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ABSTRACT 

The Effect of Chemical Additives on Photovoltaic Performance of P3HT:PCBM Bulk 

Heterojunction Solar Cells 

Eyob Daniel Shiferaw 

Addis Ababa University, 2012 

Organic bulk heterojunction solar cell devices based on blend of poly(3-

hexylthiophene) (P3HT) and [6, 6] phenyl C61 butyric acid methyl ester (PCBM) with 

different concentration of propylthiouracil (PTU) additive have been fabricated and 

characterized in an open air. The current density-voltage characteristics were 

measured in the dark and under white light illumination at illumination intensity of 80 

mW/cm2. The incident monochromatic photon to current conversion efficiency 

(IPCE), and consistency of optical absorption and IPCE of the device without additive 

and with propylthiouracil have been compared. Optimizations were made by varying 

the concentration of propylthiouracil from 0.75% (w/w) to 1.5% (w/w). It was found 

that a system with 1% (w/w) of propylthiouracil showed the best photovoltaic 

performance with a short circuit current density, JSC of 5.69 mA/cm2, open circuit 

voltage, VOC of 0.648 V, fill factor, FF of 40%, and power conversion efficiency 

(PCE), of 1.8%, as compared to the system without propylthiouracil and with other 

concentrations of propylthiouracil. The best device showed IPCE of 62% at 480 nm. 

It was also observed clearly that IPCE spectra of each solar cell match the 

corresponding optical absorption. Our results in general show that addition of 1% 

(w/w) Propylthiouracil additive to P3HT:PCBM bulk heterojunction solar cell 

improves efficiency of the device from 1% to 1.8%. 
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1. Introduction  

The energy demand of our globe is increasing rapidly with increasing human 

population, urbanization, and modernization. At present, the world energy 

consumption is 10 terawatts (TW)/yr, and by 2050, it is projected to be about 30 

TW/yr [1]. Currently, close to 80% of the energy supply worldwide is based on fossil 

fuels like coal, oil and gas which are not renewable sources [2]. The transformation of 

these resources into usable energy induces massive CO2 emissions, which is the main 

cause of the greenhouse effect. Moreover, the price of oil and gas is increasing 

dramatically; while reserves of fossil fuel are declining [3]. Renewable energies are 

one of the most important components of the global new energy strategy. Solar 

energy, the so-called truly green energy, with almost unlimited supply capability, is 

widely distributed all over the earth. Having these prominent advantages, the 

worldwide researches on the solar energy have become one of the hottest scientific 

topics. 

 

The annual amount of energy that the earth receives from the sun is enormous i.e. , 

3.9´  1024 J. The earth receives enough energy to fulfill the yearly world demand of 

energy in less than an hour [4]. Many techniques have been developed to harness the 

power of the sun. Photovoltaic is a technology which actively transforms the sun’s 

energy directly into electricity using solar cells [5]. Historically, conventional solar 

cells were built from inorganic materials such as silicon. The efficiency of such 

conventional solar cells made from inorganic materials reached upto 25% [6]. But the 

production costs are too high for widespread energy production using these devices. 

Thin film technique should reduce material consumption. Typical materials which are 

used in thin film photovoltaic, devices are inorganic semiconductors like silicon, 
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cadmium telluride and copper indium diselenide [7]. Generally all these inorganic 

semiconductors need high temperature operations in their production, which causes 

high cost, and are difficult to handle. Therefore, to insure a sustainable technology for 

solar cells, the development of new materials and device structures are required. A 

promising approach towards low production cost of photovoltaic device is fabrication 

of solar cells based on organic materials [8]. The interest in organic solar cells has 

risen strongly in recent years due to their interesting properties in terms of low cost 

synthesis, flexibility, easy manufacture of solution cast technologies [9] and high 

absorption coefficients exceeding 105 cm-1 [10]. 

 

The large exciton binding energy in a polymeric matrix results in strongly bounded 

electron hole pairs upon light absorption, giving rise to the small exciton diffusion 

length and inefficient exciton dissociation [11]. Therefore, a major challenge lies in 

fabricating polymer solar cells, in which free charge carrier generation is a critical 

step. Fortunately, it has been found that efficient charge transfer can take place 

between materials, that is, donor and acceptor molecules, with suitable energy level 

offsets. The strong electric field at the molecular interface of two materials with 

different electrochemical potentials is capable of separating the excitons into weakly 

bounded Coulombic pairs, and thereafter separated charge carriers. In cases where the 

donor and acceptor molecules form an intimate contact in blend films, efficient charge 

transfer takes place [12].  

 

The bulk heterojunction concept is employed to overcome the short exciton diffusion 

distance. The photoactive film of heterojunction is formed from the donor and 

acceptor materials which are phase separated on the nanometer length scale, to 
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facilitate the photo induced charge transfer as well as create a percolating pathway for 

charge transport to the electrodes [13]. Therefore, the nanomorphology of polymer 

solar cells plays a crucial role for the performance of the devices. 

  

Historically, thermal annealing of the film has been used to induce the phase 

separation between donor and acceptor in bulk heterojunction blends [14]. However, 

thermal treatment creates an additional fabrication step in the whole device 

fabrication process. Later, various methods have been tested and employed to control 

the nanomorphology of the blends, namely use of solvents with different boiling 

points (choice of solvent), reduction of drying speed (rate of drying and vapor 

annealing), changing the solubility of materials, and the use of processing additives 

[15]. The later method has received great academic interest as it removes the need for 

postproduction treatment while at the same time allowing fine control of the 

nanomorphology in various donor acceptor blends [16]. 

 

In this work the effect of chemical additive (propylthiouracil) on photovoltaic 

characteristics of bulk heterojunction solar cells based on poly(3-hexylthiophene) 

(P3HT) and [6, 6]-phenyl C61 butyric acid methyl ester (PCBM) is studied. 
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2. Literature Review 

2.1 Electronically Conducting Polymers 

Polymers, by virtue of their light weight and greater ease of fabrication, have replaced 

and are continuing to replace metals in several areas of applications; as often 

remarked ‘from buckets to rockets’. Polymers have traditionally been considered 

good electrical insulators and a variety of their applications have relied on this 

insulating property. However, there are some polymers which become electrically 

conducting, if they are treated with strong oxidizing or reducing agents. The chemical 

structures of some common polymers are shown in Figure 2.1. A common feature of 

all of them is the existence of conjugated double bonds (those that possess an 

extended π-conjugation along the polymer backbone). Typical oxidizing agents are I2, 

Br2, AsF5, SbF5 and FeC13 and the typical reducing agents are the alkali metals. 

Usually the trans form of polyacetylene is considered as the prototype of conducting 

polymers [17]. 

 

 

 

Figure 2.1: Chemical structure of some common conjugated polymers. 
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2.1.1 The Concept of Doping 

Conjugated organic polymers are either electrical insulators or semiconductors. Those 

that can have their conductivity increased by several orders of magnitude from the 

semiconductor regime are generally referred to as “electronic polymers” [18]. The 

concept of doping is the unique, central, underlying, and unifying theme which 

distinguishes conducting polymers from all other types of polymers [19]. During the 

doping process, an organic polymer, either an insulator or semiconductor having a 

small conductivity, typically in the range of 10-10 to 10-5 Scm-1, is converted into a 

polymer which is in the “metallic” conducting regime (ca. 1 to 104 Scm-1). The 

controlled addition of known, usually small (£10%) non stoichiometric quantities of 

chemical species results in dramatic changes in the electronic, magnetic, optical and 

structural properties of the polymer.  

