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Abstract

From the moment of conductive polyacetylene discovery, semiconducting polymers and
other organic thin films and multilayers are important for a wide range of applications,
including electronics, photovoltaics and sensors. The main idea of this chapter is the syn-
thesis of new conjugated donor and acceptor polymers and development of organic solar
cells on their basis. As donor polymers were used modified polyanilines (PANIs) and its
dopants, as acceptor compounds - the fullerene C, derivatives. Experimental prototypes
of organic solar cells were obtained on the basis of binary donor-acceptor layers and
bulk heterojunctions, consisting of novel polyaniline derivatives and fullerene-contained
polymers. The current-voltage characteristics of solar cells were measured and the val-
ues of such parameters, such as open-circuit voltage, short-circuit current, fill factor and
power conversion efficiency, were calculated. Comparison of parameters of the various
types of organic solar cells was held.

Keywords: organic solar cell, polyaniline, fullerene-containing monomer and polymer,
power conversion efficiency

1. Introduction

Organic materials with semiconductor properties have recently become the object of inten-
sive research aimed at developing various elements of organic electronics: field-effect tran-
sistors, light-emitting diodes, memory cells, solar cells and sensors. After the opening of
conductive polyacetylene [1], conjugated polymers are considered as a replacement for inor-
ganic semiconductors. In the field of the development of organic solar cells (OSCs), real
progress has been possible since the mid-1990s after the synthesis of conductive conjugated
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polymers of the latest generation used for the production of modern light-emitting diodes
and field-effect transistors.

Such polymers have excellent mechanical properties, the ability to process, a variety of forms
and derivatives. They have a high absorption coefficient in the optical range, which allows
their use in the form of ultra-thin films (about 100 nm thickness). The advantages mentioned
above, as well as the possibility of depositing films from solutions at normal pressure onto
flexible substrates of a large area, make it possible to manufacture an OSC using such rela-
tively cheap methods as inkjet printing and stamping technique [2]. Despite these positive
factors for the use of polymers, commercialization of the OSC is hampered both by relatively
low-power conversion efficiency (PCE) of ~6-7% and by the need for protective encapsulation
from environmental influences.

Almost all known types of organic photovoltaic cells can be divided into two main groups.
The first group consists of batteries with a binary structure in which the photoactive com-
ponents of the donor and acceptor types are deposited in separate layers. The second group
includes batteries with a bulk heterojunction, in which there is only one photoactive layer,
which is a mixture of a donor and an acceptor. In polymer solar cells, the active layers of
the device must be located between two layers of conducting electrodes, one of which is
transparent to incident light. Typically, for this purpose, a compound comprising indium
tin oxide (ITO) coatings (a mixture of indium and tin oxides) applied to a glass or a flexible
polymer substrate is used. In addition, the ITO layer is coated with a film of a conductive
polymer used to transport holes—poly(3,4-ethylenedioxythiophene): poly(styrene sulfonate)
(PEDOT: PSS). This film also serves to smoothen the surface of the ITO and prevent shunts
from surface irregularities and to improve the efficiency of hole collection because of better
matching of energy levels between the electrode yield and the highest occupied molecular
orbital (HOMO) level of the donor polymer level. On the opposite side of the active layer,
a metal electrode with a low work function is applied. In general, this is an aluminum elec-
trode, which can be further modified by applying a thin layer (~1 nm) of LiF under it, which
increases the efficiency of solar cells [3]. Lighting of such an element by sunlight is carried out
from the side of a transparent glass or polymer substrate. Radiation is absorbed in the work-
ing polymer or composite layer, and electron-hole pairs (excitons) are generated, which then
decay into electrons and holes collected on opposite electrodes. These processes are usually
represented using energy diagrams (Figure 1).

The photovoltaic effect underlying the operation of the OSC consists of the generation of
current carrier-electron and holes-in semiconductor materials when they are irradiated with
light. The nature of the relatively low-efficient polymer OSCs in comparison with their inor-
ganic analogs lies in the different mechanisms of photogeneration of free-charge carriers in
such structures. When the inorganic semiconductors are illuminated by photons with an
energy greater than the band gap, that is, the energy difference between the valence band and
the conduction band, free charge carriers (electrons and holes) are generated, which are then
separated by the pn junction of the solar cell.

In organic semiconductors, as a result of the absorption of photons, electrons from higher occu-
pied molecular orbitals are excited to lower free molecular orbitals. An important difference
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Figure 1. Energy diagrams of polymer binary system: (a) photon absorption, (b) exciton generation and (c) charge
separation processes.

in the mechanisms of photogeneration in inorganic and organic materials is the fact that in
free inorganic solar cells, free charge carriers are formed in the bulk of the material, whereas
in OSC, as a result of their relatively low dielectric permittivity, such materials are bound
by Coulomb interaction electron-hole pairs—excitons. To separate excitons and obtain free
charges, an additional dissociation energy of excitons (binding energy) is required, which for
different organic semiconductors is 0.2-1.0 eV. Generation of charges due to dissociation of
excitons can be realized at the boundary of two organic semiconductors (donor and acceptor),
that is, on a heterojunction.

