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Encapsulant materials play a crucial role in the performance, durability, and reliability of silicon-based
photovoltaic (PV) modules. They protect solar cells from environmental exposure, provide electrical insula-
tion, and enhance mechanical stability. High optical transparency of encapsulants is essential for efficient
light transmission and, consequently, for maximizing the energy output of PV modules. In addition, encap-
sulants should exhibit excellent UV resistance, thermal stability, and chemical resistance to ensure the

long-term reliability of solar panels.

In this study, polyolefin polymer encapsulant films were obtained from two different companies, re-
ferred to as Company-1 and Company-2. The objective of this work is to investigate and compare their
structural, thermal, optical, and electrical properties. The structural and optical characteristics were ana-
lyzed using Fourier-transform infrared (FTIR) spectroscopy, Raman spectroscopy, thermogravimetric
analysis (TGA), and UV-visible spectroscopy. The electrical properties were evaluated using a broadband
dielectric spectrometer. The investigated electrical parameters include dielectric constant (permittivity),

electric modulus, and volume resistivity.

Keywords: Photovoltaics, Encapsulant materials, Electrical properties of encapsunats, Thermal proper-

ties of encapsulants.
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1. INTRODUCTION

The The rapid growth of the photovoltaic (PV) indus-
try has increased the demand for advanced materials that
can improve the performance, durability, and cost-
effectiveness of solar modules [1]. Among these materials,
polyolefins have become important components in silicon-
based PV modules, particularly as encapsulant materials.
The encapsulant plays a vital role in protecting solar cells
from environmental degradation and mechanical damage
while providing electrical insulation [2].

Polyolefins are a versatile class of polymers derived
from simple olefins (alkenes), such as polyethylene (PE)
and polypropylene (PP). They are promising materials
for PV encapsulation because of their low cost, easy
processing, chemical resistance, mechanical strength,
optical properties, and good electrical insulation [3, 4].
Polyolefins are widely used in various fields, including
the solar, electrical and electronics, automotive, pack-
aging, construction, and healthcare industries [5].

Several polymeric materials are used as encapsulants
in solar cells. These include polyolefin elastomers (POEs),
ethylene-vinyl acetate (EVA), silicone resins, polyvinyl
butyral (PVB), ionomers, and thermoplastic polyolefins
(TPO) [6]. These materials protect solar cells from mois-
ture ingress, mechanical stress, and UV-induced degrada-
tion while maintaining electrical insulation.

EVA has been widely used as an encapsulation mate-
rial for more than three decades because of its low cost,
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flexibility, and good optical transmittance. However,
EVA-based encapsulants have some limitations. During
the cross-linking process, EVA can generate volatile
organic compounds (VOCs) and acidic degradation prod-
ucts. These products can accelerate the degradation of
the encapsulant and other module components during
long-term outdoor operation, thereby affecting the per-
formance and service life of PV modules [7, 8].

Recent advances in polymer science have led to the
development of new polyolefin-based encapsulants that
address some of the limitations of conventional materi-
als. Cross-linked polyolefins can provide improved
thermal and UV stability. Specialized additives can
also enhance their optical properties and long-term
durability. These developments can help extend the
operational lifetime of PV modules, reduce the levelized
cost of electricity (LCOE), and improve the sustainabil-
ity of solar energy systems [9-11].

The electrical properties of encapsulants are partic-
ularly important for the reliable operation of PV mod-
ules. Encapsulation materials should have high dielec-
tric strength to prevent electrical breakdown and pro-
vide effective insulation. Polyolefins generally exhibit
good dielectric properties, which help them withstand
high electric fields and maintain electrical isolation
between the different components of a PV module. In
addition, high volume resistivity is important for min-
imizing leakage currents and maintaining the electrical
integrity of the module [12-14].
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The dielectric constant is another important param-
eter for evaluating encapsulant materials. It describes
the ability of a material to store electrical energy when
exposed to an electric field. A suitable dielectric con-
stant helps maintain effective electrical insulation and
influences the electric-field distribution within the PV
module. Polyolefins generally exhibit stable dielectric
properties, making them attractive candidates for en-
capsulation applications [15, 16].

