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Abstract  
 
During the last decade, different structures of photovoltaic (PV) cells fabricated from 

organic semiconductors have drawn tremendous economic and scientific interest due to 

their high optical absorption efficiency, low fabrication cost, lightweight, high 

mechanical flexibility and continuous growth of their power conversion efficiencies. 

Bulk heterojunction organic solar cells can be fabricated by simple processing 

techniques, such as, screen printing, spin casting, etc., and, therefore, are potential 

candidates for the mass production of flexible and cost-effective devices. In this 

dissertation, based on the soluble macrocyclic organic semiconductors 5,10,15,20-

tetraphenyl-21H,23H-porphine zinc (ZnTPP) and copper (II) tetrakis (4-cumylphenoxy) 

phthalocyanine (Tc-CuPc) bulk heterjunction structures of 

ITO/PEDOT:PSS/ZnTPP:PCBM/Al and ITO/PEDOT:PSS/Tc-CuPc:PCBM/Al were 

fabricated employing spin casting and vacuum thermal evaporation techniques. The 

effect of donor to acceptor (D:A) mass ratio was investigated on photovoltaic properties 

of the ZnTPP:PCBM BHJ solar cell and the optimum D:A ratio was identified. Effect of 

the thickness and surface morphology of the active layer on the photovoltaic properties of 

this porphyrin-fullerne BHJ was also studied and the optimum active layer thickness was 

identified. Bulk and hybrid-bilayer heterojunctions of copper (II) tetrakis (4-

cumylphenoxy) phthalocyanine (Tc-CuPc) and vanadyl 2,9,16,23-tetraphenoxy-

29H,31H-phthalocyanine (VOPcPhO) heterojunctions were also fabricated. Temperature 

dependent electrical properties of these devices and optical performance of the Tc-

CuPc:PCBM bulk heterojunction was also investigated. 

 

Macrocyclic semiconductors e.g. metallo-phthalocyanines (MPcs) and metallo-

porphyrins (MPPs), are restricted to dry processing techniques due to their insolubility in 

common organic solvents. Thus MPcs and MPPs are used in typical thermally evaporated 

donor-acceptor bi-layered solar cells. The performance of bi-layer solar cells is low due 

to small exciton diffusion length; only the excitons generated within 10 nm from the D/A 

interface are expected to contribute to photocurrent. This issue is resolved in BHJ 

architecture, in which the D-A interfacial area is distributed throughout the volume (bulk) 



 ix

of the active layer. In other words the D-A interface is brought near to the exciton 

generation site. Soluble versions of MPcs and MPPs can be helpful to study their opto-

electronic characteristics in BHJ solar cell architecture. In BHJ architecture there is a lot 

of flexibility and ease for rapid research e.g. changing solvent, varying concentration, 

using different D to A mass ratios, changing active layer thicknesses by spin coating at 

different speeds, incorporating different exciton-blocking layers etc. A lot of variations 

can be studied in a very short time and with less cost. However, as more and more 

research groups start studying soluble macrocyclic organic semiconductors in BHJ solar 

cells, further efficiency improvements and availability of new soluble macrocyclic 

materials are worthwhile.  

 

Since the microstructure of bulk heterojunction layer is strongly dependent on the donor 

to acceptor (D:A) mass ratio, an optimum D:A ratio improves device performance by 

improving the charge separation, transport and collection process. As one aspect of this 

research work, porphyrin-fullerne BHJ solar cells with 

ITO/PEDOT:PSS/ZnTPP:PCBM/Al structure were fabricated with different D:A mass 

ratios and their optical parameters were measured both under simulated solar spectrum 

AM 1.5G and monochromatic illuminations. The active layer thicknesses were extracted 

from their respective optical reflection and transmission measurements using average 

absorption coefficient. Scanning electron microscope (SEM) image of the device cross 

section was studied to verify layer thicknesses and examine the quality of layers. Effect 

of thermal annealing on performance of some devices was also studied. Incident photon-

to-current conversion efficiency (IPCE) spectra at different D:A ratios was determined. 

On basis of the measured optical parameters such as fill factor FF, open circuit voltage 

VOC, short circuit current density JSC, and power conversion efficiency η, the optimum 

D:A ratio was identified. Maximum IPCE value of 21% was obtained for D:A ratio of 1:9 

which lead to PCE of 0.21% which was 36 times better than a previously reported value 

in which C60 was used as acceptor. Also incorporating PCBM as the acceptor instead of 

C60 improved the open circuit voltage (VOC) for all the D:A ratios. The reason for high 

VOC is greater difference between the ZnTPPHOMO and PCBMLUMO. Furthermore the 1:9 

devices showed consistency in optical parameters when reproduced. 
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Charge transport in organic semiconductors takes place through the mechanism of 

hopping between localized states, which results in low mobility. Low mobility and too 

long pathway to the receiving electrodes in thick active layer will increase the charge 

recombination probability at the trap sites and impurities. On the other hand very thin 

active layer results in poor photo-absorption. Thus the active layer must be thick enough 

to absorb substantial amount of photons, and at the same time it must also be thin enough 

for the charge carriers to reach the collecting electrodes efficiently. For this reason it is 

necessary to limit the active layer thickness to an optimum value for best performance. 

As a part of this work, porphyrin-fullerne BHJ solar cells were fabricated with different 

active layer thicknesses by spin coating at different spin speeds. The active layer 

thicknesses were extracted from their respective optical reflection and transmission 

measurements using absorption coefficient. The thicknesses were further verified through 

surface profilometer. Solar cell performance parameters at different active layer 

thicknesses were measured under simulated solar spectrum AM 1.5G. The rms surface 

roughness Ra, and average grain size (AGS) of active layers achieved at different spin 

speeds were analyzed through atomic force microscope (AFM) scans. On basis of the 

measured optical parameters, the optimum active layer thickness was identified. Since the 

recombination of charges occurs more prevalently at the grain boundaries, efficiency of 

an organic solar cell is also dependent on the grain size of the active layer. AFM scans 

revealed that the average grain diameter for the active layers decreased from 45.4 to 27.1 

nm with an increase in spin speed from 1000 to 1500 rpm. Since no significant increase 

in rms roughness of active layer was observed when spin coated at speeds of 1000 to 

1500 rpm. Therefore, spin coating can be considered a simple and fast method to achieve 

different film thicknesses of porphyrin:fullerene blends without sacrificing much of 

surface smoothness. There was an agreement in thicknesses of active layers determined 

both from optical density and from surface profilometer scan. 

 

Temperature-dependent electrical characteristics of D/A bi-layer heterojunctions or D:A 

bulk heterojunctions under dark conditions are a useful tool for preliminary study of 

organic materials for photovoltaic applications. Therefore in this work temperature 
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dependent electrical properties of p-VOPcPhO/n-Si (hybrid-bilayer) and Tc-CuPc/PCBM 

(organic-bulk) heterojunctions were also investigated. Optical performance of Tc-

CuPc:PCBM heterojunction was also investigated. Charge conduction mechanism and 

effect of temperature on various electrical parameters for both the hybrid and bulk 

architecture were also examined. Parameters such as rectification ratio, reverse saturation 

current, series/shunt resistances, ideality factor, effective mobility and barrier height were 

also extracted from the temperature-dependent current-voltage characteristics. The 

effective hole mobility for VOPcPhO and barrier height ФB, values determined from the 

study of p-VOPcPhO/n-Si heterojunction were 15.5×10−3 cm2 V−1s−1 and 0.77 eV, 

respectively. Keeping in view that VOPcPhO is a chemically derived phthalocyanine; this 

mobility value is considered generously high. High mobility of VOPcPhO and high 

effective barrier height make p-VOPcPhO/n-Si heterojunction a potential candidate for 

investigation as an hybrid solar cell. 
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1 Introduction 
 

In this chapter an introduction to present world energy demands along with emphasis on need of 

alternative energy resources, is presented. Introduction of renewable energy resources 

particularly organic solar cells is also discussed. A brief historical evolution of organic solar 

cells is also given. The motivation that leads to this work is explained in detail. The objectives 

and outline of this thesis is given in the end of this chapter. 

 

Through the ages mankind needed more and more energy. Due to increase in world 

population and industrialization, energy requirements are increasing day by day. Graph in 

figure 1.1 shows the world-wide energy consumption for a particular year. In 1990 the 

world energy requirement was approximately 102,500 TWh, today it is just above 

150,000 TWh and is expected to reach 175,000 TWh in 2050 [1]. Global energy demands 

are currently unsatisfied. The traditional sources of energy i.e. fossil fuels such as coal, 

natural gas, petroleum, etc., are depleting with each second that passes by. They are also 

continuously polluting our environment. They are emitting CO2 and causing global 

warming. Nuclear is another source of energy. A small mass of a nuclear material such as 

uranium has a huge amount of stored energy. But extraction of this energy involves huge 

capital and investment. Nuclear processing for energy extraction has political 

implications of being misused by irresponsible nations in warfare development. Dumping 

of radioactive nuclear wastes is also a big problem. As man is aware and has faith in the 

fact that God has hidden a treasure of energy resources in this universe, therefore, 

scientists and research institutes are exploring new horizons of energy resources called 

renewable energy resources. Solar, tidal, wind and geothermal are some examples of 

renewable energy resources.  
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Figure 1.1 World energy consumption per year[1] 

 
 

The largest energy source of this universe is the sun and only a fraction of this energy 

reaches the earth through electromagnetic radiations. The sun’s energy falling on earth in 

an hour is more than required to supply the entire world in one year [2]. The energy from 

the sun is enormous and free. Solar energy means to receive energy directly from the 

sun’s radiation and convert it to useable form. The solar or photovoltaic cells capture and 

convert sun’s radiation in electrical (consumable) form. 

 

Of all the renewable resources, solar energy resources are under extensive research. The 

reason behind it is that solar panels require only initial investment and have no running 

costs; they produce no odor, no pollution and no noise. Solar panels are environment 

friendly and maintenance free. They can be installed at remote sites, as they have no link 

to the power grid.  

 

In 1954, the first silicon solar cell was developed by Bell Labs [3]. It had power 

conversion efficiency (PCE) of approximately 6%. As shown in figure 1.2, the highest 
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reported PCE of a solar cell of any kind until now is 43.5% for triple-junction lattice 

matched solar cell. This cell utilizes a germanium bottom cell with an (In)GaAs and 

InGaP middle and top cell, respectively [4]. Common types of photovoltaic cells that are 

made of inorganic semiconducting materials such as crystalline and multi-crystalline 

silicon exhibit better PCE. Power conversion efficiency of solar cells fabricated from 

single crystal silicon has reached up to 24.7 % [5]. Two big disadvantages of typical 

photovoltaic cells that are made of inorganic semiconducting materials such as crystalline 

and multi-crystalline silicon are that they are costly due to semiconductor processing 

techniques and secondly, have fragile structure. High performance-to-cost ratio is 

mandatory for commercial mass production. On the other hand solar cells that are made 

of organic semiconductors usually involve no semiconductor processing because they can 

be used as available. They have simple and low cost manufacturing techniques, such as, 

spin coating [6], screen printing [7] and doctor blade techniques [8]. They can be 

fabricated on flexible substrates such as plastic rolls and therefore can be made flexible 

and portable [9]. Their opto-electronic properties can be tuned by modifying their 

chemical structures and inclusion of new chemical groups [10, 11].  Their absorption 

coefficient is high i.e. their thin films can absorb a greater fraction of light, which makes 

them light weight [12]. In 2010, Mitsubishi Chemical Corp. created the world’s first 

organic photovoltaic cell (OPV) that is based on solution conversion principle, with a cell 

conversion efficiency of 8.5 % [13] and improved its efficiency up to 10 % in 2011 [14]. 

It is claimed to be the highest ever achieved power conversion efficiency to date for an 

OPV cell. This newly introduced organic solar cell is fabricated by depositing two layers 

of organic semiconductors to a film substrate - one layer of benzoporphyrin, which acts 

as the p-type semiconductor (donor), and one layer of fullerene, which acts as the n-type 

semiconductor (acceptor). Previous best efficiencies were 7.9 % [15]and 7.4 % [16], but 

OPV cells are still not considered competitive with their inorganic counterparts. Low 

power conversion efficiency is due to following main reasons: (i) lack of absorption in 

the red/NIR part of spectrum (ii) low carrier mobility, and (iii) excitonic nature of photo-

carrier generation. Furthermore, poor environmental stability is another factor in the way 

of commercialization of organic solar cells.  
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Despite of low PCE researchers still see organic solar cells as an attractive field. The 

current challenge in the field of organic solar cells is to explore or develop new donor and 

acceptor materials with better band gap alignment [17]. In addition, the improvement of 

the transport properties of the materials through better control of the morphology can 

significantly reduce the recombination losses [18]. 

 
Figure 1.2  Source: National Renewable Energy Laboratory, USA [14] 

 
 
1.1 History of organic solar cells 
Table 1.1 gives an overview of some important chronological achievements that took 

place in the historical evolution of organic solar cells, from the discovery of photovoltaic 

effect (1839) to 10 % efficient organic solar cell (2011). 
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Table 1.1Historical evolution of organic solar cells 
Year Event Ref. 
1839 Photovoltaic effect discovered by Edmond Becquerel [19, 20] 
1906 Anthracene was the first organic compound in which 

photoconductivity was  observed by Pochettino 
[21] 

1950s Chlorophyll and related organic dyes were studied:Kearns and Calvin 
worked with magnesium phthalocyanine 

[22] 

1959 The photovoltaic effect in organic solids was observed for the first 
time  on anthracenecrystals in 1959 by Kallmann and Pope 

[23] 

1977 The first report of metallic conductivities in ’doped’ poly- acetylene [24] 
 

1980s First polymer based solar cells (including poly(sulphur nitride) and 
polyacetylene) were investigated. 
 

 

1986 Breakthrough: first cell with donor and acceptor by Tang [25] 
1991 First dye/dye based cell by Hiramoto [26] 
1993 First polymere/C60 based cell by Sariciftci [27] 
1995 First polymere/polymere based cell by Yu and Halls [28, 29] 
1995 PCBM was first reported in solar-cell applications by Yu [30] 
2000 Oligomer-C60 dyads/triads as active materials by Peters 

  and Van Hal 
[31] 

2001 Cell with double-cable polymers by Ramos [32, 33] 
2009 Solarmer breaks organic solar PV cell conversion efficiency record, 

hits NREL-certified 7.9 % 
[15] 

2010 Mitsubishi Chemical Corp. creates world’s first organic photovoltaic 
cell (OPV) that is based on solution conversion principle, with a cell 
conversion efficiency of 8.5 %. 

[13] 

2011 Mitsubishi Chemical Corp. improves the power conversion efficiency 
of the world’s first solution conversion organic photovoltaic cell upto 
10 %. 

[14] 

 
 
1.2 Motivation  
Scientists and researchers are sure that in future, the energy demand will be fulfilled by 

renewable energy resources and among them solar cells will be the major contributors. 

But as we know the traditional silicon solar cells have reached saturating power 

conversion efficiencies. In other words it has reached about 24.7 % that is near to its 

theoretical maximum i.e. 33 % [34]. Efficiency at saturation requires huge amount of 

effort, time and money to bring it closer to maximum limit as shown in figure 1.3. The 

slope of this curve i.e. the improvement rate, is high at the start whereas it is minimum 

almost approaching zero in the saturated region. Also, losses are to be brought under 

consideration too. Therefore further attempts to enhance the conversion efficiencies of 
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traditional photovoltaic cells will yield improvements but will be quantitatively less in 

comparison to the research efforts, money and time invested. 

 

 
Figure 1.3   Efficiency as a function of time, money and effort. (The red color indicates 

the saturation region)  
 
Alternative and wise idea in this scenario is to invest time, money and effort in something 

new and promising that can bring a revolution in the field of solar cells. For this reason 

for past few decades, solar cell research interests have changed worldwide. More and 

more research groups are now working in the field of organic solar cells. The reason for 

this change is less money involved, variety of organic materials available, even some can 

be chemically tuned according to requirements, more flexibility, light weight, simple 

processing and last not the least is that there is great expectation and optimism involved 

that organic solar cells will bring a revolution in solar cell industry. Even though the 

highest reported efficiency for organic solar cells i.e. around 10 % is still low as 

compared to Si solar cells, the field of organic solar cells is in developing stages and still 

it has to mature. Hopefully one day in terms of efficiency, the organic solar cells will 

surpass their inorganic counterparts.    

 

The start was with research in bi-layer solar cells of p- and n-type organic 

semiconductors. The donor materials were mostly macrocyclic organic semiconductors. 

e.g. phthalocyanines and porphyrins. The research continued in this pattern till polymeric 

solar cells particularly P3HT/PCBM showed comparatively more efficiencies. And with 

the introduction of bulk heterojunction (BHJ) architecture their efficiency was boosted 

further up to around 6 %. Most of the research groups started working on P3HT/PCBM 
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(bilayer) and /or P3HT:PCBM (bulk heterojunction) architecture. Some researchers even 

tried bulk heterojunction solar cells of other polymers. 

 

In this goose chase macrocyclic organic semiconductors were pushed to background and 

not much work was done in attempting to try them in the bulk heterojunction 

architecture. Considering that they are chemically and thermally most stable organic 

semiconductors and that they are the ones that owe natural energy processes like 

photosynthesis. Chlorophyll the main solar energy harvester in plants is also a 

macrocyclic organic semiconductor [35].  Total worldwide natural energy conversion 

through chlorophyll (photosynthesis) is well over 876,000 TWh [36]. It is expected that 

macrocyclic semiconductors will provide some fruitful improvements in the field of 

organic solar cells.  

 

The first consideration in material choice is to harvest as large portion of solar energy as 

possible. Since more than half solar energy is below 700 nm, phthalocyanines and 

porphyrins have an ideal bandgap to harvest maximum solar energy. Peumans and 

Forrest reported a PCE of 3.6 % for a CuPc:C60 co-evaporated bulk heterojunction solar 

cell [37], which also incorporated a 0.4 nm thick exciton blocking layer (EBL) of  

bathocuproine (BCP). Later on their group fellow Xue reported a further increase in PCE 

upto 5 % for a CuPc/CuPc:C60/C60 co-evaporated bulk heterojunction solar cell [38]. In 

these earlier studies insoluble macrocyclic organic semiconductors were used and the 

devices were fabricated using the expensive dry techniques. 
 

Solution processable macrocyclic organic semiconductors have proven viable materials 

for the fabrication of electronics devices. Using these conjugated organic materials, 

electronic devices can be fabricated using low cost fabrication techniques, such as, spin 

coating, printing, etc. Therefore, in the research work reported in this dissertation, the 

photovoltaic studies of soluble derivatives of macrocyclic organic semiconductors were 

undertaken. Bulk heterojunctions of these macrocyclic families with PCBM are 

fabricated and their opto-electronic properties are investigated. At present only a few 

research groups started working in the same line but still the efficiencies are too low. 
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Since organic solar cells research is in evolution stage, it is needed that variety of 

architectures and materials should be studied at this stage rather than most groups 

following same research trend. In this type of work there is a lot of flexibility and ease for 

rapid research e.g. changing solvent, changing concentration, changing donor acceptor 

ratios, changing thickness by changing spinning speeds, changing exciton blocking 

layers, etc. A lot of variations can be done in a very short time and with less cost. 

However, as more and more research groups start working in the bulk heterojunctions 

solar cells of soluble macrocyclic organic semiconductors further efficiency 

improvements are worthwhile.  

 
1.3 Objectives  
The objective of this work is to contribute towards the understanding of the operation of 

photovoltaic solar cells based on macrocyclic organic semiconductors. If the physics of 

the device and the materials is well understood, then fabrication and device performance 

can be optimized. This will lead to an increase in device efficiency and lifetime. This 

work involved fabrication and study of photovoltaic devices using macrocyclic organic 

semiconductors. Macrocyclic organic semiconductors are chemically and thermally most 

stable and the photovoltaic devices based on such materials are obviously expected to be 

more stable than the polymeric solar cells. Photovoltaic devices employing macrocyclic 

organic semiconductors and their heterojunctions were fabricated. Bulk heterojunction 

architecture was employed due to the ease and simplicity of the entire fabrication process. 

Different fabrication techniques such as vacuum thermal evaporation and spin casting 

were employed. Electrical and photoelectric properties of these devices were studied and 

potential of macrocyclic organic semiconductors for photovoltaic applications was 

investigated. 

 
1.4 Outline 
Chapter 1 contains a short introduction on global energy requirements and importance of 

renewable energy resources particularly the organic solar cells towards this energy 

demand. A brief history of organic solar cells and motivation towards this work is also 

presented in this chapter.   
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Concept of organic semiconductors is reviewed in chapter 2. Nature of bonding, orbital 

structure and concept of molecular orbitals of organic semiconductors is illustrated. 

Structure and properties of macrocyclic organic semiconductors are discussed with 

particular emphasis on phthalocyanines and porphyrins. Relation between charge carrier 

mobility and molecular packing is established. Doping mechanisms of organic 

semiconductors are also briefly covered. Organic semiconductor charge transport modes 

such as hopping and tunneling are also explained in this chapter 

 

Chapter 3 is all about working mechanism of an organic solar cell and important 

considerations while choosing appropriate donor and acceptor materials. In addition, 

different solar cell architectures and the important parameters related to organic solar 

cells are also covered. Important characteristics of an ideal donor and an ideal acceptor 

are also discussed. Different types of excitons are also described in this chapter. 

Importance of the matching between bandgap of the photoactive material and solar 

spectrum is highlighted. Equivalent circuit and the important parameters related to solar 

cells are also covered. In the end of chapter the recombination losses are discussed. 

 
In chapter 4, the properties of the all the materials, experimental methods and setups used 

in this work for devices fabrication, device characterization, data measurement and data 

analysis are discussed. Materials for metal electrodes, molecular electrodes, organic 

donors and organic acceptors were reviewed. Different wet and dry fabrication methods 

such as spin coating; screen-printing and vacuum thermal evaporator are also covered. 

Different characterization techniques such as setups for current-voltage curves, reflection 

transmission spectra, scanning electron microscopy (SEM), atomic force microscopy 

(AFM) and surface profilometer are given in the end of this chapter. 

 

Chapter 5 and 6 deal with the fabrication of ZnTPP:PCBM bulk heterojunction solar 

cells. Photovoltaic properties of these cells were studied under AM1.5G simulated solar 

spectrum, at different donor:acceptor ratios (Chapter 5) and at different active layer 

thicknesses (Chapter 6). Device cross section was examined by SEM imaging and surface 

morphology/roughness by AFM scans. 
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Chapter 7 and 8 deal with extraction of electrical parameters from temperature-dependent 

current-voltage characteristic of p-VOPcPhO/n-Si (Chapter7) and Tc-CuPc:PCBM 

(Chapter 8) heterojunctions under dark conditions. Parameters such as rectification ratio, 

reverse saturation current, series/shunt resistances, ideality factor, effective mobility and 

barrier height were extracted from the temperature-dependent current-voltage 

characteristics of both the heterojunctions. After chapter 8, conclusions and future work 

is discussed.   
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2 Physics of organic semiconductors 
 
In this chapter organic semiconductors in general and macrocyclic organic semiconductors in 

particular are discussed along with their charge transport mechanism. Formation of molecular 

orbitals and concept of HOMO and LUMO is explained. Doping mechanism of organic 

semiconductors is also briefly covered. Mobility of macrocyclic organic semiconductors is 

related to their molecular packing. Basic theory of intermolecular hopping and tunneling in 

organic semiconductors is given in the end of this chapter. 

 
2.1 Introduction to organic semiconductors 
An organic material possessing semiconducting properties is termed as an organic 

semiconductor. The π-conjugated system, with single and double or single and triple 

carbon-carbon covalent bonds alternating throughout the molecular backbone are the 

distinguishing electronic and structural features of organic semiconductors. In some cases 

this conjugation can be among carbon and nitrogen atoms. 

 

The shape of electronic orbitals around the covalently bonded atoms depends on the 

number and type of bonds it forms with the neighboring atoms. When carbon forms 

covalent bonds with other atoms the shape of the orbitals of the valence electrons is 

modified. The new orbitals formed are termed as hybrid orbitals and the process is called 

orbital hybridization. The orbitals undergoing mutual hybridization are not equivalent 

whereas the resulting hybrid orbitals are equivalent.  

 

In covalently bonded atoms, the shape of the electron orbitals around the atoms will be 

dependent on the atom and the number and type of bonds made with surrounding atoms. 

When the four valence electrons of a carbon atom interact with the valence electrons of 

another atom to form covalent bonds, the shape of the orbitals of the valence electrons is 

modified depending on the number and type of bonds made, leading to hybrid orbitals. 

Different types of hybridization depending on the particular atom, number and type of 

bonds can take place such as sp, sp2 and sp3 hybridization. 
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When a carbon atom shares two of its valence electrons with one single atom and the 

other two electrons with two other separate atoms, then sp2 hybridization will take place. 

The normal electronic configuration of carbon i.e. in ground state is 1s22s22p2. The three 

atomic orbitals of carbon 2s, 2px and 2py undergo sp2 hybridization and transform into 

three equivalent sp2 hybrid orbitals in a trigonal planar conjugated system. Since it 

involves merging of one ‘s’ and two ‘p’ orbitals, it is known as sp2 hybridization. In such 

an sp2 hybridization state of carbon the fourth orbital 2pz exists normal to the plane of 

these sp2-hybridized orbitals. An sp2 orbital of carbon overlaps with the sp2 orbital of 

adjacent carbon atom to make a σ-bond whereas perpendicular non-hybrid orbital 2pz 

overlaps laterally with the 2pz orbital of the adjacent carbon atom to form a π-bond as 

shown in figure 2.1b. The larger overlap of σ-bonds makes them strong bonds as 

compared to less overlapping π-bonds. Stability of the molecular structure is due to 

strong σ-bonds [1]. Hence the π-electrons are more weakly coupled and more delocalized 

in space. Single bonds have only a σ-bond, whereas double bonds have a σ-bond and a π-

bond. Thus a conjugated structure can be realized as an arrangement of atoms with 

overlapping p-orbitals. All conjugated semiconductors have a backbone of overlapping 

sp2 hybrid orbitals i.e. σ-bonds.  

 
Even though alternate single and double covalent bonds are drawn to represent the 

chemical structure of conjugated organic semiconductors, practically the fact is that the 

electrons of the π-bonds are delocalized over the domain of the whole structure. In 

phenyl groups, often circles instead of double bonds are drawn to represent the 

delocalization of the π-conjugated system. Long chains of alternating single and double 

bonds makes π-electrons delocalized over long distances as shown in figure 2.1c. This 

delocalization of electrons enables them to travel along long molecular chains and hop 

from molecules to molecules. The π-conjugated molecules have better charge transport 

capabilities as compared to the molecules that are only σ-bonded. 

 

The semiconducting properties of organic semiconductors are contributed by the π-

bonds. In addition to that the π-bonds are delocalized over the whole structure; the lateral 
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overlapping of pz orbitals in fact results in two orbitals with different energy levels, a 

bonding (π) orbital at low energy level and an antibonding (π*) orbital at high energy 

level. Similarly overlap of sp2 orbitals results in two orbitals, a bonding (σ) orbital at low 

energy level and an antibonding (σ *) orbital at high energy level. Since overlapping of 

p-orbitals is lesser as compared to that of sp2-orbitals, the energy difference between 

bonding and antibonding molecular orbitals, is smaller for the π-bonds than that for the σ-

bonds as shown in figure 2.2. Thus the discussion of band theory can be confined to π-

conjugated organic semiconductors. The bonding (π) orbital has low energy level and 

constitutes the valence band whereas the antibonding (π*) orbital of higher energy 

constitutes the conduction band. Band gap of a semiconductor is the energy difference 

between these two bands and is responsible for the optical properties the material 

exhibits. Many organic semiconductors are well placed for application such as organic 

solar cells as their optical band gaps fall in the range 1.7 - 3 eV i.e. 400-700 nm, 

corresponding to wavelengths of visible light. 

 
Some of interesting and peculiar advantages associated with organic semiconductors are: 

 

 Organic semiconductors have high absorption coefficient as compared to their 

inorganic counterparts, which allows their thin film fabrication without sacrificing 

useful optical absorption efficiency. 

 Thin amorphous organic semiconductor films can be easily processed over large 

areas for fabrication of organic semiconductor devices. 

 Organic semiconductors are required in small amount in thin films (e.g. having 

thickness of 80-100 nm). 

 Large variety of organic semiconductors such as polymers, oligomers, organo-

minerals, dyes, pigments, dendrimers, liquid crystals, etc., allow an atmosphere of 

competitive research among different materials. 

 Commercial production of organic semiconductor devices is simple, fast and 

cheap because it doesn’t involve complicated processes such as crystal growth, 

etc. 
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 Their bandgap, charge transport, absorption, solubility and other opto-electronic 

properties can be tuned (modified) chemically.   

 

 
Figure 2.1  (a) Chemical structure of ethylene (b) Orbital structure of ethylene (c) 

Conjugated carbon chain showing how electrons are delocalized over long distances 
through π-bonds. 

 
Organic semiconductors consist of discrete molecules that are kept together by weak van 

der Waals forces; the organic molecules themselves are composed of covalently bonded 

atoms, mostly the carbon atoms. The transport bands in organic semiconductors are 

narrow as compared to inorganic semiconductors. Furthermore their band structure can 

easily be disturbed by introduction of impurities and disorders. Thus, in organic 

semiconductors the allowed energy bands concept is limited and the local interactions 

within a molecule play a dominant role in material characteristics. 

 

The weak coupling between the organic molecules in a solid state suggests that the 

charge carriers in these materials are delocalized over the entire molecule but are strongly 

confined within them. Charge transfer from molecule to molecule takes place via a 

sequence of steps called hopping.  

