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Abstract: Solar photoelectric energy converted into electricity requires large surface areas with
incident light and flexible materials to capture these light emissions. Currently, sunlight rays are
converted to electrical energy using silicon polymeric material with efficiency up to 22%. The majority
of the energy is lost during conversion due to an energy gap between sunlight photons and polymer
energy transformation. This energy conversion also depends on the morphology of present polymeric
materials. Therefore, it is very important to construct mechanisms of highest energy occupied
molecular orbitals (HOMO)s and the lowest energy unoccupied molecular orbitals (LUMO)s to
increase the efficiency of conversion. The organic and inorganic solar cells used as dyes can absorb
more photons from sunlight and the energy gap will be less for better conversion of energy to
electricity than the conventional solar cells. This paper provides an up-to-date review on the
performance, characterization, and reliability of different composite polymeric materials for energy
conversion. Specific attention has been given to organic solar cells because of their several advantages
over others, such as their low-energy payback time, conversion efficiency and greenhouse emissions.
Finally, this paper provides the recent progress on the application of both organic and inorganic solar
cells for electric power generations together with several challenges that are currently faced.
Keywords: polymeric materials; photovoltaic energy; electric power

1. Introduction
The growth of a country directly depends on the available energy sources. Among all sources,
solar energy is one of the most important sustainable energy sources for the future development. It is
well known that huge amounts of radiation from the sun reach our ecosystem mainly in the form
of energy. After reflection and absorption of the sun light in the atmosphere, approximately 100,000
million MW strikes on the surface and can be converted into electrical energy for the benefit of human
progress [1]. According to the International Energy Agency (IEA), this is almost 6000-fold more than
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The two major solar energy technologies are the solar photovoltaic (PV) and solar thermal
systems [3]. Solar PV produces electricity from the sun electronically through a mechanism in a
certain type of semiconductor material. The sunrays initiate free electrons from these materials, so
that they travel in an electrical circuit to power electrical systems. The PV panels can be mounted on
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Figure 2. A statistical graph of the number of publications related to the concept of solar cell, solar
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the ability to provide greater efficiency with large surface area. Nevertheless, their properties can be
improved by incorporating metal on it [40–42]. The cost-effective organic photovoltaic cell (OPV) was
made by printing metal grid. The silver metal has a significant role as the grid and is printed as the
last layer of the OPV solar cell [22]. However, in case of inkjet printer, the grid was first printed as the
layer and works as the anode in the OPV cell [43].
Inorganic material can be employed as an alternative energy conversion source, but it required
high-temperature with a vacuum and costly raw materials. Not only that, the process also needed huge
amount of money and loses large quantity of energy which restricted the application of the method for
the development [44–46]. In comparison with organic polymeric R2R PV solar cell is efficient to change
materials in the morphology. It has the highest energy occupied molecular orbitals (HOMO, electron
donor), lowest energy occupied molecular orbitals (LUMO, electron acceptor) and energy difference of
valence band with conduction band (energy gap) with low cost method [28–32] gave opportunity to
apply the method for the future. In addition, the semiconductors made up from organic polymeric
material present larger optical absorption coefficient than the inorganic material.
The aim of this review article is to evaluate the significance of solar energy and the performance of
different composite polymer materials for solar energy conversion. The article will provide the reader
with comprehensive overview of different polymers and polymeric composite that are successfully
used on solar energy conversion. The synthesis route and characterization of the polymer materials
used for such application will also be presented. In addition, the article reviews the productivity,
reliability and compares different solar technologies. Therefore, basic principle and theory about
synthesis and electrical properties are discussed with different energy conversion pathway as well as
technical challenges. The reference in review will provide the reader with more detailed information
about transformation of solar energy to electrical energy.
1.1. Polymeric Material
The conjugated polymers can be used in electronics and photovoltaic cells and it showed excellent
results with low cost [31]. Polymer-based solar cells have the efficiency to convert power 5–10% in
recent reports [25–27,47–51]. Screen printing, inkjet printing and spray deposition method easily
applicable at lower temperature for organics because materials are soluble in nature. Roll to roll high
throughput processing are required the above technique that lowering the cost related to current grid
electricity with polymer-based PV solar cell. We discuss current technical challenge as well as basic
material needed to increase the efficiency of solar cells. This review article can be a useful guidance for
researchers in the field of solar energy conversion and to develop better material systems of PV cell
that have efficiency more than 10%.
The common materials are used in polymer photovoltaics are PCBM: (6,6)-phenyl-C61 -butyric
acid methyl ester; MDMO-PPV: poly(2-methoxy-5-(30 ,70 -dimethyloctyloxy)-1,4-phenylene-vinylene);
RR-P3HT: regioregular poly(3-hexylthiophene); PCPDTBT: poly[2,6-(4,4-bis-(2-ethylhexyl)-4Hcyclopenta[2,1-b;3,4-b]-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (Figure 3). All conjugated
molecules are highly polarizable due to π-systems so they are electronically active, and easily
hybridized the orbitals depending on p atomic orbitals. The π−π* optical transitions are strong
enough to tune synthetically by molecular design and typically fall in the visible. The electron hole
pair was established when electron excited from HOMO to LUMO during photon absorption that
relaxes with binding energy called excitation [52–54]. Organic semiconductor has larger binding
energy than inorganic due to electron and hole localization and low dielectric constant, which
increase the Coulomb attraction between them. Planar heterojunction can be promoted as excitation
separation between transparent conductor such as fluorinated tin oxide, indium–tin-oxide coated
with poly(styrene sulfanate) and poly(3,4-ethylenedioxythiophene) with reflecting aluminum (Al)
or silver (Ag) metal [55]. The geminate pair is formed by internal field after dissociation [56–60].
The most successful device for PV cell is bulk heterojunction (BHJ) because all excitons produced near
to heterojunction. The BHJs are formed by diffusion of polymer and accept electron from solvent such
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as fullerenes [47–51,61–70] and polymers [71–74]. TiO2 or ZnO are used in organic hybrid cells because
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Figure 3. Common materials used in polymer photovoltaics. PCBM: (6,6)-phenyl-C61-butyric acid
Figure
3. MDMO-PPV:
Common materials
used in polymer photovoltaics. PCBM: (6,6)-phenyl-C61-butyric
methyl
ester;
poly(2-methoxy-5-(3’,7’-dimethyloctyloxy)-1,4-phenylene-vinylene);
RRacid
methyl
ester;
MDMO-PPV:
poly(2-methoxy-5-(3’,7’-dimethyloctyloxy)-1,4-phenylene-vinylene);
P3HT: regioregular poly(3-hexylthiophene);
PCPDTBT: poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta
RR-P3HT: regioregular poly(3-hexylthiophene); PCPDTBT:
poly[2,6-(4,4-bis-(2-ethylhexyl)-4H[2,1-b;3,4-b]-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)];
PCDTBT:
Poly[N-9′-heptadecanyl0 -heptadecanylcyclopenta[2,1-b;3,4-b]-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)];
PCDTBT: Poly[N-9
2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)]; PffBT4T-C9C13:
Poly[(5,6-difluoro0
0
0
0
0
2,7-carbazole-alt-5,5-(4 ,7 -di-2-thienyl-2 ,1 ,3 -benzothiadiazole)]; PffBT4T-C9C13: Poly[(5,6-difluoro-2,1,32,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3-di(2-nonyltridecyl)-2,20;5,2;5,2-quaterthiophen-5,5-diyl)];
.
ITIC:
3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)dithieno[2,3-d:2′,3′-d′]-s-indaceno[1,2-b:5,6-b′]dithiophene; ITIC-Th: 3,9-bis(2-methylene-(3-(1,1dicyanomethylene)-indanone))-5,5,11,11-tetrakis(5-hexylthienyl)-dithieno[2,3-d:2′,3′-d′]-s-indaceno
[1,2-b:5,6-b′]dithiophene; IT-4F: 3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7-difluoro)-indanone))5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2′,3′-d′]-s-indaceno[1,2-b:5,6-b′]dithiophene;
PBDBT:
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benzothiadiazol-4,7-diyl)-alt-(3,3-di(2-nonyltridecyl)-2,20;5,2;5,2-quaterthiophen-5,5-diyl)]; ITIC: 3,9-bis(2methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:20 ,30 d0 ]-s-indaceno[1,2-b:5,6-b0 ]dithiophene; ITIC-Th: 3,9-bis(2-methylene-(3-(1,1- dicyanomethylene)indanone))-5,5,11,11-tetrakis(5-hexylthienyl)-dithieno[2,3-d:20 ,30 -d0 ]-s-indaceno[1,2-b:5,6-b0 ]dithiophene;
IT-4F: 3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7-difluoro)-indanone))-5,5,11,11- tetrakis(4hexylphenyl)-dithieno[2,3-d:20 ,30 -d0 ]-s-indaceno[1,2-b:5,6-b0 ]dithiophene; PBDBT: Poly[(2,6-(4,8-bis(5(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b0 ]dithiophene))-alt-(5,5-(10 ,30 -di-2-thienyl-50 ,70 -bis(2ethylhexyl)benzo[10 ,20 -c:40 ,50 -c0 ]dithiophene-4,8-dione)]; IDIC: 2,20 -((2Z,20 Z)-((4,4,9,9-tetrahexyl-4,9dihydro-s-indaceno[1,2-b:5,6-b0 ]dithiophene-2,7-diyl)bis(methanylylidene))bis(3-oxo-2,3-dihydro-1Hindene-2,1-diylidene))dimalononitrile; FTAZ: Fluorine substituted benzotriazole; IRCPTC: (3,9-bis(2methylene-(3-(1,1-dicyanomethylene)-cyclopentane-1,3-dione-[c]thiophen))-5,5,11,11-tetrakis(4hexylphenyl)-dithieno[2,3-d:20,30-d0]-s-indaceno[1,2-b:5,6-b0]dithiophene); IT-M: 3,9-bis(2-methylene((3-(1,1-dicyanomethylene)-6/7-methyl)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3d:20 ,30 -d0 ]-s-indaceno[1,2-b:5,6 b0 ]dithiophene; IDTCN: 4,4,9,9-tetrakis(4-hexylphenyl)-4,9-dihydros-indaceno[1,2-b]thiophene-alt-[5,6-d]thieno[3,2-b]thiophene)-2-(5/6-methyl-3-oxo-2,3-dihydro-1Hinden-1 ylidene)malononitrile; IOIC2: 2,20 -((2Z,20 Z)-(5,10-dihexylnaphtho[1,2-b:5,6-b0 ]di(4,4-bis(4hexylphenyl)-4H-cyclopenta[2,1-b:3,4-b0 ]dithiophene-2,7-diyl)bis(5,6-difluoro-3-(dicyanomethylene)-2methylene-indan-1-one) [75–77] .

