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  Abstract 
 

An in depth study of the performance of thermally interdiffused concentration gradient 

polymer photovoltaic devices is carried out with particular attention to the effect of the thickness 

and the thermal treatments on the power conversion efficiency, short circuit current, open circuit 

voltage and other key electrical properties. Bilayer films of sequentially spin-cast donor and 

acceptor materials are exposed to various heat treatments in order to induce the interdiffusion. 

The depth profiles show concentration gradients in the donor and acceptor as a result of 

interdiffusion and these devices show an order of magnitude increase in the device performance 

compared to the bilayer devices. Dual spin-cast poly (3-octylthiophene-2,5-diyl) (P3OT)- [6,6] 

phenyl C61 butyric acid methyl ester (PCBM) and poly (3-hexylthiophene-2,5-diyl) (P3HT)- 

PCBM interdiffused devices are studied in detail by varying the thickness of the donor and 

acceptor layers as well as the annealing conditions for initial polymer layer and the time and 

temperature of the interdiffusion process.  

Auger spectroscopy and X-ray photoelectron spectroscopy along with ion beam milling 

are used to investigate the concentration gradient formed as a result of the interdiffusion. The 

sulfur signal present in the P3OT and P3HT backbone is detected to identify the concentration 

profiles in the P3OT-PCBM and P3HT-PCBM devices. The interdiffusion conditions and 

thickness of the active layers have been optimized to obtain the highest power conversion 

efficiency. The best device performance of the P3OT-PCBM interdiffused devices is achieved 

when the interdiffusion is carried out at 150 °C for 20 minutes and the P3OT thickness is 
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maintained at 70 nm and the PCBM thickness at 40-50 nm. The highest efficiency achieved for 

P3OT-PCBM interdiffused devices is 1.0 % under AM1.5G solar simulated spectrum. 

In order to further increase the efficiency, P3OT is replaced by (P3HT) which has higher 

hole mobility. P3HT- PCBM based concentration gradient devices show improved device 

performance over P3OT-PCBM devices. Power conversion efficiency of the order of ~3.0 % is 

obtained for P3HT-PCBM interdiffused devices when the interdiffusion is carried out at 150°C 

for 20 minutes. For both P3OT:PCBM and P3HT:PCBM devices, the optimum performance 

occurs when the concentration gradient extends across the entire film and is correlated with an 

increase in the short circuit current density and fill factor as well as a decrease in the series 

resistance. The results demonstrate that an interdiffused bilayer fabrication approach is a novel 

and efficient approach for fabrication of polymer solar cell devices.  

In addition, porphyrin derivative 5, 10, 15, 20-Tetraphenyl-21H, 23H-porphine zinc 

(ZnTPP) is studied as a new donor material for organic solar cells. ZnTPP: PCBM blend devices 

are investigated in detail by varying the weight ratio of the donor and acceptor materials in blend 

devices. The devices with ZnTPP: PCBM in 1:9 ratios showed the best device performance and 

the efficiency of the order of 0.2% is achieved under AM1.5G solar simulated conditions.  

         Trimetallic Nitride Tempelated (TNT) endohedral fullerenes are also examined in this 

thesis as the novel acceptor materials. Bulk heterojunction or blend devices are fabricated with 

P3HT as the donor material and several TNT endohedral fullerenes as the acceptor material. 

Y3N@C80PCBH based devices which are annealed both before and after the electrode deposition 

show improvement in the device performance compared to devices that are only annealed before 

the electrode deposition. The highest power conversion efficiency achieved for TNT endohedral 



 

  iv 

fullerene devices is only 0.06%, suggesting that substantial additional work must be done to 

optimize the compatibility of the donor and acceptor as well as the device fabrication parameters. 
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Chapter 1 

Introduction 

 
The demand for energy is increasing globally. With advancements in technology and 

population increases, the demand for energy will double in the next 50 years. The main sources 

of energy presently are fossil fuels, which amounted to 70% of the energy production in the US 

in 2009. However, the combustion of fossil fuels is also primarily responsible for increased 

carbon dioxide concentrations in the atmosphere leading to the greenhouse effect. The 

Intergovernmental Panel on Climate Change (IPCC) predicts there will be an increase in 

temperature of between 1.8 °C and 4.0 °C by the end of the century if no action is taken [1]. 

Along with the harmful effects of fossil fuels, there is an additional problem that these resources 

are non-renewable. Hence they are bound to deplete with time and will not be sufficient for the 

growing energy needs. It is predicted that at the current rate of production worldwide, coal will 

deplete in 155 years, oil in 40 years and natural gas in 65 years [2]. 

These issues have motivated research into other resources of energy that are renewable 

and pollution free. Figure 1.1 shows the different resources used to generate electrical energy in 

the US in 2009. Renewable resources amounted to ~15% of the total energy generation in 2009 

[3]. 
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Figure 1.1 Existing capacities at U.S. electric utilities by energy source (2009). The chart 

shows the percentage of each energy source in the total capacity. The other renewable source 

includes geothermal, non-wood waste, solar, wind, wood and wood-waste. 
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 This thesis is focused on solar energy. In particular, work has been done to improve the 

performance of polymeric photovoltaic devices through nanoscale control of the morphology. 

This is achieved by inducing thermal interdiffusion in a bilayer device consisting of a polymer 

donor and fullerene acceptor. The dependences on the thickness of initial layers as well as the 

interdiffusion conditions are the two primary issues that are studied in detail. The thickness of the 

polymer and fullerene layers is varied to find the optimum conditions for creation of a 

concentration gradient profile to maximize the device performance. The interdiffusion 

temperature and time are another set of parameters that are varied in order to achieve the best 

performance for a particular thickness. Auger spectroscopy (AES) as well as X-ray photoelectron 

spectroscopy (XPS) is used to monitor the concentration gradient profile. Poly (3-octylthiophene) 

(P3OT) and poly (3-hexylthiophene) (P3HT) are the polymers that are studied in this thesis with 

PCBM as the primary acceptor material. Brief studies on the bulk heterojunction blends made 

with P3OT:PCBM and P3HT:PCBM are also presented. A new study on the incorporation of the 

porphyrins as new donor materials with PCBM as the primary acceptor material is also 

discussed. Also, a new study on the incorporation of Trimetallic nitride tempelated (TNT) 

endohedral fullerenes in bulk heterojunction devices with P3HT as donor material is also 

discussed. 

1.1 Motivation 
 

There is a major global challenge to develop environmentally friendly and efficient 

renewable energy resources. One of the rapidly growing areas in the field of renewable resources 

is photovoltaics in which solar energy is converted to electricity. Solar energy is the most 

abundant renewable energy source. Our planet receives ~1.2×1017 W of solar power, while the 

rate of current worldwide energy consumption is ~10,000 times smaller at ~1.3×1013 W [4]. This 
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means that the Earth receives more solar energy in an hour than the total energy we consume in 

an entire year. Solar energy alone has the capacity to meet all of the global energy needs for the 

foreseeable future. Figure 1.2 shows the AM1.5 Global Spectrum, which considers the global 

clear sky intensity spectrum [6].  

 

 

 

 

 

 

Figure 1.2 The solar spectrum for AM0 and AM1.5 irradiation. AM0 represents the solar 

radiation outside the earth atmosphere and AM1.5 is the spectrum at the surface when the sun 

makes an angle of 48° to zenith. Used under fairuse, 2011. 
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Thus, photovoltaics offer the potential of a clean source of electricity without the 

pollution concerns of coal power stations or the safety concerns of nuclear energy. However the 

conventional solar cells are made of crystalline silicon (c-Si). The efficiencies achieved with 

these materials are of the order of ~14%-16% with theoretical limiting efficiency of 29%. 

However the excessive cost of these devices has been a major drawback. The cost of using 

silicon (Si) solar cells to meet the energy requirements of the US (40x1011 kWh) will be of the 

order of ~$5x1012. 

Currently, the solar cell industry is dominated by Si solar cells. The efficiency of sc-Si 

has reached 24.7% and of polycrystalline Si (poly-Si) is 20.3%. Besides wafer Si, other thin film 

solar cell technologies have been commercialized. This includes amorphous Si (a-Si) and metal 

chalcogenides such as CdTe and CuInxGa1-xSe2 (CIGS) solar cells. The record efficiencies of 

these materials are in the range of 12%-20% [5]. The record efficiency for all solar cell 

technologies is held at 40.8% by tandem solar cells, which is a stack of there p-n junction of 

GaxIn1-xAs or GayIn1-yP [5]. The present cost of electricity generated from solar cell industry, 

assuming 20 year lifetime, is in the range of $0.25-$0.65/kWh which is much higher compared to 

coal based electricity which is close to $0.04/kWh [7]. 

Due to the high costs of silicon or gallium solar cell systems today, they are mainly used 

in remote locations where there is no power line from a conventional power plant available. To 

make solar cell systems more competitive with fossil fuel power plants, a significant reduction in 

cost must be achieved. Possible alternatives to silicon solar cells include semiconductor thin 

films [8], the dye sensitized solar cell [9], and thin films of organic materials such as conjugated 

polymers [10]. 
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1.2 Organic Photovoltaics 
          

 In polymer based solar cells, long chain conjugated polymers are used for light induced 

current generation. These materials should lead to devices which are cheaper and easier to 

fabricate. Furthermore, the potential of tuning the electrical and optical properties of polymers 

can lead to further improvement in device performance. The cost of organic solar cells presently 

is of the order of $0.40-$0.80/Kwh, assuming the efficiency of the devices is of the order of 5% 

with a 5 year lifetime. However, by increasing the efficiency to 15% and the lifetime to 20 years, 

the cost can be reduced to $0.07-$0.13/kWh, which will be comparable to the cost of energy 

produced by non-renewable resources [11]. 

In this thesis, I have concentrated on organic photovoltaic devices made with conjugated 

polymers in combination with fullerenes as the active layer. Conjugated polymers are relatively 

inexpensive and are usually soluble in the common organic solvents. Due to the solubility of 

these materials, device production can be relatively easier and less expensive compared to 

inorganic photovoltaics. Conjugated Polymers have high absorption coefficients [12], and this 

allows thin films to be used and hence lowers material costs. Thin films of these materials can be 

spin cast, doctor bladed or printed. In addition, there is the possibility of using flexible plastic 

substrates for organic photovoltaic devices, making the structure far more versatile than 

conventional silicon solar cells [13] and allowing for cheap roll-to-roll production methods. A 

major advantage of polymeric materials is that their optical and electrical properties are tunable 

by altering the molecular structure of monomer. The synthesis of such molecules is very flexible 

and allows electronic parameters and solubility to be altered [14]. 

However, the main challenges in organic photovoltaic devices are the low mobility of 

charge carriers [15] as well as achieving effective charge separation of electrons and holes 
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created by absorption of photons. Charge separation is achieved by ultrafast transfer of 

photoexcited electrons from the polymer to the fullerene. Ultrafast transfer of electrons from 

conducting polymer to fullerenes was first reported by Sariciftci et al. [16]. An upper limit for the 

electron transfer time was found to be 300 fs versus a photoluminescence time of 550 ps in the 

pristine polymer. 

Charge transfer from the polymer to the fullerene leads to a spatial separation of electrons 

and holes that is needed for efficient photovoltaic devices. The range for charge transfer from the 

photoexcitation site has been determined within the range of 8-10 nm [17, 18, and 19]. In other 

words, the fullerene molecule has to be within ~10 nm of the location of the photoexcitation for 

the charge transfer to occur. As the electron transfer time is three orders of magnitude faster than 

the photoluminescence, the probability of charge transfer to occur is close to unity if the fullerene 

molecule is within the ~10 nm of the photoexcited electron. The close proximity of polymer and 

fullerene is essential for efficient device performance.  

Device architectures of various types have been studied to optimize the device 

performance. The earliest devices studied were bilayer devices. However, bilayer devices have 

limited efficiency as the efficient volume is limited to a single interface between the electron 

donor and acceptor where charge separation can occur. In order to avoid this problem, blend 

devices were prepared by dissolving the electron donor and electron acceptor in a common 

solvent. In this device structure, a derivative of C60, methanofullerene (phenyl-[6,6]-C61)-butyric 

acid methyl ester (PCBM) was most often used. The addition of the side chain by the 

derivatization of C60 renders it soluble in number of organic solvents. This approach was used by 

Yu et al. in preparing devices from the solution of a blend of poly (2-méthoxy-5-(2-éthyl-

hexyloxy)-1,4-phénylène-vinylène) (MEH-PPV) and PCBM [18]. The efficiency of these devices 
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was 2.9% (monochromatic efficiency under 430 nm illuminations) for 1:4 MEH-PPV- PCBM 

blends. The efficiency of MEH-PPV and PCBM blends are found to be 1.7 times better than the 

efficiency of, bilayer devices of MEH-PPV and C60, as donor-acceptor interfaces are present 

throughout the bulk of the devices; hence they are called “bulk heterojunction devices”. Due to 

the presence of donor acceptor interfaces throughout the bulk of devices, charge separation is 

enhanced compared to bilayer devices. However, charge transport is reduced by the presence of 

two types of materials toward each respective electrode. After the charge separation, the charges 

must be transported to their respective electrodes. Since, Charge transport occurs by the hopping 

of electrons between fullerene molecules and holes between polymer chains, transport is 

optimized by the pure fullerene at the cathode and pure polymer at the anode. 

In order to further optimize the device performance, another device structure has been 

suggested where the interface is diffused but there is only one kind of material present at each 

electrode. This diffused structure at the interface can provide ample amount of active area for the 

electron-hole separation and the presence of one pure material toward the electrodes aids the 

uninterrupted charge transport of the electrons and holes through the acceptor and donor 

materials, respectively. Hence this structure allows better charge separation than the bilayer 

devices as well as better rectification compared to blend or bulk heterojunction devices. The 

increase in rectification will improve the fill factor as well as efficiency of the devices.  

Several different approaches have been implemented to achieve this kind of device 

structure. In one, the temperature dependence of the solubility of the conducting polymer was 

used [21]. Poly(2-méthoxy-5-(2-éthyl-hexyloxy)-1,4-phénylène-vinylène) (MEH-PPV), exhibits 

good solubility in xylenes at 90 °C but is only slightly soluble at room temperature. The devices 

were fabricated by spin casting MEH-PPV from hot solution followed by spin casting PCBM 
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from room temperature xylenes solution. The device efficiencies of the order of 2.6% were 

achieved for these devices under monochromatic illumination. 

Another approach used to attain this device structure is based on a lamination technique 

by Granstrom et al. In this technique both electron donor and acceptor materials are polymers 

and spin cast onto different substrates with anode and cathode. Then these two substrates are 

laminated under vacuum at high temperature (200 °C). Device produced in this fashion had a 

diffused interface but have only one kind of polymer in contact with either electrode [22]. The 

power conversion efficiency of 1.9% was achieved for these devices under simulated solar 

conditions.  

“Bulk diffusion bilayer” is another approach used to achieve this device structure [23]. In 

this approach, a layer of MDMO-PPV was doctor bladed onto the substrate first followed by 

doctor blading the PCBM layer from the same solvent. The devices produced in this fashion have 

reduced phase separation of donor and acceptor material and hence reduction in pin holes. These 

devices have efficiencies comparable to blend devices of the same materials with the efficiency 

of the order of ~2.5% under simulated solar illumination. 

In this thesis, a different approach to achieve the close proximity of polymer and 

methanofullerene components in a gradient structure is further developed, building on a prior 

work in our research group [24]. Devices are first fabricated in a bilayer structure and then 

interdiffusion of the fullerene into the polymer bulk is induced by heating the device at 

temperatures in the vicinity of the glass transition temperature of the polymer. This way, the 

morphology of the active layer exhibits good proximity of polymer and fullerene throughout the 

bulk with a concentration gradient of the two components from one electrode to the other. Most 

of the earlier work done in our group was based on the development of concentration gradient 
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photovoltaics devices with C60 as the acceptor layer. In that prior work, the bilayer structure was 

made by spin casting the first donor layer and thermally evaporating the second acceptor layer, 

followed by interdiffusion to achieve concentration gradient.  

Previous work done in our research group has been based on the study of concentration 

gradient devices of MEH-PPV/C60, P3OT/C60 and some preliminary work on dual spin cast 

devices of P3OT/PCBM. The studies done on MEH-PPV/C60 systems concluded that devices 

with 70 nm of polymer thickness have better performance than the devices with higher thickness 

and also the heat treatments done above the glass transition of the polymer leads to the 

enhancement in the device performance [24,25]. Device efficiency of 0.3% was achieved for 

MEH-PPV/C60 devices under monochromatic illumination. The work done on the P3OT/C60 

showed that the device performance of interdiffused devices is better than the bilayer devices and 

a monochromatic efficiency of ~1.5% was achieved for P3OT/C60 devices interdiffused at 130 °C 

for 5 minutes. Further work on P3OT/C60 systems was done to optimize the thickness of 

individual layer. The best performance was achieved when the thickness of individual, P3OT and 

C60 layers was maintained in the range of 40 nm - 60 nm. Also, it was concluded that a 

concentration gradient extending all the way through active layers, ending just short of the 

electrodes gives best device performance. Preliminary studies on P3OT/PCBM dual spin cast 

devices achieved efficiency of the order of 0.5% under simulated solar spectrum [26].  

In this thesis, work on P3OT/PCBM devices is further developed by optimizing the 

thickness of each layer and by optimizing the interdiffusion conditions. Also, work is done on 

P3HT/PCBM interdiffused systems in order to evaluate the optimized conditions for the best 

device performance. The results are also correlated with the short circuit currents and series 

resistance values and it is found that these are optimized when the overall efficiency is optimized. 
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Efficiency of the order of 1% has been obtained under simulated AM1.5 solar conditions for 

P3OT/PCBM devices and 2.7% for P3HT/PCBM devices. These conversion efficiencies are 

lower than the best reported (~7.4%), but in those studies different polymer and fullerene 

materials were used. Therefore with a different choice of materials the interdiffusion approach 

has a great potential for further improvement. 

1.3 Outline 
 

Chapter 2 gives an introduction to excitation processes and charge carriers in polymer and 

fullerene materials. This knowledge is essential to understand the charge creation and separation 

processes that occur in organic photovoltaic devices. Afterwards, a basic description of 

photovoltaic devices and their characteristics is given. Finally, a few considerations concerning 

heat and mass transfer related to the interdiffusion heating are discussed.  