 

However in case of polymers, with long carbon chains the delocalization (polaron) or 

conjugation of the π-electrons does not cover the entire length of the polymer, in fact it is 
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interrupted by chemical or structural defects such as carbonyl moieties, sp3 carbons, 

substitutions or bends, twists and cic linkages in the carbon chain. Such discontinuities in 

π-conjugation limits the electron or hole transport. Polymers are usually regarded as 

disordered materials and have conjugated segments of variable chain lengths, and thus 

exhibit distinct electronic properties. Electronic properties of polymers can be explained 

on the basis of semiconductor physics [2]. 

 
 

Figure 2.2  Energy levels of atomic and sp2-hybridized molecular orbitals of carbon 
(left). Formation of  C=C double bond showing σ  and π bonds (right). 

 
2.2 Energy levels in organic semiconductors 
The electrons in a system that are easiest to excite or removed are the ones having highest 

energy and therefore they are considered very important for electronic properties of an 

organic semiconductor. Since the π-electrons in organic semiconductors, are more 

delocalized and have weaker bondings as compared to σ–electrons, a lowest unoccupied 

molecular orbital (LUMO) and a highest occupied molecular orbital (HOMO) are 

determined by π-electrons. In organic molecules, HOMO has the highest energy amongst 

all the occupied molecular orbitals whereas LUMO has the lowest energy amongst all the 

unoccupied molecular orbitals. 
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LUMO is the orbital to which it is easiest to add an electron in order to give the negative 

charge to the molecule. And similarly HOMO is the orbital from which it is easiest to 

remove an electron in order to give the positive charge to the molecule. The LUMO and 

HOMO orbitals in organic semiconductors are analogous to the conduction band (CB) 

and valence band (VB) in inorganic semiconductors. There is always a forbidden gap of 

energy levels between the VB and CB (for inorganic semiconductors) or the HOMO and 

LUMO levels (for organic semiconductors). In organic semiconductors the electrons can 

be excited from the HOMO to the LUMO level in a similar fashion as they are excited 

form the VB to the CB of inorganic semiconductors. Upon injection of electrons into the 

conduction band of an inorganic semiconductor, they travel as negative charge carriers 

whereas when electrons are excited into the LUMO of an organic semiconductor, they 

move by hopping from molecule to molecule. Removal of electrons from the valence 

band or HOMO creates mobile positive charges.  

 

Electron-hole interactions can result in excitons, which are bound electron-hole pairs. For 

inorganic semiconductors, the energy that binds the electron-hole pair together is low, 

attributed to the high permitivity of the materials in addition to the rigidity and the 

periodicity that leads to strong delocalization. Even the room temperature thermal energy 

is enough to overcome the exciton binding energy; therefore they are available as 

separate charge carriers. On the other hand, in organic semiconductors the excitons are 

relatively strongly bound because of geometrical relaxation effects, lower dielectric 

constant and electron correlation, stronger Coulomb attraction, and stronger localization 

[3].  

 
2.3  Aromatic molecules 
Conjugated organic molecules having circular arrangements of atoms with the π-

electrons allowed to move around these atoms in cyclic order are termed as aromatic 

molecules. Aromaticity may also be referred as cyclic delocalization and resonance [4-

6]. Aromatics are planar, cyclic molecules with conjugated double bonds. Each bond in 

the ring is identical and considered as hybrid of single and double bonds. Hückel’s 

aromaticity criterion for monocyclic planar compounds in which every carbon atom has a 
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p orbital (e.g. benzene) states that “compounds with (4n + 2) π-electrons for any whole 

number value of n are aromatic and will have delocalized π-electrons and will exhibit 

exceptional high stability” [7].  

 

Planar monocyclic compounds having 2, 6, 10, 14…. delocalized π-electrons are 

aromatic and the π-electrons will be delocalized over the entire ring and the compound is 

highly stable due to electron delocalization. In such molecules the lowest energy 

excitation takes place as an electronic π − π* excitation. Benzene is a well-known 

example of a six-member carbon aromatic ring with alternating single and double bonds. 

Aromaticity accounts for stability in organic molecules. Benzene is a very stable inspite 

of its charge delocalization within the cyclic ring. Depending on the energy gap in 

aromatic systems, these materials can absorb or fluoresce in the visible, near infrared 

(NIR) or near UV radiations and therefore are well-suited for photovoltaic or light 

emitting applications. 

 

Organic materials that are being used for the fabrication of solar cells are of two types, 

polymers and low molecular weight semiconductors (small molecules). Polymers e.g. 

P3HT, PPPV, poly-fluorene etc., are very sensitive to temperature and ambient conditions 

[8]. Organic materials having low molecular weight e.g. pentacene, rubrene, PCBM, 

metallo-phthalocyanines and metallo-porphyrins are chemically and thermally stable [9]. 
 
 
2.4 Macrocyclic organic semiconductors 
Macrocyclic organic semiconductors such as phthalocyanines and porphyrins are an 

important class of organic dyes for device applications due to their photophysical, 

chemical, electrochemical, catalysis[10] and biological functions [11]. A cyclic 

orientation of at least nine atoms out of which at least three are donor atoms constitutes a 

macrocyclic ligand. Such a macrocyclic cyclic ring is ideal to bind metal ions [12]. 

 

Macrocycles are powerful and very important ligands, due to two main reasons:  
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1. They represent important biological ligands, for example the ligand-iron 

porphyrin complex (heme), the pigment in red blood cell and chlorophyll in plant 

leaves. 

2. Their metal complexes are chemically and thermally stable [9].  

 

The absorption spectrum of these compounds has strong electronic transition from 

ground state to the second excited state (S0→S2) at around 400 nm (Soret or B band) and 

a comparative weak electronic transition from ground state to the first excited state 

(S0→Sl) at around 550 nm (Q band). Both the Soret B and Q bands are attributed to π–π* 

transitions. Therefore, various types of photophysical and photochemical processes can 

be investigated in a single molecule. Macrocyclic compounds are suitable model systems 

for developing the state-to-state manipulated device applications[13].  

 
2.4.1 Metallo-Phthalocyanines (MPcs) 
Phthalocyanine was discovered in 1907 [14]. Due to their excellent chemical, 

environmental, thermal and opto-electronic stabilities phthalocyanines and their 

chemically modified derivatives are extensively employed in a numerous applications 

e.g. sensors [15, 16], catalysts [10], dyes, photovoltaic devices [17] and organic thin film 

transistors (OTFTs) [18]. 

 

Phthalocyanine (figure 2.3a) is an organic compound that has four isoindoles (benzo-

fused pyrroles) linked through aza bridges to form symmetrical 18 π-electron 

macrocyclic aromatic semiconductor [19]. One of the most important properties of the 

phthalocyanine molecules is their ability to coordinate to metal ions. Metallo-

phthalocyanine (figure 2.3b) is formed when phthalocyanine macrocycle hosts a metal 

ion in its center cavity i.e. a metal ion substitutes both hydrogen atoms located in the 

center of phthalocyanine macrocycle ligand. Phthalocyanine are hole-conducting (p-type) 

semiconductor materials and are often employed as electron donor in optoelectronic 

applications [20, 21]. 
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The electronic absorption spectrum of phthalocyanines has strong electronic transition 

from ground state to the second excited state (S0→S2) at around 320-360 nm (Soret or B 

band) and a comparative weak electronic transition from ground state to the first excited 

state (S0→Sl) at around 620-700 nm (Q band). This is the reason for its dark green-blue 

color [9]. Both the Soret B and Q bands are attributed to π–π* transitions. The chemical 

and opto-electronic properties of metallo-phthalocyanines are different for different metal 

ions. Phthalocyanine derivatives can be formed by substituting the hydrogen atoms of the   

peripheral benzo rings by different chemical groups [22]. 

 
Figure 2.3   Molecular structure of (a) phthalocyanine and (b) metallo-phthalocyanine. 

 
2.4.2 Metallo-Porphyrins (MPPs) 
The word porphyrin is derivative of Greek term ‘porphura’ that means purple. All the 

compounds belonging to porphyrins family have intense color [11, 23]. Porphyrins are 

associated with number of main biological processes such as photosynthesis, oxygen 

transport, pigmentation changes and catalysis [24-26]. Four payyrole nuclei when 

connected at their α-carbons through methine bridges form a basic macrocyclic skeleton 

of porphyrins [27]. Their basic structure is called a porphine as shown in figure 2.4a. 

Thus the structure of a porphine macrocycle is a ring made up of 16-atoms out of which 

four are nitrogen atoms. Porphine is an aromatic macrocycle composed of 22 π-electrons 

of which 18 are delocalized, thus satisfying Hückel’s aromaticity criterion (4n+2 

delocalized π-electrons, for n=4) [7]. Metallo-porphyrin (figure 2.4b) is formed when 

porphyrin macrocycle hosts a metal ion in its center cavity i.e. a metal ion substitutes 

both hydrogen atoms located in the center of porphyrin macrocycle ligand. The 
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porphyrins macrocycle is ideal to bind ions of almost all metals such as Zn, Cu, Fe, Co, 

and Ni etc. 

 

The electronic absorption spectrum of porphyrins (figure 2.5) consists of a strong 

transition to the second excited state (S0→S2) at about 410-450 nm (the Soret or B band) 

and four weak transitions to the first excited state (S0→Sl) at about 450-750 nm (the Q 

bands) [26]. Both the Soret and Q bands are attributed to π–π* electronic excitations. 

Gouterman’s model of four orbitals explains the typical porphyrin UV–visible spectrum 

that is characterized by a very strong Soret and weak Q bands [28]. 
 

Major changes in the intensities and wavelengths of visible absorption spectrum of 

porphyrins is observed on introduction of a central metal ion into the macrocycle, or by 

changing the existing metal ion or on protonation of the two inner nitrogen atoms. On the 

other hand minor changes are observed in the absorption features when peripheral groups 

are added to the macrocycle or are changed. Due to this fact, porphyrin-metal interfaces 

and metallo-porphyrins have attracted a considerable attention for their potential 

applications in the fields of optoelectronics, photovoltaic cells and data storage [29-32]. 
 

 
Figure 2.4  Molecular structure of (a) porphyrin (blue part indicates porphine) and (b) 

metallo-porphyrin. 
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Figure 2.5  Typical UV-visible absorption spectrum of porphyrins [26]. 

 
 
2.5 Doping in organic materials 
Oxygen present in the atmosphere has always been thought of being responsible for the 

p-type doping and hence increasing the electrical conductivity of the MPcs. It is agreed 

that charge transfer reactions occur when the surface of metallo-phthalocyanines films or 

crystals absorb gas. Such reactions generate charge carriers within the MPc layers and 

improve its electric conductivity. But it is debated by de Haan et al. that change in 

material conductivity of organic semiconductors (OSCs) should be associated instead to 

the traces (ppm) of strongly oxidizing gases prevailing in air [33]. Transferring an 

electron from the ground state S0 of the OSC to the oxidizing agent results in doping of 

the organic material. This doping results in an increase of concentration of positive 

charge carriers i.e. the holes.   

 

The most widely used n-type organic semiconductor materials (electron acceptors) are 

the buckminster fullerene C60 and its derivatives such as PCBM [34]. When it is blended 

with hole-conducting materials, nothing improves in dark, but a tremendous boost in 

electron conductivity is observed in light [35-37]. This effect is attributed to the 

photoinduced charge transfer [38] and hence this boost in conductivity is seen as “photo-

doping” [39]. Materials initially considered insulating, benefit from these doping effects 

and enter into semiconductor regime. After having enough free charge carrier 
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concentration they can work like classical p-n junctions in bilayer organic devices [40, 

41]. 

 
2.5.1 Doping by oxygen traps and photogeneration 
It is established that electrons in the LUMO of organic materials can be captured in 

oxygen traps and result in an increased concentration of free holes. Thus for organic 

semiconductors, oxygen is treated as a p-type doping agent. Oxygen traps may also serve 

to separate excitons into free charge carriers and thereby act as exciton dissociation sites. 

After some time, the electrons captured in the oxygen traps can possibly further lose their 

energies on decaying to the ground state where they can recombine with the hole of 

another exciton or any free hole. In such circumstances three situations are possible: 

 

1. The trapped electron is a part of exciton that is not dissociated and it recombines with 

a hole that is a part of a different but not yet dissociated exciton. Upon their 

recombination, the hole of the first exciton and the electron of second are freed upon 

dissociation of both the excitons. The net result is equal increase in both types of 

charge carrier concentrations. 

 

2. The trapped electron of a not yet dissociated exciton recombines with a free hole. The 

exciton dissociates but only one hole (the hole of the exciton) is freed since the other 

two recombined. Net result is that there is no effect on both types of charge carrier 

concentrations.  

 

3. The trapped electron not belonging to any exciton recombines with a hole that comes 

from a different exciton. The exciton is dissociated and its dissociation produces one 

free electron. Net result is that there is an increase in electron concentration. 

 
4. The trapped electron not belonging to any exciton recombines with a free hole. Both 

charges are lost. Net result is that there is an equal decrease in both types of charge 

carrier concentrations. 
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In the above cases the probabilities of 2 and 4 are more than 1 and 3, respectively since it 

is easy for a trapped electron to recombine with a free hole (instead of a hole bound to 

another electron through coulomb’s electrostatic force of attraction). Since it is more 

likely that the trapped electron will be an excitonic rather than free therefore the combine 

probability of 1 and 2 is more than 3 and 4. Thus scenario 2 is most probable i.e. there is 

net no effect on both type of charge carrier concentrations. The above points suggest that 

probability of creation of both positive and negative charge carriers is overall the same. 

In any case, oxygen traps retaining their p-dopant nature as it is observe that overall they 

still reduce the negative charge carrier concentration. 

 
2.6 Charge carrier mobility of organic semiconductors 
Mobility is the average velocity of a carrier in an electric field of 1 V/cm. It is measured 

in (cm/s) per (V/cm); i.e. cm2/Vs. Intrinsic charge carrier mobilities of organic 

semiconductors are low typically in the order of 10-9 upto 10-3 cm2/Vs for hole 

transporting materials. Charge carrier mobilities of electron transporting materials are 

even further smaller. This low mobility along with the trapping effects of impurities and 

defects, limits the process of charge transport within organic semiconductors. Various 

approaches have been used to achieve improvement in mobility as exhibited in thin film 

[42, 43] with dispersed nano crystals of  TiO2 [44]. At the same time, organic electron 

and hole transporting materials with improved mobility and stability are being developed 

[45, 46]. 

 
On the contrary to the band transport in inorganic semiconductors, charge carrier 

transport in organic semiconductors takes place through the mechanism of hopping 

(molecule-to-molecule transfer of carriers) between localized states, this restricts their 

mobility several orders of magnitude less as compared to that of their inorganic 

counterparts. Van der Waals intermolecular forces of organic semiconductors are 

relatively very weak in comparison to their own intramolecular bonds and with the bonds 

in inorganic semiconductors. This difference makes all electronic states to localize within 

a single molecule and no bands are formed. Already low mobility is further made worse 

by charge trappings, resulting from high degree of disorders existing in organic 

semiconductors. 
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The LUMO energy levels of phthalocyanines (Pcs) can be lowered when they are 

modified by groups that exhibit strong electron withdrawing behavior such as by CN and 

F, resulting in improved electron injection [47]. By applying this approach some 

phthalocyanine compounds were transformed from p- into n-type and with better air 

stability, which was a plus factor. The n-type copper hexadecafluorophthalocyanine 

(F16CuPc) registered a better electron mobility of up to 0.03 cm2/Vs. In 2006, thin film of 

a similar n-type copper hexadecachlorophthalocyanine (Cl16CuPc) deposited on a hot 

substrate (473 K) was used for an OFET device. An improved electron mobility of 0.01 

cm2 /Vs was reported for this compound [48]. Both the materials exhibited an excellent 

stability in air. 

 

Titanyl phthalocyanine (TiOPc) a non-planar, polar and a pyramid-type molecule showed 

excellent performance in an OFET device with an improved mobility (up to 10 cm2 /Vs) 

and good environmental stability in air [49]. This charge carrier mobility for TiOPc was 

highest among all members of phthalocyanine family, and was believed to be one of the 

best mobilities claimed for any organic material till now. This performance of TiOPc was 

attributed to its ultra closed π-stacked structure and its highly oriented film on the 

substrate.  

 
On similar pattern, Wang et al. studied performance of vanadyl phthalocyanine (VOPc), 

which is analogous to TiOPc [50]. Due to this analogy, high charge carrier mobility for 

VOPc was expected.  Weak epitaxy growth (WEG) technique was applied to achieve a 

highly oriented VOPc film on the para-sexiphenyl (p-6P) buffer layer that lead to a high 

charge carrier mobility of 1.5 cm2/Vs. VOPc did not display mobility as high as TiOPc 

but it was still high as far as organic semiconductors particularly phthalocyanines are 

concerned. They attributed this excellent result to the weak epitaxy growth technique, 

that was same as their another claim [51]. However they have not substantiated this 

performance with π-stacked structure. Mobilities of some phthalocyanine compounds are 

listed in Table 1. 
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Table 2.1  Mobilities of some common phthalocyanine compounds from highest to lowest 
value 

Phthalocyanine μ (cm2/Vs) References 
TiOPc 10 [49, 52]
VOPc 1.5 [50, 53]
ZnPc 0.32 [51, 54]
CuPc 0.15 [51, 55]

F16CuPc 0.11 [47, 51]
Cl16CuPc 0.01 [48]

CoPc 0.01 [54]
NiPc 8.9×10-3 [54, 56]

Soluble Pcs 1.7×10-3 [57, 58]
PtPc 1.5×10-3 [54]

F16ZnPc 1.2×10-3 [47]
PbPc 8.3×10-4 [54]

F16CoPc 1.45×10-4 [47]
 
 
2.7 Solubility of macrocyclic organic semiconductors 
For fabrication of organic opto-electronic devices most of the thin films of unsubstituted 

Pcs are deposited by vacuum thermal evaporation, which is very costly compared to the 

device advantages. The solution to this issue is wet processing i.e. fabricate thin films of 

such compounds by solution-based (wet processing) deposition methods such as spin 

casting, screen-printing, etc. But the biggest constraint is that, it will require 

semiconductors that are soluble in typical solvents. Derivatives of such compounds i.e. 

chemical modification of their structure by introduction of flexible groups into the rigid 

Pc macrocycles can make them soluble. 

 

Most of the soluble Pc-derivatives showed low mobility, the reason is that the added 

flexible groups prevent the Pc macrocycles and limit their ability to form ordered packed 

structures. Despite their low charge carrier mobilities, Pc compounds still exhibited better 

sensitivity, stability and selectivity in OTFT based sensor applications [59]. Development 

of soluble Pc derivatives is desired without sacrificing any proportion of the charge 

carrier mobility. There may be two approaches to overcome this limitation: 

 

(1) Substitution of groups that not only improve solubility but also assist formation of 

ordered packed structure 
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(2) Development of Pc polymers, which are soluble in common solvents. 

 

Apart from the central metallic ion, all the phthalocyanine molecules have almost same 

molecular structure, but the variation in their mobility is large ranging from 

approximately 10–5 to 10 cm2 /Vs. Why the mobility of approximately similar structures 

is so different? This can be explained if we relate crystal structure with charge transport.  

 
2.8 Molecular packing and mobility of macrocyclic semiconductors 
We have already discussed that the charge carrier transport in conjugated system depends 

on intermolecular interaction, i.e. if intermolecular π–π interactions are strong then this 

condition enhances the mobility [52, 60-63]. The intermolecular interaction strongly 

depends on the extent of π-orbit overlap and relative molecular orientation. Analysis of 

chemical structures reveals that conjugated aromatic molecules commonly adopt, two 

types of crystal packing structure i.e. the π-stacked structure and the herringbone 

structure. Majority of the conjugated aromatic molecules posses herringbone structure 

whereas the ones with π-stacked structure are scarce. The π-stacked structure has 

relatively more overlap of π-orbits and smaller intermolecular distances, thus provides 

more enhancement in charge carrier mobility as compared to the herringbone structure 

[52, 62, 63]. 

 

In order to understand why there is a great variation in mobilities among various 

phthalocyanine compounds, the relationship between charge transport and the crystal 

structure will be discussed as an example for copper phthalocyanine (CuPc) and titanyl 

phthalocyanine (TiOPc). Titanyl and copper phthalocyanines have π-stacked and 

herringbone structures, respectively. Both the π-stacked and herringbone structures are 

shown in figure 2.6. In TiOPc (π-stacked structure) molecules are packed face-to-face. 

The face-to-face packing has a significant π-orbital overlap and relatively small 

intermolecular distance, which warrants strong intermolecular interactions and higher 

mobility for TiOPc. Since TiOPc is a pyramid-like molecule the intermolecular distance 

is 3.145 Å for convex side face-to-face packing and 3.221 Å for concave side face-to-face 

packing. In CuPc (herringbone structure), the neighboring molecules are packed in two 
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ways (edge-to-face and face-to-face) in the 2D directions. The edge-to-face packing 

reduces the π-orbital overlap, which in turn limits the charge transport in the 2-

dimensional layer [64-66]. Thus CuPc exhibits a moderate value of charge carrier 

mobility as compared to that of TiOPc. 

 
Figure 2.6  Packing in macrocyclic organic compounds (a) π-stacked structure, 

molecules are packed face-to-face (b) herringbone structure, and molecules are packed 
face-to-face and edge-to-face). 

 
 
2.9 Mechanism of charge transport in organic semiconductors 
Inorganic semiconductors and metals have charge transport that takes place in delocalized 

states through wave-like propagation of carriers in well-established conduction or valance 

bands and is limited by scattering of charge carriers at impurity sites or by interactions with 

phonons. Electrons are scatter by creating or destroying a phonon. These materials usually 

have high mobilities, and can reach values, in excess of 100 cm2/Vs [67]. With increasing 

temperature scattering of charge carrier increases which results in low mobility. However, in 

organic semiconductors weak van der Waals intermolecular forces bind molecules and also 

formation of bands is poor, band energy widths are typically smaller than kBT [68]. Also, 

mean free path of charge carriers for scattering is less than the mean intermolecular distance. 
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In these materials charge carriers are localized on a single molecule and carrier transport 

takes place by intermolecular hopping or tunneling of charge carriers through localized states 

therefore their mobilities are often so small (≤10 cm2/Vs) [69].  

 

2.9.1 Hopping 

A charge carrier at a particular energy level within a localized state when receives enough 

thermal energy, it can overcome the potential barrier and hop over to a neighboring localized 

state. This is termed as thermally assisted hopping. Thus the charge carrier travels from 

molecule to molecule via hopping as shown in figure 2.7. Apart from the thermal energy, the 

hopping charge carriers can acquire energy on interaction with phonons. It means that at 

higher temperatures charge carrier mobility increases exponentially for organic 

semiconductors. Thus the main difference is that in inorganic semiconductors charge 

transport is phonon-limited whereas in organic semiconductors it is phonon-assisted.  

Mobility depends on the temperature according to the following relationship: 
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where α has an integer value in the range 1−4.  

 

Mobilities below 0.1 cm2/Vs are attributed to localized charge carrier transport whereas for 

mobilities exceeding the 1 cm2/Vs value are indicative of delocalized charge carrier transport 

[69].  

 
Figure 2.7  Schematic showing hopping mode of charge transport between localized 

states. 
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2.10 Tunneling 
Tunneling can take place between two localized states if the electronic wave functions of the 

two states effectively overlap. A charge carrier at a localized state having energy E that is 

less than a potential barrier U as shown in figure 2.8, then quantum mechanically it can 

penetrate through the barrier to reach the adjacent localized state. If this happens then it is 

said that the charge carrier has tunneled through the barrier. 

 

The transmission coefficient Γ  i.e. the probability of a charge carrier to tunnel through a 

potential barrier depends exponentially on (a) width of the potential barrier d and (b) the 

difference between the charge carrier’s energy and the barrier height  (U-E). The 

transmission coefficient is given by [70]: 

 

 
(2.2)

where d is width of the barrier, ħ=h/2π  ( h is Planck’s constant), m is mass of the charge 

carrier and 2
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E and U as compared to the exponential term, it is approximated to unity. Thus we have 

[70]: 

 
 dke 22−=Γ  (2.3)
 
Transmission coefficient is always far less than 1. Usually very small number of charge 

carriers are transported from one localized state to the other via tunneling e.g. if a number 

of electrons each with energies of 1 eV try to tunnel through a 2 eV barrier of width 3 Å 

barrier, then the probability is that only 4.6 % electrons will succeed to tunnel through. 

Thus we can conclude that thermally assisted hopping from one molecule to the other is 

the major mode of charge carrier transport in organic semiconductors.  
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Figure 2.8  Schematic showing tunneling mode of charge transport through potential 

barriers. 
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3 Fundamentals of organic solar cells 
 
In this chapter basic principles involved in working mechanism of an organic solar cell 

and important aspects to be considered while selecting appropriate donor and acceptor 

materials, are discussed. Different solar cell architectures and the important parameters 

related to organic solar cells are also covered. In addition, different types of excitons and 

various loss mechanisms involved in organic solar cells are also explained.   

  
3.1 Working mechanism of organic solar cells 
 
3.1.1 Donor and acceptor semiconductors  
It is important to consider that in contrast to inorganics; the terms ‘donor’ and ‘acceptor’ 

are often used in reference to the organic solar cells. Thus a donor is an organic 

semiconductor that transfers an electron to another molecule i.e. an acceptor, over an 

interface usually a donor-acceptor (DA) interface. The donor donates an electron into the 

LUMO of an organic semiconductor. Conversely, an acceptor is an organic 

semiconductor that accepts an electron from another molecule i.e. a donor, over the same 

donor-acceptor (DA) interface. Donor behaves as an organic p-type material whereas an 

acceptor behaves as an n-type material. In order to understand the appropriate energy 

levels of donor and acceptor organic semiconductors for an efficient solar cell 

application, it is necessary to uinderstand the terms electron affinity (EA) and the 

ionization energy (IE). Electron affinity of an atom or molecule is the amount of energy 

released when electron is added to that atom or molecule whereas ionization energy of an 

atom or molecule is the energy needed to eject an electron from that atom or molecule. 

For an organic molecule, a good approximation of ionization energy would be the energy 

of the orbital from which the electron is ejected i.e. highest occupied molecular orbital 

(HOMO). Likewise, a good approximation of electron affinity would be the energy of the 

orbital to which the electron is added i.e. lowest unoccupied molecular orbital (LUMO). 

Figure 3.1 shows the HOMO and LUMO energy levels of an organic molecule. 



Chapter 3   Fundamentals of organic solar cells 

 40

 
Figure 3.1 Highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) of an organic molecule 
 
3.1.2 Choice of donor and acceptor energy levels 
The favourable situation for an organic heterojunction as shown in figure 3.2, will be that 

the ionization potential (HOMO) of the donor is less than the HOMO of the acceptor 

because the donor is a specie that most easily gives away an electron. In this diagram the 

ionization energy of the donor is the distance between the top of the donor band HOMO 

and the vacuum level band above. Conversely, the electron affinity (LUMO) of the 

acceptor should be larger (be more electronegative) than the electron affinity of the 

donor. This is a favourable situation for charge separation to occur but it doesn’t warrant 

that it will happen. It can be considered a necessary but not a sufficient prerequisite. For 

charge separation to occur these differences in electron affinities and ionization potentials 

must have the ability to overcome the exciton binding energy. 
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Figure 3.2  HOMO and LUMO energy level differences for donor and acceptor organic 

molecules. 
 
3.1.3 Ideal donor 
One of the best features of organic semiconductors is the ability of tuning their opto-

electronic properties by chemical modificationse e.g. replacing central metal ions in the 

phthalocyanines, by adding peripheral groups, or increasing chain lengths in case of 

polymers etc., and this is considered the best strategy to further enhance the performance 

of OSC devices. Development of an organic donor that can harvest entire solar radiations 

down to 1.1 eV, will be considered as harvesting of 77 % of the total solar photons [1]. 

Low-bandgap organic semiconductors are considered the solution to this issue. Widening 

of the absorption spectra in blended films has been most commonly achieved by the 

shifting (or extending) the donor absorption spectrum into the near-infra red (NIR) 

region. Absorption at a low energy onset is not enough to harvest most of the solar 

photons. It is still important to increase the overlap with the solar spectrum to ensure 

wide coverage, without sacrificing the high absorption coefficients and appropriate 

LUMO and HOMO levels for efficient interaction with the acceptor.  

 

Now days, fullerene derivative (PCBM) is one of best known acceptors due to its electron 

mobility and ideal HOMO and LUMO levels. Considering PCBM as the acceptor, the 

first important thing for the donor is that it should be able to transfer electrons to the 

fullerene upon excitation. In order to dissociate an exciton some energy exceeding the 
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exciton binding energy is required. Thus minimum energy offset between the donor 

LUMO and the acceptor LUMO should empirically be more than the binding energy of 

excitons ( ∼ 0.3 eV) in order to ensure exciton splitting and efficient charge separation [2, 

3].  

 

If this energy offset among the donor and acceptor LUMOs is far greater than 0.3 eV then 

the extra energy gets wasted and is not supportive for the device [4]. Thus for an ideal 

donor, its LUMO should have minimum energy offset with the acceptor LUMO (but 

more than exciton binding energy i.e. ≈ 0.3 eV). In this way the extra energy wasted 

during exciton dissociation can be prevented. Taking advantage of this fact the donor 

bandgap can be further reduced in order to maximize solar absorption. Since PCBM 

LUMO level is about -3.7 eV, the LUMO of the donor should ideally reside at 

approximately –3.4 eV as illustrated in figure 3.3. 