The important parameter for developing efficient solar cells with polymer materials is to
confirm that exciton diffusion length must be more than the lengths of the materials (two)
are intermixed. So easily formed exaction reach to the interface with electron acceptor during
charge transfer. Solvent and blending ratio are playing a vital role for the performance of solar
cell [63,78,79]. Nanostructured TiO2 is extremely powerful approach for developing photo voltaic
cell because it is nontoxic and abundant for dye sensitized solar cell [80,81]. The performance
of the above said solar cell can be improved by incorporating dyes, phosphoric acid group
and carboxylic acid group on the surface of nanostructured oxide that increase the charge
transfer capability as well as polymer wetting [82,83]. Nowadays, the perovskite solar cells can
convert power up to 22.1%. To achieve this target, two important hole-transporting materials
2,20,7,70-tetrakis(N,N-di-p-methoxyphenylamine)-9,90-spirobifluorene and poly-triarylamine are
playing significant role [84].
The non-fullerene acceptors (NFAs) are moderately weaker to gain electron compare to fullerene
but it has better blend morphology and efficient capability to transfer charge without back transfer with
respect to donor material. The materials have greater solubility in all environmentally friendly solvent
that give the advantages to synthesize the material easily. The NFAs material frontier energy levels are
favorable to the donor material due to its optical absorptivity and structural flexibility. The core unit of
NFAs is perylene diimide (PDI). The most commonly used NFAs are ITIC, ITIC-Th, SdiPBI-S, IT-4F,
IDIC, ITM, IT-DM, ITCPTC, IDTCN, IOIC2 and donor PBDBT, PBDBTSF, FTAZ (Figure 3) [85–104].
1.2. Solar Cells and Solar Power
In recent years, an ever-growing energy demand has been consolidated through the world.
To supply this demand, several renewable energy (RE) sources have been implemented, such as wind,
solar, biomass, fuel cells and geothermal [105]. Among these, a great interest has been developed
in solar power, because it is abundant, non-polluting and in-expensive [106]. Planet Earth receives
1.75 × 1017 W of solar energy per year; this is enough to satisfy the world annual energy demand in less
than an hour [107]. The main technology to harness solar power is solar cells. Among the latest type of
solar cell that can be used for this purpose, include the organic solar cells made from organic materials
and polymers [108]. The investment in solar cells is high in the present [109], however the cost related
to solar power are expected to fall in the next few years [110]. For this reason, several new studies
have been developed in the recent years aiming for better efficiency [111]. Examples of this, are dye
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sensitized solar cells [81,112,113] composed in its core by a wide-bandgap oxide semiconductor, where
bandgaps of TiO2 [114,115] and ZnO [116,117] have been studied in depth. Other examples are organic
solar
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Polymers
2018,
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1.3. Organic and Inorganic Material
Depending on the type of material used, solar cells can be categorized into the following [111]:
1.

2.

3.

4.

Polycrystalline inorganic cells: made of inorganic materials such as Cu(In, Ga)(S, Se)2 , CIGSSE,
Cu2 ZnSn(S, Se)4 and CZTSSe, using gallium (Ga) and Sulfur (S) in Cu2 InSe2 (CISe), creates
CIGSSe achieving efficiency of 21.7% [122]. Replacing In for Zn and Ga for Sn, creates
Cu2 ZNSN(S, Se)4 or CZTSSe decreasing manufacture costs and achieving an efficiency of
13% [27].
Amorphous Si (a − Si): amorphous solar cells are made of silicon through chemical vapor
deposition [123], the conductivity of this cell can be controlled through incorporating phosphine
or diborane gas during deposition, preventing efficiency loss [124]. A variation of this cell is
made by incorporating hydrogen, generating hydrogenated amorphous silicon (a − Si H), which
compared to the a − Si exhibits a better absorption coefficient [105], the highest efficiency recorded
for this cell is 13% [116]. Amorphous solar cells/alloys possesses great absorption coefficients
that resemble the direct bandgap semiconductor [125].
Organic photovoltaics: composed of organic materials by solution-based process [117], due a
short diffusion length this type of cell, lead to efficiency near 100%. This issue was fixed by
incorporating a bulk distributed interface [126]. Besides achieving efficiency of 12% [127],
this type of cell, leads as a candidate for the cost effective photovoltaics [128]. Organic
photovoltaics (PVs) differ considerably from the inorganic PV devices in their mode of operation.
They can be fabricated by printing, evaporation of the vacuum and applying proper coating
techniques [125]. This process provides the potential for more economical mass-producible
PV systems.
Organic-inorganic halide perovskite: The first Organic-inorganic halide (also known as
“perovskite”) is the dye-sensitized solar cell (DSSC or Graetzel cell), made by Graetzel as an
extension of the bulk distributed interface [129]. This cell divides the process of absorption,
charge transportation and collection in the photovoltaic device [129]. The first implementation
of this cell achieved an efficiency of 3.8% [130], in the year 2012 this kind of cell was improved
to 9.7% [131]. In the recent years, perovskite has become one of the main research field in
high-optical absorption, long-diffusion length and low-recombination rate, which leads to a
higher power conversion efficiency [118].

However, it is necessary to emphasize that inorganic solar cells dominate the overall market,
but their main disadvantage is being rigid and heavy. For lightweight installations, organic solar
cells can be built to be flexible [122], semitransparent for buildings and vehicles [27], and can be
fabricated at low-cost by avoiding high-temperature and vacuum process. On the other hand, organic
semiconductors enable to manufacture solar cells with thinner films, because of its high-absorption
coefficient [123]. The main challenge for the organic solar cells is to achieve high-efficiency, while
keeping a long-term stability. Materials implemented in the manufacture of solar cells are crucial
for improving the radiation resistance [116,117], of its components, semiconductors and integrated
circuits [126,127]. Likewise, organic solar cells can be classified in 3 types, due its structure [107]:
1.

2.

3.

