nm) light. (d) I–V curves and (e) IPCE spectra of a Si
solar module with an EVA film and a QDs@EVA film. Reproduced
from ref. 74 with permission from the American Chemical Society,
copyright 2020. Reproduced from ref. 75 with permission from the
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In one study, quantum dots (QDs) were mixed with EVA to
produce a luminescent downshiing (LDS) layer, which can
improve the (oen) poor spectral response of solar cells to
short-wavelength light. The LDS layer typically absorbs
photons in the 300–500 nm range and emits them at longer
wavelengths, where the PV device is much more efficient.73 A
CuInS2/ZnS/ZnS core/shell/shell structure was embedded in
EVA resin to fabricate QD@EVA lms.74 The QD@EVA lm
was attached to a Si solar module to obtain I–V curves under
simulated solar light (AM1.5G). As the QD concentration
increased, light scattering from the aggregated QDs resulted
in the emission of yellow light, and the incident-photon-to-
electron conversion efficiency (IPCE) below 370 nm
increased – see Fig. 7a and b. The conversion of near-
ultraviolet light (below 370 nm) to visible light using QDs
enhances the photocurrent of the solar module. Hase et al.
investigated CuGaS2/ZnS core/shell QDs as wavelength-
conversion materials for luminescent down-shiing (LDS)
layers in solar cells.75 To control the bandgap (Eg) and emis-
sion wavelength, the Cu/Ga ratio was changed – see Fig. 7c.
The optimal QDs (Eg ∼ 3.1 eV) were synthesized via hot
injection at Cu/Ga = 1/10. The resulting QDs were embedded
in EVA resin to fabricate the QDs@EVA lm. Due to the
excitation of the QDs, the QDs/EVA lm not only absorbs UV
light but also emits more-efficient warm white light when
exposed to UV light. The relative change in ISC, when the
QDs@EVA lm was used instead of the blank EVA lm, was
−2.7%. However, the slightly reduced photocurrent for visible
light (due to light scattering by aggregated QDs) is smaller
than the improved response in the UV by the luminescent
downshiing lm. Furthermore, the light-scattering loss due
to aggregation of QDs can be minimized by improving the
affinity between the QDs and the resin.
7458 | J. Mater. Chem. A, 2024, 12, 7452–7469
3.2. Polyvinyl butyral

Polyvinyl butyral (PVB) is a thermoplastic polymer with
a cost similar to EVA. It is the second most commonly used
encapsulant material on the market. PVB features better UV
stability and adhesion than EVA,76 and it has a high recovery
rate with a recycled purity of 98%.77 In addition, PVB is also
widely used for thin-lm building integrated photovoltaic
(BIPV) products.78,79 Unfortunately, it is very vulnerable to
Royal Society of Chemistry, copyright 2013.

This journal is © The Royal Society of Chemistry 2024
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hydrolysis because of its high water absorption,80 and it has
inferior volume resistance.

The PVB encapsulant shows lower potential-induced degra-
dation (PID) when paired with a specic superstrate. PV
modules with the soda-lime/EVA structure showed high loss
(32%) according to PID testing, while PV modules with the
quartz/PVB conguration showed only 1% degradation – see
Fig. 8a.81 Furthermore, uniformly dispersed iron-doped titania
nanoparticles (Fe–TiO2) in PVB lm produced improved UV
stability – see Fig. 8b.82 The UV exposure of the produced lm
increases the hydrophilicity of Fe–TiO2 nanoparticles, which
increases cohesion between nanoparticles. The agglomerated
particles are repelled by the illuminated surface due to both the
interfacial enthalpy effect and the depletion force (caused by the
polymer structure entropy). As a result, the particles produce an
Fe–TiO2-enriched layer on the surface. The formed composite
lm had a very low carbonyl index and high tensile-strength
retention in UV-aging tests. Overall, it exhibited superior UV
stability compared to other photo-stabilizers. It was also shown
that the ultra-thin nanoparticle layer can suppress UV degra-
dation and extend the service life of the PVB lm. Moulai et al.
studied the optical properties of the PVB encapsulant with QDs.
Fig. 8 (a) Electroluminescence (EL) images and I–V curves of
a module before and after PID. (b) Mechanism of Fe–TiO2 nano-
particles in PVB film, (c) UV stability and tensile strength of PVB films
with Fe–TiO2 nanoparticles. Reproduced from ref. 81 with permission
from Elsevier, copyright 2022. Reproduced from ref. 82 with permis-
sion from Elsevier, copyright 2022.