By shifting the energy levels between the corresponding orbitals, organic materials can work
as donors or electron acceptors. At the donor-acceptor interface, the process of charge transfer
occurs, which leads to the appearance of holes in a material with a low ionization potential
(donor) and electrons in a material with a high electron affinity (acceptor). These carriers are
still connected by the Coulomb interaction but can be separated by an internal electric field (or
built-in potential) of the solar cells, which is created in connection with the difference in the
work function of the two different electrodes in the sandwich configuration of organic hetero-
junctions. Holes move through the donor material to the electrode with a high work function
and electrons through the acceptor layer to the electrode with a low work function. The char-
acteristic distance traveled by the exciton during its lifetime, that is, the diffusion length [,
in organic semiconductors, is limited by a distance of about 10 nm due to their short lifetime
and low mobility [4]. Obviously, only photons near the heterojunction plane, absorbed by the
characteristic length [, contribute to the photocurrent. Only excitons that appear at distances
comparable to [, can effectively move toward the interface, thereby ensuring the generation
of charge carriers. In practice, in the OSC with a binary structure, only a small part, about 0.01
absorbed photons, can contribute to the photocurrent.

A flat binary heterostructure consisting of two organic materials with shifted energy levels
for the realization of the process of dissociation of an exciton into free charges was first dem-
onstrated by Tang in 1986 [5]. It was shown that a photovoltaic effect occurs in a two-layer
donor-acceptor system: metal phthalocyanine/perylene compound with a rather high effi-
ciency. The coefficient of converting the energy of light into electrical energy was about 1%.
An increase in light conversion efficiency of up to 2.5% was achieved in solar cells based on
fullerene C_ as an acceptor material in combination with Cu or Zn phthalocyanines.
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An important step in improving the efficiency of the OSC was the transition to a bulk hetero-
junction, which is realized by mixing donor and acceptor materials. The principle of opera-
tion of an OSC based on a bulk heterojunction is determined by the fundamental property of
polymer materials, which consists of the striving for phase separation at the nanometer level.
In the OSC of this type, the donor-acceptor interface, which penetrates the entire volume of
the material, ensures the dissociation of excitons, as well as the transport of electrons and
holes to the electrodes.

For the first time, solar batteries based on volumetric heterojunction obtained from solutions
were reported in 1995. Since then, the number of publications in this field has started to grow
exponentially, and the PCE has increased from 1 to 5% [6-10].

In the early years, poly [2-methoxy, 5-(20-ethyl-hexyloxy)-p-phenylene vinylene) (MEH-PPV)/
C,, composites were later replaced by a better processed combination of poly [2-methoxy-
5-(30,70-dimethyloctyloxy)-1,4-phenylene vinylene] (MDMO-PPV)/[6,6]-phenyl-C,  -butyric
acid methyl ester ([60]PCBM or [70]PCBM). Because of the rather large band gap and low
mobility of PPV-type polymers, the efficiency at best remained at 3%, and the general interest
in this class of materials disappeared [11].

Recently, research efforts have focused on poly (alkyl-thiophenes) and in particular on poly
(3-hexyl-thiophene) (P3HT). In 2002, the first encouraging results for P3HT: [60]PCBM solar
cells at a 1: 3 weight ratio were published. At this time, the short-circuit current density was
the largest ever observed in an organic solar cell (8.7 mA/cm?) [12].

A mixture of PBHT: [60]PCBM was and remains dominant in studies of organic solar cells.
Consider the material P3HT, which absorbs photons with a wavelength of less than 675 nm
(energy of the band gap Eg = 1.85 eV). Assuming that in the P3HT: [60]PCBM mixture the poly-
mer determines the optical gap of the composite, it is possible to calculate both the density of
the absorbed photons and the absorbed power density. A typical spectrum of light incident on
the Earth’s surface is given by the standard AM1.5G. This standard defines parameters such
as an integrated power density of 1000 W/m? (100 mW/cm?), and an integrated photon flux
of 4.31 x 10* 1/s x m, distributed over a wide range of wavelengths (280—4000 nm) required
for the characteristics of solar cells. The P3HT layer: [6(0]PCBM can absorb, at best, 27% of the
available photons and 44.3% of the available power. Despite this, the real efficiency value for
an organic solar cell based on P3HT: [60]PCBM does not exseed 5% [13].

To further increase the efficiency of solar cells, it is necessary to develop donor polymers that
absorb light in an even longer wavelength region than P3HT, that is, the absorption boundary
should lie at wavelengths greater than 700 nm. Such polymers should have a band gap (the
difference in the energies of the lowest unoccupied molecular orbital [LUMO] and HOMO)
of less than 2 eV.

The number of known donor polymers providing acceptable light conversion efficiency in
photovoltaic cells is still small. In addition to the synthesis of new polymers, work is also
under way to obtain new fullerene compounds for the purpose of using them instead of the
[60]PCBM in photovoltaic cells.
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In this regard, the aim of our chapter was the development of new acceptor components
based on modified fullerene C_ and donors, based on soluble derivatives of polyaniline for
use in organic solar cells.

