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Abstract: This work is focused on investigation of a set of multiphase polyimide composites that can be 

used in photovoltaic applications as shielding layers. The polyimide is reinforced with two sorts of 

nanoparticles known for their high refractive index, namely TiO2 with either ZnS, Se, Te or ZrO2. The 

loading level is maintained low (1-8%) in order to preserve the optical clarity of the coatings. The main goal 

is to attain hybrid materials that match their refractive properties to those of the transparent conductive 

oxide, namely SnO2. The effect of the reinforcement degree and the combination of the fillers on the 

refractive index of the samples is discussed. The optical losses caused by the mismatch of the refraction 

properties of the layers composing the solar cell are evaluated. These aspects are affecting the percent of 

radiations that are propagating towards the junction and therefore the conversion efficiency is influenced by 

this. The presented results are of paramount significance for preparation of the shielding layers used in 

future photovoltaics with greater performance. 
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1.  Introduction 

Numerous modern technologies are relying 

on the use of transparent thermoplastic 

polymers, namely liquid crystal displays, 

optical lens, light emitting diodes, optical 

waveguides and photovoltaic systems 

[Lin,2020; Hulubei,2019]. In the latter 

application, polymers are ideal for replacing 

the rigid glass cover. Under long-term sunlight 

exposure, the material is subjected to various 

temperatures, which must not affect its optical 

and mechanical properties. Moreover, in a 

solar cell, the polymer layer is joined with a 

transparent conductive oxide (TCO), so optical 

phenomena are taking place at the interface 

and need close investigation. Hence,  besides 

good interfacial adhesion, proper matching of 

the light dispersion characteristics in each 

medium must be achieved. This is essential for 

avoiding reflection losses at the interface, 

which may cause dramatic decrease of the 

conversion efficiency of the solar cell. 
Polyimides (PIs) are highly distinguished 

among the engineering plastics for their 
remarkable  balance of thermal, mechanical, 
adhesion and optical properties. Transmittance 
of the radiations from visible domain is highly 
improved when introducing cycloaliphatic 
sequences in the PI structure, along with 
flexible bonds and/or bulky side groups 
[Hulubei,2007]. Such molecular design 
strategy is aiming to reduce the charge transfer 
complex (CTC), which affects the PI 
coloration and transparency [Fe,2012]. A 
recent approach to increase the refractive 
index of the PIs consists in inserting of atoms 
or substituents with elevated atomic 
polarizability or molar refraction and low 
atomic/molar volumes [Nam,2019]. The 
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presence of sulfur, phosphorus, heavy and 
aromatic and π-conjugated structures are ideal 
candidates for attaining this goal [Nam,2019]. 
In addition to this, reinforcement of PIs with 
inorganic and highly polarizable fillers (e.g. 
ZrO2, ZnS, TiO2, ZnO, Se, Te) is further 
enhancing the refractive index [Kim,2019]. 

In this paper, a set of multiphase PI 
composites are analyzed for use as protective 
covers for solar cells, operating in superstrate 
configuration. For this purpose, a semi-
aliphatic PI matrix is loaded with several types 
of filler combinations. The group contribution 
theory is employed for refractive index 
evaluation of both PI matrix and 
corresponding composites.  Reflection losses 
of the samples in regard to SnO2 TCO layer, 
are assessed. The data are investigated in 
relation to the conversion efficiency of the 
photovoltaic device. 

2.  Materials  

The PI matrix is prepared by 
polycondensation reaction of 4-(2,5-
dioxotetrahydrofuran-3-yl)- tetralin -1,2-
dicarboxylic anhydride tetralin dianhydride 
(TDA) and 3,3'-sulfonyldianiline (S-DAN) in 
1-methyl-2-pyrrolidinone solvent. The 
preparation scheme of this imide polymer 
structure is depicted in Figure 1.  

 
Figure 1: The preparation of the analyzed TDA/S-DAN 

polyimide structure. 

 

TDA/S-DAN matrix is further filled with 

several combinations of inorganic particles, 

namely: TiO2/ZnS, TiO2/Se, TiO2/ZrO2, and 

TiO2/Te. The reinforcements agents are added 

in equal amounts for each case (50/50) and the 

cumulative amount in the mixture of fillers 

ranges from 1 to 8%. 

Molecular modeling of the TDA/S-DAN 

structure is performed with Chem 3D Ultra 8 

(demo version) software. For obtaining the 

conformation of the PI five structural units 

(SUs) in minimized energy conditions, the 

MM2 force field is used. 

3. Results and discussion  

3.1 Molecular modeling of PI 

The conformational properties of the 

polymer are greatly influencing their optical, 

thermal and mechanical properties. The PI 

chain flexibility is arising from the 

peculiarities of its chemical structure. The 

degree of freedom, which depicts the general 

shape of the macromolecule, is given by 

torsion angle made by linkages among imide 

rings and phenyls or among the aromatic rings 

connected through the sulfone group. The 

TDA dianhydride presents a carbon-carbon 

single bond, which enables a high degree of 

freedom. All these aspects are expressing the 

flexibility of the TDA/S-DAN chain (modeled 

for 5 SUs), as seen in Figure 2. This favors 

good dimensional stability of the PI films. 

 
Figure 2: The molecular modeling image of five SUs 

corresponding to TDA/S-DAN polyimide. 
 