 

By controllably adjusting the doping level, a conductivity anywhere between that of 

the non-doped (insulating or semiconducting) and that of the fully doped (highly 

conducting) form of the polymer can be easily obtained. This permits the optimization 

of the best properties of each type of polymer. Doping can be accomplished in a 

number of ways [20]. 

A. Chemical doping by charge transfer  

B. Electrochemical doping  

C. Doping of polyaniline by acid-base chemistry  

D. Photodoping  

E. Charge injection at a metal-semiconducting polymer (MS) Interface  
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Doping introduces carriers into the electronic structure. Since every repeat unit is a 

potential redox site, conjugated polymers can be doped n-type (reduced) or p-type 

(oxidized). The basic processes in chemical doping for example are shown in a and b. 

p-type  

( ) ( ) ( ) ( )[ ]
ny

y
n IpolymerInypolymer -+-®+- 322

3 pp                                            (a)  

n-type 

( ) ( )[ ] ( ) ( )[ ] ( )0NaphthpolymerNaeNapthtalidNapolymer
n

y
yyn +-®+- -++ pp      (b) 

 

When doping level is sufficiently high, the electronic structure evolves to that of a 

metal. 

 

2.1.2 The Origin of Semiconducting Behavior 

Since carbon atom (C-atom) is the main building block of most organic polymers, the 

type of bonds that its valence electrons make with other C-atoms or other elements 

determines the overall electronic properties of the respective polymer. Polymers can, 

in general, be categorized as saturated and unsaturated based on the number and type 

of the carbon valence electrons involved in the chemical bonding between 

consecutive C-atoms along the main chain of the polymers. Saturated polymers are 

insulators since all the four valence electrons of C-atom are used up in covalent 

bonds, whereas most conductive polymers have unsaturated conjugated structure. π-

conjugated polymers are excellent examples of unsaturated polymers whose 

electronic configuration stems from their alternate single and double carbon-carbon 

bonds. 

 



7 
 

The fundamental source of semiconducting property of conjugated polymers 

originates from the overlap of the molecular orbitals formed by the valence electrons 

of chemically bonded C-atoms. A neutral carbon atom has six electrons, which 

occupy the 1s, 2s and 2p orbitals giving a ground state electronic configuration of 

1s22s22p2 [1s (↑↓) 2s (↑↓) 2p (↑) (↑)]. The atomic orbitals of carbon are modified into 

hybrid orbitals as they form covalent bonds (Figure 2.2). When a carbon atom forms a 

bond with another carbon atom, a 2s-electron is promoted to the vacant 2p orbital 

resulting into a 2s12px
12py

12pz
1 configuration as depicted in Figure 2.2. These 

electronic orbitals do not bond separately but hybridize, i.e. mix in linear 

combinations, to produce a set of orbitals oriented towards the corners of a regular 

tetrahedron. The hybrid orbitals consisting of one s orbital and three p orbitals are 

known as sp3 hybrid orbitals. 

 

The sp3 hybrids allow a strong degree of overlap in bond formation with another atom 

and this produces high bond strength and stability in the molecules. The arrangement 

of bonds resulting from overlap with sp3 hybrid orbitals on adjacent atoms gives rise 

to the tetrahedral structure that is found in the lattice of diamond and in molecules 

such as ethane, C2H6. In these structures all the available electrons are tied up in 

strong covalent bonds, named σ-bonds. Carbon compounds containing σ-bonds 

formed from sp3 hybrid orbitals are termed saturated molecules. The saturated 

hydrocarbons, in general, have high band gaps and, hence, are classified as insulators 

[21]. 
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Figure 2.2: The hybridization of the valence shell electrons of a carbon atom: (a) sp3 

(b) sp2. 

Since conjugated polymers composed of alternating single and double bonds, sp3 

hybridized orbitals cannot account for their electronic structure. The alternating single 

and double bonds are formed from sp2 hybrid orbitals. Mixing of one s orbital with 

two of the p orbitals of C-atom forms three sp2 hybrid orbitals, leaving one p orbital 

unhybridized (Figure 2.2). The sp2 carbon hybrid orbitals are known to form a 

different bond length, strength, and geometry when compared to those of the sp3 

hybridized molecular orbitals. The sp2 hybridization has one unpaired electron (π-

electron) per C-atom. The three sp2 hybrid orbitals of a C-atom arrange themselves in 

three-dimensional space to attain stable configuration. The geometry that achieves 

this is trigonal planar geometry, where the bond angle between the sp2 hybrid orbitals 

is 120o. The unmixed pure pz orbital lies perpendicular to the plane of the three sp2 

hybrid orbitals (Figure 2.3). The sp2 orbitals give σ-bonds while the pz orbitals form a 
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different type of bonds known as π-bonds. The pz orbitals of a polymer exhibit π-

overlap, which results into a delocalization of an electron along the polymer chain. 

The π-bonds are, thus, considered as the basic source of transport band in the 

conjugated systems [20, 21]. Polyacetylene is often considered as a model conjugated 

polymer. It has a simple, linear structure and exhibits a degenerate ground state. 

Figure 2.3 illustrates the arrangement of the σ-bonds and π-bonds in polyacetylene. 

Owing to its structural and electronic simplicity, polyacetylene is well suited to semi-

empirical calculations and has therefore played a critical role in the elucidation of the 

theoretical aspects of conducting polymers [22]. 

 

s

p

 

                       

Figure 2.3: The molecular structure of polyacetylene (top). Schematic representation 

of the electronic bonds in polyacetylene is depicted in the bottom panel.  

In terms of an energy-band description, the σ-bonds form completely filled bands, 

while π-bonds would correspond to a half -filled energy band (Figure 2.4). The 

molecular orbitals of a polymer form a continuous energy band that lies within a 

certain energy range. The anti-bonding orbitals located higher in energy (π*) form a 

conduction band whereas the lower energy lying bonding orbitals form the valance 

band. The two bands are separated by a material specific energy gap known as a band 

gap (Eg) (Figure 2.4). The two separate bands are characterized by two quite 
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important energy levels, namely electron affinity and ionization potential. The 

electron affinity of a semiconducting polymer corresponds to the lowest state of the 

conduction band (π* state) or the lowest unoccupied molecular orbital (LUMO). 

Likewise, the ionization potential refers to the upper state of the valence band (π state) 

and corresponds to the highest occupied molecular orbital (HOMO).  

 

 

Figure 2.4: Energy level splitting of orbitals in a conjugated polymer (a) and 

Collection of molecular orbitals form bands separated by an energy gap as shown in 

(b). 