Single layered: are the first generation of organic solar cells. They were made from organic
layers [118], between metal electrodes [120]. This type of structure has a low-efficiency, due to
the generation of low-charge lately this has been improved to an efficiency of 5.9% [132].
Bilayer or multilayer structures: are organics layers overlapping [31] first the donor type “p” and
then the acceptor type “n”, by this process, are created excitons which are the a electron state,
where it gets excited out of its valence band to the conduction band. These excitons increase the
energy generation by displacing from donor to acceptor. In recent years, different materials have
been studied for donor and acceptor [133,134].
Bulk heterojunction structures [135,136]: have a mix of donor and acceptor in the bulk, which
improves the interfacial area preventing exciton diffusion [137].
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2. Synthesis and Characteristics of Polymer Matrix Composite
2.1. Phenyl-C61-Butyric Acid Methyl Ester (PCBM) and Poly (3-Hexyl Thiophene) (P3HT)
The anionic surfactants have important role for the synthesis of PCBM and P3HT composites
nanoparticles. The positively charged sodium dodecyl sulfate (SDS) surfactant was dissolved in
water and 1-propanol followed by mini emulsion technique. Chloroform used as solvent for P3HT.
Probe sonication method was developed for the addition of polymer and SDS with heating at 65 ◦ C.
The different sizes of nanoparticles are formed by changing weight percent of polymer and various
concentration of SDS. The NPs with different size distributions were fabricated with the polymer
solutions of different weight percent and at various SDS concentrations. Same procedure was followed
for PCBM nanoparticles. In the case of positively charged hexadecyltrimethylammonium bromide
(CTAB) was used as surfactant. The PCBM (positive) and P3HT (negative) nanoparticles were mixed
heterogeneously by sonication. The desired thickness of layered thin film was achieved by repeating
the process several times.
The particle size of the nanoparticles cannot be changed when pseudo steady state reached
after sonication but initially the size is increased with the mechanical agitation. The poly diversity is
increased with constant fusion and fission forces to reach the steady state. The surfactant molecules
are not fully used to cover droplets surfaces in the continuous phase so chiroform are evaporated and
trapped organic solvent results to form stable nanoparticles. The thickness of P3HT nanoparticles
(negatively charged) are studied using UV–Visible spectroscopy. The spectra of P3HT nanoparticles,
P3HT thin film, thin film synthesizes with polymer nanoparticles and P3HT polymer solution are
constructed [138]. The studies demonstrated P3HT nanoparticles spectra have slightly shifted in
the chloroform with P3HT polymer because of interchain interaction. The micelle size will increase
with the increase of SDS concentration and as a result, zeta potential is decreases that increase the
hydrodynamic radius.
The nanoparticles of P3HT and PCBM with opposite charge are attached with each other closely
by electrostatic attraction can be proved by atomic force microscope (AFM) in tapping mode. The phase
difference with reference drive signal is more with the region of soft and elastic material than the
harder material [139]. The softer P3HT nanoparticles are higher phase and harder PCBM nanoparticles
are lower phase in AFM image [140]. Photovoltaic response can be measured after making solar
cell with P3HT and PCBM single layered composite nanoparticles. PCBM and conjugated polymer
nanoparticles are used to produce bulk heterojunction solar cells.
2.2. Poly(Ethylene-3,4-Dioxythiophene) (PEDOT) and Poly (Styrene Sulfonic Acid) (PSS)
The stable graphene suspension prepared in isopropyl alcohol with two hours of sonication
and large sheets are breaking into small to from mixture. The color of filtrate mixture is black after
48 h [141]. The pristine PEDOT:PSS aqueous solution is prepared with PEDOT (0.5%) and PSS (0.8%)
in water. Then the PEDOT:PSS solution are mixed with graphene filtrate (2:1, v/v) [142,143] in the
presence of additives or surfactants with continuous stirring for 3 h to form thin film and later on using
coating equipment to spray on it. During this process, droplets formed by ultrasonic nozzle are moved
towards the substrate by air. The droplets are needed to control because it will splash on the substrate
as well as scatter, hence fix the pressure by monitoring the vibration frequency and flow rate of the
PEDOT: PSS solution. The substrate temperature during spraying process was maintained by putting
transducers into water bath at 80 ◦ C [144].
Isopropyl alcohol is better for dispersion of graphene than dimethyl formamide and water to
form black stable suspension. The confocal laser scanning microscope and AFM studies on filtrate
graphene and IPA mixture gave how graphene particles are distributed into IPA and graphene
distribution on thin solid film. During filtration, cluster of graphene particles are observed due to
electrostatic force, hence few particles are not filtered through filtration because graphene particulates
are larger than the size of the filter paper. The thickness of the film, conductivity and roughness
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2.4. Poly[2-Methoxy-5-(30,70-Dimethyloctyloxy)-1,4-Phenylenevinylene] (MDMO-PPV) and Lead (II)
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The energy dispersive spectroscopy on nanorods proved presence of PbS and showed main
elements are Pb and S. The absorption properties are studied using UV–Vis–NIR spectroscopy. The
absorption range was wide from UV to NIR demonstrates by absorption spectra of MDMO-PPV-PbS
and MDMO-PPV. The MDMO-PPV attached with ligand PbS and proved by present peak from 400
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The energy dispersive spectroscopy on nanorods proved presence of PbS and showed main
elements are Pb and S. The absorption properties are studied using UV–Vis–NIR spectroscopy.
The absorption range was wide from UV to NIR demonstrates by absorption spectra of
MDMO-PPV-PbS and MDMO-PPV. The MDMO-PPV attached with ligand PbS and proved by present
peak from 400 to 550 nm in the spectra. Therefore, it indicates that the absorption of MDMO-PPV can
be improved by incorporating PbS into the matrix.
2.5. Poly (3-Hexyl Thiophene) (P3HT) and Polystyrene (PS)
Styrene, anisole, copper(I)bromide, copper(II)bromide, N,N,N0 ,N0 ,N” pentamethyldiethylenetriamine
and 2-bromopropionic acid are mixed and under nitrogen heated for 24 h with temperature 90 ◦ C.
The product 1 was formed by atom transfer radical polymerization [149]. The precipitate and
p-toluenesulfonic acid were dissolved in dioxne. The mixture was refluxed under nitrogen at 95 ◦ C
for 24 h. The precipitate was combined with 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenol,
dicyclohexylcarbodiimide and N,N-dimethylaminopyridine with continue stirring for one day.
The precipitate was separated by filtration. 3-hexylthiophene was dissolved in tetrahydrofuran.
2-bromo-3-hexylthiophene was synthesized after N-bromosuccinamide incorporated into the mixture
and purified by column chromatography. Diisopylamine and n-butyllithium were transferred in a flask
that contain tetrahydrofuran with temperature −78 ◦ C. 2-bromo-3-hexylthiophene and anhydrous
zinc chloride were mixed with the solution with interval of 5 min. The solution was combined with
bis(diphenylphosphino) propanedichloronickel (II) (Ni(dpp)Cl2 ) with continue stirring. The mixture
was diluted with methanol and used hexane, methylene chloride to extract the product by Soxhlet [151].
The copolymer P3HT-b-PS are synthesized by utilizing tetrakis(triphenylphosphine)palladium(0),
potassium carbonate, polystyrene, poly-3-hexylthiophene and toluene. Initially mixture was refluxed
and then stirred at 100 ◦ C for 24 h. Methanol and acetone were used to wash the synthesized product
(Figure 7) [152].
The nuclear magnetic resonance (NMR) studies of polystyrene with tertiary butyl ester indicated
the end of CH3 CH and C(CH3 )3 group. The degree of polymerization depends on intensity of parent
signal to aromatic protons. The gel permeation chromatography (GPC) provides polydispersity and
average molecular weight 1.23 and 2300 respectively while thermogram of differential scanning
calorimetry gave glass transition temperature 65 ◦ C. The tertiary butyl group was eliminated from
polystyrene attached carboxylic acid and confirmed by NMR as well as with IR spectrum by absence of
tertiary butyl group and decrease in the doublet absorption. The purity of 2-bromo-3-hexylthiophene
was determined by high performance liquid chromatography and purity can be increased by
passing through column chromatography. The polydispersity and average molecular weight of
poly(3-hexylthiophene) are found 8100 and 1.49 respectively with GPC and degree of polymerization
by NMR [153]. The increase in the molecular weight to 10,000 confirmed the formation of copolymer
P3HT-b-PS shown by GPC. The NMR spectrum gave the signals of aromatic regions that indicate
PS segment contains proton on phenyl rings at 6.7 and 7 ppm. UV–Vis spectroscopy evaluated the
aggregation state of P3HT. Thermal and solvent annealing of the films provided similar absorption
spectra with maximum wavelength 560 nm [152]. The absorbance was slightly increased after
solvent and thermal annealing treatments at 607 nm, established higher crystallizability with strong
intermolecular interaction in P3HT. Therefore, the PS block does not disturb the surface of P3HT
block. Morphology study of P3HT-b-PS was investigated by AFM. There is no unique structure
available before annealing only flat surface. After solvent annealing, phase was clear due to separation.
Therefore, PS block formed a structure on the thin film that thermodynamically stable prompt to
design more indistinct dense structure of P3HT.
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Figure 7. Synthesis route of diblock copolymer P3HT-b-PS.
Figure 7. Synthesis route of diblock copolymer P3HT-b-PS.
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3.1. Energy Generation Principle
3.1. Energy Generation Principle
Solar cells generate energy by electron displacement, this happens when the free electrons in the
Solar cells generate energy by electron displacement, this happens when the free electrons in the
surface of the panel, and the photons that come from the sun collide [107]. Solar cells are composed of a
surface of the panel, and the photons that come from the sun collide [107]. Solar cells are composed
p-n junction, the first is denominated “p” and it is full of electrons, and the second is denominated “n”
of a p-n junction, the first is denominated “p” and it is full of electrons, and the second is denominated
and lacks electrons. It is also known as “holes”. The electric field between these 2 zones make possible
“n” and lacks electrons. It is also known as “holes”. The electric field between these 2 zones make
the movement of electrons from “p” to “n”, but not in the other direction by natural means. Following
possible the movement of electrons from “p” to “n”, but not in the other direction by natural means.
this principle, when using layers of different materials with different band gaps, efficiency tend to
Following this principle, when using layers of different materials with different band gaps, efficiency
increase, for these reasons multi-junction cells are studied. Considering that anode “p” should not be
tend to increase, for these reasons multi-junction cells are studied. Considering that anode “p” should
too large, because it will block incoming sunlight and if it is too small, it will have a bad conductivity.
not be too large, because it will block incoming sunlight and if it is too small, it will have a bad
In addition, conductive grids are implemented in the surface of the cell. Lastly, an anti-reflective coat
conductivity. In addition, conductive grids are implemented in the surface of the cell. Lastly, an antiis applied in the glass cover to protect the solar cell [107].
reflective coat is applied in the glass cover to protect the solar cell [107].

3.1.1. Solar Radiation
Sunlight is composed of several different radiation specters; this varies significantly in different
locations because of latitude, humidity, temperature, angle of incidence, among other reasons [154].
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3.1.1. Solar Radiation
Sunlight is composed of several different radiation specters; this varies significantly in different
locations because of latitude, humidity, temperature, angle of incidence, among other reasons [154].
For the spectral irradiance of the sunlight, the performance of solar cells is assessed by two parameters;
these are the average photon energy (APE) and the spectral mismatch factor (SMF). APE is the
integrated radiation divided by the integrated flux density; the result is energy per photon (eV), by this
parameter it can be identified if the spectrum shifts relative to red or blue enriching this type of
light [155]. SMF represents the energetic gain and at the same time the loss in effective irradiance
available to the solar cell, respect total experimental irradiation, compared to the theoretical spectral
irradiance [156]. When SMF is greater than 1 means that solar spectral distribution is going to produce
short circuit. These short-circuit currents indicate spectral losses. In addition, SMF less then 1 indicate
spectral gain [157]. Other studies about the influence of radiation in the solar cells have been made in
recent years [158,159].
Solar radiation supplies the necessary energy to drive the earth climate. This radiation interrelates
with both the atmospheric and electromagnetic envelopes leading large solar radiation across the globe
for transformation to other energy types such as the Normal daylight (380–850 nm), Silicon-based PV
cells (350–1100 nm), plants (400–700 nm) and wavelength, respectively. Contemporary broadband solar
radiation measuring devices include the pyranometers, complete cavity radiometers, pyrheliometers
applies advanced manufacturing techniques. In designing a solar PV, identifying the constituents such
as diffuse or hemispherical solar radiation is the initial stage for design evaluation. Table 2 below
shows the solar radiation normally requires by solar planers and designers.
Table 2. Data format requested by solar designers [125].
Type of Solar Data

Resolution

Application

Hemispherical, vertical surface, cardinal directions
Illuminance, vertical surfaces, cardinal directions
Hemispherical tilt
Hemispherical tracking
Direct normal (beam)
Sunshape (disk + circumsolar) variation
Monthly mean daily total
Monthly mean
Daily profiles
8760 hourly data for year, hemispherical and/or direct
Hourly time series 10–30-year hourly power
High-time resolution time series daily profiles power

Seasonal/daily
Seasonal/daily
Monthly/annual
Monthly/annual
Monthly/annual
Varies
Monthly/daily
Monthly
Hourly
Hourly
Hourly
Sub-hourly

Glazing, building energy balance
Day lighting
Fixed flat plate
Tracking flat plate
Focusing/concentrating system
Concentrating tracking collector
Economics, design specification
Economics, design specification
System simulation, design, rating
System simulation, design, rating
Performance and economics, system lifetime
Performance and economics, system lifetime

3.1.2. Light Harvesting
Improving the performance of a solar cell can be achieved by decreasing the bandgap or managing
the photons [111]. The first relies on the semiconductors, in as much as they can only absorb
photons with higher energy than its bandgap [111]. Although photons with higher energy than the
bandgap tend to excite electrons in lower energy levels, to rise above the conducting band minimum
(CBM), then these release the extra energy as heat while they relax to the CBM, thus exist an optimal
bandgap [160,161]. On the other hand, the transmission of light is unavoidable, but these transmitted
photons are not wasted, they can be used as trough cells staked properly [162,163] or transparent solar
cells [164,165]. Also photon excitation can be maximized by the process of down-conversion [166] and
up-conversion [167,168].
3.1.3. Efficiency of Charge Transportation and Collection
Overall efficiency of the solar cell can be increased by improving the specific efficiency of the
charge transportation and collection [111]. In the charge transportation two aspects can be optimized,
the first is “charge drift” and happens when charge travels under the effect of an energy field, the second
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is “charge diffusion” and occurs when a charge moves under a charge concentration gradient,
accelerating this phenomena improves charge transportation [111]. For organic cells, the diffusion
length tends to be 10 nm [169,170]. Usually, it requires to be 100 nm thick, for effective absorption [111].
This issue is solve in bulk heterojunctions with fine grains [171,172], where the grain size must be
carefully chose [173,174]. Charge collection should be quick to prevent charge accumulation; which
could lead to recombination at the interface [111]. This collection efficiency can be improved by the
use of 1D electrode, that manifest as a charge collection highway, this has been done with nanotube
arrays [175] and interlacing two 1D polymers in organic cells [176,177].
3.2. Electric Generation Through Organic Solar Cells
The world global population is now exciding 7 billion, which implies a greater energy
demand [178]. It has been calculated that this demand could by supplied, while the amount of solar
energy that impacts the surface of the earth in less than an hour [179]. Solar energy is environment
friendly, because it does not pollute like the combusting fossil fuels, this could help decrease the CO2
concentration that in the year 2012 reached 393 ppm, which is past the safe threshold of 350 ppm [180].
At the end of the year 2014 the photovoltaic installed capacity figured less than 177 GW [181] and it is
forecasted that for the year 2019 this energy will reach 498 GW [182]. Due to the light weight and lower
fabrication cost organic solar cells are above inorganic Silicon solar cells [183]. In this sense, the electric
generation process through solar cells depends on the type of cell and the materials implemented
in its manufacture. In this section, the materials and structures organic solar cells will be described,
to explain in depth the electric generation.
3.2.1. Types of Solar Cells
Energy generation through a solar cell depends of several factors, in general terms they are
classified by composition and structure, as the following types [179]:
1.
2.

