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Abstract 
 

A systematic approach has been used to investigate the application of new PAMAM 

dendrimers materials as acceptors in the fabrication of different organic photovoltaic 

(OPV) structures. In the first part of this work, a new PAMAM cores (FC0, FC1 and 

FC2) as well as different PAMAM generations (G0, G0.5, G1 and G2) were used as 

acceptors in the fabrication of organic bulk heterojunction (OBHJ) structures. The 

devices exhibited electronic properties dependent on morphology and optical 

absorption as well as the surface group in the PAMAM generations. Power conversion 

efficiency (PCE) of 0.2%, under AM1.5G illumination (100 mW/cm2), was found for 

PAMAM-FC2 based OBHJ devices. Based on this result, different generations (G0, 

G0.5, G1 and G2) were synthesis from PAMAM FC2 core to improve the efficiency. 

Devices based on PAMAM G0.5 (half generation with ester terminated group in the 

surface group) with condense branching units and good connections in the composition 

active layer film resulted in a PCE of 1.8 %. For comparison, devices based on IC70BA 

were also investigated in OBHJ structures. The results show that devices, with the 

polymer to IC70BA ratio of 1:1 and annealed at 1500C for 10 min, exhibited the best 

device performance (JSC = 23. 33 mA/cm2, VOC = 0.53 V, FF 0.44, and PCE = 5.8 %). 

The second part of this work aimed to investigate the effect of generation and pH of the 

new acceptor PAMAM dendritic materials on the performance of organic bilayer 

heterojunction (OBiHJ) structures. Increasing PAMAM dendritic generation from G0.5 

to G2.5 influences significantly the bilayer OHJ solar cells efficiency performance. 

PCE of 7 % were achieved at the natural PAMAM G2.5 pH 6.85. Atomic force 

microscopy shows that PAMAM morphology changes with their generation and pH 

values. The improved performance seen with PAMAM G2.5 at natural pH was due to 

the number of surface groups and tertiary amines in the dendrimer are increases with 

generation size and at different pH values. The protonation of dendrimers varies with 

the generation size. The PAMAM G0 copolymerised with a thienopyrrolodione (TPD) 

accepting moiety as A-A copolymer structures in order to enhance their charge transport 

properties was also investigated. PAMAMG0-TPD was used as electron acceptor 

component coupled with P3HT as donor in OHJ solar cell structures. The devices yield 

a PCE of about 4.5 %. This result demonstrated the potential to use PAMAM-TPD 

based conjugated copolymers as acceptor component for organic solar cells. 

The third part of this work is based on the moderate performance of part two.Three 

different organic tandem solar cells were fabricated and characterised. They have the 

same active layer (P3HT:IC70BA) as bulk-heterojunction structure in the bottom cells 

where the top cell is a bilayer heterojunction structure. The differences between the 

three structures is the acceptor layer of the top cells. From results in part two PAMAM-

G1.5 (pH= 7.03), PAMAM-G2.5 (pH= 6.85) and PAMAM-G0-TPD were chosen as 

they have the highest efficiency to be applied in the top cells of organic tandem 

structures. The results from the three tandem structures displayed reasonably high PCE 

due to the enhanced VOC.  
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Chapter 1 

Introduction 

 

1.1 Introduction 

 
There has been increased search of renewable sources of energy due to the current 

increase in demand for energy supply such as oil, coal and uranium. Oil prices are 

anticipated to increase to meet the increased demand for energy, according to financial 

research in the last few years. It is worth noting that, non-renewable sources of energy 

have high impacts to the environment as they cause a lot of pollution leading to the 

depletion of the ozone layer. Curb such effects requires quite a lot of time and resources 

[1, 2]. The major current source of energy is fossil fuel, which is the major contributor 

to global warming leading to increased temperatures and raise in sea levels [3]. Below 

is a graph showing global energy consumption. 

 

 

 

Figure 1.1: Global energy demand for the period 1980-2030[4]. 
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Today, there is a need for a better energy policy. This involves coming up with a 

cheaper source of energy, and more so, renewable sources. This is due to the fact that 

the government and different companies are not in the position to renew fossil fuels. 

Due to this, there is a lot of research on the design of more cost effective sources of 

energy, and more so, a renewable one. The main sources for renewable energy are from 

sun and wind, which are low cost and environmentally friendly. Research from different 

academic and industry places revealed that the amount of sun rays that hit the ground 

in one hour is equivalent to the amount that the whole world utilizes in one year [5]. 

However, the drawback for this kind of technology is the big gap between the costs of 

energy produced from fossil fuel in comparison with renewable energy. Consequently, 

finding low–cost procedures for producing renewable energy has attracted the interest 

of researchers worldwide. 

One of the ways through which the sun’s energy can be converted into electricity is 

through photovoltaic devices. These devices were discovered in the 1839 by Edmund 

Becquerel. He came up with this idea after a thorough study on the generation of current 

through the action of light from a silver covered platinum electrode dipped in an 

electrolyte [6]. In 1883, Charles Fritts developed the first photovoltaic gadget, which 

was a continuation of the work of Edmund development of the photovoltaic effect. He 

produced a cell with efficiency rated at 1%. In this discovery, Charles Fritts used 

semiconductor selenium, which was covered with a thin film of gold forming a junction. 

Thereafter, this photovoltaic cell was demonstrated by the use the theory of metal-

semiconductor contacts [7].  

Later in 1954, Chapin developed a photovoltaic cell with a power efficiency of 6%. 

This was the first Silicon solar cell which was further enhanced to an efficiency of 

44.7% in 2013 [8, 9]. Compared to previous structures and devices, this was a major 

achievement. Despite its increased efficiency, these devices require a lot of resources 

for its development, and therefore, are more expensive. Consequently, there has been 

significant research conducted in the last few years in an effort to improve cell 

efficiency and reduce production cost. One of these low cost and high efficiency 

approaches is the use of organic semiconductors material [10, 11]. 

The use of organic semiconductor materials has proved to be very successful as in 

organic light emitting diodes (OLEDs). This has been highly advocated for due to their 

low manufacturing cost and high efficiency. Despite this advancement, there is still a 

room for improvement through the use of technology to come up with major sources of 
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power generation systems [12, 13]. Through chemical alteration, the properties of 

different polymers and small molecule materials can be changed, making it possible to 

alter the electronic and chemical properties of organic semiconductor materials. This is 

one of the major advantages of the use of organic semiconductor materials [10, 14, and 

15]. Additionally, through the use of different morphology contained in the thin film of 

the organic semiconductor materials gives a room for control through the use of 

chemical alterations. A good example is the energy band gap in materials used in 

OLEDs, which can be altered into a given wavelength of light [11-16]. Through 

different research, different organic materials, classified in terms of class, have been 

made, which show promising characteristics for application in photovoltaic cells. 

Examples of such materials are conjugated polymers and dendrimers [17-20]. Such 

materials attracted research in the energy sector due to the fact that they can be 

developed at low temperatures, lowering the use of resources which in turn lowers 

material costs. The productions of these kinds of materials are very adaptable and 

therefore give room for electronic constraint and solubility to be changed. This 

technology has further been enhanced by the introduction of plastic substrates making 

the structure more flexible [21, 22]. 

 

1.2 History of solar cells 

 
The history of photovoltaic effect is dated back in the year 1839 with the first discovery 

by Edmund Becquerel. He discovered that some materials produce very small electric 

current when exposed to light. This process of using light to generate an electric current 

is known as the photovoltaic (PV) effect. At that time the process was explained by the 

Schottky effect as the photovoltaic effect in these devices was dependent on the barrier 

between the metal and the oxide. The current semiconductor junction to make solar cell 

was developed in 1946 by Russel Ohl [23]. Through this discovery the first experiment 

was carried out by the Bell Laboratories coming up with the first cell with a diffused 

silicon p-n junction.  The fact that the cost of producing the cell was very high; there 

was low production and use of such cells. The only suitable use at that time was for use 

as power sources for satellites. In fact, they had much longer life times than using 

normal batteries.  

The efficiency of single junction mono-crystalline silicon has been developed to over 

25% [24]. However, such cells are very costly due to its manufacturing costs. In the 
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manufacture of a flaw free crystal cell, high temperatures are required and more so such 

processing should be conducted under vacuum. This makes large scale production of 

such cells more expensive. To reduce the costs, amorphous silicon was then used but 

the efficiency of the cells was highly affected, leading to reducing the efficiency by 

approximately 10% [25]. Such silicon cells are also referred to as first generation cells. 

Through technological advancement, solar cell fabrication was enhanced giving rise to 

second generation solar cells. This involved the use of diverse inorganic materials in 

thin films so as to cut costs of materials in the cell manufacture in comparison with the 

first generation cells. The use of different mixture such as gallium arsenide (GaAs) or 

cadmium telluride (CdTe) lead to the development of inorganic thin films where their 

band gap is tuneable [26, 27]. This allows tailoring the preparation of different parts of 

the solar cell. It is through this that the first set of multi-junction devices were developed 

and referred to as the third generation solar cells in which different junction absorbed 

different spectrums. This was a huge step in solar cells developments that reduced the 

loss of energy through thermalisation of hot-carriers [7]. With the use of solar 

concentrators, these cells have a very high power conversion efficiency of about 41% 

[28]. Despite its increased efficiency, solar cell is still very expensive due to the 

increased cost of production and more so limited materials for its development. 

Additional limitation to these kinds of cells is the emission of environmental hazard 

gases during production. 

According to the National Renewable Energy Laboratory, the emergent photovoltaics 

are the most recent generation of solar cells, which involve new development and a 

shift in material choice. This has been made possible by the development of organic 

semiconductors used in different applications such as OLEDs [25]. Such kinds of cell 

put into practice the organic semiconductor junctions or organic /inorganic hybrid 

junction in the generation of organic-photovoltaic’s (OPV). These cells utilize dye or 

chromophore to collect sunlight. Hybrid cells utilize some high absorbers of organic 

semiconductors to give a room for thin and low cost absorbing layers while on the other 

hand utilizing an inorganic acceptor due to their high strength and conductivity [29].   

Organic compounds are made up of elements such as carbon, nitrogen, oxygen and 

hydrogen. The major advantage of these elements is that they all exist in abundance and 

therefore can be altered easily at very low temperatures, hence cheaper than the 

inorganic materials.  However, their efficiencies are much lower compared to that of 

inorganic materials [30]. Figure 1.2 shows the advancement of technologies related to 
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solar cell development [31]. It is clear from Fig. 1.2 that efficiencies of about 3% for 

OPV recorded in 2001 by the University of Linz. The efficiency increased steadily to 

over 11% in 2012, as seen in Fig. 1.2.  

 

Figure1. 2: Research cells efficiencies from 1975 to 2015 from US National 

Renewable Energy Laboratory (NREL) [31]. 
 

 

1.3 The photovoltaic effect 

 

When a material absorbs light, electrons are excited as such electrons gain energy 

equivalent to the energy absorbed by the photon. Photovoltaic effect is a process in 

which a contact junction (metal-semiconductor or a pn junction) produce electrical 

voltage when exposed to light. These exited electrons cross the contact junction 

between the two materials more easily in one direction giving one side of the junction 

a negative charge with respect to the other side. An example of solar cell is made by 

joining a p-type semiconductor and an n-type semiconductor as shown in Fig. 1.3. The 

p-n junction form a depletion region with ionised dopant due to the diffusion of 

electrons from the n-side of the junction to the p-side of the junction, and holes from 

the p-side of the junction to the n-side of the junction. This will result in an electric field 

between the two materials which only allows electrons to flow from the p-type 

semiconductor to the n-type semiconductor. When photons with sufficient energy hit 
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the cell, they create electron-hole pairs (excitons) and cause electrons to move from the 

n-side to the p-side of the junction producing excess electrons in the n-side and fewer 

electrons in the p-side. The voltage difference between the n-side and the p-side pushes 

the flow of electrons to the contacts at the front and back of the cell creating electrical 

current (photocurrent) in the reverse direction as shown in Fig.1.3. The creation of 

photocurrent will results in a clear shift in the current-voltage characteristics where two 

important parameters, namely short circuit current (ISC) and open circuit voltage (VOC), 

are clearly identified. When the load resistance is zero (V = 0) the cell current is called 

the short circuit current (ISC), whereas when the load resistance is ∞ (open circuit), the 

cell voltage is called open circuit voltage (VOC). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Semiconductor photoelectric effect 
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1.4 Organic solar cells developments 

 

Organic solar cells (or some time called organic photovoltaic, OPV) are divided into 

three categories, dye-sensitized solar cells (DSSCs), small molecule solar cells and 

polymer solar cells. Also, a hybrid solar cell is a cell that combines both organic and 

inorganic materials where in the organic materials act as the donor layer and the 

inorganic one act as the acceptors. The main advantages of OPVs are the low-cost 

fabrication, low fabrication temperatures during fabrication.  

DSSCs came into attention in 1991 after O’Regan and Gratzel developed the first DSSC 

with an efficiency of about 7.4% [32]. Through technological development the 

efficiency of DSSCs had increased about 10% in 1994 and in 2001 there was a dramatic 

increase in efficiency to 10.4% and in 2005 it reached 11.1% [33, 34]. Cell development 

is related to the redox reaction by utilization of a dye in electrolyte and a solid electron 

acceptor such as titanium dioxide (TiO2). The dye takes in light leading to electron 

gaining kinetic energy which in turn transfers the charge to the titanium dioxide. By 

using the electrolyte, the dye neutralizes itself through oxidation. The oxidized 

electrolyte diffuses to the other electrode where it is reduced, thereby completing the 

circuit.  

On the other hand, the polymer and small molecule cells were developed on almost the 

same technology. It is worth noting that polymer layers are normally solution processed 

while the small molecules are spin-coated, spray paint or deposited under vacuum using 

organic molecular beam deposition taking into consideration their features.  At the start 

of organic solar cell development, thin films of one coating of small molecules such as 

porphyrins or phthalocyanines were used as the active layer [35]. Such devices were 

deemed to be very inefficient due to the defects in the material compared to inorganic 

semiconductors. The large concentration of impurities and defects resulted in 

interference with the electrical properties of the solar cells reducing the power 

efficiency. The other important setback in the early stages of the development of OPVs 

is the exciton separation. However, researchers developed a double layer 

donor/acceptor heterojunction design to improve charges dissociation. With such 

heterojunction structures between materials, excitons can easily dissociate into free 

charges and move efficiently as compared to Schottky cells [36]. The earliest cell made 

use of copper Phthalocyanine (CuPc) and perylenetetracarboxylic to generate a power 

of about 1% [36]. The developments of new low-bandgap organic materials in the last 
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few years have led to dramatic improvement in the power conversion efficiency. The 

main organic materials used in OPVs are based on C60 as the acceptor due to high 

mobility and the ability to absorb shorter wavelengths. These materials possess enough 

energy levels for excitons dissociation and can be used with a large number of organic 

donors. Recently, similar structure with oligothiophene derivative: C60 junction 

reported much improved 4.9% power efficiency [37]. On the other hand, there was 

further development of the heterojunction cells with the creation of bulk heterojunction. 

This structure was achieved by spin coating of poly (2-methoxy-5-(2’-ethyly-

hexyloxy)-1, 4phenylene vinylene) (MEH-PPV) with dissolvable fullerene. The 

coating of the active layer of this structure was performed at the same time rather than 

creating junction between layers. In this regard, the polymer and the fullerene 

dissociated into two domains such that from one molecule to the next molecules is a 

very short distance. This process has highly helped to increase the current cells to an 

efficiency of about 7.4% [38]. However, due to the formation of different domains, 

there is a limitation in charge transport to access the paths hence reducing efficiency. 

In the last 10 years, there has been a great effort to improve the process of charge 

transport in the bulk heterojunction structures using materials such as polystyrene 

sphere to produce a better arrangement of these charges by arranging 3D structures of 

the donor and the acceptor materials.   In these spheres all round vacuum and void 

spaces are filled with donors and acceptors to enable a continuous transport of charges 

[39]. 

Another advanced structure was introduced later, that is tandem cells, which can be 

produces by stacking more layers to create another cell on top of the first cell. This 

structure increases the absorption levels while at the same time allowing the cell to be 

thin, giving room for the electron excitement and movement. This involves the use of 

different materials in the front and back cells to increase absorption level, thereby 

increasing the efficiency of the cell. The first tandem cell was reported by Hiramoto et 

al in 1990 [40]. It was made of two metal-free phthalocyanine: perylenetetracarboxylic 

derive sub cells seperated by gold. The separation layer was very vital in that it 

prevented the build-up of charges between the sub cells preventing recombination 

centres of all charges from both sides. In 2013, organic tandem solar cells using 

solution-processed polymers reached efficiency of 10.6 % [40].     

Despite the steady increase in OPVs efficiencies, fullerene acceptors have so many 

disadvantages such as no light absorption in the close visible IR region, low 
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photochemical and chemical stability, limited photo-voltage (low VOC), limited 

fullerene synthesis derivatives and lastly the recycling process of fullerene is expensive 

[41-44]. Therefore, to improve efficiency, there is a need to develop a new n-type 

organic semiconductors to replace fullerene acceptors in organic solar cells. 

 

1.5 Thesis outlines 

The main aim of this thesis is to design and test new acceptor materials for organic solar 

cell devices. During this work, three different structures of organic solar cells are 

fabricated and characterised. These structures are based on organic bilayer solar cells, 

organic bulk-heterojunction solar cells (OBHJ) and organic tandem solar cells.  

Different materials have been used in this thesis such as Poly(3-hexylthiophene-2,5-

diyl) (P3HT) as the donor, indene-C60 bisadduct (ICBA) and Poly(amido amine) 

(PAMAM) dendrimers (with different generation size and pH conditions) as the 

acceptors of the active layer. Poly(3,4ethylenedioxythiophene):poly(styrenesulfonate) 

(PEDOT:PSS) was used as the hole transport layer while titanium dioxide (TiOx) as 

the electron transport layer. Indium Tin Oxide (ITO) used as the anode (hole injection 

layer) and aluminium (Al) used as the cathode.  In addition, the effects of different pH 

conditions and thermal annealing on the active layer morphology and device 

performance also have been investigated.  

In Chapter 1, a general introduction to energy demand and resources is reviewed. The 

historical background of solar cells and photovoltaic effects are briefly given. A brief 

background of the organic solar cells development is reviewed. 

An introduction to organic solar cells and organic conjugated materials is given in 

Chapter 2. This chapter illustrated the organic solar cells structures and the essential 

elements in the operation of organic solar cells: coupling of photons, light absorption 

and exciton generation, exciton migration, exciton dissociation, charge transport and 

collection at the electrode. Also present the characterization of solar cell devices.  

Chapter 3 provides information about the materials, experimental details and the 

vacuum system setup and equipment used for studying electronic properties and 

morphology of the active layers.  

Chapter 4 is the first result chapter, which presents the fabrication and characterisation 

of organic bulk heterojunction (OBHJ) solar cells based on new PAMAM dendrimer 

materials with different cores and different generations (G0, G0.5, G1, G2) as acceptors 
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focused on the effect of surface morphology on device characteristics.  This chapter 

also shows the results for OBHJ solar cells based on IC70BA as an acceptor with 

different concentration ratios and annealing temperatures. 

In Chapter 5, the results are split into two parts. The first part presents the result of 

organic bilayer heterojunction solar cells based on new PAMAM dendrimer salt 

material as acceptor with different generation (G0.5, G1.5, and G2.5). The influence of 

pH conditions and annealing temperatures on device operation and active layer 

morphology is also presented in this part of the chapter. The second part presents the 

result of organic block copolymer solar cells based on new PAMAM dendrimer G0-

TPD acceptor -acceptor material as active layer then OHJ was fabricated with P3HT as 

donor and PAMAMG0-TPD (A-A materials) as an acceptor to compare the results.  

Chapter 6 presents the fabrication and characterisation organic tandem solar cells 

combined between two cells with different acceptors (IC70BA, PAMAM dendrimers). 

Finally, Chapter 7 provides the main conclusions derived from this work, together with 

possible further work. 
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Chapter 2 

Review of organic solar cells 

 

2.1 Introduction 

 

Over the years, quite a number of developments have been made leading to the 

exploration of new materials for solar cells. The advancement in research in this sector 

have now been able to come up with a mechanism whereby organic polymers and small 

molecular materials are used in solar cells. A lot of attention in terms of research is 

being channelled towards organic photovoltaic cells and their capability to convert 

power has been shown to grow remarkably. This has been made possible by the use of 

new polymer materials, inorganic molecules, and methods of fabrication that are more 

advanced and sophisticated. Organic cells have a number of areas in which they can be 

applied including: power supplies for mobile devices, sensor networks, radio frequency 

tags, laptops and iPods. In fact organic solar cells have characteristics of low cost, 

mechanical flexibility, large scale production, fast production and their properties can 

be easily modified hence making them suitable for use in a wide range of environments. 

In this chapter, we are going to be reviewing the theoretical background, the 

behavioural characteristics and concepts that are related to organic solar cells so that 

can create a basis on which the results that will be presented in subsequent chapters 4, 

5 and 6 will be discussed. An introduction to the main component of organic solar cells, 

organic semiconductors is provided in Sections 2.2. Organic solar cells device 

structures are discussed in Section 2.6, followed by the process of generating power 

from a photovoltaic device in section 2.7. Finally the equivalent circuit model of an 

organic solar cell and current-voltage properties of solar cell devices under both 

illumination and in the dark are discussed under electrical characterisation of organic 

solar cells title in Section 2.8. 
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2.2 Organic semiconductors 

 

Organic materials are promising materials to fabricate low cost solar cell devices. The 

interest in organic materials for electronic application (light emitting diode, transistors 

and solar cells) was started when the conducting polymers were discovered in 1980s [1, 

2]. Organic semiconductor materials considered to be good conductive materials than 

other semiconductor materials due to their chemical structures. It can gain a lot of 

features from chemical synthesis of organic semiconductors such as solubility, 

flexibility and conductivity. Organic semiconductor materials based on carbon atoms, 

and the electron structures for the carbon atom in the ground state is:  1s22s22px
12py

1 

which means that orbital 1s has two electrons, orbital 2s has two electrons and orbital 

2p has also two electrons.  It can be noted that orbital s extremely filled and orbital p 

has two unpaired electrons, one electron in 2px, one electron in 2py and 2pz has no 

electrons. That means 1s contained the core electrons, and the valence electrons are in 

the 2s2 2p2 orbitals [3-5]. Figure 2.1 shows the orbital shapes for s orbital, p orbitals (px, 

py and pz) and their combination. 

 

 

 

 

Figure 2.1: Orbital shapes for s orbital, p orbitals (px, py and pz) and their combination. 
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However, the hybridisation between (2s and 2p(x,y)) orbitals leave 2p(z) unchanged as 

can be seen in Fig. 2.2: 

 

 

Figure 2.2: Hybridization between (2s and 2p(x,y)) orbitals. 

 

As a result of the hybridisation, two types of bonds are formed; σ bonds are single bonds 

between carbon-carbon and carbon-hydrogen atoms, for localised electrons, and  π 

bonds possess delocalised electrons.  It can be observed from the sp2 hybridisations in 

Fig. 2.2 that three carbon electrons form σ bonds where these electrons are localized. 

These hybrid orbitals lied at 1200 to each other. This configuration leaves the forth (not 

hybridised) electron, which is delocalized to give the π bond as shown in Fig. 2.3. 

Moreover, electrons in conjugated polymers, for example , sp2 hybridized carbon 

atoms, can move along of the polymer chain easily. Thus, electrons in these bonds are 

responsible for the electrical conductivity of organic semiconductors [3,5,6]. Also, 

molecular orbitals which form σ and π bonds represent the energy levels for organic 

semiconductor materials [6]. The denoted bonding molecular orbitals (σ and π) form 

the lowest molecular orbital (lowest energy levels) where the denoted anti-bonding 

molecular orbitals (σ* and π*) form the highest molecular orbitals (highest energy 

levels). These molecular orbitals are similar to energy bands levels in inorganic 

px 
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materials. Figure 2.4 shows the method of creating energy gap levels in organic 

semiconductor. 

 

 

 

Figure 2.3: Schematic diagram of the bond and orbitals for two ap2 hybridised 

carbon atoms  

 

 

 

 

 

 

 

 

 

Figure 2. 4: The energy levels in organic semiconductors. 
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The anti-bonding π* molecular orbitals (conduction band) joined the π bonding 

molecular orbitals (valance band) to create the Lowest Unoccupied Molecular Orbital 

(LUMO) and High Occupied Molecular Orbital (HOMO). The gap between the LUMO 

and HUMO is the energy gap which the conductivity in organic semiconductor depends 

on.  Thus, from Fig. 2.4 it is clear that σ bonds are extremely filled with electrons where 

π bonds are empty. On the other hand, if the energy band gap becomes as small as 

possible the tolerance of electrons to move from the HUMO to LUMO increases. Some 

organic semiconductors have a very small band gap of < 2 eV, which mean that it is 

good materials compared to some inorganic semiconductors, which haves a large 

energy band gap [3, 5, 6].  

Organic semiconductors can be divided into small-molecule and polymer 

semiconductors. The discovery of the electrical conductivity of doped polyacetylene 30 

years ago made the conjugated polymers an interesting areas of research in electronic 

applications. Organic semiconductor polymers properties including electrical 

conductivity, optoelectronic, colour (absorption and emission) and photoinduced 

charge transfer lead them to be used in many electronic and optical applications such 

as organic light-emitting diodes, organic field-effect transistors, organic photovoltaic 

cells, and sensors [7-9]. The main advantage in conjugated polymer materials is the 

ability to tune the band gap by changes in the synthesis materials and it can be used to 

cover large surfaces. They combine between mechanical properties of polymers and 

electronic properties of metals and semiconductors. Conjugated polymers in fact are 

potential materials in the development of new organic solar cells. Researchers 

developed conjugated polymer synthesises and deposition process methods to achieve 

unique electrical properties [10]. The highest reported efficiency organic solar cells 

based in these materials reached 7% [11, 12]. 

However, the small molecular materials, including oligomers, dendrimers, pigments, 

dyes, liquid crystal, and organo-mineral hybrid materials also based on π conjugated 

electron [13]. π-conjagted electrons mean that it can be produced from the rotation 

between the single and double bonds. It was reported that the long conjugation in the 

backbone for these materials gives small band gab which is one of the main advantages 

for these materials in the application of organic solar cell. Furthermore, these materials 

have better chemical purity than polymer materials due to the small size. Many types 

of these materials cannot be produced from solution [14, 15]. However, dendritic 

materials are a type of small molecules combine between the high chemical purity and 



  

20 

 

the ability to be produced from solution. Dendrimers are composed of highly branched, 

well-defined and nature monodisperse macromolecules, which can support charge 

transport and film morphology [16, 17]. Due to their unique properties over 

conventional polymers such as low viscosity, good solubility, nano-scaled size, low- 

disparity and multi-functionality, dendritic materials became interesting materials in 

many application areas including organic solar cells [18, 19]. Dendrimers are perfect 

monodisperse macromolecular (tree-like structures) with highly branched three 

dimensional structures: core, branches, and end groups [20-22]. Figure 2.5 shows the 

general structures of dendrimers. 

 

 

Figure 2.5: Schematic diagram of the general structures of dendrimers [22]. 

The core responsibility is to control the absorption of light where the charge transport 

and molecules separation take place within the dendrones. The end groups determine 

the solubility of the dendrimers. One advantage of these structures is the ability to tune 

each component separately.  This means that to absorb a wide range of solar spectrum 

within organic solar cell devices the change must occur in the core. The branching 

number of dendrimers which is equal to the generation number of dendrimers affects 

the charge mobility in organic solar cells. Thus, hole mobility and optical properties of 

dendrimers can be tuned by changing generation number and attachment point of the 

dendron to the core [23]. However, when going from the centre towards the dendrimer 
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periphery the number of focal points is called the generation number. For example, if 

the dendrimer having three focal points when going from the core to the dendrimers 

surface is denoted as the 3rd generation dendrimer (G3) as shown in Fig. 2.6 [24]. 

Intermediates during the dendrimer synthesis are sometimes denoted half-generations. 

Carboxylic acid-terminated PAMAM dendrimers are a well-known example of half 

generation dendrimers. These half generation some time have properties better than the 

amino-terminated dendrimers in the application of biological and electronic systems 

[25, 26]. Furthermore, their small size and monodisperse nature leads to a high degree 

of ordering in organic solar cell devices and thus high carrier mobilities [27].  