This journal is © The Royal Society of Chemistry 2024
Luminescent QDs (LQDs) emerged with PVB and were used as
an encapsulant for luminescent down-shiing.83 The use of
LQDs with PVB resulted in increased PVB absorption and
increased luminescent emission in both the UV and visible
wavelength ranges. LDS, through the introduction of LQDs,
allows PV modules to increase their output by improving the
response in the UV spectrum.

3.3. Silicone

The silicone encapsulant is based on –Si–O– or similar back-
bone structures rather than hydrocarbon structures. Poly-
dimethylsiloxane (PDMS) and its derivatives have been used to
laminate solar cells in solar modules since the early 1980s due
to their excellent stability and durability in many types of
environments.84 Silicone encapsulants show less performance
degradation of PV modules than EVA.85 However, they are much
more expensive and complicated to use in PV modules, which
means their use in the PV market is limited.86 Despite these
barriers, silicones can improve PV module efficiency due to
their UV resistance, lack of discolouration, PID suppression and
excellent light transmission.86–89 They are already used in highly
specialized applications despite their high price and very
specic processing requirements, and they were shown to
improve the power output of PV modules by 2–3% on average in
desert-like environments.90 Recently, a silicone encapsulant,
which can be processed using conventional vacuum-thermal
lamination, was reported.91 Similar characteristics to conven-
tional (liquid) silicone were found in a study that focused on the
reliability of PV modules where silicone was used as an encap-
sulant. Unlike PV modules equipped with EVA, no corrosion
was observed in EL images following exposure to damp heat for
6000 hours – see Fig. 9a and b. Interestingly, neither corrosion
nor PID was reliably detected even when the silicone encapsu-
lant was used only at the front surface. Details of other prop-
erties (including stability and durability as thermomechanical/
optical weathering stress factors) were not reported but similar
reliability to PV modules using conventional silicone is ex-
pected. Therefore, it is estimated that the use of silicone
materials will likely increase aer additional testing and veri-
cation. In addition, thermoplastic silicone elastomers, sili-
cones combined with thermoplastics, can cure encapsulation
materials faster and facilitate additive-free physical cross-
linking.92 Liu et al. investigated the gamma irradiation stability
of silicone encapsulant materials – see Fig. 9c.93 The group
found that the overall mechanical properties transformed from
rubber-like to brittle aer increasing the absorbed dose to 500
kGy (thanks to the increased crosslinking-density of the silicone
encapsulant). The dose-rate effect of silicone encapsulants was
further conrmed by characterizing radiolysis gases at very low
dose-rates (10−4 Gy s−1). These ndings provide guidance for
the application of silicone encapsulants in high-radiation
environments.

3.4. Polyolen

Polyolen (PO) encapsulation is currently studied as an alter-
native to EVA. POs, when used in photovoltaic modules, have
J. Mater. Chem. A, 2024, 12, 7452–7469 | 7459
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Fig. 9 (a) Schematic structures of Si PVmodules [(i): glass/EVA/Si-cell/
EVA/TPT, (ii): glass/silicone/Si-cell/silicone/TPT, (iii): glass/silicone/Si-
cell/EVA/TPT, (iv): glass/EVA/Si-cell/silicone/TPT]. (b) EL images of Si
PV modules based on EVA and silicone encapsulants (modules A, B, C,
and D) before and after the damp heat test. (85 °C with 85% relative
humidity.) (c) Irradiation-induced degradation of the silicone encap-
sulant. Reproduced from ref. 91 with permission from IOP science,
copyright 2018. Reproduced from ref. 93 with permission from
Elsevier, copyright 2022.

Fig. 10 Results of the damp heat (DH) test and power voltage test of
PV modules with EVA and TPO encapsulants. Reproduced from ref. 96
with permission from Elsevier, copyright 2020.
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a similar composition to EVA. They are PE-based chemicals
without vinyl-acetate side groups and have the advantage of
being very inexpensive. Both POE and TPO are PO-based
materials with the benet that they do not generate acetic
acid because they do not contain vinyl acetate moieties.94

Because studies of PO have been conducted only recently, there
are no nished long-term studies yet.