3.

First Generation: Single (p-n) junction mono or multi crystalline silicon solar cells, the mono
crystalline solar cell has an efficiency record of 25% [184].
Second Generation: Thin films is currently composed of copper indium gallium selenide
(CIGS) [179]. This type of cell has achieved efficiency of 20.4% on flexible polymer substrate [184,185].
Low manufacture cost and high efficiency, may lead this type of cell to have a great share in the
solar cell market [74].
Third Generation: Organic solar cells (OSC), Dye Sensitized Solar Cells (DSSC) and multijunction
cells [109]. The (OSC) and (DSSC) have the following maximums of efficiency recorded 12% [186]
and 11.3% [187] respectively. On the other hand multijunction cells focus on increasing power
respect cost ratio, by maximizing the solar spectrum they can capture [182].

3.2.2. Organic Solar Cells
The Organic solar cells (OSC) belong to the third generation type, and are composed of organic
semiconductor materials [188]. This organic materials are carbon compounds and their derivatives
such as organic polymers denominated “plastics” or “synthetic rubber” [188]. These materials have
properties that are attractive for the photovoltaic applications [189,190], among these are [191,192]:
1.
2.
3.
4.
5.
6.
7.

Wide range of very cheap materials and structures.
High absorption coefficient.
Ease of processing
Mechanical Flexibility.
Non-toxic.
Adjustable band-gap.
Control over the electric conductivity.
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They can be applied at room temperature.
Among the advantages, the following stand out:

1.

2.

3.

Low energy payback time: The energy payback time (EPBT) is the amount of time required for
the solar cell, to generate the amount of energy use in its manufacture [193]. This is a life cycle
metric that achieves 1% efficiency at short-term (life time of 2 years), 10% efficiency at midterm
(life time of 10 years) and 15% efficiency in long-term (life time of 20 years) [194]. In this aspect
(OSC) have a better performance [194].
Greenhouse gas emission: The greenhouse gas (GHG) emission of the solar cell reflects the
impact of this in the global climate [188]. In the current scenario, this value is higher in (OSC),
that in comparison to other types of solar cells [188]. In the other hand for the long term scenario
this changes drastically, where (OSC) become the lesser emmiters of (GHG), due to increase of
conversion efficiency and operating lifetime [188].
Power conversion efficiency: To increase the efficiency a wider spectral absorption range is
required, this has exceed 9% single junction [195–197] and 11% for tandem-junction solar
cells [198]. In single-junction (OSC) the film thickness of the photoactive layer is minimized
to prevent recombination losses [188]. Theoretically the power conversion efficiency can be
reduced to 25.5% by minimizing the loss of non-radiative voltage in fullerene-based organic solar
cell [199].
For organic solar cells there are several challenges to overcome, these are [179]:

1.
2.
3.
4.
5.
6.
7.

Tandem architectures.
Plasmonics.
Improvement upon the short diffusion length of excitons.
Polymeric nano-composites including graphitic nano-structural material.
Donor-Acceptor interface improving the number of excitons.
Crystal structure improvements to increase the electrical conductivity.
Maximizing the number of photogenerated carriers.
Organic semiconductors can be composed of the following semiconductor materials [179]:

1.
2.
3.
4.
5.
6.
7.

Macromolecule dyes.
Dendrimers.
Pigments.
Oligomers.
Polymers.
Small molecules.
Others.

The most famous semiconductors in current and previous researches of organic solar cells
(OSC) are polymers and small molecules [179]. Small molecules Are the pigments and dyes
(such as anthracene, pentane, TPP-tetrafenyl prophyrins, Alq3-8-hydroxyquinolyne aluminum,
chlorophyll, perylene pigment, C60–Fulerene among others) [180]. Polymers represent PFO-polyflorin,
PPV-polyphenylene vinyl, MEH-PPV-polymetroxy ethyl-hexyloxy phenylene vinyl to name a few [179].
Polymers can be classified as Low band-gap polymers, Medium band-gap polymers, and Wide
band-gap polymers. In recent years, a great interest in the use of low band-gap polymers as donors
to realize high-efficiency polymer solar cells has emerged. Among the low band-gap polymers,
the PTB7-Th (poly{4,8-bis[5-(2-ethylhexyl)thiophen-2-yl]benzo[1,2-b;4,5-b0 ]dithiophene-2,6-diyl-alt[4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene]-2-carboxylate-2-6-diyl}), which is a derivative of
PTB7 (poly{[4,8-bis(2-ethylhexyloxy)benzo(1,2-b:4,5-b0 )dithiophene]-2,6-diyl-alt-[4-(2-ethylhexyl)-3fluorothieno[3,4-b]thiophene]-2-carboxylate-2-6-diyl}), has shown huge potential in recent studies
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thanks to the possibility of exploiting deposition protocols (technique, solvent, concentration) from the
PTB7, and the fact that it shows a power conversion efficiency (PCE) exceeding 10% [200].
Organic solar cells generate electricity in different forms depending of the solar cell structure,
this are [179]:
1.
2.

Single layer: A solar cell composed of a single active material [179], usually requires a Schottky
barrier in one of its contacts to allow the separations of photo excitations at the barrier field.
Multiple layer or Hetero junction: A solar cell composed of multiple layers with different
materials, some of this materials have low ionization potential (IP/LUMO) and act as Donors,
while some of this materials have a high electron affinity (EA/HUMO) and act as Acceptors [201,202].
This can be classified according to Figure 8:
(a)

Bilayer heterojunction (Planar heterojunction): Made of two layers, donor and acceptor
between two electrodes [179].
(b)
Bulk heterojunction (Dispersed heterojunction): Composed of a blend between donor and
acceptor, provides an easier exciton diffusion and dissociation [203]. This type of solar cell
is the most investigated nowadays [204,205].
(c)
Tandem heterojunction: This type of solar cell has a two sub cells that complement the
solar
spectrum
absorption, this sub cells are separated by an interlayer, which collects
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(a) Working
Bilayer heterojunction
(Planar
heterojunction):
Made of two layers, donor and acceptor between
3.3.
Principle of Organic
Solar
Cells
two electrodes [179].
Solar cells generate energy by electron displacement, this happens when in a multiple layer cell,
(b) Bulk heterojunction (Dispersed heterojunction): Composed of a blend between donor and
an electron in the highest occupied molecular orbital (HOMO) absorbs a photon, and by consequence
acceptor, provides an easier exciton diffusion and dissociation [203]. This type of solar cell is the
is excited in the lowest unoccupied molecular orbital (LUMO), this generates a bound electron-hole
most investigated nowadays [204,205].
pair called exciton [207]. Extra photon energy dissipates as heat; because of this, an efficient solar cell
(c) Tandem heterojunction: This type of solar cell has a two sub cells that complement the solar
works in a wide solar spectrum, to create the greater amount of excitons [207]. Excitons are generated
spectrum absorption, this sub cells are separated by an interlayer, which collects the holes and
due a low dielectric constant of the organic materials [208].
electrons generated by the cells [179]. Each sub cell is created to cover a specific region of the
Exciton diffuse in the donor-accepter interface (D-A) [207]. If the exciton is inside the diffusion
solar spectrum [203]. A great disadvantage for the single junction solar cells is photo-voltage
range of the organic polymer [209] it can be separated in a free electron and a hole denominated
loss, due the thermalization of hot carriers [206]. The organic tandem solar cell does not have
charge carriers [207]. This happens when the exciton meets the electric field within the diffusion
these limitations, because of the Van de Waals bonding’s, this leads to a low cost and high
range (≤ 20 nm) [210]. Charge carriers are swept to their respective electrodes, because of the built-in
efficiency [179].
field [207]. During the diffusion recombination process will happen leading to losses, before reaching
3.3. Working Principle of Organic Solar Cells
Solar cells generate energy by electron displacement, this happens when in a multiple layer cell,
an electron in the highest occupied molecular orbital (HOMO) absorbs a photon, and by consequence
is excited in the lowest unoccupied molecular orbital (LUMO), this generates a bound electron-hole
pair called exciton [207]. Extra photon energy dissipates as heat; because of this, an efficient solar cell

Polymers 2018, 10, 307

19 of 33

the (D-A) interface [208]. The charge carriers diffuse to the electrodes at the opposite end of the cell,
flowing by an external load generating electricity [207].
The efficiency of this process rely in three aspects, first the charge carrier mobility, second the
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3.4. Mathematical Analysis of the Electric Generation Phenomena
For a further study of the electric generation in the organic solar cell, a mathematical analysis
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3.4. Mathematical Analysis of the Electric Generation Phenomena
For a further study of the electric generation in the organic solar cell, a mathematical analysis
can be modeled for 1-dimension layer pseudo-bilayer device [107]. In the donor layer the Poisson’s
equation can be solved for the conservation of holes and excitons, as [107]:
(d)

∇· Jh = 0
(d)
ex
∇· Jex = Gex − nTex
−∇2 ψ(d) = ε 0eε δ nh
In the acceptor layer the Poisson equation is solved for the conservation of electrons, as [107]:
( a)

∇· Je = 0
2
−∇ ψ(a) = − ε 0eε α ne
In the blend layer where the acceptor and donor come in contact, the Poisson’s equation can be
solved as [107]:
(b)
∇· Je = S
(b)

∇· Jh = S
−∇2 ψ(b) = ε 0eε α (nh − ne )
with:
(d)

and Jex : Hole and excitons fluxes in the donor layer.

(d)

(b)

and Jh : Electron and hole fluxes in the blend layer.

•

Jh

•

Je

•
•
•
•

Je : Electron in the acceptor layer.
Gex : Exciton generation rate in the donor layer.
ne , nex and nh : respectively, concentration of electrons, excitons, and holes.
Tex : Exciton lifetime.

•
•
•
•
•
•

ψ(a) , ψ(b) and ψ(d) : respectively, electrical potential in the acceptor, blend, and donor layer.
e: elemental charge.
ε 0 : Permitivity of the free space.
ε α and ε δ : respectively, permittivity of the acceptor and donor.
ε: Dielectric constant of the blend layer.
S: Net charge generation rate.