 

 

                                   Figure 2.6: PAMAM dendrimers G3 [24]. 
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However, the functional group in light harvesting dendrimers mechanism 

(chromospheres) positioned on the periphery, branching point and focal point (core) 

where the periphery combine the energy and transfer it to the core. In light harvesting 

dendrimer applications, due to the small band gap core and big band gap periphery, the 

short wavelength absorb by periphery and the long wavelength absorb by the core [28].  

In the application of organic solar cells the absorbing of red light in the solar spectrum 

is desirable as much more photons exiting in the red wavelength. The advantage of 

using dendrimers materials in the applications of organic solar cells is the ability to mix 

different cores together without any separation occurred. This arise the ability to access 

more solar spectrum of light absorption. Mixing several dendrimers with different cores 

leads to absorb a wide range of wavelengths of light. Another advantage in using 

dendrimers materials in the application of organic solar cells is the ability to blend 

without any phase separation. This blend would be covering the whole solar spectrum 

which leads to harvest much more light and enhance the photovoltaic device 

performance [29, 30]. 

 

2.3 Electron transport materials 

 

This section gives an overview of the developments of some of the electron transport 

material that have occurred lately for the application as electron acceptor in organic 

solar cells. It is expected that an ideal acceptor should have a number of behavioural 

properties which are then combined to create a more efficient component. Some of these 

properties include: good light harvesting, high electron mobility, stability under 

processing and operational conditions, and ease and cost of synthesis. N-type materials 

are typically characteristic of low electron deficiency and their energy LUMO is quite 

low and they are easily reduced. Molecules that are electron deficient and have already 

been reduced are more stable towards water and oxygen [31].  

Since 1985 when clusters that consist of 60 carbon atoms and high degree of stability, 

Buckminsterfullerene they received a great deal of attention as an electro active 

material. C60 (see Fig. 2.7) is readily available in the market and it acts as an electron 

acceptor having electrons that add up to over six in the solution. This is an indication 

of a high electron mobility [32-33]. C60 has a limited solubility and this made it 

possible to employ the vacuum deposition technique as the main technique for 
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deposition. This technique has been applied in heterojunction solar cells and have 

efficiencies of about 3.6% [34]. In 1995 Hummellen and his research group identified 

a soluble version of C60 namely methano-fullerene derivative Phenyl-C61-butyric acid 

methyl ester (PC61BM) [35]. They were able to demonstrate separation of charges that 

was more efficient and this in return resulted in a photoinduced electron transfer that 

was fast. It was these findings that excited more research into the development of 

organic solar cells (or organic photovoltaics (OPVs). PC61BM has been in use as an 

acceptor in most of the OPV devices. It has a spherical shape that gives it an advantage 

over t other planar semiconductors enabling the transport of electrons in three 

dimensions. The disadvantage of PC61BM is the absorption inability in the visible 

light. This has led to the development of PC71BM, C70 analogue and PC61BM that 

given rise to higher photocurrent and power conversion efficiency (PCE) in OPV cells 

due to the ability to absorb very strongly in the blue region of the solar spectrum [36]. 

Today there are a solar cells that are highly optimized with either PC61BM or PC71BM 

and are thus able to reach over 8% PCE if the most suitable low band gap polymers are 

provided [37,38]. In order to create more improvements on open circuit voltages (VOC) 

materials, it can best be achieved through the use of materials with low levels of LUMO. 

HOMO and LUMO energy levels can be tuned by attaching groups to be used in 

solubilisation to the fullerene core enablling processing of the solution. There has been 

a number of substituents that have been surveyed and developed and the resulting C60 

component shows less delocalized π-electrons reduces its affinity to electrons by about 

50-100 mV for every substituent [31]. The knowledge of the resulting changes in 

LUMO energy levels has led to the synthesis of a variety of mono-bi- and tri adducts 

(as shown in Fig. 2.7). This has helped researchers achieve a higher VOC in solar cells.  

For instance, Indene-C60 bisadduct (IC60BA) that has a LUMO level at 3.74 eV (0.17 

eV up-shifted than that of PCBM) shows superior photovoltaic performance at 0.84 V 

VOC and 6.48% PCE when used in P3HT-based OPVs as acceptor [39]. Indene-C70 

bisadduct (IC70BA) has also been synthesized at a higher LUMO level of 3.72 eV (0.19 

eV higher than that of PCBM). IC70BA possesses good solubility in common organic 

solvents and stronger visible absorption. P3HT/IC70BA OPVs with methyl-thiophene 

additives have been shown to have higher PCEs of up to 6.69% with a 0.86 V VOC upon 

using pre-thermal annealing for 10 minutes at 1500C [40]. Fig. 2.7 show the chemical 

structures of relevant fullerene derivatives used as electron transport material in OPVs.  
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Figure 2. 7: Chemical structures of relevant fullerene derivatives used as electron 

transport material in OPV. 

 

On the other hand, many researchers developed non-fullerene acceptor materials due to 

some limitations of fullerene acceptors [41]. The polyamidoamines (PAMAM) are first 

recognised class of commercial dendrimers. New systems with high efficiency of 

energy could be approaches through the use of the flexible aliphatic PAMAM bone as 

a scaffold for light-harvesting antennae. 1,8-naphthalimide fluorophores could 

beneficial for PAMAM light-harvesting antennae due to the strong fluorescence and 

good photostability [42]. The 1,8-naphthalimide derivatives were  applied in a number 

of  various areas including organic solar cells[43]. PAMAM dendrimers was first 

developed by Tomalia in 1979. PAMAM dendrimers have an ethylene diamine core, 

amido amine branching structure and available as cationic (full) generation (G1, 

G2,..etc) with amine-terminated branches and anionic (half) generations (G0.5, 

G1.5….etc) with carboxylic acid-terminated branches [44]. PAMAM dendrimers 

functionalized groups could be amine, carboxylic acid, and hydroxyl moieties with high 

C60 PC61BM PC71BM 

IC60MA Bis-PC61BM IC60BA 
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generation of G. PAMAM dendrimers have been used in various areas including: light 

harvesting, chemical sensor, catalysis, cross link agent, gene transfer, imaging contrast 

agents, and polymer-based drug delivery. 11th generation is the highest generation can 

PAMAM dendrimers reach due to the steric hindrance caused by the growing number 

of branches which does not allow enough room for further branches to grow. The 

dendrimer structure becomes mores spherical and less flexible with every increase in 

generation [45]. PAMAM structure and rigidity was found to depend on the pH of the 

media. At low pH primary and tertiary amine are positively charged, which makes the 

dendrimer less flexible due to the intermolecular electrostatic interactions. At neutral 

pH, dendrimer become more flexible as only the primary amine are positively charged. 

At higher pH none of primary or tertiary amine are charged, thus the dendrimer 

becomes highly flexible. It was reported that PAMAM properties such as the shape and 

size of the dendrimers as a function of generation, solvent accessible surface area, 

monomer distribution, and distribution of terminal groups are all crucial for several 

applications of dendrimers [46-48]. PAMAM-G2 (Fig. 2.8) was used as the electron-

collection interlayer material between the active layer and ITO of inverted OPVs [49]. 

C60–PAMAM G0.0 also used to modify the nanocrystalline TiO2 silanized electrodes 

which resulted in a novel photoelectrochemical sensitization film that showed 

particularly high photocurrent   and   global   photo- conversion efficiencies. This makes 

them (fullerene–dendrimer modified electrodes) attractive for solar cell technology 

development [50]. 
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Figure 2.8: Chemical structure of PAMAM-G2 

On the other hand, majority of the research studies have emphasised on a 

thienopyrrolodione (TPD) as the electron acceptor moiety in the synthesis of donor-

acceptor (D-A) polymers. It provided reasonable optoelectronic properties, thus the 

field-effect mobility enhanced to 0.6 cm2V-1s-1 in organic field-effect transistors 

(OFETs). Also, TPD and power conversion efficiency of over 7% in organic bulk 

heterojunction organic solar cells (BHJ OSCs) was achieved [51]. TPD acceptor moiety 

is simple, compact, symmetric, and planar structure could be useful for electron 

delocalization when it is integrated into various conjugated polymers [52]. Based on 

that, it appeared probable that TPD enhance intra chain and interchain interactions 

along and between coplanar polymer chains. Its strong electron-withdrawing effect lead 

to low HOMO and LUMO energy levels in order to maximize the OBHJ VOC and then 

improve the PCE [53]. Furthermore, introduce different alkyl side chains on the 

pyrrolering result in good solubility and processability of the copolymers. Finally, 

coplanar structure of TPD and its highly fused allows high crystallinity morphology of 

the active layers which is support charge transport to the corresponding polymer and 

reduces recombination of charge carriers in BHJ films [52].  
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2.4 Hole transport materials 

 

Conjugated donor polymers can be the most promising p-type materials (hole transport) 

for application in OPV devices. This is due to the fact that they have the potential to 

combine their good films forming properties, intensive light absorption, suitable 

HOMO and LUMO levels and high hole mobilities to achieve better electronic 

characteristics that make them much more efficient. There has also been a significant 

rise in the number of publications regarding new polymers over the last few year and 

several review articles have been written in regard to this new development [54-56]. 

The first bulk-heterojunction (BHJ) structures that were based on 

poly(phenylenevinylene) (PPV) were built in 1995 including : poly[2-methoxy-

5(2’ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) and (poly[2-methoxy-5-(3,7-

dimethyloctyloxy)]-1,4-phenylenevinylene (MDMO-PPV) as donor materials [55,57]. 

When these poly-components were combined with fullerene acceptors, the resulting 

components had high PCEs of up to 3.3% [58, 59].  

However, 550 nm is the absorption edges for MEH-PPV and MDMO-PPV which 

corresponding to a band gap of ca. 2.3 eV. Organic solar cells based on these materials 

produced low output current density due to the big mismatch between their absorption 

spectra and the solar irradiation spectrum [60]. Through the progression in research, p-

type polymer poly(3-hexylthiophene) (P3HT) was synthesis and achieved 

approximately 5%  PCE in the  process of optimisation in the application of organic 

solar cells. The performance of the device based on P3HT as donor was affected by 

number of factors including processing conditions, regioregularity and molecular 

weight [61, 62]. Due to the low band gap (1.9 eV), broader absorption band and also 

high hole mobility for P3HT exhibited much better photovoltaic properties. By using 

P3HT as donor material blending with PCBM as acceptor, PCE of over 4% has been 

reported by different researcher. Thus, P3HT has attracted much attention in the OPV 

filed. The absorption band of P3HT/PCBM covers the range from 380 to 670 nm, which 

means that photons with energy between 2.0 and 3.3 eV can be absorbed by the active 

layer, to generate excitons [63]. 
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2.5 Electrodes and buffer layers:  

2.5.1 Transparent conducting electrode: 

 

Conducting films that are transparent and have thin conducting films form a class of 

materials that are able to achieve a large value of conductivity while at the same time 

trying to maintain a transmission that is high within the visible range of the 

electromagnetic spectrum [64]. There has a great deal of research that has been directed 

towards making the thin film coatings commercial. Today, the current commercial 

products are usually based on the n-doped metal oxide films that are normally referred 

to as transparent conducting oxides. These transparent films are applied in a wide range 

of areas including: heat-mirror window-coatings which are used to controll the 

transmission of infrared energy into and out of buildings, use as transparent electrode 

materials in photovoltaic cells, touch-screen technology and flat panel displays e.g. 

liquid crystal displays (LCD), organic light emitting displays (OLED) and plasma 

screen displays [65].  

Indium tin oxide (ITO) was discovered in 1954 by Rupperecht and is identified as the 

first modern transparent conducting oxide (TCO) materials [66]. It is an n-type 

transparent semi-conductor and usually has a wide band gap of approximately 4 eV. 

With the technology today that is growing very rapidly, these properties have made ITO 

to play a very important role in the optical and electronic industries [67] 

 

2.5.2 Top electrode  

 

The cathode works are achieved through extraction of electrons through a strong 

electric field. Cathode materials is supposed to be a metal of low work function so that 

it can be deeper in energy as compared to the LUMOs of the material that acts as the 

acceptor as well as a suitable material for the extraction of electrons. Many of the OPV 

devices made use of metals of low work function like calcium, magnesium or 

aluminium as the cathode material. Among all the metals, aluminium is the most 

commonly used cathode material because of its stability in air. However, VOC does not 

depend on the working of the cathode which is able to support pinning of Fermi level 

that are formed between the cathode and the active layer [68]. The electrons in organic 

molecules are usually highly localized and it is most likely that the Fermi level pinning 
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will form an interfacial dipole which results from the contact between the cathode and 

the active layer hence, which resulting in an equilibrium layer. The formation of dipoles 

results in reduction of the energy barriers that exist between the Fermi levels and the 

acceptors of the LUMO level and this helps in transfer of electrons [69]. Fig. 2.9 show 

the energy diagram for metal/semiconductor contact after interfacial dipole formed. 

 

 

 

 

                                                                                                

 

Figure 2.9: Energy diagram for metal/semiconductor contact after interfacial dipole 

is formed. 

 

 

2.5.3 Buffer layers  

 

One major problem that faces organic solar cells is that it has both the donor polymer 

and the acceptor molecule touching the two electrodes. This results into the formation 

of acceptor electrons at an interface that is located very close to the anode. Therefore, 

if any of the electrons were transferred to the anode, they are likely to recombine very 

easily, resulting in the reduction of the working voltage of the device [70]. It also 

provides an electronic blocking layer between the active layer blend and the anode and 

therefore serves to prevent the transfer of electrons in the acceptor to the anode.  The 

same effect also occurs at the cathode in situations where holes may be produced in the 

HOMO of the polymer at a point very close to the aluminium and the barrier between 

the Fermi level of the metal and the organic semiconductor LUMO is reduced. The 

design however plays a very crucial role in organic tandem solar cells in order to 

achieve a device with a high performance capability. Therefore, for tandem devices that 
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are conventionally built with sub cells connected in series, the layers at the level should 

enable an efficient recombination of charge in order to prevent the sub cells from 

charging again. There is an Ohmic contact that exists between both the intermediate 

layer and the photoactive layer which is very important in reducing the energy loss 

when the charges are entering the intermediate layers as they exit the photoactive layer. 

Analysis conducted in many studies has shown that TiOx, which is an electron transport 

layer, can be inserted together with poly(3,4-ethylenedioxythiophene), 

poly(styrenesulfonate) (PEDOT:PSS),  which act as the hole transport layer, to achieve 

the buffer layer [71,72].  

 

2.6 Organic solar cells structure 

2.6.1 Single layer organic solar cell 

 

The first photovoltaic solar cells contains two electrodes with a semiconductor layer 

between them and these two electrodes have different work functions. ITO   was used 

normally due to the high transparency and it has also high work function. However, the 

second electrode which has a low work function can be aluminium, gold, silver, calcium 

with a layer of aluminium on top of it or lithium fluoride capped by aluminium [73, 74 

].  Figure 2.10(a) show a typical solar cell structure and Fig.2.10 (b) shows schematic 

energy-band diagram of an organic single layer solar cell. The difference in the work 

function between the electrodes creates an electric current through the active layer to 

separate the exciton (electron-hole pairs formed when a photon is absorbed by a 

semiconductor  and are attracted to each other by Coulomb's electrostatic attraction) 

[73]. However, the efficiency for this device is very low due to low charge mobility 

through the organic semiconductor layer, which has short exciton diffusion length about 

10 nm where the light absorption length is 100 nm. The electric current which flows 

through the semiconductor layer is not sufficient to separate the exition effectively. 

Furthermore, the possibility for the charges to recombine with holes is high rather than 

to reach the interface between the semiconductor layer and cathode. The best recorded 

efficiency for this type of structures was 0.3% from doped conjugated materials [73]. 

To overcome this limitation bilayer heterojunction structures were introduced [74-76].  
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Figure 2.10: a) structure of a single layer solar cell b) energy band diagram of a 

single layer solar cell. 
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2.6.2 Bilayer organic solar cell  

 

With the introduction of the bilayer heterojuction solar cells, charge separation and 

PCEs became more efficient. In this case, p-type (hole transport material) and n-type 

(electron transport material) are put together in a stack and result in an interface that is 

planar in nature. In 1986 Tang reported a bilayer heterojuction solar cell and it was 

shown to have a remarkably improved efficiency of about 1% for a photovoltaic cell 

that is two layered and consists of copper phtalocyanine which acts as the donor and 

perylene which plays the role of an acceptor [77]. In another case whereby the 

possibility of band bending at the interface between the semiconductor and the metal 

being neglected and this calls for a suitable offset for the energy between the LUMO 

that is contained in the donor and that of the acceptor and also the HOMO of the donor 

as well as that of the acceptor. This results in creation of a potential drop and the 

formation of a heterojuction when the two materials come into contact. In a case where 

an excitation is created in the donor, the electron is left to exist in the LUMO of the 

excited state of the donor and it can therefore be transferred to the acceptors’ LUMO. 

For this type of photoinduced electron transfer to happen, there must be a bigger energy 

offset than the excitation energy that binds the coulomb and thus it is possible to 

overcome coulomb interaction and then separate the excitation into free charges [78]. 

The same case can be applied for all the reverse hole transfers from an acceptor excited 

state. The excitation must be created at a point that is close to the interface of the donor 

and the acceptor in order to be able to reach the heterojunction within the diffusion 

length of the excitation. After the excitation has been separated, it is then possible to 

transport the free charges to the electrodes whereby the holes are able to travel within 

the donor and the electrons within the acceptor [79]. This concept is advantageous as 

recombination is minimized and therefore the holes and electrons are separated. For the 

extraction of the charges to be conducted efficiently, the electrodes are supposed to 

match the donor HOMO and the acceptor LUMO [80]. To prove this argument, the 

vacuum deposited copper pthalocyanine/C60 film was proved to give out 

approximately 3.6% PCE within the architecture of this device [40]. However, the main 

disadvantage of this concept is that it makes it possible for exclusive excitations to be 

able to contribute to the charge generation which in return hampers the performance of 

the device. It also requires orthogonal solvents for the purpose of solution processing 

of the two organic layers and this limits its capability. Therefore it is important that 
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understand that most of the bilayered devices are usually fabricated by thermal 

evaporation process which is normally more expensive and much more complicated to 

carry out as compared to the process of solution processing. The bilayer concept has 

however been expanded and developed extensively by Chang et al using halogen-free 

solvents and devices with PCE exceeded 7% were reported [81]. In order to improve 

the exciton diffusion length at the interface bulk heterojunction structures were 

introduced. Figure 2.11 show the structure of an organic bilayer heterojunction solar 

cell and the energy band diagram of bilayer heterojunction cell.  
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            (b) 

Figure 2.11: a) Device structure of an organic bilayer heterojunction solar cell b) the 

energy band diagram of a bilayer heterojunction cell. 
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 2.6.3 Bulk Heterojunction (BHJ) organic solar cells  

 

The invention of the concept of bulk heterojunction (BHJ) created a major breakthrough 

in OPVs. This was put into reality by Heeger and Friend in 1995 [57,82]. The donating 

and the accepting materials are mixed in an intimate way so that they form an 

interpenetrating network that is three dimensional. Most of the BHJ devices usually 

comprise of a number of components but at least one of them is a polymer 

semiconductor and this is usually a conjugated polymer. They have a bicontinous 

network that is usually organized on a nanometer and this result into a large interface 

area and thus every excitation that is created is able to reach the interface that is 

acceptable to the donor within its diffusion length. Thus, the possibility of 

recombination reduces resulting in higher JSC. To compare this with the bilayer device, 

the interface area is massively increased and this ensures that a very efficient 

photoinduced charge transfer exists. Durrant and co-workers recently carried out 

insightful review into the photogeneration of charge in the organic BHJ solar cells [83]. 

An excitation that has been created in the polymer phase is capable of undergoing an 

electron transfer from the polymer to the acceptor and this results in the formation of 

an interfacial charge transfer state which then relaxes thermally with an electron hole 

separation distance (thermalization length). The state of charge transfer is then able to 

undergo germinate recombination either back to the zero ground state or a triplet 

excitation. Otherwise, free charge carriers can form and migrate towards the respective 

electrodes. According to Onsager theory, the probability of the desired dissociation into 

free charges is usually dependent on the ratio of the separation distance (a) and the 

coulomb capture radius (rc). If a bigger domain exists, this may favour the dissociation 

of the charge transfer state and also less efficient excitation diffusion to the interface 

[84]. The charge transfer is capable of raising its energy level hence decreasing the 

barrier that exists between the charges separation but this is dependent on the size and 

bulkiness of the solubilizing components of the polymer backbone. These results 

therefore show that the molecular design of a device impact both the morphology and 

the charge photogeneration directly. In order to avoid any form of bimolecular 

recombination losses, a high interface area must be present and sufficient percolation 

pathways must be created. The morphology has a substantial influence on the 

performance of the devices and this point out the process of controlling and tuning the 

morphology as its plays a very crucial role [85, 86]. The interfaces of both the organic 
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materials and the electrodes are also decisive as well. Buffer layer introduced to avoid 

situations where the charge carriers reach the opposite electrodes and also so as to 

maximise the VOC [87]. In order to be able to realize highly efficient OPV cells we need 

to have a comprehensive understanding of the complex interplay of the design of 

materials, the processing conditions and the morphology. Another key benefit of BHJ 

cells in comparison to bilayer devices is that they have an easier processing capability 

from solution where bilayers solution processed require orthogonal solvent systems, in 

order to avoid dissolve the underlying layer through processing and this limits the 

choice of materials which can be used. In the BHJ devices, it is possible for the active 

layer to be deposited from one solution using several film deposition techniques which 

include: spin coating and doctor blading methods. The process of films drying has a 

great influence on the morphology of the bulk heterojuntion.  The heterojunctions are 

often influenced by the poor morphological stability due to an increase in the phase 

segregation of any two compounds in question and this usually results in degradation 

of the device [80, 82, 88-93]. The most widely used is the thermal annealing and it 

normally functions to alter the morphology. Applying thermal annealing has also been 

shown to enhance phase separation which somehow improves the performance of the 

device [94-96]. In order to be able to have a better understanding on how to blend the 

morphology and its influence on the solar cell characteristics,  several techniques  can 

be use for the characterization of BHJ including: Atomic force microscopy (AFM) and 

Scanning electron microscopy (SEM) and Transmission electron microscopy (TEM). 

AFM can gain High resolution information about surface topography and the surface 

distribution of donor and acceptor [80]. Figure 2.12 shows the structure of an organic 

bulk heterojunction (BHJ) solar cell as well as the energy band diagram of the cell.  
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Figure 2.12: a) Device structure of an organic bulk heterojunction (BHJ) solar cell; 

b) energy band diagram of a BHJ cell. 
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2.6.4 Tandem (multijunction) organic solar cells 

 

Tandem solar cell structures can be used to overcome the thermalisation losses 

mechanism in single junction device where organic tandem solar cells structure is a 

combine of two (or more) single heterojunction organic solar cells in one structure 

called multi-junction solar cells (tandem solar cells) as shown in Fig. 2. 13. This 

structure contains different active layers in each single heterojunction organic solar 

cells where each active layer formed from two materials: donor material and acceptor 

material [97, 98]. In most cases, two sub cells are connected in series through a 

recombination layer where holes from one sub cell meet electrons from the other. The 

open-circuit voltage is the summation of each sub cell, and the overall current is limited 

by the sub cell that has the smallest photocurrent. In an ideal situation both sub cells 

should generate the same photocurrent in order to minimize losses. Three-terminal (3T) 

tandem devices are an alternative option that eliminates the need of current matching, 

while potential losses in terms of unbalanced photovoltages would be less dramatic for 

the performance of the cell. However, the parallel-connection is more difficult to adapt 

and optimize [99]. From this discussion, it was noted that the multi junction solar cells 

have a structure that makes them effective solutions to be used for thermalization losses 

during the process of conversion of photons to electrons. The combination of both the 

wide and small band gap polymers in the configuration of a tandem to enable the 

coverage of both the invisible and infrared ranges of the solar spectrum. Referring to 

Kirchhoff’s law, the equal current are able to flow through the sub cells and therefore 

the total voltage becomes the summation of the voltages of the sub cells. The active 

layers are usually separated by an intermediate contact in serial connection. This contact 

usually is composed of an electron transport layer that collects electron from one sub 

cell to the other and also a hole transporting layer that is tasked with the collection of 

holes from the other sub cells. In order to avoid loss of voltage at the interfaces, the 

opposite charges must therefore meet at a point where the energy levels are the same. 

Transparency is also required in the intermediate contact, when dealing with solution 

processing, it is very crucial that these layers are used to prevent the impairment of the 

first active layer when the second active layer is being deposited.  The energy levels of 

the electron transport (ET) and hole transport (HT) layers are aligned to both the LUMO 

acceptor and the HOMO donor respectively. Also at the ET/HT interface, the layers are 

aligned so that the voltage loss is minimized. A modification of the thickness of the two 
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layers causes a redistribution of the optical electric field that is inside the solar cell and 

this enables an extra tool that is used for optimization of the tandem solar cells [100-

102]. At the ET/HT interface, the electrons are then extracted from the front cell and 

are then recombined with the holes that have been collected from the back cell. Thus, 

PEDOT: PSS and metal oxide (NiO, MoO3, V2O5, WO3 and ITO) based HT layers 

are commonly used in single junction and polymer tandem solar cells, while ZnO, TiOx 

and Cs2CO are widely applied as ET layer [103-111]. The power conversion was shown 

to reach approximately 40% in the inorganic tandem cells while the organic structures 

reached about 11.1% [112-113]. Figure 2.13 shows the schematic structure of organic 

tandem solar cell and the energy band diagram of organic tandem solar cell.  
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                                                                          (a) 

 

 

 

 

 

          (b) 

Figure 2.13: a) Device of an organic tandem solar cell; b) energy band diagram of 

organic tandem solar cell. 
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2.7 Basic operation principles of Organic solar cells 

The difference between solar cells based on the inorganic semiconductors and organic 

semiconductors is that in solar cells that have been created from inorganic 

semiconductors, the photons are converted directly into carriers of direct charge and the 

carriers are then collected at the appropriate electrodes. In organic photovoltaic devices, 

a molecule that is photo excited leads to formation of pair’s holes and electrons that are 

referred to as excitons which are composed of charge carriers and they usually have 

energies that bind them from 0.05 to over 1 e.V [114]. They are capable of undergoing 

diffusion over a length of about 5-15 nm and then decay either in a radiative way or 

non-radiative way. The process of generation of power from organic photovoltaic 

devices can be broken down into several stages. First, the light is absorbed and this 

leads to the generation of excitons which then diffuse and dissociate when they reach 

the interface. The holes and electrons that result from this dissociation process are then 

transported to appropriate electrodes so that a photovoltage can be generated and in 

cases where an external circuit is present, current is driven around it. Figure 2.14 shows 

these stages and further illustrated in the relevant sections.  
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Figure 2.14: diagram illustrate the power generation in an organic solar cell. 

 

2.7.1 Light absorption and exciton generation  

The process of absorption in semiconductors usually occurs when a photon that have 

an energy equal to or greater than the bandgap of the semiconductor material absorbed. 

This photon is able to promote an electron from the HOMO to the LUMO leaving 

behind a vacant space in the previous level, referred to as a hole.  The hole is capable 

of forming a coulombic attraction together with the electron which is referred to as an 

exciton state [115,116]. Figure 2.15 shows exciton binding energy. 
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  2.7.2 Exiton migration and dissociation  

The possibility of dissociating an exciton is normally made available by the creation of 

a heterojunction between two organic semiconductors whereby the second 

semiconductor can be selected such that the electron that results from the exciton can 

be able to drop into it. This releases the energy difference that exists between the LUMO 

and the HOMO therefore, breaking the bound states. Dissociation only occurs when the 

excitons from the donor where ΔLUMO > EB (donor) and for the excitons from the 

acceptor, ΔHOMO > EB (acceptor). This method of carrying out dissociation requires 

that the excitation reaches the interface that exists between the two semiconductors. 