In Chapter 3, the experimental setups and methods are described. In addition, some 

information about the polymer and fullerene materials in the active layer is given as well as 

information about the electrode materials of the devices. In Chapters 4, 5 and 6, the main work of 

this research is described. Two different polymers were used to study the interdiffusion of 

polymer and methanofullerene layers starting from a bilayer of the two materials. The 

photocurrents as well as the current-voltage characteristics of photovoltaic cells were 

investigated under monochromatic as well as AM1.5G simulated solar spectrum conditions.  

In Chapter 4, concentration gradient devices of poly 3-octylthiophene (P3OT) and PCBM 

were studied in detail.  Variation in the thickness of the two layers as well the interdiffusion 

condition was studied in detail to analyze the optimum conditions for the P3OT/PCBM 

interdiffused system. The thickness of the donor and acceptor layers were varied, and it was 
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found that best efficiencies were obtained for devices with 70 nm of P3OT and 40-50 nm of 

PCBM. Interdiffusion conditions were also varied to find the best performance of the devices and 

it was found that devices interdiffused at 150 °C for 20 minutes had the best performance of 1.0% 

under AM1.5G spectrum. 

To improve the performance of the devices, another polymer poly3-hexylthiophene 

(P3HT) was used as the mobility of charge carriers is high in P3HT [27]. In Chapter 5, 

interdiffused devices of P3HT/PCBM were fabricated and studied in detail. In this set of studies, 

interdiffusion conditions were again varied to optimize the performance of the devices. 

Efficiency of the order of ~3% was obtained for devices interdiffused at 150 °C for 20 minutes. 

The thickness was maintained at 45 nm of P3HT and 40 nm of PCBM in these devices. 

Concentration gradient profiles were studied using Auger spectroscopy. The series resistance of 

these devices was calculated and it supports the device performance. There is a drop in series 

resistance for device which has the best device performance.  

In Chapter 6, photovoltaic device made with the incorporation of novel donor materials 

are studied at length. ZnTPP is introduced as new donor material and blend devices of ZnTPP: 

PCBM are investigated. In Chapter 7, endohedral fullerenes are introduced as the new acceptor 

material and bulk heterojunction devices with P3HT as the donor and TNT endohedral fullerenes 

are studied. 

Finally, Chapter 8 contains conclusions based on the individual systems studies. 

Suggestions are also made for further improvements of the device performance in future work. 
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Chapter 2 

Background on Polymer Photovoltaics 
 

This chapter is primarily aimed as an introduction and description of the evolution of 

organic photovoltaics as well as to explain the basic aspects of polymer photovoltaics. Polymers 

(plastics) have been heavily studied and commercialized for more than fifty years because of 

their attractive mechanical and structural properties. However, with the discovery of conducting 

properties of polymers in the late 70s [1], intense research started on this new class of materials 

showing that polymers can be semiconducting to conducting with conductivity values as high as 

100,000 S/cm. Hence, this new class of materials has conductivities equivalent to inorganic 

conductors and semiconductors along with mechanical flexibility. The electrical and optical 

properties of polymers can be quite similar to inorganic materials. However, the mechanism of 

charge transfer and transport are quite different. In this chapter, the theory behind organic solar 

cells, charge transfer and charge transport mechanisms as well as various aspects of I-V curves 

are explained in detail. Here the aim is to provide basic understanding of characteristics of solar 

cells with a focus on organic solar cell devices. The next section gives a brief historic overview 

of the evolution of organic photovoltaics to its current form. The subsequent sections will discuss 

the theory behind the functioning of current organic solar cells. 
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2.1 History of Polymer Solar Cells 
 

The credit for the discovery of the photovoltaic (PV) effect goes to Becquerel [2] in 1839, 

who discovered a photocurrent when platinum electrodes, covered with silver bromide or silver 

chloride, were illuminated in aqueous solution. However, anthracene was the first organic 

compound in which photoconductivity was observed by Pochettino in 1906 and Volmer in 1913. 

Chlorophyll was one of the earlier compounds discovered to exhibit a photovoltaic-like effect in 

nature, as plants convert light  to energy through the process of photosynthesis. In 1959, 

Kallmann and Pope observed a photovoltaic effect in a single crystal of anthracene when 

sandwiched between two identical electrodes and illuminated from one side [3]. Early organic 

PV devices also consisted of either a liquid active layer of chlorophyll solutions or 

microcrystalline films of chlorophyll or other dyes such as phthalocyanines sandwiched between 

metal electrodes with offset work functions. However, these materials had poor conductivity and 

in addition, in these devices charge generation takes place in a thin layer at the metal-organic 

interface and hence photovoltaic cells using such materials yielded low power conversion 

efficiencies. In order to improve the efficiency of the devices based on these molecules, bilayer 

devices were made with the combination of electron transporting dyes such as rhodamines or 

perylene with hole transporting dyes such as phthalocyanines. Tang et al. reported an efficiency 

of 1% for these devices with perylene derivative as n type material in 1986 [22]. The discovery 

of metal-like electrical conductivity in conducting polymers in 1976 by Shirakawa, Heeger and 

MacDiarmid, which was induced by doping of conjugated polymers, such as polyacetylene with 

halogens, opened the field of research of polymer photovoltaics [4].  

         In 1982 Weinberger et al. investigated polyacetylene as the active material in a 

polyacetylene/graphite solar cell, however the efficiency of these devices was of the order of 
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0.3%. Glenis et al. further investigated different polythiophenes in solar cell devices [5]. These 

devices, too, had low power conversion efficiencies. The discovery of electroluminescence in 

poly (p-phenylene vinylene) (PPV) films, led to the study of semiconducting properties of 

conjugated, conducting polymers and their potential use in flexible large area light emitting 

displays [6].  Although these initial devices had a rather low current output when operated in the 

reverse mode, this triggered interest in conducting polymers for organic photovoltaics. The 

conducting polymers in the initial studies were insoluble and to obtain them in film form 

involved lengthy processing of precursor forms of the polymer. The development of solution 

processible conducting polymers by suitable funtionalization results in the easier processing of 

solar cell devices. [7]. Poly (alkyl-thiophenes) (PATs), PPV and its derivatives are the most 

heavily investigated conjugated polymers in PV devices.  The next few sections describes the 

mechanism of the operation of organic photovoltaic devices followed by the different 

architectures adopted for the devices made with conducting polymers as donor material and the 

fullerene or its derivative as an acceptor material. 

2.2 Polymeric Solar Cells 
 

Polymeric solar cells consist of semiconducting polymers as donor and typically a 

fullerene or its derivative as acceptor materials sandwiched between electrodes where the donor 

plays a role similar to the p-type and the acceptor, the n-type material, analogous to an inorganic 

solar cell.  

2.2.1 Semiconducting Polymers 

Semiconducting polymers can usually be described as quasi-one-dimensional conjugated 

polymers, which refers to the alternating single and double bonds between the carbon (and other) 
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atoms on the polymer backbone. The double bonds result from the fact that, while carbon has 

four valence electrons, the carbon atoms in conjugated molecules bind to only three (or two) 

other atoms, hence the carbon atoms have sp2 (or sp) hybridization. In the case of sp2 

hybridization three of the four valence electrons of carbon participate in the σ backbone, and one 

of the double bond is the localized covalent bond formed with this sp2 hybridized orbital (Figure 

2.1(a)). The second bond in the double bond is formed by overlapping un-hybridized pz orbitals 

resulting in π electron bonds that are delocalized over the entire molecule [8,9]. The π bonds are 

the basic source of conduction in the conjugated systems. The conjugation length along the 

polymer chain can be interrupted (e.g. by foreign atoms, bending of the polymer chain, or 

crosslinks) and is typically less than 100 nm.  
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As a result of the long-range interaction of the π electrons of carbon atoms, there is a 

band-like splitting of energy levels. The band edge of the valence band is referred to as the 

"Highest Occupied Molecular Orbital" (HOMO) and the edge of the conduction band is called 

the "Lowest Unoccupied Molecular Orbital" (LUMO) (Figure 2.1(b)). 

 

 

         

 

Conjugated polymers have semiconductor-like electronic properties along with the 

processing advantages of polymers. Also, the bandgap of the polymer is tunable enabling 

tailoring of electronic and optical properties. The band gap of the conjugated polymers is 

typically in the range of 1-4 eV [10]. 

 

 

HOMO level 

LUMO level 

Figure 2.1 (a) Alternating single and double bonds along the conjugated polymer chain. 
(b) Energy level splitting to form the conduction and valence bands. 
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2.3 Overview of Organic Photovoltaic Process 
 

The basic operation of the organic photovoltaic process is described in Figure 2.2. The 

process of conversion of light into electricity by an organic solar cell involves the following 

steps. The initial process involves the absorption of a photon leading to the formation of an 

excited state, (bound electron-hole pair (exciton) creation). This is followed by diffusion of 

exciton to a region where exciton dissociation, (charge separation) can occur. Finally, there is the 

charge transport within the organic semiconductors to the respective electrodes.  

 

 

 

The basic stepwise process for photo excitation on a donor (D), charge transfer to a 

nearby acceptor (A) and charge separation is discussed in Table 2.1[8]. Here, 1 and 3 indicate if 

the excited state is singlet or triplet. In the initial step, photoexcitation in the donor upon the 

absorption of light leads to the formation of singlet/triplet excited states called excitons. In the 

second step, there is the formation of a donor-acceptor complex, when the donor is in the vicinity 

Figure 2.2 Basic operation of organic solar cell; exciton formation in semiconducting donor 
material, charge separation, and electron transport to the cathode and hole transport to the 
anode. 
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of the acceptor and there is delocalization of the excitation on the D-A complex. In the third step, 

electron transfer to the high electron affinity acceptor is initiated. Here δ denotes the fraction of 

charge transferred, where δ =1 is the state when the whole electron is transferred leading to the 

formation of the ion-radical pair in the fourth step. In the final step, D-A complex dissociates to 

give positive donor and negative acceptor, hence completing the charge transfer process. The 

separated charge carriers hop along the well-connected path till they reach the respective 

electrode. 

 

 

 

Steps of photovoltaic process  

Initial step ADAD +→+ *3,1  

Second step *3,1*3,1 )( ADAD −→+  

Third step ∗−→− −+ )()( 3,13,1 δδ ADAD  

Fourth step )()( 3,13,1 •−•+−+ −∗→− ADAD δδ  

Final step •−•+•−•+ +→− ADAD )(3,1  

 

 

In the following sections, a more detailed description of the photoexcitation, charge transfer and 

charge transport process are given. 

Table 2.1 Stepwise process of photo-excitation, charge transfer and charge separation. 
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2.3.1 Photoexcitation 

Photoexcitation results in the formation of different quasi-particles, (exciton, polarons and 

bipolarons) in the non-degenerate ground state conjugated polymers.   

A. Exciton 

An exciton is a bound electron-hole pair which is one of the predominant species formed 

as a result of excitation of a polymer. This bound electron-hole pair is weakly bound and is held 

together by Coulomb interaction. Exciton nomenclature is different depending on its 

delocalization. If the exciton is localized, it is called a Frenkel exciton. If it is delocalized over 

many molecular units, it is called Mott-Wannier type of exciton [8]. Exciton states can be singlet 

(spins are antiparallel) or triplet (spins are parallel) in nature. However, singlet excitons are of 

most interest as photoexcitation directly produces singlet exciton as a result of conservation of 

spin. The triplet exciton is localized on the chain, and hence is called a Frenkel exciton while the 

singlet exciton was found to be delocalized over many molecular units of the polymer and hence 

is called a Mott-Wannier type of exciton. The typical lifetime of singlet excitons is in the 

hundreds of picoseconds after which they can recombine radiatively or nonradiatively [12] and 

the diffusion length is typically of the order of ~10 nm.  
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B. Polarons 

Polarons are charged quasi-particles which induce a lattice deformation. Polarons give 

rise to the states within the forbidden bandgap. Hence, a polaron is a charged particle with lattice 

deformation. Polarons can be positively charged (P+) or negatively charged (P-). Polarons can 

increase the energy of the associated molecule and hence can induce a bond configuration, 

leading to part of the chain changing from one structure to another [11]. 

 

 

 

 

Figure 2.3 Singlet and triplet exciton states. 
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2.3.2 Charge Transfer 

In organic semiconductors, charge transfer occurs at the interface of the donor (D)-

acceptor (A) through exciton dissociation. The separated charge carriers after the charge transfer 

hop towards the respective electrodes by inter-chain and intra-chain transport of charge carriers. 

The discovery of ultrafast charge transfer from the conducting polymer poly(2-methoxy, 5- (2’-

ethylhexyloxy)-1.4-phenylene-vinylene) (MEH-PPV) to the acceptor C60 by Sariciftci et al. has 

been the initiator for the work being done on polymeric solar cells [12] The main factors that 

affect the charge transfer are electron affinity of the acceptor (AA), ionization potential of the 

donor in the excited state (ID
*) and the Coulomb attraction of the separated radicals (UC). Here, 

Coulomb attraction summarizes all the electrostatic interactions including the exciton binding 

energy and all polarizations. In order to have effective charge transfer, the electron affinity of the 

acceptor should be greater than the ionization potential of the donor in its excited state and net 

Coulomb forces and can be expressed as, 

 

                                                          CAD UAI −−∗ < 0           .  

 

The range of the charge transfer process from electron to donor in polymer-fullerene 

systems has been found to be ~10 nm [13] and the time of charge transfer has been found in the 

range of 300 femtoseconds (fs) [14]. The reported time scale of charge transfer is 1000 times 

faster than the time scale of electron-hole radiative recombination and charge transfer dominates 

the recombination at the donor-acceptor interface. 

         The actual mechanism of charge transfer is still debated. Halls et al. proposed the diffusion 

model which states that the singlet excitons diffuse from the location of photoexcitation to the 
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polymer-fullerene interface and are dissociated at the interface [15]. They studied the 

photovoltaic response in heterojunction devices prepared from poly (phenylenevinylene) (PPV) 

and C60 and modeled the photocurrent spectra under the assumption that all absorbed photons 

create singlet excitons and all singlet excitons within the diffusion range of the interface are 

dissociated and contribute to the photocurrent. From the quantitative agreement of the modeled 

current spectra and the experimental spectra they proposed a diffusion range of 6-8 nm and 

concluded that the agreement is strong evidence in support of their diffusion model. This 

diffusion model is disputed by Vacar et al. [13]. They found that with the time scale of 

picoseconds and diffusion range of ~10 nm, the diffusion constants and mobility in the polymer 

would have to be at least 2 times higher than what they are assumed to be, where the mobility is 

related to the diffusion coefficient, 

                                                            
Tk
eD

B

=µ                    . 

They suggested that the wave function of the primary excitation on the polymer must spatially 

extend over ~10 nm in order to explain the charge transfer. Further analysis of their experiment 

also reported a diffusion range of the order of ~10 nm. 

Although there is disagreement on the actual mechanism of charge transfer, there is, 

however, consensus on the charge transfer range. The charge transfer range is found between 8 to 

10 nm, which means if there is an excited donor species within 8-10 nm of the acceptor, there 

will be nearly 100% probability for the charge transfer to occur. 
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2.3.3 Charge Transport 

The separated charge carriers at the donor-acceptor interface transport to the respective 

electrodes by interchain hopping. The field created due to the offset in the work function of the 

collecting electrodes, guides the motion of charge carriers from one molecule to another. In the 

absence of external bias, the difference in the work function of electrodes gives rise to an internal 

field (band bending, Vbi). This internal electric field guides the motion of charge carriers to the 

respective electrodes. 

Bredas el al. studied the charge hopping between adjacent polymer chains. They did a 

study on the transfer integrals which is an indicator of the strength of interaction between any 

two species where charge hopping can occur and deduced that large transfer integrals are 

required in order for charge hopping to occur [16]. Hence, a close proximity of molecules, well-

connected path and an offset in the work function of electrodes are all required for the effective 

charge transfer to the electrodes. 

2.4 Process that Hinder the Photovoltaic Process 

   A. Photo-oxidation or Oxygen Traps 

Photo-oxidation occurs in polymers as a result of simultaneous exposure to light and 

oxygen. In some polymers, such as PPVs, photo-oxidation of the vinyl group leads to the 

formation of carbonyl. These carbonyls act as high electron affinity sites where exciton 

dissociation can occur. However, they do not contribute to photocurrent as they are not D-A 

interface sites, hence charge separation cannot occur. These charges remain trapped on these sites 

and contribute to space charge accumulation. However, the polymers used in this thesis work are 

polythiophenes and it has been found that thiophenes show a higher stability in the oxygen rich 

environment [17]. In oxygen rich environment, polythiophenes resist the photo-oxidation and 
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hence are stable but they lead to the formation of carbonyl which leads to the chain scission, 

hence reducing the conjugated chain length and as a consequence reducing the electronic 

conductivity of polymers [18]. 

Hence, all of the processing and characterization of the polymeric photovoltaic devices 

should be done in the oxygen free environment. 

B. Traps 

Traps are localized sites that trap the charge carriers and thus hinder the photovoltaic 

process. There are two types of traps, shallow and deep traps. Traps are a result of structural 

defects in the polymer chain, oxidation sites or impurities. In shallow traps, charge carriers are 

trapped for a limited amount of time, which increases the time taken by the charged particle to 

reach the electrode. The increase in the time of flight of charge carriers decreases the mobility of 

charge carriers. The mobility of the charge carriers decreases as the time of flight and the density 

of traps increases. The effective mobility can be expressed as, 

                                                        
E
L

eff
eff τ

µ =              .         

Here τeff is the total effective time of a charge to the electrode, L is the diffusion length 

for the charge and E is the electric field. The total effective time is given by, 

 

                                                     trapeff Nτττ += 0             . 

τeff  is the combination of time spent by the charge carrier in the  trap-free region (τ0) and τtrap is 

the time spent by the charge carrier in the trapped site. Here N is the average number of traps 

encountered in the path.  
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Deep traps are the regions where the charge carrier can be trapped for a long period of 

time, which reduces the available charge carriers for charge transport. Hence, it results in the 

build-up of the space charges, which results in the decrease of conductivity as well as mobility of 

the charge carrier. 

C.  Recombination 

Electron-hole recombination is another one of the critical processes that hinder the 

photovoltaic process. The exciton formed by photon absorption has a lifetime of the order of 

picoseconds after which the electron and hole combine radiatively or non-radiatively. In the 

absence of D-A interface near the photoexcitation site, recombination dominates, as charge 

transfer can not occur within the lifetime of exciton. Recombination of charges can be avoided by 

increasing the donor-acceptor interface throughout the bulk of the device as well as by making 

sure that device processing occurs in an oxygen free environment so that there are no traps. 