2. Fullerene-containing polymers for organic solar cells

The inclusion of fullerene molecules into polymer chains as photo- and electroactive moi-
eties (the subject of intense and competitive research in recent years) should lead to creat-
ing new materials with unique structural, electrochemical and photophysical properties. In
recent years, many works that extensively use the metathesis strategy to obtain materials for
photovoltaic cells have been published [14]. For example, the synthesis of vinyl-type poly-
norbornenes whose structure contains fragments of [60]PCBM, a conventional electron with
drawing component of the active layer in organic photovoltaic cells, was proposed by Eo
et al. [15]. Photovoltaic cells where the fullerene-containing copolymer acted as the n-type
semiconductor in the active layer were developed based on these polymers. Also of interest
are several works [16, 17] in which fullerene-containing monomers (FCMs) were subjected

4, R =COOMe, 80 %
5 R=CL87%

Figure 2. Ring-opening metathesis polymerization of fullerene-containing norbornene monomers.
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Figure 3.Ring-opening metathesis copolymerization of fullerene-containing norbornene monomers with related
fullerene-free compounds.

to metathesis polymerization using a Grubbs catalyst and the products were tested in solar
cells. This part of our work was devoted to synthesize new fullerene-containing polymers and
copolymers from norbornene-type monomers in the presence of the first-generation Grubbs
catalyst [(PCy,),Cl, RuCHPh].

Investigated in the work the fullerene-containing norbornene monomers include (Figure 2):
{(1-methoxycarbonyl)-1-[(2-bicyclo[2.2.1]hept-5-en-2-yl)ethoxycarbonyl]-1,2-methano}-1,
2-dihydro-C -fullerene (endo:exo = 6:1) 1 [18], {(1-chloro-1-[(2-bicyclo[2.2.1]hept-5-en-2-yI)
ethoxycarbonyl]-1,2-methano}-1,2-dihydro-C_-fullerene (endo) 2 [18] and bis[2-{[(25")-bicy-
clo[2.2.1]Thept-5-en-2-yl]etoxycarbonyl}-1,2-dihydro-C, -fullerene 3 [19].
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The ring-opening metathesis polymerization of monomers 1-3 was carried out in the pres-
ence of the first-generation Grubbs catalyst at room temperature in CH,Cl, in an argon atmo-
sphere. In both cases, the consumption of the starting norbornenes 1-3 (TLC monitoring) and
the precipitation of the polymers were observed for the first 3 h (Figure 2).

Synthesized homopolymers 4-6 were found to be insoluble in common organic solvents
(CHCI,, CH,, PhMe, C.H,F and EtOAc), and to swell only partially in dimethyl sulfoxide,
therefore, it seemed impossible to characterize their structures by spectral methods and to

estimate their molecular weights.

Note that the results obtained do not contradict the other data available in this field. Some
works showed that the incorporation of C, fullerene into the polymer, in many cases, sig-
nificantly deteriorates its solubility, which is due to the formation of intermolecular bonds
involving polynorbornene fragments and C_ fullerene, as well as due to the restricted solubil-
ity of fullerene itself [14].

One of the possible ways to prepare soluble fullerene-containing polymers is involvement of
fullerene monomers into copolymerization with highly soluble comonomers. This process is
accompanied by the “effect of dilution” of rigid C,-containing units due to the decrease in
the concentration of fullerene molecules in the polymer chain, which has a favorable effect
on the solubility of the final polymer. To reproduce this effect, norbornenes 1, 2 and 3 were
copolymerized with related fullerene-free compounds 2-[(bicyclo[2.2.1]hept-5-en-2-yl-car-
bonyl)oxy]ethylmethyl malonate (exo:endo = 6:1) 7 [18, 20], 2-[(2,2-dichloroacetyl)-oxy]ethyl
bicyclo[2.2.1]hept5-ene-2-carboxylate (exo:endo = 6:1) 8 [18, 20] and bis[2-{[(2S")-bicyclo[2.2.1]
hept-5-en-2-yl carbonyl]oxyl}ethyl)malonate 9 [19], respectively (Figure 3).

In all cases, the metathesis polymerization resulted in the formation of copolymers 10, 11
(CHCI,, dimethylsulfoxide) soluble in some organic solvents with good degrees of conversion.

3. Soluble functionalized polyanilines

The development of a new generation of sensor devices is associated primarily with two con-
ductive high-molecular compounds, namely, PANI and polypyrrole, which have been used
in highly selective devices for the diagnosis of mixtures of gases and liquids, the so-called
“electronic noses” and “electronic tongues” [21]. Biomedical studies of PANI are extremely
promising. It has been shown that PANI can be used as a biocompatible electrode: electrical
signals supplied to an in-vivo deposited polymer layer encourage the acceleration of tissue
regeneration [22]. There is a wide range of already available and potentially possible applica-
tions of PANI. Nevertheless, the practical use of this material is limited by a number of serious
problems. The first problem is related to the synthesis of PANI with reproducible properties.
Samples of the polymer can contain a wide variety of aniline oxidation products with elec-
trical conductivities that differ dozens of times. These products also differ in their spectral
and magnetic characteristics and can have a fundamentally different morphology. Such an
uncertainty leads to ambiguous results and requires a thorough investigation of the oxidative
polymerization of aniline.
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The second problem is related to the creation of materials for practical applications. A sig-
nificant disadvantage of PANI is that it does not melt and is practically insoluble in conven-
tional organic solvents. Therefore, PANI belongs to the category of non-recyclable materials.
Furthermore, this polymer is a powder that has no adhesion to other materials.