Since an excitation has no charge at all, an external electric field cannot therefore be 

used to either make sure that dissociation is accomplished or it is driven towards an 

interface. However for excitons to reach the interface this can only be accomplished 

through transfer of energy to adjacent molecules (hopping process)   [117]. The mobility 

of excitons in the range of 10 nm, which is called the exciton diffusion length. The 

exciton have very small lifetime of few picoseconds if not seperated the excitons will 

recombine. Thus, exciton diffusion length (and lifetime) plays a critical role in 

performance of organic solar cells [118].  
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Figure 2.15: Excition binding energy  
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2.7.3 Charges transport and collection 

 

After free charges have been generated at the interface, it is required that they reach the 

external circuit in an OPV device, the holes can be transported through the material that 

acts as the electron donor while the electrons can be transported though the material 

that acts as the  electron acceptor. There have been some recent developments in the 

modification of the electrodes using ultra-thin internal layers such as metal oxides like 

TiOx and ZnOx to give a perfect match to the energy levels of the organic 

semiconductors [118-119]. This can be done by using an electron transporter layer 

(ETL) on the acceptor side with a work function less than the LUMO level of the 

acceptor to facilitate the collection of the electron from the acceptor. On the other hand, 

a hole transporter layer (HTL) can be used on the donor side with a work function higher 

than the HOMO level of the donor to facilitate the collection of the electron from the 

donor [120]. 

 

 

2.8 Electrical Characterisation of organic solar cells  

 2.8.1 Equivalent circuit diagram of organic solar cells  

 
It is important to understand the electrical model of a solar cell before the discussion of 

the electrical properties of organic solar cells. It can be modelled by a diode parallel 

with a current source in an ideal case but practically a series and a shunt resistance is 

supposed to be included in the model in a way that; the shunt resistor Rsh is availed to 

recombination of charge carriers around the dissociation area and the series resistor Rs 

considers free migration or movement of charge carriers in the transport medium. 

Figure 2. 16 shows the typical equivalent circuit for solar cell, ideally Rs  = 0 and Rsh = 

∞ [121].  
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Figure 2.16: Equivalent circuit diagram of organic solar cells. 

 

The current source (I1) represents the produced current from the incident light and the 

diode explains the nonlinearity of the I-V curve. It is only when the series resistor drops 

down to zero that the circuit`s I-V characteristic equals the ideal diode and the shunt 

resistor moves to infinity. The material conductivity, thickness of the proactive layer 

and impurity concentrations are usually responsible for series resistor in solar cells as 

it comes from the charge carrier recombination mostly at the surface of the donor-

acceptor junction. The shunt resistance (Rsh) can be calculated from the reverse bias of 

the illuminated I-V where the current change linearly with bias voltage. However, the 

serial resistance (Rs) can be calculated from the slop of the illuminated I-V under high 

forwarded bias voltage (V >VOC).   Increasing the Rs lower the short circuit current (ISC) 

and decrease the fill factor of the solar cells while decreasing Rsh affect the VOC and 

then the FF [122].     

 

2.8.2 Current-voltage characterisation 

 

After having done a review of the major technologies of the solar, shall then look at the 

fundamental electrical characteristics that are similar to all solar cells. For most 

workable inorganic and organic solar cells, characteristics of the current-density to 

voltage (J-V) take after the exponential response of a diode with low current in reverse 

bias and high current in forward bias when carried out in a dark place. A photocurrent 

in the cell builds up when light is directed on a device besides the diode characteristic, 
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and the superposition of the dark characteristic and the photocurrent are basically the 

J-V characteristic under lighting. Shockley equation perfectly describes the J-V 

characteristics of the device and also the photocurrent term, Jph: 

                                        J= J0 [exp (eV/ nkT) -1]-Jph 

Where J is the current density, J0 is the reverse saturation current density of the diode,e 

the elementary charge, V is the applied voltage, n is the ideality factor, k is the 

Boltzmann constant and T is temperature [118]. In fact, the photocurrent will be 

dependent on the applied voltage and similarly the lighting affects the diode’s 

characteristics. 

Figure 2.17 shows the J-V plot for a typical solar cell in the dark; under illumination. 

The consider performance parameters from the J-V curve of a solar cell under a known 

illumination source are open-circuit voltage (VOC), short-circuit current density (JSC), 

fill factor (FF), and power conversion efficiency (PCE).  

 

Figure 2.17: shows the J-V plot for a typical solar cell in the dark and under 

illumination. 
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Figure 2.18: Effect of the series resistance RS and the shunt resistance RSH  

on the shape of an I-V curve 

 

2.8.2.1 Open-circuit voltage 

 

When J= 0, VOC is the open circuit voltage across the cell at that point similar to the 

same device open-circuited. No power is generated at the voltage cause power = 

current*voltage and J = 0. Nonetheless, the voltage boundaries within which power can 

be generate are defined by the VOC. The point at which the processes of production of 

photocurrent and dark current compensate one another is the open-circuit voltage [124]. 

 

2.8.2.2 Short-circuit current 

 

When V=0, the current density is the short-circuit current density JSC, same to VOC, 

which are in similar conditions as the two cell’s electrodes being short-circuited. Here 

too, no power is generated but the start of power generation is marked by the JSC. In 

practical devices, the photocurrent density will be equal to the JSC. JSC is technically 

negative with the conventions signs used here but reviews of varying JSC values will be 

majorly on its magnitude and treat it as a positive integer. For instance a higher JSC is 

correspondent to a high Jph [125]. 
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2.8.2.3 Fill-factor 

 

The ultimate power density generated Pmax happens at the voltage Vmax and current 

density Jmax where the resultant product of J and V is at a minimum or highest in 

absolute value. This is so while JSC and VOC define the power production boundaries in 

a solar cells. Due to the diode characteristic and increased resistance and recombination 

losses, Jmax and Vmax are less than JSC and VOC, respectively. FF can be defining as:  

FF=  
𝐽𝑚𝑎𝑥 𝑋 𝑉𝑚𝑎𝑥

𝐽𝑆𝐶 𝑋 𝑉𝑂𝐶 
 

FF to the power generation demarcations of JSC and VOC and also indicates the acute 

bend in the exponentiated J-V curve linking JSC  and VOC. High FF is desired because it 

is related to higher maximum power; nevertheless, the diode-like characteristic of solar 

cells results in FF always being less than one. Something must be done to enhance 

device quality because devices with high |JSC| and VOC can still have low FF [126]. 

 

2.8.2.4 Power conversion efficiency  

 

The power conversion efficiency defined as the percentage irradiance IL (light power 

per unit area) which is transformed into output power (Plight) is the most discussed 

performance parameter of a solar cell. Having the point where the cell operates on the 

J-V curve varying depending on the load, the highest output power is used to calculate 

efficiency to enhance consistency. The efficiency can be written as following:  

 

                                         PCE = 
 𝐽𝑚𝑎𝑥𝑋 𝑉𝑚𝑎𝑥

𝑃𝑙𝑖𝑔ℎ𝑡
 x 100 % = 

𝐹𝐹 𝑋 𝐽𝑆𝐶𝑋 𝑉𝑜𝑐

𝑃𝑙𝑖𝑔ℎ𝑡
 x100 % 

This equation give evidence that FF, JSC and VOC all affect PCE directly. Moreover, the 

area used in calculation of J affects PCE and it is obligatory to include inactive areas 

vital to the solar cells for example grids and interconnects when probably working out 

efficiency value for large area devices or modules. How effective the space occupied 

by a cell is put into use is determined by the power conversion efficiency. Higher PCE 
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is often desirable because vast areas require more resources to cover with solar cells. 

The trade-offs between PCE and cost per solar cell must be balanced. The power and 

spectrum of the light source are core factors are determining power conversion 

efficiency because solar cells do not absorb and convert photons to electrons at all 

wavelengths with same efficiency. A standard spectrum is picked for working out PCE 

so as to effectively draw comparisons between different solar cells. The AM1.5 G 

spectrum is the most widely used standard spectrum for calculating and comparing the 

performance of photovoltaic that are intended for outdoor use despite the fact that the 

spectrum of the sunlight at the earth’s surface varies with location, cloud coverage plus 

other factors [127].  

In this work, thin films of PAMAM (see Section 2.2) with different generations are 

used as the acceptor for different solar cell structures as explained in Section 2.6. The 

photovoltaic behaviours were explained with reference to the theoretical background in 

Section 2.8.   
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Chapter 3 

Materials and Experimental Techniques 

 

3.1 Introduction 

In this chapter various experimental methods and techniques used during this work are 

described. The choice of process used in this work is determined by the nature of the 

material and the required properties of the device. Materials and techniques employed 

to fabricate organic solar cell are described in the first part of this chapter. The 

fabrication process was carried out in a class 1000 clean room to minimize atmospheric 

contamination. The second part outlines the equipment used for studying the electrical 

properties and morphology of organic solar cell devices.  

The research in this thesis includes the fabrication of different types of devices with 

different materials, i.e. organic bilayer heterojunction solar cells (OHJ), organic bulk 

heterojunction solar cells and organic tandem solar cells, while most of the 

experimental techniques were similar. Section 3.2 describes all the materials used in 

this research. Section 3.3 explained the main techniques of film deposition that have 

been used in this work. The description of the general experimental details for the 

fabrication of devices can be found in Section 3.4. However, the detailed experimental 

procedures for fabrication of any device will be described in the main section of that 

device. In Section 3.4.3 atomic force microscopy (AFM) used to study the surface 

morphology of films is briefly explained. The UV-visible absorption spectra of the 

various materials used in the construction of organic solar cells were obtained using a 

Hitachi Model U-2000 Double Beam Ultra-Violet/Visible (UV/VIS) 

spectrophotometer as described in section 3.4.4.3. Finally, the design of vacuum system 

setup and the electrical characteristics measurements setups are summarised in Section 

3.4.4.1 and 3.4.4.2.  
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3.2 Materials 

 

Poly(3-hexylthiophene-2,5-diyl) (P3HT) was purchased from Sigma-Aldrich. Titanium 

oxide (TiOx) and Poly(amidoamine) (PAMAM) dendritic wedges were synthesized in 

the School of Chemistry, Bangor University. Poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate) (PEDOT: PSS) solutions (CLEVIOS AL 4083) and pH500 were 

purchased from Heraeus. IC70BA was purchased from Solaris Chem Inc. 

 

3.2.1 Poly(3-hexylthiophene-2,5-diyl) (P3HT) 

 

Regio-regular poly (3-hexylthiophene) (P3HT) is used as an electron donor/hole 

transporter and light absorber. Regio-regular implies that each 3- hexylthiophene unit 

in the chain in this polymer is oriented in such a way that the C6H13 residue group is 

either head to tail or head to head [1, 2]. Due to this property the polymer has the 

qualities of better ordering and self-organisation during deposition, meaning that the 

device mobility is increased substantially [3, 4]. The chemical structure of the material 

is shown in Fig. 3.1. 

 

 

 

Figure 3.1: Poly(3-hexylthiophene-2,5-diyl) chemical structure 
 

The optical and electrical properties of the P3HT have been used to estimate the HOMO 

level at 5.1 eV, LUMO level 3.2 eV and the bandgap 1.9 eV [1, 5]. P3HT can be used 

as a hole transporting polymer for improving PCE or blend OPV cells [6]. A blend of 

OPV cell was fabricated by Gang Li et al. (2005) using fullerene derivative [6,6]-

phenyl-C61-butyric acid methyl ester (PCBM) and P3HT soluble C60 derivative. After 

PCBM blend solutions were casted on PEDOT: PSS/ITO, evaporation rates were varied 

to control the morphology of the blend film.  
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A well-mixed blend film was then formed by PCBM and P3HT during solvent 

annealing, as P3HT formed a crystalline fibril-like morphology embedded with PCBM 

aggregates [7, 8]. The hole mobility of the blend PCBM-P3HT conjugated polymer is 

reported to increase because of the blended layers’ phase separated morphology. The 

absorption efficiency of the conjugated polymer is also improved as the p3HT 

aggregates and forms fibril-like crystalline morphology [6]. In general, P3HT thin film 

serves as an electron donor during photoexcitation and has a high hole mobility, 

approximately 10-3 cm2 V-1 s-1 in thin poorly organized films and approximately 2 × 10-

1 cm2 V-1 s-1 in well crystallized films. The P3HT has a 550 nm wavelength optical 

absorption peak and a broad absorption spectrum of 400 to 650 nm, rich region energy 

regarding to the solar spectrum at 1.5 AM [9-11]. 

 

 

3.2.2 Poly(amidoamine) (PAMAM) dendritic wedges  

 

Dendrimers and dendritic polymers found great applications in the last few years due 

to their unique structures as well as biological and physical properties that can be 

precisely controlled [12-13]. For this reason the material is used to develop 

multifunctional nano-scale devices. Dendrimers are regularly hyperbranched, 

nanometer-sized (2-10 nm diameter), flexible, monodispersed macromolecules that 

have many peripheral functional groups [14, 15].  

Their high degree of branching facilitates facile multifunctionalisation as it is possible 

to conjugate multiple biological and chemical moieties at their surfaces [12, 16]. 

Dendrimers have two functional domains (core and branches) in addition to the 

peripheral domains that enable their tuning in order to alter their properties such as 

surface charge, molecular size and weight, and functionality. They have garnered a 

great deal of interest in the last few decades because of their applicability as molecular 

scaffolds, which can be used in the development of catalytic nanoreactors, liquid 

crystals, light harvesting systems and drug delivery systems [17,18]. Light harvesting 

assemblies made of dendrimers have also been greatly explored because of their unique 

properties and structures. Their globular shape offers a large surface area which can be 

modified using chromophores that results in an efficient photon capture and large 

absorption cross-section [18-20]. The structure of dendrimers is characterized by layers 

between generations (G) or focal points [21]. PAMAM (polyamidoamines) are a 
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popular class of commercially used dendrimers and the use of their flexible aliphatic 

bone as a scaffold in developing light harvesting antennae could help the development 

of new high efficiency energy transfer systems [22]. Fluorophores like 1, 8-

naphthalimide derivatives are some of the PAMAM light harvesting antennae that are 

particularly useful. These derivatives have good photostability and strong fluorescence 

because of which they are used in various applications such as anticancer agents, laser 

active media, coloration of polymers, analgesics in medicine, fluorescent markers in 

biology, potential photosensitive biological units, fluorescence switchers, liquid crystal 

displays and electroluminescent materials [23-25]. 

 

 

 

                                      Figure 3.2: PAMAM Dendrimer generation 2.  
  

 

PAMAM generation 2 poly(amidoamine) (Fig. 3.2) has been reportedly used as an 

electron-collection interlayer material placed between the ITO and active layer of 

inverted organic solar cells (OSCs). Under AM1.5G illumination, these OSCs were 

found to have a power conversion efficiency of 3.53%, a figure greater than that of 

control inverted OSCs blank ITO. It is also comparable with that of control OSCs 

having normal architecture [26]. PAMAM dendrimers were originally developed in 

1979 by Donald Tomalia and have primary amine groups and tertiary amine groups at 

each brand end and at each branching point, respectively.  They also possess an amido 

amine branching structure and an ethylene diamine core. Those with amine-terminated 

branches are commercially available as cationic “full” generations (G1, G2, etc.) and 

those with carboxylic acid terminated branches are available as anionic “half” 

generations (G1.5, G2.5, etc.) [27-32]. Tomalia’s first dendrimer was a result of the 

reaction of an ammonia core with three methylacrylate molecules followed by three 

ethylenediamine molecules addition that resulted in the formation of G0 amidoamine. 
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These two steps were continued to produce successive amidoamine generations through 

which the terminal amine groups were doubled each time [33].  

PAMAM dendrimers have been employed in chemical sensors, light harvesting 

devices, gene transfer, cross link agent, polymer based drug delivery and imaging 

contrast agent technology [34-36]. Lower generation PAMAM dendrimers have an 

elliptical or planar shape while the higher generation ones are spherical because of the 

densely packed branches as shown in Fig. 3.3. They can be prepared through two routes, 

one is the convergent approach and the other is the divergent approach. The convergent 

approach involves synthesis at the periphery and proceeds inwards while the divergent 

approach is vice versa [37-39]. The structure and properties of Poly(amidoamine) 

(PAMAM) dendrimers have been of particular interest to scientists as the physical 

properties of their solutes and their adaptability to studies of droplet evaporation are 

unique. Their molecular structure is highly controllable and they can be easily 

synthesised in large amounts [40-44]. 
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Figure 3.3: PAMAM dendrimers shapes from G1 to G9 [45]. 

 

 

3.2.3 Indene-C70 bisadduct (IC70BA) 

 

Buckminsterfullerenes are aromatic, stable, spherical shaped clusters discovered in 

1985, consisting of 60 carbon atoms (C60) [46]. Because of their electroactive 

properties, they have gained significant attention. C60 is readily available and acts as 

electron acceptor that has high electron mobility and accepts up to six electrons when 

in solution [47]. It has limited solubility and therefore, its deposition is primarily 

achieved through vacuum deposition. It is widely applied in bilayer heterojunction 

(BHJ) solar cells that have high efficiencies of up to 3.6% with a copper phtalocyanine 

donor [48]. In 1995, Hummelen and co-workers had reported Phenyl-C61-butyric acid 

methyl ester (PC61BM), a methano-fullerene derivative as a soluble C60 version [49]. 

Efficient charge separation in BHJ solar cells resulting due to ultrafast photoinduced 

electron transfer to PCBM from a p-type polymer was also reported that year [50]. 
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These two discoveries propelled organic solar cell development further. PCBM is the 

most widely used acceptor in OPV. Its spherical shape offers it advantage over other 

planar semiconductors because 3D electron transport is possible in it. However, the 

main drawback is the weak absorption of visible light. In order to address this, a C70 

analogue of it, called the PC71BM was developed to have a higher photocurrent in OPV 

devices as it had a stronger absorption in the solar spectrum’s blue region [51]. 

Currently, solar cells are highly optimized and those incorporating the C60 and C70 

analogues reach more than 8% PCE in conjunction with suitable low-band gap 

polymers [52, 53]. Materials with lower LUMO have been implemented for bringing 

about further improvements. Solubilising groups are also being attached to the fullerene 

core in order to enable the tuning of their LUMO and HOMO levels and also to allow 

the organic electronic devices (OED’s) solution processing. Various mono, bis and tris 

adducts have also been developed to take advantage of the changes in LUMO levels 

and also to achieve higher open circuit voltage (VOC). For instance, Indene-C60 

bisadduct (IC60BA) that has a LUMO level at 3.74 eV (0.17 eV up-shifted than that of 

PCBM) shows superior photovoltaic performance at 0.84 V VOC and 6.48% PCE when 

used P3HT-based OSCs as acceptor [54]. Indene-C70 bisadduct (IC70BA) has also 

been synthesized at a higher LUMO level of 3.72 eV (0.19 eV higher than that of 

PCBM). P3HT/IC70BA PSCs with methyl-thiophene additives have been shown to 

have higher PCEs of up to 6.69% with a 0.86 V VOC upon using pre-thermal annealing 

for 10 minutes at 1500C [55]. Figure 3.4 shows the chemical structure for different C60-

based fullerene derivatives. 
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Figure 3.4: Chemical structures of fullerene derivatives used in OPV devices. 
 

 

 

 

3.2.4 Poly(3,4-ethylenedioxythiophene) poly (styrenesulfonate) (PEDOT: 

PSS)   

 

Poly (3, 4-ethylenedioxythiophene) poly (styrenesulfonate) (PEDOT: PSS) is used in 

organic electronics because of its hole conducting properties. It was earlier used as 

active layer in transistors, buffers or electrode material between dielectric material and 

the gate electrode [56-58]. It has a number of advantages such as good thermal stability, 

high transparency, and mechanical flexibility. Because of these properties, it has been 

used in OSCs as an anode buffer layer [48, 59]. It is one of the best hole-conducting 

buffers as it has a high ionization potential that is almost equal to ITO work function, 

while its electron affinity is 2.2 eV, which is adequately low for blocking electrons [60]. 

It is a single component polymer with two ionomers. The first component (PEDOT) is 
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a polythiophene polymer carrying positive charge while the other component (PSS) is 

a sodium polystyrene sulfonate polymer carrying negative charge. The mixture 

PEDOT: PSS is used for improving the ITO-anode contact [61, 62]. Figure 3.5 shows 

the chemical structure of PEDOT-PSS. 

 

 

 

 

 

 

Figure 3.5: PEDOT, PSS and PEDOT: PSS structures. 
 

 

 

3.2.5 Titaniom oxide (TiOx)  

 

Titaniom oxide (TiOx) in its amorphous form is an equally good electron transfer layer 

(ETL) as crystalline TiO2 after optimization. It is also as good as zinc oxide as an 

electron transfer layer because it is characterized with high transparency in the visible 

range and high electron mobility [63-65]. Studies have shown that it is possible to create 

a TiOx electron transfer layer from a solution at room temperature without the need for 

an annealing process after deposition [66]. It has been demonstrated that such a layer 
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was equally good to calcium in extracting electrons from a heterojunction device, 

leading to the confirmation that TiOx has the right energy level for being an efficient 

electron transfer layer in combination with active blends. It has also been reported that 

the TiOx properties are the same when deposition occurs in a glove box or in air, an 

important requirement for their application in roll-to-roll manufacturing [66]. TiOx has 

been used in a variety of electronic devices such as in solar cells as an ETL, thin film 

transistors (TFTs) as channel material and as energy harvesting device possessing 

piezoelectric properties. Electron mobility of TiOx films is found to be 1.7 x 10-4 cm2 

V-1 s-1, with 4.4 eV LUMO level close to Al work function, making it an efficient in 

electron transport. Its large band gap blocks excitons and holes efficiently [67].  

A device enhancement was reported by Hayakawa et al. for a TiOx layer over the active 

layer but with a small rise in short circuit current density (JSC). Because of its superior 

hole blocking properties, increase in rectification ratio and shunt resistance (Rsh) have 

contributed to improvements in full factor (FF) as well as (VOC), while the layer also 

acts as a barrier against chemical degradation and physical damage [68]. The TiOx layer 

also acts as an optical spacer that optimizes efficiency by redistributing the intensity of 

light. It has also been demonstrated that TiOx layer improves air stability by almost two 

orders of magnitude. It acts as an electron transport layer and as a hole blocking layer 

as the top of the TiOx valence band is electronegative, 8.1 eV below vacuum. The layer 

acts as a charge selective collection layer and also breaks the symmetry, because of 

which it results in open circuit voltage [63]. 

 

 

3.3 Experimental techniques  

3.3.1 Spin coating  

 

Spin coating technique has been used for deposition of thin films for several decades 

[68]. It can be used for all types of solutions (generally polymers) on flat areas, e.g. 

glass or plastic. The process starts by applying a small amount of solution (coating 

materials) into the centre of the flat substrate, which is held by a vacuum chuck during 

the coating process as shown in Fig. 3.6. Then the substrate starts to rotate at a fixed 

speed, typically about several thousand rpm. The applied solution spreads outwards as 

the substrate is rotating. Organic materials thin films can be produced with thicknesses 

ranging from nanometers to micrometers using spin coating. 
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Figure 3.6: Stages of the spin coating process. 
 

The theoretical model for the spin coating process that predicts the relationship between 

the thickness of the spun film d, viscosity coefficient of the solution η, material density 

ρ, the angular velocity of the spinning ω, and the spinning time t is [69]:  

 

                d = (η/ (4π ρ ω2)1/2 t -1/2                (3.1) 

 

The final film thickness also rely on  other factors, such as the drying rate (temperature 

per minute), viscosity, surface tension, concentration of solids, etc. However, the spin 

speed is the most important factor of the spin process to determine the final film 

thickness.  

 

 

3.3.2 Thermal evaporation  

 

The physical vapour deposition of metal (Al cathode) were carried out by thermal 

evaporation using a Kurt. J. Lesker mini-spectros system as shown in Fig. 3.7. The 

electrical energy was used to heat a filament which led to heat the deposition material 

to evaporation point. A shadow mask was used to create a pattern of the thin film where 

the vapour material form a thin film on the cold substrate surface at this pattern. This 

process performed at very high levels of vacuum about 10-4 Torr, allowing for a long 

Applying solution  Spread Spin 

Low rpm  High rpm  
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mean free path to reduce film impurities. Low pressures of about 1 x 10-7 Torr was used 

to prevent reaction between the vaporized materials and the atmosphere. Quartz crystal 

sensor (QCS) was used to monitor the film thickness and the Sigma software used to 

control the processes of film deposition.  

 

 

 

Figure 3.7: Kurt Lesker mini-spectros system diagram. 

 

 

 3.4 Experimental details 

 

3.4.1 Substrate preparation 

 

ITO glass substrates were cut into small pieces with dimensions of 2.5 cm x 2 cm. Each 

of these substrate slides produces four devices through a shadow mask. The substrates 

were cleaned with soap, warm water and deionised water, then were placed on a 

cleanroom wipe inside the fume hood. A few drops of acetone were dispensed from the 

acetone bottle onto the substrates to remove the photo resist. The substrates were wiped 

gently with a cleanroom wipe to remove the solvent and any remaining photoresists and 

were placed on a clean tissue. Glass substrates were arranged in a specially designed 

substrates holder, then the holder was placed in acetone beaker so that the acetone level 

is above the substrates. The beaker was covered with a piece of foil then was placed in 



 

73 

 

the ultrasonic bath for 10 minutes. After that, the beaker was removed from the 

ultrasonic bath, the substrates were removed from the holder with a clean tweezers and 

blow-dried with compressed nitrogen. Previous steps were repeated but this time using 

isopropanol instead of acetone. Followed with UV-ozone treatment for 20 minutes.   

 

3.4.2 Film deposition 

 

3.4.2.1 Spin coating of the hole transport layer 

 

The EMS spin coater model 4000 was used in this process. Conducting poly (3, 4-

ethylenedioxylenethiophene)-polystylene sulfonic acid (PEDOT:PSS,Baytron P) was 

spin-cast (5000 rpm) from aqueous solution (after passing a 0.45 μm filter) for 40 

second  with approximate thickness of ~40 nm. The substrate was subjected to drying 

for 10 minutes at 140°C in air. For spin-casting of the photoactive layer, the glass 

substrates were moved into a glove box for nitrogen environment. 

 

3.4.2.2 Spin coating of active layer 

 

In the bilayer heterojunction solar cells the donor (P3HT) was spin coated first then the 

acceptor was deposited. A solution of the Poly (3-hexylthiophene) (P3HT) was 

prepared by dissolving 0.03g of P3HT in 2 ml of chloroform (Sigma Aldrich) in a 20ml 

glass vial yielding a concentration of 1% w/w. The vial was placed inside ultrasonic 

bath at a temperature of 50oC for 30 minutes to increase the solubility of P3HT. Finally, 

the solution was syringed through a 0.2μm PTFE filter into a second clean vial to 

remove any un-dissolved particles. Then, the P3HT was spin-cast at 800 rpm for 60 

second with expected thickness ~100 nm on top of the PEDOT layer. The second charge 

separation layer (PAMAM dendrimers) spin-cast at 500 rpm for 30 second on top of 

the P3HT with the thickness ~70 nm.  
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ITO ITO ITO 

3.4.2.3 Spin coating of electron transport layer  

 

Titanium(IV) isopropoxide (Ti[OCH(CH3)2]4, Aldrich, 99.999%, 10mL) was prepared 

as a precursor, and mixed with 2-methoxyethanol (CH3OCH2CH2OH, Aldrich, 99.9+%, 

50mL) and ethanolamine (H2NCH2CH2OH, Aldrich, 99+%, 5mL) in a three necked 

flask connected with a condenser, thermometer, and argon gas inlet/outlet. Then, the 

mixed solution was heated to 80°C for 2 hours in silicon oil bath under magnetic 

stirring, followed by heating to 120°C for 1 hour. The two-step heating (80 and 120°C) 

was then repeated. The resulted TiOx precursor solution was then prepared in isopropyl 

alcohol (the TiOx gels were diluted in isopropyl alcohol (IPA) to be utilized in the 

solution processes). 

TiOx precursor solution in methanol was spin-cast at 5000 rpm for 20 second with 

thickness ~20 nm in air on top of the active layer. After 10 minutes in air at 80°C, the 

precursor is converted to TiOx by hydrolysis. 

 

3.4.2.4 Evaporation of top electrodes  

 

Aluminium electrodes were deposited on top of the electron transport layer through a 

shadow mask. The deposition thickness of the aluminium electrodes was 100 nm, with 

evaporation rate of 0.1 nm s-1 using the Kurt. J. Lesker deposition system. Figure 3.8 

represents schematic images of the fabrication process. 