2.5 Architecture of Polymer Solar Cell Devices 
 

In polymer solar cells devices, different architectures of the devices have been employed 

for the efficient separation of bound electron-hole pairs. In polymer solar cell devices, the 

conjugated polymer absorbs the incident light. The absorption process generates an exciton that 

can either relax back to the ground state or dissociate into an electron and a hole. Since, in 

organic cells, exciton diffusion lengths are small and the dissociation process only occurs at the 

donor/acceptor interface, controlling the structure of the active layer is very important to 

constructing efficient devices. In the following, the most typical device architectures and their 

individual advantages and disadvantages are discussed. Their main difference lies in the exciton 
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dissociation or charge separation process, which occurs at different locations within the 

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

A. Single Layer 

The first organic solar cells were based on single thermally-evaporated molecular organic 

layers sandwiched between two metal electrodes of different work functions. The earliest 

photovoltaic devices were made with non-polymeric organic semiconductors. The rectifying 

behavior of these devices can be explained by the metal-insulator-metal (MIM) model [2]. The 

potential difference in these devices is the difference in the work function of the metal electrodes 

when no external voltage is applied. However, this potential difference is not high enough to 

provide efficient photoinduced charge generation. As the exciton diffusion length for most 

organic solar cell materials is close to ~10 nm, only those excitons generated in a small region 

within ~10 nm from the contacts contribute to the photocurrent. Hence, the short exciton 

diffusion length combined with poor electron mobility results in very low power conversion 

efficiency, typically of the order of 10-3 %. However, in 1978, Ghosh et al. reported an efficiency 

of 0.7% for single layer devices made with merocyanine dyes [19].  Here, an organic layer is 

sandwiched between a metal–metal oxide and a metal electrode, thus enhancing the Schottky-

barrier effect. It is termed as metal-insulator-semiconductor (MIS) device. Figure 2.4 shows the 

schematic of the single layer device [2]. The open circuit voltages (Voc) observed was not much 

lower than the current organic counterparts; however the photocurrent densities and efficiencies 

had much room for improvement. With the development in the field of conjugated polymers, 

single layer devices made with these materials were introduced. However, the efficiency of these 

devices was also quite low, with power conversion efficiency of the order of 0.1% [20]. The 

observation of photoinduced transfer from conjugated polymers to C60 in 1992, led to the 
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development of the polymer / fullerene bilayer and bulk heterojunction devices [21]. The first 

successful donor-acceptor bilayer devices based on non-polymeric organic molecules was built in 

1985 and is explained in detail in the subsequent sections. 

 
 
 
Figure 2.4 Charge generation process in a single layer conjugated polymer device, here, LUMO: 
lowest unoccupied molecular orbital, HOMO: highest occupied molecular orbital, ϕ: the work 
function, χ : the electron affinity, IP : Ionization potential, Eg : Optical band gap. 
 

B. Bilayer Heterojunction 

 In a bilayer device, a donor and an acceptor material are stacked together with a planar 

interface. It is there that the charge separation occurs, which is mediated by a large potential drop 

between the donor and acceptor at the planar interface. However, as the volume where charge 

separation can occur is limited, so is the efficiency of this device too. The bilayer is sandwiched 

between two electrodes appropriate to the donor HOMO and the acceptor LUMO, for efficient 
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extraction of the corresponding charge carriers [Figure 2.5]. This requires an anode with a work 

function higher than the HOMO of the donor and a cathode with a work function lower than the 

LUMO of the acceptor. Rectification is observed in the current-voltage characteristics of such 

devices as is evident from energy band diagram of the bilayer [2]. 

 

 

In 1986, Tang et al. reported one of the initial successful non-polymeric organic 

semiconductor bilayer devices. This bilayer device with a phthalocyanine derivative as p-type 

semiconductor and perylene as n-type semiconductor had a power conversion efficiency of 1% 

[22]. Sariciftci et al. first used this approach for a polymeric bilayer device in which C60 is 

evaporated on the top of spin-cast MEH-PPV layer [23]. The efficiency of these bilayer devices 

was quite low. However Halls et al. demonstrated an increase in the efficiency of the devices 

Figure 2.5 Schematic of exciton dissociation at the donor–acceptor interface. The     
electron goes to the acceptor while the hole stays on the donor. 
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made with the same materials by optimizing the thickness of the two layers [15]. As the exciton 

diffusion length in conjugated polymers has been found to be in the range of ~10 nm, the 

efficiency of bilayer devices is limited by the number of photons that can be utilized within the 

exciton diffusion length of the interface. 

C. Bulk Heterojunction 

Since the exciton dissociation is most effective at the interface of donor and acceptor, the 

exciton should be within the diffusion length of such an interface. The diffusion length is in the 

range of ~10 nm for organic semiconductors however device thicknesses of that range are not 

sufficient for harvesting a substantial fraction of the light. This problem can be overcome by 

blending the donor and acceptor, a concept called dispersed (or bulk) heterojunction. Bulk 

heterojunctions are based on mixing the donor and acceptor materials in a bulk volume so that 

donor-acceptor interfaces are present throughout the bulk of the device. In this architecture, D-A 

interfaces are present within the exciton diffusion length of each absorbing site, hence increasing 

the interfacial area where charge separation can occur. Yu et al. first fabricated a bulk 

heterojunction device by blending MEH-PPV with a soluble form of C60, (6,6)-phenyl C61- 

butyric acid methyl ester (PCBM) [24]. These devices had a significant increase in the device 

performance compared to bilayer devices of MEH-PPV/C60. Shaheen et al. further showed that 

the device performance of the bulk heterojunction devices can be improved significantly by using 

a solvent that prevents the long-range phase separation and hence enhances the polymer chain 

packing [25]. They studied bulk devices of MDMO-PPV with PCBM in 1:4 and found that 

devices fabricated with chlorobenzene as solvent had better performance compared to devices 

spin casted from toluene with AM1.5 power conversion efficiency of the order of ~2.5%. The 

next breakthrough in bulk heterojunction devices was the use of the P3HT as donor polymer in 
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place of PPV derivatives, and the devices based on blends of P3HT: PCBM had an efficiency of 

3.5% under AM1.5G conditions [26]. Through further refinements in processing, solution cast 

P3HT: PCBM blends have yielded greater than 5% power conversion efficiency under AM1.5G 

[27, 28]. The current record efficiencies, using low bandgap thiophenes-based polymers, are 

7.4% under AM1.5 conditions [29]. Bulk heterojunctions have significant advantage over bilayer 

devices in terms of charge transfer, however charge transport is limited by the presence of the 

interpenetrating network near the electrodes.   

D. Diffuse Bilayer Heterojunction 

 This device architecture is meant to adopt the advantages of both increased D-A interface 

and uninterrupted pathway for charge transport. This architecture is in-between the bilayer and 

bulk heterojunction. The diffuse interface is achieved in different ways:  

 

(i) If processed from solution, two thin polymer films can be pressed together in a lamination 

procedure applying moderate pressure and elevated temperatures [30]. These laminated devices 

had a power conversion efficiency of 2% under AM1.5G conditions. 

(ii) Another way to achieve a diffuse interface is to spin coat the second layer from a solvent that 

partially dissolves the underlying polymer layer. [31, 32]. In our work, a diffusion bilayer is 

achieved by heating the bilayer device at elevated temperatures. By interdiffusing the device at a 

higher temperature results in the intermixed interfacial region in the bulk however there is only 

one kind of material present towards the electrodes. Power conversion efficiency of ~3% has 

been achieved for the bilayer diffused devices made with P3HT as a donor and PCBM as an 

acceptor [31]. 
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The diffused bilayer architecture offers the potential advantage of increased D-A interface 

area without compromising the charge transport of charge carriers. 

2.6 Photovoltaic Characterization of Organic Solar Cells 
 

In the following, the main properties used to characterize the photovoltaic behavior of 

organic solar cells are described.  This section provides a basic understanding of organic 

photovoltaic devices. The parameters that are used to describe the performance of the device and 

I-V characteristics of the device are explained. 

2.6.1 Parameters Characterizing Solar Cells 

   A. External Quantum Efficiency (EQE) and Photoresponsivity (PR) 

EQE and PR are wavelength-dependent quantities and are extracted from the current 

measurements made under illumination. The current spectral response obtained from a solar cell 

for a particular illumination helps determine electrical energy conversion capability at a 

particular wavelength. PR is defined as the ratio of photocurrent extracted as a function of 

incident power at a particular wavelength, 

                                                    PR = 
)(
)(
λ

λ
source

sc

P
I                     . 

Here Isc( )λ is the short circuit current, the value of current obtained when no bias is applied to the 

device at a specific illumination wavelength. Psource( )λ  is the incident power of illumination at 

that specific wavelength. 
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EQE is very important parameter as it gives information on the efficiency of generating 

and collecting free electrons and holes, when a solar cell is illuminated by a particular 

wavelength. Hence EQE is the conversion efficiency of incident photons to extracted electrons, 

                                                     EQE (λ ) = 
ph

e
N

N   

 

Here Ne is the number of electrons extracted and Nph is the number of photons incident. 

Thus, the EQE is the fraction of incident photons that generate an electron collected in the 

photocurrent. 

EQE can also be calculated from photoresponsivity as, 
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Hence EQE can be expressed as, 

                                                        
λ
λλ )(*)( PR

e
hcEQE =             . 

Here, h is Planck’s constant and c is the speed of light in vacuum. EQE has no units and is 

expressed in terms of percentage. 

 

B. IV Characteristics – Short Circuit Current, Open Circuit Voltage, Fill Factor, Power 

Conversion Efficiency, Series and Shunt Resistance 

The current-voltage curve is obtained by applying the variable voltage and measuring the 

current obtained. These curves are measured in dark as well under monochromatic and solar 

spectrum illuminations. The typical current voltage curve of a solar cell is shown in Figure 2.6. 
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Figure 2.6 shows an example of the I-V curve under dark and illumination. Some important 

parameters that are used in calculation of efficiency of solar cells have been labeled. 

 

• Short circuit current (Isc): Isc is the maximum current value obtained at a particular 

illumination under zero bias. Isc occurs at the beginning of forward bias sweep and is 

given by intersection of I-V curve with the y-axis in the 4th quadrant. 

• Open circuit voltage (Voc): Voc is the value of voltage when the current passing through 

the cell is zero and is given by the intersection of I-V curve with x axis.  

As the external applied voltage is increased from zero, the photocurrent decreases and 

at a given external bias, it becomes zero. This occurs when the external voltage is exactly 

opposite to the voltage generated by the solar cell. This bias value is the open circuit voltage 

and after this voltage, there is an exponential increase in current. 

 

Figure 2.6 Typical I–V curves of an organic PV cell under dark (left) and illuminated 
(right) conditions. The open- circuit voltage (Voc) and the short-circuit current (Isc) are 
shown. The maximum output is given by the square Imax* Vmax. 
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• Fill Factor [FF]: FF is the measure of the quality of power extraction of solar cells. Imax 

and Vmax are the current and voltage values at which the device has maximum power 

output (Pmax).  Pmax is given by the product of Imax and Vmax and is the area of smaller 

shaded rectangle in Figure 2.6. FF is defined as the ratio of maximum power to the 

theoretical power (PT). PT is theoretical power output and is given by the product of Voc 

and Isc. This quantity has no dimensions and is wavelength dependent. It is defined 

through, 
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• Efficiency [η]: The power conversion efficiency (η ) is the ratio of the electrical power 

output Pout to the solar power input Pin. Pout can be taken to be PMAX since the solar cell 

can be operated up to its maximum power output to get the maximum efficiency. It is 

dimensionless quantity, is wavelength dependent and is defined by.  
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• Series Resistance [RS]: The series resistance in solar cells is due to the finite conductivity 

of the semiconducting material, the contact resistance between the semiconductor and 

adjacent electrodes and the resistance associated with electrodes and interconnections. RS 

should be as small as possible. RS can be deduced from the inverse slope of I-V curve at 

voltage greater than Voc.  That is          
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• Shunt Resistance [RSh]: The shunt resistance takes into account the loss of carriers via 

leakage paths as well as pinholes in the film, and also the recombination and trapping of 

the carriers during the transport in the cell. Ideally, RSh should be infinite. RSh can be 

derived by taking the inverse slope of I-V curve around 0 volts external bias, 
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2.6.2 Equivalent Circuit Diagram 

The equivalent circuit diagram (ECD) is used to describe the electrical circuit elements in 

a system. It makes the study of different individual parameters affecting the whole system much 

easier. Figure 2.7 shows the ECD for an ideal solar cell where none of the loss mechanism has 

been taken into account. The various components can be described as follows. 

 

• The current source G generates a current IG. This is the output current as a result of the 

dissociation of excitons into electrons and holes after photon absorption. IG depends on the 

efficiency of creation of separated charge carriers. 

• The shunt resistor RSh represents the current lost due to the recombination of electrons and 

holes near the exciton dissociation site before significant charge transport through the bulk has 

occurred. RSh can be derived by taking the inverse of the slope around 0 Volts. At very low 
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voltage, as the diode is not conducting, the current driven by external voltage is determined by 

(RSh+ RS) with RSh being dominant. 

• The series resistor RS takes into account the mobility of charge carriers in the bulk of the solar 

cell. The mobility will be influenced by defects and barriers as well as space charges in the 

device. RS will also increase with thickness of the device since the distance that the charges have 

to travel to the collecting electrodes increases. RS can be deduced from the inverse slope at 

voltage greater than Voc as at the higher positive external voltage, the diode D becomes much 

conducting than RSh so that RS is dominant.                                          

• The diode D describes the asymmetric conductivity in the solar cell. In organic cells, it can be 

due to a blocking contact at the semiconductor/electrode interface or a built-in field resulting 

from a donor-acceptor interface. ID is the current through the diode. It is negligible under reverse 

bias conditions. 

• The resistor RL results when the solar cell is contacted to an external load. 

 

  An external voltage is applied to the solar cell to obtain the current voltage 

characteristics. For an ideal solar cell, RSh would be infinitely large and RS would be zero. 

Typical values for inorganic cells are RSh larger than 1000 Ohms and a few Ohms for RS. These 

values can be significantly different in organic devices since the mobility is usually lower 

(increasing RS) and charge recombination can be an issue (lowering RSh). 
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The ECD of an ideal solar cell does not include the different loss mechanisms which are 

present in real solar cell devices. Figure 2.8 shows the ECD of a real solar cell. Here, the 

additional components are: 

• A diode D2 that takes into account a possible blocking contact at the electrode. This blocking 

contact which is often formed at the electrode semiconductor interface provides an addition 

rectifying barrier which can influence the extraction of holes at the ITO interface. 

• A second shunt resistor RSh2 that directly connects the electrodes. This shunt resistor accounts 

for possible recombination of charges at the extracting electrodes. In addition, this shunt resistor 

can result from direct conducting pathways between the electrodes, for example due to 

shorts/pinholes in the film. When RS is much smaller than either of the two shunt resistors, a 

splitting of the shunt resistance into RSh and RSh2 is not necessary and both loss mechanisms can 

be represented by RSh. 

Figure 2.7 Equivalent circuit diagram of an ideal solar cell. 
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• The capacitance is contributed the trapped charges and these space charges create a field that 

hinders the transport of free charges. The space charges are distributed over the area of the 

device, which is much larger than the thickness and hence can become important factor that 

affects the device performance. [C =εA/d] 

 

This ECD can be used to interpret I-V curves measured for a photovoltaic device. The 

observed shape can be related to certain components of the ECD, and from that conclusions can 

be drawn about the physical properties of the solar cell.  

 

 

 
 

 
 
 
 

Figure 2.8 Equivalent circuit diagram of a real solar cell. 
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2.6.3 I-V Characteristic Study from ECD Diagrams 
 

I-V characteristics can be studied with respect to the ECD shown in Figure 2.8.  When a 

voltage is applied across the device, the current through D and RL is affected by series resistance 

(RS) in series and all the other loss mechanism shunt resistance (RSH) present. The shape of I-V 

curves can reveal details about the different undesirable mechanisms present in the solar cell. In 

the following section, different examples of the detrimental mechanisms and how they affect the 

I-V curves is given. 

A. High Series Resistance 

In the ECD, as the series resistance, RS, is increased, less current is drawn in the circuit 

and hence the output current is lesser. In this thesis, RS values are calculated from the dark I-V 

curve. Figure 2.9 shows the effect of change of RS on the I-V curves. ISC and FF decreases with 

the increase in the value of RS. The Voc is more or less unaffected since it is measured when the 

current in the circuit is zero. Increased RS indicates a drop in charge carrier mobilities and hence 

the photocurrents. The 4th quadrant I-V curves change shape from solid to dash to dot with the 

increase in RS. 
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B. Low Shunt Resistance 

Figure 2.10 shows the effect of RSh on the I-V curve. The value of the RSh can be found 

from I-V curves. In this thesis, dark I-V curves are used to evaluate the value of shunt resistance. 

It has been found that as the value of RSh decreases, there is a drop in the Voc and FF of the 

device. There are different sources of shunt resistance, however they all affect the I-V curves in a 

similar way. The I-V curve becomes more ohmic as the shunt resistance decreases. In the limit of 

very small RSh, Voc will approach zero and the FF will go to its theoretical limit (0.25). Figure 

2.10 shows a sketch of I-V curves as a function of RSh, the curves get progressively more linear 

(solid to dashed to dotted) as the shunt resistances decrease. The short circuit current (Isc) 

however stays almost constant with the change in shunt resistance as it is measured under no 

voltage and is affected mainly by the RS. In ideal conditions, RSh should be as large as possible. 

Figure 2.9 shows the effect of change of series resistance on 4th quadrant I-V curves. 
Arrow points towards the increase in series resistance. 

Increasing RS 
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C. Illumination Intensity Dependence 

With the decrease in the intensity of illumination, the number of charge carriers that are 

photogenerated will also decrease (IG). This will decrease the Isc. Riedel et al. showed a linear 

dependence of Isc on the intensity of illumination [41]. Figure 2.11 shows the effect on 4th 

quadrant I-V curves as a function of intensity of illumination. The shape of the I-V curves 

changes from solid to dotted line with a of decrease of the intensity of illumination which also 

depicts that there will be decrease in Voc and FF values too. Hence it is imperative to quote the 

light intensity when publishing data on the efficiency of solar cells. 

 

Figure 2.10 shows the effect of change in shunt resistance on I-V curves. The arrows 
points toward the decrease in shunt resistance. 