The band gap of conjugated polymers determined from optical, electrochemical and 

other spectroscopic measurements is within the semiconductor range of 1 to 4 eV 

[21], which covers the whole range from infrared to ultraviolet region. Conjugated 

Polymers are often considered as quasi-one dimensional metals due to the fact that the 

strong intrachain interaction (strong covalent bonding along the chain), and the weak 

Van der Waals type interchain coupling interactions lead to delocalization of π- 

electrons along the polymer chain [20-22].  
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2.2 Structural Distortions in Conducting Polymers 

2.2.1 Soliton Formation 

When combining two chain segments of trans-polyacetylene (Figure 2.5) having 

different bond order (the ground states are degenerate), a defect in the form of an 

unpaired electron will be formed. Such a defect, having charge zero and spin 1/2, is 

called a soliton [23]. The unpaired electron is accompanied by bond length distortions 

in a region over about 15 carbon atoms [24, 25]. The distortion of the chain results in 

the formation of a new localized energy level in the middle of the band gap that is 

occupied by the unpaired electron. There are also positively charged and negatively 

charged solitons with zero spin [26, 27]. 

 

n

CB

VB

CB

VB

VB

CB

(b)

(c)

(d)

(a)

VB

CB

 

Figure 2.5: Left: Chemical structure of, (a) trans-polyacetylene, (b) neutral soliton, 

(c) positive soliton, and (d) negative soliton. Right: The corresponding band structure. 
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2.2.2 Polaron Formation 

Localized distortion of a conducting polymer with non-degenerate ground states and 

possessing a standard semiconductor band structure gives rise to two localized 

electronic states in the region between the valence and the conduction bands followed 

by a small local upward shift of the HOMO (i.e. the valence band) and downward 

shift of the LUMO (i.e. the conduction band). In a conducting polymer with non-

degenerate ground states, removal of an electron from this localized state (i.e. 

oxidation or p-doping) forms an entity called a polaron [28]. A polaron is a radical 

cation (one unpaired electron), which is locally associated with a structural distortion 

in the conducting polymer (Figure 2.6). A hole polaron, created upon p-doping of the 

polymer has a charge of +1 and a spin of 1/2. The lower level of the sub-gap states is 

half occupied and the upper level is empty (Figure 2.7).  

2.2.3 Bipolaron Formation 

At higher doping levels, further removal of electrons preferably forms a bipolaron 

(two positive charges) (Figure 2.6) rather than two polarons [29]. The stability of the 

bipolaron, despite the coulombic repulsion between the two positive charges, is 

considered to arise from electron-phonon coupling [30]. A hole bipolaron has a 

charge of +2 and a zero spin. Both of the sub-gap states are empty (Figure 2.7). 

 

Figure 2.6: Actual structures of polarons and bipolarons in polyheterocyclic polymers 

(X = S, O, NH, etc).  
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We may also have n-doping, i.e. reduction or donation of electrons to the conducting 

polymer chain. We would then have negatively charged polarons and bipolarons. n-

doping gives a doubly occupied lower level and a singly occupied upper level (for n-

polaron) or a fully occupied higher level (for n-bipolaron) of the sub-gap states 

(Figure 2.7). Bipolarons can be mobile and can propagate along the conducting 

polymer chain. Thus at sufficient concentration levels, they can function as charge 

carriers. They are delocalized over some (6 to 8) monomer units [31]. As one 

progresses further to very high doping levels, the individual bipolaron states coalesce 

into bipolaron bands. At these high dopant concentrations, the bipolarons can become 

mobile under the application of an electric field, thus giving rise to the high 

conductivity observed in conducting polymers. 

 

 

Figure 2.7: Energy band diagrams showing polaron and bipolaron states in the non 

degenerate polymer [32]. 

At maximum doping levels, the bipolaron bands of conjugated polymers with low 

band gaps (»2 eV), such as polythiophenes, can merge with the valence and 

conduction bands, producing metal like conduction stemming from the lower, half-

filled valence/bipolaron band [33]. 
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Polarons, bipolarons and other structural distortions in conducting polymers may be 

most commonly generated by electrochemical or chemical doping with appropriate 

counter ions then taking their place in the vicinity of these for charge neutrality [24]. 

Another method of generating these sub-gap states is through irradiation, which is 

called photodoping. When conducting polymers are irradiated with light of energy 

greater than or equal to the band gap, electrons will be excited to the conduction band 

leaving a hole in the valence band. The electrons and holes remain bound forming an 

electron–hole pair. This bound electron-hole pair in a polymer chain is called an 

exciton. An exciton may recombine (thermally or radiatively) or separate to give free 

charges. 

 

2.2.4 Charge Transport in Conjugated Polymers 

Conductivity of materials depends on temperature. For pure metals conductivity 

increases with decreasing temperature because of lattice vibrations, which act as 

obstacles for the charge carriers, freeze out when cooling the metal. On contrary, 

cooling of an intrinsic crystalline semiconductor decreases its electrical conductivity. 

This attributed to the fact that cooling freeze out not only lattice vibration but also 

charge carriers. In amorphous semiconductors there is no continues carriers motion at 

all. This carriers are localized, and can only move with the help of lattice vibrations 

consequently the electrical conductivity increases with increasing temperature, but it 

doesn't increase exponentially as crystalline semiconductors [34]. In conducting 

polymers the conductivity is due to the presence of solitons, polarons and bipolarons, 

which are formed by self localization of carriers introduced in to π-electronic systems 

through doping [22]. The temperature dependence of the conductivity of conducting 

polymers appears to be quite different at different doping levels [35]. Lightly doped or 
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un-doped conducting polymers show strong temperature dependence of the 

conductivity. The room temperature conductivity is low and its conductivity vanishes 

at 0 K.  

 

There is no definite mechanism of charge transport and hence different models are 

suggested over the whole conductivity range. In the undoped form of conjugated 

polymers, the charge transport is similar to that of amorphous semiconductors. It is 

explained by hopping between localized states. At very low doping levels, the 

conductivity is mainly due to hopping. Its concept is generally deduced from ionic 

conduction to electronic conduction in amorphous and disordered non-metallic solids 

and polymers. In such materials we do not have free charge carriers, rather than 

localized electrons and so they can move between these localized states which are 

distributed randomly. 

  

For polyacetylene, where solitons are dominant charge carriers, intersoliton hopping 

is the dominant conductivity mechanism. The solitons may be either neutral or 

charged, see Figure 2.8. 

 

 

 

Figure 2.8: Intersoliton hopping in trans-polyacetylene. 
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The charged solitons are trapped by the dopant ions and neutral solitons are free to 

move. When neutral soliton passes close by a charged soliton, an electron can hop 

between the mid gap states belonging to the solitons [36]. 

 

2.3 Organic polymer Solar Cell Devices and Working Principles 

The conversion process of light energy to electric current in organic solar cells is 

accomplished by four sequential steps [37]. 

1. Absorption of light photon leads to the formation of excited state, the electron-hole 

pair called excitons. 

2. Diffusion of exciton to the region where dissociation may occur. 

3. Dissociation of electron-hole pair (excitons) to form free charges. 

4. Charge (electrons and holes) transport. 

 

Light absorption in conjugated polymer excites electrons to a state above band gap. 