 

 

 

 

 

 

(a)       (b) (c) (d) 

 

 

Figure 3.8: device preparation process: a) ITO glass with PEDOT:PSS deposited b) 

active layer deposited on top of the PEDOT:PSS c) TiOx deposited on top of active 

layer d) Al deposited through shadow mask on top of the TiOx. 
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3.4.3 Thin film characterization 

Atomic Force Microscopy (AFM) 

 

Atomic force microscopy (AFM) is a high-resolution scanning probe microscopic 

technique that helps researchers study surface morphology of thin films. The AFM 

technique was developed by Binnig, Quate and Gerber in 1985 so they could study 

materials and take high resolution images of sample surfaces [70]. The technique is 

employed in analysing van der Waals forces, magnetic forces, repulsive forces and 

lateral friction forces. In this study, digital instrument nanoscope AFM was used to 

analyse the surface properties of active layer thin films [71].  

Images in the AFM technique are obtained by using a sharp probe to scan the sample 

surface while analysing the interactions of the sample with the tip. The scanning process 

involves the placement of a sharp microscope cantilever tip close to the sample’s 

surface [71]. Distance between the tip and the surface is adjusted in order to keep the 

cantilever deflection constant and small deflections will cause it to bend upwards [72]. 

Measurement of the bending is carried out using a laser spot reflected to sensor 

following which an image of the surface can be obtained at atomic level resolution. 

Depending on the interaction between tip and sample surface, AFM measurement is of 

two types, one is the contact mode and the other is the non-contact mode. In the contact 

mode, the tip touches the sample surface while in the non-contact mode, the tip only 

stays near the surface without contact. Vibrations are induced on the tip and these are 

monitored using a laser [71, 73]. 

 

 

3.4.4 Electrical characterisation 

3.4.4.1 Vacuum system setup  

 

 A vacuum system used in organic solar cells electric characterisation was designed 

with low Vacuum system (10 -2 torr) contained a steel chamber connected to a rotary 

pump. Inside the chamber, the substrate holder mounted in copper stage opposite to the 

light window where the substrate holder dimensions is 2.5 cm x 2cm and the light 

source is a tungsten halogen lamp (50W) focused through a window onto the substrate 

(anode). Researchers have mostly used the tungsten lamp in the solar cell field although 

it has a slight difference with the AM 1.5 solar simulator, thus providing a reasonable 
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light for comparison. [74, 75]. The intensity of the light falling on the device could be 

varied from ~1 to 200 mW/cm2 by moving the light source toward or away from the 

test sample. The light intensity was measured using a light intensity meter. A light 

intensity equivalent to AM1.5 radiation from the halogen lamp was set using an AM1.5 

calibrated Si photodiode (Thorlabs SM1PD2A). Figure 3.9 shows the schematic design 

of the measurement setup and a picture of the system. 

 

 

 

 

 

 

 

                   

Figure 3.9: Schematic diagram of the designed vacuum system and a picture of the 

system. 
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3.4.4.2 DC measurements 

 

The current density-voltage (J-V) measurements were performed under dark and light 

by applying voltage to the Al electrode while the ITO electrode was grounded using 

computer driven LCR meter HP 4284A controlled through a custom-made analysis 

program by MATLAB. The software measures J-V curves where FF, Voc, Jsc, and 

PCE are calculated using applicable equations.  

For electrical measurements, contacts were made to the solar cells in the sample holder 

using fine gold wire and silver paste. The gold wire was connected to sockets in the lid 

of the chamber. The sample holder were designed to contain four devices. The 

Schematic diagram and optical picture of the substrate holder shown in figure 3.10.  

 

 

 

 

 

 

 

 

 

 

Figure 3.10: The sample holder used for device measurements and the top view of the 

sample with optical picture. 
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3.4.4.3 Ultra-violet/visible Spectroscopy 

 

Hitachi Model U-2000 Double Beam Ultra-Violet/Visible (UV/VIS) 

spectrophotometer used to obtain the UV-visible absorption spectra of the various 

materials in the construction of the solar cells. A deuterium discharge lamp emits the 

primary light beam. The beam pass through a half-silvered mirror beam splitter with 

one beam passing through the sample while the other used as a reference. The 

wavelength range was ~190 nm to 1100 nm with a wavelength resolution of 1nm.  

UV/Vis spectroscopy is a widely used technique for the quantitative determination of 

solutions of highly conjugated organic compounds, biological macromolecules and 

transition metal ions [76]. Organic compounds, particularly those that are highly 

conjugated, absorb light in the visible or UV regions of the electromagnetic spectrum. 

Solvents used for this technique are usually water or ethanol. However, not all solvents 

are suitable for UV spectrophotometry. The pH and polarity of solvent can also 

influence the absorption spectrum of the compound under study. For instance, the molar 

extinction coefficient and absorption maxima of Tyrosine increase with an increase in 

pH from 6 to 13 or with a decrease in the polarity [77].  
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 Chapter 4  

Organic Bulk-Heterojunction solar cells 

 

4.1 Introduction 

 
Heterojunction organic solar cells can be fabricated in two different structures: bilayer 

heterojunction structure and bulk- heterojunction structure. Polymers bulk-

hetrojunction solar cell (OBHJ) particularly Solution-processed solar cells have more 

attention in the last few years due to their advantages of low cost fabrication process, 

flexibility, light –Weight and possibility of application in large area [1]. The active layer 

of OBHJ commonly contained mixed of donor polymer and a soluble acceptor to gain 

a large interface area between donor and acceptor for effective charge separation. 

However, nanometre scale network structure of OBHJ is the key for high efficiency 

where the dissociation can occur anywhere in the bulk and transfer to appropriate 

electrodes. It was reported that the control of OBHJ blend morphology is the key for 

high OBHJ efficiency [2].This chapter, investigates the fabrication and characterisation 

of organic bulk-heterojunction solar cells (OBHJ) based on two different acceptor 

materials: a new polyamidoamine (PAMAM) dendrimers (cores and different 

generations) and indene-C70 bisadduct (IC70BA). The current density–voltage (J-V) 

characteristics for these devices were investigated in the dark and under illumination 

with a halogen lamp. The experimental details, surface morphology and optical 

characteristics of each of these seven devices are also presented and discussed in this 

chapter. 

 

4.2 PAMAM cores based OBHJ solar cells  

4.2.1 Fabrication process  

Fabrication of OBHJ solar cell devices with the structure of ITO/PEDOT: PSS/P3HT: 

PAMAM cores /TiO2/Al (as shown in the Fig. 4.1) was started by spin coating of 40 

nm thick layer of PEDOT: PSS with a spin speed of 5000 rpm on cleaned ITO coated 

glass substrate (anode). The PEDOT-PSS films were then cured at 140°C for 10 

minutes in air to represent the hole transfer layer (HTL). 130 nm thick active layer 
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(P3HT: PAMAM cores) was deposited by spin coating of 1wt%:1wt% chloroform 

solution of PAMAM cores and P3HT (PAMAM cores and IC70BA solutions prepared 

in chloroform with equal weight ratio of 30 mg/mL) with spin speed of 2000 rpm on 

top of the hole transfer layer. Then, 20 nm TiOx electron transfer layer (ETL) was 

deposited with a spin speed of 5000 rpm on top of the active layer and cured at 80°C 

for 10 minutes under nitrogen environment. After that, a 100 nm layer of Al was 

deposited through a shadow mask by thermal evaporation. The deposited Al electrode 

area defines the active area of the devices as 0.12 cm2. All films preparation and 

materials evaporation technique were discussed in Chapter 3. The chemical structures 

of the PAMAM cores is shown in Fig.4.1. Fluorescent PAMAM core  (FC0) is 3,6-

diamino-l,8-naphthalic anhydride, fluorescent PAMAM core (FC1) is 2-(l-

aminopropan-2-yl)-1H-benzo[ de]isoquinoline-l,3(2H)-dione, and fluorescent 

PAMAM core (FC2) is 3-bromo-7H- benz[de]benzimidazo[2,1-a]isoquinoline-7-one. 

Figure 4.1 also represents the schematic diagram of PAMAM cores based OBHJ solar 

cells.  

           

             (a)                                  (b)                                       (c) 

 

 

 

 

 

 

                                                            

                                                                          
                                                                           (d)  

Figure 4.1: PAMAM cores chemical structure a) PAMAM core FC0,b) PAMAM core 

FC1, c) PAMAM core FC2,  d) Schematic diagram of PAMAM cores based OBHJ 

solar cell. 
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4.2.2 Surface morphology 

 

Studying the surface morphology of the active layer in OBHJ solar cell structures is 

important in order to understand the effect of the microstructure of the active layer on 

photovoltaic properties. It was reported that surface morphology play a crucial role in 

the percolation pathways for transport of both photogenerated excitons and charges. 

Atomic Force Microscopy (AFM) is used to study donor: acceptor surface structure and 

how electrical performance characteristics depends on the morphology of the devices 

[1-3]. Optical image were taken to the fluorescent P3HT and PAMAM-cores (FC0, 

FC1, FC2) active layer blend on top of ITO/PEDOT:PSS substrate to examine the 

coating uniformity and quality of the active layer blend. As shown in Fig. 4.2, the 

optical image of the P3HT and PAMAM-cores active blends spreads smoothly without 

any substrate-solution incompatibility problems such as pin holes or separated islands 

in the film. Therefore, Fig. 4.2 shows that the ITO/PEDOT:PSS substrate is a suitable 

substrate that active blend can be spin coated smoothly.    

  

 

   

 

 

Figure 4.2: Optical image of the blend of PAMAM-cores and P3HT spin coated on 

ITO/PEDOT:PSS substrate 
 

 

 

FC0 FC1 

FC2 
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The morphology of the blend exhibits a composition dependent morphology, so it might 

be useful to study the morphology of, at least, one of the materials as a reference then 

compare it to the morphology of the blend. In these devices the active blend consists of 

PAMAM-cores and P3HT. Therefore, P3HT morpology was studied first and then 

compared with the whole blends morphology. 

 

 

 

    

Figure 4.3: AFM morphology image of: a) P3HT spin coated on ITO/ PEDOT:PSS, 

and the active blends consisting of P3HT mixed with PAMAM-cores spin coated on 

ITO/ PEDOT:PSS : b) P3HT:FC0, c)P3HT:FC1and d) P3HT:FC2 . 
 

Figure 4.3 shows the AFM images of the active blends consisting of P3HT mixed 

PAMAM-cores with P3HT spin coated onto the ITO/ PEDOT: PSS substrate. A clear 

difference in the morphology of the active blend can be observed compared to that of 

the P3HT. 

The morphology of the active blend contained P3HT:FC0 a shows phase separation 

structure with an average roughness of about 1.50 nm. P3HT:FC1 blend shows a few 

agglomeration of branching spread on the surface forming star-shape branches without 

(b) 

(c) (d) 

(a) 
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connections with average roughness of about 329 nm. It is evident from Fig. 4.3 that 

FC1-based films contain aggregated branches with a diameter of about 30 µm. 

However,  P3HT:FC2 show clear branching units similar to a tree spread on the whole 

surface with weak connections in the deposited film as compared to the others with 

average roughness of about 21.9 nm . The average length of branches resulted from 

FC2-based films is about 10 µm. 

 

4.2.3 Electrical characterisation 

 

The current density-voltage (J-V) characteristics of P3HT: PAMAM cores are shown 

in linear and semilog in Fig. 4.4. The J-V characteristics of the devices were measured 

by applying the bias voltage to the aluminium electrode while the ITO electrode was 

grounded. The solar cells characterization composed of two bias scans:  under dark and 

the same scan under light illumination. Each scan started from -1V and ended at +1V. 

Under dark condition, the devices displayed good rectifying characteristics as current 

stayed at almost 0 A from -1V and turned on at 0.6 V, where it started to increase 

showing clear rectifying behaviour. This indicates that the very low current from -1 V 

until 0.6 V reflects the lack of carriers in the structure and thus a non-conducting 

behaviour.  

Under illumination with the halogen lamp (100 mW/ cm2), the J-V characteristics did 

not display any photovoltaic behaviour (no open circuit voltage was detected) for the 

devices based on P3HT: PAMAM core FC0 and FC1 as active layers due to low 

conductivity. This is expected as AFM images showed clear disconnected branches of 

the deposited films, resulted in high film resistance and discontinuity in charge carrier 

conduction. The results indicate that PAMAM cores FC0 and FC1 are not suitable as 

acceptor materials of organic solar cells. However, for the device based on P3HT: 

PAMAM core FC2 a non-zero current is recorded which reflects the existence of the 

generated carriers due to light absorption and thus the conducting behaviour of the 

structure. The device produced an open circuit voltage, VOC, of 0.6V, short-circuit 

current density, JSC of 1.3 mA/ cm2 with fill factor of 22 % and a maximum power, 

Pmax, of 0.2 mW/cm2 (Fig. 4.5) yielding a power conversion efficiency (PCE) of 0.2%.  
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Figure 4.4: J-V characteristics of the fabricated PAMAM-Cores bulk devices under 

dark and under a 100 mW/cm2 (a) linear scale and (b) logarithmic scale. 
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Figure 4.5: Power curve of PAMAM-FC2 bulk device maximum power of 

approximately 0.2 mW/cm2 
 

 

At high forward bias, there was a large difference between the dark current and that 

under illumination, suggesting that photoconductivity is very small. This is attributed 

to the presence of a high resistance in the bulk semiconductor and the weak connection 

between branching unites in PAMAM core FC2.  

As it was mentioned earlier that the typical solar cells I-V curve has series resistance 

(Rs) equal to zero where the shunt resistant (Rsh) should be high. However, Fig. 4.6 

shows that the Rs = 500 Ω where the Rsh = 2 kΩ which reduce the fill factor as the main 

impact of the serial resistance is lowering the fill factor. Accordingly, low fill factor 

(FF=22%) will affect the maximum power and then the efficiency. However, it was 

reported that series resistance arises from individual resistances in the materials used in 

the device. While shunt resistance results from leakage of current within the device due 

to poor transport pathways that increase recombination [4]. This confirmed by the 

morphology of P3HT:FC2 which show clear branching units similar to a tree spread on 

the whole surface with weak connections. The weak connections may affect the charge 

transport through the device and lower Rsh.  
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Figure 4.6: Slops calculation of Rs and Rsh from the I-V characteristics of the 

fabricated PAMAM-FC2 core bulk devices under a 100 mW/cm2.  

 

 

However, the conducting behaviour under light illumination is a result of the generated 

carriers after photons absorption, then the change in the incident light intensity and 

consequently photon absorption reflected specifically in the value of JSC. The 

relationship between the short circuit current density and the light intensity is a positive 

relationship as shown in equation 4.1 [5].  
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Figure 4.7: Effect of the light intensity on the I-V characteristics of PAMAM-Core 

FC2 bulk devices. 

 

Where Iin is the incident light intensity. A lower incident light intensity result in a lower 

JSC value and higher incident intensity should yield a higher JSC value. Figure 4.7 shows 

the effect of light intensity on the J-V characteristics of the PAMAM-Core FC2 device. 

The incident light intensity was altered between 0.05 mW/cm2 and 100 mW/cm2. Figure 

4.8 shows that the Jsc is increased with the increasing of the incident light intensity. 

This is a result of the direct correlation between the incident light intensity and 

absorption, and accordingly to the amount of charge carriers generated. Similarly a 

linear correlation was observed between the variation in the light intensity and the VOC 

(Fig. 4.9), where the VOC increased from 0.45 to 0.6 V as the light intensity increased 

from 0.05 mW/cm2 to 100 mW/cm2, which is again an evidence of the interrelation 

between the light absorption and the amount of generated carriers. 
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Figure 4.8: Dependence of Jsc on incident light intensity. 

 

 

Figure 4.9: Dependence of VOC on incident light intensity. 
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4.2.4 Optical Absorption measurement 

 

The optical bandgap Eg is defined as the difference between the lowest unoccupied 

molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO) of the 

absorber material [6-8]. The band gap measurement is very important in semiconductor 

materials as it determines the portion of the spectrum the PV cell absorbs. 4 eV band 

gap value determines whether the material is a semiconductor (less than 4 eV) or an 

insulator (more than 4 eV) [9-11]. The Majority of solar radiation reaches the earth with 

combination wavelengths there energy greater than the band gap of silicon.  Solar cell 

will absorb this energy, but the difference in energy is converted into heat rather than 

electrical energy [12]. In the visible light spectrum (400 nm to 800 nm), the energy of 

photons areas from nearly 1.55 eV to 3.1 eV. The corresponding wavelengths of these 

energies are 750 and 400 nm, respectively. These wavelengths match the red and violet 

ends of the spectrum of visible light. The absorption property, particularly the 

absorption in visible region, is very important for the photovoltaic (PV) materials [13, 

14]. Low bandgap materials (Eg < 2 eV) are interesting materials in the application of 

solar cells as their absorption spectra cover from the visible to the near-infrared region. 

Semiconductors with band gap < 2eV have great chance to form an efficient solar cell 

[15]. UV-Vis spectrum (absorbance Vs wavelength) of PAMAM FC2 core acceptor is 

shown in Fig.4.10 and shows absorption edge at 470 nm where the bandgap at this point 

2.6 eV. Figure 4.10 also shows absorption peak at 390 nm (equivelant to 3.18 eV). 

However, Fig.4.11 shows the UV–visible absorption spectra of the materials used for 

OBHJ solar cells based on PAMAM FC2 core as an acceptor. For OBHJ device with 

the structure of ITO/PEDOT: PSS/P3HT: PAMAM FC2/TiOx/Al the absorption edge 

shifts to ~650nm with a peak occurring at 450 nm as a result of absorption in the P3HT. 

UV-Vis spectrum of PAMAM FC0 and FC1 cores was also measured to compare 

between them and PAMAM FC2. As shown in Fig. 4.12 the UV-Vis spectrum of 

PAMAM FC0 is the same as the UV-Vis spectrum of PAMAM FC1, as no change 

occur. The absorption edge for both films is 350 nm (3.54 eV) with a peak absorption 

at 330 nm (3.75 eV). It is clear from optical absorption spectra and surface morphology 

of the active layers why these materials (PAMAM FC0 and FC1) did not show any 

photovoltaic behaviour when mixed with P3HT in the OBHJs devices. In organic solar 

cell materials the bandgap should be < 3 eV. 77% of the solar irradiation can be 

absorbed by a semiconductor materials with a bandgap of 1.1 eV (1100 nm) but 
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semiconducting polymers have bandgaps higher than 2 eV (620 nm) and can only 

absorbe about 30% of the solar photons [16, 17].  

There is an inverse relation between the energy E, of the photon and the wavelength of 

light λ as follow:  

 

                               E= 
ℎ𝑐

𝜆
                                 [4.2] 

 

Where h is Planck's constant (h = 6.626 × 10 -34 J·s) and c is the speed of light (c = 

2.998 × 108 m/s).  

In terms of wavelength, in nanometers (nm), and energy (E), in electronvolts (eV), 

equation 4.2 can be expressed for light as: 

 

                    E= 
ℎ𝑐

𝑒 𝜆
            [4.3] 

 

1 electronvolt is the energy gained by an electron moving through a potential difference 

of 1 V. 

1 eV = 1.6x10-19 J 

 

     E= 
(6.63𝑋 10−34)𝑋(3𝑋108)

(1.6𝑋10−19)𝑋𝜆 (𝑛𝑚)
 

 

     E= 
1.240𝑋10−6

𝜆 
 

 

If λ in nanometer unit (nm):  

 

 

                                                E= 
1.240𝑋10−6

𝜆 𝑋 10−9  

 

                                                 E= 
1240

𝜆 (𝑛𝑚)
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Figure 4.10: The optical absorption of a PAMAM FC2 film. 

 

 

 

 

Figure 4.11:  The optical absorption of the PAMAM FC2 based OBHJ solar cells 
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Figure 4.12: The optical absorption of a) PAMAM FC0 film and b) PAMAM FC1 

film. 
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4.2.5 Thermal annealing of PAMAM-Core FC2 bulk device  

 

A common method to improve the efficiency of polymer photovoltaic cells is annealing. 

The purpose of annealing OPV devices is to change the properties of the film from 

unordered and amorphous to a more homogenous nature structure [18, 19]. Optimum 

OBHJ morphology through thermal annealing stabilizes the photoactive layer to be 

more robust to the chemical degradation under prolonged operation and improves the 

power conversion efficiency of the photovoltaic device [10, 20]. However, it was 

reported that PAMAM dendrimers show stronger cross-linking ability at room 

temperature [21]. 

The thermal annealing was performed for the active layer at different temperatures for 

10 min before the TiOx electron transfer layer (ETL) and vacuum deposition of the 

metal electrode (pre-thermal annealing). Fig. 4.13 shows the current density–voltage 

(J–V) curves of the OBHJ solar cells with different thermal annealing temperatures 

under the illumination of 100 mW/cm2 white light.  

 

Figure 4.13: current density–voltage (J–V) curves of the PAMAM FC2 OBHJ solar 

cells with different pre-thermal annealing temperature under the illumination of 100 

mW/cm2 white light. 
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After annealing for 50 0C, 100 0C and 150 0C the J-V characteristics did not display any 

photovoltaic behaviour (no open circuit voltage was detected) under illumination with 

the halogen lamp (100 mW/cm2).  

In order to understand the morphological changes that occur in the polymer layer as a 

result of thermal annealing, AFM images of the active layer surface were studied. The 

tapping-mode atomic force microscope (AFM) images in Fig.4.14 shows the variation 

in OBHJ active layer morphology after annealing at different temperatures. The 

dimensions in Fig. 4.14 at 150 0C was kept at 20 µm due to the low contrast at lower 

dimensions. 

 

 

 

 

Figure 4.14: shows the variation in OBHJ active layer morphology after annealing at 

different temperatures 

 

 

Before annealing as seen in Fig. 4.3, PAMAM core FC2 had branches morphology with 

connections however, after annealing (Fig.4.14) grain growth and agglomeration 

increased with annealing.  It was reported that PAMAM dendrimers undergo some 

folding, shape and size changes in response to changes in their environment, such as 

altered solvent type, pH and temperature [22-25].  It can be seen that, the film 

morphology was changed from branched morphology to globular structures upon 

temperature increase. This result is in good agreement with other reported results that 

annealing dendrimers at high temperature retain their globular structure and uniformity 

at the molecular level [26-28]. On other hand, other researchers reported that thermal 

annealing enhanced phase separation at micrometre scale and that results in incomplete 

energy transfer in the dendrimer [29, 230]. These results are in full agreement with the 

50 0C 100 0C 150 0C 
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J-V characterisation results as the branches disappeared from the surface with annealing 

and the structure of dendrimers become globular structure without any connections. 

Thus, energy transfers in the dendrimers become difficult.  

 

4.3 PAMAM dendritic based OBHJ solar cells 

4.3.1 Fabrication process 

 

The structure of the ITO/PEDOT: PSS/P3HT: PAMAM dendritic /TiO2/Al is shown in 

Fig. 4.15. The devices were fabricated by spin coating of 40 nm thick layer of PEDOT: 

PSS with spin speed of 5000 rpm on cleaned ITO coated glass substrate (anode) and 

curing at 140°C for 10 minutes in air to represent the HTL. 130 nm thick active layer 

(P3HT: PAMAM dendritic) was formed by spin coating of 1wt%:1wt% chloroform 

solution of P3HT and PAMAM dendritic (P3HT and PAMAM in chloroform with 

equal weight ratio 30 mg/mL) with spin speed of 2000 rpm on top of the hole transfer 

layer (HTL). Figure 4.15 show the chemical structure of the PAMAM dendritic (G0, 

G0.5, G1 and G2) and Table 4.1 shows the surface groups, number of primary and 

tertiary amine in the PAMAM generations used. PAMAM G0, G1 and G2 are full 

generations where the primary amine is the surface group. PAMAM G0 with one 

primary amine in the surface group, generation G1 with two primary amine in the 

surface group and PAMAM G2 with four primary amine in the surface group.  

PAMAM G0.5 is half generation with two Ester-terminated groups. The backbone of 

PAMAM G0.5 and G0, G1 and G2 is the same, the only difference being the terminal 

groups (–COOCH3 for the half generation (ester group), –NH2 for the full generation 

(amine group). Then, 20 nm TiOx electron transfer layer (ETL) was deposited with spin 

speed of 5000 rpm on top of the active layer and cured at 80°C for 10 minutes under 

nitrogen environment. After that, a100 nm layer of Al was deposited through a shadow 

mask by thermal evaporation. The deposited Al electrode area defines an active area of 

the devices as 0.12cm2. 
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Figure 4.15: PAMAM dendritic chemical structure a) PAMAM dendritic G0,b) 

PAMAM dendritic G0.5, c) PAMAM dendritic G1, d) PAMAM dendritic G2, e) 

Schematic diagram of PAMAM dendritic based OBHJ solar cells. 
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Table 4.1: surface groups, number of primary and tertiary amine in different 

PAMAM generations. 
 

 

 

4.3.2 Surface morphology 

 

The surface morphology for PAMAM dendritic with P3HT and different generations 

(G0, G0.5, G1 and G2) active blend layer on top of the ITO/PEDOT: PSS substrates 

are shown in Fig. 4.16. The morphology of the active blend contained P3HT: PAMAM 

G0 show phase separation with small agglomerations without connection spread on the 

surface with an average roughness of about 4.78 nm.  

 However, P3HT: PAMAM G0.5 blend shows condense branching units with good 

connections as shown in Fig. 4.17. P3HT: PAMAM G1 blend demonstrate a phase 

separation with average roughness of about 0.48 nm where P3HT: PAMAM G2 blend 

shows small spots spared in the surface with average roughness of about 13.6 nm.  

It is clear from the morphology of the PAMAM G0.5 has optimal surface morphology 

for energy transfer in dendritic structure. It shows condense branching units with good 

connections which assist charge transferring between these branches.    
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Figure 4.16: AFM morphology image of   the active blends consisting of PAMAM-

dendritic mixed with P3HT spin coated on ITO/ PEDOT: PSS with different 

generations. 
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Figure 4.17: AFM morphology image of   P3HT: PAMAM G0.5 blend at different 

scan scales. 

 

 

4.3.3 Electrical characterisation 

 

The J-V characteristics of PAMAM dendritic (G0, G0.5, G1 and G2) are shown in Fig. 

4.18. In the dark, the turn-on voltage was 0.75V then started to increase showing a 

rectifying behaviour.  Under illumination no open circuit voltage was detected for the 

PAMAM dendritic G0, G1 and G2 which means the photoconductivity in these devices 

is very low. 

However, the device based on P3HT: PAMAM G0.5 show a non-zero current which 

reflects the existence of the generated carriers due to light absorption and thus the 

conducting behaviour of the structure. The device produced an open circuit voltage, 

Voc, ~ 0.85V, short-circuit current  density, Jsc,~ 6 mA/ cm2 with fill factor of ~26 % 

and Pmax 1.6 mW/cm2 yielding a power conversion efficiency of 1.6%. The calculated 

values of Rs and Rsh are 83 Ω 800 Ω, respectively.  

At high forward bias, there was no difference between the dark current and that under 

illumination, suggesting that photoconductivity is very high. This is due to low 

resistance in the bulk semiconductor (small Rs). 
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As mentioned earlier that the backbone of PAMAM G0.5, G0, G1 and G2 is the same, 

and the only difference is the terminal groups (–COOCH3 for the half generation (ester 

group), –NH2 for the full generation (amine group). From chemical point of view, the 

full generation amine-termnate PAMAM surface group (G0, G1 and G2) are protonated 

at physiological pH. Thus there is electrostatic repulsion between the primary amine in 

the surface preventing the electrostatic interaction with other materials [30-32]. 

However, ester terminated half-generation dendrimers are less susceptible to 

protonation compared to the full generation dendrimers and more opening structure for 

electrostatic interaction with other materials to occur.  It was demonstrated that ester-

terminated PAMAM interacted more strongly with cationic surfactants than amine-

terminated PAMAM. Also, half-generation dendrimers are hydrolyze readily [33, 34].  

Recent studies have demonstrated that a change in generation alternatively from amine- 

to ester-terminated PAMAM changes its interactions with surfactants significantly [35, 

36].  

Figure 4.19 shows the effect of light intensity on the J-V characteristics of the PAMAM-

G0.5 ester group device. The incident light intensity was altered between 18 mW/cm2 

and 100 mW/cm2. The Jsc and Voc are linearly increased with the increasing of the 

incident light intensity. This is a result of the direct correlation between the incident 

light intensity and absorption, and accordingly to the amount of charge carriers 

generated.  