 

 
Figure 3.3  Ideal levels of donor HOMO and LUMO energy levels, with reference to 

PCBM as the acceptor. 
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The HOMO level of an ideal donor will then be estimated by taking into account its 

bandgap. The values of bandgap and HOMO levels are so adjusted to get maximum 

photon absorption efficiency as well as the open-circuit voltage and ultimately better 

power conversion efficiency. The lower is the HOMO energy level; the larger will be the 

bandgap. Large bandgap means that the donor absorption spectrum will have poor match 

with the solar photon spectral flux. But at the same time the greater will be the value 

theoretical maximum open circuit voltage (VOC). For better PCE of solar cells both the 

pre-requisites for large VOC and small donor bandgap are required at the same time.  It 

means one of, VOC or solar absorption is to be sacrificed. Thus an optimum bandgap has 

to be determined.  A compromised bandgap value of about 1.5 eV is optimal for an 

organic absorber [5]. If PCBM is the acceptor then the donor HOMO energy level for this 

bandgap is about -4.9 eV, which brings the maximum theoretical achievable VOC to a 

value of 1.2 V (HOMOD-LUMOA). The value of bandgap was determined as a result of 

detailed study that balances both the theoretical VOC and bandgap of the donor [6]. Wide 

absorption spectrum e.g. 4.1–1.5 eV for the organic semiconductor along with a large 

value for absorption coefficient of more than 105 cm-1 is also considered to be an 

important criterion for a perfect donor. If the charge carrier mobility for the donor is also 

on a par with that of the acceptor e.g PCBM, 10-3cm2/V·s measured in a SCLC (space–

charge limited current) region [7], or 10-1cm2/V·s measured in OFETs [8], is also a very 

important parameter in deciding an ideal donor. 

 
3.1.4 Ideal acceptor  
Like an ideal donor, an ideal acceptor also has an important role in better performance of 

an organic solar cell. PCBM [9] was first introduced in solar-cell applications in 1995 

[10], and since then no other acceptor better than it has been discovered.  

 

The ideal acceptor material should have a strong absorption spectrum that is 

complementary to the donor’s spectrum. In this way maximum solar photons can be 

harvested. Furthermore, the offset between the donor and acceptor LUMO levels has to 

be optimized in order to ensure maximum charge transfer and high VOC simultaneously 

without reducing the absorption coefficient. Additionally, the acceptor needs to have 
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adequate electron mobility, depending on the density of electrons being received from the 

donor-acceptor interface after exciton dissociation. Even though the HOMO/LUMO 

levels and the optical absorption of fullerenes are not well suited to most donors, still C60 

and C70 derivatives provided the most efficient organic solar cells [6]. Tuning the 

acceptor LUMO levels can provide biggest boost in efficiency. The LUMO level offset 

for the P3HT/PCBM solar cells is ~1 eV (far more than required 0.3 eV), thus wasting 50 

% of the available energy after photo-excitation. Raising the PCBM LUMO level in order 

to reduce this 1 eV offset would be technically translated as enhancement in VOC. 

Development of a new acceptor e.g. which has a LUMO level placed approximately 0.6 

eV above the LUMO of PCBM, then such an acceptor is likely to double the efficiency 

when it is used with P3HT, in place of PCBM. 

 
3.1.5 Working mechanism 
On basis of their working mechanism, organic photovoltaic cells are also known as 

“excitonic” photovoltaic cells. Strongly bound electron–hole pairs (excitons) are 

characteristics of these solar cells [11]. 

 

When inorganic solar cells are exposed to light, free charge carriers are generated within 

the inorganic material; on the contrary in organic solar cells electron-hole bound pairs 

called ‘excitons’ are generated within organic materials. Coulomb’s force of electrostatic 

attraction keeps the electron and hole pair bound together. The binding energy of an 

exciton is approximately 0.2-0.5eV [3, 12-15], which is considerably higher than that in 

inorganic semiconductor materials (~2–40 meV) [16].The generated exciton is a neutral 

quasi-particle with a life span of nanoseconds to micro- and milliseconds [17]. It can 

either dissociate into free electrons or holes or possibly recombine (i.e. decay) through 

photon or phonon emission. In organic semiconductors, room temperature thermal energy 

is not sufficient (kBT~25 meV) to split excitons into separate electrons and holes [12, 13]. 

The exciton can dissociate at the donor-acceptor boundary or at a defect site. To 

dissociate into separate electrons and holes, the excitons must either be generated at an 

interface or otherwise migrate to it.  
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Due to the low dielectric constant and weak intermolecular forces in organic 

semiconductors, the energy needed to create an exciton (optical bandgap) is lower than 

the energy needed to create an unbound electron and a hole (electrical bandgap). Thus on 

absorption of light, generation of excitons instead of unbound electron and hole pairs (as 

in inorganic semiconductors) takes place. As discussed in the previous chapter; the 

motion of excitons in organic solar cells is best described as a diffusion process with a 

specific range called the diffusion length [18]. This diffusion is based on the typical 

organic semiconductor transport mechanism i.e. hopping.  

 

When an organic solar cell is exposed to light, it absorbs photons leading to excited 

states. On relaxation of excited states through release of energy (phonon emission), 

excitons are formed. This relaxation is a major source of heating in solar cells; however, 

in organic semiconductors the allowed states bandwidth is limited, thereby the photon 

absorption energy is reduced to match the bandgap, thus reducing the amount of phonon 

emission. 

 

The photo-generated excitons keep on diffusing in random directions until they arrive at a 

donor-acceptor (D-A) boundary where they separate into electrons and holes. Diffusion 

length or diffusion range is the distance the exciton covers before collapsing back to the 

ground state. Diffusion length can also be defined as the distance an exciton can travel 

within its lifespan. Excitons have a very short diffusion length of less than approximately 

10 nm [19-23]. Therefore after generation, the excitons have to be split into free charges 

very fast otherwise they will recombine [24]. It is possible only when the interface is 

located within the exciton diffusion range. But practically not all excitons are generated 

close to the interface. This issue can be resolved by fabricating the solar cells with thinner 

films such that on an average the displacement between where the excitons are generated 

and the interface is reduced. Since organic semiconductor films require a minimum 

thickness for satisfactory absorption of photons, too thin films can lead to weak 

absorption. The film must be thick enough to absorb substantial amount of photons, but at 

the same time it must also be thin enough to be favourable for the generated excitons to 

reach the interface efficiently. 
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The excitons dissociate at the metal-organic interface (for a single layer cell) or the 

donor-acceptor interface (for a bilayer solar cell). The potential energy difference 

between the electron affinities (LUMOs) of the donor and the acceptor facilitates exciton 

dissociation. An exciton is dissociated by causing its electron to fall from the donor 

LUMO to the acceptor LUMO thus leaving behind a hole in the donor HOMO. Therefore 

it is crucial that the band edge of the donor material should be located above the LUMO 

level of the acceptor material [25-28].  Difference in electrode work functions will setup 

an internal built-in electric field. This built in electric field will selectively drift separated 

electrons and holes towards the cathode and anode, respectively. The free charges may 

still recombine before being extracted by the electrodes due to several possible reasons 

such as impurity, trap states etc. Therefore, it must also be ensured that once the exciton 

is dissociated, the released electron and hole do not recombine and remain separated until 

they reach the collecting electrodes. This may be achieved by using materials that 

selectively transport holes and block electrons, or vice versa. Under the influence of 

built-in field, the electrons drift towards the cathode through the acceptor material 

whereas the holes drift towards the anode through the donor material. It is therefore 

favorable that the donor and acceptor molecules should have a high hole and electron 

mobilities, respectively. 

 

Collection of these charge carriers by the respective electrodes produces a current flow in 

the external circuit, as a specific voltage, the product of which is the power produced by 

the organic solar cell. The charge generation rate should be greater than the 

recombination rate in order to observe the photovoltaic effect. The potential energy 

difference between transport level for holes (HOMO of donor) and the transport level for 

electrons (LUMO) of acceptor reflects the theoretical maximum achievable open-circuit 

voltage. 

 
To achieve rectifying nature in single layer photovoltaic cell, it is mandatory that the 

organic layer forms a Schottky junction with one of the two electrodes due to difference 

in Fermi level and electrode work function whereas the interface with the other electrode 

is usually ohmic in nature. In case of bi-layer photovoltaic cell the donor and acceptor 
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materials form a rectifying interface with each other due to difference in their in Fermi 

levels whereas their interface with the respective electrodes is usually ohmic in nature. 

Suitable anode material will be the one whose work function is aligned with the donor 

HOMO, and likewise suitable cathode material will be the one whose work function is 

aligned with the acceptor LUMO. 

 

In summary, an organic solar cell converts light into electrical energy in the following six 

steps as illustrated in figure 3.4: 

 

1. Light absorption by photoactive material. 

2. Generation of excitons. 

3. Diffusion of excitons to the D-A interface. 

4. Dissociation of excitons into free charge carriers. 

5. Drift of separated charge carriers to the collecting electrodes. 

6. Collection of charge carriers by the respective electrodes 

 
 

 
Figure 3.4  Schematic illustration of photoelectric conversion mechanism 
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3.1.6 Types of excitons 
The various types of excitons that can be formed on photon absorption by in an organic 

semiconductor are: 

 

1. Frenkel exciton: The electron hole pair is confined within the same molecule [29, 

30]. Such excitons have a binding energy of 0.1 to 1 eV and radius of 

approximately 10 Å. 

2. Mott-Wannier exciton: These excitons may not be confined within the same 

molecule as the electron to hole distance exceeds the intermolecular spacing [31, 

32]. Such excitons have very low binding energies of the order of 0.01 eV and 

radius of approximately 100 Å. 

3. Charge transfer exciton: The exciton is confined to a few adjacent molecules [33]. 

4. Inter-chain excitons: This type of exciton can be considered as a charge transfer 

exciton. The constituent electron and hole of the exciton are situated on separate 

and neighboring polymer chains.  

5. Intrachain excitons: The constituent electron and hole of the exciton are located 

on the same polymer chain [34-36]. 

 
3.2 The solar spectrum 
The photoactive semiconductors of most efficient OPV cells currently have bandgap 

energies at or above 1.5 eV (corresponding to 828 nm wavelength), which implies that 

they are transparent to much of the near-IR and red regions of the solar spectrum. These 

are the very important regions as they contain maximum solar flux; therefore there has 

been a great deal of research focussed on development of novel organic donor and 

acceptor materials with low bandgaps. 
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Figure 3.5  The solar irradiance for AM 0, AM 1.5 and AM 1.5 G. 

 
 
When an organic photoactive material is exposed to light, all those photons bearing 

energies smaller than the material bandgap are just transmitted through and do not 

contribute to the generation of excitons. Only those photons are absorbed that have 

energies more than or equal to the material bandgap. They are energetically strong 

enough to excite an electron from HOMO to the LUMO and result in the generation of 

electron-hole pairs. The photons having energies slightly more than the material bandgap 

can generate only one exciton, unless the energy of the photons is two times, in that case 

it may happen that one photon may generate two excitons. However the proportion of 

such photons with energy equal to twice or even greater than bandgap is negligible. We 

can therefore assume that each absorbed photon will create only one electron-hole pair. 

This means that extra photon energy is dissipated as heat in the lattice, and will result in 

the increase of cell temperature. It is also possible that some of the potential photons be 

reflected back by the surface (reflection losses), and due to very small thickness, some of 

them be transmitted through without being absorbed (transmission losses). Selection of 

materials is therefore a fundamental step in the development of efficient solar cells. 
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Field of organic photovoltaics requires new materials with improved properties: 

 

• Low bandgap materials with high optical absorption coefficients are required for 

efficient photon harvesting and allowing to fabricate thin layer devices 

• Materials with high charge mobilities are required for efficient charge transport 

 

Improvement in the PCE of the organic solar cells can be achieved if the bandgap of the 

absorbing materials is tuned (molecular tailoring by chemical modification [37-43]) to 

match the solar spectrum so that it can absorb maximum number of photons. For better 

efficiency optical bandgap i.e. difference of HOMO and LUMO of the photoactive 

material should match with the solar spectrum. As the expected open circuit voltage of a 

solar cell is dependent on the HOMO level of the donor and the LUMO levels of the 

acceptor, the best way to will be to adjust the two levels in order to lower the bandgap. In 

doing so it must be considered that for efficient dissociation of the exciton into free 

charge carriers, the donor-acceptor LUMO offset needs to be more than the exciton 

binding energy [6, 44]. 

 

Mathematical integration of the AM 1.5 curve of figure 3.5 gives a total solar irradiance 

of 900W/m2, 450W/m2 on each side of the 740 nm wavelength line. It means radiations 

below 740 nm carry half of the total energy of sunlight whereas radiations above 740 nm 

carry the remaining half. The region below 740 nm is usually well covered by 

phthalocyanines. Further absorption in longer wavelengths may boost efficieny up to a 

certain limit called theoretical maximum efficiency limit. The optimum bandgap at this 

theoretical limit is 1.1 eV, corresponding to a wavelength of 1100 nm and theoretical 

maximum efficiency of 33 % [45]. The maximum theoretical limit for a single junction 

solar cell with sunlight intensity of one sun is about 31 %, established by the Schokley-

Quiesser limit [46]. 
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Table 3.1  The present and maximum efficiencies for different solar cell configurations 
and materials [46]. 

Theoretical maximum efficiency limit Efficiency reached to date 
Single junction solar cell (1sun) [46] 31 % Crystalline Si solar cell 

Poly-crystalline Si solar cell 
Dye-sensitized solar cell (DSSC) 
Organic solar cell 

24.7 %
20 % 
12 % 
6 % 

Double junction solar cell (1sun) 43 % Thin film amorphous Si on 
alloys 

12 % 

Triple Junction solar cell (1sun) 49 % Thin film amorphous Si on 
alloys 

15 % 

 
 
The electric current produced by a solar cell depends on the percentage of photons 

absorbed by the photoactive material (ηabs), the percentage of excitons that are split into 

free charge carriers (ηdiss), and on the percentage of the free charge carriers that reach the 

respective electrodes and are efficiently collected before recombining (ηout). The net 

photocurrent efficiency (ηJ) is the product of all three fractions as given: 

   

ηJ = ηabs ×ηdiss× ηout              (3.1) 

 

The percentage of photons absorbed (ηabs) by a material depends on: 

 

1. Absorption spectrum of the material 

2. Absorption coefficient of the material  

3. Absorbing layer thickness 

4. Internal reflection e.g. at the metallic electrode interface.  

 

On the other hand the percentage of excitons that are split into free charge carriers (ηdiss) 

depends on the probability of excitons to diffuse upto the charge separation site (e.g. 

donor-acceptor interface) and on the probability of charge separation there [11]. The 

charge carriers can reach the collecting electrodes via two mechanisms; (a) by diffusion 

due to concentration gradient of the respective charges and (b) by drifting due to the 

electric field established by difference in electrode work functions. To understand which 

mode is dominant detail study of charge carrier concentrations over an entire film 
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thickness and electric field setup by difference in electrode work functions is required. It 

has been established that devices involving thick films (>100 nm) are commonly 

dominated by the diffusion of charge carriers from higher concentrations to lower 

concentrations towards their respective contacts whereas devices based on thin film are 

typically drift dominated under the influence electric field. 

 
3.3 Organic solar cells architecture 
 
3.3.1 Single layer organic solar cell 
Among all the solar cell architectures, it is the simplest type. It is fabricated by depositing 

a thin organic semiconductor layer between two electrodes [26, 28, 47]. It consists of 

only one semiconductor layer and the charge dissociation takes place at the Schottky 

barrier that is created with one of its electrode. The semiconductor layer forms an ohmic 

interface with the other electrode. Such a device is also called a Schottky device or 

Schottky diode.  It is necessary that the two electrodes must be of different work function 

so that an electric field is established within the organic semiconductor layer. One 

electrode is usually made up of a high work function material such as a thin transparent 

film of indium tin oxide (ITO) on a glass substrate or in some cases a very thin semi-

transparent metal layer is used instead of the ITO. The other electrode is commonly made 

up of a low work function metal e.g. Al, Ag, Ca and Mg etc. The rectifying behaviour of 

such a device is attributed to (1) the Schottky-junction [48-51] created between the low 

work function metal and the hole conducting organic semiconductor layer (2) the 

asymmetrical injection of electrons and holes into the π* and π orbitals, respectively [52].  

The basic structure of a single layer OSC is shown in figure 3.6. Since there is only one 

kind of organic semiconductor, it is difficult to get light absorption over a wide range. 

Since both electrons and holes drift towards their respective electrode in the same organic 

layer, therefore, high recombination losses are expected.   



Chapter 3   Fundamentals of organic solar cells 

 53

.  
Figure 3.6 Structure of a single layer organic solar cell. 

 

Initially such solar cells were usually studied using macrocyclic semiconductors as 

organic layer. For a MgPc layer sandwiched between Al and Ag electrodes, a PCE of 

0.01 % was reported (690 nm illumination from Al electrode side) [49]. In 1958, Kearns 

et al. reported a photo-voltage of 200 mV for a single layer solar cell having magnesium 

phthalocyanine (MgPc) sandwiched between two electrodes [53].  

3.3.2 Bilayer organic solar cell 
3.3.2.1 Bilayer organic/organic solar cell 

A bilayer organic/organic photovoltaic cell contains two organic layers; an electron donor 

(D) and an electron acceptor (A) sandwiched in between two conductive electrodes 

(figure 3.7). Such architecture is also termed as donor/acceptor (D/A) architecture [26, 

47, 54]. The electron acceptor has comparatively larger ionization potential (HOMO) and 

electron affinity (LUMO) as compared to electron donor [25-28]. The larger this 

difference is more efficiently the photo-generated excitons are dissociated into separate 

charge carriers. 

Due to high electron affinity, C60 and its derivative PCBM are regarded as two of the 

best-known electron acceptor materials. These two materials are largely used for the 

acceptor layer in such solar cell architectures. Tang reported a 1 % PCE for a 
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CuPc/PTCDA solar cell when illuminated under simulated solar spectrum of AM 2 [55]. 

Similarly monochromatic PCE of 0.04 % and 1 % were reported for double layer organic 

solar cells C60/MEH-PPV and C60/PPV, respectively [22, 56]. 

Since the diffusion range of an exciton is limited to less than 10 nm. The layer thickness 

should be kept as minimum as possible, so that maximum number of excitons could 

diffuse up to the D/A interface where they dissociate into separate electrons and holes. 

This can be a constraint keeping in mind the fact that for satisfactory absorption of light; 

organic materials need a considerable layer thickness (depending on absorption 

coefficient).  

The benefit of this structure is that separated electrons and holes are drifted towards their 

respective electrodes in a separate transport layer; hence there is a minimum probability 

of their recombination. For this reason minimum recombination losses are expected. 

However a disadvantage associated with this structure is that interfacial area is small and 

only excitons that are generated in small vicinity have a chance to reach it and get 

dissociated. The excitons that are remote are unlikely to reach the interface. 

 

Figure 3.7  Structure of a bilayer organic solar cell. 
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3.3.2.2 Bilayer organic/inorganic (hybrid) solar cell  

The organic with inorganic (mostly Si) heterojunctions for solar cell applications have 

been intensively studied for the past decade. A hybrid solar cell has an organic and an 

inorganic layer; sandwiched between two conductive electrodes (figure 3.8). A thin semi-

transparent metal layer is deposited for the electrode on the organic layer to allow 

transmission of light. High carrier mobility and light absorption at longer wavelengths of 

the inorganic semiconductor is a benefit in hybrid solar cell. The organic and inorganic 

semiconductors together provide a broader solar spectral coverage. Due to the presence 

of organic layer hybrid solar cells are low cost, lightweight, and can be wet processed e.g 

spin coated etc. Furthermore, due to availability of variety of organic materials 

(optoelectronic mismatch with the inorganic components can be minimized or 

prevented).  

 

Various phtalocyanines (Pcs) and porphyrines (PPs) are considered as promising 

candidates for the fabrication of their heterojunctions with inorganic semiconductors. 

Therefore, most of the reported studies of inorganic-organic hybrid cells are related to 

phtalocyanine and porphyrine compounds. As examples , p-Si/CuPc [57], n-Si/ZnPc [58, 

59], n-Si/MgPc [60], p-Si/NiPc [61], n-GaAs/CuPc [62] and n-Si/TTP [63] hybrid solar 

cells were reported in literature with conversion efficiencies in the range of 1–3.5 %. An 

additional advantage of incorporating phtalocyanines and porphyrins in this architecture, 

is their exceptional chemical and thermal stability. 
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Figure 3.8  Structure of a bilayer hybrid solar cell. 
 
3.3.3 Bulk Heterojunction solar cell 
For dissociation of excitons into free electrons and holes it is necessary that either they 

are created at the interface or otherwise they diffuse up to an interface. If exciton won’t 

come to junction, take junction to exciton [64].  

 

Bulk heterojunction (BHJ) or simply a blended device is straightforward and useful 

solution-processed solar cell architecture in which semiconducting donor (D) and 

acceptor (A) are spin-coated as a single photo-active layer from a single binary solution 

prepared in a common organic solvent. The donor and acceptor materials together create 

an interpenetrating network having interfacial area distributed all the way through the 

bulk (volume) of the blended layer [26, 47, 54, 65-68]. The schematic arrangement of a 

bulk heterojunction photovoltaic cell is illustrated in figure 3.9. 

 
In contrast to its two-layered counterpart, in BHJ photovoltaic cells the charge carrier 

deficit arising as a result of limited exciton diffusion span is least. Maximum or possibly 

all the excitons can reach the closest interface and dissociate into electrons and holes 

within their lifetime [69]. Hence availability of electrons for charge transport is enhanced 

in this architecture. Free charge carriers are then drifted towards collecting electrodes 
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under the action of electric field setup as a result of different electrode work function. As 

the mobility of organic semiconductors is low as compared to inorganic semiconductors, 

then too long pathway to the receiving electrodes in thick layers will increase the 

probability of their recombination [70]. On the other hand very thin layer can result in 

poor photo-absorption. For this reason it is very important to optimize the active layer 

thickness for the best performance of a BHJ organic solar cell. 

 

Yu et al. studied different blends of MEH-PPV and C60 derivatives as active layers 

between ITO and Ca as the collecting electrodes and reported monochromatic PCEs for 

the respective BHJ solar cells among which 2.9 % was maximum [10]. Adam et al. 

fabricated a BHJ photovoltaic cell having the structure ITO/PEDOT:PSS/OC1C10–

PPV:PCBM(20:80)/LiF/Al and reported a PCE of 2.1 % when it was illuminated under a 

simulated solar spectrum of AM1.5 (1 Sun) [70]. Bulk heterojunction photovoltaic cells 

are also being fabricated based on the polymer/polymer blended active layer. Halls et al. 

reported a peak monochromatic power conversion efficiency of 1 % for a Al/CN-PPV: 

MEH-PPV/ITO BHJ solar cell [71]. 

 

 
Figure 3.9 Structure of a bulk heterojunction solar cell, showing the phase separation 

between donor (red) and acceptor (green) materials. 
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3.4 Equivalent electrical circuit of a photovoltaic cell 
A solar cell in dark behaves like a simple diode. Figure 3.10 shows the equivalent electric 

circuit that approximately describes an organic photovoltaic cell [28]. It consists of a 

diode with a quality factor n, reverse saturation current I0 (the reverse bias current in dark 

conditions), a photocurrent source IL to provide current under illumination, series 

resistance RS (which includes all the resistance at interfaces, in the layers, and the 

electrodes), and shunt resistance Rsh (the leakage current through the shunts due to film 

defects). For good performance of the device RS needs to be low whereas Rsh has to have 

high values. 

 

Figure 3.10  Equivalent electrical circuit of a photovoltaic cell 
 
 

 
 
 

Figure 3.11 Curren-voltage (I-V) characteristics of a solar cell in dark and under 
illumination (left) and inverted 4th quadrant with additional power curve (right)  
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Current-voltage characteristics (I−V curves) for a typical photovoltaic cell are given in 

figure 3.11. Under light, the I−V curve of the cell becomes a superposition of the dark 

I−V with the photocurrent and the curve is clamped down into the 4th quadrant. Figure 

3.11 (right) is the inverted 4th quadrant of the I−V curve, which also shows the electric 

power being produced by the cell under illumination. The figure also shows the important 

cell parameters such as the short circuit current ISC, open circuit voltage VOC, the 

maximum power Pmax, and the current and voltage at maximum power point Vmax and 

Imax, respectively. The total circuit current is given as: 
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where q is the electron charge, kT is the thermal energy.  

 

If we consider considered very small value of RS and very large value Rsh (which is ideal 

for solar cell performance then the above equation becomes: 
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From this equation VOC and ISC can be obtained by placing 0 value one at a time for I and 

V, respectively.  

Putting I=0 
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Putting V=0 
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3.5 Solar cell parameters 
3.5.1  Origin of open circuit voltage (VOC) 
It is important to have a better knowledge of the factors that govern the source of open 

circuit voltage in OSCs. Originally, difference in work function of the two electrodes of 

the solar cell determined the open-circuit voltage (VOC) [72, 73]. Thus VOC was 

interpreted as a function of device built-in electric field. Later on it was found that if 

electrodes had good ohmic contact with the semiconductor layers then their work 

functions did not have any role in prediction of open circuit voltage. However in absence 

of nice ohmic contacts, then electrode work functions can have some effect on the value 

of open circuit voltage [74]. 

 
Studies on cells fabricated using different donor-acceptor materials revealed that there 

exists a relation ship of the open circuit voltage with the difference of donor HOMO and 

acceptor LUMO, for both planar [75-77] and bulk [6, 72, 78-80] heterojunction devices. 

Despite these reports, still the values of open-circuit voltage differs substantially from the 

donor HOMO and the acceptor LUMO energy difference [81]. After studying this 

discrepancy, Scharber et al. suggested an empirical equation illustrating the dependence 

of VOC on the donor HOMO and acceptor LUMO energy difference [6]: 
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The empirical term 0.3 V is an additional loss that has been attributed to field-dependent 

property of the photocurrent and dark current of the diode 

 

In the same pattern, Rand et al. reported that the maximum VOC is equal to the difference 

of acceptor electron affinity and donor ionization potential, which are approximately 

equal to the initial energies of an electron and a hole, respectively minus an extra energy 

that may be spent on separating the two [75]. Mathematically, open circuit voltage can be 

expressed as:   
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The third term is equivalent to the energy needed to account for the electron-hole binding 

energy, in order to separate them. In this expression r is the initial distance between the 

optically created electron and hole in the donor and acceptor layers just after charge 

transfer takes place, e is the fundamental charge, ε0 is the permittivity of vacuum, and εr 

is the relative permittivity of the organic material. 

 

As a result of the above two equations many researchers have attributed VOC to originate 

as a result of energy difference among the donor HOMO and the acceptor LUMO energy 

levels [6, 72]. Apart from better open circuit voltage relationship in the above two 

equations, sometime still large discrepancies do occur [81]. However, these two 

equations have nullified the correlation between the optical gap and the open circuit 

voltage predicted by Shockley and Queisser [81].  

 
3.5.2  Shunt and series resistances 
High shunt resistance and low series resistance enhance the performance of a 

photovoltaic cell. But it has been observed that small Rsh and high series RS are often 

associated with organic solar cells. Apart from the losses offered by these two 

resistances, the shape of the I−V curves are more affected than in inorganic cells. The 

shunt resistance Rsh is attributable to charge carrier recombination that occurs in the 

vicinity of the donor-acceptor interface e.g. the dissociation site. The series resistance RS 

is the resistance offered to the flow of particular charge carriers in a particular charge 

transport layer. It effects conductivity i.e. hole mobility of the donor (p-type) 

semiconductor or electron mobility of the acceptor (n-type) semiconductor. Any 

limitations to charge carrier transport such as film impurities, trap sites, space charges, 

and hopping mechanism can also affect the mobility. In case of high series resistance 

charge recombination probability increases because the charges require additional time to 

exit the semiconductor layer. Consequently, the extracted external current decreases.   

 

At high positive voltages diode is on and the current flows through RS and the diode, 

because the diode resistance is quantitatively negligible as compared to Rsh.  Therefore at 

higher voltages RS dominates the shape of the I−V curve, which becomes linear. For this 
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reason, RS is determined from the inverse slope of the I−V curve that is evaluated at high 

positive voltage. 
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Since the current flows only through RS and Rsh at very low applied voltages (diode off) 

and also RS is quantitatively negligible as compared to Rsh. At very low voltages Rsh 

dominates the shape of the I−V curve. For this reason, Rsh is determined from the inverse 

slope of the I−V curve that is evaluated around 0 V.  
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3.5.3  Maximum power point (MPP) 
The operating point (Vmax , Imax) on the I−V curve of a solar cell that corresponds to the 

maximum power output is called the maximum power point (MPP). In other words 

maximum power can be extracted from the solar cell if output voltage is Vmax. The value 

of load resistor that can draw maximum power from the solar cell is RL = Vmax/Imax. If V < 

Vmax, then some power would be dissipated as heat in the series resistance and if V > 

Vmax, then some power would be wasted as heat in the diode and shunt resistance.  

 
3.5.4  Fill Factor (FF) 
The ratio of maximum power that a solar cell can produce (Vm× Im) to the theoretically 

possible value of power that a solar cell can produce (ISC × VOC) is termed as fill factor 

(FF). In order to extract maximum power from the solar cells capability, large value of 

FF is desired. Fill factor depends on the parasitic series and shunt resistances RS and Rsh 

as shown in figure 3.12. Large shunt resistance and small series resistance are the 

prerequisites to achieve large FF values. 

 

An ideal solar cell has infinite parallel resistances (no shunts) and negligible series 

resistances. A solar cell with Rsh → ∝ and RS → 0, is analogous to an ideal diode. Fill 

factor represents the quality of the shape of the I−V characteristics. Higher the FF, the 
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more electric power can be extracted from the solar cell. A good organic solar cell 

typically has a FF in the range of 60 – 65 %. Geometrically from figure 3.11 (right), FF 

is the percentage of the area of smaller rectangle (Vmax × Imax) of the area of the larger 

rectangle (VOC × ISC).  Mathematically it can be expressed as: 

 
 

OCSCVI
VI

FF maxmax=  (3.10)

 
Figure 3.12 Effect of RS and Rsh on fill factor 

 
3.5.5  Power conversion efficiency (PCE) 
The current-voltage product defines the electric power produced by the solar cell and the 

maximum power will correspond to the product of Imax×Vmax. The power conversion 

efficiency PCE of a photovoltaic cell is the ratio between maximum electric power 

produced by the cell to the power of the incident light falling on the cell: 
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where Pin is power of incident light, Pout is power produced by the cell, E is the solar 

irradiance of incident light and A is the active area of the PV cell. The highest reported 

PCE to date for an organic solar cell is 10 % [82].  