This results in the formation of excitons. In this state, electrons and holes are tightly 

bonded by columbic attraction forces. The binding energy of excitons is »0.4 eV 

[38]. These excitons can diffuse through the polymer in the range of 10 nm before 

vanishing. These excitons must be dissociated in order to obtain free charge carriers 

before they vanish. To break up the excitons, an electric field of energy greater than 

the binding energy of the electron-hole pair is required. Dissociation of excitons at a 

heterojunction interface can generate free charge carriers. Combinations of acceptor 

and donor conjugated materials, conjugated material/metal layer and conjugated 

material/inorganic particles blend act as good interfaces for efficient dissociation of 

excitons due to the formation of an electric field at the junction [37]. In the following, 

the most basic device architectures are reviewed, and the individual advantages and 
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disadvantages are discussed. Their main difference lies in the exciton dissociation or 

charge separation process, which occurs at different locations within the photoactive 

layer. A second issue is the consecutive charge transport to the electrodes. 

 

2.3.1 Single Layer Organic Solar Cell Devices 

Single layer organic solar cells are the simplest form of organic solar cells. These 

solar cells are fabricated by sandwiching a layer of conjugated material between two 

metallic conductors. The basic structure of the device is shown in Figure 2.9. The 

device consists of a polymer active layer sandwiched between a high work function 

indium doped tin oxide (ITO) electrode and a low work function Al or Mg or Ca 

electrode. In 1994, this structure was created by R. N. Marks et al. using 50-320 nm 

thickness of poly (p-phenylene vinylene) (PPV) sandwiched between an ITO and a 

low work function cathode [39]. 

 

 

 

Figure 2.9: Single layer solar cell device [23]. 

The selection of the electrodes determines the characteristics of the solar cell. Work 

function of the devices is the key parameter in analyzing the device behavior. The 
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difference in the work functions of electrodes creates the electric field to dissociate 

the excitons. Work function is the energy difference between the vacuum level and 

Fermi level of the material. The rectifying behavior of the device is explained by 

using a MIM (metal insulator metal for insulators) picture or schottky barrier (for 

doped materials) as shown in Figure 2.10. 

 

nh
nh

 

Figure 2.10: Band diagram of single layer solar cell device a) MIM picture  b) 

Schottky. 

When polymer absorbs the light photons, electrons are excited to LUMO level and 

leave holes in HOMO level. The work function difference between the electrodes sets 

up an electric field. Band bending occurs at the junction of the Schottky barrier 

formed between the low work function metal and the polymer layer due to the electric 

field generated by the work function difference. The excitons are dissociated in the 

depletion region of the Schottky barrier. 
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The problem with a single layer organic solar cells device is that it demonstrates low 

efficiencies. These types of cells have quantum efficiencies less than 1% and power 

conversion efficiencies of less than 0.1%. These low efficiencies are due to the 

inefficient dissociation of excitons. The electric field generated between the 

electrodes is not sufficient to dissociate the excitons. Frequently, generated holes 

recombine with the electrons before reaching the electrodes. Bilayer devices were 

designed to address this problem. 

 

2.3.2 Bilayer Organic Solar Cell Devices 

A bilayer solar cell includes two different organic layers sandwiched between the two 

conductive electrodes. In 1986, C.W. Tang first reported on the bilayer heterojunction 

organic solar cells based on the Cu-phthalocyanine (CuPc)/perylene tetracarboxylic 

derivative (PV) [40]. In 1992, Sacriciftci et al. found that C60 can be a good electron 

acceptor material [9]. Soon after, these organic solar cells, which uses C60 and its 

derivatives as an electron acceptor became widespread [41 - 43]. Figure 2.11 shows 

the basic structure of the device.  

 

 

Figure 2.11: Schematic diagram Bilayer solar cell device [23]. 
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These solar cells are also called as planar-donor-acceptor heterojunction solar cells. 

The donor and acceptor planar interface acts the location for the exciton dissociation. 

These materials are chosen so that the materials have different ionization potentials 

and electron affinities. These differences create electrostatic forces at the interface. 

Donor and acceptor materials are chosen to make the differences large enough, so 

these electric fields are strong, which may break up the excitons more efficiently than 

the single layer devices do. Acceptors have higher electron affinity and ionization 

potentials than the donor material does. Upon absorption of incoming light by the 

donor layer, electrons in the donor material are excited from HOMO level to LUMO 

level and form excitons. If an acceptor molecule is in proximity of the excitons it can 

be transferred to the LUMO of the acceptor and can be dissociated at the interface. 

This transfer can occur when the ionization potential (ID*) of excited state of donor 

satisfies the following non linear equation. 

 

                                   * A CD
I -A - U < 0

                                                                       (1) 

Where 

 ID* is the ionization potential of the excited state of the donor. 

AA = Electron affinity of acceptor material. 

UC = Effective columbic interaction. 

 

The energy diagram shown in Figure 2.12 depicts the maximum voltage that can be 

obtained from the device. Absorption of photons leads to the excitation to a high 

energy level whereas the charge separation at the planar interface lowers the energy of 

the charge carriers gained from the absorption. As shown in Figure 2.12 the maximum 

energy obtained is the difference between the LUMO level of the acceptor material 
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and the HOMO level of the donor material. This energy difference is often called the 

effective band gap Eg, eff of the planar junction. 

 

 Mono molecular transport is the biggest advantage of bilayer devices over single 

layer devices. After the excitons are dissociated at the heterojunction interface, 

electrons pass through n-type material and holes pass through p-type material to the 

external circuit. Electrons and holes are effectively separated from each other, and 

hence, carrier recombination is greatly reduced. This recombination only depends on 

the trap densities. Traps are the vacancies which absorbs the electrons and holes. 

 

nh

 

      

Figure 2.12: (a) Band diagram of organic material and (b) band diagram of bilayer 

device [38]. 

The main problem of these heterojunction devices is the short diffusion length of 

exciton in these materials. The diffusion length of excitons in polymers is in the order 

of 10 nm. For effective dissociation of excitons, the thickness of the layers must be in 

the same range as this diffusion length. However, the organic material layer needs a 



22 
 

minimum thickness of 100 nm to absorb enough photons. At 100 nm thickness, only a 

small percentage of excitons reach the interface junction. Bulk heterojunction devices 

were designed to address this problem. 

2.3.3 Bulk Heterojunction Devices 

The planar donor-acceptor junction only doubles the active region of the solar cell 

with respect to the single layer device, which is still usually not enough for efficient 

light absorption. To overcome this problem and to increase the optical thickness of the 

film while maintaining efficient current collection at the same time, the concept of 

interpenetrating network of electron accepting and electron-donating molecular 

species was developed and demonstrated successfully in number of different so-called 

donor-acceptor blend devices [44, 45]. 

 

  

Figure 2.13: Dispersed heterojunction between a transparent ITO electrode and an Al 

electrode [46]. 