Concerning this, it is obvious that the synthesis is a key process in the preparation of not only
PANI but also PANI-based composites. Despite the apparent simplicity, the oxidative polym-
erization of aniline is a complex multistage reaction. The conventional procedure for chemical
synthesis of PANI includes the oxidative polymerization of the monomer in an aqueous solu-
tion of an inorganic acid [23]. These conditions provide the formation of an unmeltable powder
that is insoluble in the majority of available organic solvents. In order to eliminate the above dis-
advantages, PANI can be modified in different ways. An alternative version of the optimization
of the performance characteristics of the polymer is the functionalization of the initial monomer
rather than of the target product. In particular, the introduction of o-toluidine and o-anisidine
(instead of aniline) into the polymerization process leads to the precipitation of high-molecular
compounds soluble in organic solvents. Further, the homopolymer based on o-toluidine can
be used in the design of electrochromic and photovoltaic devices. There are examples where
the electrochemical polymerization of o-toluidine was performed with different solutions of
acids used as electrolytes. In particular, Borole et al. [24] used sulfuric acid, n-toluenesulfonic
acid, sulfamic acid and sulfosalicylic acid. A comparative analysis of the synthesized substances
demonstrated that the maximum electrical conductivity was exhibited by a polymer soluble
in the majority of conventional solvents, which was isolated with the participation of sulfonic
acids. In a number of works, the method was proposed for the synthesis of high-molecular
compounds with high electrical conductivity and good solubility by varying the ratio of como-
nomers (electrochemical polymerization). This made it possible to synthesize copolymers based
on o-anisidine and o-toluidine [25]. It was noted that the most stable films are formed from a
copolymer in which the content of pyrrole is more than 50% with respect to o-toluidine.

We carried out research identifying the most effective representatives and expanding the range
of electrically conductive high-molecular compounds, primarily using functionalized aniline
and researching the electrophysical and physicochemical properties of the target products.

Taking into account that the electrical conductivity of a high-molecular compound increases
with the elongation of the conjugation chain, we turned to the development of the polymer-
ization process of the functionalized derivative of aniline, rather than the aniline itself, and
to the investigation of the physical and physicochemical properties of the obtained products.

The monomer used for the oxidative polymerization was the previously synthesized
2-(1-methyl-2-buten-1-yl)aniline 12 [26] with an alkenyl substituent that occupies the o-posi-
tion of the aromatic ring and increases the conjugation chain. The diversity of the molecular
structure, morphology and properties of the oxidation products of aniline is associated with
the presence of the main reagents, namely, the monomer and the growing chain in unproton-
ated and protonated forms, as well as with the existence of two mechanisms of oxidation: the
chain reaction of electrophilic substitution and the recombination of cation-radical centers.
The contribution from the two reactions depends on the protonation state of the reagents and,
consequently, on the pH of the reaction medium.
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Figure 4. Homopolymerization of 2-(1-methyl-2-buten-1-yl)aniline 12.
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The homopolymerization of 12 was carried out by means of its oxidation, which resulted in
the formation of a dark-green precipitate of polymer 13 in aqueous solutions of acids. The
most frequently used oxidizing agent was ammonium persulfate. It is believed that the use of
ammonium persulfate leads to the formation of a high molecular weight polymer with a high
electrical conductivity.

The oxidation of aniline was performed in an acidic medium with hydrochloric acid at the
pH = 0-2 according to the scheme shown in (Figure 4). Aniline-derivative copolymers 14-16
were synthesized in different molar ratios of o-toluidine and 12 (1:3. 1:1. 3:1, respectively)
according to procedures similar to those used for the synthesis of homopolymer 13. The yield
of the copolymer was ~80%.

4. Charge transport in thin polymer films

Electronic conductivity of organic molecular compounds differs from that of metal and inorganic
semiconductors such as silicon and germanium. The well-known band theory of crystal lattice is
a good base to understand the conduction mechanism of crystalline molecular solids and conju-
gated and unconjugated polymers. At the same time, the applicability of the ideal elongated chain
model to materials with a complicated morphology is naturally limited. Even within the frames of
the idealized model, the inorganic conductors and semiconductors differ considerably from poly-
mers. Besides, in polymers, the screening of interactions between charge carriers is less; electron—
electron and electron-hole interactions play an important role causing considerable localization
of electron states as compared with inorganic materials [27]. Absence of macroscopic ordering
means inadequacy of band conduction model to describe electron conductivity of bulk polymer
materials, though it can be used to a limited extent when studying the conduction process.