 



 

109 

 

 

(a) 

 

(b) 

Figure 4.18: J-V characteristics of the fabricated PAMAM generations bulk devices 

under dark and under a 100 mW/cm2 (a) linear scale and (b) logarithmic scale. 
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Figure 4.19: Effect of the light intensity on the I-V characteristics of PAMAM 

G0.5ester group bulk devices. 

 

 

4.3.4 Optical Absorption measurement 

 

UV-Vis spectra of PAMAM generations (G0, G0.5, G1 and G2) are shown in Fig.4.20. 

PAMAM G0 absorption edge at 500 nm where the bandgap at this point is about 2.5 

eV, with peak absorption at 440 nm (2.8 eV). However, PAMAM G0.5 absorption edge 

at 530 nm where the bandgap at this point 2.3 eV, with peak absorption at 450 nm (2.7 

eV). The other two PAMAM generations (G1 and G2) demonstrated the same UV-Vis 

spectrum of PAMAM G0 with same absorption edge and peak values.  

Figure 4.21 shows the UV–Vis absorption spectra of the materials used for OBHJ solar 

cells based on PAMAM G0.5 as an acceptor. For OBHJ device with the structure of 

ITO/PEDOT: PSS/P3HT: PAMAM G0.5 /TiOx/Al the absorption edge shifts to ~650 

nm for a bandgap of 1.9 eV as a result of absorption in the P3HT. Although the 

absorption spectra is almost the same for these structures, the surface morphology 

shows difficulties in conduction due to the disconnected branches in G0, G1 and G2-

based films as well as condense and connected branches for G0.5-based films. 
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Figure 4.20: The optical absorption of PAMAM generations a) G0, b) G0.5, c) G1 

and d) G2. 
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Figure 4.21:  The optical absorption of the PAMAM G0.5 ester group based OBHJ 

solar cells 

 

 

4.3.5 Thermal annealing of PAMAM dendritic-G0.5 bulk devices  

 

The thermal annealing was performed  for the active layer (P3HT:PAMAM G0.5) as 

previously mention in P3HT:PAMAM FC2 core at different temperatures for 10 min 

before the TiOx electron transfer layer (ETL) and vacuum deposition of the metal 

electrode. Figure 4.22 shows the J–V curves of the OBHJ solar cells with different 

thermal annealing temperature under the illumination of 100 mW/cm2 white light.  The 

same results were recorded for annealing P3HT: PAMAM FC2 blend, as P3HT: 

PAMAM G0.5 blend annealed at 50, 100, and 150 0C did not display any photovoltaic 

behaviour (no open circuit voltage was detected) under illumination with the halogen 

lamp (100 mW/ cm2).  
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Figure 4.22: current density–voltage (J–V) curves of the PAMAM G0.5 OBHJ solar 

cells with different pre-thermal annealing temperature under the 

illumination. 
 

AFM images of the active layer surface after annealing at different temperatures were 

studied in order to understand the morphological changes that occur in the active layer 

blend  (P3HT:PAMAM G0.5) as a result of thermal annealing. Before annealing as seen 

in Fig. 4.16 PAMAM G0.5 ester group had condense branches morphology with good 

connections however, after annealing (as shown in Fig.4.23) grain growth and 

agglomeration increased as annealing temperature increased. J-V characterisations 

confirm the results as the branches disappeared and the structure of dendrimers becomes 

of small globular structure without any connections. Thus, energy transfers in the 

dendrimers become difficult. 
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Figure 4.23: shows the variation in active layer P3HT:IC70BM OBHJ morphology 

after annealing at different temperatures 

 

 

4.4 IC70BA based OBHJ solar cells 

4.4.1 under different annealing conditions 

4.4.1.1 Fabrication process 

 

The structure of the IC70BA-based devices is shown in Fig.4.24. ITO-coated glass 

substrate were cleaned with soap, warm water and deionized water, then cleaned with 

ultrasonic treatments in acetone and isopropanol respectively, and were dried with 

nitrogen flow.  Conducting PEDOT: PSS was spin-cast (5000 rpm) for 40 second with 

expected thickness of ~40 nm. Then, the substrates were dried for 10 minutes at 140˚C 

in air, and then placed in the glovebox for spin coating of the active layer. The active 

layer for these devices was prepared by spin coating the blend solution of P3HT: 

IC70BA (IC70BA in dichlorobenzene (DCB) 1:1 w/w, 34 mg/ml for P3HT:IC70BA) 

with a spin coating 900 rpm for 60 sec. Then, the TiOx precursor solution in methanol 

was spin coated with thickness ~20 nm on top of the active layer and was dried for 10 

minutes at 80˚C.  

Finally, the device was completed by evaporating~100 nm Al on top of TiOx. The 

deposited Al electrode area defines an active area of the devices as 0.12cm2. The 

thermal annealing was performed at different temperatures for 10 min before the 

vacuum deposition of the metal electrode (pre-thermal annealing). 
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Figure 4.24: Schematic diagram of IC70BA based OBHJ solar cells 

 

4.4.1.2 Surface morphology 

AFM images of the active layer surface before and after annealing at different 

temperatures were studied to understand the morphological changes that occur in the 

active layer as a result of thermal annealing. The tapping-mode AFM images in fig.4.24 

shows the variation in OBHJ active layer morphology before and after annealing at 

different temperatures. As shown in Fig.4.25, the surface of the as-cast film with no 

thermal treatment is amorphous and very smooth with arms roughness of 0.377 nm. 

This unordered structure limits the conduction and charge carrier mobility.  After 

undergoing thermal treatment at 100 0Cand 150 °C for a period of 10 min each, the 

arms roughness becomes 0.662 and 0.75 nm, respectively. Further increase in 

temperature to 180 °C the surface becomes rough and aggregate compared to the film 

treated at 150 °C. The high agglomeration of the active film has negative impact on the 

OBHJ performance as the D:A interface area reduces the ability to separate excitons. 

From the AFM images the annealing at 150 °C results in good mixing structures with 

moderate agglomeration which gives large and connected grains. Thus the change in 

annealing conditions significantly modify the nature of the underlying active layer 

morphology, and the morphology is correlated to the cell performance [37]. 
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Figure 4.25: The variation in OBHJ active layer morphology before and after 

annealing at different temperatures: a) before annealing, b) at 100 0C, 

C) at 150 0C and d) at 180 0C. 
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4.4.1.3 Electrical characterisation 

 

Figure 4.26 shows the current J–V curves of the OBHJ solar cells with and without 

thermal annealing under the illumination of 100 mW/cm2 white light. The OBHJ solar 

cells performance data are summarized in Table 4.2. The performance of OBHJ solar 

cells improved significantly by thermal annealing. The OBHJ solar cells without 

thermal annealing only exhibited a PCE of 2.5% with Jsc of 20.83 mA/cm2, VOC is 0.4 

V and FF is 27% with semi-flat curve. As the heat-treatment temperature was increased 

the VOC and FF parameters were remarkably improved as the curve bended and become 

closer to ideal solar cells curve under illumination. As a result, the PV cell prepared 

with heat treatment at 150 0C showed the best device performance (Jsc = 23.33 mA/cm2, 

VOC = 0.53 V, FF 0.44, and PCE = 5.8 %) as shown in table 4.2. However, the annealing 

process at 180 °C for 10 min decreases the performance of the solar cell to PCE = 3 %. 

It is the variation of the optoelectrical and physical properties of the photoactive layer 

due to heat treatments influences the device performance significantly where the 

optimum annealing temperature is 150 0C for 10 min. That depends on the degree of 

the enhancement of the crystallinity of P3HT domains and the degree of the aggregation 

of IC70BA molecules in the blend film with thermal annealing to provide 

interpenetrating networks for charge-carrier transport [38]. The efficient OBHJ solar 

cells can be obtained by enhancing the P3HT crystallinity and the connectivity of 

IC70BA crystallites. It’s believed that the process affect the photoactive layer 

performance with thermal annealing is the IC70BA diffusion to the P3HT order 

structure and IC70BA aggregation size [39]. Figure 4.27 shows the output power of the 

IC70BA-based OBHJ devices with respect to annealing temperature. It is clear that the 

output power for the device annealed at 150 C° increased more than 100% compared 

to the device without annealing.  
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Figure 4.26: shows J-V characteristics of the OBHJ solar cells under the illumination 

of 100 mW/cm2 white light (a) linear scale and (b) logarithmic scale. 
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Figure 4.27: Power curve of IC70BA bulk device at different annealing conditions 

 

 

 

 

Table 4.2: The extracted and calculated photovoltaic parameters of the fabricated 

devices under different annealing conditions. 
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             Figure 4.28: Dependence of efficiency on annealing temperatures. 

 

Figure 4.29 shows the effect of thermal annealing on the UV-Vis absorption spectra for 

the thin films of P3HT:IC70BA. Maximum JSC can be obtaining through the absorption 

profile of the active layer. The change in the peak and edge absorption wavelength with 

the different annealing temperature may be attributed to the enhancement of the 

crystallinity of P3HT domains and the degree of the aggregation of IC70BA molecules 

in the blend film as mentioned previously. For the as-deposited film the wavelength of 

the absorption peak (λmax) is 490 nm (2.5 eV) with edge shift to 656nm (1.89 eV). At 

annealing temperature lower than that required for complete reordered molecules film 

(at 100 0C) the λmax is shifted to 530 nm (2.3 eV) with edge shift to 670 nm (1.85 eV) 

but the absorption intensity lower than the absorption in the film without annealing. For 

thermal annealing at 150oC, λmax is to 530 nm (2.3 eV) with edge shift to 688 nm (1.8 

eV) and the absorption intensity increase significantly. Further increase of the annealing 

temperature to 180 0C results in reducing the absorption peak (λmax) to 490 nm (2.5 

eV) with edge shift to 640 nm.  In fact, upon thermal annealing, the absorption is red-

shifted, the film structure is restored. These changes are attributed to an increase in 

internal order, as the polymer chains move more freely with higher temperatures. These 

changes indicate that thermal annealing significantly affected the molecular order of 
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P3HT and the connectivity of IC70BA crystallites as the thermal annealing induces a 

thermodynamic alteration of the photoactive layer. This causes a rearrangement of 

donor and acceptor phases, an increase in crystallinity of the P3HTand an improved 

absorption profile [40-42].  

 

 

Figure 4.29: The optical absorption of the IC70BA based OBHJ solar cells under 

different annealing conditions. 

 

 

Table 4.3 show that small changes in thermal annealing temperature resulted in 

significant changes to the bandgap and provide a direct method for tuning the bandgap 

in P3HT:IC70BA device structure. Before annealing the bandgap was 1.89 eV, whereas 

annealing at a relatively low temperature (100 0C) decrease the band gap of the blend 

to 1.85 eV. However, increasing annealing temperature to 150 0C cause further decrease 

in the bend bandgap to 1.8 eV. Annealing at higher temperatures (180 0C) results in 

increasing the band gap to be 1.93 eV which is more than before annealing the blend. 

This due to the decomposition of the blend structure. Hence, the heat treatment of the 

blend at optimal temperature (150 0 C) causes an increase in the energy width of the 
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localized state thereby reducing the optical energy gap [43] and increase the number of 

excitons created due to light absorption. 

In summary, it is clear from the optical, electrical and surface morphology results 

indicate that the device performance depends strongly on thermal annealing 

temperature. By comparing the efficiencies of the devices it can be seen that the 

optimum annealing temperature to enhance the performance of OBHJ solar cells based 

on P3HT:IC70BA is 150 C° for 10 min due to the high ordered molecules in active 

layer. Annealing at 150C° resulted in lower energy band gap and a moderate 

agglomeration grains size, which provides a favourable pathway for exciton separation 

and charge-carrier transport.  

 

 

Table 4.3: The variation of P3HT:IC70BA blend optical bandgap with different 

annealing temperature 

 

 

4.4.2 IC70BA-based devices under different concentration conditions 

4.4.2.1 Fabrication process 

 

The device structure is similar to the structure in Fig.4.24 with the fabrication procedure 

explained in the previous section (annealing effect). In order to investigate the effect of 

the weight ratio of  the active layer on the photovoltaic properties, the active layer 

P3HT∶IC70BA was fabricated with different weight ratios of 1∶1, 1∶2 , 2∶1, 1:3 and 3:1, 

while keeping the pre-thermal annealing at 150 ℃ for 10 min. 
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4.4.2.2 Surface morphology 

 

In order to understand the morphological changes that occur in the active layer as a 

result of changing weight ratio, AFM images of the active layer surface at different 

weight ratio were studied.  From the surface morphology in Fig. 4.30, the 2: 1 and 3:1 

weight ratios, where the percolation ratio of the P3HT phase was substantially higher 

than that of the PCBM phase, show many isolated PCBM domains. 

However, in the case of the 1:2 and 1:3 ratios it can be seen from the morphology in 

Fig. 4.30 upon increase the ratio of IC70BA the IC70BA grains appeared randomly in 

the blends where the density and crystal grains of the P3HT decrease. In addation, from 

Fig.4.30 the surface of the P3HT:IC70BA film with 1:1 weight ratio shows good mixing 

structures with moderate agglomeration. In fact, at weight ratio of 1: 1, the percolation 

ratios of both the P3HT and IC70BA phases were approximately equal. 

 

 

(a) 

(b) 
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Figure 4.30: shows the variation in ICBA based OBHJ active layer morphology at 

different P3HT∶IC70BA weight ratios, a) 1:1, b) 2:1, c) 1:2, d)3:1, e) 1:3. 
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4.4.2.3 Electrical characterisation 

 

J–V curves of the devices tested under 100 mW cm-2 AM 1.5 G illumination for 

different P3HTto IC70BA ratios are shown in the Fig. 4.30 and device performance 

parameters are given in Table 4.4. 

The trend of the device performance change when the P3HT:IC70BA blend weight 

ratio change (see Fig. 4.31 and Fig. 4.32). When the P3HT to IC70BA ratio was 1: 2, a 

JSC of 5.83 mA/cm2 and full factor of 68% was obtained which consequently yielded 

the PCE of 1.4 %. This attribute to the large difference between the mobilities of the 

holes and electrons, then space charge influnces due to unbalanced mobilities results in 

a low current density [46]. JSC was greatly enhanced to 20.83 mA/cm2 for devices with 

the polymer to IC70BA ratio of 1: 1, where electron and hole transport are balanced. A 

PCE of 5.6% for this device was achieved which is close to the parameters in last section 

for devices annealed at 150 0C. When the IC70BA content was further increased (1:3), 

the JSC started to decrease again to 3.33mA/cm2 resulted in PCE of 0.5%. In this case, 

lower hole mobilities compared to electron mobilities was occurred. It is quite clear that 

device performance weaken with increase or decrease of the concentration of IC70BA 

acceptor in the P3HT composite. Also, the same phenomenon occurred when the P3HT 

content increases (2:1), JSC = 8.33 mA/cm2 and PCE 1.7%. Despite the enhancement of 

hole conductivity, recombination process occurred as most of the electrons generated 

would be trapped within isolated IC70BA domains. Further increase in the P3HT 

weight ratio (3:1) decrease the JSC = 4.16 mA/cm2 due to increase recombination which 

reduce the device performance. This study demonstrate that at a weight ratio of 1:1 

percolation ratio the phase of both P3HT and IC70BA approximately equal which 

prevents generated charges from becoming trapped within isolated domains .  

As the P3HT ratio increase (2:1) the recombination rate increases [44].  Moreover, 

excessive increasing in P3HT weight ratio (3:1) result in higher recombination rate and 

reduce device performance. Number of percolating electron transport pathway is 

decreased in decreasing the concentration of fullerene in intermixed region. This creates 

a morphological electron trap that enhances charge carrier recombination [45]. 

However, increasing the IC70BA weight ratio (1:2, 1:3) reduce the photon absorption 

efficiency (as the polymer absorbs more light in the visible range than fullerene), 

resulting in an imbalance of charge transport in the device, which decrease the device 

performance. At a higher fullerene-to-polymer ratio, a larger domain size of fullerene 
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can be formed. Thus, Optimization of the composite weight ratio detects the important 

role played by morphology for the transport properties of P3HT:IC70BA bulk 

heterojunction based solar cells [47]. 

 

 

Figure 4.31: shows J-V characteristics of the IC70BA OBHJ solar cells under the 

illumination of 100 mW/cm2 white light (a) linear scale and (b) logarithmic scale. 
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Figure 4.32: Power curve of IC70BA bulk device at different P3HT:IC70BA at 

different weight ratio conditions.  
 

 

 

Table 4.4: The extracted and calculated photovoltaic parameters of the fabricated 

P3HT:IC70BA devices under different Weight ratio conditions. 
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Figure 4.33: Dependence of efficiency on P3HT:IC70BA blend concentration weight.  

 

 

4.5 Summary  

 

Fabrications and characterisation of organic bulk-heterojunction (OBHJ) solar cells 

based in two new different acceptor materials, PAMAM and IC70BA, were 

investigated. New PAMAM cores (FC0, FC1 and FC2) as well as different PAMAM 

generations (G0, G0.5, G1 and G2) were used as acceptors in the fabrication of OBHJ 

solar cells. Optical and AFM images were used to determine the effect of the 

microstructure of the active layer on photovoltaic properties and how the electrical 

properties of the devices affected by the active layer morphology.  

The electrical characterisation proved that the active layer blend of P3HT and PAMAM 

cores (FC0, FC1 and FC2) exhibit a composition dependent morphology. PAMAM FC2 

core surface morphology which shows clear branching units similar to a tree spread on 

the whole surface with weak connections produced a non-zero current under 

illumination with the halogen lamp (100 mW/cm2). The device produced an open circuit 

voltage, VOC, of 0.6V, short-circuit current density, JSC of 1.3 mA/ cm2 with a fill factor 

of 22 % and a maximum power, Pmax, of 0.2 mW/cm2 yielding a power conversion 
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efficiency of 0.2%. Optical spectroscopy shows absorption edge at 470 nm and the peak 

around 390 nm.  However, OBHJ solar cells based in the other PAMAM cores (FC0 

and FC1) did not display any photovoltaic behaviour (no open circuit voltage was 

detected) under illumination and this was attributed to the surface morphology of the 

active layers and optical absorption spectra. The morphology of the active blends 

containing P3HT:FC0 and P3HT:FC1 shows a clear phase separation structures with 

agglomeration of branching spread on the surface forming branches without 

connections. 

Based on these results different generations (G0, G0.5, G1 and G2) were synthesis from 

PAMAM FC2 core to improve the efficiency. PAMAM G0, G1 and G2 are full 

generations where the primary amine is the surface group.  The primary amine doubled 

with increase generation. However, PAMAM G0.5 are half generation with ester 

terminated group in the surface group and no primary amine in the surface group. OBHJ 

solar cells based on these generations also show optical absorption, morphology and 

surface group dependence. Cells based on PAMAM G0.5 as acceptor with condense 

branching units and good connections in the composition active layer film where 

absorption edge at 530 nm (peak 450 nm) produced a VOC ~ 0.85V, JSC ~ 6 mA/ cm2 

with fill factor of ~26 % and Pmax of about 1.6 mW/cm2 yielding a power conversion 

efficiency of 1.6 %. Other PAMAM generations (G0, G1 and G2) shows no open circuit 

voltage under illumination. This behaviour again been attributed to their surface 

morphology and optical absorption as well as their surface group. The full generation 

amine-terminate PAMAM surface group (G0, G1 and G2) are protonated at 

physiological pH. Thus, there is an electrostatic repulsion between the primary amine 

in the surface preventing the electrostatic interaction with other materials. However, 

ester terminated half-generation dendrimers are less susceptible to protonation 

compared to the full generation dendrimers and more opening structure for electrostatic 

interaction with other materials to occur.      

Although annealing of many organic acceptor materials improved the photovoltaic 

behaviour of the devices, for the PAMAM-based cells, there were no photovoltaic 

behaviour after annealing. This behaviour was attributed to disappearance of branches 

with annealing and the structure of dendrimers becomes of small globular structure 

without any connections. Thus, energy transfers in the dendrimers become difficult.  

The other material which was also investigated in this chapter is IC70BA as acceptor 

in organic bulk heterojunction devices. This material was studied at two different 



 

131 

 

conditions, first at different annealing temperatures, with AFM morphology show t 

optimum annealing temperature of 150 0C for 10 min. The annealing at 150 °C results 

in good mixing structures with moderate agglomeration which gives large and 

connected grains. As a result, the PV cells prepared with heat treatment at 150 C showed 

the best device performance (Jsc = 23. 33 mA/cm2, VOC = 0.53 V, FF 0.44, and PCE = 

5.8 %). Second device condition is the fabrication of cells with P3HT-IC70BA at 

different weight concentrations. The result show that JSC was greatly enhanced to 20.83 

mA /cm2 for devices with the polymer to IC70BA ratio of 1: 1, where electron and hole 

transport are balanced.   
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Chapter 5 

Organic bilayer Heterojunction solar cells 

 

5.1 Introduction 

 
Recently, Organic bilayer Heterojunction solar cells have attracted much interest for 

large scale solution processed efficient organic solar cells due to the sequential 

processing in the active layer formation being more straightforward. Organic electron 

acceptors that may not survive thermal evaporation can be used through the Sequential 

processing where each layer controlled and optimized independently [1, 2].  Thus, 

sequential solution processing of the active layers in organic solar cells would be 

particularly advantageous towards multiple junction cells to enhance the efficiency.  

In this chapter the fabrication and characterisation of organic bilayer heterojunction 

solar cells (OHJ) based on different  new PAMAM dendron salts acceptor materials (G 

0.5, G 1.5, and G2.5) at different pH and new A-A copolymer PAMAM G0- 

thienopyrroledione (TPD) are investigated. The current density–voltage (J-V) 

characteristics for these devices were measured in the dark and under illumination with 

a halogen lamp. The experimental details, surface morphology, electrical characteristics 

and optical absorption measurement of each of these devices are presented and 

discussed in this chapter. 

PAMAM G0.5, G1.5 and G2.5 salts are half generations with carboxylate- terminated 

group (-COONa) in the surface group. Half-generation dendrimers has anionic charges 

and is capable of binding with a variety of cationic guests. As the generation increase, 

the number of surface group double with each increasing generation see table 5.1.  
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Table 5.1: Number of surface groups, primary and tertiary amine in half generations 

PAMAM carboxylate- terminated group. 

 

 

5.2 PAMAM G0.5 salt based OHJ solar cells at different pH 

conditions 

5.2.1 Fabrication process  

 

Fabrication of OHJ solar cells with the structure of ITO/PEDOT: PSS/P3HT/ PAMAM 

G0.5 salt /TiO2/Al (as shown in the Fig. 5.1) is explained in this section. The ITO-

coated glass substrate were cleaned with soap, warm water and deionized water, also 

cleaned with ultrasonic treatments in acetone and isopropanol respectively, then were 

dried with nitrogen flow. The conducting poly (3, 4-ethylenedioxylenethiophene)-

polystylene sulfonic acid (PEDOT: PSS) was spin-cast (5000 rpm) for 40 second with 

thickness ~40 nm. Then, the substrate was dried for 10 minutes at 140˚C in air, and then 

placed into a glove box for spin coating of the active layer. Poly (3-hexylthiophene-2, 

5-diyl) (P3HT) was prepared by 1wt% in chloroform solution and then spin coated at 

1000 rpm with thickness ~100 nm on top of the PEDOT layer as active layer donor. 

The acceptor PAMAM dendritic wedges G0.5 with different pH conditions, low, 

neutral, and high (1.5, 3.2, 5.7, 6.93, 9.2, 10.95, 12.44) was spin coated on top of the 

P3HT at 700 rpm with ≈ 70 nm thickness.  Then, titanium dioxide (TiOx) precursor 

solution in methanol was spin coated with thickness ~20 nm in air on top of PAMAM 

wedges G0.5 pH as electron transport layer and was dried for 10 minutes in air at 80˚C.  

Finally, the device was completed by evaporating~100 nm Al on top of TiOx. The 

deposited Al electrode area defines an active area of the devices as 0.12cm2.All films 

preparation and materials evaporation technique were discussed in chapter 3. 

PAMAM 

generations 

Primary amine 

-NH2  

Tertiary amine  

=N- 

Surface group 

 (-COONa) 

G0.5 0 1 2 

G1.5 0 3 4 

G2.5 0 7               8 
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The acidity or basicity of a substance is defined by the pH of the material. Acids in 

aqueous solution produce hydrogen H+ ions. The greater the concentration of hydrogen 

ions the more acid the solution and the lower the pH. 

 

                    Hydrochloric acid: HCl (g) + aq ==> H+(aq) + Cl–(aq) 

 

Alkalis in aqueous solution produce OH–(aq) hydroxide ions. The greater the 

concentration of hydroxide ions the more alkaline the solution and the higher the pH. 

 

                 Sodium hydroxide: NaOH(s) + aq ==> Na+(aq) + OH–(aq) 

 

If the concentration of the hydrogen ion (H+) is equal to the concentration of hydroxide 

ion (OH–), the solution is called neutral solution.   

 

  

 

 

 

 

 

 

 

 

Figure 5.1: PAMAM G0.5 salt chemical structure and Schematic diagram of PAMAM 

G0.5 salt based OHJ solar cells 
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5.2.2 Surface morphology 

 

One of the critical factors in determining the performance of solar cells is the 

morphology of the active layer. Thus, optimise the donor/acceptor nanoscale 

morphology is essential for dissociating the photogenerated excitons within their 

diffusion length and facilitating an efficient charge collection [3-5]. Active layer 

morphology of OHJ solar cells is our main interest as it was mentioned previously that 

the surface morphology of PAMAM dendrimers can be adjusted as function of pH. It 

was reported that the surface morphology of the electron acceptor layer affected the 

current and voltage outputs of the photovoltaic cells [6].  

Atomic Force Microscopy (AFM) used to study donor/ acceptor surface structure and 

the differences in performance characteristics depend on the different morphology 

structure of the devices [7-9].  

 Optical image was taken to the PAMAM G0.5 salt at different pH (low, neutral, high) 

condition on the top of and P3HT layer to examine the distribution of PAMAM G0.5 

salt layer at different pH. Figure 5.2 show that PAMAM G0.5 distribution is highly 

dependent on its pH concentrations. At low pH (pH < 5) the optical image showed high 

density small grains in the film. At neutral the optical image shows very clear branches 

and tree structure distributed almost uniformly and grown in the same direction. 

However, at high pH (pH > 10) the optical image showed that, no branches can be seen; 

branches fade and dissolve in the film structure. 
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Figure 5.2: Optical image of PAMAM G0.5 salt on top of the P3HTlayer at different 

pH conditions. 

 

The morphology characterization of the P3HT/PAMAM G0.5 based bilayer devices 

was limited to the characterization of the acceptor active layer. Figure 5.3 shows the 

AFM images of the deposited PAMAM-G0.5 acceptor layer at different pH 

concentrations, starting from very acidic solution increasing to reach neutral 

concentrations and afterwards reaching a more alkaline solution.  
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Figure 5.3: AFM morphology images of PAMAM G0.5 acceptor layer on top of the 

P3HTlayer at different pH concentrations. 
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It was reported that PAMAM structure, size and rigidity rely on their pH [10-12]. The 

tapping-mode AFM images in Fig. 5.3 show significant differences in the topographies 

of PAMAM G0.5 at different pH condition.  The effect of pH on PAMAM G0.5 size 

and shape can be explained by electrostatic attraction between the PAMAM G0.5 and 

P3HT. It can be seen from PAMAM G0.5 AFM at different pH in Fig 5.3 that high pH 

results in a compact structure with dense PAMAM G0.5 core where the periphery found 

to be largest at neutral pH and shrink at low pH. At low pH PAMAM G0.5 tertiary 

amine and interior tertiary amine are positively charged, which make it less flexible due 

to the intermolecular electrostatic interactions and hence more water can penetrate in 

the interior of the dendritic. At neutral pH, only the tertiary amines in PAMAM G0.5 

are positively charged. This makes it more flexible and a more homogeneous 

distribution result in larger dendritic size. At higher pH none of tertiary amine or interior 

tertiary amine in PAMAM G0.5 are charged which make it to be highly flexible where 

there is no connection between the PAMAM G0.5 end branches [13-16].    