  
3.5.6  Quantum efficiency (QE) 
Another important energy conversion indicator is the quantum efficiency (QE) of a 

photovoltaic cell. QE is the ratio of the number of charge carriers collected at the 

electrodes to the number of photons incident on the solar cell area at a given wavelength. 
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If every incident photon results in one collected charge carrier then the QE is equal to 

unity (no recombination losses). There are two ways of defining the QE: 

 

a) Incident photon to charge carrier conversion efficiency (IPCE) or often called 

external quantum efficiency (EQE) 

b) Internal Quantum Efficiency (IQE) 

 
3.5.7  Incident photon to charge carrier conversion efficiency (IPCE) or 

external quantum efficiency (EQE)  
 
Incident photon to charge carrier conversion efficiency (IPCE) or often called external 

quantum efficiency (EQE) is the ratio of number of collected carriers to the number of all 

photons incident on the PV cell at a given wavelength. IPCE is defined as the ratio of the 

number of photo induced charge carriers (Ncharge) that can be extracted out of PV cell to 

the number of photons incident on the PV cell (Nphoton). EQE is always less than the IQE 

that relates the number of extracted charge carriers with the absorbed photons rather than 

incident photons. Since IPCE takes into account the losses by reflection, scattering and 

recombination, its value can never be 100 % on the other hand IQE can achieve values up 

to almost 100 % 

 

IPCE can be directly determined from the photocurrent spectra ISC(λ) and lamp power 

spectrum Pin(λ) of the monochromator [83]: 
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3.5.8  Internal Quantum Efficiency (IQE) 
Internal Quantum Efficiency (IQE) is the ratio of number of collected charge carriers to 

number of photons absorbed by the active layer of the device at a given wavelength. IQE 

does not take into consideration the light transmitted through and reflected from the cell 

as well as the light collected by the other layers that do not contribute in photo-

conversion process. 
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3.6 Loss mechanism in organic solar cells 
There are various types of losses associated all along the photoelectric conversion process 

as shown in figure 3.13. In order to enhance organic solar cell efficiency, recombination 

losses should be minimized with better control of the morphology [84]. Charge carriers 

may be lost by geminate and/or non-geminate recombination as well as by trapping at 

impurity sites. The term”geminate” indicates, that an electron recombines with exactly 

the same hole from which it was separated. Recombination mechanisms may be of two 

types radiative (fluorescence and phosphorescence), and non-radiative (phonon creation) 

recombination.  

 
Figure 3.13 Various steps in photoelectric conversion process (green) alongwith 

associated loss mechanisms (red). 
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3.6.1  Non-radiative recombination 
Some loss mechanisms such as trapped charges, non-geminate recombination at 

impurities and recombination at the interfaces are non-radiative [26]. Non-radiative 

recombination of Frenkel exciton could lead to vibrations of atoms. These vibrations are 

quantized and could have energies of the order of 10 meV. This is much smaller than the 

binding energy of an exciton. So many phonons are produced simultaneously in order to 

take up the entire binding energy of an exciton. Non-radiative recombination is only 

likely, if there are states within the energy gap of the organic semiconductor, otherwise it 

has small probability. These gap-states allow the recombination process with 

simultaneous generation of phonons. Thus preventing of impurities and lattice 

imperfections should minimize gap states within the bandgap. 

 

States within the energy gap at the metal contacts of an organic solar cell are 

unavoidable. Metals have a continuum of states above and below the Fermi level, which 

aligns with Fermi energy of the adjacent organic semiconductor layer. As a result, these 

states end up within the energy gap of the organic semiconductor and thus increasing the 

probability of non-radiative recombination at the interface. One method to prevent 

recombinations at the semiconductor-metal interface is by minimizing the contact area. A 

more sophisticated approach is to use electron and/or hole blocking layers in OSCs as 

illustrated in figure 3.14, in order to protect the photoactive area of a device from the 

metal contact. 
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Figure 3.14  An organic solar cell with 6-10 nm bathocuproine (BCP) layer evaporated 
between the electron conducting (acceptor) layer and the metal cathode. BCP is a wide 
bandgap exciton-blocking layer (EBL) that prevents the panetration of cathode particles 

into the acceptor layer. Electrons have to tunnel through this thin layer to reach the 
cathode 

3.6.2  Radiative recombination 
Radiative recombination does not require the support of states within bandgap. If there 

are virtually no defects in photoactive organic layer, then all recombinations will be 

radiative in nature. Since radiative recombination is a function of absorption coefficient, 

it cannot be minimized without sacrificing absorption of light. Rate of radiative 

recombination is given as: 

 BpnR =  (3.13)
where B is the constant of radiative recombination , p and n are hole and electron 

densities, respectively. 
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4 Materials and methods 
 
In this chapter the properties of the all the materials, experimental methods and setups 

used in this work for devices fabrication, device characterization, data measurement and 

data analysis are discussed. Common molecular and metal electrode materials are also 

covered in this chapter. Device fabrication steps alongwith film deposition techniques 

such as thermal evaporation, spin coating and screen printing are explained. In the end 

of the chapter principles of characterization techniques such as AFM, SEM and surface 

profilometer are illustrated. 

 
4.1 Materials 
 
4.1.1 Metal Electrode materials  
In organic electronic devices the electrode work function (Wf) listed in Table 4.1, plays a 

vital role. It along with the HOMO, LUMO and Fermi-level of organic material, 

determines if the semiconductor-electrode interface is rectifying or ohmic. Furthermore a 

large difference in both the electode work functions can contribute to an increase in VOC. 

Common cathode materials are metals possessing low work function e.g. Al, Ag, Ca, etc. 

whereas for the anode high work function materials like Au are required. For both 

organic solar cells and OLEDs one electrode needs to be transparent to light. Metals like 

gold can be made semi-transparent by depositing a very thin layer e.g. 15-10 nm. But this 

can lead to an increased sheet resistance that in turn increases the series resistance of the 

device. For this reason molecular electrode materials like ITO, are preferred over the 

semi-transparent metal electrodes. 

 
4.1.2 Molecular electrode materials 
Conjugated polymers should optically be transparent in the visible region in order to be 

employed as electrodes in organic devices. Therefore, they are doped with the intension 

of shifting the allowed energy levels deep into the bandgap, thus making them transparent 

in the visible light. Table 4.2 lists some of such materials. 
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Table 4.1 Periodic table indicating the work functions of elements. The numeral value is 
the work function in eV  [1]. 

IA IIA IIIB IVB VB VIB VIIB VIII IB IIB IIIA IVA VA VIA 
Li 

2.9 
Be 

4.98 
          B 

4.45 
C 

5.0 
N 
- 

O 
- 

Na 
2.75 

Mg 
3.66 

          Al 
4.28 

Si 
4.85

P 
- 

S 
- 

K 
2.3 

Ca 
2.87 

Sc 
3.5 

Ti 
4.33 

V 
4.3 

Cr 
4.5 

Mn 
4.1 

Fe 
4.5 

Co 
5.0 

Ni 
5.15

Cu 
4.65

Zn 
4.33 

Ga 
4.2 

Ge 
5.0 

As 
3.75

Se 
5.9 

Rb 
2.16 

Sr 
2.59 

Y 
3.1 

Zr 
4.05 

Nb 
4.3 

Mo 
4.6 

Tc 
- 

Ru 
4.71

Rh 
4.98

Pd 
5.12

Ag 
4.26

Cd 
4.22 

In 
4.12 

Sn 
4.42

Sb 
4.55

Te 
4.95

Cs 
2.14 

Ba 
2.7 

La 
3.5 

Hf 
3.9 

Ta 
4.25 

W 
4.55

Re 
4.96

Os 
4.83

Ir 
5.27

Pt 
5.65

Au 
5.1 

Hg 
4.49 

Ti 
3.84 

Pb 
4.25

Bi 
4.22

Po 
- 

Fr 
- 

Ra 
- 

Ac 
- 

             

   Ce 
2.9 

Pr 
- 

Nd 
3.2 

Pm 
- 

Sm 
2.7 

Eu 
2.5 

Gd 
3.1 

Tb 
3.0 

Dy 
- 

Ho 
- 

Er 
- 

Tm 
- 

Yb 
- 

   Th 
3.4 

Pa 
- 

U 
3.63

          

 
 

Table 4.2 Molecular electrode materials for organic solar cells 
Material Work function Wf  (eV) Properties 

PEDOT 5.2-5.3  [2] Soluble [3] and transparent.[4] 
PANI 4.8 [5] Soluble [6] and transparent 
PANI:PSS 5.19 [7] Soluble and transparent 
ITO 4.4-4.9 [8, 9] Transparent. 
FTO 4.84 [10] Transparent. 
TO [11] Transparent. 
Graphene 4.5 [12] Transparent. 
 

4.1.2.1 Indium tin oxide (ITO) 

Indium tin oxide (ITO) refers to an optically transparent (figure 4.2) but electrically 

conductive coating made by doping indium oxide with tin oxide. Due to its high optical 

transparency, electrical conductivity and efficient hole transport, it has been widely used 

as anode in solar cells, organic light emitting devices (OLEDs) and other opto-electronic 

devices. ITO-coated glass substrates are used in organic solar cells, OLEDs, touch panels 

and LCDs etc. whereas ITO coatings are also being applied in energy conserving 

windows, anti-static windows, defogging aircraft and automobile wind shields etc. 

 

Indium tin oxide is a degenerated semiconductor comprising a mixture of In2O3 and SnO2 

in a 9:1 ratio with a bandgap of 3.7 eV. The large bandgap makes it transparent for 
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wavelengths longer than about 335 nm. Besides high optical transparency for visible 

light, it also exhibits good electrical conductivity and firm substrate adherence. There is 

equilibrium among the values of sheet resistance and transmission in the visible 

spectrum. With the increase in ITO layer thickness, the sheet resistance of these ITO 

substrates decreases. However, the transparency is approximately constant in the visible 

region for thicknesses upto ~400 nm but decreases with increase in thickness in the NIR 

region. 

 

Thin layers usually 100-150 nm of ITO are deposited on glass substrates by electron-

beam (e-beam) or sputtering. The ITO layers must contain a high charge carrier density 

i.e. free electrons and oxygen vacancies [13]. Deposition method and deposition 

parameters such as ratio of evaporants, extent of vacuum, deposition rate and substrate 

temperature effect the optoelectronic properties of ITO layers [14]. If the organic layer is 

deposited directly on the ITO, the rough surface profile of the ITO layer may result in 

adverse effects such as shorting circuiting and abnormal I-V characteristics [15-17]. ITO 

covered glass substrates in various sizes and different ITO layer thicknesses are 

commercially available. Typical thickness of ITO in our devices is 150 nm. ITOs with 

sheet resistances of smaller than 5Ω / square are also available. Other types of conducting 

glasses are tin oxide and indium oxide. 

 

ITO hole injection is found to be less efficient as compared to electron injection by low 

work function metal cathodes. The solution to this problem is introducing PEDOT:PSS as 

a hole transport layer between the ITO and the active layer. Another solution is by 

modifying the ITO surface by plasma treatment, Wu et al. [18] reported that surface of 

ITO exposed to oxygen plasma dramatically improved device characteristics. They 

reported plasma treatment could increase the ITO work function by 100 - 300 meV. The 

hole injection performance was enhanced as a result of increase in the work function 

resulting from the decrease in surface Sn:In ratio (decrease of Sn i.e. n-dopant) and 

increase in oxygen concentration (increase of oxygen vacancies i.e. holes). 
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ITO coated glass slides used in this work were ordered from Delta Technologies part # 

CH-50IN-SI09. Each ITO glass slide had dimensions 25 mm × 75 mm × 0.9 mm. They 

were unpolished float glass, SiO2 passivated, indium tin oxide coated surface on one side 

and anti-reflection coating on the other side. 

4.1.2.2 Poly(3,4-ethylenedioxythiophene):polysytrenesulphonate 
(PEDOT:PSS) 

Poly(3,4-ethylenedioxythiophene) (PEDOT) is a positively doped conjugated polymer 

and neutralized with the poly(styrenesulfonic acid) (PSS) polyanion [19]. In organic solar 

cells PEDOT:PSS layer is commonly deposited as a hole transport layer between 

photoactive layer and indium tin oxide (ITO) anode. In OLEDs, PEDOT:PSS layer is 

deposited between emitting layer and ITO and functions as a buffer layer [20]. 

PEDOT:PSS has been commercialized by H. C. Starck under the trade mark of Baytron 

P. The molecular structure of PEDOT:PSS is represented in figure 4.1. 

 

 

 
 

Figure 4.1 Molecular structure of poly(3,4-
ethylenedioxythiophene):polysytrenesulphonate (PEDOT:PSS) 

 
PEDOT is inherently not conductive and transparent for visible light (figure 4.2); the π- 

conjugated carbon chain does not conduct. However, doping with PSS makes it a p-type 

semi conductor. On application of electric field, a proton H+ detaching from the PSS, 

dopes the PEDOT polymer. Without the H+ dopant, PEDOT is not conductive. The dark 

blue appearance of PEDOT:PSS is due to its absorption in orange to red  wavelength 

region. Further doping of PEDOT:PSS through oxidation results in shifting the 

absorption spectra in the NIR-wavelengths. Doping (oxidation) changes its initial sky-
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blue color into a more transparent state and upon reduction; it appears dark blue. 

Conductivity of PEDOT:PSS in oxidized (PEDOT+1) and reduced (PEDOT0 ) states are 

approximately 200 and 10-5 S/cm, respectively, estimated by Johansson et al. [21]. Semi-

oxidized form of PEDOT:PSS with high electrical conductivity acts as a synthetic metal. 

PEDOT:PSS layer degrades at high temperatures and high humidity (since it is water-

soluble. PEDOT:PSS  starts to decompose thermally at around 503 K. PEDOT:PSS also 

smoothens the rough ITO surfaces  and minimizes the chances of short circuiting as 

shown in figure 4.3. Since PEDOT:PSS is dissolved in water, so after spin coating its 

layer, it is necessary to heat the sample, in order to dry out all the solvent (water).  

 

 
Figure 4.2 Absorbance of 150nm layer of ITO on glass substrate and 45nm PEDOT: PSS 

layer spin-coated at 1400 rpm in ortho-dichlorobenzene (o-DCB) solvent on the ITO 
surface. 
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Figure 4.3 Surface smoothening by PEDOT:PSS: 45 nm layer of PEDOT:PSS spin 

coated on 150 nm thick ITO layer at 1400 rpm 
 
4.1.3 Organic Materials 
 

4.1.3.1 Vanadyl 2,9,16,23-tetraphenoxy-29H,31H-phthalocyanine 
(VOPcPhO) 

Vanadyl tetraphenoxy phthalocyanine (VOPcPhO) a macrocyclic organic semiconductor, 

is the derivative of Vanadyl phthalocyanine (VOPc). It is not much studied green-

coloured organic semiconductor. Vanadyl tetraphenoxy phthalocyanine was purchased 

from Sigma Aldrich and its molecular structure is given in figure 4.4. In this work 

VOPcPhO was used without further purification.  
 

Vanadyl tetraphenoxy phthalocyanine is a macrocyclic phthalocyanine in which two 

hydrogen atoms in the center are substituted by a vanadyl ion (VO2+). The vanadyl ion 

(VO2+) is asymmetrically place with the top of oxygen atom positioned about 0.2 nm 

above the top of carbon atoms in the phthalocyanine ring [22]. It has four isoindoles 

(benzo-fused pyrroles) linked through aza bridges. A phenoxy group substitutes a 

hydrogrogen atom of each peripheral benzo group. It forms a symmetrical 18 π-electron 

macrocyclic aromatic semiconductor. Vanadyl phthalocyanine a pyramid-like molecule is 

a representative of the p-type organic semiconductor. As compared to other 
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phthalocyanines, Vanadyl phthalocyanine has high mobility of 1.5 cm2/Vs [23-25], due to 

its ultra packed π-stacked structure i.e. molecules are packed face-to-face [25]. 

The electronic absorption spectrum of Vanadyl phthalocyanine consists of an intense 

Soret or B band arising as a result of electronic transition to the second excited state 

(S0→S2) at about 354 nm and a Q band arising due to weak electronic transition to the 

first excited state (S0→Sl) at about 710 nm [26]. This is the reason Vanadyl 

phthalocyanine appears dark green in color. Both the Soret and Q bands arise as a result 

of the respective π–π* electronic transitions. It is nontoxic as well as chemicall and 

thermally stable [25]. Vanadyl phthalocyanine has been used in organic-inorganic 

heterojunctions [27], gas sensors[28, 29] and due to its high mobility and ultra π-stacked 

molecular packing , it has being efficiently used in OTFTs [24, 25].  

 
 

.  
Figure 4.4 Molecular structure of Vanadyl 2,9,16,23-tetraphenoxy-29H,31H-

phthalocyanine (VOPcPhO) 
 

4.1.3.2 Copper (II) tetrakis(4-cumylphenoxy) phthalocyanine (Tc-
CuPc) 

Macrocyclic Copper (II) tetrakis (4-cumylphenoxy) phthalocyanine (Tc-CuPc) is the 

soluble derivative of copper phthalocyanine (CuPc). Tc-CuPc is chemically synthesized 
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by substituting tetra(cumylphenoxy) groups on each of the periperal benzo group of CuPc 

as shown in figure 4.5. It is a p-type macrocyclic organic semiconductor and due to its 

good solubility in common solvents e.g. dichlorobenzene, chloroform etc., it is ideal for 

wet processing such as spin coating. HOMO and LUMO levels of Tc-CuPc are 5.2 and 

3.5 eV, respectively.   

 

Motoyoshi et al. used Tc-CuPc in a BHJ photovoltaic cell along with perylene [30] and 

Oku et al. used it in BHJ solar cell along with C60 [31], but in both cases power 

conversion efficiency was poor. Its effective mobility in a blended heterojunction with 

PCBM has been determined in this work as 2.02×10
-7 

cm
2
·V

-1
·s

-1
, which is low for 

organic electronic applications. [32] 

 

The electronic absorption spectrum of Tc-CuPc (figure 4.6) consists of an intense Soret 

or B band arising as a result of electronic transition to the second excited state (S0→S2) at 

about 343 nm and a Q band arising due to weak electronic transition to the first excited 

state (S0→Sl) at about 614 nm [26]. Both the Soret and Q bands arise as a result of the 

respective π–π* electronic transitions. Tc-CuPc was procured from Sigma Aldrich and 

used as received without any further treatment. 

 

 
 

Figure 4.5 Molecular structure of Copper (II) tetrakis(4-cumylphenoxy)phthalocyanine 
(Tc-CuPc) 
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Figure 4.6  Absorbance of 70 nm layer of Copper (II) tetrakis (4-cumylphenoxy) 

phthalocyanine (Tc-CuPc) on glass substrate deposited by spin-coating at 1400 rpm in 
ortho-dichlorobenzene (o-DCB) solvent. 

 

4.1.3.3  5,10,15,20-Tetraphenyl-21H, 23H-porphine zinc (ZnTPP) 

The macrocyclic structure of 5,10,15,20-tetraphenyl-21H,23H-porphine zinc (ZnTPP) 

consists of four payyrole nuclei connected at their α-carbons through methine bridges 

with a central Zn2+ ion. A phenyl group substitutes the hydrogen atom of each methine 

bridge [33] as shown in figure 4.7. ZnTPP satisfies Hückel’s rule of aromaticity [34].  

 

The electronic absorption spectrum of ZnTPP (figure 4.8) consists of an intense Soret or 

B band arising as a result of electronic transition to the second excited state (S0→S2) at 

about 433 nm and two Q bands arising due to weak electronic transition to the first 

excited state (S0→Sl) at about 550 and 590 nm [35, 36]. Gouterman’s four orbital model 

also characterizes a typical porphyrin UV–vis spectrum as having an intense Soret or B 

band and weak Q bands [37].  
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ZnTPP is good electron donor (p-type organic semiconductor) [38]. HOMO and LUMO 

levels of ZnTPP are 5.1 and 2.4 eV, respectively. In this work ZnTPP was purchased 

from Sigma Aldrich and used as available. As it is soluble in common organic solvents 

e.g. dichlorobenzene, chloroform etc., it is ideal for wet processing such as spin coating. 

It has been used in solar cells [39, 40] and gas sensors [41, 42]. ZnTPP was procured 

from Sigma Aldrich and used as received without any further treatment. 

 
 

Figure 4.7 Molecular structure of 5,10,15,20-Tetraphenyl-21H, 23H-porphine zinc 
(ZnTPP) 

 

 
Figure 4.8 Absorbance of 5,10,15,20-Tetraphenyl-21H,23H-porphine zinc (ZnTPP) 
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4.1.3.4 [6,6]-phenyl-C61 butyric acid methyl ester (PCBM) 

Presently fullerenes are best-known acceptors for organic solar cell applications. 

Compared to majority of electron donor materials, they have high electron affinities [43]. 

Electron transfer from an organic donor to a fullerene has been demonstrated to be 

ultrafast [44]. Buckminster fullerene C60  possesses the simplest structure but is insoluble 

in common solvents. C60 can be made soluble by attaching a chemical functional tail to it 

as illustrated in figure 4.9. Attaching a functional group to C60 in order to make it soluble 

doesn’t make much difference towards its properties as compared to C60. The first 

reduction potential for most soluble fullerene derivatives varies by only 100 meV with 

reference to C60 [45-47]. 

 

[6,6]-phenyl-C61-butyric acid methyl ester also frequently known as [60]PCBM or simply 

PCBM [48], is the most used fullerene soluble derivative, because of its high electron 

mobility. It is soluble in many organic solvents e.g. dichlorobenzene, chloroform, 

toluene, xylene etc.  

 

PCBM has a relative dielectric constant of 3.9 whereas it’s LUMO, HOMO and Eg are 

3.7, 6.1 and 2.4eV, respectively [49, 50]. Absorption spectrum of PCBM is given in 

figure 4.10. PCBM has the LUMO located slightly above that of C60, resulting in higher 

VOC for PCBM based devices. Mihailetchi et al. reported electron mobility of PCBM as 

2x10-3 cm2/Vs in the SCLC regime and at room temperature.  
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Figure 4.9 Molecular structure of Buckminster fullerene C60 (left) and [6,6]-phenyl-C61-
butyric acid methyl ester (PCBM) (right). Insoluble C60 chemically modified to soluble 

derivative PCBM. 
 
 

 
Figure 4.10 Absorption spectrum of PCBM [51] 
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Figure 4.11  Device construction of a typical bulk heterojunction (BHJ) solar cell. 

[Bottom to top: anti-reflection coating / glass / ITO / PEDOT:PSS / blended organic 
layer /Al-electrode / Cu-tape]  

 
 
4.2 Device preparation  
Figure 4.11 shows the schematic for a typical bulk heterojunction device. A PEDOT:PSS 

layer is spin coated on the ITO-coated glass which acts as the transparent anode through 

which light is incident on the device. An anti-reflection coating on the bottom side of the 

ITO substrate minimizes losses due to reflection of incident light. A blended layer of 

donor and acceptor material is deposited on the PEDOT:PSS layer followed by a top 

aluminum electrode which acts as a cathode. The ITO layer has a thickness of 150 nm. 

Small pieces of conductive copper adhesive tape are attached to the electrodes to prevent 

damage while making electrical contacts with the electrodes; it allows wires to be clipped 

onto the device without damaging the film. The piece of copper tape is placed on the Al 

in the region where the ITO layer has been etched. This prevents the electrodes from 

shorting through the film. Figure 4.12 shows important steps leading to device fabrication 

and its characterization. 
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Figure 4.12 Block diagram showing some key steps involved in device preparation and 

characterization  
 
 
4.2.1 ITO patterning 
The substrate was subjected to a wet acid etching process followed by a cleaning process 

before device fabrication. The anti-reflection coating and the ITO region (intended to be 

kept), were masked using electric insulation tape. A half-inch strip down the central 

length of the ITO coated side of the slide was masked with electric insulation tape. 

Similarly the entire anti-reflection coated side was also protected with the help of the 

insulation tape as shown in figure 4.13. While doing this, it was ensured that there were 

no bubbles or wrinkle on the tape surface so that acid doesn’t penetrate inside. The ITO 

side is identified as with low resistance whereas the anti-reflection coating side is non-

conductive. The slide was kept in 125ml glass staining jar containing 60ml:60ml solution 

of 12M HCl and deionized (DI) water for 1.5 hours, to etch the uncovered ITO surface. 
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Figure 4.13 ITO coated glass substrate masked with electric insulation tape for acidic 
wet etching. 

 
4.2.2 ITO cleaning in ultrasonic bath 
After the removal of insulation tape, the substrate was rinsed and washed with acetone to 

remove any still sticking adhesive impurities from the insulating tape. It was then 

immersed in another 125 ml glass staining jar having a cleaning solution composed of 96 

ml DI water, 11 ml H2O2 (50 % solution) and 18 ml of NH4OH (30% solution). The 

staining jar with the slides immersed in the cleaning solution was placed in an ultra sonic 

bath and the slides were sonicated for 30 minutes. The slides were again rinsed in acetone 

and wiped before film deposition. 

 
4.2.3 Spin coating of PEDOT:PSS 
Few drops of PEDOT:PSS obtained as an aqueous dispersion from Bayer Corp. were  

dispensed on the ITO through 0.45 micron nylon syringe filter. PEDOT:PSS was then 

spin coated on the ITO substrate at 1400 rpm for 78s. Allowance for electrical contact to 

the ITO layer was made by wiping off the PEDOT layer by carefully rubbing with tissue 

paper dipped in DI water. The PEDOT:PSS film was then allowed to dry on an electric 

hot plate at 373 K for 10 min under atmospheric conditions. Afterwards reflection and 

transmission measurements for PEDOT:PSS layer were carried out as described in 

‘reflection and transmission measurements’ section.  
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4.2.4 Preparation of blended solution 
4.2.4.1 Solvent 

The choice of an appropriate solvent is vital for the morphology of the spin-coated films, 

which ultimately affects the device performance. In this work, for spin coating of blended 

layers, ortho-dichlorobenzene (o-DCB) was selected as the solvent because it is one of 

the best solvents for many organic compounds [30] and gave better morphology as 

compared to other solvents and is also known for being the best solvent for PCBM [39].  

4.2.4.2 Mass ratio (X:Y) 

The mass of one material with respect to the other one in a solution (mass ratio) 

influences the film morphology and thickness at a prescribed speed. In this study various 

ratios have been used. 

4.2.4.3 Concentration of solution (wt./vol. %) 

The percentage of the total mass of solute (both donor and acceptor) per unit volume of 

solvent (wt./vol.%), also influences the film morphology and the resulting thickness at a 

pre-set spin speed. Too large concentration can result in rougher films whereas too low 

concentration can affect the absorption of the materials. In this study mostly 2 % wt./vol. 

has been used. After preparation of solution it was kept stirring in magnetic stirrer for 

approximately 18 hours. It is important to keep solutions containing an organic solvent in 

glass bottles rather than plastic (polymer) bottles; otherwise a chemical reaction between 

the plastic bottle material and the organic solution can occur. 

 
4.2.5 Spin coating of blended layer 
A few drops of the blended solution were dispensed on the PEDOT:PSS layer and spin 

coated at 1200 rpm for 60s. The allowance for electrical contact to the ITO layer was 

made by removing the organic layer by wiping it off with tissue paper dipped in carbon-

disulphide (CS2) solution. Afterwards reflection and transmission measurements for the 

blended layer were carried out. 
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4.2.6 Vacuum thermal evaporation of the Al electrode 
Finally, a 70 nm thick Al electrode was thermally evaporated onto the blended layer 

through shadow mask under a vacuum better than10-6 Torr. The evaporation rate of Al 

was maintained at 15–20 Å/s. Up to 8 devices were fabricated on one 25 mm × 25 mm 

ITO substrate, each with an active area of 4 mm × 3 mm (0.12 cm2) active region. These 

8 devices were separated by using a shadow mask during Al electrode evaporation. 

Figure 4.14 shows the arrangement of these 8 devices (labeled A to H) on a single 

substrate. The un-etched 12.5 mm×25 mm strip of the ITO down the center of the 

substrate served as a common anode for all eight devices. Each device had its own 

independent Al electrode. Small pieces of copper tape were placed on the exposed ITO 

surface and the Al electrode of each cell. The region in the middle that is sandwiched by 

both the ITO and Al electrode (the overlap of ITO anode, blended organic layer and 

metal cathode) turns out to be the effective device area. 

 

 
 

Figure 4.14 Schematic diagram (left) and actual photo (right) of eight identical devices 
fabricated on a single substrate through shadow masking.  
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4.3 Fabrication methods 
The two main fabrication techniques are the dry processing and the wet processing. Both 

the techniques are complementary to each other on basis of choice of materials, cost, 

simplicity, temperature, film quality, time involved etc.  

 
4.3.1 Dry processing 
Due to the high temperature associated with dry processing, thermal stability is required 

Small molecules like phthalocyanines and porphyrins are thermally more stable but less 

soluble in typical organic solvents as compared to polymers, therefore they are usually 

deposited by dry processing e.g. vacuum thermal evaporation, electron beam evaporation 

etc. Dry processing is not suitable for polymers as they may decompose in high 

temperature. However, short polymers or oligomers can also be evaporated [52, 53]. 

Since vacuum thermal evaporation has been used in this work for metal electrode 

evaporation, so it will be discussed and other methods such as deposition by e-beam, 

sputtering etc. will not be discussed. 