The dielectric properties of encapsulants can also
influence the electric-field distribution within silicon-
based PV modules. Significant variations in dielectric
constant may result in non-uniform electric fields and
localized electrical stress. Such effects can contribute to
localized heating and degradation of solar cells and
other module components. Therefore, stable dielectric
properties over a wide range of temperatures and envi-
ronmental conditions are important for maintaining
module reliability [17].

In addition, the dielectric properties of encapsulants
can influence their response to high-frequency electri-
cal signals and noise. Materials with low dielectric loss
can reduce energy dissipation and heat generation.
This property is beneficial for improving the electrical
reliability and long-term stability of PV modules [18].

The electrical properties of polyolefins are also relat-
ed to their performance under thermal stress. PV mod-
ules operate under varying temperatures and climatic
conditions. Therefore, the ability of an encapsulant to
maintain its dielectric properties and high resistivity
during thermal exposure is essential for long-term mod-
ule reliability. Overall, the excellent insulating proper-
ties, high resistivity, and stable dielectric behavior of
polyolefins make them promising encapsulant materials
for silicon-based photovoltaic systems [20].

In this research paper, we investigate the structural
and electrical properties of polyolefins used as encap-
sulant materials in silicon-based photovoltaic (PV)
modules. The structural properties are analyzed using
FTIR, Raman, TGA, and UV-visible spectroscopy. The
electrical properties are evaluated in terms of dielectric
constant, volume resistivity, and electric modulus. We
also discuss the importance of electrical properties as
key parameters for assessing the quality and reliability
of polyolefin encapsulant materials.

2. CHARACTERIZATION

A Fourier transform infrared (FTIR) spectra of the
POEs were recorded using a Shimadzu FTIR-8400S
spectrophotometer in the wavenumber range of 4000-
500 cm —!. Raman spectroscopy was performed at room
temperature using a Jobin-Yvon, France Ramnor HG-
2S spectrometer with a 514 nm laser to investigate the
crystallinity and molecular structure of the POEs. The
laser beam was focused on the samples using a micro-
scope with a 50x objective. Raman spectra were record-
ed in the wavenumber range of 500-3500 cm — 1.

Thermogravimetric analysis (TGA) of the POEs was
carried out using an SDTA 851 Mettler-Toledo system.
The measurements were performed at a heating rate of
20 °C min~—! under a nitrogen flow rate of 40 mL min-1.
UV-visible transmittance spectra were recorded using a
Shimadzu UV-2401 spectrophotometer in the wave-
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length range of 200-850 nm.

The electrical properties, including dielectric con-
stant, electric modulus, and volume resistivity, were
measured using a broadband dielectric spectrometer
(Novo Control Technologies, Germany, Concept 80). The
measurements were performed at 57 Hz over a tempera-
ture range of —30 to 100°C. Frequency-dependent
measurements were also carried out at room tempera-
ture over the frequency range of 1 Hz to 105 Hz.

3. RESULTS AND DISCUSSION

Two different grades of POEs were characterized by
Fourier-transform infrared spectroscopy (FTIR) to
identify their functional groups and chemical bonds. It
was observed that both the POEs were made by the
same polymeric material because the peaks positions
are observed at same locations in both grades as shown
in Fig. 1(a). Peaks at 2915 and 2848 cm ~ ! are observed
due to C-H stretching, while peaks at 1465 and
730 cm — ! are found due to C-H bending. Peaks at 1375
and 1450 cm~! are seen due to CHs group. Peak at
1710 cm — 1 is observed due to C = O group [21].

Raman spectra of two different grades of POEs were
recorded to identify their functional groups and molecu-
lar vibrations. Both samples showed peaks at 2883 and
2850 cm — 1, which are assigned to C—H stretching vibra-
tions. These bands are commonly observed in polyeth-
ylene (PE) and polypropylene (PP). Additional peaks
were observed at 1060 and 1132 cm~! in both samples.
These peaks can be attributed to C—C stretching vibra-
tions and are commonly associated with polyethylene-
based structures. A peak at 1375 cm~! was assigned to
CHs bending vibrations. Another peak at 1420 cm -1 was
associated with vibrations from crystalline regions [22,
23]. The similar peak positions and spectral features of
both samples suggest that they have similar polymeric
compositions and molecular structures.
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Fig. 1 - (a) FTIR spectra, (b) Raman spectra, (¢) TGA curves,
and (d) UV-visible transmittance spectra of POE samples
from Company 1 and Company 2