In amorphous layers of thin organic films the terms “conduction band” and “valence band”
are usually replaced by the terms of the LUMO and the HOMO, respectively. The states” den-
sity is mainly described quite satisfactorily by Gaussian distribution of localized molecular
orbitals of individual molecules [28].

Depending on the size of barrier on the interface of electrode with polymer film, electric cur-
rent flowing through the sample can be of injection type, that is, limited by space charge. In
this case, one of the electrodes should be an ohmic one, that is, it should provide more charge
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carriers in time unit than the sample is able to transport, not breaking Poisson’s law. Otherwise,
charge carrier transport across the interface will be limited by the barrier. The tunneling model
of Fowler-Nordheim (FN) and Richardson-Schottky’s (RSch) thermionic emission model are
usually used to study injection in polymers in a rather strong electric field [29-31].

A thermal electron emission from hot metal is called thermionic emission. Electronic emission
from metal contact into vacuum or dielectric conduction band by their thermal transportation
through the potential barrier in electric field is called Schottky emission. Taking into account
image forces in parabolic approximation, it is possible to get the Richardson-Schottky equa-
tion for current density [32]:

—e(p, —eF/4dre € )
) (1)

J=A-T?exp

where ] is a current density, A is the Richardson constant, e is an electron charge, ¢_ is a barrier
height, F is a field density, ¢ is a dielectric permeability of a sample, ¢, is the electric constant,
k is the Boltzmann constant and T is temperature. An important assumption in RSch model
is that electron can be taken out from the metal once it gets enough heat energy to cross the
potential barrier which is formed by a superimposition of the external field and images forces.

According to the quantum theory, electron wave function within dielectric area located
between two electrodes is different from zero. Wave function exponentially decreases with
a distance into the barrier. If the barrier is very narrow, the probability to pass through the
barrier for an electron has a finite value depending on the height and form of the potential
barrier. Tunneling (auto-emission) can be observed in the case of a wide barrier if its effective
thickness decreases under the influence of a strong electric field.

In the FN model image forces are disregarded and the tunneling of electrons from metal
through a triangle barrier to free states of conduction area is considered. When the field inten-
sity increases, the height and width of the potential barrier decreases to such an extent that a
new physical effect appears and prevails: quantum mechanic tunneling of electron across the
potential barrier. Current caused by the tunnel emission facilitated by a field is described by
Fowler-Nordheim equation. In this case the current density can be described by the expres-
sion [33]:

4 ngﬁ(eq)B)3
](F) = Berxp T 3heF

(2)
which is independent of temperature. Here, m . is the effective mass of a charge carrier in
polymer and 7 is Planck’s constant.

In spite of disadvantages of both FN and RSch concepts, they have been applied successfully
to describe injections of a charge carrier in organic light-emitting diodes. For example, the FN
model was applied to give reasonable values for the barrier height and to take into account
independence of the temperature characteristic J(F) in strong fields [34]. Thermionic emission
prevails at the high temperatures and relatively low electric fields. Current caused by tunnel
emission takes place at low temperatures and high values of electric fields.
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Figure 5. Dependences of (a) the electrical conductance and (b) I/T? on the inverse temperature for films of copolymers
(o-toluidine with 2-(1-methyl-2-buten-1-yl)aniline) in different molar ratios: (2) 1:3, (3) 1:1, and (4) 3:1.

In Biglova et al.”s works [35], the temperature dependences of the electrical conductance were
measured for films of different polyaniline forms. The measurements were carried out for
soluble forms of the modified polyaniline homopolymer, that is, 12, and its copolymers with
o-toluidine in different molar ratios. The temperature measurements of the electrical conduc-
tance G of the polymer films in the range from 300 to 450 K demonstrated that the dependence
of G on the temperature T has an exponential character:

G = Gyexp(-45)- 3)

In the InG — 1000/T coordinates, the experimental points, within the limits of error, fall on a
straight line (Figure 5). The quantity AE (Table 1) can be interpreted as the interval between
HOMO and LUMO (an analog of the band gap) in semiconductor polymer films.

From the data presented in Table 1, it follows that the band gap varies from sample to sample
and lies in the energy range from 1.39 to 1.66 eV. The dependence of the band gap on the
molar ratio of the copolymers used for the preparation of thin films is an extremely impor-
tant characteristic for their practical application in various electronic devices. The polymer
compounds studied in this chapter can be used for the subsequent development of electronic
devices similar to those based on inorganic Ga,_ Al As heterostructures.

In order to understand how charge transfer occurs through the metal-polymer interface, we
measured the temperature dependences of the current I flowing through the film structure. In
the [nl/T>-1000/T coordinates, the graphical dependences, within the error of measurement,
are well approximated by straight lines (Figure 5) in accordance with Eq. (1). The current
density is defined as | = I/S, where S is the cross-sectional area of the film, which remains
unchanged during the measurement. Therefore, the graphical dependences can be con-
structed using the values of the current flowing through the sample, rather than the values of
current density. According to Eq. (1), the slopes of the straight-line sections are proportional
to the Schottky barrier height ¢,. The results of the calculations are presented in Table 1.
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Ne ELV E .V E,omor €V E, o €V E, eV @, eV
CVA  EP

13 054 -1.07 -5.31 -3.73 1.61 155 071

14 049 -1.11 ~5.29 -3.69 160 152 0.69

15 044 -1.13 -5.24 -3.67 157 168 077

16 029 -1.25 ~5.09 -3.55 154 15 070

*Eyono = ~(E, 1+ 4.8) (eV)

“E ymo = ~(E,,// +4.8) (eV)

CVA —cyclic voltammetry; EP —electrophysical measurements.