TPO is a polymer blend that consists of an olenic elastomer
and a thermoplastic polyolen. It has a similar or higher
volume resistivity and a lower WVTR than EVA. In addition, it
has a higher melting temperature, which eliminates the need
for a crosslinking process. Without the crosslinking process, all
chemicals and crosslinking-reaction-related by-products can be
avoided. In addition, the curing time needed to crosslink the
encapsulants can be eliminated, which reduces the lamination
cycle time signicantly.95 TPO showed higher transmittance and
higher thermal stability than EVA, is less sensitive to creep, and
has excellent adhesion to the glass/encapsulant interface as well
as at the glass/backsheet interface – see Fig. 10.96

In the damp-heat weather-simulation test, the results show
high transmittance and little yellowing even aer a longer
period – see Fig. 11a and b.97,98 Ottersböck et al. studied the
effect of microclimates on encapsulant degradation.99 Under UV
irradiation, there is evidence of a deacetylation reaction, which
can be identied by an increase in the crystallization tempera-
ture. This was found in the samples that were laminated using
EVA, while only morphological changes (which are related to
7460 | J. Mater. Chem. A, 2024, 12, 7452–7469
a reversible process) were detected for TPO. Even though POE
also requires a crosslinking step like EVA, the acid formation
does not occur because it does not have a vinyl group. In
addition, it has a lower PID than EVA due to its high-volume
resistance and low moisture permeability – see Fig. 11c.100

However, POE has the disadvantage of a slow cross-linking
reaction. This problem has been addressed by the introduc-
tion of functional vinyl groups.40 The vinyl group of PO reacts
easily with the curing agent, which increases the crosslinking
rate 14 times, and it increases the maximum G0 value (which
represents the melt strength) to 69.0 kPa. Moreover, the intro-
duction of the vinyl group reduces the amount of curing agent,
which eliminates the need for curing coagents. It is also very
transparent, with excellent volume resistivity, and a low water-
vapor transmission rate. French et al. studied modules with
different back encapsulants exposed to high temperature and
high humidity conditions (85 °C and 85% RH).101 As a result,
using the POE encapsulant, the output power of polycrystalline
single-sided Al-BSF cells, monocrystalline bifacial passivated
emitter and rear cells (PERCs), and polycrystalline bifacial
PERCs, showed signicantly reduced power loss. Oreski et al.
studied the difference between EVA and TPO or POE modules
aer 3000 hours of DH testing. The group found that EVA
showed signs of silver grid corrosion, but not TPO and POE.102

Therefore, it appears that PO-based encapsulants can poten-
tially replace EVA. For bifacial PV modules, in particular,
because of their high cell efficiency, it is very important to
prevent PID caused by the movement of metal ions. The PO-
based encapsulant can potentially prevent PID better than
commercially available EVA because it inhibits the movement of
ions. The PO-based encapsulant is a material that is currently
attracting signicant attention and is expected to capture
a larger share of the solar energy market in the future.

4. Backsheet

The backsheet is used to protect the back of the PV module. The
materials that make up the backsheet must protect the PV
modules from UV radiation, moisture and vapour ingress. It is
also necessary to ensure complete electrical insulation of the PV
panel. This is done to ensure the continued performance of the
This journal is © The Royal Society of Chemistry 2024
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Fig. 11 (a) Comparison of film photographs, acid group index, change in yellowness index, and mean transmittance of EVA and TPO encap-
sulants. (b) The transmittance of double-layer laminates before and after 50 days of UV exposure. (c) EL images of test modules with EVA, TPO,
and POE encapsulants before and after 2000 and 3000 hours of DH testing (85 °C with 85% RH). Reproduced from ref. 98 with permission from
Elsevier, copyright 2021. Reproduced from ref. 97 with permission from Elsevier, copyright 2019. Reproduced from ref. 102 with permission from
Wiley, copyright 2020.