Thermogravimetric analysis (TGA) was performed to
evaluate the thermal stability and degradation behavior of
the POE polymer sheets. TGA provides useful information
about the thermal stability, composition, and possible
presence of additives in polymeric materials. Both sam-
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ples remained thermally stable up to approximately
400 °C. The TGA curves showed similar thermal behavior
for both samples. Both samples began to undergo signifi-
cant degradation at around 450 °C [21]. These results
indicate that the two POE samples have comparable
thermal stability and degradation characteristics.

UV-visible spectroscopy was used to evaluate the op-
tical transmittance of the POE samples. Transmittance
represents the fraction of incident light that passes
through a material. Both samples showed similar
transmittance values of approximately 82 %. The trans-
mittance was about 83 % in the wavelength range of
400-425 nm and remained nearly constant at around
82 % at higher wavelengths. A sharp decrease in trans-
mittance was observed in the UV region (200-350 nm),
which may be associated with UV-absorbing additives or
chromophores present in the POEs. A peak was observed
at approximately 265 nm, which may be related to UV
stabilizers or antioxidants in the POE samples.

The overall transmittance of both samples was nearly
identical. Therefore, the structural and optical characteri-
zations discussed above could not clearly distinguish the
quality or grade of the POE samples. The two grades
showed similar structural and optical characteristics.
Hence, additional characterization techniques are re-
quired to effectively differentiate between different grades
of POEs and evaluate their quality [24, 25].

The dielectric constant of the two POE samples was dif-
ferent but remained nearly constant with frequency, as
shown in Fig. 2(a). The dielectric constant values for Com-
pany 1 and Company 2 were 2.06 and 2.08, respectively. A
lower dielectric constant is generally desirable for electrical
insulation because it can reduce dielectric losses. In solar
modules, stable dielectric properties are important for
providing reliable electrical insulation and protecting solar
cells under varying operating conditions [26].

The dielectric constant also remained nearly con-
stant with temperature up to approximately 40 °C.
Above 40 °C, it increased significantly with increasing
temperature, as shown in Fig. 2(b). This increase may
be related to enhanced molecular motion, increased
polarizability, and changes in the degree of crystallin-
ity of the polymer. The temperature dependence of the
dielectric constant is important for evaluating the
suitability of POEs for electrical insulation and PV
module encapsulation [27].

The electric modulus is inversely related to the die-
lectric response of the material. Both POE samples
showed similar trends with frequency and temperature,
but in the opposite direction to the dielectric constant,
as shown in Fig. 2(c) and (d) [28]. These results indicate
that the dielectric response and electrical relaxation
behavior of the two POE samples are closely related.

The volume resistivity of both POE samples de-
creased with increasing frequency and temperature, as
shown in Fig. 3(a) and (b). This behavior can be attribut-
ed to the increased mobility of charge carriers at higher
temperatures and the frequency-dependent -electrical
response of the polymer. The temperature and frequency
dependence of volume resistivity is important for evalu-
ating the electrical insulation performance of POEs in
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applications such as cable insulation, electronic encapsu-
lation, and PV module encapsulation [29, 30].
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Fig. 2 — (a) Dielectric constant vs frequency, (b) Dielectric data
vs temperature, (c) Electric modulus vs frequency and (d) Elec-
tric modulus vs temperature of POE (Company-1 & Company-2)

The volume resistivity of the Company 1 sample was
higher than that of the Company 2 sample. Higher vol-
ume resistivity indicates better resistance to leakage
current and better electrical insulation. The electrical
measurements therefore show a clear difference between
the two POE grades. Among the two samples, the POE
from Company 1 exhibited better electrical insulation
properties than that from Company 2. These results
demonstrate that electrical characterization is an im-
portant tool for differentiating POE grades and evaluat-
ing their suitability for PV module encapsulation.
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Fig. 3 — (a) Volume resistivity vs frequency, (b) Volume resis-
tivity vs temperature of POE (Company-1 & Company-2)

4. CONCLUSION

The FTIR and Raman analyses showed that both
POE films have similar structural properties. Both
films also exhibited high optical transmittance and
good thermal stability, which are important for PV
module durability and performance.