 

5.2.3 Electrical characterisation 

 

The electrical characterization of the P3HT/PAMAM G0.5 salt based bilayer solar cells 

was carried on in a similar way to the characterization of the bulk heterojunction solar 

cells in chapter 4. The J-V characteristics were recorded under dark then recorded under 

incident light illumination with intensity equals to 1.5 AM radiation. Both bias scans 

started from -1V and ended at +1V. Figure 5.4 shows the electrical characteristics of 

the P3HT/PAMAM G0.5-based bilayer devices at different pH conditions of the 

PAMAM-G0.5. Figure 5.4 consist of 7 graphs each graph presents the electrical 

characterization of a device fabricated with a pH concentration of the PAMAM-G0.5. 

Figure 5.4 show that all the devices exhibit the photovoltaic behaviour. In dark the 

current remains at Zero until the threshold voltage of rectification behaviour was 

reached then the current increases suddenly. On the other hand, under 1 sun light 

illumination intensity, in all seven devices the current start from a non-zero current 

value showing the existence of the generated carriers due to the absorption of incident 

photons. However, the photovoltaic behaviour of these devices showed that it is highly 

relying on the morphology of the PAMAM-G0.5 pH layer. Thus the difference in the 

morphology of the deposited PAMAM-G0.5 at different pH was reflected as well on 

the photovoltaic device parameters. Table 5.1 summarizes the extracted photovoltaic 
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parameters such as VOC, JSC and Pmax from the recorded characteristics of each device, 

also, the calculated fill factor and the solar cell efficiency for each device. It is clear 

from Table 5.2 that the VOC increased with the increase of pH, increased from 0.3 V at 

pH = 1.5 to reach 0.85 V at pH = 9.2. Further increase of pH to higher values decrease 

the VOC to a value of 0.7 V. Table 5.2 also shows the dependence of the JSC of the 

fabricated devices on the morphology of the PAMAM-G0.5, it increased from 0.5 

mA/cm2 at pH = 1.5 to reach 8 mA/cm2 at pH = 9.2. Further increase of pH to higher 

values decrease the JSC to a value of 0.4 mA/cm2. This can be explained by the complete 

existence of the branches and tree-like structure in the deposited acceptor layer at this 

pH=9.2. This may be confirmed by the abrupt decrease in the ISC at higher pH where 

the branches disappear and thus the collection of electrons by the electrodes is not 

facilitated by the existence of the branches. This can be explained by the changes in the 

degree of protonation of the PAMAM G0.5 at different pH. Changes in pH alter the 

protonation of both the internal and the end amine groups of the molecules, leading to 

variations of their charge density, hydrophobicity and solubility [17, 18]. It was 

discovered that PAMAM dendritic become positively charged at the natural pH 6-9 as 

all the primary amines (tertiary amine in the half generation PAMAM) protonated result 

of attractive Coulomb interactions between the negatively charged surface carboxy-

groups and the positively charged tertiary amines in the inner shells of the dendrimer 

leading to create electric current at the interface with opposite material P3HT, then the 

electric current will flow through the solar cell device in order to encourage more 

electrons to transfer from the donor (P3HT) to acceptor (PAMAM G0.5) and reduce 

the recombination of charge.  From a morphology point of view, significant branch 

back-folding occurred at neutral pH (pH 6-9) in addition to major peripheral distribution 

of the terminal groups. Thus, the mobility and diffusion length of the electrons injected 

in the acceptor layer  may enhanced by a complete existence of the branches and tree-

like structure in the deposited acceptor layer at neutral pH (pH=9.2) thus facilitates its 

collection by the electrode.  

However, at high pH (pH >10) none of the tertiary amines protonated (neutral 

PAMAM) which means there are no positive charges that can bend the negative charges 

from the P3HT. At this pH, the morphology as it was mentioned before become globular 

and compact as the charge of the molecule becomes neutral. This explained the abrupt 

decrease in the JSC at higher pH. On the other hand, at low pH (pH < 5) all the tertiary 

amine and interior tertiary amine groups of the PAMAM G0.5 dendrimer are 
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protonated. Thus, electrostatic repulsion between tertiary amine and interior tertiary 

amine positively charged amines is larger than the electrostatic attractive interaction 

between P3HT and PAMAM G0.5, resulting in a low JSC at this pH. Furthermore, at 

low pH of PAMAM G0.5 the branches tend to shrink due to electrostatic repulsion 

between tertiary amine and interior tertiary amine. It was found that the size of the 

PAMAM G0.5 dendritic increases from high to low pH reflecting swelling due to the 

electrostatic phenomenon [19, 20].  

The abrupt increase in the JSC at pH = 9.2 was reflected in PMAX as shown in Table 5.1, 

where the PMAX had its highest value of 1.8 mW/cm2 while it had much lower values at 

other pH values. The abrupt increase in the JSC and PMAX was reflected in the calculated 

efficiency also. 

 

 

 

Table 5.2: The extracted and calculated photovoltaic parameters of the fabricated 

PAMAM G0.5 based devices under different pH conditions. 
 

 

 

 

 

PAMAM 

G0.5  pH 

VOC  

(V) 

JSC(mA/cm2) PMAX 

(mW/cm2) 

FF 

(%) 

PCE 

(%) 

RS 

(Ω) 

 

RSH 

(Ω) 

1.5 0.3 0.5 0.055 36 0.055 550 25000 

3.2 0.6 0.4 0.055 22 0.055 930 8300 

5.7 0.68 0.6 0.085 21 0.085 400 4200 

6.93 0.79 2.2 0.45 26 0.45 210 4200 

9.2 0.85 8 1.8 26 1.8 70 600 

10.95 0.7 0.65 0.11 24 0.11 400 5500 

12.44 0.7 0.4 0.065 23 0.065 1040 11110 
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Figure 5.4: Electrical characterisation of the PAMAM-G0.5/P3HT Based Organic 

Bilayer Devices at different pH concentrations of the PAMAM-G0.5 acceptor 

layer 

 

 

The plot of the calculated efficiency of the fabricated P3HT/ PAMAM GO.5-based 

bilayer devices versus the pH of the PAMAM-G0.5 acceptor layer is shown in Fig 5.5. 

It shows the abrupt increase in the efficiency at pH = 9.2 where the tertiary amine was 

positively charges branches and tree-like structure of the PAMAM-G0.5 acceptor layer 

was formed which enhanced diffusion length and the efficient collection of the electrons 

by the electrodes. While at low and high PAMAM G0.5 pH there were no branches 

exist and the efficiency decreases at least an order of magnitude accordingly. As 

mentioned earlier, this is directly related to the repulsion force at low pH as the tertiary 
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and interior tertiary amine was positively charges where as at high pH, PAMAM G0.5 

becomes neutral without charges. Also, it is clear from Table 5.2 that when the current 

density is high (8 mA/cm2) at pH= 9.2 the series resistance (RS) decreases to 70 Ω.  

 

 

 

 

 

Figure 5.5: The plot of the efficiency of the fabricated PAMAM-G0.5/P3HT-based 

bilayer devices versus the pH of PAMAM-G0.5. 
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Figure 5.6 shows the dependence of open circuit voltage (VOC) and current density (JSC) 

on the pH level of the PAMAM G0.5 material. It is clear from Fig. 5.6 (a) that VOC 

increased at low pH values and reaches maximum at about pH = 9.2, then become 

steady at 0.7 V at high pH values. Whereas, JSC is very low at all pH values except for 

pH = 9.2 where the short circuit current increased sharply.  

 

 

 

Figure 5.6: The plot of (a) the open circuit voltage (b) the current density of 

the fabricated P3HT/PAMAM G0.5-based bilayer devices versus the pH of the 

PAMAM-G0.5. 
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5.2.4 Optical Absorption measurement 

 

UV-Vis spectrum (absorbance Vs wavelength) of PAMAM G0.5 at different pH 

conditions is shown in Fig. 5.7.  At acidic PAMAM-G0.5 solution (low pH values), the 

absorption is very low. At low pH, the absorption edge around 510 nm where the 

bandgap at this point is 2.4 eV and peak absorption at 450 nm (2.7 eV).  On the other 

hand, around pH = 5-9 where the solution tends to be neutral, the absorption intensity 

increased, reaching the maximum at pH= 9.2. At this pH the absorption edge around 

550 (2.2 eV) with a peak absorption at 470 nm (2.6 eV).   

However, at basic solutions (high pH values), the absorption edge decreases to around 

530 (2.3 eV) with a peak absorption at 450 nm (2.7 eV). This decrease in absorption 

edge is due to protonation/deprotonation processes high and low pH. At low pH, the 

tertiary and interior tertiary amine are protonated resulting in repulsion force between 

them blocking electron transfer reactions between the P3HT and PAMAM-G0.5. As 

pH increased (neutral pH) the interior tertiary amine became deprotonated where 

tertiary amine protonated, allowing electron transfer reactions between the P3HT and 

PAMAM-G0.5. However, at high pH, the tertiary and interior tertiary amine become 

deprotonation reducing electron transfer reactions between the P3HT and PAMAM-

G0.5 

The neutral solution tends to have not only strong morphological changes, but also the 

optical properties tend to be totally different than acidic or basic solutions. The better 

absorption can be attributed to the crystallization of the material at such pH value. 
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Figure 5.7: Influence of pH on the absorption of PAMAM-G0.5. 

 

 

Table 5.3 show that changes in the PAMAM-G0.5 pH result in significant changes to 

the bandgap and provide a straightforward method for tuning the bandgap of PAMAM-

G0.5 in the application of organic bilayer solar cells. At low pH, (pH <5) the bandgap 

was 2.4 eV. Increasing the pH to neutral level (pH 6-9) decrease the band gap to 2.2 

eV. However, increasing the pH at high Values (pH> 10) results in increasing the band 

gap to be 2.3 eV. Thus, optimized the pH level of PAMAM-G0.5 is crucial point in the 

organic bilayer device performance based on PAMAM-G0.5 pH as acceptor.  

 

Table 5.3: The variation of PAMAM-G0.5 optical bandgap with different pH 

conditions. 
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5.2.5 PAMAM-G0.5 pH bilayer devices thermal annealing  

 

Thermal annealing is one way to overcome the lower efficiency in bilayer hetrojunction 

device by increase the donor acceptor interfacial area through introducing of 

nanostructures in either donor (D) or acceptor (A) layers. Thus, the distance between 

the acceptor and donor will be reduce and allow for better charge transfer. Introducing 

nanostructure in the active layer (D/A lead to more ordered bulk heterojunction 

structure. This gives large donor-acceptor interface area for exciton dissociation and 

good carrier transport [21, 22]. However, it was reported that PAMAM dendrimers 

show stronger cross-linking ability at room temperature. Prior to thermal treatment, the 

dendrimer film is quite pH-dependent. Heating dramatically changes the dendrimer film 

properties, leading to a monolithic nanocomposite that is pH independent. The nature 

of the thermally induced changes in these films depends on the incorporated dendrimer 

[23-25].  

The thermal annealing was performed for the  PAMAM G0.5 pH (low, neutral, high) 

layer at different temperatures for 10 min before the TiOx electron transfer layer (ETL) 

and vacuum deposition of the metal negative electrode (pre-thermal annealing). Figure 

5.8 shows the J–V curves of the OHJ solar cells with different pre-thermal annealing 

temperature under the illumination of 100 mW/cm2 white light. 

At low pH and after annealing for 50 0C the J-V characteristics did not display any 

photovoltaic behaviour (no open circuit voltage was detected under illumination). Also, 

when annealing temperature increased to 100 0C and 150 0C the same behaviour was 

observed.  The same results were achieved with neutral pH PAMAM G0.5 under 

thermal annealing at different temperatures. However, at high pH there is a small 

photovoltaic behaviour which was improved with increasing annealing temperature 

from 50 0C to 150 0C. 

In order to understand the morphological changes that occur in the polymer layer as a 

result of thermal annealing, the AFM images of the PAMAM G0.5 pH layer surface 

after annealing at different temperatures was studied. The AFM images in Fig. 5.9 show 

the variation in PAMAM G0.5 pH layer morphology after annealing.  
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Figure 5.8: current density–voltage (J–V) curves of the PAMAM G0.5 pH (low, 

neutral, high) OHJ solar cells with different pre-thermal annealing 

temperature. 
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Figure 5.9: shows the variation in PAMAM G0.5 pH layer morphology after 

annealing at different annealing temperature. 

 

 

At low pH, before annealing as seen in figure 5.3 PAMAM G0.5 had dense shell with 

maximum density at the dendrimer periphery, after annealing (Fig.5.9) grain growth 

and agglomeration increased upon annealing increased.  It was reported that PAMAM 

dendrimers undergo some folding, shape and size changes in response to changes in 

their environment, such as altered solvent type, pH and temperature [26].  It can be seen 

that, the film morphology was changed from dense shell morphology to globular 
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structures upon temperature increase. This result in good correlation with which other 

reported that dendrimers with temperature retain their globular structure and uniformity 

at the molecular level [27-29].  It was observed that PAMAM G0.5 was minimized 

upon increasing annealing temperature. That demonstrate the dendrimer minimized 

after each annealing cycle [30, 31]. On other hand, other reported that thermal annealing 

enhanced phase separation at a micrometre scale and that results in incomplete energy 

transfer in the dendrimer [32]. These confirming the J-V characterisation results as the 

branches morphology with annealing disappear and the structure of denderimers 

become globular structure without any connections. Thus, energy transfers in the 

dendrimers become difficult. The same things occur at neutral and high pH. At neutral 

pH, before annealing complete existence of the branches and tree-like structure, after 

annealing the branches fades and grain growth increased upon annealing increased. 

However, at high pH before annealing PAMAM G0.5 had a compact structure with 

dense core, after annealing PAMAM G0.5 was minimized upon increasing annealing 

temperature taking grain structures. Theses grains become dense and smaller upon 

increasing annealing temperature without any connections between them. This can 

disturb energy transfer in dendrimers.  

 

 

5.3 PAMAM G1.5 salt based OHJ solar cells at different pH 

conditions 

5.3.1 Fabrication process 

 

The structure of the ITO/PEDOT: PSS/P3HT/PAMAM G1.5 /TiO2/Al is shown in 

Figure 5.10. All fabrication conditions and experimental steps were the same as the 

previous PAMAM G0.5 based OHJ devices (shown in Section 5.2.1). The difference 

between the two structures is that PAMAM G1.5 with different pH conditions low, 

neutral, and high (1.43, 3.80, 5.27,7.03, 9.38, 10.73, 12.42)  was used as the acceptor 

layer instead of PAMAM G0.5 pH. PAMAM-GO.5 has one teriatery amine and two –

COONa surface group where PAMAM-G1.5 has three tertiary amine and four –

COONa surface group.  
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Figure 5.10: PAMAM G1.5 salt chemical structure and Schematic diagram of 

PAMAM G1.5 salt based OHJ solar cells. 
 

 

5.3.2 Surface morphology 

 

Optical images of the PAMAM G1.5 salt at different pH (low, neutral, high) condition 

on the top of and P3HT layer is shown in Fig. 5.11.  Figure 5.11 shows that PAMAM 

G1.5 distributions are again highly dependent on its pH concentrations. The effect of 

different pH conditions on the morphology of PAMAM G1.5 is somewhat similar to 

that observed on PAMAM G0.5 morphology at different pH conditions. At low pH (pH 

< 5) the optical image showed high density small agglomeration in the film. At Neutral 

the optical image shows very clear branches and tree structure distributed almost 

uniformly and grown in the same direction. However, at high pH (pH > 10) the optical 

image showed that, no branches can be seen; branches fade and dissolve in the film 

structure.       

                  

Figure 5.11: Optical image of PAMAM G1.5 salt on top of the P3HTlayer at different 

pH conditions. 
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Figure 5.12 shows the AFM images of the deposited PAMAM-G1.5 acceptor layer at 

different pH concentrations, starting from very acidic solution then increasing the pH 

to reach neutral concentrations and afterwards reaching very basic solution. As it was 

found previously in the PAMAM G0.5 pH the AFM images in Fig. 5.12 show 

significant differences in the topographies of PAMAM G1.5 at different pH conditions. 

The effect of pH on PAMAM G1.5 size and shape can be explained by repulsive forces 

between the tertiary and interior tertiary amine in PAMAM G1.5with changing pH. As 

it can be seen from PAMAM G1.5 AFM at different pH in Fig 5.12 the high pH results 

in a dense PAMAM G1.5 core where the periphery found to be largest at neutral pH 

and shrink at low pH.  The low pH PAMAM G1.5 are positively charged, which make 

it less flexible due to the intermolecular electrostatic interactions and hence more water 

can penetrate in the interior of the dendritic. Therefore, low pH leads to a “dense shell”, 

rigid structure and nonuniform void spacing [12]. At neutral pH, only the tertiary 

amines in PAMAM G1.5 are positively charged. These make it more flexible and a 

more homogeneous distribution result in larger dendritic size. At higher pH none of 

PAMAM G1.5 atoms are charged which make it to be highly flexible where there is no 

connection between the PAMAM G1.5 end branches. Thus, at high pH it has a rather 

dense core. In rigid dendritic materials electron transfer was found to be slower than 

flexible dendritic materials. This is because the rigid dendritic materials keep a large 

cage around the centre, forcing electrons to travel along a larger distance than in their 

flexible counterparts (P3HT) [33]. However, at natural pH the end branches (periphery) 

expanded on the surface and flatten with good connections to each other’s.   Despite 

the similarity in architecture and size, there are significant changes in the conformations 

of PAMAM G1.5 at different pH conditions. The size of the PAMAM G1.5 dendritic 

was found to increase from high to low pH reflecting swelling due to the electrostatic 

phenomenon. 
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Figure 5.12: AFM morphology images of PAMAM G1.5 acceptor layer on top of the 

P3HTlayer at different pH concentrations. 
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5.3.3 Electrical characterisation 

 

J-V characteristics of the P3HT/PAMAM G1.5 -based bilayer devices at different pH 

concentrations of the PAMAM-G1.5 are shown in Fig. 5.13. It consists of 7 graphs each 

graph presents the electrical characterization of a device fabricated with a pH 

concentration of the PAMAM-G1.5. All devices exhibit photovoltaic behaviour under 

dark and under incident light illumination with intensity equals to 1.5 AM radiation. 

The photovoltaic behaviour of these devices showed that it is highly dependent on the 

morphology of the PAMAM-G1.5 pH layer. Thus the difference in the morphology of 

the deposited PAMAM-G1.5 at different pH was reflected as well on the photovoltaic 

device parameters. Table 5.3 summarizes the extracted photovoltaic parameters such as 

VOC, JSC and PMAX from the recorded characteristics of each device, also, the calculated 

fill factor and the solar cell efficiency for each device. It can be observed from table 5.4 

that the VOC exhibits a fluctuating behaviour. VOC fluctuate with pH increase, it increase 

from 0.6 V at pH = 1.43 to reach 0.7 V at pH = 3.80. Further increase of pH to higher 

values decrease the VOC to a value of 0.2 V at pH= 9.38 then increase to 0.36 V at pH= 

10.73 and decrease again to 0.23 V when the pH increase to 12.42. This fluctuation may 

occur as result of PAMAM G1.5 band gap variation through increasing its pH values. 

Table 5.3 also shows the dependence of the JSC of the fabricated devices on the pH of 

the PAMAM-G1.5, it increased from 0.4 mA/cm2 at pH = 1.43 to reach 66 mA/cm2 at 

pH = 7.03. Further increase of pH to higher values decrease the JSC to a value of 2 

mA/cm2. This can be explained by the large and highly branches units in acceptor layer 

at this pH=7.03. 

On the other hand, PAMAM G1.5 pH OHJ based devices behaved in the same trend 

with increasing pH as PAMAM G0.5 pH OHJ based devices. At high pH (pH >10) 

none of the tertiary or interior  tertiary amines protonated (neutral PAMAM) which 

means there are no positive charges can bend the negative charges from the P3HT.Also, 

at  this pH the morphology as it was mentioned before become globular and compact. 

This explained the abrupt decrease in the JSC at higher pH. On the other hand, at low 

pH (pH < 5) all the tertiary and interior tertiary amine groups of the PAMAM G1.5 

dendrimer are protonated. Thus, electrostatic repulsion between tertiary and interior 

tertiary amine positively charged amines larger than the electrostatic attractive 

interaction between P3HT and PAMAM G1.5 result in low JSC at this pH. Furthermore, 

at low pH of PAMAM G1.5 the branches tend to shrink due to electrostatic repulsion 
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between primary and tertiary amine. It was found that the size of the PAMAM G1.5 

dendritic was found to increase from high to low pH reflecting swelling due to the 

electrostatic phenomenon. However,  at neutral pH (pH =6-9) all the tertiary amines 

protonated leading to create electric current at the interface with opposite material 

P3HT, then the electric current will flow through the solar cell device in order to 

encourage more electrons to transfer from the donor (P3HT) to acceptor (PAMAM 

G1.5) and reduce the recombination of charge.  From a morphology point of view, 

significant branch back-folding occurred at neutral pH (pH 6-9) in addition to major 

peripheral distribution of the terminal groups. Thus, complete existence of the branches 

and tree-like structure in the deposited acceptor layer at neutral pH (pH=7.03) may 

enhance the mobility and diffusion length of the electrons injected in the acceptor layer 

and thus facilitates its collection by the electrode. 
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Figure 5.13: Electrical characterisation of the PAMAM-G1.5/P3HT Based Organic 

Bilayer Devices at different pH concentrations of the PAMAM-G1.5  
 

The abrupt increase in the JSC at pH=7.03 was reflected in PMAX as shown in table 5.4, 

where the Pmax had its highest value of 6.24 mW/cm2 while it had much lower values 

at other pH values. The abrupt increase in the JSC and Pmax was reflected in the 

calculated efficiency also. Furthermore, a lower serial resistance value was found to be 

at neutral pH=7.03 when the current density JSC= 66 mA/cm2. It is clear that the 

PAMAM-G1.5 based organic heterojunction bilayer solar cell exhibit efficiency higher 

than the PAMAM-G0.5 based device. This due to the increase in the tertiary amine and 

surface group number as PAMAM-G0.5 has one tertiary amine and two –COONa 

surface group, while PAMAM-G1.5 has three tertiary amine and four –COONa surface 

group. This change increases the number of electrons generated through the device and 

then increase the efficiency.  
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Table 5.4: The extracted and calculated photovoltaic parameters of the fabricated 

PAMAM G1.5 based devices under different pH conditions 

 

                                        

The plot of the calculated efficiency of the fabricated P3HT/ PAMAM G1.5-based 

bilayer devices versus the pH of the PAMAM-G1.5 acceptor layer is shown in Fig 5.14 

It shows the abrupt increase in the efficiency at pH = 7.03 where the tertiary amine was 

positively charges and branches and tree-like structure of the PAMAM-G1.5 acceptor 

layer was formed which enhanced diffusion length and the efficient collection of the 

electrons by the electrodes. While at low and high PAMAM G1.5 pH where no branches 

exist the efficiency decreases one order of magnitude.  

 

PAMAM 

G1.5  pH 

VOC (v) JSC(mA/cm2) PMAX 

(mW/cm2) 

FF (%) PCE 

(%) 

RS  

(Ω) 

RSH 

(Ω) 

1.43 0.6 0.4 0.065 27 0.065 1190 8300 

3.80 0.7 7 0.95 19.4    0.95 50 830 

5.27 0.5 41 5.5 27 5.5 14 83 

7.03 0.26 66 6.24 36.4 6.24 2 200 

9.38 0.2 40 2.3 29 2.3 5 42 

10.73 0.36 5.8 0.8 38 0.8 7 170 

12.42 0.23 2 0.2 43.5 0.2 41 1700 
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Figure 5.14: The plot of the efficiency of the fabricated PAMAM-G1.5/P3HT-based 

bilayer devices versus the pH of PAMAM-G1.5. 

 

Figure 5.15 shows the open circuit voltage (VOC) and current density (JSC) behaviour 

with changing pH level of the PAMAM G1.5 material. It is clear from Fig. 5.15 (a) that 

VOC fluctuate with pH increase, it increase from 0.6 V at pH = 1.43 to reach 0.7 V at 

pH = 3.80. Further increase of pH to higher values decrease the VOC to a value of 0.2 V 

at pH= 9.38 then increase to 0.36 V at pH= 10.73 and decrease again to 0.23 V when 

the pH increase to 12.42.Whereas, JSC is low at all pH values except for pH = 7.03 

where the short circuit current increased sharply. 
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Figure 5.15: The plot of (a) the open circuit voltage (b) the current density of the 

fabricated P3HT/PAMAM G1.5-based bilayer devices versus the pH of the PAMAM-

G1.5. 
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5.3.4 Optical Absorption measurement 

 

Figure 5.16 present the UV-Vis spectrum (absorbance Vs wavelength) of PAMAM 

G1.5 at different pH conditions. At low pH, the absorption edge around 500 nm where 

the bandgap at this point 2.48 eV. The peak absorption at 440 nm (2.8 eV).  On the 

other hand, around pH = 6-9 where the solution tends to be neutral, the absorption 

intensity increased reach the maximum at pH= 7.03. At this pH the absorption edge 

around 530 (2.3 eV) with a peak absorption at 460 nm (2.7 eV).   

However, at basic solutions (high pH values), the absorption decrease the absorption 

edge around 520 (2.38 eV) with a peak absorption at 450 nm (2.8 eV). This due to 

protonation/deprotonation processes at different pH. It was mentioned previously that 

at low pH, when the tertiary and interior tertiary are protonated the repulsion force 

between them blocking or enabling electron transfer reactions between the P3HT and 

PAMAM-G0.5. As pH increased (neutral pH) the interior tertiary amine became 

deprotonated where tertiary amine protonated allowing electron transfer reactions 

between the P3HT and PAMAM-G0.5.  

However, at high pH, the tertiary and interior tertiary amine became deprotonation 

which reduce electron transfer reactions between the P3HT and PAMAM-G0.5 

This high efficiency OHJ solar cell based on PAMAM G1.5 at neutral pH attributed to 

the strong morphological changes with strong absorption at this pH. 

 

Figure 5.16: Influence of pH on the absorption of PAMAM-G1.5. 
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Table 5.5 shows that changes in the PAMAM-G1.5 pH result in significant changes to 

the bandgap and morphology and provide a straightforward method for tuning the 

bandgap and morphology of PAMAM-G1.5 in the application of organic bilayer solar 

cells. At low pH, (pH <5) the bandgap was 2.48 eV. Increasing the pH to neutral level 

(pH 6-9) decrease the band gap to 2.3 eV. However, increasing the pH at high Values 

(pH> 10) results in increasing the band gap to be 2.38 eV. Thus, optimized the pH level 

of PAMAM-G1.5 is critical point in the organic bilayer device performance based on 

PAMAM-G1.5 pH as acceptor. 

 

 

Table 5.5: The variation of PAMAM-G1.5 optical bandgap with different pH 

conditions. 

 

 

 

5.3.5 PAMAM-G1.5 pH bilayer devices thermal annealing 

 

The thermal annealing was performed  for the acceptor layer PAMAM G1.5 pH (low, 

neutral, high) at different temperatures for 10 min before the TiOx electron transfer 

layer (ETL) and vacuum deposition of the metal negative electrode (pre-thermal 

annealing). Fig. 5.17 shows the current density–voltage (J–V) curves of the OHJ solar 

cells with different pre-thermal annealing temperature under the illumination of 100 

mW/cm2 white light. The same result was recorded as annealing of PAMAM G0.5 pH 

PAMAM-G1.5  pH Band gap  (eV) 

1.43 2.48 

3.80 2.43 

5.27 2.38 

7.03 2.3 

9.38 2.38 

10.73 2.38 

12.42 2.38 
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devices. At low pH PAMAM G1.5, after annealing acceptor layer for 50 0C the J-V 

characteristics did not display any photovoltaic behaviour (no open circuit voltage was 

detected) under illumination with the halogen lamp (100 mW/cm2). Also, when 

annealing temperature increased to 100 0C and 150 0C the same behaviour was 

observed. The same results was achieved with neutral and high pH PAMAM G1.5 

under thermal annealing at different temperatures. 

The effects of annealing temperature on the PAMAM G1.5 pH (low, neutral, high) layer 

at different annealing temperatures was studied. The tapping-mode atomic force 

microscope (AFM) images in Fig.5.18 shows the variation in PAMAM G1.5 pH layer 

morphology after annealing at low pH. Similar annealing effects were observed in 

PAMAM G1.5 pH layer as PAMAM G0.5 pH under different thermal annealing 

temperatures. 