In this type of device, electron acceptor and donor materials are mixed together, and 

forms a polymer blend. If the length of the blend is same as that of the diffusion 

length of excitons, then most of the generated excitons will reach the donor and 

acceptor interface. This phenomenon leads to efficient dissociation of excitons. Holes 



23 
 

move to the donor domains then are transported through the device and collected by 

the anode, and electrons are transported in the opposite direction and collected at the 

cathode. The bulk heterojunction structure is similar to the bilayer structure with 

respect to donor to acceptor concept, but it has largely increased interfacial area where 

exciton dissociates. For transportation of charges, acceptor and donor phases have to 

form an interpenetrating and bicontinuous network. So the performance of the device 

is highly dependent upon the nanomorphology of the blend. The excitons created by 

absorption of photons are everywhere in the bulk. These excitons are in proximity to 

the interface between the materials. Therefore, efficient dissociation of excitons and 

charge separation can occur everywhere in the bulk of the heterojunction layer. Figure 

2.14 shows the energy levels of donors (shown in dark dashed lines), the energy levels 

of acceptors (shown in light dashed lines), and the mechanism of photocurrent 

generation. Electrodes have to be chosen such that the work function of one electrode 

is close to the LUMO level of the acceptor and the other electrode forms good contact 

with the HOMO level of donor material. The maximum voltage obtained from the 

device is the difference of LUMO of acceptor and HOMO of donor. 

nh

 

Figure 2.14:  Schematic diagram of bulk heterojunction device [47]. 
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The disadvantages are that it is somewhat more difficult to separate still strongly 

coulomb bound charge carrier pairs due to the increased disorder, and that percolation 

to the contacts is not always given in the disordered material mixtures. Also, it is 

more likely that trapped charge carriers recombine with mobile ones. However, the 

positive effects on the device performance outweigh the drawbacks and showed a 

power conversion efficiency of 8.3% [48]. 

 

2.4 Characterization of a Solar Cell Device 

2.4.1 Current-Voltage 

The typical current-voltage characteristics of a solar cell in the dark and under 

illumination are shown in Figure 2.15. Under dark conditions, there is no current at 

the short circuit condition. Under an illumination condition, the incident photons 

generate current and the minus current density in the fourth quadrant of J-V curve 

indicates this photogenerated current. 

 

Figure 2.15:  Current-voltage (I-V) curves of an organic solar cell dark, (a) 

illuminated, (b) [8]. (c) Circuit of photovoltaic device, RS: series resistance, RSh: shunt 

resistance. 
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Parameters such as short circuit current density (JSC), open circuit voltage (VOC), fill 

factor (FF), and power conversion efficiency (PCE) are used to quantitatively analyze 

the performance of solar cells. For an ideal diode, the dark current density Jdark (V) is 

given by  

                      
( ) B

qV
k T

0darkJ V = J e -1
æ ö
ç ÷
ç ÷ç ÷
è ø

                                                                        (2) 

Where J0 is a constant, kB is Boltzmann’s constant and T is temperature in degrees 

Kelvin. 

The overall current voltage response of the cell can be approximated as the sum of the 

short circuit photocurrent and the dark current. Although the reverse current, which 

flows in response to voltage in an illuminated cell, is not formally equal to the current 

that flows in the dark, the approximation is reasonable for many photovoltaic 

materials. The sign convention for current and voltage in photovoltaics is that the 

photocurrent is negative. With this sign convention, the net current density in the cell 

is  

                      ( ) ( )SC darkJ V = J -J V                                                                               (3) 

which becomes, for an ideal diode. 

                    
( ) B

qV
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SC 0J V = J - J e -1
æ ö
ç ÷
ç ÷
è ø

                                                                       (4) 

 

Short circuit current (JSC) 

This is the current that flows through an illuminated solar cell when there is no 

external resistance (i.e., when the electrodes are simply connected or short-circuited). 

The short-circuit current is the maximum current that a device is able to produce. 
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Under an external load, the current will always be less than JSC. Factors that lower 

short circuit current are mainly due to the spectral mismatch between the sunlight and 

the absorption spectrum of the polymers and fullerenes used, as well as the limited 

transport of the separated charge carriers to the electrodes due to the low charge 

carrier mobility in organic materials. 

Open circuit voltage (VOC) 

It is the maximum voltage attainable in a solar energy conversion device. The cell is 

placed in an open-circuit and illuminated. Electrons and holes separate and flow 

towards the low and high work function materials, respectively. At some point the 

charge build-up will reach a maximum equal to the VOC. At open-circuit voltage, the 

net current J is zero. For the ideal diode, 

                       

SC
OC
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q J
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è ø

                                                                           (5) 

Equation (5) shows that VOC increases logarithmically with light intensity.  

In general, VOC is limited by several factors including interfacial energy levels, shunt 

losses, interfacial dipoles, and morphology of the active film. For donor/acceptor 

based solar cells with Ohmic contacts, VOC is mainly determined by the difference 

between the HOMO of the donor polymer and the LUMO of the acceptor molecule 

indicating how much the electronic levels are crucial in determining the efficiency of 

such solar cells. 

Fill factor (FF) 

The ratio of a photovoltaic cell’s actual maximum power output to its theoretical 

power output if both current and voltage were at their maxima, JSC and VOC, 

respectively. This is a key quantity used to measure cell performance. It is a measure 
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of the squareness of the J–V curve. The formula for FF in terms of the above 

quantities is: 

                           

MPP MPP

SC OC

J V
FF =

J V
                                                                                (6) 

 

For a high FF, two things are required: (i) that the shunt (parallel) resistance of the 

diode should be very large to prevent leakage currents and (ii) that the series 

resistance should be very small to get a sharp rise in the forward current. 

 

Power conversion efficiency (PCE), (η) 

The ratio of power output to power input. In other words, PCE measures the amount 

of power produced by a solar cell relative to the power available in the incident solar 

radiation (Pin). Pin here is the sum of the overall wavelengths and is generally fixed at 

100 mW/cm2 when solar simulators are used. This is the most general way to define 

efficiency. 
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h                                                               (7) 

When we consider parasitic resistances such as series resistance (RS) and shunt 

resistance (RSh), the relation between the current density, J, and the voltage, V, 

therefore is analytically best described by Equation 8. 
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                                        (8) 

 

Where A represents the photovoltaic cell area. 
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In the real cell, power is dissipated through the resistance of the contacts and through 

leakage currents. These effects are equivalent electrically to two parasitic resistances 

in series (RS) and in parallel (RSh) (Figure 2.15c). The series resistance is one of the 

most important factors influencing the solar cells performance. The series resistance 

arises from the resistance of the cell material to current flow, particularly through the 

front surface to the contacts. The parallel or shunt resistance lead currents away from 

the intended load. Assuming smaller RS and larger RSh, the electrical response of the 

solar cell is expected to consist of three distinctive regimes [49].  

 

 

 

Figure 2.16: Semi logarithmic current density-voltage characteristics of non 

illuminated bulk heterojunction device. 

I. A linear regime at negative voltages and low positive voltages where the current is 

limited mainly by RSh. 

II. An exponential behavior at intermediate positive voltages where the current is 

controlled by the diode. 
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III. A second linear regime at high voltages where the current is limited by the serial 

resistance RS.  