Table 1. Electrochemical characteristics of the synthesized polyaniline derivatives.

The analysis of the dependences obtained in this study allows the assumption that the main
mechanism of charge carrier transfer through the interface between the metal substrate and
the polymer film is the Schottky thermionic emission, which determines carrier transport in
the temperature range from 300 to 450 K. This confirms the conclusion that the transfer of
charge carriers through the metal-polymer interface occurs as a result of the above-barrier
transport. In this case, the barrier height is determined by the difference between the work
function of the metal and the electron affinity of the polymer. For example, the calculation
according to the results of the electrophysical measurements for film samples of copolymers
15 gives the barrier height of 0.77 eV (Table 1). Taking into account that the work function
of aluminum is 4.26 eV and the electron affinity of the polymer lies in the range from 3.5 to
3.6 eV, we obtain the barrier height ranging from 0.76 to 0.66 eV, that is, we have the value
comparable to that calculated within the framework of the Schottky model. Since the field
addition in Eq. (1) does not exceed 0.1 eV, it is ignored. Thus, the above calculations are fur-
ther evidence in favor of the model of above-barrier transport at the metal-polymer interface.

The obtained values of HOMO and LUMO indicate that the polyanilines studied in our work
can be used for the development of new organic solar cells [36, 37]. The short-circuit current
of the photo-converter is closely related to the difference in the energy between the HOMO
of the PANI (donor) and the LUMO of the acceptor. The most appropriate acceptor can be
represented by a methanofullerene [38]. This difference also determines the open-circuit volt-
age. Moreover, the band gap of the donor determines the minimum energy or the maximum
wavelength of the absorbed photons. For the effective absorption in the visible part of the
solar spectrum, the band gap should be in the range from 1.4 to 1.5 eV.

Thus, the poly-2-(1-methyl-2-buten-1-yl)aniline/methanofullerene heterojunction, which is
composed of newly synthesized compounds, is optimal for manufacturing a laboratory sam-
ple of a solar energy photoconverter.

5. Organic solar cells based on thin polymer films

The technique of formation of thin films of polyanilines and fullerene-containing polymers by
vacuum deposition from a Knudsen effusion cell was used [36]. The length of the cylindrical
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Figure 6. (a) An energy level diagram of the PANI/FCM system; (b) process of photon absorption and charge separation
in this structure; (c) multilayer film structure of OSC.

cell was 25 mm, the internal diameter was 4 mm and the working temperature varied within
the range 500-650 K. Thermal heating of fullerene-containing monomers (FCMs) during
deposition led to their polymerization. Some thin films were formed by the spin coating tech-
nique from a solution of fullerene-containing monomers. All the obtained films were uniform
in thickness, and their conductivity was about 0.1-1.0 mS/cm.

To increase the conductivity of polyaniline layers, the temperature conditions of deposition from
the Knudsen cell were selected. The temperature range of 500-550 K proved to be the most opti-
mal. In addition, protonation of the freshly prepared films in vapors of hydrochloric acid solu-
tion was carried out. For PANI films a conductivity value of 1.0 mS/cm was achieved as a result.

The surface condition and thickness of the deposited films were monitored on the basis of analysis
of AFM images obtained by a NanoScan 3D. The thickness of photoactive layers varied and took
on values within the range 100-200 nm. It should be noted that a too large thickness of the films
leads to exciton recombination and reduces the efficiency of charge separation. On the contrary,
the incident photon absorption and quantity of formed excitons decrease in overly thin films.

The organic solar cell test samples based on the donor-acceptor polymer systems described ear-
lier were formed on a glass substrate with conductive and transparent ITO layers. Resistance
of ITO layers was about of 10 )/o. For experimental structures of the OSC in this research the
following organic substances were used: PANI, conventional fullerene and a novel synthe-
sized monomer —monosubstituted methanofullerene derivative [38] (Figure 6a and b). The
aluminum films fabricated by thermo-diffusion deposition in vacuum were applied as the
upper electrode. Figure 6c presents the structure of the OSC in which thin films of PANI and
fullerene-containing polymers were used as photoactive layers.

The current-voltage characteristics (CV characteristics) of all the prepared OSC samples were
measured and the numerical values of such parameters such as open-circuit voltage, short-cir-
cuit current, filling factor and PCE were calculated on their basis. Measuring the CV characteris-
tics of a photovoltaic cell is usually done by exposing it to steady-state illumination and a known
temperature. The sun or a sunlight simulator can act as a light source. Estimations of the coef-
ficient of efficiency were based on standard sun intensity P, =1000 W/m? (AM 1.5 G conditions).