At low pH, before annealing, as seen in Fig. 5.12, PAMAM G1.5 had dense shell with 

maximum density at the dendrimer periphery, after annealing (Fig.5.18) grain growth 

and agglomeration increased upon annealing increased. The same thing occurs at 

neutral and high pH. At neutral pH, before annealing complete existence of the branches 

and tree-like structure, after annealing the branches fade and grain growth increased 

upon annealing increased. However, at high pH before annealing PAMAM G1.5 had 

compact structure with dense core, after annealing PAMAM G1.5 was minimized upon 

increasing annealing temperature taking grain structures. Theses grains become dens 

and smaller upon increasing annealing temperature without any connections between 

them. This can disturb energy transfer in dendrimers. 
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Figure 4.21: current density–voltage (J–V) curves of the PAMAM G1.5 OHJ solar 

cells with different pre-thermal annealing temperature under the illumination of 100 

mW/cm2 white light. 
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Figure 5.18: shows the variation in PAMAM G1.5 pH layer morphology after 

annealing at low pH. 

 

 

 

5.4 PAMAM G2.5 salt based OHJ solar cells at different pH 

conditions 

5.4.1 Fabrication process 

 

The structure of the ITO/PEDOT: PSS/P3HT/PAMAM G2.5 /TiO2/Al is shown in 

Figure 5.19. All fabrication conditions and experimental steps were the same as the 

previous PAMAM G0.5 based OHJ devices (shown in Section 5.2.). The difference is 

in the generation size. PAMAM G2.5 with different pH conditions low, neutral, and 

high (1.25, 2.52, 5.43, 6.85, 8.05, 10.71, 12.52) was used as the acceptor layer instead 

of PAMAM G0.5 pH. PAMAM-G0.5 has one tertiary amine and two –COONa surface 

group where PAMAM-G2.5 has seven tertiary amine and eight –COONa surface group.  
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Figure 5.19: PAMAM G2.5 salt chemical structure and Schematic diagram of 

PAMAM G2.5 salt based OHJ solar cells. 

 

 

5.4.2 Surface morphology 

 

Figure 5.20 show optical images of the PAMAM G2.5 salt at different pH (low, neutral, 

high) condition on the top of and P3HT layer. It show that PAMAM G2.5 distribution 

are highly dependent on its pH concentrations. The effect of different pH conditions on 

the morphology of PAMAM G2.5 is somewhat similar to that observed on PAMAM 

G0.5 and G1.5 morphologies at different pH conditions. At low pH (pH < 5) the optical 

image showed high density small agglomeration in the film. At Neutral the optical 

image shows very clear branches and tree structure distributed almost uniformly and 

grown in the same direction. However, at high pH (pH > 10) the optical image showed 

that, no branches can be seen, branches fade and dissolve in the film structure. 
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Figure 5.20: Optical image of PAMAM G2.5 salt on top of the P3HTlayer at different 

pH conditions. 
 

 

AFM images in the Fig.5.21 shows the deposited PAMAM-G2.5 acceptor layer at 

different pH concentrations, starting from very acidic solution then increasing the pH 

to reach neutral concentrations and afterwards reaching very basic solution. As it was 

found previously in the PAMAM G0.5 and G1.5 pH, AFM images in Fig.5.21 show 

significant differences in the topographies of PAMAM G2.5 at different pH conditions. 

The effect of pH on PAMAM G2.5 size and shape can be explained by repulsive forces 

between the primary and tertiary amine in PAMAM G2.5with changing pH. As it can 

be seen from PAMAMG2.5 AFM at different pH in Fig.5.21 the high pH results in a 

dense PAMAM G2.5 core where the periphery found to be largest at neutral pH and 

shrink at low pH.  At low pH, PAMAM is known to adopt more rigid conformation due 

to electrostatic repulsions among the protonated amine groups along the branches [34]. 

Thus, at low pH PAMAM G2.5 is positively charged, which make it less flexible due 

to the intermolecular electrostatic interactions and hence more water can penetrate in 

the interior of the dendritic. Therefore, low pH leads to a “dense shell”, rigid structure 

and nonuniform void spacing. In rigid dendritic materials electron transfer was found 

to be slower than flexible dendritic materials. This is because the rigid dendritic 

materials keep a large cage around the centre, forcing electrons to travel along a larger 

distance than in their flexible counterparts (P3HT). However, at natural pH the end 

branches (periphery) expanded on the surface and flatten with good connections to each 

other’s.   At neutral pH, only the tertiary amines in PAMAM G2.5 are positively 

charged. These make it more flexible and a more homogeneous distribution result in 

larger dendritic size. At high pH PAMAM G2.5 has a compact conformation because 

the amine groups are no longer protonated and the branches are more flexible. Thus, 

Low pH Neutral pH High pH 
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none of PAMAM G2.5 atoms are charged which make it to be highly flexible where 

there is no connection between the PAMAM G2.5 end branches, and has a rather dense 

core. In a similar fashion as G0.5-based device, the size of the PAMAM G2.5 dendritic 

was found to increase from high to low pH reflecting swelling due to the electrostatic 

phenomenon. 

 

        

        
          

 
 

Figure 5.21: AFM morphology images of PAMAM G2.5 acceptor layer on top of the 

P3HTlayer at different pH concentrations. 
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5.4.3 Electrical characterisation 

 

Figure 5.22 shows the J-V characteristics of the P3HT/PAMAM G2.5 -based Organic 

bilayer devices at different pH concentrations of the PAMAM-G2.5. It contains 7 

graphs each graph presents the electrical characterization of a device fabricated with a 

pH concentration of the PAMAM-G2.5. All devices at different PAMAM G2.5 pH 

concentrations exhibit photovoltaic behaviour under light and under incident light 

illumination with intensity equals to 1.5 AM radiation. The photovoltaic behaviour of 

these devices showed that it is highly dependent on the morphology of the PAMAM-

G2.5 pH layer. Thus the difference in the morphology of the deposited PAMAM-G2.5 

at different pH was reflected as well on the photovoltaic device parameters. Table 5.6 

optimize the extracted photovoltaic parameters such as VOC, JSC and Pmax from the 

recorded characteristics of each device, also, the calculated fill factor and the solar cell 

efficiency for each device. It is clear from Table 5.6 that the VOC increased with the 

increase of pH, it increased from 0.35 V at pH = 1.25 to reach 0.8 V at pH = 6.85. 

Further increase of pH to higher values increase and steady the VOC to a value of 0.85 

V. Table 5.6 also shows the dependence of the JSC of the fabricated devices on the 

morphology of the PAMAM-G2.5, it increased from 0.6 mA/cm2 at pH = 1.25 to reach   

35 mA/cm2 at pH = 6.85. Further increase of pH to higher values decrease the JSC to a 

value of 3.5 mA/cm2. This can be explained by the large and highly branches units in 

acceptor layer at this pH=6.85. On the other hand, PAMAM G2.5 pH OHJ based 

devices behaved in the same trend with increasing pH as PAMAM G0.5 and PAMAM 

G1.5 pH OHJ based devices. At high pH (pH >10) none of the tertiary or interior tertiary 

amines protonated (neutral PAMAM-G2.5) which means there are no positive charges 

can bend the negative charges from the P3HT.Also, at  this pH the morphology as it 

was mentioned before become globular and compact as the charge of the molecule 

becomes neutral. This explained the abrupt decrease in the JSC at higher pH. On the 

other hand, at low pH (pH < 5) all the tertiary and interior tertiary amine groups of the 

PAMAM G2.5 dendrimer are protonated. Thus, electrostatic repulsion between tertiary 

and interior tertiary amine positively charged amines larger than the electrostatic 

attractive interaction between P3HT and PAMAM G1.5 result in low JSC at this pH. 

Furthermore, at low pH of PAMAM G2.5 the branches tend to shrink due to 

electrostatic repulsion between tertiary and interior tertiary amine. It was found that the 

size of the PAMAM G2.5 dendritic increase from high to low pH reflecting swelling 
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due to the electrostatic phenomenon. However,  at neutral pH (pH =6-9) all the tertiary 

amines protonated leading to create electric current at the interface with opposite 

material P3HT, then the electric current will flow through the solar cell device in order 

to encourage more electron to transfer from the donor (P3HT) to acceptor (PAMAM 

G2.5) and reduce the recombination of charge.  From a morphology point of view, 

significant branch back-folding occurred at neutral pH (pH 6-9) in addition to major 

peripheral distribution of the terminal groups. Thus, complete existence of the branches 

and tree-like structure in the deposited acceptor layer at neutral pH (pH=6.85) may 

enhance the mobility and diffusion length of the electrons injected in the acceptor layer 

and thus facilitates its collection by the electrode. 
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Figure 5.22: Electrical characterisation of the PAMAM-G2.5/P3HT Based Organic 

Bilayer Devices at different pH concentrations of the PAMAM-G2.5 acceptor layer. 
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The abrupt increase in the JSC at pH=6.85 was reflected in PMAX as shown in table 5.6, 

where the PMAX had its highest value of 7 mW/cm2 while it had much lower values at 

other pH values. The abrupt increase in the JSC and Pmax was reflected in the calculated 

efficiency also. The current density also increases when the series resistance reduced 

reaching 8.33 Ω (JSC= 35 mA/cm2) at pH= 6.85 (see Table 5.6).  

The efficiency of PAMAM-G2.5 based device at neutral pH (PCE=7%) is higher than 

the efficiency of PAMAM-G0.5 (PCE=1.8%) and PAMAM-G1.5 (PCE=6.24%) at the 

same pH. As it was mentioned before this due to the increase in the number of tertiary 

amine and –COONa surface group when the generation increase from G0.5 to G2.5. 

This leads to generate more electrons through the device and increase the device 

efficiency. 

 

 

 

 

Table 5.6: The extracted and calculated photovoltaic parameters of the fabricated 

PAMAM G2.5 based devices under different pH conditions 
 

 

 

 

 

PAMAM 

G2.5  pH 

VOC (V) JSC(mA/cm2) PMAX 

(mW/cm2) 

FF 

(%) 

PCE 

(%) 

RS 

(Ω) 
RSH 

(Ω) 

1.25 0.35 0.6 0.055 26 0.055 2000 4200 

2.52 0.3 0.33 0.033 33 0.033 1190 1000 

5.43 0.43 3.3 0.45 32 0.45 28 1250 

6.85 0.8 35 7 25 7 8.33 167 

8.05 0.85 30 6 24 6 11.90 185 

10.71 0.85 3 0.6 23.5 0.6 83.3 1666 

12.52 0.85 3.5 0.7 33.5 0.7 92 833 
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The plot of the calculated efficiency of the fabricated P3HT/ PAMAM G2.5-based 

bilayer devices versus the pH of the PAMAM-G2.5 acceptor layer is shown in Fig 5.23 

It shows the abrupt increase in the efficiency at pH = 6.85 where the tertiary amine was 

positively charges and branches and tree-like structure of the PAMAM-G2.5 acceptor 

layer was formed which enhanced diffusion length and the efficient collection of the 

electrons by the electrodes. While at low and high PAMAM G2.5 pH when no branches 

exist the efficiency decreases one order of magnitude. As mentioned earlier this is 

directly related to repulsion force at low pH as the tertiary and  interior tertiary amine 

was positively charges where at high pH PAMAM G2.5 become neutral uncharged. 

 

 

 

 

Figure 5.23: The plot of the efficiency of the fabricated PAMAM-G2.5/P3HT-based 

bilayer devices versus the pH of PAMAM-G2.5. 
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Figure 5.24 shows the dependence of open circuit voltage (VOC) and current density 

(JSC) on pH level of the PAMAM G2.5 material. It is clear from Fig. 5.24 (a) that VOC 

increased linearly at low pH values and reaches maximum at about pH =8.05 then 

steady at 0.85 V at high pH values. Whereas, JSC is very low at all pH values except for 

pH = 6.85 where the current density increased sharply.  

 

 

 

Figure 5.24: The plot of (a) the open circuit voltage (b) the current density of the 

fabricated P3HT/PAMAM G2.5-based bilayer devices versus the pH of the 

PAMAM-G2.5. 
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5.4.4 Optical Absorption measurement 

 

Figure 5.25 present the UV-Vis spectrum (absorbance Vs wavelength) of PAMAM 

G2.5 at different pH conditions. At low pH, the absorption edge around 500 nm where 

the bandgap at this point 2.48 eV. The peak absorption at 440 nm (2.8 eV).  On the 

other hand, around pH = 6-9 where the solution tends to be neutral, the absorption 

intensity increased reach the maximum at pH= 6.85-8.05. At this pH the absorption 

edge around 520 (2.38 eV) with a peak absorption at 460 nm (2.7 eV).   

However, at basic solutions (high pH values), the absorption decrease the absorption 

edge around 510 (2.43 eV) with a peak absorption at 460 nm (2.7 eV). This due to 

protonation/deprotonation processes at different pH. It was mentioned previously that 

at low pH, when the tertiary and interior tertiary are protonated the repulsion force 

between them blocking or enabling electron transfer reactions between the P3HT and 

PAMAM-G2.5. As pH increased (neutral pH) the interior tertiary amine became 

deprotonated where tertiary amine protonated allowing electron transfer reactions 

between the P3HT and PAMAM-G2.5.  

However, at high pH, the tertiary and interior tertiary amine became deprotonation 

which reduce electron transfer reactions between the P3HT and PAMAM-G2.5 

This high efficiency OHJ solar cell based on PAMAM G2.5 at neutral pH attributed to 

the strong morphological changes with strong absorption at this pH. 

 

Figure 5.25: Influence of pH on the absorption of PAMAM-G2.5. 
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Table 5.7 show that changes in the PAMAM-G2.5 pH result in significant changes to 

the bandgap and morphology and provide a straightforward method for tuning the 

bandgap and morphology of PAMAM-G2.5 in the application of organic bilayer solar 

cells. At low pH, (pH <5) the bandgap was 2.48 eV. Increasing the pH to neutral level 

(pH 6-9) decrease the band gap to 2.38 eV. However, increasing the pH at high Values 

(pH> 10) results in increasing the band gap to be 2.43 eV. Thus, optimized the pH level 

of PAMAM-G2.5 is critical point in the organic bilayer device performance based on 

PAMAM-G2.5 pH as acceptor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.7: The variation of PAMAM-G2.5 optical bandgap with different pH 

conditions. 

 

 

 

 

 

 

 

 

 

PAMAM-G2.5  pH Band gap  (eV) 

1.25 2.48 

2.52 2.48 

5.43 2.43 

6.85 2.38 

8.05 2.38 

10.71 2.43 

12.52 2.43 
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5.5 Acceptor–Acceptor Conjugated Copolymers Based OHJ 

solar cells  

5.5.1 PAMAM G0- thienopyrroledione (TPD) based OHJ solar cells 

 

The development of block copolymers for photovoltic applications has a long history, 

focuing on control donor-acceptor interfaces [35]. Alternative copolymers that 

comprise two different types of electronic moieties have become one of important 

classes in conjugated polymers. In the most cases, the backbone adopted one electron-

rich and one electron-deficient unit due to their strong properties and ease of synthesis. 

In general Intramolecular charge transfer (ICT) interactions occur between electron-

rich and electron-deficient units, where electron transfers from the electron-rich unit to 

electron-deficient unit. Thus, the electron-rich unit behaves as an electron donor (D), 

while the electron-deficient unit as an electron acceptor (A), and the copolymer is called 

a donor–acceptor (D–A) conjugated copolymer.  One of the most successful strategies 

to develop low bandgap polymers is by combining electron-rich and electron-deficient 

units to form donor-acceptor (D-A) copolymer. The advantage of copolymer structures 

is that the photoelectronic properties including absorption spectra and energy levels can 

be easily tuned by combining different electron-rich and electron-deficient units as well 

as by introducing different side groups. As a result, D–A copolymers were used in a 

variety of applications including organic photovoltaics. Organic photovoltaics have 

achieved a huge progress in the past decade. The power conversion efficiency (PCE) 

has been enhanched from 3 to 5% before 2005 to reach nowadays over 9% [36]. 

However, alternative conjugated copolymers could combine two different electron-

deficient units acceptor-acceptor copolymers (A–A copolymers). The advantages of 

this structure is to tune the frontier orbital energy levels effectively and enhance 

intermolecular charge-carrier hopping. Ober and coworkers reported an A–A 

copolymer based on 2-alkylbenzotriazole and 2,1,3-benzothiadiazole (BT) and 

demonstrated an electron mobility of 0.02 cm2 V-1 s-1 for its OFET devices [37].  

On the other hand, conjugated polymers containing thienopyrroledione (TPD) as the 

electron acceptor unit are expected to enhance the charge transport properties compared 

with polymers without a TPD moiety [38]. Ma et al. reported a TPD-based polymer that 

achieved PCE of 6.17%. Posteriorly, Beaujuge et al. reported that through the 

optmazation of alkyl side-chain lengths on the same polymer backbone PCE of OPVs 

can be reach 8.5% [39]. TPD is very attractive due to its properites.  It’s simple, 
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symmetric, compact, and planar structure, which is beneficial for electron 

delocalization when incorporated into conjugated polymers. Thus, conjugated polymers 

containing TPD units are expected to enhance charge transport properties compared 

with polymers without a TPD moiety. Therefore, TPD has recently obtained significant 

attention in the OPV applications and is being integrated into a number of different 

polymer systems [40-44]. 

As it was observed in chapter 4 that organic solar cells based on PAMAM full 

generations (G0,G1,G2) as acceptors exhibit non-photovoltaic behaviour under 

illumination of 100 mW/cm2 white light. Thus, in this section the PAMAM G0 

copolymerised with a thienopyrrolodione (TPD) accepting moiety as A-A copolymer 

structures in order to enhance their charge transport properties. PAMAMG0-TPD was 

used as electron acceptor component coupled with P3HT as donor in OHJ solar cells 

structure.  

 

 5.5.2 Fabrication process  

 

The structure of the ITO/PEDOT: PSS/P3HT/PAMAM G0-TPD /TiO2/Al is shown in 

Figure 5.27. All fabrication conditions and experimental steps were the same as the 

previous PAMAM G0.5 based OHJ devices (shown in Section 5.2). The difference is 

in the acceptor layer. A–A copolymer (PAMAMG0-TPD) used as an acceptor layer 

instead of PAMAMG0.5.   

 

 

 

 

 

 

Figure 5.27: PAMAM G0-TPD chemical structure and Schematic diagram of 

PAMAM G0-TPDbased OHJ solar cells 
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5.5.3 Surface morphology 

 

Copolymers can yield diverse ordered structures of morphologies, including spheres, 

cylinders, bicontinuous structures, lamellae, vesicles, and many other complex or 

hierarchical assemblies. These aggregates provide potential applications in many fields 

including solar cells [45]. Figure 5.28 show optical image of the PAMAMG0-TPD on 

top of P3HT layer. The optical image shows high density of interpenetrating network 

structure spread on the whole surface.  

 

 

 

 

Figure 5.28: Optical image of PAMAM G0-TPD on top of the P3HT layer. 

 

However, the Morphology of PAMAMG0-TPD (fig.5.29) show structure between 

grains-like with different sizes and interpenetrating network structure. It is clear that 

the copolymers incorporating two acceptors (PAMAMG0-TPD) showed self-assembly 

characteristics similar to those of diblock copolymers (D-A copolymer). It was reported 

that interpenetrating networks can ensure the efficient charge separation and transport 

required in polymer solar cells devices [46, 47].  
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Figure 5.29: AFM morphology images of PAMAM G0-TPD acceptor layer on top of 

P3HT layer. 

 

 

5.5.4 Electrical characterisation 

 

J-V characteristics of the PAMAMG0-TPD based devices are shown in Fig. 5.30. First, 

the device was tested with ITO/PEDOT:PSS/PAMAMG0-TPD/TiOx/Al structure 

without adding P3HT ( Fig.5.30 (a)) and then it was tested again when P3HT was added 

as donor layer with the structure ITO/PEDOT:PSS/P3HT/PAMAMG0-TPD/TiOx/Al 

(fig.5.30.(b)). The device parameters are summarized in Table 5.8. The device based 

on PAMAMG0-TPD without P3HT as active layer exhibit clear photovoltaic behaviour 

with a PCE of 0.0034%, JSC of 0.0133 mA, VOC is 0.7 V and FF is 36%.  

However, the device performance was remarkably improved when the P3HT was added 

as donor layer and PAMAMG0-TPD serve as acceptor. The device produced an open 

circuit voltage, VOC, ~ 0.79V, short-circuit current density, JSC,~20 mA/ cm2 with fill 

factor of ~27 % and PMAX 4.5 mW/cm2  yielding a power conversion efficiency of 4.5 

%. 

In chapter 4, it was observed that PAMAM G0 based device exhibit non-photovoltaic 

behaviour, however when the PAMAMG0 copolymerise with TPD as A-A copolymer, 

electron transfer enhanced due to the present of TPD moity in PAMAMG0-TPD 

structure. However, the device performance based on PAMAMG0-TPD only as active 

layer achieved very low efficiency.  On the other hand, when P3HT as donor combined 

with PAMAMG0-TPD as acceptor in OHJ solar cells the PCE performance was 

remarkably improved to reach 4.5%. This confirm that PAMAMG0-TPD serve as A-A 
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copolymer structures. Moreover, these results demonstrated the potential to use 

PAMAM-TPD based conjugated copolymers as acceptor component for organic solar 

cells. 

 

 

Figure 5.30: Electrical characterisation of the PAMAMG0-TPD Based Organic solar 

cells Devices a) before adding the P3HT,b) after adding P3HT as donor. 
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Table 5.8: The extracted and calculated photovoltaic parameters of the fabricated 

PAMAM 0-TPD based devices  
 

 

5.5.5 Optical Absorption measurement 

 

UV-Vis spectrum (absorbance Vs wavelength) of PAMAMG0-TPD shown in Fig. 5.31. 

As it was mentioned in chapter 4 PAMAM G0 absorption edge at 500 nm where the 

bandgap at this point 2.5 eV. A peak absorption at 440 nm (2.8 eV). However, PAMAM 

G0-TPD has the same bandgap and absorption edge. However, PAMAMG0-TPD peak 

absorption at 450 nm (2.7 eV). Also, PAMAMG0-TPD has higher absorption intensity 

than PAMAMG0.  Fig5.31 shows the UV–visible absorption spectra of the materials 

used for OHJ solar cells based on P3HT/PAMAM G0-TPD as an acceptor. For OHJ 

device with the structure of ITO/PEDOT: PSS/P3HT: PAMAM G0-TPD /TiOx/Al the 

absorption edge shifts to ~650nm (1.9 eV) as a result of absorption in the P3HT. 

 

 

 

Device VOC  

(V) 

JSC(mA/cm2) PMAX 

(mW/cm2) 

FF 

(%) 

PCE 

(%) 
RS  RSH  

PAMAMG0-

TPD 

0.7 0.0133 0.0034 36 0.0034 28571 1M 

P3HT/ 

PAMAMG0-

TPD 

0.79 20 4.5 27 4.5 9  400  
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Figure 5.31: The optical absorption of the PAMAMG0-TPD based solar cells 
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5.6 Summary  

 

This chapter aimed to investigate the effect of generation size of new PAMAM 

dendritic acceptor materials (G 0.5, G 1.5, and G2.5) at different pH on the performance 

of organic bilayer heterojunction solar cells.  It was observed that increasing PAMAM 

dendritic generation from G0.5 to G2.5 influence significantly the bilayer OHJ solar 

cells efficiency as the surface group doubled with every increase in generation. Power-

conversion efficiencies (PCE) of 7 % were achieved at the natural PAMAM G2.5 pH 

6.85. This is attributed to the fact that all tertiary amines in PAMAM G2.5 dendritic are 

positively charged at the natural pH, while in the low pH < 5 all tertiary and interior 

tertiary molecules positively charged leading to a strong electrostatic repulsion between 

them. Atomic force microscopy shows that PAMAM morphology changes with 

changing the generation and pH values. The effective charges which interact with an 

external electric field or other charges were found to increase with increasing generation 

of the dendrimers at neutral pH.  Thin films of PAMAM at neutral pH exhibits a major 

peripheral distribution. At low pH <5, it was found to be shrank to smaller sizes. The 

organic bilayer solar cell performance change dramatically with changing PAMAM 

generation size and their pH conditions. The improved performance seen with PAMAM 

G2.5 at natural pH is due to the number of surface group and tertiary amines in the 

dendrimer increases with generation size. At neutral pH dendrimers afford a more 

elongated dendrimer morphology able to interact more with other molecules while at 

high and low pH, the “contracted” dendrimer morphology decreases the possibility of 

reaction with other molecules.  

Also, in this chapter the PAMAM G0 copolymerised with a thienopyrrolodione (TPD) 

accepting moiety as A-A copolymer structures was investigated in order to enhance 

charge transport properties. PAMAMG0-TPD was used as electron acceptor 

component coupled with P3HT as donor in OHJ solar cells structure. The device 

produced an open circuit voltage, VOC, ~ 0.79V, short-circuit current density, JSC, ~ 

20.83 mA/ cm2 with fill factor of ~27 % and Pmax of 4.5 mW/cm2  yielding a power 

conversion efficiency of 4.5 %. This result demonstrated the potential to use PAMAM-

TPD based conjugated copolymers as acceptor component for organic solar cells. 
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Chapter 6 

  Organic Tandem Solar Cells 

 

   

6.1 Introduction 

 
The major losses occurring in single junction solar cells are the sub-band gap 

transmission and the thermalization of hot charge carriers. However, the multi-junction 

solar cell structures, where two or further sub-cells with complementary absorption are 

connected in series or parallel, provide an excellent approach to overcome the single 

junction limitations of organic solar cells and improve their power conversion 

efficiency [1-4]. Nowadays, PCE of 10% are reached for organic tandem cells [5-7]. 

This efficiency is about the same as the efficiency of a single-junction organic cell 

which indicate that development in the field of multi-junction organic solar cells is still 

possible.  

In this chapter the fabrication and characterisation of three different organic tandem 

solar cells (OSCs) based on titanium oxide intermediate layer are investigated. The 

bottom cell active layer is P3HT:IC70BA as bulk-heterojunction layer for all three 

tandem devices. However, the top cell consists of P3HT as the donor layer in bilayer 

heterojunction for all three tandem devices with different acceptor layer. The three 

acceptors used in the top layer are PAMAM-G1.5 at neutral pH (7.03), PAMAM-G2.5at 

neutral pH (6.39), PAMAM-G0-TPD. These three acceptors exhibit the highest 

efficiency in the previous chapters.  

The current density–voltage (J-V) characteristics for these devices were measured in 

the dark and under illumination with a halogen lamp. The experimental details, surface 

morphology, electrical characteristics and optical absorption measurement of each of 

these devices are presented and discussed in this chapter. 
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6.2 PAMAM G1.5 based organic tandem solar cells  

6.2.1 Fabrication process  

 

Fabrication of organic tandem solar cells with the structure of ITO/PEDOT: 

PSS/P3HT:IC70BA/TiOx/PEDOT (pH500)/P3HT/PAMAMG1.5 (pH= 7.03)/TiOx/Al 

is explained in this section. Organic tandem solar cell with same donor (P3HT) in sub 

cells but with different acceptor (IC70BA in bottom cell and PAMAM G1.5 (PH=7.03) 

on top cells) is shown in the Fig. 6.1. A P3HT:IC70BA cell showing high open-circuit 

voltage (VOC) (chapter 4) was employed as the bottom cell and a P3HT: PAMAM G1.5 

cell showing high short-circuit current (JSC) (chapter 5) is employed as the top cell.  

The bottom cell was processed on an ITO substrate covered by a 40 nm thick layer of 

PEDOT: PSS (Baytron P). The active layer of the bottom cell was prepared by spin 

coating the blend solution of P3HT/IC70BA (1:1 w/w) in dichlorobenzene (DCB) with 

a spin coating of 900 rpm for 60 sec. The active layer was thermally annealed at 150 ℃ 

for 10 min. Then, for the separation layer, TiOx precursor solution in methanol was 

spin-cast at 5000 rpm for 20 second with thickness ~20 nm in air. After 10 minutes in 

air at 80°C, the precursor is converted to TiOx by hydrolysis. For the second charge 

separation layer of the tandem cell, highly conductive PEDOT: PSS (Baytron PH500) 

was spin-cast (5000 rpm) for 40 second with thickness ~40 nm and moved into a glove 

box to dry for 10 minutes at 120°C. For the top cell active layer the P3HT was spin-

cast with thickness of 100 nm on top of the PEDOT layer then, the acceptor G1.5 (7.03 

pH) was spin-cast on the top of the P3HT spin-cast at 700 rpm for 60 second with the 

thickness of 70 nm. Then, for the electron transport layer of second charge separation 

layer, TiOx precursor solution in methanol was spin-cast with thickness ~20 nm in air. 