(b)

( a)

By applying the boundary conditions in the interfaces depicted in Figure 10, the concentrations
and electrical potentials can be acquired. Starting by boundary 1 between acceptor and current
collector, the potential has no losses and the Boltzmann statistics delivers the concentration of electrons
and holes.


−e Ub
ψ = 0, ne = Ncv , nh = Ncv exp
kB T
with

•
•
•
•

Ncv : Effective density of states for electrons and holes.
Ub : Built-in voltage of the cell.
k B : Boltzman constant.
T: Temperature.

In the boundary 2 between blend and acceptor the holes are assumed to stay stuck in the blend,
also the electrical potential and electron flux are assumed continuous.
ψ( a) = ψ(b) ,



( a)

Je

(b)

− Je



(b)

· e x = Jh · e x = 0

=

−∇

(

−

)

with:
•
•
•
•
•
•
•
•
•
•
•
•

( )

( )

and
: Hole and excitons fluxes in the donor layer.
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the donor and acceptor of the active layers [107]. Also the bilayer heterojunction can be modeled
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4. Application of Organic Polymer Solar Cell
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promising applications of organic polymer solar cells. Considering their pros and cons,
electronsvarious
and holes.
Brabec et al. [214] has predicted that the cells have potentials to be−used in three major sectors; on-grid
0, off-grid
=
,sector=i.e., rural
expintegration (25%), telecommunication
sector i.e., building integration=
(52%),
with

and transportation (12%), others i.e., portable consumer products (11%). Some of the potential
applications are listed as follows.

: Effective density of states for electrons and holes.
•
•
: Built-in voltage of the cell.
Due to its “ultra-light, thin, highly efficient and flexible” properties [218], it is a suitable alternative
•
: Boltzman constant.
to conventional solar panel design for building integration see ((Figure 11a) for example) [27,219,220].
• can be
: Temperature.
It
easily mounted on various building materials without the need of cooling while at the same
4.1. Building Integration

time is aesthetically appealing [219]. This is particularly useful especially to tap into the growing

In the boundary 2 between blend and acceptor the holes are assumed to stay stuck in the blend,
global BIPV market, which is expected to reach $4.3 billion by 2021 [221]. Heliatek has carried out
also the some
electrical
potential
and
electron
flux are
assumed
continuous.
real-life
integration
of organic
polymer
solar
cell and some
of them are listed in Table 3 below.
( )

=

( )

,

( )

−

( )

∙

=

( )

∙

=0

alternative to conventional solar panel design for building integration see ((Figure 11a) for example)
[27,219,220]. It can be easily mounted on various building materials without the need of cooling while
at the same time is aesthetically appealing [219]. This is particularly useful especially to tap into the
growing global BIPV market, which is expected to reach $4.3 billion by 2021 [221]. Heliatek has
carried 2018,
out 10,
some
Polymers
307 real-life integration of organic polymer solar cell and some of them are listed
22 of in
33
Table 3 below.

Figure 11.
11. Applications
Figure
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[222];
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(d)
integration
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[223].
on car rooftop [218]; (c) integration on clothing [222]; and (d) integration on military tent [223].
Table 3. Building integration of Organic polymer solar cells by Heliatek. Adapted from [218].
Year
2014
2014
2014
2015
2015
2016
2016
2017

Location
Heliatek’s Dresden
headquarters, Germany
PuDong, Shanghai
Berlin, Germany
Reckli Herne, Germany
vTrium Energy, Singapore
Africa
Bergheim-Paffendorf, Germany
ENGIE

Collaborator

Building Parts/Material

Capacity

AGC Glass Europe

Glass for building facade

1 kWp

Concrete facade
PVC-based membrane air dome
Concrete facade
Glass and on metal
Steel facade panels
Profiled steel facade panels
Fiber cement elements and onto glass

0.64 kWp
1.4 kWp
1 kWp
10 kWp

PARANET Germany

Kandil Steel
AGC and SVK

5.4 kWp
2.3 kWp

4.2. Integration on Cars
One of the applications is to integrate the cells onto vehicles. Heliatek has produced a pilot study
with Webasto Automotive, where a transparent solar rooftop was integrated onto a car which acts as a
powering device, as illustrated in (Figure 11b) [218]. This will reduce help the car to reduce the CO2
emission as part of the Original Equipment Manufacturer (OEM) requirement [218].
4.3. Garments, Textiles and Fabric Materials
Polymer solar cells has the capability to be integrated into fabric. Krebs et al. [222] investigated
this idea by sewing the cell into the clothing see (Figure 11c). With an active area of 190 cm2 , the cells
produce a maximum power of 0.27 µW.
DTU Energy, in collaboration with Alexandria Institute design the solar canopy and solar
hammocks which were tested during SmukFest festival in 2013 [224]. The hammocks allowed the user
to relax in the solar hammock while charging their mobile phone from the electricity generated from
the solar hammock itself [224].
DTU and Imperial college created a yurt (a portable round tent) that powered a cinema by utilizing
60-flexible organic polymer cells [224]. The 10–12 m2 yurt is capable to produce 25 W of power [224].
This is a possibility of creating a portable cinema for the third world countries [224].
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Konarka also produced a similar concept, and created a solar powered- tent for military used [223,225],
as illustrated in Figure 11d. The tent is printed with camouflage-patterned power plastic which will
reduce the possibility of being detected by the enemy, while at the same time the electricity generated
can be used for charging the battery which is crucial for telecommunication-based site [225], as well as
to power military equipment [226].
4.4. Consumer Electronics
The organic solar cell has the capabilities to be used as a “power source” to power small electronics
products, such as toys, calculator, mobile phones, tablets, watches etc. This can be done by integrating
the flexible cells onto the surface of those products [214,227].
5. Conclusions
There has been great success in both organic and inorganic solar cells used for the energy
conversion process. Among them, the organic PV cell is a favorable long-term technology with
low cost for manufacturing solar cells. The nanostructured oxide and polymer composite, as well
as semiconductors, are developed for conversion and capable of gains energy from the sunlight.
Another alternative is based on highly conductive PEDOT:PSS. It has lower sheet resistance with
larger surface area and can convert more energy without substantial efficiency losses. This polymeric
material will ultimately contribute towards fully printed devices and will be able to provide low-cost
roll-to-roll manufacturing of solar cells. Manufacturing of eco-friendly polymer organic solar cell
utilizing roll-to-roll systems obviously appears to be the future in renewable energy technologies.
Recently, there has been talk of the inkjet printing technology for organic PV manufacturing because
of its potential for commercial large-scale power production and low cost. As discussed by several
researchers, these printing techniques may have several limitations that have to be resolved to achieve
optimum result. Such limitations are dot arrangement, the likely blockage of the nozzle and limitations
due its viscosity. However, the efficiency of the organic solar cells is still lower than the inorganic but
recent studies show that organic solar cells are increasingly attracting attention due to their small cost,
light weight and better power conversion efficiency.
To improve the power conversion efficiency of the organic solar cells, several suggestions include
diffusion of charge carriers and morphology enhancement. However, the organic solar cells are not yet
commonly manufactured commercially as compared to the others and can easily be degraded with
oxygen and water. Finally, for application purposes, this paper concludes that the organic solar cells
have better advantages because of easier integration to many devices and systems and can be used as
power source to small electronic products.
Acknowledgments: The authors wish to acknowledge the support of Fondecyt Iniciación 11160115, Chile and to
Ricardo Albarracín for funding this publication with the discount vouchers provided by MDPI to him for serving
as reviewer. Besides, the authors would like to acknowledge Nurul Aini Bani for providing her kind help with the
references section.
Author Contributions: All the authors contributed immensely in this manuscript. SK Manirul Haque,
Jorge A. Ardila-Rey, Abdullahi A. Mas’ud and Firdaus Muhammad-Sukki collectively wrote the paper.
Yunusa Umar, Habibur Rahman and Ricardo Albarracín extensively reviewed the paper, provide areas of
improvement, and added substantive information.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.

Hermann, W.A. Quantifying global exergy resources. Energy 2006, 31, 1685–1702. [CrossRef]
IEA. World Energy Outlook 2004; IEA: Paris, France, 2004.
Ismail, A.M.; Ramirez-Iniguez, R.; Asif, M.; Munir, A.B.; Muhammad-Sukki, F. Progress of solar photovoltaic
in ASEAN countries: A review. Renew. Sustain. Energy Rev. 2015, 48, 399–412. [CrossRef]

Polymers 2018, 10, 307

4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.

19.
20.

21.
22.
23.

24.

25.

26.
27.
28.