The values of these parameters for the various OSC experimental structures studied in this
work appeared to be ] _=0.6-1.8 mA/cm? (short-circuit current), V__=0.6-0.8 V (open-circuit
voltage) and FF = 0.6-0.8 (filling factor). The highest values of PCE for the investigated
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organic solar cells were about 2%. These values were obtained for the structures based on
methanofullerene derivatives.

Thus, it was demonstrated that a combination of PANI with fullerene-containing polymers is
very important for formation of OSC on the basis of binary donor-acceptor systems. The solar
cells investigated here differ from earlier ones [39] that they can be fabricated on the flexible
substrates.

6. Polymerizable methanofullerene as a buffer layer material for
organic solar cells

In recent years, new combinations of semiconductor materials based on fullerene derivatives
(n-type materials) and electron-conjugated polymers (p-type materials) are being actively
developed all over the world. It is believed that the high efficiency of conversion of light in
organic solar cells can be achieved only by using charge-selective buffer layers [40]. Usual
materials for producing such layers are PEDOT: PSS and a number of inorganic oxides. Since
PEDOT: PSS exhibits acidic properties, its use adversely affects the duration of the operation
of solar cells. At the same time, the metal oxides in high oxidation states (MoO,, V,0O, and
WO,) show oxidizing properties on the materials of the photoactive layer facilitating their
breakage. The problem is observed even with relatively unreactive titanium dioxide TiO, [41].

The greatest prospects in terms of practical implementation have inverted configuration
organic solar cells that do not contain high active metals and have significantly increased
operational stability. However, the creation of these devices requires development of selective
electron-transport buffer layers (ETL) based on semiconductor materials of n-type. We have
fabricated inverted solar cells which ITO cathode, fullerene-containing buffer layer or ETL,
photoactive layer, hole-transporting layer MoO, and Ag anode (Figure 7).

Ag

EIL
ITO

Glass

Figure 7. Schematic architecture of an inverted organic solar cell.
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Figure 8. The molecular structures of the materials used to form ETL buffer layer of the devices.

The photoactive layer of organic solar cells was created on the basis of the traditional com-
posites: the acceptor component [60]PCBM or [70]PCBM and conjugated polymer P3HT or
poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-
4,7-diyl-2,5-thiophenediyl] (PCDTBT).

In our study we propose usage of earlier synthesized {(1-methoxycarbonyl)-1-[2-(acryloyloxy)
ethyloxycarbonyl]-1,2-methane}-1,2-dihydro-C_-fullerene 17 [42] and {(1-methoxycarbonyl)-
1-[2-(methacryloyloxy)ethyloxycarbonyl]-1,2-methane}-1,2-dihydro-C, -fullerene 18 [38], con-
taining in their structure unsaturated acrylate and methacrylate fragments (Figure 8a), taking
into account that buffer layer must comply with the number of requirements. First, the form-
ing method of its film must be straightforward and reasonably technological. Covering the
ITO surface with methanofullerene solution in chlorobenzene, as it turned out, was a pretty
simple buffer layer-forming approach, which did not request such processes as vacuum ther-
mal evaporation and high-temperature annealing. Second, the formed film should be resistant
to the effect of other solvents. Therefore, after laying one on the ITO surface we have had
before us challenge of FCM insolubilization. For that reason solid-state radical polymerization
has been conducted, which resulted in the creation of fullerene-containing polyacrylates and
polymethacrylates.

At the first stage, the influence of the temperature of the heating of the buffer layer on the
efficiency of light conversion in solar batteries was studied on the example of photoactive
materials [60]PCBM and P3HT [43].

The current-voltage characteristics of organic solar cells (Figure 9) were measured under stan-
dard conditions using simulated solar light of AM 1.5 spectrum and intensity of 100 mW/cm?
(calibrated Si diode used as reference) and a general-purpose source meter Keithley 400. The
resulting parameters of the solar cells are given in Table 2.

The obtained data clearly demonstrate the positive effect on the characteristics of solar cell
buffer layers produced by polymerization of fullerene derivatives 17 and 18. Particularly
exciting were high open-circuit voltages of 637-652 mV achieved by using polymerized 18
as a buffer layer. We would like to emphasize that such high voltages are very rare for the
P3HT-[60]PCBM solar cells.
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Figure 9. Selected CV characteristics of the inverted P3HT/[60]PCBM solar cells prepared on bare ITO (reference) and
using buffer layers formed from polymerized 17 or 18.

Buffer layer T(Polymerizaﬁon), °C V,,mV J.» mA/cm? FF, % PCE, %
— — 437 7.2 46 1.5
17 120 542 7.5 50 2.0
160 526 6.8 47 1.7
18 120 608 7.5 55 2.5
160 652 8.2 50 2.7
200 528 7.8 38 1.6

*annealing temperature of the buffer layer material 17 and 18 is provided.

Table 2. Parameters of the best inverted solar cells fabricated on bare ITO and using buffer layers formed from
polymerized 17 and 18.

At the second stage, we studied the impact of buffer layers on PCE and their forming methods
on the substrate surface on the example of photoactive materials [70]PCBM and PCDTBT [44].