3.2 Refraction properties 

The refractive index (noted n) is an optical 

constant that contains information on the speed 

of the radiations in free space  in regard to the 

studied medium. Also, when discussing the 
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propagation of the radiations in media with 

distinct refraction properties, n parameter 

shows the degree of bending of a ray of light 

when entering from the first medium into the 

second one. 

The refractive index of the PI and its 

corresponding composites is estimated based 

on Lorentz-Lorenz relation: 

( ) ( )2/1 22

, +−= nnVR uu  (1) 

where molar refraction (Ru) and molar volume 

(Vu) are determined using the group 

contribution theory [Groh,1991]. The required 

increments of the substructures forming the PI 

sample are selected from literature 

[Groh,1991]. 

By utilizing the group contribution method, 

we obtain a molar refraction of 130.89 cm3/g 

and molar volume of 337.97 cm3 for the 

structural unit of the semi-aliphatic TDA/S-

DAN matrix. Inserting these data in the 

Lorentz-Lorenz relation, a refractive index of 

1.702 is attained. The high value of the n 

parameter could be attributed to the presence 

of phenyl and imide rings, combined with 

sulfone groups - all increasing the molecular 

polarizability.  

For the composite samples, the refractive 

index is considered to be additive function of 

the inserted fillers and PI matrix compositions, 

as displayed in equation (2): 

2211 ffffPIPIcompos wnwnwnn ++=  (2) 

where wPI is the weight fraction of the TDA/S-

DAN polymer, while wf1 and wf2 are the 

weight fractions of the first and second filler, 

respectively. 

The refractive index of each filler is taken 

from literature [Kim,2019; Ciesielski,2018]. 

These data are subsequently introduced in the 

equation (2) together with n value of the 

TDA/S-DAN matrix for assessment of the 

refraction properties of the multiphase PI 

composites. As illustrated in the Figure 3, the 

magnitude of the refractive index is influenced 

by the type of filler combinations. Since TiO2 

in rutile phase has a refractive index of 2.7, 

this type of inorganic particles is mixed with 

other ones (ZnS, Se, ZrO2, or Te) and 

embedded in the PI. Regardless the level of 

loading, the system containing TiO2 and Se 

has the lowest n values, whereas the composite 

filled with TiO2 and Te has the highest 

refractive index values. This is the result of 

differences in polarizability and implicitly of 

the refractive index of the secondary filler. 

 
Figure 3: The refractive index variation with the 

introduced filler amount in the TDA/S-DAN polyimide. 
 

On the other hand, it can be observed that 

as the reinforcement degree of the PI matrix is 

increasing from 1% to 8%, the refractive index 

is enhanced. The loading level is maintained 

low in order to preserve the transparency of 

the multiphase composites in the visible 

domain. The latter aspect, combined with high 

refraction properties lie at the basis of the 

requirements for shielding covers for solar 

cells since they interfere in the conversion 

efficiency.  

 

3.3 Optical losses 

When light is passing from the protective 

cover to the TCO layer, a part of the incident 

rays are reflected in the incident medium. This 

is taking place when there is a large 

discrepancy between the refractive indices of 

each medium. The TCO considered in this 

study is tin oxide (SnO2), known to have a 

wide band gap energy (3.6 eV) and refractive 

index of 1.925 at 589 nm [Gong,2019]. At 

normal incidence, the reflection losses are 

evaluated and displayed in the Figure 4. The 

presence of the filler in higher amounts seems 

to diminish the optical losses at sample/TCO 

interface, thus a higher percent of radiations 
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are passing towards the active zone of the 

photovoltaic cell, increasing its efficiency. 

 
Figure 4: The reflection losses dependence on the 

introduced filler amount in the TDA/S-DAN polyimide. 
 

As the refractive index of the studied PI 

composites is closer to that of the tin oxide, the 

optical losses become smaller. The system 

made from TDA/S-DAN filled with TiO2 and 

Te lead to the best results, given the lowest 

reflection losses attained in this case. In other 

words, the incident rays are transmitted in a 

bigger percent and converted into electricity 

by the junction of the solar cell. This idea is 

supported by other researchers that highlight 

the importance of the light management in 

solar cells [Enrichi,2020; Jäger,2020; 

Jacobs,2019]. The future of these applications 

is still relying on improving the propagation of 

the radiations in such layered devices and 

specific strategies are formulated to diminish 

the optical losses [Krc,2006; Wang,2016]. 

4. Conclusions  

This work is analyzing some multiphase 

polyimide systems reinforced with two kinds 

of fillers. The purpose of these materials was 

to reduce the optical losses when they are used 

for solar cell shielding. A semi-aliphatic 

polyimide containing chalcogen atoms is used 

as matrix. Molecular modeling data indicate 

that the used polymer structure displays high 

chain flexibility, enabling good dimensional 

stability of the films. The level of filler loading 

is kept low to avoid light scattering and thus to 

maintain good optical clarity of the samples 

The combination of the inserted particles is 

influencing the magnitude of the refractive 

index. As the refraction properties of tin oxide 

and the composite samples are closer, the 

optical losses at their interface are reduced. 

This is observed particularly for the TDA/S-

DAN filled with TiO2 and Te. For this system,  

an upgraded conversion efficiency of the solar 

cell could be achieved. 
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