24 of 33

Sunwater Solar. What is Solar Thermal? Available online: http://sunwatersolar.com/solar-thermal/whatis-solar-thermal (accessed on 16 November 2017).
Ciamician, G. The photochemistry of the future. Science 1912, 36, 385–394. [CrossRef] [PubMed]
Spanggaard, H.; Krebs, F.C. A brief history of the development of organic and polymeric photovoltaics.
Sol. Energy Mater. Sol. Cells 2004, 83, 125–146. [CrossRef]
Reber, S.; Zimmermann, W.; Kieliba, T. Zone melting recrystallization of silicon films for crystalline silicon
thin-film solar cells. Sol. Energy Mater. Sol. Cells 2001, 65, 409–416. [CrossRef]
Green, M.A. Crystalline and thin-film silicon solar cells: State of the art and future potential. Sol. Energy
2003, 74, 181–192. [CrossRef]
Zhao, J. Recent advances of high-efficiency single crystalline silicon solar cells in processing technologies
and substrate materials. Sol. Energy Mater. Sol. Cells 2004, 82, 53–64. [CrossRef]
Hashmi, S.G.; Halme, J.; Ma, Y.; Saukkonen, T.; Lund, P. A single-walled carbon nanotube coated flexible
PVC counter electrode for dye-sensitized solar cells. Adv. Mater. Interfaces 2014, 1, 1300055. [CrossRef]
McConnell, R. Assessment of the dye-sensitized solar cell. Renew. Sustain. Energy Rev. 2002, 6, 271–293.
[CrossRef]
Grätzel, M. Dye-sensitized solar cells. J. Photochem. Photobiol. C Photochem. Rev. 2003, 4, 145–153. [CrossRef]
Anandan, S. Recent improvements and arising challenges in dye-sensitized solar cells. Sol. Energy Mater.
Sol. Cells 2007, 91, 843–846. [CrossRef]
Ackermann, J.; Videlot, C.; El Kassmi, A. Growth of organic semiconductors for hybrid solar cell application.
Thin Solid Films 2002, 403–404, 157–161. [CrossRef]
Arici, E.; Hoppe, H.; Schäffler, F.; Meissner, D.; Malik, M.A.; Sariciftci, N.S. Hybrid solar cells based on
inorganic nanoclusters and conjugated polymers. Thin Solid Films 2004, 451–452, 612–618. [CrossRef]
Wada, T.; Hashimoto, Y.; Nishiwaki, S.; Satoh, T.; Hayashi, S.; Negami, T.; Miyake, H. High-efficiency CIGS
solar cells with modified CIGS surface. Sol. Energy Mater. Sol. Cells 2001, 67, 305–310. [CrossRef]
Kessler, F.; Rudmann, D. Technological aspects of flexible CIGS solar cells and modules. Sol. Energy 2004, 77,
685–695. [CrossRef]
Xakalashe, B.S.; Tangstad, M. Silicon processing from quartz to crystalline silicon solar cells. In Southern
African Pyromethallurgy 2011; Jones, R.T., den Hoed, P., Eds.; Southern African Institute of Mining and
Metallurgy: Johannesburg, South Africa, 2011; pp. 1–18.
Krebs, F.C. Roll-to-roll fabrication of monolithic large-area polymer solar cells free from indium-tin-oxide.
Sol. Energy Mater. Sol. Cells 2009, 93, 1636–1641. [CrossRef]
Galagan, Y.; de Vries, I.G.; Langen, A.P.; Andriessen, R.; Verhees, W.J.H.; Veenstra, S.C.; Kroon, J.M.
Technology development for roll-to-roll production of organic photovoltaics. Chem. Eng. Process.
Process Intensif. 2011, 50, 454–461. [CrossRef]
Krebs, F.C. Fabrication and processing of polymer solar cells: A review of printing and coating techniques.
Sol. Energy Mater. Sol. Cells 2009, 93, 394–412. [CrossRef]
Krebs, F.C. Polymer solar cell modules prepared using roll-to-roll methods: Knife-over-edge coating, slot-die
coating and screen printing. Sol. Energy Mater. Sol. Cells 2009, 93, 465–475. [CrossRef]
Blankenburg, L.; Schultheis, K.; Schache, H.; Sensfuss, S.; Schrödner, M. Reel-to-reel wet coating as an
efficient up-scaling technique for the production of bulk-heterojunction polymer solar cells. Sol. Energy
Mater. Sol. Cells 2009, 93, 476–483. [CrossRef]
Medford, A.J.; Lilliedal, M.R.; Jørgensen, M.; Aarø, D.; Pakalski, H.; Fyenbo, J.; Krebs, F.C. Grid-connected
polymer solar panels: Initial considerations of cost, lifetime, and practicality. Opt. Express 2010, 18 (Suppl. 3),
A272–A285. [CrossRef] [PubMed]
Amb, C.M.; Chen, S.; Graham, K.R.; Subbiah, J.; Small, C.E.; So, F.; Reynolds, J.R. Dithienogermole as a
fused electron donor in bulk heterojunction solar cells. J. Am. Chem. Soc. 2011, 133, 10062–10065. [CrossRef]
[PubMed]
Service, R.F. Outlook brightens for plastic solar cells. Science 2011, 332, 293. [CrossRef] [PubMed]
Li, G.; Zhu, R.; Yang, Y. Polymer solar cells. Nat. Photonics 2012, 6, 153–161. [CrossRef]
Sun, S.-S.; O’Neill, H. Sunlight Energy Conversion Via Organics. In Handbook of Photovoltaic Science and
Engineering; Luque, A., Hegedus, S., Eds.; John Wiley & Sons, Ltd.: Chichester, UK, 2011; pp. 675–715,
ISBN 9780470974704.

Polymers 2018, 10, 307

29.
30.
31.
32.
33.
34.
35.
36.

37.
38.
39.
40.

41.
42.
43.

44.
45.
46.
47.
48.
49.

50.

51.

25 of 33

Sariciftci, N.S.; Sun, S.-S. Organic Photovoltaics: Mechanism, Materials, and Devices; Taylor & Francis: Boca Raton,
FL, USA, 2005; ISBN 1420026356.
Krebs, F.C. Polymer Photovoltaics: A Practical Approach; SPIE Press: Washington, DC, USA, 2008; ISBN
9780819467812.
Günes, S.; Neugebauer, H.; Sariciftci, N.S. Conjugated Polymer-Based Organic Solar Cells. Chem. Rev. 2007,
107, 1324–1338. [CrossRef] [PubMed]
Skotheim, T.A.; Reynolds, J.R. Handbook of Conducting Polymers; CRC Press: Boca Raton, FL, USA, 2007; ISBN
9781574446654.
Krebs, F.C.; Tromholt, T.; Jørgensen, M. Upscaling of polymer solar cell fabrication using full roll-to-roll
processing. Nanoscale 2010, 2, 873. [CrossRef] [PubMed]
Zhou, Y.; Li, F.; Barrau, S.; Tian, W.; Inganäs, O.; Zhang, F. Inverted and transparent polymer solar cells
prepared with vacuum-free processing. Sol. Energy Mater. Sol. Cells 2009, 93, 497–500. [CrossRef]
Hau, S.K.; Yip, H.-L.; Zou, J.; Jen, A.K.-Y. Indium tin oxide-free semi-transparent inverted polymer solar cells
using conducting polymer as both bottom and top electrodes. Org. Electron. 2009, 10, 1401–1407. [CrossRef]
Winther-Jensen, B.; Krebs, F.C. High-conductivity large-area semi-transparent electrodes for polymer
photovoltaics by silk screen printing and vapour-phase deposition. Sol. Energy Mater. Sol. Cells 2006,
90, 123–132. [CrossRef]
Ahlswede, E.; Mühleisen, W.; bin Moh Wahi, M.W.; Hanisch, J.; Powalla, M. Highly efficient organic solar
cells with printable low-cost transparent contacts. Appl. Phys. Lett. 2008, 92, 143307. [CrossRef]
Chang, Y.-M.; Wang, L.; Su, W.-F. Polymer solar cells with poly(3,4-ethylenedioxythiophene) as transparent
anode. Org. Electron. 2008, 9, 968–973. [CrossRef]
Glatthaar, M.; Niggemann, M.; Zimmermann, B.; Lewer, P.; Riede, M.; Hinsch, A.; Luther, J. Organic solar
cells using inverted layer sequence. Thin Solid Films 2005, 491, 298–300. [CrossRef]
Zimmermann, B.; Glatthaar, M.; Niggemann, M.; Riede, M.K.; Hinsch, A.; Gombert, A. ITO-free wrap
through organic solar cells—A module concept for cost-efficient reel-to-reel production. Sol. Energy Mater.
Sol. Cells 2007, 91, 374–378. [CrossRef]
Tvingstedt, K.; Inganäs, O. Electrode grids for ITO free organic photovoltaic devices. Adv. Mater. 2007, 19,
2893–2897. [CrossRef]
Zou, J.; Yip, H.-L.; Hau, S.K.; Jen, A.K.-Y. Metal grid/conducting polymer hybrid transparent electrode for
inverted polymer solar cells. Appl. Phys. Lett. 2010, 96, 203301. [CrossRef]
Aernouts, T.; Vanlaeke, P.; Geens, W.; Poortmans, J.; Heremans, P.; Borghs, S.; Mertens, R.; Andriessen, R.;
Leenders, L. Printable anodes for flexible organic solar cell modules. Thin Solid Films 2004, 451–452, 22–25.
[CrossRef]
Kazmerski, L.L. Solar photovoltaics R&D at the tipping point: A 2005 technology overview. J. Electron
Spectrosc. Relat. Phenomena 2006, 150, 105–135. [CrossRef]
Luque, A.; Hegedus, S. Handbook of Photovoltaic Science and Engineering, 2nd ed.; John Wiley and Sons, Ltd.:
New York, NY, USA, 2010.
Green, M.A. Third Generation Photovoltaics: Advanced Solar Energy Conversion; Springer: Berlin, Germany,
2006; ISBN 9783540265634.
Ma, W.; Yang, C.; Gong, X.; Lee, K.; Heeger, A.J. Thermally stable, efficient polymer solar cells with nanoscale
control of the interpenetrating network morphology. Adv. Funct. Mater. 2005, 15, 1617–1622. [CrossRef]
Li, G.; Shrotriya, V.; Huang, J.; Yao, Y.; Moriarty, T.; Emery, K.; Yang, Y. High-efficiency solution processable
polymer photovoltaic cells by self-organization of polymer blends. Nat. Mater. 2005, 4, 864–868. [CrossRef]
Reyes-Reyes, M.; Kim, K.; Dewald, J.; López-Sandoval, R.; Avadhanula, A.; Curran, S.; Carroll, D.L.
Meso-structure formation for enhanced organic photovoltaic cells. Org. Lett. 2005, 7, 5749–5752. [CrossRef]
[PubMed]
Kim, J.Y.; Kim, S.H.; Lee, H.-H.; Lee, K.; Ma, W.; Gong, X.; Heeger, A.J. New architecture for high-efficiency
polymer photovoltaic cells using solution-based titanium oxide as an optical spacer. Adv. Mater. 2006, 18,
572–576. [CrossRef]
Peet, J.; Kim, J.Y.; Coates, N.E.; Ma, W.L.; Moses, D.; Heeger, A.J.; Bazan, G.C. Efficiency enhancement in
low-bandgap polymer solar cells by processing with alkane dithiols. Nat. Mater. 2007, 6, 497–500. [CrossRef]
[PubMed]

Polymers 2018, 10, 307

52.
53.
54.

55.
56.
57.
58.

59.
60.
61.
62.
63.
64.
65.
66.

67.
68.
69.
70.
71.
72.
73.

74.

75.