Fig. 12 Schematic illustrating the benefits and required function of
multi-layer backsheets and the chemical structure of polymers used to
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module. As a backsheet material, PET is widely used because it
is inexpensive. However, PET (a polyester) is hydrolyzed due to
the hydrolyzable ester bonds in the backbone. Unfortunately,
the hydrolysis of PET causes chain scission (polymer degrada-
tion) which worsens the mechanical properties, increases
embrittlement, and reduces UV resistance.103–105 To prevent
hydrolysis, PET is sometimes enhanced with anti-hydrolysis
additives (e.g., carbodiimide-based compounds or esters of
phosphoric acid). Unfortunately, this process is complicated,
and the production cost is high.106–108 To overcome this
problem, PET is oen sandwiched between two UV-resistant
lms through a lamination process.109 The most common type
of backsheet is an opaquemulti-layer polymer sheet on the back
of a module. The multi-layer structure consists of a weather-
resistant air-facing layer, a core layer for electrical insulation,
and a cell-facing layer that maintains adhesion to cells (Fig. 12).
The most common structures are Tedlar–PET–Tedlar (TPT) or
Kynar–PET–Kynar (KPK). The thicker the core layer, the better
the insulation and mechanical strength; and the thinner the
inner and outer layers, the better both the adhesion and
This journal is © The Royal Society of Chemistry 2024
resistance.110 The predominantly used uoropolymer works very
well but is expensive. In addition, recycling uoropolymers is
not possible because toxic by-products (e.g., carbonyl uoride,
make them.

J. Mater. Chem. A, 2024, 12, 7452–7469 | 7461
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triuoroacetic acid, hydrogen uoride) form during the
combustion process.111 To overcome these drawbacks, new
backsheets, which are based on non-uoropolymer outer layers,
are currently being developed. Some of these new backsheet
materials are based on polyamide (PA), PE, or polypropylene
(PP) – see Fig. 12. Since these materials are more susceptible to
environmental degradation than uoropolymers, a suitable
modication is required. Nevertheless, they are generally
cheaper andmake it easier to recycle modules, which aligns well
with the ultimate goal of sustainability in PV technology.
Fig. 13 (a) Schematic representation of PVDF/nano-mica nano-
composite films in a solar panel backsheet. (b) Stress–strain curves, (c)
thermal conductivity, and (d) thermal shrinkage (150 °C, 12 hours) of
PVDF/nano-mica films for different quantities of nano-mica loading.
Reproduced from ref. 116 with permission from Elsevier, copyright
2022.
4.1. Fluoropolymers

A PVF containing backsheet was developed in the 1980s and has
been commonly used as a rst-generation backsheet. It is still
widely used today thanks to its excellent weatherability,
stability, and proven good performance in many outdoor
applications.112 Backsheets made of PVF and PET have been
used for over 30 years. Thus, they can serve as useful standards
for both performance and durability. Compared to other back-
sheet materials, the long-term performance was also good.113,114

Recently, polyvinylidene uoride (PVDF) or non-uoropolymers
rather than PVF have started to attract the attention of
researchers due to potential advantages in both price and
composite formation.

PVDF has been used as a backsheet material since 2003.115 To
reduce the cost of the PVDF-based backsheet and improve the
adhesive properties, poly(methyl methacrylate) (PMMA), which
has excellent insulation, chemical resistance, and stiffness, and
is highly miscible with PVDF, was mixed with pigments and
additives. Ulicna et al. investigated the deterioration of PVDF-A,
where the PVDF–PMMA layer was exposed to the outside, and
PVDF-B, a layered structure without PMMA exposed on the
surface.110 The FTIR spectrum of monolayer PVDF-A showed
a very low PMMA peak aer combined-accelerated stress testing
(C-AST). The test was performed using NREL's and DuPont's
module accelerated stress test (MAST) where the effects of DH,
UV, and temperature cycle (TC) were tested sequentially. This
means that PMMA disappeared/transformed at the exposed
surface of the backsheet. On the other hand, no decrease of the
PMMA peak was observed for any of the single-stress test
conditions where DH, UV, and TC were applied individually. For
PVDF-B, a PMMA peak could not be detected using FTIR due to
its thickness, but it was conrmed that it exhibits a similar
pattern to PVDF-A based on differential scanning calorimetry
(DSC) and wide-angle X-ray scattering (WAXS) results.