Lowering 
RSh 
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2.7 Heat Treatment of Conducting Polymers 

Heat treatment of polymer solar cell devices is done both for annealing the polymer as 

well as for interdiffusing the bilayer.  

 

Annealing: Conducting polymers are annealed by heating the polymer film at elevated 

temperature. This helps in removing the residual water and other solvents as well as in increasing 

the crystallinity of the polymer. 

Interdiffusion: In bilayer devices, increase of interfacial area is achieved by heating the bilayer 

device. Interdiffusion of the bilayer device is achieved by heating the device in the vicinity or 

Figure 2.11 Effect of change in intensity of illumination on the 4th quadrant I-V 
curves. The arrows points toward the decrease in illumination intensity. 

Lowering  
Illumination intensity 
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above the glass transition of the polymer under controlled heating conditions. Two different 

conditions were used for heating the device. 

• The sample was placed on a hot plate under the continuous flow of argon so that oxygen 

is prevented from entering the system. 

• The sample was heated on a hot plate under vacuum. 

 

In the following discussion, topics related to interdiffusion such as heat and mass transfer 

are discussed. 

2.7.1 Heat Transfer 

It is the thermal energy that is transferred between the hot and cold body due to spatial 

temperature difference. Heat can be transferred by the process of conduction, convection or 

radiation. As radiation can be neglected for the hot plate setup used in this process, conduction 

and convection will be discussed here. 

A. Conduction 

 It refers to the heat transfer that occurs across the medium due to the presence of a 

thermal gradient. Heat transfer occurs from higher temperatures to lower as the molecular energy 

is higher for molecules associated with the higher temperature medium and as neighboring 

molecules collide, there is a heat transfer from the high energetic to less energetic molecules. In 

this process, net transfer of energy is caused by random molecular motion, and can also be 

described as diffusion of energy. The energy of heat transfer can be described in terms of heat 

flow rate (H) [33].  
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Heat flow rate for conduction is given by Fourier’s law. For a one dimensional plane 

wall, which is a valid assumption for the heating setup used in this experiment, heat flow rate 

through a unit area is directly proportional to the temperature gradient. The heat flow rate H is 

given by, 

                                                  
L
TTkA

dt
dQH )( 21 −==     . 

 

Here, k is thermal conductivity (W/m*K) and is characteristic of the wall material and L 

is the thickness. 

B. Convection 

Convection is a heat transfer process in which heat transfer occurs by random molecular 

motion as well as by macroscopic motion of the bulk. As the bulk must be able to move, 

convection is only possible in the case of fluids. 

A specific case of study is the interface between the solid surface and the fluid in motion 

where the two are at different temperatures. As a result of surface –fluid interaction, the velocity 

of the fluid varies from zero at the interface to some finite value away from the interface. Heat 

transfer at the interface is mainly due to random molecular motion at the interface where the fluid 

velocity is zero. Heat transfer is sustained by both random molecular motions as well as by bulk 

motion of the fluid at any point away from the interface. In convection mode, the heat transfer 

rate is proportional to the temperature difference between two phases as well to the surface area 

of contact [33, 34] where, 

                                 )(** fs TTAh
dt
dQH −== . 
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Here, h (W/m2*K) is the convection heat transfer coefficient and Ts and Tf are the surface 

and fluid temperatures, respectively. In this experimental setup, conduction and convection are 

mainly responsible for heat transfer between the hot plate and the sample device. 

C. Temperature at the Surface of Film  

The temperature at the surface of the film that is heat treated can be modeled in terms of 

heat transfer through a single wall. Figure 2.12 shows the schematic of the setup used for heat 

treatment of the devices. In this setup, thermal contact resistance, which is due to the surface 

roughness of either of the two surfaces in contact, is considered negligible. The film is heated by 

the process of conduction through the glass slide and the process of convection dictates the heat 

transfer from the film into the atmosphere.  

The heat transfer rate into the film is given by, 

                                     
glass

filmhpglassin
in L

TTAk
dt
dQ

H
)( −

==         . 

The heat transfer out of the film is given by the process of convection and is given by, 

                                    )(** gasfilm
out

out TTAh
dt
dQ

H −==       . 

           

In the state of equilibrium, the rate of heat transfer into the film should be equal to the 

rate of heat transfer out of the film. Solving for Tfilm under the state of equilibrium gives: 

                                                       outin HH =  

and,                                 
glassglass

gasglasshpglass
film Lhk

TLhTk
T

*
**

+
+

=        . 
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Hence Tfilm can be evaluated using the above equation.          

    

 

2.7.2 Mass Transfer 

During the process of heat transfer, mass transfer also can occur. Mass transfer results due 

to the concentration gradient in materials. Mass transfer is the process of diffusion of one species 

into another as a result of that concentration gradient. In polymeric solar cells based on the 

bilayer architecture, upon heat treatment of the devices, there is diffusion, which can be 

explained by Fick’s law of diffusion [35]. 

The rate equation, for the mass diffusion of species A is given by Fick’s Law, 

                                        AABA fDCJ ∇−= **                              .                  [1] 

Here, JA(Kmol/m2s) is the molar flux of species A, C (C = CA+CB ) is the total molar 

concentration, DAB is the binary diffusion coefficient and fA is the mole fraction of species A(fA 

      Figure 2.12 Heat treatment setup for a device on a hot plate. 
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=CA/C).  For the case of the bilayer system, the following assumptions are assumed in order to 

simplify the process: 

• There is no chemical reaction involved in this process and hence there is conservation of 

species. 

• The diffusion of species is one directional. 

• Diffusion coefficients are considered constant as the diffusion occurs at constant 

temperature. 

• Here species A is assumed to move into species B and hence B is considered stationary 

medium and the A-B interface does not move. 

 

As this process is concentration gradient dependent, the molar flux at any point is 

dependent on the concentration in a small distance dx. 

                                              
dx

x
J

JJ xA
xAdxxA *,
,, ∂

∂
=−+

                                    [2] 

 

As there has to be conservation of species, the amount of material flowing into a region 

should equal the combination of the material flowing out and the material stored, so that, 

 

                                             
dt

dM
dt

dM
dt

dM storedAoutAinA ,,, =−                     .                        [3] 

The rate at which mass is stored can also be expressed as, 

                                                dx
dt
dC

dt
dM storedA *, =                                 .                         [4] 

Comparing equations 2 and 3, 
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dt
dC

dx
dJ xA =− ,                                                                    [5] 

 

Equation 5 can be modified further using equation 1 to obtain 

                                           
dt
dC

dx
fDCd AB =

∇−
−

)**(                      .                                [6] 

Assuming C and DAB as constants, it can be simplified further to 

                                                     
dt
dC

dx
CdD AA

AB =2

2

                        . 

This equation can be solved with the assumption of certain boundary conditions. Here in 

this situation, the following boundary conditions are assumed. 

The initial concentration of species A in the bulk of region B is zero, 

                                                  0)0,( =xCA              . 

As specified in the assumptions, pure A can be found at the interface, x = 0, at any time t. At x = 

0, CA is maximum. This yields, 

                                       )]
**4

(1[),( max tD
xerfCtxC

AB
A −=       . 

 

This model is useful for getting a feel of the interdiffusion process. But this theory, as is, 

is an over simplification that cannot be used directly to model the interdiffusion process of our 

system. 

2.8 Origin of the Open Circuit Voltage (Voc) 
 

The origin of the open circuit voltage in organic solar cells has been a subject of great 

debate in the recent past. In general, it has been found that Voc is related to the built-in potential 



 

  52 

of the photovoltaic device. The built-in potential strongly depends on the morphology of the 

active layer and is different for varied device architectures. In single layer devices, the built-in 

potential is determined by the difference in work functions of the two metal contacts. In 

bilayer/bulk organic solar devices, Voc is dependent on the difference of the highest occupied 

molecular orbital HOMO level of the donor and the lowest unoccupied molecular orbital LUMO 

level of the acceptor. The various parameters that affect the Voc are the LUMO level of acceptor 

(first reduction potential), the HOMO level of the donor (oxidation potential) and the work 

function of the top electrode material. However, it has been found that effect of the variation of 

work function of top electrode material on the Voc is quite insignificant. 

A. Electron acceptor 

Brabec et al. studied the correlation of the LUMO level of acceptor and the observed Voc 

of the devices [36]. Figure 2.13 shows the effect of the variation of different derivatives of 

fullerene C60 on the observed open circuit potential of devices. 
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B. Electrode Material 

PCBM was chosen as the reference electron acceptor in order to study the influence of the 

work function of the top electrode material on the built-in potential of the organic solar cells.  

Figure 2.14 shows the plot of the variation of the Voc as a function of the work function of the top 

electrodes. A variation of less than 200 mV was observed in Voc when the work function of 

electrode material is varied by 2.2 Volts. Hence the effect of the change of work function on the 

open circuit voltage is quite insignificant. 

 

 
Figure 2.13 Dependence of Voc on the LUMO levels of various fullerene derivatives. 
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C. HOMO Level of Polymer 

Gadisa et al. studied the correlation in the Voc as a function of the variation of the HOMO 

level (first oxidation potential) of the donor conjugated polymer [37, 38]. Scharber et al. reported 

for 26 different bulk heterojunction solar cells that there is a linear relation between the oxidation 

potential (HOMO level) of the conjugated polymer and the Voc [38]. 

          

 
Figure 2.14 Dependence of Voc on the work function of the various top electrodes. 
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Hence Voc can be defined as a function of the HOMO level of the polymer donor and the 

LUMO level of the fullerene acceptor and can be described as, 

 

                                )()( )(2)(1 AredMAredOXOC ESESAV −−−= φ               . 

 

Here, Ered(A) is the reduction potential or LUMO level of the acceptor (fullerene 

derivative), AOX is a constant which is a function of oxidation potential or HOMO level of 

conjugated polymer and ΦM is the work function of the metal. S1 and S2 are the slopes calculated 

from the Figure 2.13 and Figure 2.14. As S2 is a small parameter, it can be neglected. 

 

 

 

Figure 2.15 Dependence of Voc on HOMO level of the polymer donor as reported by  
Scharber et al. 
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Hence Voc can be defined as, 

                                         VESAV AredOXOC 3.0)(( )(1 −−=      . 

 

Here, 0.3 Volts is the empirical parameter which can be related to the difference between 

the LUMO of the donor and the LUMO of the acceptor, the potential difference which is 

sufficient for efficient charge separation. Hence Voc of polymer solar cells can be controlled by 

the appropriate choice of the donor and acceptor materials. 

 Further, Vandewal et al. [40] reported that Voc can be correlated to the formation of 

charge transfer complex (CTC) between the polymer and the fullerene. The presence of a weak 

emission signal, which is red-shifted compared to the pure components, was detected in the 

photoluminescence and electroluminescence spectra and was assigned to the emission of 

interface electron-hole pairs or charge-transfer excitons. This can also be characterized by the 

presence of a weak sub-gap absorption band in several polymer fullerene blends used for 

photovoltaics which are required for the formation of a CTC. The injected current in an organic 

solar cell is given by the ideal diode equation, 

 

                                           )1)(exp()( 0 −=
kT
qVJVJ IN                .                (1) 

At open circuit, the injected current JIN(V) causing the low quantum efficiency charge-transfer 

emission equals Jsc; hence, from equation (1), we obtain a commonly used equation for Voc,   

 

                                         )1ln( +=
O

SC
OC J

J
q
kTV                               .             (2) 
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This formula for Voc does not contain a parameter related explicitly to any optical gap. 

However, both Jo and Jsc are a function of the spectral band positions and it is implicitly 

integrated in their formula. Voc values obtained by this formula have been found quite close to the 

experimental values obtained for different preparation techniques as well as for different 

materials. These differences can be related to the change in the spectral position of charge 

transfer complexes for different parameters. 

Based on these studies, it has been found that the efficiency of bulk heterojunctions is 

primarily dependent on the bandgap and the LUMO level of the donor [39, 40]. Figure 2.16 

shows the contour plot of the power conversion efficiency where, the x and y axes are band gap 

and LUMO level of the donor, respectively. The straight lines in Figure 2.16 define lines of 

constant donor HOMO levels of –5.7 and –4.8 eV. The following assumptions are assumed while 

making this plot. 

 

• The external quantum efficiency (EQE) of the solar cell for photon energies equal to or 

larger than the bandgap energy of the donor and the FF are each set to 65 %. 

• Any contribution to the short-circuit current from photons absorbed by the fullerene is 

neglected. 

• It is assumed that an energy difference of 0.3 eV between the LUMO of the donor and 

LUMO of the acceptor is sufficient for efficient charge separation. 

It is evident from Figure 2.16 that the energy conversion efficiency of a bulk-

heterojunction solar cell should be much more sensitive to changes of the donor LUMO level 

compared to variations of the donor bandgap. It is evident that a variation of the donor bandgap 

by 0.65 eV leads to a variation of only 1% in the device efficiency. In contrast, a 0.65 eV 
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variation of the polymer LUMO level results in efficiency changes between 3.5% and 8% 

depending on the donor bandgap. In order to achieve efficiency greater than 10 %, the donor 

polymer must have a bandgap of less than 1.74 eV and a LUMO level of less than –3.92 eV. 

These results indicate that besides reducing the band gap, new materials needs to be designed in 

order to optimize the LUMO level of the donor. 

 
 
 
 
 
 
Figure 2.16 Dependence of the power conversion efficiency as a function of the LUMO level 
and band gap of the donor. 
 

Hence, although an optimized open-circuit voltage is a prerequisite to achieve certain 

device efficiencies; it is not sufficient.A	  
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Chapter 3 

Experimental Methods and Materials 
 

This chapter explains the experimental set ups and methods used in this thesis. The 

materials that are used for the fabrication of photovoltaic devices in this thesis are also discussed 

in detail. 

3.1 Experimental Setups 

This section provides information on the different setups used in this experiment for the 

fabrication of photovoltaic devices. 

3.1.1 Spin coater 

A spin coater from Chemat technologies (KW-4A) is used to spin cast the films onto the 

indium tin oxide (ITO)-coated glass substrates. In this thesis, most of the layers in the multilayer 

photovoltaic device are deposited by spin casting. A few drops of the solution are dropped onto 

the substrate which is then spun at a particular speed. The speed can be varied from 800 rpm to 

4000 rpm. As the solution is spun off from the slide, the solvent evaporates leading to a uniform 

film. There are two parameters that affect the thickness of the spin coated film. 

• Concentration of the solution: The higher concentration of the solution leads to the 

thicker films. Hence by varying the concentration, the thickness can be controlled. 

• Spin speed used for spin casting: The higher is the spin speed, the thinner will be the film. 

However, it has been found that varying the spin speed at a particular concentration does 

not produce a large difference in the thickness. 
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The poly (3,4-ethylenedioxythiophene): poly(styrenesulfonate) complex (PEDOT: PSS) 

layer is spin cast at 1500 rpm from an aqueous solution. The donor and acceptor layers are spin 

cast from volatile organic solvents such as chloroform, chlorobenzene and dichlorobenzene. 

Volatile organic solvents evaporate faster and hence lead to faster formation of the film. In this 

thesis, concentration as well as spin speed is varied to achieve varied thickness of the different 

layers. 

3.1.2 Vacuum Evaporator 
 

A vacuum evaporator from Ladd Inc (#30000) is used for the evaporation of electrodes. 

Figure 3.1 shows the schematic of the evaporator with the boat for aluminum electrode 

deposition. Aluminum electrodes are deposited under vacuum of the range of 4-6 µTorr.  The 

deposition of the aluminum layer is carried out by evaporating aluminum granules (purchased 

from Alfa Aesar, 8-12 mm) from tungsten wire boats (purchased from R.D. Mathis Co. part #: 

ME17-3X.025W). This system also has a setup for heating the substrates. A thermocouple and 

heater interfaced with an Omega CN9000A temperature controller are connected to the stage 

holding the substrate, which allows for the controlled heating of the substrate under vacuum. This 

step is used for annealing of the donor layer prior to acceptor deposition, annealing the bulk 

heterojunction devices and for the interdiffusion of the bilayer devices under vacuum. The films 

deposited by this method are not quite uniform. The thickness is highest at the center and 

decreases towards the edge of the slide. 

 

 



 

  65 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.1 Schematic of the vacuum sublimation unit with the set up for electrode 
deposition. 
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3.1.3 Transmission-Reflection Measurements, Optical Density and Thickness 
 

A Filmetrics F20-UV thin film spectrometer system, which can run in transmission as 

well as reflection mode, is used for obtaining transmission and reflection data for the devices. A 

Deuterium Halogen lamp source, DH2000 from Ocean Optics Inc. is used for illumination. The 

transmission and reflection data is used to calculate the optical density, which is directly 

proportional to the thickness. Hence, this method can be used for the determination of thickness. 

Equation [1] describes the relation of the optical density at a particular wavelength to the 

transmission and reflection values at that wavelength [1]. 

                                                   
R
TOD
−

−=
1

log                                                     [1] 

 

According to Beer-Lambert’s law, the transmission (T) through a film can be described in 

terms of the absorption coefficient of the film (α) and thickness of the film (d) by, 

                                                       de
I
IT α−==
0

                                  .                   [2] 

Here I0 is the initial intensity of the light and I is the transmitted light intensity.  Optical 

density (OD) defines the amount of light that is absorbed in the sample and is related to the 

transmission by, 

                                                          ODT −=10                                    .                      [3] 

 
From equation 2 and 3, the thickness of a film can be expressed in terms of the optical 

density and absorption coefficient by, 

                                                          
)log(e

ODd
∗

=
α

                              .                     [4] 
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 Hence, the optical density values can be used to deduce the thickness of the film if the 

value of α is known. This is the method that is primarily used in this thesis for thickness 

calculation unless otherwise specified. The optical density and absorption coefficient are 

wavelength dependent so all values used must be at the same wavelength in order to calculate the 

thickness. The photovoltaic devices studied in this thesis are multilayer devices and thickness of 

each layer is calculated using this method. The Filmetrics is used to collect the optical density of 

each layer after the subsequent deposition of each layer. Figure 3.2 shows a typical plot of the 

additive optical densities as each layer is added onto the ITO-coated glass substrate.  
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Figure 3.2 Typical plot of the additive optical densities of PEDOT, P3HT and PCBM as each 
layer is added to ITO coated glass substrate. 
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In order to calculate the thickness of each layer, it is assumed that there is no ground state 

interaction between the subsequent layers. Hence, the thickness of nth layer can be calculated by 

subtracting the OD of (n-1)th layer from nth layer. Figure 3.3 shows a example of the optical 

density curve of individual layers as is obtained by subtracting the OD of (n-1)th layer from nth 

layer. 
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Figure 3.3 Typical plot of the separate optical densities of PEDOT, P3HT and PCBM as optical 
density of each subsequent layer is subtracted from the previous layers. 
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3.1.4 Photocurrent and I-V Curve Measurements 
 

A. Measurements Under Monochromatic Lamp Source 

The schematic of the setup used to obtain I-V curves and short circuit current is shown in 

Figure 3.4. A 300 W Xe lamp from Oriel Instruments, combined with a CVI CM 110 

monochromator, serves as the optical source. The monochromator with 2400 grooves/mm is used 

to select the wavelength to be used, which is then focused on the device. A silicon photodiode 

from Oriel Instruments, of calibrated photoresponsivity, is used to measure lamp intensity. The 

diode is used to calibrate the intensity on regular basis in order to account for the changes in the 

power output of the light sources which can be due to wear of the cathode in the Xe lamp. The 

Psource(λ) at each selected wavelength can be determined using the known photoresponsivity 

spectrum of the diode. A Keithley 485 picoammeter is used to collect the unbiased photocurrents 

(ISC), the current measured under no external bias applied. By measuring the Psource(λ) and ISC  at 

each wavelength, the photoresponsivity and EQE can be calculated by using, 

 

                                   PR= 
)(
)(
λ

λ
source

sc

P
I         ;   

λ
λλ )(*)( PR

e
hcEQE =      . 