The electrical properties, including dielectric con-
stant, volume resistivity, and electric modulus, were
also investigated. Both films showed good electrical
insulation properties. However, the Company 1 POE
exhibited higher volume resistivity and better overall
electrical performance than the Company 2 POE.
Therefore, the Company 1 film is more suitable for
silicon-based PV module encapsulation.
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CTpyKTypHa TA €JIEKTPUYHA XapaKTEePUCTHKA Pi3HUX MapPOK I10JIio/iehiHOBHUX re pMeTU3YI0INX
marepiaiis

R. Kumar!2, P. Bhargaval

v Indian Institute of Technology (IIT), Bombay, 400076 Mumbai, India
2 Thapar Institute of Engineering and Technology, 147004 Patiala, India

T'epmernuni MaTepiajiv BiOirpaioTh BUPIMIAJIBHY POJIb Y IPOAYKTHBHOCTI, JOBrOBIYHOCTI T4 HAMIAHOCTI
doroenexrpuunmx (DE) momysmis Ha ocHOBI kpeMHI0. BoHM 3aXUIMA0Th COHAYHI eJIeMEeHTH BiJ BIUIMBY Ha-
BKOJIMIITHBOTO CEPEIOBUINA, 3a0€3eUy0Th eJIeKTPUYHY 130JIAIIiI0 Ta MiJBUIILYIOTh MEXaHIYHY CTablIbHICTD.
Bucora onrrryHa 1po3opicTh repMETHKIB € BAMKJIMBOK TSI €(peKTHBHOTO IIPOILYCKAHHS CBITJIA Ta, SK HACJI-
oK, 11t Makcumizarii Bupobsenns edeprii OE moxysmu. Kpim Toro, repmeTnry moBHHHI MaTy BIIMIHHY
CTIMKICTH 70 yIbTPadioieTOBOr0 BUIIPOMIHIOBAHHS, TEPMOCTA0IIBHICTD Ta XIMIUHY CTIMKICTB, 1100 3abe3me-

YUTH JJOBFOCTPOKOBY HAJINHICTH COHSTYHUX HaHeJeH.

VY 1pomy mocitireHH] 6yJ10 BHKOPUCTAHO TI0JTI0JIe(hiHOBI MOJTIMEePHI ILUTIBKHY JIJIS T€pMeTH3arlii, OTpUMaH1
BIJ ABOX PI3HUX KOMIAHIM, modHaveHnx Ak «Kommanmis-1» ta «Hommania-2». Mera 1iei po6oTy — mociauTr
Ta MOPIBHATH IXHI CTPYKTYPHI, TePMIYHI, OIITUYHI ¥ esleKTpudHl BiactuBocti. CTpyKTypHI Ta onTryHi Xapa-
KTePUCTUKHN AHAJI3yBAJIH 34 IOIOMOroK 1H(ppadepBOHOI cmekTpockomii 3 meperBopeHHsaM Dyp’e (FTIR-
CITEKTPOCKOIIII), pAMAaHIBCHKOI CIIEKTPOCKOmii, TepmorpasiMerpuunoro anamiay (TT'A) Ta cmerrpockomii B
yIbTpadioeToBil 1 BuauMIi ob0aacTax. EleKTpruHi BIaCTHBOCTI OLIHIOBAIM 34 JOIIOMOIOK IIHPOKOCMYTO-
BOTO JieJIEKTPUYHOIO CIieKTpoMerpa. Jlo JOCIIKyBaHUX €JIeKTPUYHMX ITapaMeTPIB HAJIEKATD JieJIeKTPHY-
HA IPOHUKHICTD, €JICKTPUIHNN MOAYJIb T4 MATOMUI 00’ €MHUN €JIeKTPUIHMHI OITip.

Knrouori cnosa: @oroesexrpura, I'epmernsyroul marepianm, EmexTpudsi BIaCTHBOCTI repMeTU3YHOYHX
Marepiais, TemnsoBl BIaCTUBOCTI FepMETU3YIOYNX MaTepiaiB.
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