26 of 33

Hill, I.G.; Kahn, A.; Soos, Z.G.; Pascal, R.A., Jr. Charge-separation energy in films of π-conjugated organic
molecules. Chem. Phys. Lett. 2000, 327, 181–188. [CrossRef]
Alvarado, S.; Seidler, P.; Lidzey, D.; Bradley, D. Direct determination of the exciton binding energy of
conjugated polymers using a scanning tunneling microscope. Phys. Rev. Lett. 1998, 81, 1082–1085. [CrossRef]
Kersting, R.; Lemmer, U.; Deussen, M.; Bakker, H.J.; Mahrt, R.F.; Kurz, H.; Arkhipov, V.I.; Bässler, H.;
Göbel, E.O. Ultrafast field-induced dissociation of excitons in conjugated polymers. Phys. Rev. Lett. 1994, 73,
1440–1443. [CrossRef] [PubMed]
Tang, C.W. Two-layer organic photovoltaic cell. Appl. Phys. Lett. 1986, 48, 183–185. [CrossRef]
Barker, J.A.; Ramsdale, C.M.; Greenham, N.C. Modeling the current-voltage characteristics of bilayer polymer
photovoltaic devices. Phys. Rev. B 2003, 67, 75205. [CrossRef]
Morteani, A.C.; Sreearunothai, P.; Herz, L.M.; Friend, R.H.; Silva, C. Exciton regeneration at polymeric
semiconductor heterojunctions. Phys. Rev. Lett. 2004, 92, 247402. [CrossRef] [PubMed]
Offermans, T.; Meskers, S.C.J.; Janssen, R.A.J. Monte-Carlo simulations of geminate electron–hole pair
dissociation in a molecular heterojunction: A two-step dissociation mechanism. Chem. Phys. 2005, 308,
125–133. [CrossRef]
Peumans, P.; Forrest, S.R. Separation of geminate charge-pairs at donor–acceptor interfaces in disordered
solids. Chem. Phys. Lett. 2004, 398, 27–31. [CrossRef]
Mihailetchi, V.D.; Koster, L.J.A.; Hummelen, J.C.; Blom, P.W.M. Photocurrent generation in polymer-fullerene
bulk heterojunctions. Phys. Rev. Lett. 2004, 93, 216601. [CrossRef] [PubMed]
Sariciftci, N.S.; Smilowitz, L.; Heeger, A.J.; Wudl, F.; Heeger, A.J. Photoinduced electron transfer from a
conducting polymer to buckminsterfullerene. Science 1992, 258, 1474–1476. [CrossRef] [PubMed]
Yu, G.; Gao, J.; Hummelen, J.C.; Wudl, F.; Heeger, A.J. Polymer Photovoltaic Cells: Enhanced Efficiencies via
a Network of Internal Donor-Acceptor Heterojunctions. Science 1995, 270, 1789–1791. [CrossRef]
Shaheen, S.E.; Brabec, C.J.; Sariciftci, N.S.; Padinger, F.; Fromherz, T.; Hummelen, J.C. 2.5% efficient organic
plastic solar cells. Appl. Phys. Lett. 2001, 78, 841–843. [CrossRef]
Brabec, C.J.; Shaheen, S.E.; Winder, C.; Sariciftci, N.S.; Denk, P. Effect of LiF/metal electrodes on the
performance of plastic solar cells. Appl. Phys. Lett. 2002, 80, 1288–1290. [CrossRef]
Shaheen, S.E.; Vangeneugden, D.; Kiebooms, R.; Vanderzande, D.; Fromherz, T.; Padinger, F.; Brabec, C.J.;
Sariciftci, N.S. Low band-gap polymeric photovoltaic devices. Synth. Met. 2001, 121, 1583–1584. [CrossRef]
Svensson, M.; Zhang, F.; Veenstra, S.C.; Verhees, W.J.H.; Hummelen, J.C.; Kroon, J.M.; Inganäs, O.;
Andersson, M.R. High-performance polymer solar cells of an alternating polyfluorene copolymer and
a fullerene derivative. Adv. Mater. 2003, 15, 988–991. [CrossRef]
Mühlbacher, D.; Scharber, M.; Morana, M.; Zhu, Z.; Waller, D.; Gaudiana, R.; Brabec, C. High photovoltaic
performance of a low-bandgap polymer. Adv. Mater. 2006, 18, 2884–2889. [CrossRef]
Schilinsky, P.; Waldauf, C.; Brabec, C.J. Recombination and loss analysis in polythiophene based bulk
heterojunction photodetectors. Appl. Phys. Lett. 2002, 81, 3885–3887. [CrossRef]
Padinger, F.; Rittberger, R.S.; Sariciftci, N.S. Effects of postproduction treatment on plastic solar cells.
Adv. Funct. Mater. 2003, 13, 85–88. [CrossRef]
Zhao, J.; Li, Y.; Yang, G.; Jiang, K.; Lin, H.; Ade, H.; Ma, W.; Yan, H. Efficient organic solar cells processed
from hydrocarbon solvents. Nat. Energy 2016, 1, 15027. [CrossRef]
Halls, J.J.M.; Walsh, C.A.; Greenham, N.C.; Marseglia, E.A.; Friend, R.H.; Moratti, S.C.; Holmes, A.B. Efficient
photodiodes from interpenetrating polymer networks. Nature 1995, 376, 498–500. [CrossRef]
Koetse, M.M.; Sweelssen, J.; Hoekerd, K.T.; Schoo, H.F.M.; Veenstra, S.C.; Kroon, J.M.; Yang, X.; Loos, J.
Efficient polymer: Polymer bulk heterojunction solar cells. Appl. Phys. Lett. 2006, 88, 83504. [CrossRef]
Veenstra, S.C.; Verhees, W.J.H.; Kroon, J.M.; Koetse, M.M.; Sweelssen, J.; Bastiaansen, J.J.A.M.; Schoo, H.F.M.;
Yang, X.; Alexeev, A.; Loos, J.; et al. Photovoltaic properties of a conjugated polymer blend of MDMO−PPV
and PCNEPV. Chem. Mater. 2004, 16, 2503–2508. [CrossRef]
McNeill, C.R.; Abrusci, A.; Zaumseil, J.; Wilson, R.; McKiernan, M.J.; Burroughes, J.H.; Halls, J.J.M.;
Greenham, N.C.; Friend, R.H. Dual electron donor/electron acceptor character of a conjugated polymer in
efficient photovoltaic diodes. Appl. Phys. Lett. 2007, 90, 193506. [CrossRef]
Ye, L.; Hu, H.; Ghasemi, M.; Wang, T.; Collins, B.A.; Kim, J.-H.; Jiang, K.; Carpenter, J.H.; Li, H.; Li, Z.;
et al. Quantitative relations between interaction parameter, miscibility and function in organic solar cells.
Nat. Mater. 2018, 17, 253–260. [CrossRef] [PubMed]

Polymers 2018, 10, 307

76.

77.

78.

79.

80.

81.
82.

83.
84.
85.

86.
87.
88.

89.
90.
91.

92.
93.
94.

95.

96.

27 of 33

Ye, L.; Zhao, W.; Li, S.; Mukherjee, S.; Carpenter, J.H.; Awartani, O.; Jiao, X.; Hou, J.; Ade, H. High-Efficiency
Nonfullerene Organic Solar Cells: Critical Factors that Affect Complex Multi-Length Scale Morphology and
Device Performance. Adv. Energy Mater. 2017, 7, 1602000. [CrossRef]
Ye, L.; Xiong, Y.; Zhang, Q.; Li, S.; Wang, C.; Jiang, Z.; Hou, J.; You, W.; Ade, H. Surpassing 10% Efficiency
Benchmark for Nonfullerene Organic Solar Cells by Scalable Coating in Air from Single Nonhalogenated
Solvent. Adv. Mater. 2018, 30, 1705485. [CrossRef] [PubMed]
Martens, T.; D’Haen, J.; Munters, T.; Beelen, Z.; Goris, L.; Manca, J.; D’Olieslaeger, M.; Vanderzande, D.;
De Schepper, L.; Andriessen, R. Disclosure of the nanostructure of MDMO-PPV: PCBM bulk hetero-junction
organic solar cells by a combination of SPM and TEM. Synth. Met. 2003, 138, 243–247. [CrossRef]
Hoppe, H.; Niggemann, M.; Winder, C.; Kraut, J.; Hiesgen, R.; Hinsch, A.; Meissner, D.;
Sariciftci, N.S. Nanoscale morphology of conjugated polymer/fullerene-based bulk- heterojunction solar
cells. Adv. Funct. Mater. 2004, 14, 1005–1011. [CrossRef]
Grätzel, M.; Bach, U.; Lupo, D.; Comte, P.; Moser, J.E.; Weissörtel, F.; Salbeck, J.; Spreitzer, H. Solid-state
dye-sensitized mesoporous TiO2 solar cells with high photon-to-electron conversion efficiencies. Nature
1998, 395, 583–585. [CrossRef]
O’Regan, B.; Grätzel, M. A low-cost, high-efficiency solar cell based on dye-sensitized colloidal TiO2 films.
Nature 1991, 353, 737–740. [CrossRef]
Ravirajan, P.; Peiró, A.M.; Nazeeruddin, M.K.; Graetzel, M.; Bradley, D.D.C.; James, R.D.; Nelson, J. Hybrid
polymer/zinc oxide photovoltaic devices with vertically oriented ZnO nanorods and an amphiphilic
molecular interface layer. J. Phys. Chem. B 2006, 110, 7635–7639. [CrossRef] [PubMed]
Goh, C.; Scully, S.R.; McGehee, M.D. Effects of molecular interface modification in hybrid organic-inorganic
photovoltaic cells. J. Appl. Phys. 2007, 101, 114503. [CrossRef]
Zhao, X.; Wang, M. Organic hole-transporting materials for efficient perovskite solar cells. Mater. Today Energy 2017. [CrossRef]
Bin, H.; Zhang, Z.-G.; Gao, L.; Chen, S.; Zhong, L.; Xue, L.; Yang, C.; Li, Y. Non-Fullerene Polymer Solar
Cells Based on Alkylthio and Fluorine Substituted 2D-Conjugated Polymers Reach 9.5% Efficiency. J. Am.
Chem. Soc. 2016, 138, 4657–4664. [CrossRef] [PubMed]
Yan, C.; Barlow, S.; Wang, Z.; Yan, H.; Jen, A.K.-Y.; Marder, S.R.; Zhan, X. Non-fullerene acceptors for organic
solar cells. Nat. Rev. Mater. 2018, 3, 18003. [CrossRef]
Hou, J.; Inganäs, O.; Friend, R.H.; Gao, F. Organic solar cells based on non-fullerene acceptors. Nat. Mater.
2018, 17, 119–128. [CrossRef] [PubMed]
Zhu, J.; Ke, Z.; Zhang, Q.; Wang, J.; Dai, S.; Wu, Y.; Xu, Y.; Lin, Y.; Ma, W.; You, W.; et al.
Naphthodithiophene-Based Nonfullerene Acceptor for High-Performance Organic Photovoltaics: Effect of
Extended Conjugation. Adv. Mater. 2018, 30, 1704713. [CrossRef] [PubMed]
Zhao, W.; Li, S.; Yao, H.; Zhang, S.; Zhang, Y.; Yang, B.; Hou, J. Molecular Optimization Enables over 13%
Efficiency in Organic Solar Cells. J. Am. Chem. Soc. 2017, 139, 7148–7151. [CrossRef] [PubMed]
Li, Z.; Jiang, K.; Yang, G.; Lai, J.Y.L.; Ma, T.; Zhao, J.; Ma, W.; Yan, H. Donor polymer design enables efficient
non-fullerene organic solar cells. Nat. Commun. 2016, 7, 13094. [CrossRef] [PubMed]
Zhang, M.; Gao, W.; Zhang, F.; Mi, Y.; Wang, W.; An, Q.; Wang, J.; Ma, X.; Miao, J.; Hu, Z.; et al. Efficient
ternary non-fullerene polymer solar cells with PCE of 11.92% and FF of 76.5%. Energy Environ. Sci. 2018.
[CrossRef]
Guo, B.; Li, W.; Guo, X.; Meng, X.; Ma, W.; Zhang, M.; Li, Y. High Efficiency Nonfullerene Polymer Solar
Cells with Thick Active Layer and Large Area. Adv. Mater. 2017, 29, 1702291. [CrossRef] [PubMed]
Kumari, T.; Lee, S.M.; Kang, S.-H.; Chen, S.; Yang, C. Ternary solar cells with a mixed face-on and edge-on
orientation enable an unprecedented efficiency of 12.1%. Energy Environ. Sci. 2017, 10, 258–265. [CrossRef]
Kan, B.; Feng, H.; Wan, X.; Liu, F.; Ke, X.; Wang, Y.; Wang, Y.; Zhang, H.; Li, C.; Hou, J.; Chen, Y.
Small-Molecule Acceptor Based on the Heptacyclic Benzodi(cyclopentadithiophene) Unit for Highly Efficient
Nonfullerene Organic Solar Cells. J. Am. Chem. Soc. 2017, 139, 4929–4934. [CrossRef] [PubMed]
Yang, Y.; Zhang, Z.-G.; Bin, H.; Chen, S.; Gao, L.; Xue, L.; Yang, C.; Li, Y. Side-Chain Isomerization on an
n-type Organic Semiconductor ITIC Acceptor Makes 11.77% High Efficiency Polymer Solar Cells. J. Am.
Chem. Soc. 2016, 138, 15011–15018. [CrossRef] [PubMed]
Liu, F.; Zhou, Z.; Zhang, C.; Vergote, T.; Fan, H.; Liu, F.; Zhu, X. A Thieno[3,4-b]thiophene-Based
Non-fullerene Electron Acceptor for High-Performance Bulk-Heterojunction Organic Solar Cells. J. Am.
Chem. Soc. 2016, 138, 15523–15526. [CrossRef] [PubMed]