 

The average intensity of the source at the sample is found to be ~4mW/cm2 at 470 nm 

illumination. The current-voltage curves are measured under dark and the monochromatic 

illumination by using a Keithley 236 source measurement unit along with the monochromator. 

The source measurement unit is used to supply the varying external bias and measure the 

resulting currents through the device to yield I-V characteristics. The monochromator combined 

with the source measurement unit is used to select the wavelength at which the I-V curves are 
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measured. The FF values and the power conversion efficiency (η) values are calculated from this 

data by using, 

 

                     FF = 
SCOC IV
IV

∗
∗ maxmax          ;         η = 

)(
**
λsource

SCOC

P
IVFF     . 

 
All the measurements are done in the box filled with Argon in order to avoid the photo-oxidation. 

 

B. Measurements Under AM1.5 Solar Simulator Lamp 

 

The photocurrent and I-V measurements are also done under simulated AM1.5 solar 

spectrum. AM0 and AM 1.5 filters were purchased from Oriel Instruments and calibrated for a 

300 W Xe lamp to produce the simulated solar spectrum. This setup is quite identical to the setup 

used for the monochromatic measurements; however there is no monochromator here. The 

schematic of the setup is identical to Figure 3.4, with the monochromator replaced by AM0 and 

AM1.5 filters. The filters are placed in front of the lamp to produce the solar spectrum intensity 

of 100 mW/cm2, which is the intensity of one sun and it corresponds to a current of 0.118 mA in 

our calibration diode. 
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Figure 3.4 Experimental setup to obtain I-V characteristics and photocurrent measurements 
under monochromatic lamp. 

 

3.1.5 Hot Stage for Heat Treatment 
 

Two methods were used to heat the samples in this thesis. The heating of the sample at 

higher temperature is done to induce diffusion of donor and acceptor materials in a bilayer 

device. In one method, the heating is done in the vacuum chamber by using a 1” by 1” kapton 

heater placed in contact with the sample device. Hence, in this case, the temperature of the heater 

is essentially the same as that of the slide. The temperature of the heater is controlled by a 

CN9000A controller. 
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The other method involves heating the sample on a hot plate which is placed in the inert 

environment in the plexiglass box. The inert atmosphere is maintained by continuous flow of 

argon into the plexiglass box. The temperature on the hot stage is controlled by a CNi1622-C24 

temperature controller by Omega Engineering Inc., enabling constant heat rates for the heating 

process. As the temperature controller controls the temperature of the hot plate, it is necessary to 

determine the temperature difference between the hot plate and the surface of the sample. As 

stated in section 2.7, the temperature at the surface of the sample or film is given by, 

 

                                              
glassglass

gasglasshpglass
film Lhk

TLhTk
T

*
**

+
+

=       . 

 
 

The following parameters are assumed in the calculation of the temperature at the sample 

surface. Here, kglass is the thermal conductivity of glass (1W/(K.m)), A is the surface area of the 

slide (6.25×10-4 m2), Thp is the hot plate temperature, Tfilm is the temperature of the film, Lglass is 

the thickness of the glass slide (9×10-4m), h is the convection heat transfer coefficient (upper 

limit of 25K.W/m2 for free convection) and Tgas is the ambient temperature (293K). Tfilm can be 

calculated using this formula. The plot of the temperature difference of the film with respect to 

temperature of the hot plate is shown in Figure 3.5.  A temperature difference of 5 °C is found 

between the temperature of the hot plate and the film when the temperature of the hot plate is 

~300 °C. This is a quite small difference and hence can be considered insignificant. 
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Figure 3.5 Plot of the temperature difference of the hot plate and the film versus the temperature 
of hot plate. 
 
 
 

3.1.6 Auger Spectroscopy with Ion Beam Milling 

 
Auger spectroscopy with ion beam milling is used to study the atomic composition of the 

materials as a function of depth in the device. In this thesis, most of the work is focused on the 

interdiffused bilayer devices. Auger spectroscopy combined with ion beam milling is used to 

scan the concentration depth profile of various atoms. Auger spectroscopy is a powerful tool as it 

can provide information on the depth profiles of devices produced under different conditions and 

hence can be related to its performance.  An energetic electron beam (1KeV-20 KeV) bombards 

the sample surface, resulting in the multi-step ejection of an Auger electron. The energetic 

electron beam leads to the removal of an inner shell electron to form a vacancy [Figure 3.6A]. 

There are two possible processes that can be used to fill this vacancy. 
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• An electron from higher shell falls to the inner shell, emitting an x-ray photon of energy    

hν = Elow- Ehigh , [Figure 3.6B]. 

• An electron falls from higher shell to inner shell, and the excess energy is used to release 

another electron called an Auger electron [Figure 3.6C]. The characteristic kinetic energy 

of the Auger electron is given by, 

 

                                                Ekin = (Elow - Ehigh) -Ehigh          . 

 

The measured kinetic energy of secondary electrons is unique for each element and hence 

can provide information on the type of atoms present [2]. This method when used with ion beam 

milling, gives the compositional analysis of the sample as a function of the depth. The elements 

that can be detected by this method are Lithium to Uranium with the detection limit of 0.1%-1% 

atomic concentration. Figure 3.6 shows the schematic of process of the emission of the Auger 

electron.  The scanning auger spectroscopy system (model # 610 Perkin-Elmer) is used to study 

the surface layer of the sample. Ion beam milling, which is done by sputtering the surface with 

ions, is combined with the surface scan to do the depth profiling. After each surface scan, a part 

of layer is removed by sputtering followed by the next surface scan. In this thesis, the etch rate is 

maintained at 5 nm/cycle. The polymers used in this work are P3OT and P3HT which have sulfur 

in addition to the carbon which is present in the fullerenes. Hence, the trace of the sulfur in the 

depth profile of interdiffused devices provides information on the extent of interdiffusion which 

can be related to the performance of the devices. 

 
 
 
 



 

  75 

 
 
 
Figure 3.6 Schematic of the Auger electron emission process, A. Incident of electron, B. 
Electron moves from higher shell to inner shell vacancy, C. Release of an Auger electron. 
 
 
 

3.1.7 X-ray photoelectron spectroscopy (XPS) 
 

X-ray photoelectron spectroscopy is a quantitative spectroscopic tool that can measure the 

elemental composition in the material. X-ray photoelectron spectroscopy combined with 

sputtering is another method used in this thesis, in order to study the atomic concentrations of the 

materials as a function of the depth of the device. An X-ray beam is used to irradiate the sample 

surface which results in the ejection of core level electrons. A photon of energy (hν) is used to 

bombard the material and is absorbed by an electron with binding energy Eb. The photoelectrons 

are ejected with the kinetic energy given by, 

                                           φν −−= bk EhE         . 
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Here, ϕ is the work function required to remove the electron from the surface. The 

photoelectrons studied are core electrons as the core electrons carry precise information about 

individual atoms. The electrons that are far from the nucleus as are not bound very strongly, does 

not carry information about the precise atoms. The ejected photoelectrons are separated with 

respect to the energy of the elements as the energy of the core electrons from each element is 

different. XPS is based on the photoelectric effect as explained by Einstein in 1905. Figure 3.7 

shows the schematic of the photoelectric effect. 

 

 

 In 1960, Dr. Siegbahn and his research group invented the XPS technique for which he 

was awarded Nobel Prize in 1981. The ejected electrons that are studied at each surface scan 

come from the top 1-10 nm of the sample. In order to study concentration gradients in the 

interdiffused devices, sputtering is done at the rate of 10 nm/cycle after each surface scan so that 

sulfur can be traced as a function of the depth. The elements that can be detected with this 

method are Lithium to Uranium with the detection limit of 0.1-1% atomic concentration.  

Figure 3.7 Schematic of the photoelectric process 
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3.2 Device Structure 

The general device structure of the organic photovoltaic bilayer device studied in this 

work is shown in Figure 3.8. The active device layer is sandwiched between the anode and 

cathode. Here ITO-coated glass along with poly (3,4-ethylenedioxythiophene) 

poly(styrenesulfonate) (PEDOT: PSS) serve as an anode and Aluminum serves as the cathode. 

The light enters the device through the glass substrate and is absorbed in the first pass, absorbed 

in a second pass after reflecting off the cathode or exits again through the glass surface. 

 

 

 

                                  
 
 
 
                                    Figure 3.8 Schematic of bilayer device structure 
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The ITO-coated glass substrate is first etched so that ITO is present at the central ½ of the 

slide, and hence contacts can be made at the non-ITO surface in order to avoid shorting of the 

device. Etching is done by masking the regions which are not to be etched with electric insulation 

tape. The slide with electric tape is immersed in a 1:1 solution of 12.1 M HCl and de-ionized 

water for one hour, in order to dissolve the exposed ITO. After the etching process, the slide is 

rinsed and cleaned with acetone in order to get rid of any tape. These slides are further sonicated 

in 30% NH4OH:H2O2 solution. The etched ITO glass slide is first spin coated with a layer of 

PEDOT:PSS which serves as the transparent anode through which light is incident on the device. 

The PEDOT: PSS is followed by a layer of donor and then acceptor material, on top of which 

aluminum is evaporated to form the cathode.  The thickness of the donor and acceptor layer is 

maintained in the range of tens of nanometers. Bilayer devices further can be heated on the hot 

plate so that a concentration gradient is achieved in the devices. Adhesive tape of copper is used 

as contacts; these contacts are placed on the aluminum electrode in a region where the ITO layer 

is removed in order to prevent shorting through the film. The effective area of the device is the 

region in the middle that is sandwiched by both the ITO and Al electrodes. 

The devices are made on 1” by 1” ITO glass substrates. Figure 3.9 shows the schematic of 

the final structure of the completed device. There are 8 devices with approximate active area of 

0.12 cm2 each on a 1” by 1” substrate. This is achieved by using a mask during aluminum 

deposition so that the slide is divided into 8 parts. The devices are labeled A through H. 
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3.3 Donor Materials 

This section provides details on the donor materials studied in this thesis. 

3.3.1 Donor - P3OT 

Poly (3-octylthiophene-2,5-diyl) semiconducting polymer that is hereafter referred to as 

P3OT has been intensely studied as a donor material in this thesis. The chemical structure of 

P3OT is shown in Figure 3.10. P3OT was purchased from Rieke Metals (4003 E, lot number 

BS12-49) with a molecular weight of (~142,000) in a regioregular structure (Typical results are 

between 90% and 94% regioregularity).  

 

Figure 3.9 Schematic of the final layout of the device. 
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The regioregular structure imparts crystallinity and hence P3OT is micro-crystalline, 

therefore exhibiting a melting point Tm (melting point temperature) as well as a Tg (glass 

transition temperature). Tm was determined to be 187 oC by DSC, however Tg could not be 

determined but is expected to be below 100 oC [3]. The crystallinity of P3OT increases upon 

annealing which can be used to improve the device performance. At temperatures above the glass 

transition, the polymer becomes soft and hence enables the diffusion of the acceptor into the 

polymer easier. Cyclic voltammetry is often used to find the HOMO and LUMO values of the 

polymer. Different research groups have reported different values for the HOMO and LUMO 

levels of P3OT. The band gap is in the range of 1.6 eV to 2.1 eV, which is in visible wavelength 

spectrum range.  In 2003, Sensfuss et al. reported a HOMO value of -5.25 eV and LUMO of -

3.55 eV for P3OT [4, 5, and 7]. In 2002, Gebeyehu et al. reported a HOMO of -4.9 eV and 

LUMO of -2.8 eV [6]. The absorption maximum for P3OT is observed at 512 nm and the α 

(absorbance per unit length) value for P3OT, as reported from previous work, is 1.38 ×105 cm-1, 

measured at 512 nm [7].  

 
 
 
 

Figure 3.10 
Structure of P3OT. 
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3.3.2 Donor - P3HT 
 

Poly (3-hexylthiophene) is another conducting polymer which has been studied 

extensively in this thesis, and hereafter is referred to as P3HT. Bulk as well as bilayer 

interdiffused devices have been made from P3HT with PCBM as an acceptor material. Figure 

3.11 shows the chemical structure of P3HT.  

 

 

 

 

Cyclic voltammetry experiments done on films of P3HT have also been used to find the 

HOMO and LUMO levels of P3HT [4,7]. The HOMO level value is at -5.20 eV and LUMO level 

is at -3.53 eV. It has been found the oxidation potential, which relates to the HOMO level, and 

the reduction potential, which relates to the LUMO level, are slightly dependent on the length of 

alkyl chains. As the length of the side chain decreases, there is an increase in the density of π 

electrons due to improved interchain coupling which enhances the electron donation character 

and hence favors the oxidation. The oxidation potential shows a direct dependence on the alkyl 

chain length whereas the reduction potential shows inverse dependence [7]. The absorption 

maximum for P3HT is observed at 500 nm as is evident from Figure 3.3 and the value of the 

Figure 3.11 
 Structure of P3HT. 
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absorption coefficient is 1.75x105cm-1 at 500 nm. It has been observed that with the decrease in 

the length of side chain, the value of the absorption coefficient increases [7]. 

 It has been found that regioregular P3HT have higher values of hole mobilities compared 

to other conducting polymers and values of the order of 0.1-0.3 cm2V-1s-1 has been observed [8, 

18]. However these values are observed in FET configuration. The mobility values observed in 

diode configuration are much lower in the range of 10-4 cm2V-1s-1. Coakley et al. demonstrated 

that hole mobility in P3HT can be increased to the range of 10-3 cm2V-1s-1 by aligning the 

polymer chains in the direction perpendicular to the substrate in vertically oriented nanopores. 

The mobility values observed for P3HT depend not only on the regioregularity but also on the 

process of film formation. It has been found that thin films of P3HT can adopt microcrystalline 

and anisotropic lamellar microstructures with stronger π-π chain interactions. 

 

3.3.3 Donor - Porphyrins  

Porphyrin is another donor material which is investigated in this thesis. Porphyrins have 

been found to 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 [9]. Porphyrins are 

macrocyclic aromatic compounds which are similar to chlorophyll and are p-type organic 

semiconductors [10]. Porphyrins have been investigated in the past as the light absorber donor 

material in photovoltaic devices [11, 12]. However, the lack of solubility of porphyrins in most of 

the organic solvents limits its potential application in bulk heterojunction photovoltaic devices. 

However, the derivatives of porphyrins which can be soluble in various organic solvents can be 

sought as the active materials. 5,10,15,20-Tetraphenyl-21H,23H-porphine zinc (ZnTPP) is 
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porphyrin derivative that is used in this thesis as the p-type donor in Porphyrin:PCBM devices. 

ZnTPP has strong optical absorption in the visible spectrum [14] and is expected to form co-

crystallites with PCBM [14, 15]. 

 

3.4 Acceptor materials 
 
This section discusses the acceptor materials used in this thesis. 

3.4.1 Acceptor – PCBM 

[6,6] phenyl C61 butyric acid methyl ester, hereafter referred as PCBM is a derivative of 

C60-fullerene which is solution processable and hence is a highly investigated acceptor material. 

PCBM was purchased from Nano-C (99.5% purity) for all the work in this thesis. In this thesis, 

PCBM is mostly used as an acceptor material with P3OT, P3HT as well with Porphyrins. Figure 

3.13 shows the structure of the PCBM molecule. The addition of the side chain to C60 renders the 

PCBM molecule solubility in various solvents as well higher LUMO levels compared to C60. 

HOMO and LUMO values as calculated by cyclic voltammetry are -6.1 eV and -3.83 eV [9]. The 

higher value of the LUMO leads to the better Voc of devices made with PCBM compared to C60. 

The electron mobility in PCBM has been found to be in the range of 10-3cm2V-1s-1 and hence 

qualifies PCBM as an ideal candidate as n-type material. The mobility calculation done by 

different methods such as time of flight method as well as by SCLC regime methods have been 

found to be in quite agreement with the values of electron mobility at 2x10-3 cm2V-1s-1[16]. 
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3.5 Electrode materials 

The electrodes are used to collect the charges created by photon absorption. Electrodes 

are chosen with different work functions so as to create an internal field that can provide the path 

for the charge carriers to the electrodes. The work function of the anode is higher than the 

cathode so that band bending gives a preferred direction to the flow of electrons and holes. One 

of the electrodes has to be transparent so that light can be absorbed, the other electrode has to be 

reflecting so that photons that were not absorbed will be reflected and can be absorbed in the 

active layer. 