 

4.3.1.1 Vacuum thermal evaporation 

Vacuum thermal evaporation is the most commonly used dry process for depositing thin 

films of low molecular weight organic compounds [54]. In this process the material is 

sublimed in a resistive heated boat (source) in vacuum better than 10-6 mbar. Due to 

vacuum, contaminations like oxygen and water are minimized. Vacuum co-evaporation 

technique can be applied to achieve blended donor-acceptor films [52, 55] or for 

molecular doping [56, 57]. The evaporated molecules reach the substrate that is placed 

above the source where they are deposited. The molecules reach the substrate without 

colliding to each other this ensures uniformity in deposition. A schematic picture of an 

evaporation chamber is shown in figure 4.15. The logic in placing the substrate above the 

source is to prevent any dust or impurity particle from falling on the substrate. 

Furthermore this arrangement allows us to use the material in powder, granular or liquid 

form. Controlling the temperature of the source controls the deposition rate. Typical 

deposition rates are from 1 to 30 Ǻ/s, but sometimes significantly higher as well as lower 

rates are used [54]. Online monitoring of the thickness and deposition rate is achieved 
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through Quartz crystals. Vacuum evaporator can achieve sequential deposition of 

multiple layers, which is advantage over the spin coating process. Deposition of metal 

electrodes in this work was possible through vacuum evaporation. 

 

Two different vacuum evaporators were used for the work in this thesis Edward Auto 306 

and Ladd Inc.30000 (figure 4.16) with a TM-100 thickness monitor from Maxtek Inc.  

For Edward Auto 306 (figure 4.17), Molybdenum boats were used whereas for Ladd 

30000, tungsten wire boats (ME17-3x.025W from R.D. Mathis Company) were used. 

 

 
 
Figure 4.15  Schematic picture of a vacuum thermal evaporator with online thickness and 

deposition rate monitor.  
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Figure 4.16 Working with Ladd Inc. 30000 vacuum evaporator.  
 
 

 
 

Figure 4.17 Edward Auto 306 vacuum thermal evaporator with online thickness and 
deposition rate monitor 
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4.3.2 Wet processing 
For materials that are thermally not very stable and can get decomposed on high 

temperature associated with dry processes such as vacuum evaporation, wet processing is 

the best option provided they are soluble. Wet processing can be carried out for the 

organic materials that are soluble in typical solvents such as water, chloroform 

chlorobenzene, diclorobenzene, benzene and alcohol etc. Some small molecules that are 

less soluble e.g. C60 can be made soluble and appropriate for wet processing by 

chemically attaching solubilizing functional group (e.g. PCBM). 

 

Dissolving of organic materials in an appropriate solvent is a common practice for all wet 

processes such as spin coating [39], screen-printing [58], inkjet printing, doctor blading 

[59] etc. Low energy consumption and simple upscaling of the solar cells, is possible in 

wet processing. Among all, spin coating and screen-printing are widely used so they will 

be discussed here. 
 

4.3.2.1 Spin-coating 

Spin coating has been used for many years for deposition of thin organic films through 

their solutions. Final film thickness depends on the nature of the material (viscosity, 

drying rate, concentration, surface tension, etc.) and the spin parameters (spin speed, spin 

time, acceleration etc.) A typical spin process consists of a dispense step, in which the 

solution is applied onto the substrate surface followed by accelerating upto a high speed 

spin speed of 1500-6000 rpm. Finally the solvent is allowed to evaporate out of the film. 

A separate drying is sometimes carried out to further dry out the solvent without further 

thinning the film particularly in case of water. Various spin coating steps are illustrated in 

figure 4.18. Both spin speed and time together determine the film thickness. Thickness of 

spin coated film as a function of solution concentration, spin speed and spin time is 

shown in figure 4.19. The relation between spin speed ω, and achieved film thickness t, 

obeys the power law relation of the form t =k ω−α  [60].  
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The spin coater used in this work was from Chemat Technologies (KW-4A). 

PEDOT:PSS layer was spun at 1400 rpm whereas organic layer was spun at 1200 rpm 

except where effect of spin speed on active layer thickness was studied. Before spin 

coating PEDOT:PSS on ITO, it was filtered with a 0.4 micron nylon syringe filter.  

 

 
 

Figure 4.18 Various steps involved in the process of spin coating. 
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Figure 4.19  Film thickness as a function of spin-speed, spin time and concentration of 

solution. 
 

4.3.2.2 Screen-printing  

Screen-printing is a printing technique, which consists of a fixed horizontal frame to 

support a pre-patterned flexible screen or a stencil. The flexible screen (stencil) forms a 

mesh of open areas that allow ink or any organic material to be transferred to the 

substrate through the open areas of the stencil when a horizontally moving roller or a 

squeegee forces the material against the stencil as illustrated in figure 4.20. In this way 

the pattern on the stencil is now transferred onto the substrate in the form of thin film of 

the ink or the material. Screen-printing is also used for printing thin films of organic solar 

cells [58]. 
 

 
 

Figure 4.20 Schematic of screen-printing process 
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4.4 Characterization methods 
 
4.4.1 Transmission and reflection measurements 
Filmetrics F20-UV thin film spectrometer system was used to obtained transmission and 

reflection data for different layers of the devices. F20-UV can be operated both in 

reflection or transmission mode. The illumination source was a Deuterium-Halogen light 

DH2000 from Ocean Optics Inc. 

 

The optical density (OD) of the blended layer was determined using Eq. 4.1 [61] from its 

refection (R) and transmission (T) data and with the subtraction of the OD due to the 

PEDOT:PSS layer. The resulting OD was referred to determine active layer thickness 

using Eq. 4.2 (Beer–Lambert’s Law). 
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where αAVG is the average of the absorption coefficients of donor and acceptor based on 

their mass ratio and d is the film thickness. 

 
4.4.2 Photocurrent and I−V curve measurements 
A CVI CM100 monochromator with a 300-W Xenon arc lamp was used as the 

monochromatic illumination source. A calibrated Si diode was used to determine the 

power spectrum of the lamp Pin(λ). A schematic of the setup to measure photocurrents is 

shown in figure 4.21. The groove spacing and blaze wavelength of the monochromator 

were 400 grooves/mm and 400 nm, respectively. Groove spacing corresponds to the 

monochromator resolution and dispersion, the higher the value of groove spacing the 

higher is the resolution and lower is the dispersion. The maximum efficiency of the 

monochromator is at the blaze wavelength whereas its useable range is from 2/3 to 3/2 of 

the blaze wavelength. The light from the Xe lamp is focused on the monochromator, 

which selects a wavelength from 300 to 700 nm. The monochromatic light is then 

reflected towards and focused on the solar cell through an ultraviolet lens. A Keithley 
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485 auto ranging picoammeter recorded the device short circuit current at different 

wavelengths. For the measurement of the current-voltage characteristics under 

monochromatic illumination, a Keithley 236 source measure unit substituted the 

picoammeter. 

 
 

Figure 4.21 Schematic illustrating the principle of photocurrent spectra and I-V curve 
measurement setup 

 
For the measurement of the current-voltage characteristics under AM 1.5G, a Keithley 

236 source measure unit substituted the picoammeter and a calibrated AM 1.5G filter 

(Oriel Instruments) was placed in front of the 300-W Xenon arc lamp to produce a 

simulated solar spectrum. The I-V characteristics measurement setup in the lab is shown 

in figure 4.22. I-V curves were measured in the dark as well as under an illumination of 

AM 1.5G. The intensity of AM 1.5G solar spectrum was set to 100 mW/cm2 (1 sun). 
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Figure 4.22  Current-voltage (I-V) characteristics measurement setup in lab. 
 
4.4.3 Atomic force microscopy (AFM) 
Atomic Force Microscopy (AFM) is a scanning probe-imaging technique that typically 

images the surface structures on the basis of surface topography. AFM has a limited 

range of scan area but has very high lateral and height resolution (Å range). This makes 

AFM the best tool to study surface morphologies of thin organic layers of solar cells. 

AFM can be a useful mean to analyze the surface morphologies in order to optimize the 

solar cell performance or study any type surface irregularities as a result of material 

degradations. 

 

The principle governing the operation of AFM is as follows: The AFM consists of a 

cantilever with a sharp tip used to scan the sample surface. The cantilever tip has a very 

small radius of curvature e.g. ~10-50 nm. When the tip arrives at the proximity of a 

sample surface, the forces (of the order 1 nN) that develop between the sample surface 

and the cantilever tip cause the cantilever to deflect. The cantilever deflects a laser beam 

from a laser diode and this deflection is recorded by a photodetector as shown in figure 
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4.23. In this way by scanning a small area, the 3-D image of the surface can be micro 

graphed.  

 
 

Figure 4.23  Schematic illustrating the main parts of an atomic force microscope (AFM) 
 

The contact mode is simplest mode, in this mode the tip is in physical contact with the 

surface of the sample. The disadvantage of this mode is that the tip exerts force on the 

surface atoms of the sample. Even though this force is in the nN range the pressure 

exerted on the surface atoms can be tremendous due to small contact area. As a result it 

can cause destruction to the surface of the sample. The other mode is the tapping mode; 

in this mode the cantilever tip is not in physical contact with the surface tip, instead it is 

caused to vibrate at its resonant frequency. In the proximity of the surface the amplitude 

of the vibrations changes and it can be sensed and recorded as a variation in surface 

profile. This mode is comparatively less destructive than contact mode 

 

In this work atomic force microscopy (AFM) surface scans of solar cell layers were 

obtained using Veeco Digital Instruments Dimension 3100 scanning probe microscope. 

Veeco Instruments NanoScope software was used to determine the root-mean-square 

(rms) surface roughness from the AFM scans. Parameters such scan area and image bow 

(sample tilt) can alter the surface roughness measurements. In this work, first-order 

flatten function of the Nanoscope software was used to correct the AFM images for 
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bow/tilt, before the surface roughness measurements were done. The rms surface 

roughness is calculated using the following relation: 

 
2

1
)(1 hh

N
R i

N
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a −∑=

=  
(4.3)

 
where N is the total pixel count in the 1 μm2 scan region, hi is the height of ith pixel, h  is 

the average height of N pixels falling in the scan region and Ra is the root-mean-square 

(rms) roughness. Various parts of Veeco Dimension 3100 nanoscope AFM is shown in 

figure 4.24. 

 

 
 
Figure 4.24 Various parts of Veeco Dimension 3100 nanoscope atomic force microscope 

(AFM)  
 
4.4.4 Scanning electron microscopy (SEM) 
Scanning electron microscope (SEM) is high magnification-imaging tool based on 

electronic beam (e-beam) instead of light as in conventional microscopes. Consider figure 

4.25, an electron beam is initiated by an electron gun (cathode) at the top of the 

microscope. The anode accelerates the electrons forming the e-beam. The anode 

equipped with a slit allows only those electrons that are directed vertically downwards. 

With the help of the magnetic lens the beam is focused onto a very narrow area of the 
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sample. The entire route of the e-beam is in high vacuum. When the e-beam strikes the 

sample surface electrons and x-rays are ejected from the sample surface. The direction of 

primary backscattered electrons, secondary ejected electrons and x-rays depend on the 

surface profile of the sample. Scanning coils are used to control the lateral movement of 

the beam on the surface of the sample. Special detectors detect the direction and intensity 

of x-rays, backscattered and secondary ejected electrons and convert it into a data signal. 

This data signal is finally translated into a high-resolution remarkably sharp image of the 

scanned area and is sent to an output device i.e. a display screen or monitor. Since SEM 

is based on e-beam the sample must be conductive, a sputter coater is used to deposit a 

very thin metallic layer on all non-metallic or non-conductive samples in order to make 

them conductive.  

 

Since x-rays are also involve in the process safety against radiations guidelines should by 

followed. SEM is a useful tool to examine the cross section of multilayer sample with 

high lateral resolution (nm or Å level). It is a destructive testing tool due to the sputtering 

of metallic layer on the sample surface. In this work LEO (Zeiss) 1550 high-performance 

Schottky field emission SEM shown in figure 4.26, having lateral resolution of 2-5 nm 

range was used. The various detectors are electron backscattered diffraction (EBSD) 

detector, variable pressure secondary electron (VPSE) detector, energy dispersive x-ray 

system (EDS) detector, forward scattered electron (FSE) detector. 
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Figure 4.25 Schematic illustrating main parts of a scanning electron microscope (SEM) 
 

 
Figure 4.26 Various detectors in LEO (Zeiss) 1550 high-performance Schottky field-

emission scanning electron microscope (SEM) [62] 
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4.4.5 Stylus surface profilometer 
A surface profilometer is used to determine the surface profile of a sample in order to 

determine surface roughness. It usually has a height resolution in nanometers whereas 

lateral resolution is poorer e.g. in micrometers. Initially a diamond stylus is lowered 

down until it touches the surface of the sample. Then it is swept laterally over the scan 

length and at the same time maintaining a constant small vertical force (1-15 mg) 

between the stylus and the sample surface. It records the small vertical displacements 

(height variations) as a function of horizontal position. This data is translated into digital 

signals and sent to the computer where it can be displayed on a monitor in the form of a 

micrograph. This data can also be stored and analyzed.  

 

In this work Veeco Dektak 150 profilometer was used which can measure height 

variations from 10 nm to 1 mm. The radius of the stylus is from 50 nm to 25 μm. The 

lateral resolution depends on the scan time, however the maximum scanable length is up 

to 55 mm. Thickness of thin films and layers can also be determined with the help of 

profilometer. Different parts of Dektak are labeled in figure 4.27. 

 

 
Figure 4.27 Various parts of Dektak 150 surface profilometer. 
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5 Fabrication and Characterization of ZnTPP:PCBM Bulk 

Heterojunction (BHJ) Solar Cells 

In this chapter the photovoltaic properties of BHJ solar cells fabricated with blended 

films of a porphyrin derivative 5,10,15,20-Tetraphenyl-21H,23H-porphine  zinc (ZnTPP) 

and a fullerene derivative [6,6]-phenyl-C61 butyric acid methyl ester (PCBM) as the 

active layer, are investigated. The blended layer of ZnTTP:PCBM BHJ photovoltaic cells 

was fabricated by spin-coating method. The mass ratios of ZnTPP and PCBM were 

varied from 1:1 to 0:10. The optical and electronic parameters of each cell were studied. 

Optical density (OD) of the blended film for each cell was extracted from its reflection 

and transmission curves. OD and average absorption coefficients of the active materials 

were used to determine film thicknesses. Absorption spectrum of each component 

material was compared with the spectra of the blended films. Current density-Voltage 

(J−V) characteristics were recorded under dark, and under an illumination of AM 1.5G 

(100 mW/cm2) solar spectrum and under a monochromatic illumination at 440 nm. The 

cross-section of this device using SEM was also examined. 

 

5.1 Introduction 
Organic photovoltaic (OPV) cells fabricated from organic semiconductors have been 

focus of consideration as the future-generation photovoltaic cells from the viewpoint of 

light weight, flexibility, and low-cost [1-3]. Often expensive and complicated techniques 

such as vacuum thermal evaporation or simply vapor deposition have been employed for 

the fabrication of organic solar cells. Wet processes, such as spin coating and drop 

casting have been recognized as low-cost, low-temperature and fast methods of obtaining 

organic thin films from solutions. Few low molecular weight organic materials have 

exhibited high charge carrier mobility and crystallinity through intermolecular 

interactions; however, their poor solubility in typical organic solvents and low quality 

film formation by wet processing marks them inappropriate for wet processing. 

Therefore, OPV cells fabricated from low molecular weight semiconductors have been 

generally fabricated with a layered [4, 5] structures by thermal evaporation. 
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Photovoltaic devices with donor (D) and acceptor (A) species rely upon the diffusion of a 

photo-generated exciton to the nearest D-A interface, where it dissociates into a free 

electron and a hole. Since the diffusion distance of exciton is limited to <10 nm [5-7], it 

is therefore vital to engineer the electron donor and acceptor composition at the 

nanometer level. The solution-processed bulk heterojunction (BHJ) solar cell is being 

regarded as a simple and successful alternative to overcome this issue. BHJ or blended 

devices are achieved by preparing a binary solution constituting donor and acceptor 

moieties co-dissolved in a common solvent and then spin-coating this solution as a single 

photoactive layer; such a blended layer provides good donor to acceptor electronic charge 

transfer. Hence, the main advantage of the bulk over the conventional (two layer) 

heterojunction is the large increase of donor-acceptor interfacial area throughout the bulk 

(volume) of the film. Since excitons formed in a (perfect) bulk heterojunction are within 

reach of the D-A interface, which is dispersed throughout the bulk. Therefore the loss 

attributed to limited exciton diffusion length is minimized. It can be anticipated that 

maximum or ideally all excitons may dissociate within their lifespan, giving rise to 

separated electrons and holes [8]. 

 

In the first report of solution processed BHJ solar cells, Yu et al. [1] used a highly soluble 

fullerene derivative, PCBM [9], to achieve sufficient percolation of charges through both 

components. Within the past few years, bulk heterojunctions utilizing small molecules 

have been reported. Table 5.1 summarizes some efforts to employ small molecules for 

BHJ solar cells fabricated both by wet and dry processing. 
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Table 5.1  Summary of some BHJ solar cells using low molecular weight organic 

semiconductors 

Cell Structure 
 

Fabrication 
Processes 

Voc 
(V) 

Jsc 
(mA/cm2) 

 
FF 

 

η 
(%) Ref. 

ITO/PEDOT:PSS /ZnTPP:C60/PTCDA/Al Wet 0.33 0.62 0.38 0.078 [2] 
ITO/PEDOT:PSS/ethyl-TES-ADT:PCBM/CsF/Al Wet 0.84 2.96 0.4 1 [10] 
ITO/PEDOT:PSS/CuPc:PCBM/BCP/Al Wet 0.52 1.53 0.34 0.27 [11] 
ITO/PEDOT:PSS/ZnPctBu4:PCBM/BCP/Mg:Ag Wet 0.45 0.76 0.25 0.09 [12] 
ITO/PEDOT:PSS/ZnPc:C60/BCP/Mg:Ag Dry 0.44 9.3 0.43 1.7 [12] 
ITO/PEDOT:PSS/Pentacene:C60/BCP/Mg:Ag Dry 0.33 4.4 0.38 0.55 [13] 
ITO/C60 /C60:ZnPc/PV-TPD /p-PV-TPD/p-ZnPc/Au * Dry 0.51 8.1 0.38 1.59 [14] 
* At room temperature       

 
 
Porphyrins and phthalocyanine possess good thermal and photo stabilities. They also 

exhibit some intriguing electrical and optical properties, so that there is extensive 

research into their application in optical and optoelectronic devices such as photovoltaic 

cells, OLED’s and OFET’s [15]. Porphyrins, macrocyclic aromatic compounds similar to 

chlorophyll, are organic semiconductors having p-type nature [16]. Porphyrins have long 

attracted attention as potential light absorbers for photovoltaic applications because 

porphyrinic compounds are intimately involved in light absorption, exciton transport, 

primary charge separation, and charge-transport processes in natural photosynthesis [17]. 

There have been many attempts to produce porphyrin-containing artificial donor-acceptor 

systems to mimic the early steps of photosynthesis, either for solar applications or as 

chemical energy for artificial light-driven proton pumps [18]. The main disadvantage of 

phythalocyanines and porphyrins is that they are not soluble in ordinary solvents and 

form low quality films by wet processing. To study the optoelectronic properties of 

porphyrins and phthalocyanines in BHJ solar cells, their soluble derivatives can be used 

as active materials. 

 

In this chapter, the optical and electronic properties of simple BHJ photovoltaic cells 

were studied. The BHJ PV cells were based on a blended film of a soluble porphyrin 

derivative ZnTPP and a soluble fullerene derivative PCBM, as the active layer. ZnTPP 

was used as a p-type semiconductor [16], whereas PCBM was used as n-type 
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semiconductor. PCBM possesses excellent electron affinity whereas the porphyrin 

exhibits a strong electronic absorption in the visible region [3] and was expected to form 

co-crystallites with PCBM [2, 19]. The molecular structures of ZnTPP and PCBM are 

shown in figure 5.1. 

 
 

 
Figure 5.1 Molecular structure of (a) ZnTPP and (b) PCBM. 

 
5.2 Experimental  
 
5.2.1 Substrate 
ITO-coated unpolished float-glass slides, 75 mm × 25 mm × 0.9 mm, sheet resistance of 

8-12 Ω/sq. and an anti-reflection layer on the backside, were purchased from Delta 

Technologies, Part No: CH-50IN-S109. The thickness of ITO layer was 150nm. For 

device fabrication, each of these slides was further patterned into three 25 mm × 25 mm 

ITO-coated glass substrate through glass cutting and wet acidic etching as shown in 

figure 5.2. The substrates were washed with acetone and dried prior to device fabrication.  
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Figure 5.2 Pre-patterned 25 mm × 25mm IT0- coated glass substrate for device 

fabrication 
 
5.2.2 Hole transport layer 
Poly (3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) complex 

PEDOT:PSS, procured as an aqueous dispersion from Bayer Corporation was used as the 

hole transport layer. In order to ensure smooth uniform film, a 0.45 micron nylon syringe 

was used to filter PEDOT:PSS before spin coating. PEDOT:PSS has a high electrical 

conductivity in the range of 400-600 S/cm and high optical transparency [20]. Apart from 

the hole transporting function PEDOT:PSS smoothens the rough ITO surface and 

minimizes any chance of Al and ITO short circuiting. 

 

5.2.3 Electron donor 
A soluble porphyrin derivative 5,10,15,20-tetraphenyl-21H,23H-porphine zinc (ZnTPP) 

procured from Sigma Aldrich, was used as an electron donor (p-type). It was used as 

available without any further purification or treatment. 

 

5.2.4 Electron acceptor 
A soluble fullerene derivative [6,6]-phenyl-C61 butyric acid methyl ester (PCBM) 

procured from Nano C, was used as an electron acceptor (n-type). It was used as 

available without any further purification or treatment. 
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5.2.5 Metal Electrode 
For metal electrode 99.9% Aluminium granules were purchased from Alfa-Aesar. 

Tungsten wire boats (ME17-3x.025W from R.D. Mathis Company) were used for 

evaporation of Al. 

 
5.2.6 Solution preparation for blended layer 
Ortho-dichlorobenzene (o-DCB) solvent was selected for the blended solution as it was 

common solvent for both ZnTPP and PCBM and it is established as the best solvent for 

PCBM [2]. The blended solution was prepared by dissolving: 

 

 ZnTPP (10 mg) and PCBM (10 mg) in o-DCB (1 ml) for a D:A ratio of 1:1 and 

concentration of 2 % wt./vol. 

 ZnTPP (6 mg) and PCBM (14 mg) in o-DCB (1 ml) for a D:A ratio of 3:7 and 

concentration of 2 % wt./vol. 

 ZnTPP (2 mg) and PCBM (18 mg) in o-DCB (1 ml) for a D:A ratio of 1:9 and 

concentration of 2 % wt./vol. 

 ZnTPP (9 mg) and PCBM (21 mg) in o-DCB (1 ml) for a D:A ratio of 3:7 and 

concentration of 3 % wt./vol. 

 

After the preparation, the glass bottle that contained the required solution was sealed with 

wax paper and kept stirring overnight with the help of a magnetic stirrer. 

  
5.2.7 Device fabrication  
The fabrication of solar cells in this study was achieved as given below: 

Few drops of PEDOT:PSS through 0.45 micron nylon syringe filter, were dispensed on 

the surface of the ITO substrate and spin-coated at 1400 rpm for 78 s. After this, a small 

width of PEDOT on the edge of the substrate was wiped off in order to expose the ITO 

for electrical connections. The substrate was then allowed to dry on a hot plate (373 K) 

for 10 minutes under atmospheric conditions After drying, optical reflection and 

transmission measurements for the PEDOT:PSS layer were carried out with a thin film 
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spectrometer system, Filmetrics F20-UV. The donor-acceptor blended solution was then 

spin-coated onto the PEDOT:PSS layer at 1200 rpm for 60 s. After allowing 15-20 min of 

drying, optical reflection and transmission measurements were again carried out. 

Afterwards the sample was shifted in Ladd Inc.30000 vacuum thermal evaporator with a 

TM-100 online thickness monitor from Maxtek Inc. A 70 nm thick Al electrode was 

thermally evaporated onto the blended layer through shadow mask under a vacuum better 

than 10-6 Torr. The evaporation rate of Al was maintained at 15–20 Å/s. Up to 8 devices 

were fabricated on a single 25 mm × 25 mm ITO substrate, each with a 4 mm ×3 mm 

(0.12 cm2) active region. These separated 8 devices were achieved by using a shadow 

mask as shown in figure 5.3. Finally small pieces of adhesive electrical copper tape were 

placed on the exposed ITO surface and the Al electrodes for electrical connections to the 

cells. In some cases, thermal annealing was performed prior to Al electrode deposition as 

indicated in Tables 5.2 and 5.3. 

 
Figure 5.3 Shadow mask used during evaporation of Al electrode in order to achieve 

eight separate devices on a single 25 mm × 25 mm substrate 
 
5.3 Results and discussions  
 
5.3.1 Reflection and transmission measurements 
Thin film spectrometer system Filmetrics F20-UV was used to obtained transmission and 

reflection data for the PEDOT:PSS layer preceding the deposition of the blended layer. 
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Then after the deposition of the blended layer the reflection and transmission 

measurements were repeated for both the PEDOT:PSS and the blended layer. F20-UV 

can be operated both in reflection or transmission mode. The illumination source was a 

Deuterium-Halogen light DH2000 from Ocean Optics Inc 

 

The optical density (OD), of the ZnTPP:PCBM blended layer was determined by using 

Eq. 5.1 [21] for the reflection (R) and transmission (T) data of figure 5.4, with the 

subtraction of the OD due to the PEDOT:PSS layer. The resulting OD was referred to 

determine the active layer film thickness by using Eq. 5.2 (Beer-Lambert’s Law). 

⎟
⎠
⎞

⎜
⎝
⎛

−
−=

R
TOD

1
log  (5.1)
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ODd
α

×= 3.2  (5.2)

 

where αAVG is the average of the absorption coefficients of ZnTPP (1.1×104 cm-1 at 510 

nm) [22] and PCBM (2×104 cm-1 at 512 nm) [23] based on their mass ratio and d is the 

film thickness. 

 
Figure 5.4  Optical density (OD) of active layer obtained from reflection (R) and 

transmission (T) curves of ZnTPP:PCBM 1:9 BHJ solar cell. 
 



Chapter 5   Fabrication and Characterization of ZnTPP:PCBM Bulk Heterojunction  
                   (BHJ) Solar Cells  
 

 119

5.3.2 SEM cross sectional image 
A schematic diagram and SEM image of cross section of the ZnTPP:PCBM 1:9 BHJ 

solar cell is shown in figure 5.5. Keeping in view the film fabrication technique (spin 

coating) and despite the uneven fracturing of amorphous glass substrate for the SEM 

sample preparation, the nice uniform contact between Al electrode and active layer 

shown in figure 5.5(b), indicates fairly smooth surface of spin coated blended layer on a 

rough ITO surface. In contrast to rough ITO surface, the PEDOT:PSS surface was 

comparatively smoother that facilitated to achieve smooth active layer. Even though the 

thicknesses were determined from the optical density and the absorption coefficient, an 

approximate thicknesses of the layers that are obvious from the SEM image are 150 nm, 

45 nm, 68 nm, and 70 nm for the ITO, PEDOT:PSS, ZnTPP:PCBM and Al layers,  

respectively.  

 
 

Figure 5.5  Schematic diagram (a) and SEM image of cross section (b) of fabricated 
ZnTPP:PCBM 1:9 BHJ solar cell. 
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5.3.3 Comparative photocurrent spectra 
A CVI CM100 monochromator with a 300-W Xenon arc lamp was used as the 

monochromatic illumination source. A calibrated Si diode was used to determine the 

power spectrum of the lamp Pin(λ) as shown in figure 5.6. The short circuit current 

spectra ISC(λ) was recorded using a Keithley 485 auto-ranging picoammeter as shown in 

figure 5.7. 
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Figure 5.6  Lamp power spectrum 
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Figure 5.7  Comparative short circuit photocurrent spectra of ZnTPP:PCBM BHJ solar 

cells at different D:A ratios 
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5.3.4 Incident photon to charge carrier conversion efficiency (IPCE) 

spectra  
From the photocurrent spectra ISC(λ) (figure 5.7) and lamp power spectrum Pin (λ) (figure 

5.6) of the monochromator, incident photon to charge carrier conversion efficiency 

(IPCE) spectra was calculated by using the expression given below: 

 

100
)()/(

)/(1240
(%) 2

2

×
×

×
=

nmcmWP
cmAI

IPCE
in

SC

λ
 (5.3)

 
The IPCE spectra of ZnTPP:PCBM BHJ  photovoltaic cell are shown in figure 5.8. The 

IPCE maxima occurred at 440 nm (indicating major contribution of ZnTPP) except for 

the 0:10 device, the maximum (6 %) of which was at 400 nm (indicating absence of 

ZnTPP). 
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Figure 5.8  Comparative IPCE spectra of ZnTPP:PCBM BHJ solar cells. 
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5.3.5 Current density-voltage (J–V) characteristics 
 

5.3.5.1 In dark and under AM 1.5G simulated solar spectrum  

For the measurement of the dark current density-voltage characteristics, the same 

photocurrent measurement setup was used except that a Keithley 236 source measure unit 

substituted the pico-ammeter.  The devices were enclosed in complete dark conditions 

and the applied voltage was swept from -1.5 to 1.5 Volts in steps of 0.1 volts. The 

corresponding device currents were recorded. The inset of figure 5.9 shows the dark 

current values plotted in terms of current density as a function of applied voltage.  

 

For the measurement of the current density-voltage characteristics under AM 1.5G 

simulated solar spectrum, a calibrated AM 1.5G filter (Oriel Instruments) was placed in 

front of the 300-W Xenon arc lamp to produce a simulated solar spectrum. A calibrated 

silicon photodiode was used to set the AM 1.5G solar spectrum intensity of 100 mW/cm2 

(1 sun). The devices were illuminated by AM 1.5G simulated solar spectrum, the applied 

voltage was swept from -1.5 to 1.5 Volts in steps of 0.1 volts. The corresponding device 

currents were recorded. In order to get more accurate values of VOC, ISC, FF, VM, IM and 

PM, the voltage was again swept from -0.1 V to just above the open circuit value in steps 

of 0.01 Volts. Figure 5.9 shows the current values plotted in terms of current density as a 

function of applied voltage under AM 1.5G illumination. 