In addition to PMMA, researchers are now focusing on
fabricating backsheets made from PVDF composites. Moham-
med Khalifa et al. reported PVDF/nano-mica nanocomposite
lms – see Fig. 13a.116 In these lms, the thermal conductivity
and tensile strength of PVDF increased depending on the
amount of nano-mica added (Fig. 13b and c). In addition, the
strong interaction between nano-mica and PVDF chains
increases wettability and the dielectric constant, and the lm
gradually becomes opaque with increasing amounts of nano-
mica. Moreover, as nano-mica loading increases, the coeffi-
cient of thermal expansion (CTE) decreases. Because the surface
7462 | J. Mater. Chem. A, 2024, 12, 7452–7469
of PVDF is rough and uneven, the addition of nano-mica
increases the hydrophobicity of PVDF and the thermal
conductivity by creating a heat-ow path. At optimal loading
(PVDF-M2.0), the PVDF lm showed a transmittance of 70%. In
addition, it showed excellent stability when exposed to UV.

PVDF features high purity, chemical inertness, mechanical
abrasion resistance, UV stability, and excellent thermal stability
of the polymer due to the high electronegativity and dissocia-
tion energy of the C–F bonds.110 Although it is generally resis-
tant to moisture and does not decompose at high temperatures,
PVDF has a relatively low thermal conductivity which cannot
sufficiently dissipate the heat generated in the panel. Therefore,
Kim et al. used different ratios of AlN and BN llers to fabricate
PVDF backsheets for solar cells that have high thermal
conductivities. The group found that composites with 70 wt%
and a 2 : 8 AlN/BN ratio showed a maximum thermal conduc-
tivity of 5.85 W m−1 K−1, which is 31 times larger than that of
the pure PVDF matrix. The storage modulus was comparable to
that of polyethylene terephthalate (PET), which is normally used
to make PVDF harder. The water swelling ratio was reduced by
adding a ller, and the thermal and mechanical properties aer
swelling and drying did not worsen. In addition, a surface
modication of the ller was performed (with a silane-coupling
agent) to improve the interfacial adhesion between the ller and
the matrix. To overcome the problem associated with multi-
layered backsheets, a PVDF single-layer structure was used.
The inherent hardness of a ceramic ller provided PVDF with
rigidity, which meant that the device could maintain its shape
(even outdoors) without requiring a PET layer.117
This journal is © The Royal Society of Chemistry 2024
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In addition, polyhedral oligomeric silsesquioxane (POSS)-
functionalized carbon nanotubes (CNTs) were used as llers to
improve the low thermal conductivity of PVDF. Many researchers
have used CNTs to increase low thermal conductivity.118–120

However, the thermal conductivity of these composites did not
increase much because the CNTs aggregated. Song et al. per-
formed surface modication of CNTs to increase the dispersibility
of CNTs in the solvent DMF and increase the compatibility with
the PVDF matrix.121 The surface modication of CNTs was carried
out in two steps: (1) functionalization with –COOH, (2) function-
alization with –POSS (Fig. 14a). Through these surface modica-
tions, uniform dispersion of CNT–POSS nanoparticles in the
PVDF matrix and high crystallinity of PVDF became possible – see
Fig. 14b. In addition, both thermal stability and the mechanical
properties were improved substantially by the POSS nanoparticles.
The fabricated CNT–POSS/PVDF composite lm showed a very
high thermal conductivity of 1.12 W m−1 K−1 (0.15 W m−1 K−1 in
the case of pure PVDF) – see Fig. 14c. The nucleation effect due to
increased crystallinity of the CNT composite appeared to affect the
thermal properties positively.
Fig. 14 (a) Schematic illustrating the preparation of CNT–POSS. (b)
Schematic of the preparation of the CNT–POSS/PVDF composite
membrane. (c) Thermal conductivity of CNT–COOH/PVDF and CNT–
POSS/PVDF composite membranes with different filler loadings.
Reproduced from ref. 121 with permission from Elsevier, copyright
2018.

This journal is © The Royal Society of Chemistry 2024
4.2. Non-uoropolymers

Polyamide (PA) was used as the original coextrusion back-
sheet.122 However, recent studies have shown that it shrinks and
cracks aer installation.123,124 Specically, the cracking of PA
was promoted by the acetic acid from the EVA encapsulant.125

Backsheet materials in general are subjected to accelerated
laboratory testing based on individual set conditions prior to
market introduction. However, PV modules are subject to more
complex degradation mechanisms due to a wide range of
environmental stressors that vary around the world. To avoid
these complications and to more reliably test the long-term
reliability of new PV modules, it is necessary to combine (and
standardise) accelerated laboratory tests with both key envi-
ronmental factors and typical mechanical loads.126

The PO-based backsheets showed higher durability
compared to the currently used PET-based backsheets, and they
can extend the service life of PV modules signicantly. More-
over, POs can also be made more environmentally robust
without an outer uoropolymer layer. Thuis et al. compared and
investigated the industrial applicability of non-uoropolymer
backsheets.127 Unlike other materials, the PO-based backsheet
was not prone to surface cracks that promote bulk damage, and
they are very tough – even aer the aging test (85 °C, 85% RH,
4000 hours).