Series and shunt resistances were derived from the inverse slope of the J-V 

characteristic curve under dark conditions by using the following equations [50]. 
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2.4.2 Spectral Response 

Incident monochromatic photon-to-current conversion efficiency (IPCE) also called 

external quantum efficiency is defined as the ratio of the number of collected charge 

carriers to the number of incident photons at a specific wavelength. It is given by the 

equation: 

                       

SC

in

1240J
IPCE =

Pl
                                                                                (11) 

Where JSC is short circuit current density (µA/cm2), λ the incident photon wavelength 

(nm) and Pin the incident photon intensity (W/m2).  
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2.5 Effect of additive on photovoltaic performance of BHJ solar cells 

2.5.1 Morphology Control 

The nanomorphology of the conducting polymer:fullerene BHJ is a critical factor 

which affects the polymer solar cell performance [51]. The sizes of the polymer and 

fullerene phase separated domains in BHJ materials should be 10-20 nm to enable 

efficient charge transfer and charge separation at the polymer-fullerene interface [52]. 

In addition, the interpenetrating polymer and fullerene networks must be connected 

(percolated) through the BHJ so that both holes and electrons can be readily 

transported to the electrodes. Breaks in the network can form trapping sites for 

charges, which can be harmful to device performance. Control the formation of a 

phase separated morphology with crystalline donor acceptor bulk heterojunction solar 

cells devices were observed by following ways: 

(1) By choosing the appropriate solvent with required boiling point for either slow or 

high evaporation rate [52]. 

(2) By reducing the drying speed of spin-coated films [53]. 

(3) By melting of bilayers [54]. 

(4) By thermal annealing of produced films [14]. 

(5) By using chemical additives [55]. 

 

2.5.2 Processing Additive 

The processing additives have been believed to be able to improve the cell 

performance through altering the bulk heterojunction morphology. In polymer 
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photovoltaic cell, the charge transport is greatly affected by the morphology of the 

photoactive layer. The morphological factors, for instance, the interface area between 

electron donor and acceptor constituents which provides the place for excitons 

dissociation, the quality of interpenetrating networks including the shape, continuity 

and orientation with respect to the film plane so as to provide enough highly-efficient 

pathways for both electrons and holes tobe transported to the correct electrodes, play 

an important role in determining the device performance [16]. 

 

 Also “solid” additives could be effective in improving the morphology of BHJ solar 

cells, as demonstrated for a copolymer based on thienothiophene and pentathiophene 

units, used as crystallization nucleating agent in P3HT:PCBM active layers [56]. The 

addition of a few percent by weight of the polymer additive to the P3HT:PCBM 

solution increased the degree of crystallinity of P3HT and enhanced the performance 

of the related solar cells. The exciton binding energy in organic semiconductors is 

generally large (»0.4 eV) the built in electric fields (on the order of 106-107 V/m) are 

usually not high enough to dissociate the excitons directly [38]. The thermodynamic 

requirement for an exciton to dissociate at an interface is that the band offset must be 

greater than the exciton binding energy [57]. The kinetic factors controlling the 

probability of exciton dissociation at interfaces (or trap sites) are not well understood. 

It is not known, for example, why organic/organic interfaces are often much more 

efficient for exciton dissociation than organic/inorganic interfaces [58]. Moreover, 

there is a tradeoff between rapid exciton motion and efficient quenching. The 

interfacial electron transfer (quenching) rate must compete with the residence time of 

the exciton at the interface; thus, rapid exciton transport, while otherwise beneficial, 

can require ultrafast quenching at the interface for efficient carrier production [58]. 
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There is another factor that affects the interfacial residence time: the exciton energy at 

the interface can be greater than or less than that in the bulk depending on the lower 

or higher, respectively, polarizability of the contacting phases [59]. If the 

polarizability is higher, it tends to trap the exciton near the interface and thus promote 

dissociation; if the polarizability is lower, the exciton will tend to be reflected from 

the interface back into the bulk. Interface adhesion (“wetting”), or its absence, can 

play a role similar to the polarizability. There is also another factor that affects 

exciton dissociation at an interface the increased dielectric constant of the matrix 

increases the screening of photogenerated electrons and holes and, thus, facilitates the 

charge separation [60]. Through the proper choice of additive the exciton dissociation 

at the donor acceptor interface could be advantageously tuned. In this thesis 

propylthiouracil, a small molecule solid, has been used as the additive in the P3HT 

and PCBM blend system. 
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3. Objectives 

3.1 General Objectives 

Ø The general objective of this research is to study the effect of chemical 

additive  on photovoltaic characteristics of  bulk heterojunction solar cells 

based on poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl C61 butyric acid 

methyl ester (PCBM). 

 

3.2 Specific Objectives 

Ø To construct organic solar cells from poly(3-hexylthiophene) (P3HT) and [6, 

6]-phenyl C61 butyric acid methyl ester (PCBM) with different concentration 

of propylthiouracil. 

Ø To characterize the solar cells using various standard characterization 

techniques such as I-V, IPCE, etc. 

Ø To show the consistency of IPCE with absorption spectrum of the blend, 

(P3HT:PCBM with different concentration of propylthiouracil). 

Ø To identify which parameters are affected by the addition of propylthiouracil 

in P3HT:PCBM BHJ solar cells. 
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4. Materials and methods 

4.1. Materials 

The materials that were used for the construction of bulk heterojunction solar cells are 

a transparent conductive bottom electrode, indium doped tin oxide (ITO) coated on 

flat glass substrates, P3HT, and PCBM, used as photoactive materials, a poly(3, 4-

ethylene dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) used to facilitate 

charge injection and extraction, improves the workfunction of the anode (usually, 

ITO/PEDOT:PSS system is regarded as the “anode”), providing a better matching 

with the HOMO of donor energy level. It also acts as an electron-blocking layer and 

smooths the roughness of ITO surface, thus minimizing the occurrence of short-

circuits [61], propylthiouracil were used as additive. The chemical structures of the 

substances used in this work are depicted in Figure 4.1. 

 

                                                                    

Figure 4.1: Chemical structure of substances used in this work. 
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4.2. Experimental methods 

Conducting polymer based organic solar cell generally consists of a transparent 

conductive bottom electrode, indium doped tin oxide (ITO) coated on flat glass 

substrates. A poly(3, 4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS 

) layer is spin coated on top of ITO layer to facilitate charge injection and extraction. 

The light absorbing organic layer, poly(3-hexyltheiophene) (P3HT) and [6, 6]-phenyl 

C61 butyric acid methyl ester (PCBM), is deposited by spin-coating technique on top 

of PEDOT:PSS. The upper electrode can be generally formed by vacuum deposition 

of low work function metal aluminum (Al), onto photoactive layer. Aluminum is a 

common metal electrode used in photovoltaics to collect the electrons.  

4.3 Fabrication of solar cells 

The fabrications of solar cells were done in 5 steps. (1) Cleaning of substrate, (2) 

Preparation of polymer solution (3) Spin coating of PEDOT:PSS, (4) Spin coating of 

P3HT:PCBM with different concentration of propylthiouracil and (5) Vacuum 

deposition of Al.  

4.3.1 Cleaning of substrate 

ITO coated glass substrates were cleaned sequentially by using acetone, isopropanol, 

and ethanol for 20 min in an ultrasonic bath. 