 

The photovoltaic cells were illuminated from the ITO side and the illuminated device 

area was 12 mm2.  It is seen that the J-V characteristics are nonlinear and asymmetrical, 

showing rectification behavior i.e. the junction exhibits diode-like behavior, however 

ideal diode characteristics are usually not achieved by using organic semiconductors. The 

rectification ratio (RR) of forward to reverse bias current at ±1 V for each solar cell is 

shown in Table 5.2. The BHJ photovoltaic device is a single-layer composite structure 

with p- and n-type materials, and is denoted as ZnTPP:PCBM. Table 5.2 lists the 

measured parameters of the fabricated photovoltaic cells. The short-circuit current 
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density, open-circuit voltage, fill factor and power conversion efficiency are denoted as 

JSC, VOC, FF and η, respectively. The ratio of the actual maximum (PM =VM × IM) to the 

theoretical (not actually obtainable) power (VOC × ISC), is called fill factor (Eq. 5.4). Fill 

factor describes the ‘squareness’ of the J-V characteristics of a photovoltaic cell. The 

power conversion efficiency η is the percentage of electric power converted from the 

input power of the incident light. It is determined as the ratio of maximum power (PM) to 

the product of incident optical irradiance (E) and the surface area of the solar cell (A) as 

given in Eq. 5.5. 
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Figure 5.9  J-V characteristics of ZnTPP:PCBM 1:9 (2 % wt./vol.) BHJ solar cell in dark 

(solid circles) and under an illumination of AM 1.5 G (empty circles). The inset shows 
dark J-V characteristics. 
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5.3.5.2 Under a monochromatic illumination at 440 nm 

For measurement of current density-voltage (J–V) curves under a monochromatic 

illumination at 440 nm a CVI CM100 monochromator with a 300-W Xenon arc lamp was 

used as the monochromatic illumination source. Wavelength of 440 nm was selected for 

the monochromatic light source because the short circuit photocurrent spectra maximum 

was at 440 nm. The intensity of the monochromatic light at 440 nm was 2.8 mW/cm2. 

The devices were illuminated by 440 nm a monochromatic light, the applied voltage was 

swept from -1.5 to 1.5 Volts in steps of 0.1 volts. The corresponding device currents were 

recorded. In order to get more accurate values of VOC, ISC, FF, VM, IM and PM, the voltage 

was again swept from -0.1 V to just above the open circuit value in steps of 0.01 Volts. 

Figure 5.10 shows the current values plotted in terms of current density as a function of 

applied voltage under a 440 nm monochromatic illumination. 
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Figure 5.10   J-V  characteristics of ZnTPP:PCBM 3:7 (3 % wt./vol.) BHJ solar cell 

under a monochromatic illumination at 440 nm. 
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5.3.6 Measured solar cell parameters  
 

5.3.6.1 Under AM 1.5G illumination 

Apart from the annealed and 3 % wt./vol. samples, it is seen that as the mass ratio of 

ZnTPP:PCBM is varied from 1:1 to 0:10, there is an increasing trend in RR, VOC, JSC, FF 

and η up to 1:9 and then these values decrease at 0:10. As shown in Table 5.2, the best 

results were obtained for the ZnTPP:PCBM 1:9 sample, the efficiency (0.21 %) of which 

was 36 times better than the efficiency (without exciton blocking layer)  reported for 

ZnTPP:C60 3:7 solar cells [2]. Further more the efficiency (0.023 %) for 0:10 (PCBM 

only) sample was slightly lower than previously reported efficiency (0.033 %) [24]. This 

difference may be due to thicker PCBM film in the present case. The different D:A ratio 

that yield best performance for C60 [2] and PCBM is attributed to the phenyl and butyric 

acid methylester side groups of PCBM. To check the consistency and reproducibility, 

ZnTPP:PCBM 1:9 solar cell was fabricated twice as shown in Table 5.2 and showed 

remarkably consistent results. Increasing the concentration to 3 % wt./vol., resulted in 

lowering the solar cell performance as shown in Table 5.2, therefore 2 % wt./vol. 

concentration was also maintained for the subsequent devices.  

 
Table 5.2  Measured parameters of ITO/PEDOT:PSS/ZnTPP:PCBM /Al bulk 

heterojunction solar cells under an illumination of AM 1.5G *  
At AM 1.5G 

ZnTPP:PCBM 
Ratio 

Concentration 
(% Wt. / Vol.) 

Thickness of 
Blended 

Layer 
(nm) 

Annealing 
Conditions 

RR 
(at ±1V) Voc 

(V) 
Jsc 

(mA/cm2) 
FF η 

(%) 

1:1 2 75  42.6 0.375 0.383 0.34 0.0488
1:1 2 75 403 K/ 10min 13.91 0.422 0.208 0.3 0.0263
3:7 2 69  78.12 0.4 0.561 0.35 0.0782
3:7 2 69 373 K /10min 38.98 0.336 0.401 0.25 0.0338
3:7 3 119  36.17 0.48 0.166 0.19 0.0151
1:9 2 68  106.36 0.4 1.241 0.4 0.197
1:9 2 68  106.36 0.4 1.316 0.4 0.21 
0:10 2 70  4.56 0.213 0.333 0.32 0.0233

*Solar cell devices were fabricated chronologically in the same order as listed in this Table. 
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5.3.6.2 Under a monochromatic illumination at 440 nm 

Apart from the annealed and 3 % wt./vol. samples, it is seen that as the mass ratio of 

ZnTPP:PCBM is varied from 1:1 to 0:10, there is an increasing trend in JSC and η up to 

1:9 and then these values decrease at 0:10. The PCE for the 0:10 (PCBM only) sample 

reduces to almost zero the reason is that PCBM absorption at 440 nm is negligible. 

Increasing the concentration to 3 % wt./vol., remarkably improved VOC and this sample 

showed best monochromatic efficiency of 0.342 % as shown in Table 5.3. 

 
Table 5.3  Measured parameters of  ITO/PEDOT:PSS/ZnTPP:PCBM /Al bulk 

heterojunction solar cells under a monochromatic illumination at 440 nm. 
At 440 nm 

ZnTPP:PCBM 
Ratio 

Concentration 
(% Wt. / Vol.) 

Thickness of 
Blended 

Layer 
(nm) 

Annealing 
Conditions Voc 

(V) 
Jsc 

(mA/cm2) 
FF η 

(%) 

1:1 2 75  0.11 0.0047 0.28 0.031 
1:1 2 75 403 K/ 10min 0.04 0.0052 0.30 0.013 
3:7 2 69  0.29 0.0145 0.30 0.270 
3:7 2 69 373 K /10min 0.20 0.0128 0.32 0.175 
3:7 3 119  0.40 0.0121 0.33 0.342 
1:9 2 68  0.15 0.0311 0.31 0.310 
1:9 2 68  0.16 0.0300 0.32 0.330 

0:10 2 70  0.01 0.0056 0.09 0.001 
 
 
5.3.7 Energy levels 
The energy level diagram relative to the vacuum level for ZnTPP:PCBM BHJ 

photovoltaic cell is shown in figure 5.11. The lowest unoccupied molecular orbital 

(LUMO) and highest occupied molecular orbital (HOMO) levels of ZnTPP are -2.4 and -

5.1 eV, respectively [25]. The LUMO and HOMO energy levels of PCBM are -3.7 and -

6.1 eV, respectively [26]. Apart from better solubility in typical organic solvents [9], 

PCBM was preferred over C60 as an acceptor because the energy difference between the 

PCBM LUMO and ZnTPP HOMO is 1.4 eV, which is more than twice the 0.6 eV 

difference between C60 LUMO (-4.5 eV) and ZnTPP HOMO [4].  Since the maximum 

possible value of the VOC is estimated from the energy level difference between the 

acceptor LUMO and the donor HOMO, the ZnTPP:PCBM based solar cells demonstrated 



Chapter 5   Fabrication and Characterization of ZnTPP:PCBM Bulk Heterojunction  
                   (BHJ) Solar Cells  
 

 127

better VOC  than ZnTPP:C60 solar cells [2]. The work function of Al, PEDOT:PSS and 

ITO electrodes are -4.3, -5.2 and 4.7 eV, respectively. The work function is equivalent to 

the energy level difference between the Fermi and vacuum level. In modestly doped 

semiconductors, the Fermi level is situated within the band gap. For heavily doped 

materials such as ITO, the Fermi level shifts approximately into the CB or VB depending 

on nature of doping (n or p) [27]. For metals, ionization energy and work function are 

analogous. After absorbing a photon, ZnTPP produces an exciton, which diffuses to the 

nearest D-A interface and dissociates into an electron and hole. ZnTPP transfers electrons 

and holes to PCBM and PEDOT:PSS, respectively. PCBM transports electrons to the Al 

cathode while PEDOT:PSS, which acts as an electron blocking and hole transport layer, 

transports holes to the ITO. 

 
Figure 5.11  Energy level diagram of ITO/PEDOT:PSS/ZnTPP:PCBM/Al BHJ solar cell. 
 
Co-crystallization of porphyrins and fullerenes resulting in aggregation has already been 

reported [28]. The microstructure of blended layer is strongly dependent on the donor-

acceptor mass ratio. Therefore, it is vital to engineer the microstructure of ZnTPP:PCBM 

to facilitate formation of co-crystallites. For ZnTPP:PCBM BHJ photovoltaic cell, the 
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donor-acceptor mass ratio corresponding to the best efficiency was 1:9. Thus for 

ZnTPP:PCBM blended layer the donor acceptor mass ratio of 1:9 was observed to be 

most supportive for the ZnTPP and PCBM co-crystallite formation [2].  

 

Electron-hole recombination is minimum in co-crystallite structures that are continuous 

and are created normal to the thin films whereas electron-hole recombination is more 

prevalent in discontinuous co-crystallite structures. Thus optimum donor-acceptor mass 

ratio can lead to formation of continuous co-crystallites and result in enhancement of the 

power conversion efficiency. It is evident from Table 5.2 that RR, VOC, JSC, FF and η are 

all largest at ZnTPP:PCBM ratio of 1:9.  

 

It is important to consider that intermediate energy levels or gap states lying within the 

bandgap of  ZnTPP  act as recombination sites upon illumination [29, 30]. A more recent 

study disclosed that absorption of porphyrin semiconductor in the NIR region is 

attributed to these gap states and electronic transitions to and from these intermediate 

energy states suppress the electron-hole recombination rate. The overall effect is that 

higher photocurrent is observed at 440 nm [31]. 

 
5.3.8 Effect of thermal annealing 
In an attempt to minimize film defects, annealing of two devices (as indicated in Table 

5.2 and 5.3) was performed according to the annealing cycles shown in figure 5.12. 

Annealing resulted in performance degradation of the devices. Excitons created in 

blended layers with larger aggregates always have lower probability of approaching a 

donor-acceptor interface and thus being dissociated into free charges. In case of 

porphyrin blends, aggregation is already seen in the room temperature spin-coated layers 

[19]. Annealing further increases the aggregation and may result in degradation of 

photovoltaic performance of such devices. Therefore, annealing of subsequent samples 

was not carried out. 
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Figure 5.12 Annealing temperature profiles for ZnTPP:PCBM BHJ solar cells. 

 
5.3.9 Absorption spectra 
The ZnTPP absorption spectrum shows the intense B band (Soret band) at 428 nm and Q 

band at 550 nm as shown in figure 5.13, both arising from the corresponding π-π* 

transitions [32, 33]. PCBM has an absorption spectrum similar to that of C60, with the 

absorption maximum at 327 nm and a smaller peak located at 385 nm [34]. The 

absorption peaks of the ZnTPP:PCBM blend at 440 nm and 333 nm are attributed to 

ZnTPP and PCBM, respectively. The red shifts in the absorption peaks of ZnTPP and 

PCBM indicate that ZnTPP forms a new complex with PCBM [35]. The PEDOT:PSS 

layer is mostly transparent in the visible region, however a slight increasing trend in 

absorption is seen at longer wavelengths. 
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Figure 5.13   Absorption spectra of ZnTPP*, PCBM*, ZnTPP:PCBM* and PEDOT:PSS. 

* spin-coated in o-DCB 
 
 
The macrocyclic structure of ZnTPP consists of porphine as the parent molecule with 

four phenyl groups substituting the hydrogen atoms of each methine bridge [36]. Since 

porphine molecule with 22 π-electrons out of which 18 are delocalized, obeys  Hückel’s 

Rule of aromaticity ( 4n+2=18 where n=4) [37], ZnTPP is highly stable [37]. ZnTPP is 

formed when porphyrin macrocycle hosts Zn2+ ion in its center cavity i.e. a Zn2+ ion 

substitutes both hydrogen atoms located in the center of porphyrin macrocycle ligand. 

Zn2+ ion donates its electrons to the porphyrin macrocycle in order to form delocalized π 

system for easy electron flow whereas the N atoms donate their lone-pair-electrons to 

Zn2+ ion to form coordinate covalent bond. In this context, an increase in the probability 

of  π−π* transitions makes ZnTPP a  reasonably good electron donor [38, 39]. In contrast 

to pure porphyrin layers, the porphyrin-fullerene blended layers delocalize the photo-
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excited electrons more efficiently and faster than the recombination process. This makes 

porphyrin-fullerene blended layer suitable choice for photovoltaic applications [40]. 

 
5.4 Conclusions  
ZnTPP:PCBM BHJ photovoltaic cells were fabricated and characterized for their optical 

and electronic properties. These cells showed improved VOC, JSC, FF and hence η as 

compared to ZnTPP:C60 [2] solar cells due to comparatively better solubility of PCBM in 

o-DCB solvent [9] and larger difference between the LUMO of PCBM (as compared to 

C60) and HOMO of  ZnTPP.  

 

Photovoltaic cells with 1:9 D:A ratio showed the best performance. It is seen that the 

donor-acceptor ratio in the fabrication of a BHJ solar cell holds a vital part in the 

photovoltaic performance. Fabrications of BHJ solar cells using donor and acceptor co-

evaporation by vacuum thermal evaporator have previously been reported [14, 41, 42]. 

The co-evaporation technique is costly, time consuming, and most importantly it is very 

difficult to control the donor-acceptor ratios. The donor-acceptor ratio can easily be 

controlled or even varied (to get the optimum ratio), if fabrication of the solar cell is 

based on solution processing and spin-coating.  

 

PCBM has high electron mobility (~10-3 cm2/Vs) [43, 44], as compared to the hole 

mobility of ZnTPP which is of the order 10-10 cm2/Vs [45]. A further enhancement in 

efficiency could be achieved with a porphyrin derivative having mobility on a par with 

PCBM. Therefore, new donor and acceptor materials, having higher mobilities and that 

are soluble in common solvents for solution processing, can be utilized to make the BHJ 

photovoltaic cells at their optimum ratios. In the future, this will hopefully boost the 

performance of porphyrin and phthalocyanine BHJ solar cells fabricated by wet 

processing.  

 

This work has highlighted the ease of fabrication of small molecule BHJ solar cells in 

respect of cost, time, simplicity and better control over D:A ratio. There is a possibility 
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that the efficiency may further be improved by the introduction of an exciton-blocking 

layer (EBL) such as Bathocuproine (BCP). This is plan for future work. 
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6 Effect of active layer thickness on opto-electronic 
characteristics of porphyrin-fullerene photovoltaic cell 

 
In this chapter, the opto-electronic characteristics of porphyrin-fullerene bulk 

heterojunction photovoltaic cells of different active layer thicknesses were studied. In 

order to achieve different active layer thicknesses, the solar cells were prepared by spin 

coating the active layer of each cell at a different spin speed. To find out the thickness of 

active layer, average of absorption coefficient of the materials constituting the active 

layer was used along with the optical density (OD). Active layer thicknesses were also 

measured by using surface profilometer. AFM surface scans were used to determine the 

active layer surface roughness and grain size from 1000 to 1500 rpm. Current 

density−voltage, J−V curves at different active layer thicknesses were recorded in dark 

and under AM 1.5G (100 mW.cm−2) simulated solar spectrum. Incident photon-to-charge 

carrier conversion efficiency (IPCE) spectra at different active layer thicknesses were 

also determined.   

  
6.1 Introduction 
 
Importance of photovoltaic cells fabricated from organic semiconductors has emerged 

due to the perspective of their being flexible, having low fabrication and processing cost 

and being light weight [1-3]. Ultra-thin films of organic semiconductors are possible due 

to their high optical absorption efficiency. Also, their opto-electronic properties can be 

tuned via chemical modifications e.g. by introduction of flexible groups into their 

structures [4]. 

 

For fabrication of solar cells involving soluble organic semiconductors, wet processing is 

usually preferred over dry processing techniques. Among various wet-processing 

techniques, spin coating is most preferred and widely adopted. Since polymers are 

sensitive to temperature and exhibit excellent solubility in common solvents, spin coating 

technique is generally associated with them. On the other hand several low molecular 

materials particularly macrocyclic semiconductors e.g. phthalocyanines and porphyrins,  

are restricted to dry processing techniques owing to their thermal stability and insolubility  
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in common organic solvents. Due to this fact, solar cells made from phthalocyanines and 

porphyrins are limited to the typical thermally evaporated donor-acceptor bi-layered 

architecture [5, 6].  

 

Performance of bi-layered solar cells is contingent on the dissociation of the optically-

generated exciton into free charge carriers at the donor-acceptor (D-A) boundary. Since 

exciton diffusion span is approximately less than 10 nm [6-8], excitons appearing within 

10 nm from the D/A boundary are expected to contribute to photocurrent whereas 

excitons that are generated remote are doubted to reach the interface and contribute to the 

photocurrent. This issue is resolved in bulk heterojunction (BHJ) solar cell architecture, 

in which the D-A interfacial area is distributed all the way through the volume (bulk) of 

the blended layer. In other words the D-A interface is brought near to the exciton 

generation site i.e. within the exciton diffusion range. 

 

Macrocyclic organic semiconductors are not much studied in bulk heterojunction 

architecture due to their poor solubility. Considering that they are chemically and 

thermally most stable organic semiconductors and that they are the ones that owe natural 

energy processes like photosynthesis. Chlorophyll the main solar energy harvester in 

plants is also a macrocyclic organic semiconductor [9]. Some researchers still believe that 

even though at present the polymeric solar cells are on top but eventually macrocyclic 

organic semiconductors particularly the phthalocyanines and porphyrins family will bring 

the revolution that we all are expecting from organic solar cells (OSCs). 

 

At present only a few research groups started working in the same line but still the 

efficiencies are too low [2, 3, 10, 11]. Since OSC research is in evolution stage, it is 

needed that variety of architectures and materials should be studied at this stage rather 

than most groups following same research trend. In BHJ architecture there is a lot of 

flexibility and ease for rapid research e.g. changing solvent, varying concentration, using 

different donor to acceptor (D:A) weight ratios, changing active layer thicknesses by spin 

coating at different speeds, incorporating different exciton-blocking layers etc. A lot of 

variations can be done in a very short time and with less cost. However, as more and 
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more research groups start studying soluble macrocyclic organic semiconductors in BHJ 

solar cells, further efficiency improvements and availability of new soluble macrocyclic 

materials are worthwhile. 

 

In organic semiconductors charge transport takes place through the mechanism of 

hopping between localized energy states. This restricts their mobility several orders of 

magnitude less than that of their inorganic counterparts. Already low mobility is further 

made worse by charge trappings, resulting from high degree of disorders existing in 

organic semiconductors. As the mobility of organic semiconductors is low, then too long 

pathway to the receiving electrodes in thick active layer will increase the probability of 

charge recombination at the trap sites and impurities [9]. On the other hand very thin 

active layer can result in poor photo-absorption efficiency. Thus the active layer must be 

thick enough to absorb substantial amount of photons, and at the same time it must also 

be thin enough that is favourable for the generated excitons to reach the interface 

efficiently. For this reason it is crucial to limit the active layer thickness to an optimum 

value for best performance of an OSC.  

 

Variation of active layer thickness has established to be a valuable tool for optimizing 

solar cell performance. Adam et al. [9] reported optimum active layer thickness of 80 nm 

after characterizing ITO/PEDOT:PSS/OC1C10–PPV:PCBM(20:80)/LiF/Al bulk 

heterojunction photovoltaic cell at different active layer thicknesses and observed best 

PCE of 2.1 % under an illumination of AM 1.5 (1 Sun) with this thickness. Young et al. 

reported the influence of active layer thickness on the performance of 

ITO/PEDOT:PSS/P3HT:PCBM (1:1) /LiF/Al bulk heterojunction solar cell and reported 

80 nm as the optimum active layer thickness [10].  

 

In the genre of opto-electronic materials metallo-porphyrins (MPPs) and metallo-

phthalocyanines (MPcs) are thermally most stable. They are freely engaged in light 

absorption and exciton generation. They have long been considered as promising electron 

donor materials for photovoltaic applications and justified themselves by providing better 

charge separation and transport. Not much has been done in characterization of solar cells 
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based on such materials with BHJ architecture. The main hindrance in incorporating 

phythalocyanines or porphyrins in BHJ architecture is that they are not or poorly soluble 

in typical solvents. However soluble versions of porphyrins or phthalocyanines can be 

helpful to study their opto-electronic characteristics in BHJ solar cells. 

 

Donor to acceptor (D:A) weight ratio in the blended layer also has a significant effect on 

the photovoltaic characteristics of a bulk heterojunction. We already have reported [11] 

that for ZnTPP:PCBM BHJ photovoltaic cell 1:9 donor to acceptor mass ratio is the best 

combination for better light absorption, charge separation and transport. In this work, the 

effect of different active layer thicknesses on the photovoltaic properties of porphyrin-

fullerene simple bulk heterojunction photovoltaic cells is reported. The active layer is 

based on a blended film of ZnTPP (a porphyrin derivative) and PCBM (a fullerene 

derivative). The molecular structures of ZnTPP and PCBM are shown in figure 6.1. 

ZnTPP was used as an electron donor [12] while PCBM was used as an electron acceptor. 

 
 
 

 
 

Figure 6.1  Molecular structure of (a) ZnTPP and (b) PCBM 
 
 



Chapter 6   Effect of active layer thickness on opto-electronic characteristics of   
                   porphyrin-fullerene photovoltaic cell 
 

 141

6.2 Experimental 
 
6.2.1 Materials  
The organic materials utilized in the fabrication of photovoltaic cells are 5,10,15,20-tetra 

phenyl-21H,23H-porphine zinc (ZnTPP) (Sigma-Aldrich), [6,6]-Phenyl C61 butyric acid 

methyl ester (PCBM) (Nano C) and Poly(3,4-ethylenedioxythiophene):poly 

(styrenesulfonate) (PEDOT:PSS) complex (Bayer Corporation).  

 

6.2.2 Preparation of blended solution 
The blended solution was prepared by co-dissolving ZnTPP (2 mg) and PCBM (18 mg) 

in ortho-dichlorobenzene (1 ml) for a D:A ratio of 1:9 and concentration of 2 % wt./vol. 

[13]. After the preparation, the solution was kept stirring for 20 h with the help of a 

magnetic stirrer. 

 

6.2.3 Device fabrication 
Few drops of PEDOT:PSS filtered through 0.45 micron nylon syringe, were dispensed on 

the surface of the ITO coated glass substrate and spin-coated at 1400 rpm for 78 s. The 

spin-coated PEDOT:PSS film was then allowed to dry on an electric hot plate (373 K) for 

10 minutes under atmospheric conditions. PEDOT:PSS has a high electrical conductivity 

in the range of 400-600 S/cm and high optical transparency [14]. Apart from the hole 

transporting function, PEDOT:PSS also smoothens the rough ITO surface and minimizes 

the chances of Al and ITO short circuiting. After drying, optical reflection and 

transmission measurements for the PEDOT:PSS layer were carried out with a thin film 

spectrometer system, Filmetrics F20-UV. F20-UV can function both in transmission or 

reflection mode. For deposition of active layer, the blended solution of ZnTPP:PCBM 

was spin-casted onto the PEDOT:PSS layer at 1000 rpm for 60 s. Optical reflection and 

transmission measurements were again done. Afterwards the device was shifted in Ladd 

Inc.30000 vacuum thermal evaporator with a TM-100 online thickness monitor from 

Maxtek Inc. A 70 nm thick Al electrode was deposited onto the blended layer through 

shadow mask by thermal evaporation under a vacuum better than 10-6 Torr. The 

deposition rate of Al was maintained at 15-20 Å/s. The active region of the solar cell was 
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12 mm2. Five more devices were prepared with the same procedure but active layer spin 

coated at 1100, 1200, 1300, 1400 and 1500 rpm for 60s. A schematic diagram the 

photovoltaic cell is shown in figure 6.2. 
 

 

Figure 6.2  Schematic diagram of the fabricated ZnTPP:PCBM  bulk heterojunction 
solar cells 

. 
6.2.4 Characterization 
For measurement of short circuit current spectra, a CVI CM100 monochromator with a 

300-W Xenon arc lamp was used as the monochromatic illumination source. A calibrated 

Si diode was used to determine the power spectrum of the lamp Pin(λ). The 

monochromatic light is then reflected towards and focused on the solar cell through an 

ultraviolet lens. A Keithley 485 auto-ranging picoammeter recorded the device short 

circuit current at different wavelengths. For the measurement of the current density-

voltage characteristics under 440 nm monochromatic illumination, a Keithley 236 source 

measure unit substituted the picoammeter. 

 

For the measurement of the current density-voltage characteristics under AM 1.5G 

simulated solar spectrum, a calibrated AM 1.5G filter (Oriel Instruments) was placed in 

front of the 300-W Xenon arc lamp to produce a simulated solar spectrum. I-V curves 
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were measured in the dark as well as under an illumination of AM 1.5G. The intensity of 

AM 1.5G solar spectrum was set to 100 mW/cm2 (1 sun). 

 
In this work atomic force microscopy (AFM) surface scans of solar cell layers were 

obtained using Veeco Digital Instruments Dimension 3100 scanning probe microscope. 

Veeco Instruments NanoScope software was used to determine the root-mean-square 

(rms) surface roughness from the AFM scans. The particle analysis function of both the 

Nanoscope and the ImageJ software was used to determine the average grain sizes.   

 

Active layer thickness of each cell was also determined by scanning with Dektak 150 

surface profilometer. After the PEDOT:PSS deposition, a thin line of the film was 

scratched off from the ITO substrate to create a small well. In order to determine the 

depth of the well, a horizontal length of 1 mm across this well was scanned at a lateral 

resolution of 1 μm with the help of the profilometer. Likewise after the deposition of the 

active layer the combined depth of active layer and PEDOT:PSS layer was also 

determined. The difference in both the depths gave the thickness of the active layer. 

Figure 6.3 shows the results of the surface scan for the PEDOT :PSS layer spin coated at 

1400 rpm and the ZnTPP:PCBM layer spin coated at 1000 rpm onto the PEDOT :PSS 

layer. The film thicknesses found with the profilometer were slightly thinner than from 

absorption measurements. This slight difference may be due to small deformation of the 

film surface as a result of tip contact.  
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Figure 6.3 Depth profile of (a) PEDOT :PSS and (b) PEDOT :PSS and ZnTPP :PCBM 
layers on an ITO substrate for the 1000 rpm device. The total scanned length across the 
well was 1mm with a lateral step resolution of 1μm.  Differences in depths from (b) and 

(a) determines the active layer thickness. 
 
6.3 Results and discussion 
 
6.3.1 Layer thickness from optical density 
The active layer of the bulk heterojunction architecture is a single blended layer of donor 

and acceptor semiconductors, and is represented as ZnTPP:PCBM. For each cell, the 

optical density (OD) curves of (a) PEDOT:PSS layer alone and (b) PEDOT:PSS and 

ZnTPP:PCBM layers together, was extracted from their respective reflection (R) and 

transmission (T) data using the relation OD= −log[T(1-R)−1] [15]. The OD curve of the 

active layer was determined my subtracting the OD curve obtained for (a) form the OD 

curve obtained for (b). The OD of the active layer was used to determine the film 

thickness t by using the relation OD=tα/2.3 (Beer-Lambert’s Law), where α is the 

average absorption coefficients of PCBM (α = 2×104 cm−1 at 512 nm) [16] and ZnTPP (α 

= 1.1×104 cm−1 at 510 nm) [17] based on their mass ratio. 