Omazic et al. investigated the weathering effects on the
stability of modied polyolen (MPO) backsheets as an alternative
to PET/uoropolymer backsheets.128 Fig. 15 shows that the MPO
backsheet has a lower WVTR and higher acetic acid transmission
rate (AATR) compared to PET. In other words, the PV modules
have less water permeation and lower acetic acid content. Articial
aging of PET under DH and irradiation conditions led to chain
scission and chemo-crystallization, which increases
Fig. 15 (a) Cross-section images of PET (left) and MPO (right). (b)
Permeation rates for the PET and MPO backsheets. (c) Change of
fracture strain for the PET and MPO backsheets before and after aging.
Reproduced from ref. 128 with permission from Elsevier, copyright
2020.
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Fig. 16 (a) Schematic cross-section, (b) normalized Pmax retention,
and (c) EL images of PV modules with different configurations (GG
EVA, GB EVA, GB PO). Reproduced from ref. 134 with permission from
IOP science, copyright 2018.
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embrittlement and reduces strain at break by 70%. On the other
hand, the MPO backsheet maintained mechanical exibility even
aer aging for 2000 h with only a slight decrease in fracture strain
(by up to 20%) and a slight increase in yield stress. For the applied
accelerated-aging test conditions, it was conrmed that the
weather resistance of theMPO backsheet was higher than for PET.
This indicates that the MPO backsheet can replace the PET-based
backsheet in terms of cracking and delamination reduction.
Several studies have already reported excellent stability at high
temperatures and high humidity, as well as for a wide range of
light exposure scenarios.129,130

The effect of the special properties of PP backsheets on the
performance and reliability of PV modules was investigated in ref.
41. Compared to PET-based backsheets (PPF), the output was 1.5–
2.5% higher. This difference was caused by the higher reectivity of
the PP-based backsheet (80% for PP vs. 68% for PPF). In addition,
the PP backsheet showed little change in power output aer 3000
hours of DH testing. Themodule with the EVA encapsulant and the
PPF backsheet showed silver grid corrosion aer 3000 hours of DH
testing, which was due to acetic acid. However, themodule with the
EVA encapsulant and the PP backsheet showed certain penetration
characteristics (humidity prevented from entering the module,
acetic acid diffusing out of the PV module). Despite these benets,
long-term true outdoor aging tests are needed to obtain reliable
long-term aging data because research on PO-based backsheets has
only been conducted recently.

Another recent development for backsheets is to make them
transparent. In the past, transparent backsheets have been used in
BIPVs to blend with the color of the background roof or glass.
Recently, however, a transparent backsheet was developed for
bifacial PV modules to increase module efficiency. Currently, 90%
of bifacial modules are made of GG (glass-to-glass) structures.131

Lately, however, GB (glass-to-backsheet) structures have been
developed because there are benets in terms of lightness, cost
reduction, ease of transportation, and installation. It was also
conrmed that GB structures had lower PIDs than GG structures.132

The transparent backsheet also needs to block UV light while
transmitting visible light reected from the ground. UV exposure
can be reduced by using a white grid pattern on the inside of the
backsheet to block and reect the correct light between the cell
gaps.133 Arihara et al. compared the reliability and long-term dura-
bility of GB and GG modules using a DH test.134 There were three
comparison groups: GG modules with EVA encapsulants, and GB
modules using EVA and PO encapsulants (Fig. 16a). Fig. 16b and c
show the changes in output power (Pmax) and EL images before and
aer the DH test. The GG module showed no degradation up to
3000 hours of DH, but Pmax decreased to 0.88–0.89 aer 4000 hours
of DH. This degradation was further accelerated aer 5000 hours of
DH. The EL image shows that a dark area appears at the edge of the
module. For the GB module with the EVA encapsulant, Pmax