4.3.2 Preparation of solution 

1 mg and 1.5 mg propylthiouracil were dissolved separately in 10 ml chlorobenzene 

and stirred overnight. The photoactive solutions were prepared by dissolving P3HT 

(10 mg) and PCBM (10 mg) in 1 ml chlorobenzene (without additive), and with the 

addition of   0.75% (w/w), 1% (w/w), and 1.5% (w/w) propylthiouracil to the P3HT 

(10 mg) and PCBM (10 mg) mixture. Then the mixtures were stirred overnight. 



 

4.3.3 Spin coating  

The PEDOT:PSS was spin coated on top of the cleaned ITO coated glass substrate at 

spin rate of 4000 rpm for 46 s. This was followed by annealing the film at 150

10 minutes, leaving a dried thin film. The PEDOT:

the ITO electrode. The surface roughness of the ITO is minimized and the electric 

contact to the active layer is improved. Then,

concentration of propylthiouracil additive 

800 rpm for 41 s yielding thin film spread over the whole plate as active 

coating was done by using SCS 6800 spin coater series.

part of the polymer film is removed from the etched part using toluene. Finally the 

low work function metal aluminum (Al) is thermally deposited partly on the active 

area film and partly on the 

Edward Auto 306 vacuum evaporator,

reduced about 4 × 10−6 mbar. 

evaporated, the device was taken

sandwich type devices of bulk heterojunction solar cell of ITO/PEDOT:PSS/P3HT:

PCBM/Al is depicted in Figure 4.2.

 

Figure 4.2: Basic device structure of bulk hetero
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4.3.4. Device characterization 

The current-voltage (I-V) characteristic in the dark, as well as under illumination was 

measured by using HP 4140B pA meter/DC voltage source, together with HP 

16055A-test fixture. The measurement was taken by continuously sweeping the 

voltage applied from -2 V to 2 V at 10 mV steps with hold time and step delay time of 

1 s. The I-V measurement under illumination was carried out by mounting inside the 

sample holder under a standard sun illumination, using a solar simulator model SS-

50AA the intensity of light incident on the cell was about 80 mWcm−2. IPCE 

characterizations of the solar cell were performed using a computer controlled 

CHI630A instrument. A 150 W Xenon lamp regulated by an Oriel power supply 

(Model 68830) was used to illuminate the solar cells. A grating monochromator 

(Model 77250) placed into the light path was used to select a wavelength manually 

between 300 nm and 800 nm at an interval of 10 nm. The measured photocurrent 

spectra were corrected for the spectral response of the lamp and the monochromator 

by normalization to the response of a calibrated silicon photodiode (Hamamatsu, 

Model S-1336-8BK) whose sensitivity spectrum was known. No correction was made 

for the reflection from the surface of the sample. The white light intensity was 

measured in the position of the sample cell with Gigahertz-Optik (model X1-1) 

Optometer. The intensity of the incident light was 100 mW/cm2. Optical absorption 

measurements were carried out using UV-Vis Spectrophotometer (Spectronic 

GENESIS, USA)  
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5. Results and Discussion 

5.1 Absorption Spectra Measurement 

It is well established that conjugated polymer solid-state UV-visible absorption 

spectra are strongly influenced by the molecular packing and can be used to 

investigate the degree of P3HT molecular structural ordering. We, therefore, 

investigated the absorption spectra of P3HT:PCBM with different concentration of 

propylthiouracil blends spin coated onto glass substrates from chlorobenzene 

solutions. The resulting absorption spectra are displayed in Figure 5.1. For each blend, 

the absorption spectrum has been normalized to the PCBM peak (around 330 nm). 

The results show that the absorption edge is red shifted and that the vibrational 

structure of the P3HT absorption band is more pronounced when propylthiouracil is 

added to the blend. This implies better stacking/ordering of P3HT because a closer π 

stacking of P3HT chains can lead to a lower band-like energy [62]. Closer π-stacking 

of P3HT chains can contribute to an enhancement in JSC due to a lower resistance to 

the hopping of carriers between P3HT backbones. From the chemical structure of  

propylthiouracil and PCBM the common carbonyl functional group leads to higher 

miscibility of propylthiouracil additive in PCBM than P3HT. The addition of 

additives with a selective miscibility in one of the components of BHJ films is known 

to improve the morphology of the photoactive layer for charge separation and 

transport, which ultimately improves device characteristics [63]. The relatively better 

miscibility of propylthiouracil additive with PCBM molecules in the bulk resulted in a 

phase separation between P3HT and PCBM, which can contribute to the formation of 

larger PCBM domains. Thus, the existence of propylthiouracil is considered to lead to 

the formation of slightly larger PCBM domains, while most PCBM in the device 
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without additive is molecularly dispersed within a P3HT matrix [64]. Hence, the 

selectively dispersed propylthiouracil additive facilitate the formation of bicontinuous  

phase separation between P3HT and PCBM to provide better bicontinuous pathways 

for the holes and electrons. The higher stacking/aggregation also plays an important 

role in increasing charge transport in the active layer, contributing to the high current 

density of device. 

 

 

 

Figure 5.1: Normalized absorbance of thin films of P3HT:PCBM with different 

concentration of propylthiouracil. 
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5.2 Current Density-Voltage (J-V) Characteristics 

Dark current density-voltage (J-V) curves recorded for all four different solar cells 

made at different concentration of propylthiouracil are shown in Figure 5.2. The dark 

(J-V) characteristic of a P3HT:PCBM with different concentration of propylthiouracil 

device has three distinct regimes: at low voltage the measured current is dominated by 

local leakage currents due to weak spots in the film, giving rise to Ohmic behavior, 

which is symmetric for reverse bias. An exponential behavior at intermediate positive 

voltages where the current is controlled by the diode and at high voltages where the 

current is limited by the serial resistance RS. 

 

Figure 5.2: Semilogarithmic current density-voltage characteristics of bulk 

heterojunction device of structure ITO/PEDOT:PSS/P3HT:PCBM with different 

concentration of propylthiouracil/Al. 
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Figure 5.3 and 5.4. shows the current density (J)-voltage (V) curves of P3HT:PCBM 

BHJ solar cells constructed using different concentration of propylthiouracil additives. 

For comparisons the device without additive also included, the data obtained from the 

graph are summarized in Table 1. 

 

 

 

Figure 5.3: The J-V characteristics of ITO/PEDOT:PSS/P3HT:PCBM/Al, based BHJ 

solar cell with different concentration of propylthiouracil additive in the dark and 

under white light illumination with incident light intensity of 80 mW/cm2.  
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Figure 5.4: Semilogarithmic J-V characteristics of ITO/PEDOT:PSS/P3HT:PCBM 

/Al, based BHJ solar cell with different concentration of propylthiouracil additive in 

the dark and under white light illumination with incident light intensity of 80 mw/cm2.  