 



Chapter 6   Effect of active layer thickness on opto-electronic characteristics of   
                   porphyrin-fullerene photovoltaic cell 
 

 145

6.3.2 Layer thickness as a function of spin speed 
The dependence of active layer thickness on spin speed is shown in figure 6.4. It is 

observed that the active layer thickness decreased with the increase in spin speed. The 

relation between spin speed ω, and film thickness t, obeys the power law relation of the 

form t =k ω−α. By curve fitting value of α was found to be 1.5 [18] and 1.75 for 

thicknesses determined from OD and by profilometer, respectively. It has already been 

reported that spin speed-thickness relation also depends on the solvent evaporation 

behavior and may vary with the change of solvent. Since spinning time was likely to 

affect film thickness, it was kept same for preparation of all samples [19]. Substrate 

temperature is another factor that has influence on the film thickness, so temperature 

conditions were kept as similar as possible. From hereafter, the active layer thicknesses 

mentioned will be the values obtained from the OD. 
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Figure 6.4  Active layer thickness as a function of spin speed 
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6.3.2.1 Curve fitting results 

 
CURVE FITTING FOR THICKNESSES OBTAINED FROM OD 

Data: Thickness_OD 
Model: Allometric1 
Equation:  
y = a*x^b 
Weighting: 
y w = 1/(temp_65)^2 
Chi^2/DoF R^2 
------------------------------------------------------------ 
0.00051 0.99609 
------------------------------------------------------------ 
Parameter Value                         Error 
------------------------------------------------------------ 
a            4817981.72172 1695714.30436 
b          -1.57164 0.04984     
------------------------------------------------------------ 
CURVE FITTING FOR THICKNESSES FROM PROFILOMETER 

Data: Thickness_Profilometer 
Model: Allometric1 
Equation:  
y = a*x^b 
Weighting: 
y w = 1/(temp_65)^2 
Chi^2/DoF R^2 
-------------------------------------------------------- 
0.00031 0.99787 
--------------------------------------------------------- 
 
Parameter Value                         Error 
------------------------------------------------------------ 
a             15726767.95736 4571700.38041 
b            -1.74667             0.0412 

--------------------------------------------------------------- 
 
 
6.3.3 Optical densities 
The optical densities of ZnTPP, PCBM, PEDOT:PSS and ZnTPP :PCBM (active layer) at 

different thicknesses  are shown in figure 6.5, PCBM has an absorption spectrum like C60 

with a large and a smaller peak at 330 and 380 nm, respectively [20]. The ZnTPP 

absorption spectrum shows an intense Soret band at 425 nm and a Q band at 550 nm both 
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these arise as a result of the respective π-π* transitions within the porphyrins ligand [21, 

22].  ZnTPP is a regular metalloporphyrin i.e. it has ZnII which is a closed shell metal ion 

(3d10). In regular MPPs, the HOMO is localized within the macrocyclic ring [23] 

therefore metallic ions have little effect on the absorption that occurs within the 

porphyrin ligand involving the excitation of electrons from π to π* porphyrin ring 

orbitals. Upon blending ZnTPP and PCBM, a new complex is formed [24] that is 

indicated from the red shifts in the absorption peaks of ZnTPP and PCBM. The 440 nm 

and 335 nm peaks in the absorption spectra of ZnTPP:PCBM active layer are attributed to 

ZnTPP and PCBM, respectively [11]. It is observed that with the decrease in film 

thickness the intensity of both the 440 nm and 335 nm peaks decreases due to reduction 

in optical absorption efficiency. The overall shape of OD is same for all the thicknesses 

except for the 50 nm layer where the 390 nm hump due to PCBM absorption, has 

vanished. In case of PEDOT:PSS layer, apart from some negligible absorption at 600-700 

nm wavelengths, the PEDOT:PSS layer is mostly transparent in the visible region. 
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Figure 6.5  Optical density of ZnTPPa, PCBMa, ZnTPP:PCBMa (active layer) and 
PEDOT:PSS , extracted from their respective reflection (R) and transmission (T) curves. 

The inset shows the reflection (R) and transmission (T) curves for 68 nm thick active 
layer. aspin-coated in ortho-dichlorobenzene 

 
6.3.4 J(V) Characteristics under AM1.5G illumination 
The photovoltaic cells were illuminated from the ITO side, and the area under 

illumination was 0.12 cm2. The short-circuit current density, open-circuit voltage, fill 

factor and power conversion efficiency are denoted as JSC, VOC, FF and η, respectively. 

The J(V) characteristic curves of the photovoltaic cells under AM  1.5G (1 Sun) 

simulated solar spectrum are given in figure 6.6. The J(V) curves exhibited asymmetrical, 

nonlinear and rectifying nature. Rectification ratio (RR) i.e. the ratio of forward to reverse 

bias current, at ± 1 V for each solar cell is shown in Table 1. The built-in voltage (Vbi) for 

each device was determined by subtracting the J–V curve obtained in the dark from the 

J–V curve obtained under AM  1.5G (1 Sun) illumination [25, 26]. 
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Figure 6.6  J(V) characteristics of ZnTPP:PCBM bulk heterojunction solar cells under 
an illumination of AM 1.5 G (1 Sun). The inset shows dark J(V) characteristics of solar 

cell with 68 nm active layer thickness. 
 
6.3.5 Measured solar cell parameters 
The summary of various parameters of the fabricated photovoltaic cells is listed in Table 

6.1. It is observed that as the active layer thickness varies from 50 to 93 nm, there is an 

increasing trend in FF, JSC, RR and η up to 68 nm beyond which these values decrease. 

However, VOC exhibits a contrary trend. One key parameter on which the photovoltaic 

performance depends is the built-in potential Vbi. The internal electric field profile 

responsible for drift of separated charges to their respective electrodes depends on the 

difference between built-in potential Vbi and externally applied bias V over a unit length 

[27]. Under short circuit conditions (V=0) this field depends only on the built-in potential 

per unit length. Therefore built-in voltage for each active layer thickness was extracted by 

subtracting the J–V curve obtained in the dark from the J–V curve obtained under AM  
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1.5G (1 Sun) illumination [25, 26, 28, 29]. The built-in voltage for each active layer 

thickness is given in Table 1. Apart from a slight variation, the built-in voltage is almost 

same from 50 to 93 nm active layer thickness. Therefore, the variation in JSC is not 

attributed to internal built-in electric field i.e. on the drift of charges to their collecting 

electrodes. The decrease of short circuit current density JSC in active layers thicker than 

68 nm may be a result of recombination of separate charges due to long pathway to the 

collecting electrodes whereas for thinner layers it may be due to low photo-absorption 

efficiency [30]. The best efficiency (0.24%) was obtained for the sample with active layer 

thickness of 68 nm. 

 
Table 6.1 Measured parameters of ITO/PEDOT:PSS/ZnTPP:PCBM /Al bulk 

heterojunction solar cells 

Active  layer thickness 
(nm) At AM 1.5 Spin 

Speed 
(rpm) From 

OD By Profilometer 

RR 
(at ±1 V) Vbi 

(V) 

Voc 

(V) 

Jsc 

(mA.cm−2 ) 
FF 

η 

(%) 

1000 93 90 8.8 0.58 0.48 0.74 0.28 0.098 

1100 81 78 86.6 0.55 0.42 1.14 0.31 0.146 

1200 68 65 160 0.55 0.41 1.55 0.38 0.242 

1300 61 57 74.8 0.55 0.42 0.61 0.32 0.082 

1400 55 50 9 0.57 0.43 0.36 0.30 0.046 

1500 50 45 1.5 0.57 0.44 0.18 0.29 0.022 

 
 
6.3.6 Incident photon-to-charge carrier conversion efficiency (IPCE) 

spectra 
Incident photon-to-charge carrier conversion efficiency (IPCE) spectra of each cell was 

calculated from its photocurrent spectra ISC(λ) the lamp power spectrum Pin(λ). When 

analyzing IPCE curves, the two main aspects to be considered are the shape of the curve 

and the overall numerical values (height) of the curve. Figure 6.7 shows the IPCE spectra 

of ZnTPP:PCBM BHJ photovoltaic cells. The IPCE maximum was 19.2 % at 445 nm 

(indicating major contribution of ZnTPP) for the 68 nm device. The decrease in height of 

this peak for the active layers thicker than 68 nm is attributed to increased recombinations 



Chapter 6   Effect of active layer thickness on opto-electronic characteristics of   
                   porphyrin-fullerene photovoltaic cell 
 

 151

as a result of long pathways for the charge carriers to the collecting electrodes whereas 

for active layers thinner than 68 nm, it is attributed to thickness that may be lower than 

the minimum required for satisfactory absorption of light. The overall shape of the IPCE 

spectra for active layer thicknesses of 55 and 50 nm is dissimilar to the spectra of other 

thicknesses i.e. the peaks attributed to PCBM are higher than those due to ZnTPP. For the 

55 nm active layer, the peaks at 345 and 390 nm both due to PCBM have merged into a 

single broader peak which is higher than the 445 nm peak due to ZnTPP. This indicates 

that the contribution of ZnTPP has become less than the contribution of PCBM due to the 

fact that absorption coefficient of ZnTPP is less than that of PCBM. For the 50 nm 

thickness the contribution of ZnTPP further decrease but this time the height of peak due 

to PCBM has decreased considerably and is no longer broad due to absence of the 390 

nm peak. This indicates that at 50 nm thickness is inadequate for satisfactory absorption 

of both ZnTPP and PCBM. Furthermore, the small peak at 550 nm that was indicative of 

ZnTPP contribution has also disappeared for 55 and 50 mn thicknesses. 
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Figure 6.7 IPCE spectra of ZnTPP:PCBM bulk heterojunction solar cells 
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6.3.7 Energy levels 
The lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular 

orbital (HOMO) levels of ZnTPP and PCBM along with the work functions of Al, 

PEDOT:PSS and ITO are shown in figure 6.8. The energy difference between the 

acceptor LUMO and the donor HOMO reflects the maximum theoretical attainable value 

of open circuit voltage VOC. Since the energy difference between the PCBMLUMO and 

ZnTPPHOMO is 1.4 eV, high VOC was expected from the ZnTPP:PCBM bulk 

heterojunction photovoltaic cells. The energy offset between the ZnTPPLUMO and 

PCBMLUMO is 1.3 eV, which is well above 0.3 eV i.e. the minimum energy required for 

exciton splitting and charge separation [31, 32]. However if ZnTPP had a LUMO level of 

somewhere near -3 to -3.3 eV it would have been more ideal, as ZnTPP band gap would 

have been lowered without bringing LUMOs offset between ZnTPP and PCBM below 

0.3 eV. 

 

 

Figure 6.8  Energy level diagram for the ZnTPP :PCBM bulk heterojunction solar cell 
 
6.3.8 Surface morphology and grain size 
Veeco Instruments NanoScope software was used to determine the root-mean-square 

(rms) surface roughness from the AFM scans:  

 



Chapter 6   Effect of active layer thickness on opto-electronic characteristics of   
                   porphyrin-fullerene photovoltaic cell 
 

 153

2
1

)(1 hh
N

R i

N

ia −Σ=
=

 

 
where N is the total pixel count in the 1 μm2 scan region, hi is the height of ith pixel, h  is 

the average height of N pixels falling in the scan region and Ra is the root-mean-square 

(rms) roughness. 

 
Parameters such scan area and image bow (sample tilt) can alter the surface roughness 

measurements. In this work, first-order flatten function of the Nanoscope software was 

used to correct the AFM images for bow/tilt before the surface roughness measurements 

were done. Figure 6.9 shows the surface morphologies obtained by AFM for ITO (bare 

substrate), PEDOT:PSS layer on ITO, active layer spin coated at 1000 rpm on 

ITO/PEDOT:PSS layer and active layer spin coated at 1500 rpm on ITO/PEDOT:PSS 

layer. Below each AFM image, the height profile over 1 μm length of a randomly chosen 

section of the respective image is shown. It is seen that the bare ITO has a relatively 

rough surface with root mean square roughness of 5.13 nm, which was smoothened by a 

factor of 3.5 down to rms roughness of 1.43 nm by spin coating of PEDOT:PSS layer. 

After spin coating active layer on ITO/PEDOT:PSS layer, it was observed that with 

increasing spin speed from 1000 to 1500 rpm, the active layer thickness decreased from 

93 to 50 nm but its rms roughness showed a negligible decrease from 2.58 to 2.33 Å. The 

maximum height variation over 1 μm length of a randomly chosen section for figure 

6.9(a), (b), (c) and (d) was 29.35, 6.99, 1.99 and 1.312 nm, respectively.  

 

Since the recombination of charges occurs more prevalently at the grain boundaries, 

therefore the efficiency of an organic solar cell also depends on the grain size. In OSCs 

having active layers with larger grain sizes, low recombination losses resulting in high 

power conversion efficiencies are expected. The threshold method was used to determine 

the active layer grain size from the AFM scans. At first, third order polynomial function 

was applied to flatten the AFM images. Only structures above the geometrical mean 

(threshold height) were considered and then particle analysis function of the nanoscope 

software was used to determine their average diameter. Particle analysis function of the 

ImageJ software was also used to find the average grain diameter and was in agreement 
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with the threshold method. The average grain diameters for ITO and PEDOT :PSS layers 

were 54.4 and 40.2 nm, respectively whereas the grain sizes in the active layers were non 

uniform due to the fact that in some places small grains agglomerated into larger grains. 

However the average grain diameters for the active layers spin coated at 1000, 1100, 

1200, 1300, 1400 and 1500 rpm were 45.4, 45.5, 40.1, 38.6, 29.2 and 27.1 nm, 

repectively. 

 

Excitons created in blended layers with larger aggregates always have lower probability 

of approaching a donor-acceptor interface and thus being dissociated into free charges. In 

case of porphyrin blends, aggregation is already seen in the room temperature spin-coated 

layers [11]. Annealing further increases the porphyrin-fullerene aggregation and result in 

degradation of photovoltaic performance of such devices [13]. Therefore, annealing of 

the samples was not carried out. 
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Figure 6.9  AFM image (above) and height profile (below) of  (a) ITO (bare substrate), 
(b) PEDOT:PSS layer on ITO, (c) active layer spin coated at 1000 rpm on 
ITO/PEDOT:PSS layer and  (d) active layer spin coated at 1500 rpm on 

ITO/PEDOT:PSS layer 
 

6.4 Conclusions 
 
ZnTPP:PCBM BHJ photovoltaic cells were fabricated by spin casting the active layer at 

different spin speeds to achieve different layer thicknesses. The opto-electronic 

characteristics of solar cells for different active layer thicknesses were investigated. 

Increasing the spin speed from 1000 to 1500 rpm resulted in decrease of the active layer 
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thickness from 93 to 50 nm. Apart from the decrease in active layer thickness, there was 

not a significant difference in surface roughness. Therefore, for porphyrin:fullerene 

blends spin coating can be considered a simple and fast method to achieve different film 

thicknesses of active layer without a considerable increase in roughness factor. The 

optimal thickness of active layer for best efficiency (0.24 %) was 68 nm (spin coated at 

1200 rpm). 

 

It is worth mentioning that due to ZnTPP having a low hole mobility (~10−10 cm2.V−1s−1) 

[33] in contrast to PCBM with a relatively higher electron mobility (~10−3 cm2.V−1s−1) 

[34, 35], there exists a mobilities mismatch among the two materials constituting the bulk 

layer. Ideal situation for better efficiency would be that the donor and acceptor materials 

have high mobilities, values of which are close to each other. Soluble derivatives of 

porphyrins and fullerenes with higher mobilites are best suited for applications such as 

bulk heterojunction solar cells. 
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7 Investigation of temperature-dependent electrical 
properties of p-VOPcPhO/n-Si heterojuntion under dark 

conditions 
 
 
In this chapter the electrical properties of a fabricated organic/inorganic (hybrid) 

heterojunction, p-VOPcPhO/n-Si are examined. Temperature-dependent dark current-

voltage (I-V) characteristics of the heterojunction were determined. Different charge 

conduction regimes of the heterojunction were identified. Various heterojunction 

parameters at room temperature such as series and shunt resistances, diode ideality 

factor n and mobility μ were evaluated from the I-V curves. The effective barrier height 

ФB was estimated from ‘reverse saturation current density-temperature’ curve. Effect of 

temperature, on various heterojunction parameters was recorded under dark conditions 

and in temperature ranging from 300-363 K.  

 
7.1 Introduction 
 
In recent years, use of metallo-phthalocyanines (MPcs) in fabrication of 

organic/inorganic heterojunctions has received increasing attention. Heterojunctions of 

crystalline MPcs with inorganic semiconductors exhibit rectification behavior, which is 

of great importance for application fields such as solar cells, sensors, electronics and 

opto-electronics. Fan and Faulkner [1] reported the rectifying behavior of the Schottky 

cells fabricated using metal-free phthalocyanine (H2Pc) and Zinc phthalocyanine (ZnPc) 

films, with Aluminium (Al), Gold (Au) and Indium (In) electrodes. The Al/H2Pc/Au 

device showed low rectification ratio (RR) of 10 at ±1.1 V, whereas In/H2Pc/Au and 

Al/ZnPc/Au devices showed RR of approximately 200 and 500, respectively, at ±1 V. 

MPcs are thermally stable and can thermally be evaporated as thin films without 

decomposition. Basic electrical properties of MPcs depend on many factors, including 

temperature, film thickness, and the nature of interface.  

 

The conductivity types observed in such heterojunctions are space charge limited current 

(SCLC) conductivity, Schottky and Poole-Frenkel field lowering effects, hopping, 
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tunneling and diode type conductivities. In lead phthalocyanine films ohmic as well as 

SCLC conductivities have already been reported, particularly where both contacts are 

gold (Au) ohmic contacts [2]. 

 

The performance of organic semiconductors is highly influenced by temperature [3-5]. 

Parameters like reverse saturation current Io ideality factor n shunt resistance Rsh and 

series resistance Rs control the effect of temperature on performance of heterojunction 

devices like organic diodes, organic field effect transistors (OFET’s) and particularly 

photovoltaic cells which are usually exposed to varying temperatures from 283-323 K. In 

order to predict the performances of such devices at various temperatures, it is important 

to study their temperature-dependent electrical properties. Wide range temperature 

variation has established to be a useful method in acquiring conceptual knowledge of 

charge transport mechanism of organic electronic devices. 

 

Charge transport properties Al/p-ZnPc/n-Si heterojunction were studied by Hussain et al. 

[4]. With the increase in device temperature, the value of diode ideality factor increased 

up to 323 K beyond which contrary trend was reported. Furthermore, with the increase in 

temperature, the series resistance and barrier height of the device were found to decrease 

and increase, respectively Apart from organic semiconductors, temperature effects are 

also being studied on devices fabricated from inorganic compound semiconductors. 

Darwish et al. [3] studied the temperature-dependent current density-voltage (J-V) 

characteristics of n-ZnSe/p-Si heterojunction cell from 295-388 K under dark as well as 

under a constant illumination (50 mW/cm2). The series resistance RS and open circuit 

voltage VOC decreased as the temperature increased. Short circuit current density Jsc and 

efficiency η of the photovoltaic cell were reported to increase with increase in 

temperature.  

 

Among various metallo-phthalocyanines, vanadyl tetraphenoxy phthalocyanine 

(VOPcPhO) has received considerably less attention. Therefore, some study about the 

relatively less-investigated VOPcPhO polycrystalline film is worthwhile. This chapter 
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presents the results of investigation of electrical parameters of p-VOPcPhO/n-Si 

heterojunction under dark conditions and in the temperature range of 300-363 K.  

 
7.2 Materials 
 
7.2.1 Inorganic semiconductor (substrate) 
The substrate used for the fabrication of the organic/inorganic heterojunction was n-type 

Si single crystal prepared by the liquid encapsulating Czochralaski technique, with <100> 

orientation, 250 μm thickness and resistivity 1-5 Ω.cm. 

 

7.2.2 Organic Semiconductor 
Commercially produced Vanadyl 2,9,16,23-tetraphenoxy-29H,31H-phthalocyanine 

(VOPcPhO) with molecular formula (C56H32N8O5V), 98 % pure, formula weight = 

947.85, purchased from Sigma Aldrich, p-type organic semiconductor [6-8] was used, 

without any further treatment. The molecular structure of VOPcPhO is given in figure 

7.1.  

 
Figure 7.1   Molecular structures of Vanadyl 2,9,16,23-tetraphenoxy-29H,31H-

phthalocyanine 
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7.3 Experimental 
 
To remove surface oxide wet chemical etching of n-Si was done with HF/NH4F/H2O 

(2:7:1) composition for 90 s [3]. After etching, the wafer was washed with pure alcohol 

and distilled water for 2 min in an ultrasonic bath and dried in N2 gas. The wafer was 

then loaded into Edward 306 vacuum evaporator with an online FTM5 crystal thickness 

monitor. High purity Au contact of thickness 200 nm was deposited through shadow 

mask on rear side of the Si substrate from a molybdenum (Mo) boat as a bottom electrode 

In order to fabricate the heterojunction a thin film of p-VOPcPhO was thermally 

evaporated on the front side of the Si substrate under high vacuum. Finally, 200 nm thick 

top electrode of Au was deposited on the VOPcPhO film through a shadow mask. 

Effective device area was 1×1 cm2. All films were deposited at a vacuum better than 

5×10-5 mbar and the evaporation rate was maintained at 0.2-0.3 nm/s. The fabricated p-

VOPcPhO/n-Si heterojunction was annealed in air at 400 K for 1 h. 

 
7.4 Characterization 
 
 Temperature-dependent I–V readings of the fabricated structure of Au/p-VOPcPhO/n-

Si/Au were taken in dark conditions and in the temperature range of 300-363 (±0.5) K.  

Current voltage readings were recorded through a Keithley-196 DMM unit. Temperature 

was controlled through a Lakeshore 331 temperature controller. The cross sectional view 

of the fabricated Au/p-VOPcPhO/n-Si/Au heterojunction is shown in figure 7.2. 
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Figure 7.2   Cross sectional view Au/p-VOPcPhO/n-Si/Au heterojunction 

 
7.5 Results and discussion 
 
7.5.1 Temperature dependent dark current-voltage characteristics 
Temperature dependent dark I−V characteristics of the Au/p-VOPcPhO/n-Si/Au 

heterojunction, for forward and reverse bias, are given in figure 7.3. It is apparent that the 

I-V characteristics are nonlinear, asymmetrical, and rectifying in nature. Rectification 

ratio RR, as ratio of forward to reverse bias current was 405 at ±1 V at room temperature 

(300 K). Exponential dependency of current at lower voltages is due to creation of 

depletion region at the VOPcPhO/Si interface [9].  
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Figure 7.3   Temperature-dependent dark current-voltage characteristics of the Au/p-

VOPcPhO/n-Si/Au heterojunction 
 
7.5.2 Differential resistance  
Shunt resistance Rsh and series resistance Rs are important parameters for cell 

performance. Junction resistance e.g. rate of change of voltage w.r.t current when plotted 

as a function of voltage as shown in figure 7.4, helped to determine series resistance Rs ≈ 

1.4 kΩ (as minima of curve) and shunt resistance Rsh ≈ 100 kΩ  (as maxima of curve) of 

the curve. Low series resistance reflects low resistivity of VOPcPhO thin film.    
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Figure 7.4   Dependence of junction resistance on voltage at room temperature 

 
7.5.3 Reverse saturation current and diode ideality factor 
At low voltages (V ≤ 0.6 Volts) the current varies exponentially with voltage and can be 

fitted to Shockley equation [9]: 
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From Eq. 7.1, the following equation can be easily derived: 

 
nKT
qVII o += lnln  (7.2) 

where q is electron charge, Io is reverse saturation current, n is diode ideality factor, k = 

1.38 × 10-23 JK-1 is Boltzmann constant and T is absolute temperature.  

 
From Eq. 7.2, it is evident that from the y-intercept and slope (at V ≤ 0.6 Volts) of the 

semi-log I-V plot, as shown in figure 7.5, we can extract the reverse saturation current 
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and ideality factor, respectively. Ideality factor and reverse saturation current were found 

to be 3.2 ± 0.05 and 60 nA, respectively at room temperature. 

 
Figure 7.5   Dark current-voltage characteristics plotted as semi-log at room 

temperature 
 
7.5.4 Conduction mechanisms 
According to figure 7.6, at lower voltages (V < 0.2 Volts), current is directly proportional 

to voltage showing ohmic conduction due to thermally generated carriers. The current 

density J in ohmic region is expressed as [10-14]: 

 
d
VJ ohmic

σ
=  (7.3) 

where σ is the electrical conductivity, d is thickness of the film, and V is the applied 

voltage. 

 
At higher voltages (V  > 0.2 Volts) the current depends on the applied voltage according 

to the power law J ∝ V m where m ≥ 2, typical of a space charge limited current (SCLC) 
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conduction mechanism. The forward bias refers to hole injection of anode into the highest 

occupied molecular orbit (HOMO) of VOPcPhO and reverse bias refers to the electron 

injection of cathode into the conduction band of Si.  

 

The Au electrode forms a relatively low barrier (ohmic contact) with phthalocyanines 

[15], therefore at low voltages, the overall behavior becomes ohmic due to low density of 

injected holes. With the increase in voltage, the injected hole density increases and 

ultimately surmounts the transport capacity of VOPcPhO, hence positive space charge 

accumulates near the anode. The field due this space charge dominates over the applied 

field and is responsible for limiting the current and giving rise to space-charge limited 

current (SCLC) conduction. SCLC takes place when extra injected carriers have a transit 

time which is less than the bulk relaxation time [16], in other words the injection rate of 

excess charges exceeds the rate at which the charges are being swept to the collecting 

electrodes due to low mobility [17]. 

 
Figure 7.6   Dark current-voltage characteristics plotted on double-log at room 

temperature 
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In general variation of current with voltage can be described as: 

 mVI ∝  (7.4) 
From Eq. 7.4, the following equation can be easily derived: 

 VmI loglog ∝  (7.5) 
 
From Eq. 7.5, it is evident that from the slope of the double-log I-V plot, LogI vs LogV, 

as shown in figure 7.6, ohmic and SCLC regions can be identified. In region-I, slope of 

the curve is approximately unity indicating ohmic conduction due to thermally generated 

charge carriers whereas region-II with slope approximately 2 (quadratic dependence of 

the current on voltage) indicates trap free space-charge limited current (TFSCLC) 

conduction [17]. Due to low mobility of organic semiconductors the excess charges are 

not swept to the collecting electrodes with the same rate at which they are injected. 

Therefore it is important to realize that slope of approximately 2 does not necessarily 

justify the absence of traps in the material. Under these conditions, the space charge 

limited current (TFSCLC) flows, as given by [16]: 

 
3

2

8
9

d
VJ S

TFSCLC
με

=  (7.6) 

where µ is mobility, εS (= ε0εR ) is the static relative dielectric constant of organic films. 

Free space dielectric constant ε0 = 8.854 × 10-12  Fm-1 and εR ≈ 3.6 for phthalocyanines 

[18], this value is in agreement to εS  = 3.19 × 10-11 Fm-1 for CuPc [19], d is thickness of 

VOPcPhO film e.g. d = 200 nm. 

  

It is thought that the trap states, as a result of various lattice imperfections and impurity 

sites that might have been created in the organic thin film during thermally evaporation 

[11]. Region-III with slope above 2 indicates SCLC conduction mode dominated by the 

traps distributed exponentially with energy within the band gap of the VOPcPhO.  

 

For this region current density can be given by Child’s law [12, 20]: 

 
3

2

8
9

d
V

J Sθμε
=  (7.7) 
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Where θ represents the trapping factor describe as the the ratio of free hole/electron 

carrier density No to the total carrier density No+ NT, where NT is trapped charge density. 

Trap factor is given as: 

 

TO

O

NN
N
+

=θ  
 
(7.8) 

 
Using Eq. 7.6, in region-II of figure 7.6, mobility of 200 nm VOPcPhO film was 

estimated as µ ≈ 15.5 ×10-3 cm2V-1s-1. Room temperature conductivity σ in linear part of 

I-V curve may be determined using: 

 
V
Jd

=σ  (7.9) 

where V is the applied voltage, d is film thickness and J is current density. Using Eq. 7.9, 

the room temperature conductivity of VOPcPhO film was estimated as σ ≈ 1.27 ×10-8 Ω-

1cm-1.  

 
Thermally generated holes concentration at room temperature of can be evaluated using: 

 
μ

σ
q

NO =  (7.10) 

where N0 is the thermally generated holes concentration in the valence band as the 

vanadyl phthalocyanine is categorized as p-type organic semiconductor [6-8].Using Eq. 

7.10, the concentration of charge carriers in VOPcPhO film was estimated as No ≈ 5 ×1012 

cm-3. 

7.5.5 Cheung and Cheung method 
The value of barrier height ΦB, ideality factor n and series resistance RS can also be 

calculated by Cheung and Cheung method [21]. According to this method, the I-V 

characteristics of a Schottky diode in forward bias and taking into account the series 

resistance can be expressed as: 
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(7.11) 

Where IS is the reverse saturation current and is part of the reverse current in a diode 

caused by diffusion of minority carriers from the neutral regions to the depletion region. 

This current is almost independent of the reverse voltage. 

From Eq. 7.11, we can easily derive the following two equations: 
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SIR
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(7.12) 
 

(7.13) 
where H(I) is defined as [21] : 

 
)ln()( 2AT

I
q

nkTVIH −=  (7.14) 

 
Figure 7.7   Dark current-voltage characteristics at room temperature plotted according 

to Eq. 7.12 and Eq. 7.13. 
 
From Eq. 7.12, it is evident that nkT/q is the y-intercept of the dV/dlnI plot in figure 7.7, 

from which diode ideality factor was extracted as n ≈ 3.42 ± 0.05 and also the value of 

series resistance was determined as Rs ≈ 1.4 kΩ  (slope of the curve) at room temperature 

(300 K). The value of Rs is in agreement with the one obtained from figure 7.4 while a 

small difference in n as compared to the one from figure 7.5 is due to effect of series 

resistance. Similarly, from y-intercept and slope of H(I) plot in figure 7.7, ΦB and RS were 

extracted as 0.78 eV and 1.39 kΩ, respectively. 
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7.5.6 The barrier-height 
The barrier-height was also found by plotting the reverse saturation current density Jo at 

different temperatures from 300 to 363 K. The temperature-dependence of reverse 

saturation current is expressed as [9, 22, 23]: 

 
kT

O

B

eTAJ
Φ−

= 2*  
 
(7.15) 

where A* is the Richardson constant, equal to 110 A-cm-2K-2 for n-Si [24, 25], ФB is the 

barrier height of the predominant carriers while other symbols have their usual meaning. 

 
From Eq. 7.15, we can easily derive: 
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(7.16) 

 
To determine the barrier height, a graph showing dependence of reverse saturation 

current density on temperature, ln(Jo/T2) vs. 1000/T  was plotted as shown in figure 7.8. 

This graph gives a straight line indicating a linear relationship that justifies that 

conduction mechanism is dominated by thermionic emission in the applied voltage range 

of V ≤ 0.2. 

 
Figure 7.8   Dependence of reverse saturation current density on temperature 
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The effective barrier height ФB = 0.77 ± 0.03 eV was determined from the slope of the 

plot in figure 7.8. From the y-intercept Richardson constant was evaluated as A* = 2 ×105 

A-m-2K-2 that is in accordance with the values published for phthalocyanine films [18, 

19].  