decreased to 0.25 aer 5000 hours of DH. This was conrmed by
the obtained EL image. In both modules, this phenomenon was
found to occur due to increasing series resistance (Rs) caused by the
hydrolysis reaction of EVA and generation of acetic acid gas (and
a corresponding decrease in ll factor (FF)). On the other hand, in
the modules with PO and GB, almost no decrease in Pmax was
observed even aer 5000 hours. Moreover, defects such as cracks
7464 | J. Mater. Chem. A, 2024, 12, 7452–7469
and voids did not appear in the EL image. It appears that not only
a transparent backsheet but also a PO encapsulant are essential for
bifacial PV modules.
5. Discussion and outlook

PV modules use various polymer layers to protect the cells, but
their performance tends to degrade under the inuence of high
temperatures, UV radiation and moisture conditions during eld
operation. The careful design of the initial polymer layer and the
accurate selection of materials are of paramount importance,
especially as PVmodules aremaintained in their initial conditions
for decades. The choice of polymer plays a key role in inuencing
the properties of the encapsulant and backsheet. Continuous
efforts have been made in polymer development to improve
various aspects of PVmodules, including price, long-term stability
and overall performance. Recognising that the exclusive use of
single polymers may have limitations in improving performance,
several researchers are exploring compounding with polymers to
enhance the properties of encapsulants and backsheets. In this
context, various material solutions for encapsulants and back-
sheets are discussed below:

(1) Polymers of the encapsulant:
- The main functions of encapsulants include protecting

cells from solar corrosion, ensuring high thermal conductivity
and optical transparency.

- EVA is widely used due to its affordability and ease of
handling, but it is subject to polymer degradation, resulting in
the formation of acetic acid.
This journal is © The Royal Society of Chemistry 2024
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Fig. 17 Overall goals based on materials for high efficiency PV modules.
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- In order to improve PV module performance and address
PID (Potential-Induced Degradation), alternative polymers such
as PVB, silicone, PO, etc. have been developed.

- PO, in particular, shows potential for improving module
performance and suppressing PID, making it a current focus of
encapsulant studies.

(2) Polymer of the backsheet:
- Backsheets play a critical role in providing waterproong,

insulation and durability for PV modules.
- PET is commonly used as a core layer sandwiched between

protective layers to improve UV stability.
- Fluoropolymers PVF and PVDF serve as outer layers, but

due to cost concerns, non-uoropolymer based backsheets are
being actively investigated.

- Recently, PO-based backsheets have been attracting atten-
tion, not only because of their price, but also because of their
applicability in co-extrusion and the use of transparent
backsheets.

(3) Alternative backsheet manufacturing method to substi-
tute lamination:

- The traditional lamination process for PET-based core layer
backsheets uses adhesives, which has an impact on cost and
time.

- Coatings are emerging as an alternative to expensive PVDF
and are dominating the market due to their cost effectiveness.

- Co-extrusion eliminates adhesives, allows thickness opti-
misation, reduces costs and avoids processes that lead to
material degradation. It also has the potential to replace
This journal is © The Royal Society of Chemistry 2024
expensive uoropolymers with more economical polymers such
as PE and PP.

(4) Additives and compounds for the backsheet and
encapsulant:

- Backsheet and encapsulant additives and compounds
include a variety of materials designed to improve specic
properties or functionalities.

- These additives and compounds play a critical role in
improving the overall performance of photovoltaic module
backsheets and encapsulants, such as adhesion, crosslinking
and UV resistance.

- Key additives include crosslinkers, co-crosslinkers, UV
absorbers, antioxidants, silane coupling agents, heat stabilisers,
hydrolysis stabilisers and ame retardants.

- Several compounds (e.g. CNTs, graphene, TiO2, AlN, BN,
ZnO, etc.) are oen used in combination with polymers to
improve key properties.

In summary, the change from currently used EVA, PET and
uoropolymers to low cost polymers such as PE and PP, along
with additives and compounds, is very important in terms of
materials and is an important part of improving PV modules
(Fig. 17). We believe this review provides a comprehensive
overview of the current state of the art in PV module materials.
It provides insight into the common materials that are widely
used to meet the functional requirements of encapsulants and
backsheets, while also providing guidance for the development
of new materials for these critical components.
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