 

 

Table 1: The typical photovoltaic performance parameters of P3HT:PCBM with 

different concentration of propylthiouracil (PTU) additive at illumination intensity of 

80 mw/cm2. 
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Active Layer 

RS 

(Ω cm2) 

VOC 

(V) 

JSC 

(mA/cm2) 

FF 

(%) 

Efficiency    

(%) 

P3HT:PCBM 

P3HT:PCBM + 0.75% (w/w) 

Propylthiouracil 

P3HT:PCBM + 1% (w/w) 

Propylthiouracil 

P3HT:PCBM + 1.5% (w/w) 

Propylthiouracil 

15 

 

20 

 

8 

 

14 

0.660 

 

0.610 

 

0.648 

 

0.623 

3.43 

 

3.20 

 

5.69 

 

4.47 

35 

 

37 

 

40 

 

41 

1.0 

 

0.9 

 

1.8 

 

1.4 

 

The device without additive shows VOC of 0.66 V, JSC of 3.43 mA/cm2, FF of 35%, 

and power conversion efficiency (PCE) of 1%. After addition of 0.75% (w/w) 

propylthiouracil, VOC decreased from 0.66 V to 0.61 V, JSC decreased from 3.43 

mA/cm2 to 3.20 mA/cm2, which in turn reduces the PCE from 1% to 0.9%. The 

reason might be due to the insufficient concentration of propylthiouracil that do not 

lead to phase separation rather increases the serial resistance from 15 Ω cm2 to 20 Ω 

cm2. But as concentration increases to 1% (w/w), the current increases as a result of  

good phase separation as confirmed from the decrease in serial resistance to 8 Ω cm2. 

When we further increase the concentration of propylthiouracil to 1.5% (w/w) still JSC  

increases but as compared to 1% (w/w), it is decreasing due to the increase in serial 

resistance from 8 Ω cm2 to 14 Ω cm2. Thus, the most effective propylthiouracil 

content is 1% (w/w), where the BHJ solar cell device exhibits the best performance, 

this shows that the concentration of propylthiouracil at around 1% (w/w) is the 

optimum that leads to decrease in serial resistance and increase in JSC. Another 

possible reason might be the increased dielectric constant of the matrix, due to polar 

nature of propylthiouracil that increases the screening of photo-generated electrons 

and holes and, thus, facilitates the charge separation. The low VOC in additive 
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processed devices is attributed to the upward shift in the HOMO level of P3HT as a 

result of its aggregation [53]. 

 

The current density-voltage characteristics of ITO/PEDOT:PSS/P3HT:PCBM/Al 

based bulk heterojunction solar cell, without additive and with 1% (w/w) 

propylthiouracil, are shown in Figure 5.5 and 5.6, respectively. 

 

 

Figure 5.5: Current density-voltage characteristics of bulk heterojunction device of 

structure ITO/PEDOT:PSS/P3HT:PCBM/Al, in the dark and under white light 

illumination with incident light intensity of 80 mw/cm2.  
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Figure 5.6: Semilogarithmic current density-voltage Characteristics of bulk 

heterojunction  device of structure ITO/PEDOT:PSS/P3HT:PCBM/Al, in the dark and 

under white light illumination with incident light intensity of 80 mW/cm2. 

 

The photovoltaic performance parameters of device before addition of 

propylthiouracil additive shows VOC = 0.66 V, JSC = 3.43 mA/cm2, and FF= 35%. The 

power conversion efficiency (η) was calculated using equation (6) is therefore 1%. 

With addition of 1% (w/w)  propylthiouracil additive JSC increased from 3.43 mA/cm2 

to 5.69 mA/cm2 and the FF from 35% to 40%, which lead to an enhancement of PCE 

from 1% to 1.8%. 
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5.3 Spectral Response 

The dependence of the photovoltaic performance on the propylthiouracil content was 

further confirmed by the incident monochromatic photon to current conversion 

efficiency (IPCE) measurement of the devices, as shown in Figure 5.7. The IPCE 

curves of the devices with different propylthiouracil contents show maximum IPCE 

around 62% in the wavelength range of 480-510 nm, corresponding to the absorption 

maxima of the blend. With increasing the propylthiouracil content from 0% (w/w) to 

0.75% (w/w) to 1% (w/w) then to 1.5% (w/w), the IPCE maximum decreased from 

55% to 44%, and then increased to 62%, finally decreased to 59%. The IPCE profile 

varying with the propylthiouracil content is consistent with that for JSC and PCE. 

 

 

Figure 5.7: IPCE spectra of bulk heterojunction device of structure ITO/PEDOT: 

PSS/P3HT:PCBM/Al, with different concentration of propylthiouracil additives.  
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5.4 Comparison between Optical Absorption and Spectral Response 

Comparing the spectral response of the solar cells and the optical absorption spectra 

of the devices, information on the charge-generation mechanism can be obtained [65]. 

Figure 5.8 shows comparison between the IPCE and absorption spectra of bulk 

heterojunction solar cells that are investigated in this study. 

 

 

 

Figure 5.8: IPCE spectra of bulk heterojunction device of structure ITO/PEDOT: 

PSS/P3HT: PCBM/Al. (a) without additive (b) with 0.75% (w/w) propylthiouracil (c) 

with 1% (w/w) propylthiouracil (d) with 1.5% (w/w) propylthiouracil (e) absorption 

spectra of P3HT:PCBM. 
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Increased JSC is mainly related to more exciton and charge generations and more 

effective charge transport. To probe the role of propylthiouracil in this system, effect 

of propylthiouracil on absorption spectra of P3HT:PCBM films was examined to have 

an insight into the generations of excitons and charge carriers. The film with 1% 

(w/w) propylthiouracil content exhibits stronger absorption than that without 

propylthiouracil, while when 0.75% (w/w), and, 1.5% (w/w), propylthiouracil was 

added, a drop in absorbance was observed. The stronger absorption partially 

contributed to higher JSC and IPCE of the device processed with 1% (w/w) 

propylthiouracil compared to the others. It can be seen clearly that optical absorption 

matches the IPCE spectra. 
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6. Conclusion 

In this study organic bulk heterojunction solar energy conversion device based on 

blend of poly(3 hexylthiophene) (P3HT) and [6, 6]-phenyl C61 butyric acid methyl 

ester (PCBM) with different concentration of propylthiouracil additive were 

fabricated and studied. Short circuit current density (JSC), open circuit voltage (VOC), 

fill factor (FF), and power conversion efficiency of device without additive is found to 

be 3.43 mA/cm2, 0.66 V, 35%, and 1%, respectively. This device showed an IPCE of 

55% at 460 nm. In order to see the effect of propylthiouracil additive on the 

photovoltaic performance of the device we performed optimization on the weight 

ratio of the additives according to the photovoltaic performance of the devices and 

found that 1% (w/w) is the best. The optical absorption results clearly indicate that the 

absorption edge is red shifted and that the vibrational structure of the P3HT 

absorption band is more pronounced when propylthiouracil is added to the blend. This 

implies better stacking/ordering of P3HT because a closer π stacking of P3HT chains 

can lead to a lower band-like energy [62]. Closer π-stacking of P3HT chains can 

contribute to an enhancement in JSC due to a lower resistance to the hopping of 

carriers between P3HT backbones. The short circuit current density (JSC), open circuit 

voltage (VOC), fill factor (FF), and power conversion efficiency of 1% (w/w) 

propylthiouracil additive processed device is found to be 5.69 mA/cm2, 0.648 V, 40%, 

and 1.8% , respectively. The device showed an IPCE of 62% at 480 nm. Our results 

also show that addition of 1% (w/w) propylthiouracil additive to P3HT:PCBM BHJ 

solar cell improve efficiency of the device from 1 to 1.8%. 
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