 

3.5.1 Positive electrode 
 

The two-layer system, consisting of indium tin oxide (ITO)-coated glass slide followed 

by the coating of conducting polymer poly (3,4-ethylenedioxythiophene): poly(styrenesulfonate) 

complex hereafter referred as PEDOT:PSS, serves as the positive electrode. ITO-coated glass 

slides were ordered from Delta Technologies, part #: CH-50IN-S109. These were 1 x 3 x 0.036 

Figure 3.12 
 Structure of PCBM. 
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inch unpolished float glass slides, SiO2 passivated with ITO coated on one surface with a sheet 

resistance of 8 Ω to 12 Ω and an anti-reflection coating on the other side. These slides had 

minimal absorption in the visible region of the spectrum and hence light can penetrate to the 

active layer of the device. PEDOT was obtained as an aqueous dispersion purchased from Bayer 

Corp. Baytron PH was used initially followed by Clevios PH as the conducting layer from the 

same supplier and the properties of the two were exactly same. The dispersion was filtered 

through 0.45 micron nylon syringe filter (Pall Life Sciences (AP-4438T)) before spin casting 

onto the ITO slide. PEDOT serves the two functions. First it reduces the roughness of the ITO 

surface so that the risk of pinhole shorts can be reduced. Also, it provides better alignment 

between the work function of ITO and the active layer [4]. Hence, it acts as the buffer layer, as 

the work function of ITO is at -4.7 eV and of PEDOT: PSS is at -5.2 eV and hence it can provide 

better band alignment of ITO to active layer [17]. 

3.5.2 Negative electrode 

Aluminum (Al), with a work function of 4.3 eV [14] serves as the negative electrode. 

This negative electrode also serves a dual function. It is highly reflective and reflects the photons 

that are not absorbed in the active layer so that they will be absorbed once they are reflected. 

Also, the suitable work function provides the effective band bending. 

The Al electrodes were evaporated from 99.9% pure Al granules purchased from Alfa 

Aesar. This evaporation is done in the vacuum evaporator from Ladd Research at pressure in the 

range of 4x10-6 Torr. The Al granules are placed in tungsten basket (ME17-3x.025W from R.D. 

Mathis Company). The Al thickness is controlled with a STM-100 thickness monitor from Sycon 

instruments and the thickness is in the range of ~100 nm. The deposition rates are maintained at 

1-3 nm/second. In this thesis, Al is mainly used as the negative electrode. 
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Chapter 4 

P3OT Donor and PCBM Acceptor 
-    Blends and Concentration gradient devices 

 

In this chapter, devices with P3OT as donor and PCBM as acceptor material are studied 

in detail. Different morphologies of device architecture such as bulk heterojunction, bilayer and 

thermally interdiffused devices are investigated at length. In bulk heterojunction devices, the 

thickness of the active layer and the annealing conditions are the two parameters that are studied. 

However, the focus of this chapter is on the bilayer and concentration gradient devices made with 

P3OT as donor and PCBM as acceptor. The parameters that are studied in detail for interdiffused 

devices are the thickness of the each layer and interdiffusion conditions [1]. 

4.1 P3OT: PCBM Blend/ Bulk Heterojunction 
 

The bulk heterojunction or blend devices are the most common device architecture used 

for the fabrication of organic solar cell devices. Here, work is done on blend devices made by the 

dissolving the donor and acceptor materials in a common solvent and then by spin casting onto 

the ITO-coated glass substrate. The devices are made on 1” by 1” ITO glass substrates. Indium 

tin oxide (ITO) coated glass slides were spin-coated with poly (3,4-ethylenedioxythiophene): 

poly(styrenesulfonate) (PEDOT: PSS) complex (Bayer Corp.) at 1400 rpm. P3OT (Rieke metals, 

Inc) and PCBM (Nano-C) are co-dissolved in 1:1 ratio in chloroform to make a 3.0% wt/vol 

solution. The thickness of the active area of the devices is varied by changing the spin speed from 

1000 to 1750 rpm. The devices are further annealed either before the deposition of electrodes, 

referred to as pre-annealing or after the electrode deposition, referred to as post-annealing. In 
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these devices, annealing is done by using the 1” by 1” kapton heater under vacuum (4x10-6 Torr) 

to remove residual water and solvents and to increase the P3OT crystallinity for improved hole 

mobility [2].  Thermal evaporation of aluminum electrodes is carried out under high vacuum. The 

two parameters that are varied in these devices are the thickness of the active layer and the 

annealing conditions.  

4.1.1 Effect of Variation of Active Layer Thickness  
 

The thickness of the active layer is calculated by using the reflection and transmission 

date obtained using the Filmetrics instrument as explained in Chapter 3. A typical optical density 

plot of each layer is shown in Figure 4.1. The absorption peak at 340-350 nm corresponds to 

PCBM and the bulge around 500 nm to P3OT. The thickness can be calculated by using the value 

of the absorption coefficient at a particular wavelength.  
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Devices with active layer thicknesses of 50 nm, 80 nm and 110 nm were studied in detail. 

In these devices, similar annealing conditions were maintained. The annealing was done at 140 

°C for 10 minutes. Figure 4.2 shows the EQE plot of the P3OT: PCBM blend devices with varied 

thickness. It has been found that devices with the active layer thickness of the order of 80 nm 

have better performance. The device with 50 nm active layer thickness has low active volume 

where charge separation can take place and hence lower efficiency. Devices with very high 

thickness have low efficiency because of the increase in the series resistance as is evident from 

Table 4.1. 

Figure 4.1 Optical density plot of separate layers of PEDOT and P3OT: PCBM. 
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Figure 4.2 EQE spectra of the P3OT: PCBM blends with varied thickness annealed at 140 °C for 
10 minutes. 
 

 

The various parameters that are associated with the performance of solar cells are defined 

in Chapter 2. The values of the various parameters such as efficiency (under 470 nm as well as 

AM1.5), FF (470 nm and AM1.5), rectification ratio (RR), series resistance and shunt resistance 

for these devices are given in Table 4.1. 
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Table 4.1 Power conversion efficiency (470 nm, AM1.5), fill factor (470 nm, AM1.5), RR, 
Series resistance and shunt resistance for P3OT-PCBM bilayer devices with varied thickness. 
 

 

Thickness 50 nm 80 nm 110 nm 

Efficiency 470 nm (%) 1.4 2.4 1.3 

Efficiency AM1.5 (%) 0.43 0.9 0.3 

FF (470 NM) 0.45 0.54 0.4 

FF(AM1.5) 0.29 0.27 0.23 

RR  861 2942 167 

Series resistance (ohm) 35 35 856 

Shunt resistance (ohm) 6.1x105 1.15x106 6.7x105 

 

 

As is evident from Table 4.1, the rectification ratio (RR) increases as the active layer 

thickness is increased from 50 to 80 nm and beyond that there is drop in the RR. The higher the 

RR, the better is the performance of the device. The series resistance increases abruptly with the 

increase in the thickness of the device in general. The increase in series resistance can be directly 

related to the drop in the device performance. 

4.1.2 Effect of Variation of Annealing Conditions (Temperature and Time) 
 

In order to study the effect of varied annealing conditions, the thickness of the active 

layer was maintained at 80 nm and the annealing conditions were varied.  Figure 4.3 shows the 

EQE spectra of P3OT: PCBM blends annealed at different temperatures for varied amounts of 
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time. It has been found that annealing done beyond 5 minutes leads to the degradation in device 

performance. As it is evident from Figure 4.3, the devices that are annealed at 140 °C have better 

performance compared to the devices annealed at 130 °C or 150 °C. Also for the same thickness, 

increase of time of annealing from 5 minutes to 10 minutes, at 140 °C leads to degradation of 

device performance. Annealing for longer amounts of time or at higher temperatures beyond the 

Tg of the blend leads to the increased mixing of the two components leading to the degradation of 

the transport properties and device performance [7]. Also, annealing done for longer period of 

time or at higher temperatures leads to the formation of voluminous PCBM clusters that can 

damage the absorber-metal interface and hence degradation in the device performance [8]. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.2 shows the various parameters studied for the P3OT: PCBM blends annealed 

under different conditions. As is evident from Table 4.2, the best performance is achieved for 

Figure 4.3 EQE spectra of P3OT: PCBM blends of thickness 80 nm annealed under 
different conditions. 
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devices annealed at 140 °C. The highest efficiency is obtained for devices annealed at 140 °C for 

5 minutes. Efficiency of the order of 1.5% is obtained under AM1.5 solar simulated conditions 

for the devices with active layer thickness of 80 nm. 

 

Table 4.2 Power conversion efficiency (470 nm, AM1.5), fill factor (470 nm, AM1.5), RR, 
Series resistance and shunt resistance for P3OT-PCBM blend devices with varied annealing 
conditions. 
 
 
 
Annealing conditions 130 °C 

 5 minutes 
140 °C 
5 minutes 

140 °C 
10 minutes 

150 °C 
1 minutes 

Efficiency 470 nm (%) 2.4 3.5 2.4 2.1 

Efficiency AM1.5 (%) 1.1 1.5 0.9 0.3 

FF (470 NM)  0.49 0.57 0.54 0.37 

FF(AM1.5) 0.23 0.42 0.27 0.15 

RR  1555 9253 2942 988 

Series resistance (ohm) 73 32 35 240 

Shunt resistance (ohm) 9.87x105 3.1x106 1.15x106 3.6x106 

 
 
 
 

Although there are large number of studies reported on blend bulk heterojunction devices 

of P3HT and PCBM, there are very few reports on P3OT: PCBM devices. One study reports a 

Voc of 0.635 V and AM1.5G power conversion efficiency of 1.1% for 1:3 concentrations of 

P3OT and PCBM [3] Another publication reports a Voc of 0.60 V under 20 mW/cm2 

monochromatic illumination at 488 nm, but no results were given for simulated solar spectrum 

[4].  In this study done on P3OT: PCBM blend devices, efficiency of the order of 1.5% is 

achieved for devices annealed at 140 °C for 5 minutes. 
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4.2 P3OT/PCBM Bilayer Devices 
 

Blend/ bulk heterojunction devices, in which the semiconducting polymer donor and 

fullerene acceptor are co-dissolved in an organic solvent and spin-cast into a single film, provide 

good charge transfer from electron donor to acceptor, but charge transport is potentially limited 

due to discontinuous pathways of the donor and acceptor materials to their respective electrodes. 

In contrast, bilayer devices provide optimized charge transport while the charge transfer is 

severely compromised as the charge transfer can occur only at the interface of the two layers. We 

have been developing an approach wherein a concentration gradient of the two components is 

achieved to maximize the concentration of the majority carrier component in the vicinity of each 

respective electrode while still providing proximity of the donors and acceptors to enable charge 

transfer [1,5,6]. In this thesis, some of the devices made using the bilayer approach are discussed 

first, followed by concentration gradient interdiffused devices. 

         PCBM is chosen as a preferred acceptor material to C60 for organic photovoltaic devices 

because the presence of the side chain enhances the solubility and the higher lowest unoccupied 

molecular orbital (LUMO) energy level relative to C60 leads to a higher open circuit voltage, Voc. 

However, PCBM does not survive sublimation without substantial decomposition. Hence, a new 

approach for the fabrication of the bilayer device was developed in which the two layers are 

sequentially spin cast. The spin-coating of a PCBM layer on a previously spin-cast layer of P3OT 

is critical to this work. In contrast to C60, which is not very soluble but is easily sublimed, PCBM 

is quite soluble in a number of organic solvents. In order to avoid dissolution of the P3OT layer 

during spin-coating of PCBM, it was necessary to find a solvent in which PCBM is well-soluble 

but which is a poor solvent is for P3OT. A variety of solvents were tested to see which can 

dissolve PCBM well compared to P3OT. It was found that pyridine dissolves PCBM fairly well 
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but does not wash off a layer of P3OT spin-cast from chloroform. To test this, 7-8 drops of pure 

pyridine were dropped onto a substrate having a P3OT layer and spinning at 2000 rpm. Optical 

density measurements were made on the P3OT layer before and after the pyridine wash as shown 

in Figure 4.4. It is evident from the figure that the thickness is essentially the same before and 

after pyridine washing. On the other hand, pyridine can dissolve PCBM at better than 25 mg/ml. 

Hence Pyridine was used as the solvent for PCBM and chloroform for P3OT for P3OT/PCBM 

bilayer devices. 

 

      

Indium tin oxide (ITO) coated glass slides were spin coated with poly (3,4-

ethylenedioxythiophene): poly(styrenesulfonate)  (PEDOT: PSS) complex (Bayer Corp.) at 1400 

rpm. P3OT (Rieke Metals Inc.) was spin coated from 0.8% wt/vol solution in chloroform at 2750 

rpm followed, in some cases, by annealing of the device at 120 ºC for 10 minutes. Annealing was 

Figure 4.4 Optical density of a P3OT film on glass before and after washing with 7-8 
drops of pyridine while spinning at 2000 rpm. 
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done under vacuum (4x10-6 Torr) to remove residual water and solvents and to increase the 

P3OT crystallinity for improved hole mobility. PCBM was then spin cast from a 2.0% wt/vol 

solution in pyridine at 2450 rpm. The P3OT thickness was varied by changing the spin speed in 

the range 2000 rpm to 2750 rpm, while the concentration was maintained at 0.8% wt/vol.  It was 

found that the PCBM thickness is quite independent of spin speed and is instead highly 

dependent on the amount of solution dropped onto the substrate. The PCBM thickness was thus 

controlled by varying the number of drops from 6 to 15 while the substrate spun at 2450 rpm. 

Pyridine was used as a wetting layer between P3OT and PCBM. About 10-15 drops of pyridine 

were applied to the substrate while it was spinning at 2450 rpm followed by PCBM immediately, 

without letting the pyridine dry. Aluminum electrodes were thermally evaporated after the 

deposition of the PCBM. 

         The bilayer P3OT-PCBM devices were found to have a monochromatic (470 nm) power 

conversion efficiency of ~0.2%. The 470 nm monochromatic power conversion efficiencies fill 

factors (FF), open circuit voltages (Voc), short circuit current densities (Jsc), RR, series resistance 

and shunt resistance values are shown in Table 4.3 for a couple of devices with different 

thickness combinations. 
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Table 4.3 Monochromatic power conversion efficiency, fill factor, open circuit voltage, short 
circuit current density, RR, Series resistance and shunt resistance for P3OT-PCBM bilayer 
devices (no annealing, no interdiffusion) 
 
 
 
Thickness P3OT(85nm)/PCBM(62 nm)	   P3OT(64 nm)/PCBM(45 nm) 

 
Efficiency 470 nm (%) 0.16 0.23 

FF 470 nm 0.43 0.42 

Voc 470 nm (Volts) 0.255 0.345 

Jsc 470 nm (mA/cm2) -0.05 -0.06 

RR 3800 156 

Series resistance (ohm) 350 520 

Shunt resistance (ohm) 3.5x107 1.6x106 

 
 

As is evident from Table 4.3, the performance of the P3OT/PCBM device with thickness 

64/45 nm is better to with 85/62 nm. In order to provide better interfacial area for the charge 

transfer, interdiffusion of the bilayer devices is done at varied temperatures for different amounts 

of time which is discussed in the next sections. The thickness of each layer and the annealing 

conditions are also varied to find the optimum thickness and the annealing conditions.  
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4.3 P3OT/PCBM Concentration Gradient Interdiffused Devices 
 

The P3OT layer was annealed, in some cases, followed by spin casting the PCBM layer. 

P3OT/PCBM bilayer devices are then further heated so as to induce interdiffusion which can 

enhance the interfacial area for the charge transfer. The thickness of each layer and interdiffusion 

temperature and time were varied in order to optimize the efficiency of the devices. The 

thickness of the P3OT and PCBM films was determined from the optical density obtained from 

reflection and transmission measurements by the Filmetrics F20-UV thin film spectrometer 

system as described in Chapter 3. The absorption coefficient used for P3OT is 14 x 104 cm-1 at 

512 nm and for PCBM is 2 x 104 cm-1 at 512 nm. Photocurrent spectra were measured using a 

300 W Xe lamp in combination with a CVI CM 100 monochromator as the illumination source 

and a Keithley 485 picoammeter to record the short circuit currents Isc.  Photoresponsivity (PR) 

and EQE were evaluated from these measurements as explained in Chapter 3.  I–V curves were 

measured with a Keithley 236 source measure unit in the dark, using the 470-nm monochromatic 

light of the Xe lamp and using the AM1.5G simulated solar spectrum described in Chapter 3. 

         It has been found with optimized parameters that P3OT-PCBM interdiffused devices can 

achieve a monochromatic power efficiency of ~2% at 470 nm and AM1.5G simulated solar 

spectrum efficiency of 1.0%. The devices were studied at different interdiffusion temperatures, 

with a primary focus on 140 ºC and 150 ºC. P3OT is a semicrystalline polymer with a melting 

point (Tm) of 187 ºC and a glass transition temperature (Tg) of the order of ~100 ºC [5]. Hence, 

annealing and interdiffusion were both carried out at temperatures above Tg but below Tm. In 

order to determine whether the increased polymer crystallinity caused by annealing would hinder 

diffusion of PCBM into the polymer film, devices were fabricated both with and without 

annealing of the P3OT film prior to the interdiffusion step.   
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4.3.1 Non-annealed P3OT/PCBM Interdiffused Devices 
 

First, several interdiffused devices were made without annealing the P3OT layer prior to 

deposition of PCBM and interdiffusion. Figure 4.5 shows the EQE spectra of P3OT-PCBM 

devices with and without interdiffusion and without prior annealing. Here interdiffusion is 

carried out at 150ºC for 10 minutes. The interdiffused devices consisted of P3OT/PCBM 

thicknesses of 61 nm / 54 nm and 73 nm / 51 nm. These devices had the highest efficiencies of 

ten devices of varying thicknesses made without P3OT annealing prior to interdiffusion. The 

EQE spectra show the enhanced performance of the devices which are interdiffused compared to 

the bilayer devices. The better performance is due to the increased interfacial area provided by 

interdiffusion so that charge transfer is more pronounced. 
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Figure 4.5 EQE spectra for P3OT-PCBM devices with and without interdiffusion. Interdiffusion 
is carried out at 150 ºC for 10 minutes without prior annealing. Individual film thicknesses (nm) 
prior to interdiffusion are indicated in parentheses. 