During 10 minutes in air at 80°C, the precursor converts to TiOx by hydrolysis. Finally, 

the device was pumped down in vacuum (~10-7 torr), and a ~100 nm Al electrode was 

deposited on top. The deposited Al electrode area defines an active area of the devices 

as 0.12cm2.All films preparation and materials evaporation technique were discussed 

in chapter 3. 
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Figure 6.1: The structure of organic tandem solar cell based on PAMAM-G1.5 (pH= 

7.03) as acceptor layer in the top cell: the structure of the tandem cell is:  
 

 

 

6.2.2 Surface morphology 

 

In tandem OSCs, the intermediate layer is crucial and should have low electrical 

resistance, high optical transparency in the visible and infra-red range, low barriers for 

both electron and hole extractions, easy-fabrication process, and the protection for the 

prior-deposited active layer in solution-processed tandem OSCs [8].  

In 2007, Kim et al. reported a highly efficient tandem solar cell with titanium oxide 

(TiOx) /PEDOT:PSS as  intermediate layers [9,10].  It is considered advancement in 

solution processed tandem solar cell research with a PCE of 6.5% being recorded.  The 

inorganic TiOx layer can block physical  or  chemical  damage  during  the subsequent  

solution  processing,  and  it  is  robust  to  postponement the  penetration of  oxygen  

and  moisture. TiOx layer is insensitive to the acidity of the PEDOT:PSS.  It offer large 

freedom in the design and fabrication of solution processed multijunction devices. The 

TiOx layer was fabricated by a low temperature sol-gel process (a temperature of 1500C 

was required for annealing), which is compatible with the annealing of the polymer: 

PCBM blends [10]. 
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Figure 6.2 shows the surface morphology (tapping mode AFM images) of the active 

layer of the bottom cell (P3HT:IC70BA) before depositing the intermediate layer, TiOx 

on top of the bottom cells, PEDOT:PSS on the top of TiOx, P3HT the donor layer of 

the top cell active layer, and PAMAM-G1.5 (PH=7.03) the acceptor layer of the top 

cell on top of the P3HT layer. TiOx film display a rather smooth surface with a root-

mean-square (RMS) surface roughness of 0.703 nm.  Obviously, the deposited TiOx 

layer (20 nm) does not cause an increase in surface roughness (0.740 nm) which means 

there is no interlayer mixing. It is clear from Fig. 6.2 that Multilayer morphologies 

demonstrated sharp interfaces with no evidence of interlayer mix. Thus, the TiOx layer  

work as an  electron  transport  and collecting  layer  for  the  first  cell  and  as  a  stable  

foundation  that  allows  the  fabrication  of  the second  cell  to  complete  the  tandem  

cell fabrication. 

 

 

 

Figure 6.2: AFM images of the deposited tandem multilayer interfaces structure. 
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6.2. 3 Electrical characterisation 

 Figure 6.3 shows the current density–voltage (J–V) curves of single solar cells and the 

tandem solar cell with P3HT: IC70BA and P3HT: PAMAM G1.5 polymer systems 

under AM1.5G illumination with an intensity of 100 mW/cm2. The photovoltaic 

performance of the single cells and tandem cells are summarized in table 6.1. 

The single devices show a typical photovoltaic response with device performance 

comparable to that in previous chapters (4 and 5); the P3HT:IC70BA single cell yields 

JSC = 23 mA/cm2, VOC = 0.54 V, FF = 0.45, and PCE = 5.5%, and the P3HT/ PAMAM-

G1.5 single cell yields Jsc = 49 mA/cm2, VOC = 0.28 V, FF = 0.43, and PCE = 6%. 

Tandem organic solar cells show VOC of 0.82 V, a JSC of 32 mA/cm2, FF of 0.25 and a 

PCE of 6.6 %. This result shows that the VOC of tandem organic solar cells is the sum 

of the VOC of the bottom and top cells; with no loss observed. This due to a well-matched 

energy level of the intermediate layer as it provides a recombinant region for electrons 

and holes between the top and bottom component cells. Current-limiting sub-cell in 

tandem solar cells influences the FF. The lower fill factor of the top cell strongly 

decreases the fill factor of the series tandem device. Furthermore, the fill factors of the 

series tandem devices are higher than the fill factors of the top cells [11]. The fill factor 

of 0.25, which is much lower than those of the two sub cells, can be seen as the 

bottleneck in the overall efficiency. 

Moreover, the final JSC of the tandem cells in series is dependent on the smaller JSC in 

the bottom and top cells; the JSC of tandem cell is slightly higher than half the Jsc of the 

top cell [11]. The Jsc of the tandem device using the same polymer is limited by the 

current of the less absorbing rear cell. This prevents our tandem structure from 

achieving even higher efficiency. Overall, the tandem cell has the PCE of 6.6 %, which 

is comparable with the bottom and top cells’. However, it is worth mentioning that the 

VOC is increased largely by stacking these two cells with the same polymer as the active 

layer, which can be applied to drive some optoelectronic devices with low driving 

voltages although the PCE is not increase as high as expected. Furthermore, the light 

absorbed by the top cell in tandem structure is believed to be smaller than that in the 

single cell since the same polymer blend as the active layer was used in our tandem cell.  
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Figure 6.3: The current density-voltage (J-V) characteristics of single reference cells 

using P3HT:IC70BA and P3HT: PAMAM G1.5 and tandem cell fabricated 

using the same polymer system under illumination. 
 

 

 

 

Table 6.1: Photovoltaic performance of the single reference cells and the 

corresponding tandem cell. 
 

 

 

 

The absorption of tandem cells is shown in Fig. 6.4; for comparison, the absorption of 

corresponding sub-cells are also included. Compared to the absorption of single 
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    Tandem 0.82 32 6.6 25 6.6 



 

204 

 

junction devices, the absorption of the tandem in the infrared region is similar to single 

junction. While the absorption in the visible region significantly increases from 40% 

and 60%, suggesting that the tandem structure of identical sub cells certainly improves 

light harvesting. 

 

Figure 6.4: Absorption spectra of a P3HT:IC70BA bulk heterojunction composite 

film, a P3HT/PAMAM G1.5 heterojunction composite film, and the tandem 

device structure. 

 
 

6.3 PAMAM G2.5 based organic tandem solar cells   

6.3.1 Fabrication process 

 

The structure of this device is ITO/PEDOT:PSS/P3HT:IC70BA/TiOx/PEDOT(pH 

500)/P3HT/PAMAMG2.5(pH= 6.85)/TiOx/Al as shown in Fig. 6.5. All fabrication 

conditions and experimental steps were the same as the previous device of PAMAM 

G1.5 based organic tandem solar cell. The difference between the two structures is that 

PAMAM G2.5 with pH= 6.85 was used as acceptor in the top cell instead of PAMAM 

G1.5. 
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Figure 6.5: Schematic diagram of organic tandem solar cell based on the PAMAM-

G2.5 (pH= 6.85) as acceptor layer in the top cell. 
 

 

 

6.3.2 Surface morphology of intermediate layer 

Figure 6.6 shows the surface morphology of deposited top cell acceptor layer PAMAM-

G2.5 at pH =6.85 on top of the P3HT layer. As it was mentioned in chapter 5, at neutral 

pH the PAMAM end branches (periphery) expanded on the surface with good 

connections to each other. These properties make the material more flexible and more 

homogeneously distribution in larger dendritic size. Also, the surface morphology of 

the PAMAM-G2.5 show no interlayer mixed with donor layer (P3HT) and the branches 

are clear and connected to each other. 
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Figure 6.6: AFM images of the deposited top cell acceptor layer on the top of the 

P3HT. 
 

 

6.3.3 Electrical characterisation 

 

Figure 6.7 shows the current density–voltage (J–V) curves of single solar cells and the 

tandem solar cell with P3HT: IC70BA and P3HT: PAMAM G2.5 polymer systems 

under AM1.5G illumination with an intensity of 100 mW/cm2. The photovoltaic 

performance of the single cells and tandem cells are summarized in table 6.2. 

Again the single devices show a typical photovoltaic response with device performance 

comparable to that in previous chapters (4 and 5); the P3HT:IC70BA single cell yields 

JSC = 23 mA/cm2, VOC = 0.54 V, FF = 0.45, and PCE = 5.5%, and the P3HT/ PAMAM-

G2.5 single cell yields JSC = 35 mA/cm2, VOC = 0.8 V, FF = 0.23, and ηe = 6.6%. 

Tandem organic solar cells show VOC of 1.3 V, a JSC of 20 mA/cm2, a FF of 0.27 and a 

PCE of 7 %. This result shows that the VOC of tandem organic solar cells is the sum of 

the VOC of the bottom and top cells. This demonstrates that the two sub cells have been 

successfully connected in series. The lower fill factor of the top cell strongly decreases 

the fill factor of the series tandem device. Furthermore, the fill factors of the series 

tandem devices are higher than the fill factors of the top cells.  

The JSC of the tandem cell is limited by the lowest JSC of the top and the bottom unit 

cells because the two unit cells are electrically connected in series. Therefore, the 

photocurrents of the top and the bottom cells must be the same in order to improve the 

PAMAM-G2.5 
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efficiency of the tandem cell. Overall, the tandem cell has the PCE of 7 %, which is 

higher than either of the individual single cells due to the increase of the VOC.  

 

 

Figure 6.7: The current density-voltage (J-V) characteristics of single reference cells 

using P3HT:IC70BA and P3HT: PAMAM G2.5 and tandem cell fabricated using the 

same polymer system under illumination. 

 

 

      Device VOC (V) JSC 

(mA/cm2) 

Pmax 

(mW/cm2) 

FF 

(%) 

PCE (%) 

P3HT:IC70BA  0.54 23 5.5 45 5.5 

P3HT/PAMAM 

G2.5 
0.8 35 6.6 23 6.6 

    Tandem 1.3 20 7 27 7 

 

Table 6.2: Photovoltaic performance of the single reference cells and the 

corresponding tandem cell. 
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The absorption of tandem cells is shown in Fig. 6.8; for comparison, the absorption of 

corresponding sub-cells are also included. In a similar fashion as previous device, the 

absorption of the tandem in the infrared region is similar to single junction. While the 

absorption in visible significantly increases from 45% and 65%, suggesting that the 

tandem structure of identical sub cells surely improves light harvesting. 

 

Figure 6.8: Absorption spectra of a P3HT:IC70BA bulk heterojunction composite 

film, a P3HT/PAMAM G2.5 heterojunction composite film, and the tandem device 

structure. 

 

 

 

6.4 PAMAMG0-TPD based organic tandem solar cells  

6.4.1 Fabrication process 

 

The tandem structure is ITO/PEDOT:PSS/P3HT:IC70BA/TiOx/PEDOT(pH 

500)/P3HT/PAMAMG0-TPD/TiOx/Al as shown in Figure 6.9. All fabrication 

conditions and experimental steps were the same as the previous PAMAM G1.5 based 

organic tandem solar cells. The difference between the two structures is that 

PAMAMG0-TPD was used as acceptor in the top cell instead of PAMAM G1.5. 
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Figure 6.9: The structure of organic tandem solar cells based on the PAMAMG0-

TPD as acceptor layer in the top cell. 
 

 

6.4.2 Surface morphology 

Figure 6.10 shows the surface morphology of the deposited top cell acceptor layer 

PAMAM-G0-TPD on top of the P3HT layer. The surface morphology of the PAMAM-

G2.5 show no interlayer mix with donor layer (P3HT). It also show self-assembly 

characteristics similar to those of diblock copolymers (D-A copolymer) spared on the 

whole surface.  
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Figure 6.10: AFM images of the deposited of the deposited top cell acceptor layer 

PAMAM-G0-TPD on top of P3HT 
 

 

6.4.3 Electrical characterisation 

 

Figure 6.11 shows the current density–voltage (J–V) curves of single solar cells and the 

tandem solar cell with P3HT: IC70BA and P3HT: PAMAMG0-TPD polymer systems 

under AM1.5G illumination with an intensity of 100 mW/cm2. The photovoltaic 

performance of the single cells and tandem cells are summarized in table 6.3. 

The single devices show a typical photovoltaic response with device performance 

comparable to that in previous chapters (4 and 5); the P3HT:IC70BA single cell yields 

JSC= 23 mA/cm2, VOC = 0.54 V, FF = 0.45, and PCE = 5.5%, and the P3HT/ PAMAM-

G2.5 single cell yields JSC = 20 mA/cm2, VOC = 0.79 V, FF = 0.27, and PCE = 4.5%. 

Tandem organic solar cells show VOC of 1.19 V, a JSC of 16 mA/cm2, a FF of 0.34 and 

a PCE of 6.6 %. This result shows that the VOC of tandem organic solar cells is 0.14V 

less than that of the top and bottom cell VOC combination. The difference may come 

from (a) the small resistance of the interconnecting layer, and/or (b) the slight VOC drop 

of the rear cell since the light intensity on the rear cell in the tandem structures is lower 

compared with one sun illumination. Therefore, the VOC of the tandem solar cell are 

almost equal to the sum of the single junction cells’ VOC, which prove the effectiveness 

of the interlayer connection. Furthermore, the fill factors of the series tandem devices 

are higher than the fill factors of the top cells.  

In addition, the JSC decrease to (16 mA/cm2) compared to that of the bottom cell (23 

mA/cm2) and that of the top cell (20 mA/cm2). Finally, the tandem cell has the PCE of 

PAMAMG0-TPD 
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6.6 %, which is higher than either of the individual single cells due to the enhanced of 

the VOC.  

 

 

 

Figure 6.11: The current density-voltage (J-V) characteristics of single reference 

cells using P3HT:IC70BA and P3HT: PAMAMG0-TPD and tandem cell fabricated 

using the same polymer system under illumination.  

 

 

Table 6.3: Photovoltaic performance of the single reference cells and the 

corresponding tandem cell. 

The absorption of tandem cells is shown in Fig. 6.12; for comparison, the absorption of 
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the infrared region is similar to single junction. While the absorption in visible 

significantly increases from 40% and 65%, suggesting that the tandem structure of 

identical sub cells surely improves light harvesting. 

 

Figure 6.12: Absorption spectra of a P3HT:IC70BA bulk heterojunction composite 

film, a P3HT/PAMAMG0-TPD heterojunction composite film, and the tandem device 

structure. 

 

6.5 Summary 
 

 In summary three different organic tandem solar cells were fabricated and 

characterised. They have the same active layer (P3HT:IC70BA) as bulk-heterojunction 

structure in the bottom cells where the top cell is a bilayer heterojunction structure. The 

differences between the three devices is the acceptor layer of the top cells. From the 

results in Chapter 5 PAMAM-G1.5 (pH= 7.03), PAMAM-G2.5 (pH= 6.85) and 

PAMAM-G0-TPD acceptor layers were chose to as they have the highest efficiency to 

be applied as the top cells of organic tandem structures. Surface morphology of the 

fabricated layers was observed by AFM.  The multilayer morphologies demonstrated 

sharp interfaces with no evidence of interlayer mix. The absorption in the visible region 

for all three tandem structures significantly improved.  
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The fabricated organic tandem devices and their extracted electronic parameters from 

the I-V characteristics are summarized in Table 6.4. 

 

 

Table 6.4: A summary of the electronic properties of the tandem devices. 

 

On all three devices the VOC are almost equal to the sum of the single junction cells’ 

VOC, indicating the effectiveness of the interconnection layer. Therefore,  the 

TiOx/PEDOT middle  contact serves  as  a  stable  foundation  that  enables  the  

fabrication  of  the second cell to complete the tandem cell architecture without 

damaging or dissolving the underlying layers. The PCE of all three tandem structures 

are significantly improved in comparison to their corresponding sub cells due to the 

enhanced in VOC. These results establish the use of the PAMAM dendrimers as acceptor 

in the application of organic tandem solar cells.  
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(mA/cm2) 

Pmax 
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(%) 

PCE  

(%) 
PAMAM-G1.5 

based 
0.83 32 6.6 25 6.6 

PAMAM-G2.5 

based 
1.3 20 7 27 7 

PAMAM-G0-TPD 

based 
1.19 16 6.6 34 6.6 
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Chapter 7 

 

Conclusions and Further Work 

 

7.1 Conclusions 

 
This thesis has investigated the use of new advanced materials as acceptor in the 

application of organic solar cells to improve power conversion efficiency (PCE). 

Conjugated dendrimers have been successfully employed in organic light emitting 

diodes, and in this work they have been applied to organic solar cells. This work 

demonstrated that polyamidoamine (PAMAM) dendrimers is a potential candidate to 

be used as acceptor in high efficient organic solar cells applications. The material was 

used in different structures and different generations. It was used in the bulk 

heterojunction, bilayer heterojunction and multijunction structures. Indene-C70 

bisadduct (IC70BA) was also utilized as a new material for potential use as acceptor in 

organic solar cells. Thin films of IC70BA were used in bulk heterojunction and 

multijunction structures in single cells where the other cells contained the new PAMAM 

acceptors. Poly(3-hexylthiophene-2,5-diyl) (P3HT) was used as the donor layer in all 

fabricated structures.  

 

Organic Bulk-Heterojunction (OBHJ) solar cells: Blends of PAMAM cores (FC0, 

FC1, FC2) and P3HT as the active layers were used to fabricate OBHJ solar cells. The 

J-V characteristics for the fabricated devices in the dark and under illumination with the 

halogen lamp (100 mW/cm2), did not display any photovoltaic behaviour (no open 

circuit voltage was detected) for the devices based on P3HT: PAMAM core FC0 and 

FC1 as active layers due to low conductivity. This means that, PAMAM cores FC0 and 

FC1 cannot be used as acceptor materials in organic solar cells. However, for the device 

based on P3HT: PAMAM core FC2 a non-zero current is recorded which reflects the 

existence of the generated carriers due to light absorption and good conducting 

behaviour of the structure. The device produced an open circuit voltage, Voc, ~ 0.6V, 

short-circuit current density, Jsc, ~1.3 mA/ cm2 with fill factor of ~22 % and a maximum 
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power (Pmax) of 0.2 mW/cm2 yielding a PCE of 0.2%. PAMAM FC2 core surface 

morphology presented clear splitting units similar to tree spread on throughout the 

surface with some connections resulting in good conduction behaviour. As for FC0 and 

FC1-based blended films, clear separation structures with agglomeration of branching 

spread on the surface forming branches without connections. Also, blends of PAMAM 

with different generation size (G0, G0.5, G1 and G2) with P3HT were used as the active 

layer in other OBHJ structures. The J-V characteristics under illumination showed no 

open circuit voltage for the PAMAM dendritic G0, G1 and G2 due to low conductivity 

in such films. However, the device based on P3HT: PAMAM G0.5 show a non-zero 

current which reflects the existence of the generated carriers due to light absorption. 

These devices produced VOC, ~ 0.85V, Jsc, ~ 6 mA/cm2 with FF of ~26 % and Pmax of 

1.6 mW/cm2 yielding a PCE of 1.6%. This kind of behaviour was attributed to that full 

generation amine-termnate PAMAM surface group (G0, G1 and G2) are protonated at 

physiological pH. Thus there is electrostatic repulsion between the primary amine in 

the surface preventing electrostatic interaction with other materials. Whereas ester 

terminated half-generation dendrimers are less susceptible to protonation compared to 

the full generation dendrimers and more opening structure for electrostatic interaction 

with other materials can occur.  

The effect of thermal annealing to improve the efficiency of devices based on PAMAM 

core FC2 and PAMAM G0.5 was investigated.  The devices after annealing did not 

display any photovoltaic behaviour. This due to the effect of thermal annealing on the 

morphology of the active layer blend. After annealing the film morphology was 

changed from branched morphology to globular structures upon temperature increase. 

These confirming the J-V characterisation results as the branches morphology 

disappeared, thus, energy transfers in the dendrimers become difficult. Optical 

spectroscopy also supported the electronic and morphology findings. Optical 

absorption measurements showed a band gap of 2.6 eV for FC2-based films and 3.54 

for FC0 and FC1-based cells. 

On the other hand the other acceptor material (IC70BA) was also investigated through 

the fabrication of OBHJ solar cells which uses a blend of IC70BA and P3HT as the 

active layer in two cases:  under different annealing temperature and under different 

concentration conditions.  

In the case of different annealing temperatures the OBHJ solar cells performance 

improved significantly due to the thermal annealing. The OBHJ solar cells without 
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thermal annealing exhibited only a PCE of 2.5% with JSC of 20.83 mA/Cm2, VOC ≈ 0.4 

V and FF of 27% with semi-flat curve. As the heat-treatment temperature was increased 

the VOC and FF parameters were remarkably improved as the curve bended and 

becomes closer to typical solar cells curve under illumination. As a result, the PV cell 

prepared with heat treatment at 150 0C displayed the best device performance as Jsc = 

23. 33 mA/cm2, VOC = 0.53 V, FF 0.44, and PCE = 5.6 %. However, in case of under 

different concentration ratios JSC was greatly enhanced to 20.83 mA /cm2 for devices 

with the polymer to IC70BA ratio of 1:1, where electron and hole transport are 

balanced. A PCE of 5.8% for this device was achieved which is the highest efficiency 

achieved with this material. This study demonstrate that at a weight ratio of 1:1 

percolation ratio at the phase of both P3HT and IC70BA approximately equal which 

preventing generated charges from becoming trapped within isolated domains.  

 

Organic Bilayer Heterojunction solar cells: two different new PAMAM dendrimers 

salts acceptor materials (G0.5, G1.5, and G2.5) at different pH and a new accepter – 

accepter (A-A) copolymer of PAMAM G0-TPD are investigated. The pH was varied 

between very acidic solution and alkaline solution. This study aimed to investigate the 

effect of generation size of the PAMAM dendritic materials (G 0.5, G1.5, and G2.5) at 

different pH on the performance of organic bilayer heterojunction solar cells.  It was 

observed that increasing PAMAM dendritic generation from G0.5 to G2.5 influence 

significantly the bilayer OHJ solar cells efficiency performance. PCE of 7 % were 

achieved at the natural PAMAM G2.5 at pH 6.85. The results were explained as all 

tertiary amines in PAMAM G2.5 dendritic are positively charged at the natural pH, 

where in the low pH < 5 all tertiary and interior tertiary molecules positively charged 

leading to a strong electrostatic repulsion between them. At high pH >10 PAMAM G2.5 

is uncharged.  Atomic force microscopy (AFM) shows that PAMAM morphology 

change with PAMAM generation and pH values. The effective charges which interact 

with the external electric field or other charges were found to increase with increasing 

generation of the dendrimers at neutral pH.  AFM study shows that neutral pH exhibit 

a major peripheral distribution where in the low pH <5 the film found to shrink. For the 

A-A copolymer PAMAM G0-TPD based organic bilayer heterojunction solar cells, 

electrons transfer were enhanced due to the present of TPD moiety in PAMAMG0-TPD 

structure. However, the device performance based on PAMAMG0-TPD only as active 

layer achieved very low efficiency of about 0.0034% with JSC of 0.0133 mA/Cm2, VOC 



 

219 

 

is 0.7 V and FF of 36%.  On the other hand, when P3HT was used as the donor 

combined with PAMAMG0-TPD as acceptor the PCE performance was remarkably 

improved. The device produced VOC, ~ 0.79V, JSC,~20 mA/ cm2 with FF of ~27 % and 

Pmax ≈ 4.5 mW/cm2  yielding a power conversion efficiency of 4.5 %. This confirm that 

PAMAMG0-TPD serve as A-A copolymer structures. Moreover, these results 

demonstrated the potential to use PAMAM G0-TPD based conjugated copolymers as 

acceptor component for organic solar cells. 

 

Organic Tandem Solar Cells: IC70BA and the best performance PAMAM acceptor 

materials were combined with P3HT to form the active layers of the tandem solar cells.  

Three different organic tandem solar cells based on titanium oxide as intermediate layer 

were fabricated and characterized. The bottom cell contained the P3HT:IC70BA as the 

active layer for all three tandem devices. The change occur in the top cell as the best 

performance PAMAM acceptor materials in the previous studied devices was selected, 

PAMAM G1.5 and G2.5 at neutral pH and PAMAM G0-TPD.   

PAMAM G1.5 (PH=7.03) based organic tandem solar cells with same donor (P3HT) 

in sub cells was first fabricated and characterised. The P3HT:IC70BA single cell yields 

JSC = 23 mA/cm2, VOC = 0.54 V, FF = 0.45, and PCE = 5.5%, while the P3HT/ 

PAMAM-G1.5 single cell yields JSC = 49 mA/cm2, VOC = 0.28 V, FF = 0.43, and PCE 

= 6%. The overall tandem cell shows VOC of 0.82 V, a JSC of 32 mA/cm2, a FF of 0.25 

and a PCE of 6.6 %. This result shows that the VOC of tandem organic solar cell is the 

sum of the VOC of the bottom and top cells; with no loss observed. This due to a well-

matched energy level of the intermediate layer as it provides a recombinant region for 

electrons and holes between the top and bottom component cells. In tandem solar cells, 

the FF is mostly affected by the current-limiting sub-cell. The lower fill factor of the 

top cell strongly decreases the fill factor of the series tandem device. Furthermore, the 

fill factors of the series tandem devices are higher than the fill factors of the top cells. 

The fill factor of 0.25, which is much lower than those of the two sub cells, can be seen 

as the bottleneck in the overall efficiency. Moreover, as the final JSC of the tandem cell 

in series relies on the smaller JSC in the bottom and top cells. In fact the JSC of the 

tandem cell is slightly higher than half the JSC of the top cell. The JSC of the tandem 

device using the same polymer is limited by the current of the less absorbing rear cell. 

This prevents our tandem structure from achieving higher efficiency. Overall, the 

tandem cell has the PCE of 6.6 %, which is comparable with the bottom and top cells. 
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However, it is worth mentioning that the VOC is increased largely by stacking these two 

cells with the same polymer as the active layer, which can be applied to fabricate some 

optoelectronic devices with low driving voltages although the PCE is not increase as 

high as expected.    

Furthermore, PAMAM G2.5 organic tandem structures show the same behaviour of 

the previous tandem structure (PAMAM G1.5) with slightly higher efficiency (VOC of 

1.3 V, a JSC of 20 mA/cm2, a FF of 0.27 and a PCE of 7 %.). However, the organic 

tandem solar cell based on PAMAMG0-TPD as acceptor in the top cell shows much 

more enhancement in the power conversion efficiency compare with sub cells, with VOC 

of 1.19 (which is approximately the sum of the VOC of the individual cells), a JSC of 16 

mA/cm2, a FF of 0.34 and a PCE of 6.6 %. This result confirm that using conjugated 

polymers containing TPD units are expected to have enhanced charge transport 

properties compared with polymers without a TPD moiety. 

 

 

7.2 Further work 

 

There are many avenues available for pursuit as a result of this work in order to improve 

the efficiency of organic solar cells based on these new materials:  

 

1- Determine the HOMO and LUMO energy levels of these new acceptor materials 

(PAMAM dendrimers) as the molecular energy level control are of great 

importance in improving photovoltaic properties of conjugated polymers. 

2-  As it was reported that PAMAM dendrimers at room temperature exhibit strong 

cross linking structures, the study of thermal annealing effect on these material 

at temperatures between 250C and 500C to determine the optimal temperature 

to enhance the branches and improve their efficiency. 

3- Instead of drying the electron transfer layer (TiOx) at high temperature 1500C 

above these acceptors the slow drying process can be used to improve the 

efficiency as high temperature > 500C has negative effect on the morphology 

and performance of these materials. 

4- Also, in order to improve the efficiency of the organic tandem solar cells based 

on these materials the donor material in the top cell, P3HT, which consider to 
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be wide band gap semiconductor could be replaced with other lower band gap 

polymer to absorb complementary wavelengths. Thus, thermalisation losses  

can be reduced by absorbing high energy photons in a wide bandgap cell, while 

transmission losses can be reduced by absorbing low energy photons in a small 

bandgap cell.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