Polymers 2018, 10, 307

97.
98.

99.

100.

101.

102.

103.

104.

105.
106.
107.
108.

109.
110.
111.
112.
113.
114.

115.
116.

117.

28 of 33

Zhao, W.; Qian, D.; Zhang, S.; Li, S.; Inganäs, O.; Gao, F.; Hou, J. Fullerene-Free Polymer Solar Cells with
over 11% Efficiency and Excellent Thermal Stability. Adv. Mater. 2016, 28, 4734–4739. [CrossRef] [PubMed]
Li, S.; Ye, L.; Zhao, W.; Zhang, S.; Mukherjee, S.; Ade, H.; Hou, J. Energy-Level Modulation of Small-Molecule
Electron Acceptors to Achieve over 12% Efficiency in Polymer Solar Cells. Adv. Mater. 2016, 28, 9423–9429.
[CrossRef] [PubMed]
Zhao, F.; Dai, S.; Wu, Y.; Zhang, Q.; Wang, J.; Jiang, L.; Ling, Q.; Wei, Z.; Ma, W.; You, W.; et al. Single-Junction
Binary-Blend Nonfullerene Polymer Solar Cells with 12.1% Efficiency. Adv. Mater. 2017, 29, 1700144.
[CrossRef] [PubMed]
Wang, J.; Wang, W.; Wang, X.; Wu, Y.; Zhang, Q.; Yan, C.; Ma, W.; You, W.; Zhan, X. Enhancing Performance
of Nonfullerene Acceptors via Side-Chain Conjugation Strategy. Adv. Mater. 2017, 29, 1702125. [CrossRef]
[PubMed]
Wang, W.; Yan, C.; Lau, T.-K.; Wang, J.; Liu, K.; Fan, Y.; Lu, X.; Zhan, X. Fused Hexacyclic Nonfullerene
Acceptor with Strong Near-Infrared Absorption for Semitransparent Organic Solar Cells with 9.77% Efficiency.
Adv. Mater. 2017, 29, 1701308. [CrossRef] [PubMed]
Lin, Y.; Zhao, F.; Wu, Y.; Chen, K.; Xia, Y.; Li, G.; Prasad, S.K.K.; Zhu, J.; Huo, L.; Bin, H.; et al. Mapping
Polymer Donors toward High-Efficiency Fullerene Free Organic Solar Cells. Adv. Mater. 2017, 29, 1604155.
[CrossRef] [PubMed]
Yao, H.; Cui, Y.; Yu, R.; Gao, B.; Zhang, H.; Hou, J. Design, Synthesis, and Photovoltaic Characterization of
a Small Molecular Acceptor with an Ultra-Narrow Band Gap. Angew. Chem. Int. Ed. 2017, 56, 3045–3049.
[CrossRef] [PubMed]
Bin, H.; Gao, L.; Zhang, Z.-G.; Yang, Y.; Zhang, Y.; Zhang, C.; Chen, S.; Xue, L.; Yang, C.; Xiao, M.; et al. 11.4%
Efficiency non-fullerene polymer solar cells with trialkylsilyl substituted 2D-conjugated polymer as donor.
Nat. Commun. 2016, 7, 13651. [CrossRef] [PubMed]
Huang, J.-H.; Lee, K.-C. Highly Stable, Solution-Processable Phenothiazine Derivative as Hole Collection
Material for Organic Solar Cells. ACS Appl. Mater. Interfaces 2014, 6, 7680–7685. [CrossRef] [PubMed]
Yoon, T.P.; Ischay, M.A.; Du, J. Visible light photocatalysis as a greener approach to photochemical synthesis.
Nat. Chem. 2010, 2, 527–532. [CrossRef] [PubMed]
Kumavat, P.P.; Sonar, P.; Dalal, D.S. An overview on basics of organic and dye sensitized solar cells, their
mechanism and recent improvements. Renew. Sustain. Energy Rev. 2017, 78, 1262–1287. [CrossRef]
Silvestri, F.; Marrocchi, A.; Seri, M.; Kim, C.; Marks, T.J.; Facchetti, A.; Taticchi, A. Solution-processable
low-molecular weight extended arylacetylenes: Versatile p-type semiconductors for field-effect transistors
and bulk heterojunction solar cells. J. Am. Chem. Soc. 2010, 132, 6108–6123. [CrossRef] [PubMed]
Patel, H.; Agarwal, V. MPPT Scheme for a PV-Fed Single-Phase Single-Stage Grid-Connected Inverter
Operating in CCM With Only One Current Sensor. IEEE Trans. Energy Convers. 2009, 24, 256–263. [CrossRef]
Thounthong, P.; Chunkag, V.; Sethakul, P.; Sikkabut, S.; Pierfederici, S.; Davat, B. Energy management of fuel
cell/solar cell/supercapacitor hybrid power source. J. Power Sources 2011, 196, 313–324. [CrossRef]
Han, G.; Zhang, S.; Boix, P.P.; Wong, L.H.; Sun, L.; Lien, S.-Y. Towards high efficiency thin film solar cells.
Prog. Mater. Sci. 2017, 87, 246–291. [CrossRef]
Hagfeldt, A.; Boschloo, G.; Sun, L.; Kloo, L.; Pettersson, H. Dye-sensitized solar cells. Chem. Rev. 2010, 110,
6595–6663. [CrossRef] [PubMed]
Sharifi, N.; Tajabadi, F.; Taghavinia, N. Recent developments in dye-sensitized solar cells. ChemPhysChem
2014, 15, 3902–3927. [CrossRef] [PubMed]
Liu, X.-H.; Hou, L.-X.; Wang, J.-F.; Liu, B.; Yu, Z.-S.; Ma, L.-Q.; Yang, S.-P.; Fu, G.-S. Plasmonic-enhanced
polymer solar cells with high efficiency by addition of silver nanoparticles of different sizes in different
layers. Sol. Energy 2014, 110, 627–635. [CrossRef]
Etxebarria, I.; Ajuria, J.; Pacios, R. Polymer:fullerene solar cells: Materials, processing issues, and cell layouts
to reach power conversion efficiency over 10%, a review. J. Photonics Energy 2015, 5, 57214. [CrossRef]
Kuendig, J.; Goetz, M.; Shah, A.; Gerlach, L.; Fernandez, E. Thin film silicon solar cells for space applications:
Study of proton irradiation and thermal annealing effects on the characteristics of solar cells and individual
layers. Sol. Energy Mater. Sol. Cells 2003, 79, 425–438. [CrossRef]
Horiuchi, N.; Nozaki, T.; Chiba, A. Improvement in electrical performance of radiation-damaged silicon
solar cells by annealing. Nucl. Instrum. Methods Phys. Res. Sect. A 2000, 443, 186–193. [CrossRef]

Polymers 2018, 10, 307

29 of 33

118. Li, Y.-S.; Tsai, C.-H.; Kao, S.-H.; Wu, I.-W.; Chen, J.-Z.; Wu, C.-I.; Lin, C.-F.; Cheng, I.-C. Single-layer
organic–inorganic-hybrid thin-film encapsulation for organic solar cells. J. Phys. D Appl. Phys. 2013,
46, 435502. [CrossRef]
119. Jain, V.; Rajbongshi, B.K.; Tej Mallajosyula, A.; Bhattacharjya, G.; Kumar Iyer, S.S.; Ramanathan, G.
Photovoltaic effect in single-layer organic solar cell devices fabricated with two new imidazolin-5-one
molecules. Sol. Energy Mater. Sol. Cells 2008, 92, 1043–1046. [CrossRef]
120. Chamberlain, G.A. Organic solar cells: A review. Sol. Cells 1983, 8, 47–83. [CrossRef]
121. Wöhrle, D.; Meissner, D. Organic solar cells. Adv. Mater. 1991, 3, 129–138. [CrossRef]
122. Gorter, T.; Reinders, A.H.M.E. A comparison of 15 polymers for application in photovoltaic modules in
PV-powered boats. Appl. Energy 2012, 92, 286–297. [CrossRef]
123. Green, M.A.; Emery, K.; Hishikawa, Y.; Warta, W.; Dunlop, E.D. Solar cell efficiency tables (version 47).
Prog. Photovolt. Res. Appl. 2016, 24, 3–11. [CrossRef]
124. Khan, A.; Yamaguchi, M.; Ohshita, Y.; Dharmaraso, N.; Araki, K.; Khanh, V.; Itoh, H.; Ohshima, T.;
Imaizumi, M.; Matsuda, S. Strategies for improving radiation tolerance of Si space solar cells. Sol. Energy
Mater. Sol. Cells 2003, 75, 271–276. [CrossRef]
125. Richter, C.; Lincot, D.; Gueymard, C.A. Solar Energy; Springer-Verlag: New York, NY, USA, 2013; ISBN
9781461458425.
126. Timotijevic, L.; Vujisic, M.; Stankovic, K. Simulation of radiation effects in ultra-thin insulating layers.
Nucl. Technol. Radiat. Prot. 2013, 28, 308–315. [CrossRef]
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