 

7.5.7 Effective capacitance 
Using the following equation : 

 
d
AC ROεε=  (7.17) 

where εR = 3.6 (for phthalocyanines), εO (= 8.854 × 10-12 Fm-1) is free space dielectric 

constant, A (= 1×10-4 m2) is effective area of device and d (= 200 nm) is thickness of film.  

 

The capacitance of VOPcPhO film was found to be C=16 nF. The capacitance due to n-Si 

(d = 250 µm) is low as compared to VOPcPhO film, so it can be approximated that the 

effective inter electrode capacitance Ceff of the cell is 16 nF. 

 

7.5.8 Effect of temperature on various heterojunction parameters 
From temperature dependent dark I-V characteristics decrease in series and shunt 

resistances was observed. Decrease in series resistance is favorable for the cell 

performance but not the shunt resistance. This decrease in both the resistances is not 

linear, instead it saturates at higher temperatures. With increase in temperature, 

rectification ratio RR and ideality factor n show drooping characteristics from 405 to 270 

and 3.2 to 1.9, respectively, in the temperature range of 300-363 K. Charge carrier 

recombination results in decrease of ideality factor. However a sharp rise in reverse 

saturation current Io was observed. Effect of temperature on all these parameters is 

reflected in figure 7.9. 
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Figure 7.9 Dependence of various heterojunction parameters on temperature 

 
7.5.9 Comparison of heterojunctions fabricated with different materials 
Comparison of electrical properties of various heterojunctions at room temperature is 

given in Table 7.1. Properties of heterojunctions fabricated from non-phthalocyanine 

organic semiconductor (Oxazine) and compound inorganic semiconductors (ZnSe and 

GaAs) are also shown. Among these phthalocyanines, Nickel phthalocyanine (NiPc) has 

highest mobility and rectification ratio, approximately 10 times better than those of 

vanadyl phthalocyanine. 
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Table 7.1 Comparison of electrical properties of various heterojunctions at room 

temperature (300 K) 
Heterojunction RR 

(at ±1V) 
Rs 

(kΩ) 
Rsh 

(MΩ) 
Io 

(nA) 
n Φb 

(eV) 
N 

(cm-3) 
μ 

(cm2/Vs) 
Ref. 

p-NiPc/n-Si  4688 1.33 4.12 20 1.68 0.55 3.95×1017 0.1 [26] 

p-CoPc/p-Si 1000 2.46 1.7 1.98 1.95 0.5 1.8×1015 b [24] 

p-Oxazine/n-Si 850 0.027 35.1 285 3.33 0.767 1.7×1015 b [5] 

n-ZnSe/p-Si 600 a 0.037 4.1 0.85 3.8 0.87 3.3×1016 630 [3] 

p-SnPc/p-GaAs 58.6 4.3 0.3 67 1.54 b 1.4×1014 1×10-4 [27] 

p-VOPcPhO/n-Si 405 1.4 0.1 60 3.42 0.77    5×1012 15.5×10-3 Present 
work 

a  At ± 4 V  
b Not mentioned 

 
 
7.6 Conclusions 
 
It was observed that temperature influenced the charge transport properties of Au/p-

VOPcPhO/n-Si/Au heterojunction. Low series resistance indicates low resistivity of 

VOPcPhO thin films. Space charge limiting current (SCLC) at higher voltages indicates 

the existence of lattice defects and impurity sites set up maybe at some stage during 

deposition of VOPcPhO thin film. VOPcPhO thin film showed fairly high mobility as 

15.5 × 10-3 cm 2V-1s-1. The effective barrier height ФB and the effective inter electrode 

capacitance Ceff  of the cell were evaluated as 0.77 eV and 16 nF, respectively. Effect of 

temperature, on various cell parameters was recorded in temperatures range of 300-363 

K.  
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8 Investigation of temperature-dependent electrical and 

optical properties of Tc-CuPc:PCBM bulk heterojunction 
(BHJ) 

 
In this chapter electrical and optical properties of an organic bulk heterojunction BHJ 

that was fabricated using a blended film containing Copper (II) tetrakis (4-

cumylphenoxy) phthalocyanine (Tc-CuPc) along with [6,6]-Phenyl C61 butyric acid 

methyl ester (PCBM) are examined. Mass ratio between Tc-CuPc and PCBM was 1:1. 

Current-voltage (I-V) characteristics were recorded under AM 1.5G (100 mW.cm−2) and 

monochromatic illumination at 615 nm. Dark current-voltage (I-V) characteristics were 

also measured at various temperatures. Different charge conduction regimes of the 

heterojunction were also identified. Various heterojunction quantities such as ideality 

factor, shunt resistance, series resistance, effective barrier height, and mobility at room 

temperature were extracted from I-V curves. The effective barrier height ФB was 

estimated from ‘reverse saturation current density-temperature’ curve. Various opto-

electrical quantities such as fill factor FF, short circuit current ISC, power conversion 

efficiency η and open circuit voltage VOC were determine under monochromatic 615 nm 

(1 mW/cm2) and AM 1.5G (100 mW/cm2) illumination. Temperature effect towards 

different BHJ electrical parameters was observed under dark condition.  

 
8.1 Introduction 
 
In recent years, organic materials have become progressively important due to their 

diverse applications. Metallo-phthalocyanines (MPcs) have achieved substantial 

consideration because they have been incorporated with success in numerous application 

fields e.g. sensors [1], photovoltaic cells [2-4] and organic light-emitting diodes [5]. Thin 

films of phthalocyanines are chemically and thermally durable and are prepared by 

vacuum thermal evaporation [4, 6, 7]. In contrast to relatively expensive technique i.e. 

vacuum evaporation, wet processing such as spin coating and drop casting have been 

established as low-cost, low-temperature and swift methods of obtaining organic thin 

films from solutions. Due to limited solubility in some well-known organic solvents, 

some low molecular weight semiconductors e.g. metallo-phthalocyanines are unsuitable 
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for wet processing. Therefore, their heterojunctions have generally been fabricated with 

layered [8] structures by vacuum evaporation. 

 
A straightforward and still an advantageous practice is the solution-processed bulk 

heterojunction (BHJ). In BHJ i.e. blended device, p- and n-type organic semiconductors 

are dissolved in the same organic solvent and spin-coated as a single organic blended 

layer. This supports better charge transport. Hence, the main yield of the BHJ over the 

conventional (two layer) heterojunction is the tremendous increase of the interfacial area 

between p- and n-type moieties throughout the bulk volume of the film. To examine the 

electrical and charge transport properties of metallo-phthalocyanines, their corresponding 

soluble derivatives can readily be incorporated in active layers of bulk heterojunctions.  

 

Thickness of film, quality of interface and temperature are some factors that influence the 

fundamental electrical traits of such semiconductors. Electrical behavior of organic 

semiconductor heterojunctions is greatly influenced by temperature [9-11]. Temperature-

dependent parameters e.g ideality factor n, leakage current I0, series resistance Rs and 

shunt resistance Rsh greatly influence heterojunction device performance, especially in 

photovoltaic devices that generally are installed in varying temperature ranges of 283-323 

K. Study of electrical properties as function of temperature for these devices is vital to 

predict their performances at higher temperatures. For organic electronic devices, wide 

range temperature variation has been justified as an advantageous method for establishing 

deep concept of charge transport. 

 

In this study, the electrical and optical properties of simple BHJ fabricated with a soluble 

phthalocyanine derivative Copper(II) tetrakis (4-cumylphenoxy) phthalocyanine (Tc-

CuPc) and a C60 derivative [6,6]-Phenyl C61 butyric acid methyl ester (PCBM) as a single 

organic active layer. Tc-CuPc is p-type semiconductor [3], and PCBM with high electron 

affinity was used as an n-type. Figure 8.1 shows the molecular structure of both the 

semiconductors. 
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Figure 8.1  Molecular structure of (a) Tc-CuPc and (b) PCBM 
 
 
8.2 Experimental 
 
8.2.1 Materials 
The organic materials used in the fabrication of photovoltaic cells are Copper (II) tetrakis 

(4-cumylphenoxy) phthalocyanine (Tc-CuPc) (Sigma-Aldrich), [6,6]-Phenyl C61 butyric 

acid methyl ester (PCBM) (Nano C) and Poly(3,4-ethylenedioxythiophene):poly 

(styrenesulfonate) (PEDOT:PSS) complex (Bayer Corporation). 

 
8.2.2 Preparation of blended solution 
The blended solution was prepared by dissolving Tc-CuPc (10 mg) and PCBM (10 mg) 

in ortho-dichlorobenzene (1 ml) for a D:A ratio of 1:1 and concentration of 2 % wt./vol.. 

After the preparation, the solution was kept stirring for 12 h with the help of a magnetic 

stirrer. 

 
8.2.3 Device preparation 
The solar cell in this study was fabricated in the following sequence: 

  

Few drops of PEDOT:PSS through 0.45 micron nylon syringe filter, were dispensed on 

the surface of the ITO substrate and spin-coated at 1400 rpm for 78 s. After this, a small 

width of PEDOT on the edge of the substrate was wiped off in order to expose the ITO 

for electrical connections. The substrate was then allowed to dry on a hot plate (373 K) 
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for 10 minutes under atmospheric conditions After drying, optical reflection and 

transmission measurements for the PEDOT:PSS layer were carried out with a thin film 

spectrometer system, Filmetrics F20-UV. The blended solution was then were dispensed 

on the PEDOT:PSS layer and spin-casted at 1200 rpm for 60 s. After allowing 15-20 min 

of drying, optical reflection and transmission measurements were again carried out. 

Afterwards the sample was shifted in Ladd Inc.30000 vacuum thermal evaporator with a 

TM-100 online thickness monitor from Maxtek Inc. A 70 nm thick Al electrode was 

thermally evaporated onto the blended layer through shadow mask under a vacuum better 

than 10-6 Torr. The evaporation rate of Al was maintained at 15–20 Å/s. The active 

region of the photovoltaic cell was 12 mm2. Figure 8.2 shows the schematic diagram of 

the fabricated Tc-CuPc:PCBM BHJ.  

 
 

Figure 8.2  Schematic diagram of fabricated Tc-CuPc:PCBM BHJ 
 

8.2.4 Characterization 
Current-voltage (I–V) readings were acquired by Keithley 236 measurement system. 

Characterization of the fabricated Tc-CuPc:PCBM bulk heterojunction was done on basis 

of dark I–V curves recorded in temperature range of 296-363 K. Temperature gradient 

was maintained at 3-4 minutes/K.  
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The active layer thickness of the photovoltaic cell was determined from surface scanning 

by Dektak 150 surface profilometer. After PEDOT:PSS deposition, a thin line of the film 

was scratched off from the ITO substrate to create a small well. In order to determine the 

depth of the well, a horizontal length of 1 mm across this well was scanned at a lateral 

resolution of 1 μm with the help of the profilometer. Likewise after active layer 

deposition, the combined depth of PEDOT:PSS and active layer was also determined. 

The difference in both the depths gave the active layer thickness, which was 70 nm. 

Figure 8.3 shows the results of the profilometer surface scan of the PEDOT :PSS film 

spin-casted at 1400 rpm and the blended film spin-casted at 1200 rpm onto the 

PEDOT :PSS layer.  

 

 
 
Figure 8.3  Depth profile of (a) PEDOT :PSS and (b) PEDOT :PSS and Tc-CuPc :PCBM 

layers on an ITO substrate . The total scanned length across the well was 1 mm with a 
lateral step resolution of 1μm.  Differences in depths from (b) and (a) determines the 

active layer thickness. 
 

 
8.3 Results and discussions 
 
8.3.1 Optical densities 
The optical density (OD) curves of Tc-CuPc, PCBM and blended layer of Tc-CuPc and 

PCBM were extracted from their respective reflection (R) and transmission (T) data using 

the relation OD= −log[T(1-R)−1] [12]. The optical densities of Tc-CuPc, PCBM, and Tc-

CuPc:PCBM (active layer) are shown in figure 8.4, PCBM has an absorption spectrum 
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like C60 with a large and a smaller peak at 330 and 380 nm, respectively [13]. The 

absorption spectrum of Tc-CuPc consists of a π–π* electronic transitions to the second 

excited state (S0→S2) at about 343 nm (the Soret or B band) and another π–π* transitions 

to the first excited state (S0→Sl) at about 614 nm (the Q band). Upon blending Tc-CuPc 

and PCBM, no new complex was formed which is evident from the fact that the 

individual spectra just add up graphically.  

 
 

Figure 8.4  Optical densities of Tc-CuPca, PCBMa, Tc-CuPc:PCBMa (active layer). 
aspin-coated in ortho-dichlorobenzene 

 
8.3.2 J(V) Characteristics under illumination 
 
8.3.2.1 Under AM 1.5G simulated solar spectrum 
For the measurement of the current-voltage characteristics under AM 1.5G simulated 

solar spectrum, a calibrated AM 1.5G filter (Oriel Instruments) was placed in front of the 

300-W Xenon arc lamp to produce a simulated solar spectrum. The intensity of AM 1.5G 

solar spectrum was set to 100 mW/cm2 (1 sun). 
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Applied voltage was swept from -1.5 to 1.5 Volts in steps of 0.1 Volts by a Keithley 236 

source and measure unit. The corresponding device currents were recorded. In order to 

get more accurate values, the voltage was again swept from -0.1 V to just above the open 

circuit value in steps of 0.01 Volts. The current was then plotted against the 

corresponding applied voltage as given in figure 8.5. The BHJ solar cell was illuminated 

from the ITO side, and the area under illumination was 0.12 cm2. The I(V) characteristics 

of the solar cell under a simulated solar spectrum of AM  1.5G (1 Sun) are given in figure 

8.5. The short-circuit current, open-circuit voltage, fill factor and power conversion 

efficiency are denoted as ISC, VOC, FF and η, respectively. 
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Figure 8.5  I(V) characteristics of Tc-CuPc:PCBM (1:1), (2 % wt./vol.),  bulk 
heterojunction solar cell under an illumination of AM 1.5 G (1 Sun).  

 

8.3.2.2 Under a monochromatic illumination at 615 nm 

For recording the current-voltage I(V) curves under 615 nm monochromatic illumination, 

a CVI CM100 monochromator was used with a 300-W Xenon arc lamp as the light 

source. Wavelength of 615 nm was selected for the monochromatic light source because 
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the short circuit photocurrent spectra maximum was at 615 nm. The intensity of the 

monochromatic light at 615 nm was 1 mW/cm2. Applied voltage was swept from -1.5 to 

1.5 Volts in steps of 0.1 Volts by a Keithley 236 source and measure unit. The 

corresponding device currents were recorded. In order to get more accurate values of VOC, 

ISC, FF, VM, IM and PM at 615 nm, the voltage was again swept from  -0.1 V to just above 

the open circuit value in steps of 0.01 Volts. The current was then plotted as a function of 

applied voltage as shown figure 8.6. 
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Figure 8.6  I(V) characteristics of Tc-CuPc:PCBM (1:1), (2 % wt./vol.), BHJ solar cell 
under a monochromatic illumination at 615 nm (1 mW/cm2). 

 
 
8.3.3 Measured solar cell parameters 
Values of VOC, ISC, FF, and η for the Tc-CuPc:PCBM BHJ solar cell under an 

illumination of AM 1.5G as well under a monochromatic illumination at 615 nm are 

given in Table 8.1. 
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Table 8.1. Measured parameters of ITO/PEDOT:PSS/Tc-CuPc:PCBM /Al bulk 

heterojunction solar cell under a simulated solar spectrum of AM 1.5G (left) and a 
monochromatic illumination at 615 nm (right) . 

At AM  1.5G (100 mW/cm2) 
 

At  615 nm (1 mW/cm2) 
 

VOC 
(V) 

ISC 
(μA) 

FF 
 

η 
(%) 

VOC 
(V) 

ISC 
(μA) 

FF 
 

η 
(%) 

0.313 2.95 0.18 0.0015 0.10 0.15 0.26 0.0072 

 
8.3.4 Energy levels 
The energy level diagram of the Tc-CuPc:PCBM BHJ photovoltaic cell relative to the 

vacuum level is shown in figure. 8.7. The lowest unoccupied molecular orbital (LUMO) 

and highest occupied molecular orbital (HOMO) levels of Tc-CuPc are −3.5 and −5.2 eV, 

respectively. The LUMO and HOMO energy levels of PCBM are −3.7 and −6.1 eV, 

respectively [14]. The energy difference between the LUMO of PCBM and HOMO of 

Tc-CuPc is 1.5 eV. Since the maximum value of the VOC is determined by the energy 

difference between the acceptor LUMO and donor HOMO, high VOC was expected from 

Tc-CuPc:PCBM based solar cell. The low power conversion efficiency and open circuit 

voltage of the cell is attributed to the fact that, the energy offset between the LUMOs of 

Tc-CuPc and PCBM is 0.2 eV, which is below 0.3eV i.e. the minimum energy required 

for exciton splitting and charge separation [15, 16]. Existence of a small photocurrent 

means that a very small fraction of excitons may have been split into separate charges by 

other means. The work function of Al, PEDOT:PSS and ITO are −4.3, −5.2 and -4.7 eV, 

respectively.  

 
 



Chapter 8  Investigation of temperature-dependent electrical and optical properties of  
                 Tc-CuPc:PCBM bulk heterojunction (BHJ) 

 188

 
 

Figure 8.7  Energy level diagram of ITO/PEDOT:PSS/Tc-CuPc:PCBM/Al BHJ solar 
cell. 

 
 
8.3.5 Dark current-voltage-temperature (I-V-T) characteristics 
Dark current-voltage-temperature (I-V-T) curves both in forward and reverse bias for the 

Tc-CuPc:PCBM bulk heterojunction are given in figure 8.8. Apparently the I-V curves 

are asymmetrical, nonlinear and exhibiting rectifying behavior. At room temperature (296 

K), rectification ratio (RR) i.e. ratio of current in forward bias to the current in reverse 

bias, at ±1 V was determined to be 14.7.  
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Figure 8.8  Dark I-V-T curves of the ITO/PEDOT:PSS/Tc-CuPc:PCBM/Al BHJ 
 
8.3.6 Differential resistance as a function of voltage and temperature 
Apart from other parameters, shape of I-V curves of a heterojunction is also dependent on 

basic electrical parameters such as shunt resistance, Rsh, and series resistance, Rs. Figure 

8.9 shows dependence of differential resistance on applied voltage and device 

temperatures in the range of 296-363 K. From room temperature curve, series resistance 

(as minimum of curve) and shunt resistance (as maximum of curve) were determine as 

526 Ω  and 482 kΩ, respectively.   
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Figure 8.9  Dependence of differential resistance on voltage and temperature 
 

8.3.7 Reverse saturation current and diode ideality factor 
Exponentially variation of current at small voltages e.g. V ≤ 0.1 Volts, is according to 

Shockley’s relation [11, 17]: 
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eII  
 
(8.1) 

The above equation leads to the following equation: 

 
nkT
qV

II += 0lnln   
(8.2) 

where q is charge of electron, k is Boltzmann’s constant, I0 is reverse saturation current,  

n is diode quality factor and T is absolute temperature.  
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Ideality factor and reverse saturation current found from y-intercept and slope of the 

room temperature semi-log I-V curve of figure 8.10, were 3.7 and 112 nA, respectively.  
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Figure 8.10  Semi-log of room temperature dark I-V curves. 

 
8.3.8 Conduction mechanisms 
Linear relation between current and voltage i.e Ohmic conduction attributed to carriers 

generated thermally, is observed at low voltages e.g. V < 0.1 Volts as shown in figure 

8.11. Current density J for this region is expressed as [6, 18]: 

 
 

d
VJ ohmic

σ
=   

(8.3) 

where d is thickness of film, V is the applied voltage and σ is the electrical conductivity. 

 

Current dependence on higher voltages e.g. V > 0.1 Volts is of the J ∝ V m form where m 

≥ 2 (power law), indicating a space-charge limited current (SCLC) conduction. Hole 
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injection by PEDOT:PSS into the HOMO of Tc-CuPc besides electron injection by Al 

into the LUMO of PCBM  represents forward bias. 

 

Number of holes generated thermally at low voltages is small and the hole density is 

inadequate that the overall behavior emerges as ohmic. With the rise in voltage, density 

of injected holes rises, this dominates the blended layer’s charge carrier transport 

capacity, and consequently a space of positive charge aggregates near the anode. Current 

is limited when applied electric field is dominated by the field due to space charge, this 

gives rise to space-charge limiting current (SCLC) conduction mechanism. Bulk 

relaxation time exceeding the transit time of any excess injected carrier gives rise to 

SCLC [19], in other words if the mobility of bulk layer is not high enough such that rate 

at which the extra injected charges are moved to the collecting electrode is not on a par 

with the rate at which they are being injected [6]. 
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Figure 8.11  Double-log of room temperature dark I-V curves. 
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Current generally varies with voltage according to the following relation: 

 mVI ∝  (8.4) 

Taking log on both sides of Eq. 8.4 results in the following expression: 

 VmI loglog ∝  (8.5) 

 
It is obvious from Eq. 8.5, that ohmic and SCLC regions can be differentiated on basis of 

the slope of the double log I-V curve shown in figure 8.11. In region-I, the slope of  curve 

is approximately unity, which reflects ohmic conduction as a result of charge carriers 

generated thermally whereas slope of 2 in region-II i.e. power law variation of current 

with voltage, reflects trap-free space-charge limited current (TFSCLC) conduction [6]. 

Remember absence of traps in the materials should not be necessarily inferred from a 

slope of 2. Due to low mobility of organic semiconductors the excess charges are not 

swept to the collecting electrodes with the same rate at which they are injected. Therefore 

it is important to realize that slope of approximately 2 does not necessarily justify the 

absence of traps in the material. Under these conditions, the space charge limited current 

(TFSCLC) flows, as given by [6, 19, 20]: 

 
3

2

8

9

d

V
J S

TFSCLC
με

=  
 
(8.6) 

where d is film thickness of blended layer i.e. 70 nm, µ is mobility and εS is the static 

relative dielectric constant of organic films i.e. the product of  free space and average 

relative dielectric constants. Free space dielectric constant, εO, is 8.854x10-12 F·m-1, 

whereas the average relative dielectric constant εR, for Tc-CuPc (εR ≈ 3.6) [21] and 

PCBM (εR ≈ 3.9) [8] is 3.75.  

 

Slope above 2 in region-III, indicates traps dominant SCLC conduction mechanism. 

Organic spin-coated thin films have a common trait that structural and lattice defects 

along with different impurity centers introduced during film deposition gives rise to 

charge carrier traps. Child’s law governs the variation of current density with square of 

voltage in this region, expressed as [4, 20, 22]: 
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V
J Sθμε

=  
 
(8.7) 

where NT is trapped charge carrier density, N0 is free charge carrier density and θ is the 

trap factor, given by the following expression: 

 
TNN

N
+

=
0

0θ   
(8.8) 

Mobility µ of Tc-CuPc:PCBM blended layer was estimated from figure 8.11 by applying 

Eq. 8.6 in TFSCLC region. It was approximately 2.02 × 10-7 cm2·V-1·s-1.  

 
8.3.9 The barrier-height 
Plot of reverse saturation current density J0 at various temperatures in the range 296-363 

K was used to extract barrier-height. The following relation expresses reverse saturation 

current density as a function of temperature [2, 11, 17]: 

 
kT

B

eTAJ
Φ−

= 2*
0  

 
(8.9) 

where A* is the Richardson constant, ФB is the barrier height and prevailing meanings of 

other symbols. Eq. 8.10 can easily be derived from Eq. 8.9: 
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(8.10) 

 
Figure 8.12. shows effect of variation of temperature on reverse saturation current 

density. Since in applied voltage range of V ≤ 0.1 Volts, the predominant conduction is 

by thermionic emission, the behavior is linear indicated by an approximate straight line. 
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Figure 8.12  Reverse saturation current density as a function of temperature 

 
From figure 8.12, slope of the curve was used to determined effective barrier height  ФB, 

of the heterojunction as 0.17 eV at room temperature.  

 
8.3.10  Effect of temperature on various heterojunction parameters 
With rising temperature, decrease in shunt resistance and increase in series resistances 

were observed. This change in both the resistances is not linear. With increase in 

temperature from 296 to 363 K, ideality factor n and rectification ratio RR show 

decreasing trends from 3.7 to 3.16 and 14.7 to 8.8, respectively. Charge carrier 

recombination results in decrease of ideality factor. However with increase in 

temperature, effective mobility μ and barrier height ФB exhibit increasing trend from 

2.02×10-7 to 7.5×10-7 
 
cm2·V-1·s-1 and 0.17 to 0.43 eV, respectively. Variation of different 

heterojunction parameters with temperature is shown in figures 8.13 - 8.15. 
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Figure 8.13  Temperature dependence of BHJ resistances. 
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Figure 8.15  Effective barrier height and rectification ratio variation with temperature. 

 
8.4 Conclusions 
 
ITO/PEDOT:PSS/Tc-CuPc:PCBM /Al BHJ solar cell showed low power conversion 

efficiencies of 0.0015 % and 0.0072 % under AM 1.5G and 615 nm monochromatic 

illuminations, respectively. The reason for low efficiencies and low open circuit voltages 

is attributed to the offset between the LUMOs of Tc-CuPc and PCBM being 0.2 eV, 

which is less than minimum 0.3 eV required for efficient dissociation of excitons. Change 

in temperature resulted in variation of fundamental electrical properties of Tc-

CuPc:PCBM bulk heterojunction. Low resistivity of blended film was reflected by subtle 

series resistance. Existence of structural and lattice defects along with impurity centers 

were revealed by space-charge limiting current (SCLC) at higher voltages that might 

have been accommodated during spin coating of blended layer. Tc-CuPc:PCBM blended 

layer showed a mobility of 2.02×10-7 cm2·V-1·s-1. The effective barrier height ФB, of the 
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BHJ was found to be 0.17 eV. Variation of different cell parameters with temperature 

was determined in temperatures range from 296 to 363 K. 
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Summary 
 
ZnTPP:PCBM BHJ solar cells were fabricated and characterized for their electronic and 

optical properties for different donor to acceptor D:A ratios and different active layer 

thicknesses.  In contrast to C60, PCBM proved to be better acceptor with ZnTPP donor in 

bulk heterojunction solar cell by exhibiting better VOC, JSC, FF and hence η. On the basis 

of optical parameters, both the optimum D:A ratio and optimum active layer thickness for 

ZnTPP:PCBM bulk heterojunction solar cell were identified. It was shown how easy it is 

to control or even vary the D:A ratio and active layer thickness if fabrication of the solar 

cell is based on solution processing (e.g. spin-coating) instead of dry processing (e.g. 

vacuum thermal evaporation). It was observed that on increasing the spin speed for the 

deposition of ZnTPP:PCBM blended active layer, there was no significant increase in 

surface roughness and also the average grain size of the active layer decreased. 

Therefore, for porphyrin:fullerene blends spin coating can be considered a simple and 

fast method to achieve different film thicknesses of active layer without a considerable 

increase in surface roughness.  

 

Reproduction of ZnTPP:PCBM bulk heterojunction for a donor to acceptor (D:A) ratio of 

1:9 showed remarkably same values of VOC, JSC, FF and η, hence justifying the material 

stability and device performance consistency upon reproduction. Since there was an 

agreement in thicknesses of active layers determined both from optical density and from 

surface profilometer scan, evaluation of layer thickness from optical density and 

absorption coefficient can be considered as a useful and accurate method. In addition to 

this average grain sizes obtained from the AFM surface scans using Nanoscope and 

ImageJ software were also in agreement.  

 

A hybrid p-VOPcPhO/n-Si heterojunction was also fabricated characterized. It was 

observed that it’s electrical and charge transport properties were strongly temperature-

dependent. High hole mobility demonstrated by VOPcPhO and large effective barrier 

height, ФB, of the device make p-VOPcPhO/n-Si heterojunction a potential candidate for 

investigation as a hybrid solar cell. 
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ITO/PEDOT:PSS/Tc-CuPc:PCBM/Al BHJ solar showed low power conversion 

efficiency and low open circuit voltage. Low open circuit voltages is attributed to the 

offset between the LUMOs of Tc-CuPc and PCBM being less than minimum 0.3 eV 

required for efficient dissociation of excitons. Comparing the absorption spectra of the 

individual materials with the spectra of the blended film revealed that there was no 

complex formation between the two materials. Effect of temperature on various electrical 

parameters of the bulk heterojunction in dark was also examined. Low mobility and low 

barrier height, ФB, of the BHJ were attributed to the existence of structural and lattice 

defects along with impurity centers that might have been accommodated during spin 

coating of blended layer. 
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Future Work 
 
Organic solar cells still have not yet reached high efficiencies; new donor and acceptor 

materials are still required and can be synthesized to further enhance the efficiency of 

organic solar cells. Since it is easy to tune the band gap of nano crystals to match the 

solar spectrum, such materials can be blended in the active layers of organic solar cells to 

improve their performance. Synthesis of low bandgap donor materials that match both the 

solar spectrum and the best-known acceptor PCBM can prove to be helpful in 

improvement of solar cell performances. New donor materials that have LUMO offset of 

0.4 - 0.5 eV with LUMO of PCBM acceptor can help further improve solar cell 

efficiencies. 

 

PCBM has higher mobility as compared to the mobility of ZnTPP. A further boost in 

efficiency can be possible if we use a porphyrin derivative that has a hole mobility of the 

same order as the elctron mobility of PCBM. Efficiency can further be improved by the 

introduction of a thin (5-10 nm) exciton-blocking layer (EBL) between the blended layer 

and the Al electrode such as Bathocuproine (BCP).  

 

In future, organic solar cells can be fabricated by using flexible transparent graphene 

electrode in place of rigid ITO substrate. Graphene is a single-atom thick layer of carbon. 

It is flexible, transparent, strong, and thermally stable and has attracted attention for its 

application in future organic solar cells. Graphene can help organic solar cells to attain 

commercial viability in the future. Graphene is a low cost replacement to expensive 

metals like indium and platinum.  
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