 

 
 

The 470 nm monochromatic and AM1.5G power conversion efficiencies fill factors (FF), 

open circuit voltages (Voc), short circuit current densities (Jsc), RR, series resistance and shunt 

resistance values for the non-annealed interdiffused devices are shown in Table 4.4. The highest 

AM1.5G power conversion efficiency obtained was 0.38%. It can be seen by comparison with 

Table 4.3 that interdiffusion results in an order of magnitude increase in the monochromatic 

power conversion efficiencies compared to the bilayer devices which is due to more interfacial 

area for the charge transfer in interdiffused devices. 
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Table 4.4 Monochromatic and AM1.5 power conversion efficiency fill factor, open circuit 
voltage, and short circuit current density for interdiffusion done at 150 ºC for 10 minutes without 
prior annealing (Interdiffused, Non –annealed) 

 

 

Thickness 

 

P3OT(61 nm)/PCBM(54 nm) P3OT(73nm)/PCBM(51 nm) 

 

Efficiency 470 nm (%) 1.45	   1.5 

Efficiency AM1.5 (%) 0.28	   0.38 

FF 470 nm 0.44	   0.47 

FF AM1.5 0.33	   0.32 

Voc 470nm (Volts) 0.385	   0.385 

Voc AM1.5 (Volts) 0.395	   0.485 

Jsc 470 nm (mA/cm2) -0.34	   -0.32 

Jsc AM1.5 (mA/cm2) -2.65	   -3.7 

RR 900 740 

Series resistance (ohm) 60 124 

Shunt resistance (ohm) 2.5x106 1.7x106 

 

 

4.3.2 Annealed P3OT/PCBM Interdiffused Devices 

In this section, annealed P3OT/PCBM devices are studied. Here, P3OT is annealed prior 

to sequential PCBM deposition. The thickness and annealing conditions are first varied to find 
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the optimum conditions for the best device performance. Then the effect of interdiffusion 

temperature and time is studied on the device performance. 

A. Effect of Variation of Thickness of Individual Layer 

A series of experiments were done on P3OT/PCBM interdiffused devices. The thickness of 

each layer was varied to find the optimum thickness of each layer for the best device performance. 

The thickness was calculated from the optical density measurements calculated from the Filmetrics 

data collected for each subsequent layer. Figure 4.6 shows the typical optical density plot of 

separate layers of PEDOT, P3OT and PCBM. 

 

 

Figure 4.7 shows the plot of the monochromatic efficiency (470 nm) for interdiffused 

devices with varied thickness. Here, the annealing conditions were maintained at 120 °C for 10 
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Figure 4.6 A typical optical density plot of separate layers of PEDOT, P3OT and PCBM. 
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minutes. Interdiffusion was done at 150 °C for 10, 20, 30 and 40 minutes. At each particular 

interdiffusion condition, devices with varied thickness of each layer are studied. 

 

 

 

 

It is evident from Figure 4.7 that devices with a thickness of the order of 70 nm of P3OT 

and 40-50 nm PCBM have better efficiency compared to the others. Furthermore, the devices 

which are interdiffused at 150 °C for 20 minutes have the highest efficiency. 
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Figure 4.7 Monochromatic (470 nm) power conversion efficiency vs. time of interdiffusion for varied 
device (P3OT, PCBM) thickness for interdiffusion at 150 ºC and with annealing at 120 ºC for 10 
minutes. 



 

  105 

B. Effect of Variation of Annealing Conditions (Temperature) 
 

In all of the next devices, the P3OT layer was annealed prior to spin-casting of PCBM 

and interdiffusion. It was found that the performance of the devices with prior annealing was 

better than devices without prior annealing. It was thus concluded that the increased P3OT 

crystallinity induced by annealing does not interfere with the interdiffusion process. Annealing is 

done under different conditions while keeping the thickness of each layer and interdiffusion 

conditions the same so as to find out the optimum annealing conditions. Figure 4.8 shows EQE 

spectra of the devices annealed at 110 ºC, 120 ºC, 130 ºC, and 140 ºC for devices with P3OT 

thickness of 70 nm and PCBM thickness of 40-50 nm. The interdiffusion conditions were 

maintained at 150 ºC for 20 minutes for these devices. It is evident from Figure 4.8 that the EQE 

of the devices annealed at 120 ºC is higher than the ones annealed at 110 ºC, 130 ºC and 140 ºC.  
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Tables 4.5 shows the power conversion efficiency, fill factor, open circuit voltage and 

short circuit current density of the P3OT-PCBM interdiffused devices under monochromatic (470 

nm) as well as AM 1.5 illuminations, for the devices annealed under different conditions while 

maintaining the thickness of each layer and interdiffusion conditions constant. As is evident, 

devices which are annealed at 120 °C for 10 minutes show the better performance compared to 

the devices which are annealed at other temperatures. 

Hence, in the rest of the experiments, the annealing conditions for the P3OT layer are 

maintained at 120 °C for 10 minutes prior to PCBM deposition and the thickness of 

P3OT/PCBM were maintained at 70/ (40-50) nm. 

 

 

 

 

Figure 4.8 EQE spectra for annealing for 10 minutes at temperatures of  110 ºC, 120 ºC, 130 ºC, and 
140 ºC with the interdiffusion carried out at 150 ºC for 20 min. The thicknesses were maintained 
constant at 70 nm for P3OT and 40-50 nm for PCBM. 
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C. Effect of Variation of Interdiffusion Conditions (Temperature and Time) 
 

The interdiffusion temperature and time are two major factors that affect the performance 

of P3OT-PCBM devices by determining the extent of interdiffusion of the two layers at a 

particular thickness of each layer. Hence in this section, the interdiffusion temperature and time 

are the two parameters that are studied in detail while maintaining the constant annealing and 

thickness conditions.  Interdiffusion was done at 140 °C and 150 ºC for varied amounts of time 

for devices with constant thickness of 70 nm for P3OT and 40-50 nm for PCBM. In these 

devices, the annealing is maintained at 120 ºC for 10 minutes. The EQE spectra for these devices 

Annealing 

temperature 

(10 minutes) 

Efficiency 

470 nm 

(%) 

Efficiency 

AM 1.5G 

(%) 

FF 

470 nm 

FF 

AM 

1.5G 

Voc 

470nm 

(Volts) 

Voc 

AM1.5G 

(Volts) 

Jsc 

470 nm 

(mA/cm2) 

Jsc 

AM 1.5G 

(mA/cm2) 

110 ºC 

 

0.75 0.3 0.4 0.36 0.395 0.515 -0.185 -1.6 

120 ºC 

 

2.0 1.0 0.5 0.44 0.385 0.525 -0.395 -4.1 

130 ºC   

 

0.9 0.3 0.39 0.32 0.365 0.515 -0.228 -1.73 

140 ºC  

  

0.7 0.3 0.41 0.33 0.375 0.555 -0.171 -1.49 

Table 4.5 Monochromatic and AM1.5 power conversion efficiency, fill factor, open circuit 
voltage and short circuit current density for interdiffusion with varied annealing temperatures 
and interdiffusion done at 150 ºC for 20 minutes. 
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are shown in Figure 4.9 and Figure 4.10. Figure 4.9 shows the EQE spectra of the P3OT/PCBM 

devices which are interdiffused at 140 °C for 10, 20, 30 and 40 minutes. It is evident that the 

device which was interdiffused for 20 minutes shows the best device performance. 
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Figure 4.9 EQE spectra for P3OT (70 nm)-PCBM (40-50 nm) devices interdiffused at 140 ºC for 
10, 20, 30 and 40 minutes. 

 

 

Figure 4.10 shows the EQE plot of the P3OT/PCBM devices which were interdiffused at 

150 °C for 10, 20, 30 and 40 minutes. The devices which were interdiffused at 150 °C for 20 

minutes showed highest efficiency. Efficiency of the order of 2% under monochromatic lamp and 

1% under AM1.5G solar simulator lamp is achieved for the devices interdiffused at 150 °C for  

20 minutes. 
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Figure 4.11 shows the overall trend of the monochromatic power conversion efficiency 

(470 nm, 4.2 mW/cm2) values for P3OT(70) /PCBM (40-50) nm as the interdiffusion time is 

varied at 140 ºC and 150 ºC. Each data point is an average over 2-3 devices with the same 

thickness. As is evident from the Figure 4.11, the maximum efficiency occurs when the 

interdiffusion is done for 20 minutes, and there is a decrease in device performance for 

interdiffusion done beyond 20 minutes. Furthermore, the devices which are interdiffused at 150 

°C have better performance compared to the devices interdiffused at 140 °C.  
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Figure 4.10 EQE spectra of P3OT/PCBM devices interdiffused at 150 °C for 10, 20, 30 and 
40 minutes. 
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The series resistance of the devices is calculated by plotting the differential resistance as a 

function of voltage. The series resistance is calculated using the formula, 

 . 

 

In the high limit voltage, the value of the differential resistance is the series resistance. 

Figure 4.12 shows the series resistance as a function of the time of interdiffusion for devices 

interdiffused at different temperatures. 

 

 

Figure 4.11 Averaged monochromatic power conversion efficiency (470 nm, 4.2 mW/cm2) 
vs. time of interdiffusion at 140 ºC and 150 ºC  for devices with P3OT and PCBM thickness 
of 70 nm and 40-50 nm, respectively.  
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The series resistance is plotted as a function of time of interdiffusion in Figure 4.12. As is 

evident, the devices which are interdiffused for 20 minutes have the lowest series resistance and 

support the results of the better performance of the devices at these conditions. It indicates that 

devices with P3OT thickness (70 nm) and PCBM thickness (40-50 nm) when interdiffused at 150 

°C for 20 minutes lead to the interpenetrating network with lowest series resistance. For 

interdiffusion done for longer period, there is an increased intermixing of the polymer and 

fullerene components which leads to the degradation in the transport properties and hence 

contributes to the increase in series resistance [7]. 

         Table 4.6 shows the power conversion efficiency, fill factor, Voc and Jsc of the P3OT-

PCBM interdiffused devices under monochromatic (470 nm) as well as AM 1.5 illuminations. 

The interdiffusion was done at 150 ºC for varied periods of time and the thicknesses of the P3OT 

and PCBM were maintained at 70 nm and 40-50 nm, respectively. The short circuit current 
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Figure 4.12 Series resistance vs. time of interdiffusion at 140 ºC and 150 ºC for devices with 
P3OT and PCBM thickness of 70 nm and 40-50 nm, respectively.  
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density is maximized for 20 minutes of interdiffusion, while the open circuit voltage values are 

similar for 20 and 30 minutes of interdiffusion and the fill factor exhibits relatively modest 

variation. Efficiency of the order of 1.0% under AM1.5 illumination is achieved for devices 

interdiffused at 150 °C for 20 minutes. 

 

Table 4.6 Monochromatic and AM1.5 power conversion efficiency, fill factor, open circuit 
voltage, and short circuit current density for interdiffusion done at 150 ºC for varying time 
interval. 
 
 
 
 

 
Interdiffu

sion Time 

	  

Efficiency 

470 nm 

(%)	  

Efficiency 

AM 1.5 

(%)	  

FF 

470 nm	  

FF 

AM 1.5	  

Voc 

470nm 

(Volts)	  

Voc 

AM1.5 

(Volts)	  

Jsc 

470 nm 

(mA/cm2)	  

Jsc 

AM 1.5 

(mA/cm2)	  

 

10 min	  

1.0	   0.6	   0.41	   0.38	   0.355	   0.515	   -0.272	   -3.2	  

 

20 min	  

2.0	   1.0	   0.5	   0.44	   0.385	   0.525	   -0.395	   -4.1	  

 

30 min	  

1.0	   0.55	   0.39	   0.36	   0.395	   0.565	   -0.247	   -2.76	  

 

40 min	  

0.44	   0.3	   0.42	   0.43	   0.285	   0.435	   -0.141	   -1.67	  

 

 

Table 4.7 shows the RR, series resistance and shunt resistance calculated for the devices 

interdiffused at 140 °C and 150 °C for various amounts of time. 
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Table 4.7 RR, series resistance and shunt resistance parameters for devices interdiffused at 140 
ºC and 150 ºC for varied amounts of time 
 

 

Device RR Series resistance (ohm) Shunt resistance (ohm) 

150 °C/10 minutes 2463 36.6 7.1x105 

150 °C/20 minutes 2934 35.5 1.8x106 

150 °C/30 minutes 2000 130 4 x106 

150 °C/40 minutes 670 38 5.8x105 

140 °C/10 minutes 1445 134 3.5 x106 

140 °C/20 minutes 3825 49 3.6 x106 

140 °C/30 minutes 2004 130 4.11 x106 

140 °C/40 minutes 563 49 2.4 x106 

 

 

As is evident from Table 4.7, the devices interdiffused for 20 minutes at a given 

temperature have higher rectification values compared to the ones interdiffused for 10, 30 or 40 

minutes. Similarly, the series resistance values are lower for devices with 20 minutes 

interdiffusion and the shunt resistance values are higher for 20 minutes interdiffusion. Recall 

that, ideally the series resistance values should be low and the shunt resistance and rectification 

ratio should be higher for efficient device performance. 

Figure 4.13 compares the J-V curves under AM1.5G illumination for the devices in which 

either the P3OT layer is not annealed or is annealed followed by interdiffusion. Both sets of 

devices were interdiffused after the sequential spin cast of PCBM at varied interdiffusion 
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conditions. The interdiffusion was done at 150 °C for 10, 20 and 30 minutes for the annealed 

P3OT/PCBM devices and was done at 150 °C for the non-annealed P3OT/PCBM devices. It is 

evident from the comparison of the performance of performance of annealed interdiffused 

devices to the non-annealed interdiffused devices that prior-annealing does not interfere with the 

interdiffusion of P3OT-PCBM bilayer. Further, the Voc of the annealed interdiffused devices is 

higher than that of non-annealed interdiffused devices by 0.1/0.2 Volts. Along with that device 

efficiency of annealed interdiffused devices is higher to the non-annealed interdiffused devices. 

 

 

 
 
 
 
Figure 4.13 4th quadrant J-V characteristics for P3OT-PCBM devices interdiffused (ID) at 150 
ºC for 10, 20 and 30 minutes under AM1.5G illumination. 
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It is evident from Figure 4.10 and 4.11 that the devices which are interdiffused at 150 °C 

for 20 minutes have the highest device performance which indicates that interdiffusion increases 

the interfacial area for charge transfer. However, the devices which are interdiffused beyond 20 

minutes, there is a degradation in the device performance. In order to correlate the performance 

of the devices with the nanoscale control of the morphology, concentration gradient of the sulfur 

signal is studied as a function of the depth 

In order to achieve the highest performance of the device, the concentration gradient 

should extend all the way across the film, ending right before the electrodes, so that the device 

has maximum interfacial area for the charge transfer and also has one kind of material at the 

electrodes. Figure 4.14 shows the expected concentration gradient curves for bilayer and 

interdiffused devices. Bilayer devices show a step in the sulfur signal since the top layer is pure 

fullerene (no sulfur) while the bottom layer is pure polymer (which contains sulfur). As charge 

transfer can only occur at the interface of the two layers, a quite small value of current is 

expected for bilayer devices. However, due to the presence of unobstructed pathways for the 

transport of charge carriers, the series resistance is expected to be fairly low. 

However, for devices which are interdiffused by the ideal amount have a concentration 

gradient extending all the way through the device just ending right before the electrodes. These 

devices should have highest interfacial area for charge transfer and un-obstructed pathways for 

the charge transport. Hence, ideally interdiffused devices are expected to have highest short 

circuit current and lowest series resistance. 
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 The devices which are highly interdiffused have a fairly homogeneous mixing of the 

polymer and fullerene. The photocurrent should be quite large since there is a donor/acceptor 

interface throughout the film. But the series resistance might be expected to be larger, since there 

is a smaller content of the material carrying the majority carrier at each respective electrode 

(holes at ITO and electrons at aluminum). These devices are expected to show decrease in the 

device performance due to the thermal degradation. Hence, in order to have the highest device 

performance, the concentration gradient of sulfur signal should be similar to the one achieved 

under ideal interdiffusion. 
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Figure 4.14 Plot of the expected concentration gradient of sulfur signals as a function of the 
depth for the device interdiffused under different conditions. 
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4.4 Studying the Concentration Gradient Profiles 
 

The concentration gradient of the interdiffused devices was studied by using a 610 

Perkin–Elmer scanning Auger spectroscopy system in combination with Ar-ion-beam milling as 

explained in Chapter 3. Since P3OT contains sulfur while PCBM does not, the sulfur signal 

indicates the relative amount of P3OT in the film as a function of depth. The absolute intensities 

of the sulfur signals vary from measurement to measurement depending on the settings and 

sensitivity of the apparatus. Hence, the intensity of the signals is meaningful only within each 

scan and the magnitudes of the different scans are arbitrary. Figure 4.15 shows the Auger 

spectroscopy depth profiles for a device that was not thermally interdiffused and devices 

interdiffused at 150 ºC for 10, 20, and 30 minutes. The device that was not thermally 

interdiffused indicates a fairly pure PCBM layer followed by a fairly pure P3OT layer with a 

gradient over roughly 20 nm in between.  
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The results of the Auger spectroscopy correlate fairly well with the performance of the 

devices. Concentration gradient profiles for the devices which are interdiffused at 150 °C for 10 

and 20 minutes show an increasing gradient of sulfur (indicative of the presence of P3OT) as the 

device is scanned from the sulfur-free PCBM layer at the top to the sulfur-containing P3OT layer 

at the bottom. As the time of interdiffusion is increased further to 30 minutes, the concentration 

gradient tends to reverse which indicates that a high amount of polymer has moved to the surface 

and can lead to the degradation of the device performance. This is quite in agreement with the 

performance of the devices. As is evident from Table 4.6, there is an increase in the efficiency of 

the devices as the time of interdiffusion is increased from 10 to 20 minutes at 150 °C and beyond 

that there is degradation in the device performance. While this latter result suggests that the 

Figure 4.15 Auger spectroscopy depth profiles for P3OT-PCBM bilayer and interdiffused 
devices with interdiffusion carried out at 150 ºC for 10, 20 and 30 minutes. 
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surface energy is minimized when the polymer is at the surface, there are not any published 

results that allow comparison of the surface energies of P3OT and PCBM. 

4.5 Summary of P3OT PCBM Devices 
 

The performance of P3OT PCBM bulk heterojunction devices was studied by varying the 

active layer thickness and also by varying the annealing conditions. The devices with active layer 

thickness of 80 nm have better device performance than the device with active layer thickness of 

50 nm or 110 nm. The devices with thickness of 110 nm have high series resistance so there is a 

drop in the performance. However, for devices with thickness ~ 50 nm, the active volume is quite 

small for efficient charge generation and hence there is a drop in performance. Furthermore, the 

thickness was maintained at 80 nm and the annealing conditions were varied to study the device 

performance. The devices that are annealed at 140 °C have better performance compared to the 

devices annealed at 130 °C or 150 °C. Also for the same thickness, increase of time of annealing 

from 5 minutes to 10 minutes, at 140 °C leads to degradation of device performance. The drop in 

the device performance as the annealing temperature and time are increased can be due to an 

increased intermixing of the two components which leads to the degradation in the transport 

properties. 