In recent years, a composite of PCDTBT: [70]PCBM was frequently used as an active layer
in the standard organic solar cells OSC. This is based on the fact that the absorbance of [70]
PCBM is much stronger than that of [6(0]PCBM and this property is very important for pho-
tovoltaic materials.

Four types of devices have been fabricated: without buffer layer (reference device) and with
concentration of 17 in buffer layer 0.625, 1.25 and 2.5 mg/ml. Their current-voltage character-
istic is given in Table 3.



New Organic Polymers for Solar Cells
http://dx.doi.org/10.5772/intechopen.74164

Concentration 1, mg/ml V,,mV J.» mA/cm? FF, % PCE, %
— 446 8.7 36 14
0.625 618 11.1 39 2.7
1.250 587 9.1 39 2.1
2.500 620 8.6 36 1.8

Table 3. Current-voltage characteristics of inverted solar cells using different concentrations of 17.

Table 3 shows that PCEs of the devices with ETL are higher than PCE of the reference device.
The data in Table 3 also marks a strong increase in open-circuit voltage at the implementation
of 17, which is also noticeable, while other characteristics differ. The most probable explana-
tion is that an n-type semiconductor facilitates photoelectric work function increase, and in
turn Voc depends on the work function. A low FF highlights the need to conduct an addi-
tional optimization for active-layer forming to improve photovoltaic cell morphology, since
FF depends on photoactive film morphology. Authors reported that FF can achieve 60-70%
for the PCDTBT:[70]PCBM system. With this value of FF, our devices could achieve PCE of
4.5-4.8%. Thus highest performance has been demonstrated by the device with minimal con-
centration of 1. It is obvious that more optimal PCEs are arranged in the low-value areas of
concentration. Properly, the less the concentration of the compound, the less the thickness of
the formed layer. Presumably, further studies on increasing solar cells’ efficiency will be held
using small thickness of the buffer layer

At the third stage, we investigated the effect of the concentration of the buffer layer on the effi-
ciency of light conversion in solar batteries as the example of photoactive materials [6(0]PCBM
and P3HT or PCDTBT [45]. For this we propose ETL in inverted organic solar cells using
a polymerizable mixture of acrylate derivative of [60]fullerene 17 and pyrrolidinofullerene

Photoactive materials Concentration of 17 in the Vv, ,mV Jo mA/cm?  FF, % PCE, %
precursor solution, mg/mL*

P3HT/[60]PCBM — 409 6.9 46 1.3
1.25 582 7.4 42 1.8
2.50 591 6.5 43 1.7
5.00 486 7.0 43 15

PCDTBT/[60]PCBM — 585 6.6 42 1.6
0.625 618 11.1 39 2.7
1.25 677 8.3 54 3.0
2.50 707 9.1 46 29
5.00 712 7.5 41 2.2

*note that concentration of FPI in the precursor solutions was always 25 mol % with respect to the amount of 17.

Table 4. Parameters of inverted PSHT/[60]PCBM and PCDTBT/[60]PCBM organic solar cells comprising 17 + FPI buffer
layers as a function of 17 concentration in the precursor solution.
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(FPI) (synthesized according to a published procedure [46]) (Figure 8b). The main parameters
of the solar cells are given in Table 4.

The obtained results suggest that the electron-selective buffer layers based on the blends
of the fullerene derivatives FPI and polymerizable 17 can be successfully used for fabricat-
ing inverted organic solar cells. The power conversion efficiencies for the inverted devices
presented in this chapter were only 25-30% lower than the parameters of the standard-
configuration organic solar cells. However, the latter contains reactive metal (calcium in
our case) cathode that induces inherent instability leading to the rapid deterioration of the
device parameters even under an inert atmosphere. Inverted devices showed lower open-
circuit voltages (approximately by 100 mV) and fill factors as compared to the standard ones.
Apparently, the electron work function of the fullerene-based buffer layer material is too high
with respect to the conduction band (LUMO level) position of the n-type component of the
photoactive layer ([60]PCBM).

Therefore, a Schottky-type barrier might be formed at the interface between the photoac-
tive and the buffer layers. This might be a plausible reason for the observed reduction of the
open-circuit voltages and fill factors of the inverted devices. To solve this problem, further
research is needed with the aim to design some novel fullerene-based buffer-layer materials
with lower-electron work functions.

7. Conclusion

In sum, the work carried out showed the advisability of application of new organic mate-
rials for solar cell development. A combination of PANI with fullerene-containing poly-
mer was used for formation of OSC on the basis of binary donor-acceptor systems. The
poly-2-(1-methyl-2-buten-1-yl)aniline/methanofullerene bulk heterojunction, which is
composed of newly synthesized compounds, is optimal for the manufacturing of solar
cells.

The potential use of polymerizable acrylate and methacrylate fullerene derivatives to form a
buffer electron-selective charge-transport layer in inverted-configuration solar cells was dem-
onstrated. Achieved light conversion efficiency indicates prospects of further development in
this research. Optimization of technological conditions of the thin films fabrication and correct
selection of the organic materials composition will provide higher values of OSC efficiency.
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