Concentration gradient devices have been a success for P3OT PCBM system. A 

systematic study was done on the P3OT PCBM interdiffused devices and it was found that 

interdiffused devices have better performance than the bilayer devices. It was also concluded that 

annealing of the P3OT films before PCBM is spin cast, helps in increasing the crystallinity of the 

film and was not found to hinder the interdiffusion process. The devices which are interdiffused 

for 20 minutes at 150 ºC have the highest performance. The thickness, interdiffusion temperature 

and time of interdiffusion were the three parameters that were primarily studied for their effect 
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on the device performance. It was found that devices with 70 nm of P3OT and 40-50 nm of 

PCBM have better performance. Furthermore, the devices with 70 nm of P3OT and 40-50 nm of 

PCBM were interdiffused at 140 ºC and 150 ºC for various amounts of time. It was found that 

devices which are interdiffused for 20 minutes have better performance than the ones 

interdiffused for 10,30 and 40 minutes. Heat treatments done at higher temperature increase the 

interpenetrating network of polymer and fullerene and hence an increase in the efficiency of 

these devices. An AM1.5G power conversion efficiency of 1.0%  was obtained for devices in 

which a 70 nm P3OT film is annealed at 120 ºC followed by spin-casting of 40-50 nm thick 

PCBM from pyridine and interdiffusion of the two films at 150 ºC for 20 minutes. The 

concentration gradient profiles obtained by Auger spectroscopy show that, for the devices with 

highest performance, gradients extend all the way just ending short of electrodes. 
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Chapter 5 

P3HT Donor and PCBM Acceptor 

 
In this chapter, devices with P3HT as the donor and PCBM as the acceptor material are 

studied in detail. Different morphologies of device architecture such as bulk heterojunction, 

bilayer and thermally interdiffused devices are investigated at length. In bulk heterojunction 

devices, the thickness of the active layer and the annealing conditions are the two parameters that 

are studied. However, the focus of this chapter is on the bilayer and concentration gradient 

devices made with P3HT as donor and PCBM as acceptor. The parameters that are studied in 

detail for interdiffused devices are the thickness of each layer and interdiffusion conditions. 

5.1 P3HT: PCBM Blends/Bulk Heterojunction 
 

P3HT (poly (3-hexylthiophene)) was used in place of P3OT because of its higher hole 

mobility as well as due to its higher absorption coefficient. The bulk heterojunction or blend 

devices are the most common device architecture used for the synthesis of organic solar cell 

devices. Blend devices were made by dissolving the P3HT (Plextronics) and PCBM (Nano-C) in 

a 1:1 ratio in chlorobenzene to make a 3% wt/vol solution. 1” by 1” indium tin oxide (ITO) 

coated glass slides were spin-coated with poly (3,4-ethylenedioxythiophene): 

poly(styrenesulfonate)  (PEDOT: PSS) complex (Bayer Corp.) at 1400 rpm. The P3HT: PCBM 

solution was spin cast onto the PEDOT: PSS-coated ITO substrate. The devices with the active 

layer were either annealed prior or post electrode deposition. Aluminum electrodes are deposited 

by the thermal evaporation under high vacuum. 
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5.1.1 Post Annealed P3HT: PCBM Blend Devices under Vacuum 
 

P3HT: PCBM 3% wt/vol solutions was spin cast at varied spin speeds so as to vary the 

thickness of the active layer followed by thermal evaporation of the aluminum electrodes under 

high vacuum. The active layer thickness was calculated from the optical density measurements 

observed from Filmetrics. Figure 5.1 shows an example of the optical density plot of the separate 

layers of PEDOT and P3HT: PCBM. The thickness was calculated by using the absorption 

coefficient of 17.5x 104 cm-1 for P3HT and 2.5x104 cm-1 for PCBM at 512 nm. 
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Figure 5.1 Optical density spectra of separate layers of PEDOT and P3HT: PCBM. 
 
 
 
 
 
 
 
 



 

  124 

In these devices, annealing was done after the electrode deposition (post-annealing) under 

vacuum (4x10-6 Torr). A 1” by 1” kapton heater was used to anneal the device, under vacuum 

(4x10-6 Torr) to remove residual water and solvents and to increase the P3HT crystallinity for 

improved hole mobility. In these devices, the active layer thickness was maintained at 80-90 nm. 

 

A. Effect of Variation of Annealing Conditions (Temperature and Time) 
 

A very limited set of P3HT: PCBM blend devices were studied with annealing done 

under high vacuum. Annealing was done at 120 °C and 140 °C for varied amounts of time. 

Figure 5.2 shows the EQE spectra of the devices annealed at 120 °C and 140 °C for various 

amounts of time. It was found that as the time of annealing is increased beyond 10 minutes at 120 

°C, there is a slight degradation in the performance of the devices. Also, with the increase of 

temperature of annealing from 120 °C to 140 °C, device performance decreases. It has been 

found that as the temperature and time of annealing is increased beyond Tg of the blend, 

increased intermixing of the two components leads to the degradation in the transport properties 

and hence can lead to the drop in the performance [10]. In all of the devices, the active layer was 

annealed after electrode deposition under vacuum. However, in most of these devices, there were 

some bursts or breaking of the aluminum electrodes films. It can be because of the rapid cooling 

of the devices when the annealing is done under vacuum conditions. Hence, this was not 

considered a preferred method of post-annealing.  
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Figure 5.2 EQE plots of P3HT: PCBM blends annealed at 120 °C and 140 °C. Plot A shows 
EQE plots of devices annealed at 120 °C for 10, 20 and 30 minutes. Plot B shows the EQE plots 
of the devices annealed at 140 °C for 5 and 10 minutes. 
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Table 5.1 lists the efficiency, FF, Voc, Jsc, RR, series and shunt resistance values obtained 

for the P3HT PCBM bulk heterojunction devices annealed under high vacuum, at 120 °C for 10, 

20 and 30 minutes. As is evident, there is a decrease in the device efficiency as the time of post 

annealing is increased beyond 10 minutes. There is also an evident increase in series resistance as 

the annealing time is increased from 10 minutes to 30 minutes. 

 

 

 

 

Post annealing conditions 120 °C 

10 minutes 

120 °C 

20 minutes 

120 °C 

30 minutes 

Efficiency 470 nm (%) 3.7 3.4 2.4 

Efficiency AM1.5G (%) 1.1 0.65 0.4 

FF 470 nm 0.49 0.43 0.32 

FF AM1.5G 0.28 0.2 0.16 

Voc  470 nm (Volts) 0.425 0.415 0.415 

Voc  AM1.5G (Volts) 0.565 0.565 0.565 

Jsc 470 nm(mA/cm2) -0.66 -0.7 -0.6 

Jsc AM1.5G (mA/cm2) -6.6 -5.8 -4.3 

RR 51 60 309 

Series resistance (Ω) 77 191 190 

Shunt resistance (Ω) 1.00x106 2.8x105 1.20x106 

Table 5.1 Efficiency, FF, Voc, Jsc, RR, series and shunt resistance values for devices post 
annealed at 120 °C for 10, 20 and 30 minutes under monochromatic and AM1.5G 
illuminations. 
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Table 5.2 shows the efficiency, FF, Voc, Jsc, RR, series resistance and shunt resistance 

values for the P3HT: PCBM bulk heterojunction devices post annealed at 140 °C for 5 and 10 

minutes. There is a drastic decrease in the performance of the devices that are annealed for 10 

minutes compared to 5 minutes at 140 °C. The rectification ratio of the devices annealed at 140 

°C is much lower than for the devices annealed at 120 °C. 

 

 

 

 

Post annealing conditions 140 °C/ 5 minutes 140 °C/ 10 minutes 

Efficiency 470 nm (%) 2.5 1.85 

Efficiency AM1.5G (%) 1.5 0.85 

FF 470 nm 0.34 0.39 

FF AM1.5G 0.34 0.25 

Voc 470 nm (Volts) 0.415 0.335 

Voc AM1.5G (Volts) 0.535 0.495 

Jsc 470 nm(mA/cm2) -0.65 -0.53 

Jsc AM1.5G (mA/cm2) -8.3 -6.92 

RR 21 2.1 

Series resistance (ohm) 66.4 119 

Shunt resistance (ohm) 1.1x105            9x104 

 

 

 

Table 5.2 Efficiency, FF, Jsc, Voc, RR, series and shunt resistance values under 
monochromatic lamp and AM1.5G lamp for devices post annealed at 140 °C  for 5 and  10 
minutes. 
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5.1.2 Pre-annealed P3HT: PCBM Blend Devices 
                     - annealing is done on hot plate under continuous supply of argon 

 

In these devices, the active layer is annealed on the hot plate described in Chapter 3.  A 

P3HT: PCBM 3.0% wt/vol blend solution was made by co-dissolving P3HT (Rieke metals. Inc, 

4002E) and PCBM (Nano-C) in 1:1 ratio in chlorobenzene.  Annealing was done on a hot plate 

under the continuous flow of argon to remove residual water and solvents and to increase the 

P3HT crystallinity for improved hole mobility followed by the electrode deposition [12]. Some 

of the blend devices were fabricated without any annealing and it was found that annealed 

devices have better performance to the non-annealed devices which can be due to the increased 

hole mobility, conductivity and absorption spectrum range. Figure 5.3 shows the optical density 

spectra for annealed and non-annealed devices. Here, annealing was done at 140 °C for 5 

minutes. It was found that in annealed devices, the absorption spectrum shifts towards the longer 

wavelengths allowing absorption of photons in that wavelength regime. Also, there is no 

degradation in the signal of the optical density after annealing indicating there is no photo-

degradation in the devices. The thickness was calculated by using the absorption coefficient of 

17.5x 104 cm-1 for P3HT and 2.5x104 cm-1 for PCBM at 512 nm. In all of these devices, active 

area thickness was maintained at 90 nm.   
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Figure 5.3 Optical density spectra of non-annealed and annealed P3HT:PCBM blend devices.  
 
 
 

A. Effect of Variation of Annealing Conditions (Temperature and Time) 
 

P3HT: PCBM blend devices were studied with and without annealing. Here annealing 

was done on hot plate under the continuous supply of argon. Annealing was done at 110 °C, 120 

°C, 130 °C, 140 °C and 150 °C for varied amounts of time. It has been found that device 

performance of annealed devices were better than the non-annealed devices (0.4% under 

simulated AM 1.5). The better performance of the annealed devices can be attributed to the 

increased crystallinity in the P3HT as a result of annealing [12] and due to the formation of 

crystalline PCBM clusters [11].  It has also been found that as the temperature of annealing 

increased beyond 110 °C, there is degradation in device performance. Also for a particular 

temperature, increasing the time of annealing beyond 5 minutes, leads to the degradation in 
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device performance. Figure 5.4 shows the EQE plots of the P3HT: PCBM blend devices 

annealed for 5 and 10 minutes at 110 °C, 120 °C, 130 °C, 140 °C and 150 °C. It is evident from 

Figure 5.4 that EQE of the devices is not significantly different for the annealing done for 5 and 

10 minutes at a particular temperature and in some cases, EQE of the devices annealed for 10 

minutes is better than the devices annealed for 5 minutes. However, it is evident from Table 5.3 

that as the time of annealing is increased from 5 to 10 minutes at a particular temperature; there is 

degradation in the overall device efficiency and also as the temperature is increased beyond 110 

°C, there is degradation in the overall device efficiency. Table 5.3 shows the efficiency values 

under monochromatic 470 nm lamp and AM1.5G lamp. It is evident from this that as the time of 

annealing is increased beyond 5 minutes at a particular temperature; there is degradation in the 

device performance. 
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Figure 5.4 EQE plots of P3HT: PCBM blends. EQE plots of devices annealed for 5 and 10 minutes at 
(A) 110 °C, (B) 120 °C, (C) 130 °C, (D) 140 °C and (E) 150 °C.  
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Pre annealing 

temperature (°C) 

Efficiency % 

under 

5 minutes  10 minutes  15 minutes  

110        AM1.5 

470 nm 

3.3 

5.6 

2.2 

6 

2.1 

5.3 

120  AM1.5 

470 nm 

2.7 

5 

2.3 

6.6 

1.2 

4 

130  AM1.5 

470 nm 

2.1 

6 

1.84 

6 

1.6 

5 

140  AM 1.5 

470 nm 

2.1 

6 

1.8 

4 

1.5 

5.2 

150 AM 1.5 

470 nm 

1.1 

4.1 

1.7 

4.8 

NA 

NA 

 

 

As shown in Table 5.3, there is a drop in device efficiency from 3.3% to 1.1% under 

AM1.5G illumination as the temperature of annealing is increased from 110 °C to 150 °C for 5 

minutes annealing time. Also, with the increase in the time of annealing at a particular 

temperature, there is a decrease in the efficiency of the devices. The devices which are pre-

annealed at 110 °C for 5 minutes have been found to have the best device performance (~3.3% 

under AM1.5G illumination). Figure 5.5 shows the 4th quadrant J-V characteristics for the P3HT: 

PCBM devices which are pre-annealed at various temperatures. In each plot, the time of 

Table 5.3 Efficiency values under monochromatic lamp (470 nm) and AM1.5G lamp for 
devices annealed at 110 °C, 120 °C, 130 °C, 140 °C and 150 °C for 5, 10 and 15 minutes. 
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annealing is increased from 5 to 15 minutes. As is evident, there is a decrease in the Voc and FF 

of the devices as the time of annealing is increased at a given temperature. The increase in time 

of annealing as well as annealing beyond the Tg of the blend leads to the increased intermixing of 

the two components and hence degradation in the transport properties and device performance 

[10]. Also, it has been found that crystallinity of P3HT and PCBM increases with annealing. 

Annealing acts as the driving force for the formation of PCBM clusters which are crystalline in 

nature and hence better performance of the annealed devices to the non-annealed devices. 

However, annealing for longer period of time or at higher temperatures leads to the formation of 

voluminous PCBM clusters that can damage the absorber-metal interface and hence degradation 

in the device performance [11]. 
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This trend of the decrease in the device performance as the time of annealing is increased 

is present for the devices which are either annealed under the continuous supply of argon or 

Figure 5.5 AM1.5 illumination 4th quadrant J-V characteristics for P3HT: PCBM blends 
annealed at (A) 110 °C, (B) 120 °C, (C) 130 °C  and (D) 140 °C  for 5, 10 and 15 minutes 
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which are annealed in high vacuum conditions. Figure 5.6 shows the 4th quadrant J-V 

characteristics under AM1.5 illumination for devices which are annealed at 110 °C, 120 °C, 130 

°C, 140 °C and 150 °C for 5 minutes. There is degradation in the device performance as the 

temperature of annealing is increased from 110 °C to 150 °C. As evident from Figure 5.6, there is 

drastic decrease in the Voc and FF values as the temperature of annealing is increased beyond 110 

°C. 
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Figure 5.6 AM1.5 illumination 4th quadrant J-V characteristics for P3HT: PCBM blends 
annealed at 110 °C, 120 °C, 130 °C, 140 °C and 150 °C for 5 minutes 
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Table 5.4 gives the Voc, FF and series resistance values for the pre annealed devices. 

 

 

 

 

Pre annealing conditions Voc (AM1.5G) FF (AM1.5G) Series resistance (Ω) 

110 °C/ 5 minutes 0.565 0.59 30 

110 °C/ 15 minutes 0.425 0.43 46 

120 °C/ 5 minutes 0.585 0.46 34 

120 °C/ 15 minutes 0.465 0.27 60 

130 °C/ 5 minutes 0.555 0.49 68 

130 °C/ 15 minutes 0.475 0.38 49 

140 °C/ 5 minutes 0.535 0.42 30 

140 °C/ 15 minutes 0.475 0.40 43 

 

 

As evident from Table 5.4, there is a drop in the FF and Voc of the devices as the time of 

annealing is increased from 5 to 15 minutes at a given temperature.  The devices which are 

annealed at 110 °C for 5 minutes have the FF value of the order of 0.6 under AM1.5G 

illuminations. The series resistances of the devices which are annealed for 5 minutes have the 

lowest series resistance and hence better device performance. With the increase in the time of 

annealing, polymers and PCBM tend to form clusters and hence offer the resistance to the charge 

propagation [11].  

Table 5.4 Voc, FF, series resistance values for P3HT: PCBM blends pre annealed at 110 
°C, 120 °C, 130 °C and 140 °C for 5 and 15 minutes. 
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5.2 P3HT PCBM Concentration Gradient Interdiffused Devices 
 

P3HT/PCBM concentration gradient devices are based on the same concept as for the 

P3OT /PCBM devices. The interdiffused device morphology provides enhanced interfacial area 

for the charge transfer compared to the bilayer devices and provide uninterrupted charge 

transport compared to the blend devices. This new approach is developed and studied extensively 

in this thesis. P3HT (Rieke Metals Inc (4002E), Plextronics. Inc (OS1100)/ PCBM (Nano-C) 

interdiffused devices are made by the dual spin casting process, similar to the process described 

for P3OT/PCBM devices. In the first set of experiments on P3HT/PCBM interdiffused devices, 

P3HT from Rieke metals (4002 E) was used which was replaced by P3HT from Plextronics (OS 

1100) in the later set of experiments. The dual spin cast bilayer devices are further interdiffused 

at different temperatures for varied amounts of time so as to study the effect of heat treatment on 

the device performance. Here, pyridine is used as the solvent for PCBM as it dissolves PCBM 

fairly well and does not wash off P3HT. P3HT has been found to dissolve fairly well in 

chlorobenzene and 1,2 dichlorobenzene relative to chloroform.  Hence, chlorobenzene or 1,2 

dichlorobenzene is chosen as the solvent for P3HT. Heat treatment of these devices is either done 

in the vacuum by using the 1” by 1” kapton heater under high vacuum or by using the hot plate in 

argon box.  

5.2.1 Interdiffused Devices with Heat Treatment under High Vacuum 
 

Indium tin oxide (ITO) coated glass slides were spin-coated with poly (3,4-

ethylenedioxythiophene): poly(styrenesulfonate)  (PEDOT: PSS) complex (Bayer Corp.) at 1400 

rpm. P3HT (Rieke Metals,Inc.) was spin-coated from 1.5% wt/vol solution in chlorobenzene 

(CB) at 1500 rpm followed by annealing of the device at 140 ºC for 10 minutes. Annealing was 
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done under vacuum (4x10-6 Torr) to remove residual water and solvents and to increase the 

P3HT crystallinity for improved hole mobility. PCBM was then spin cast from a 2.0% wt/vol 

solution in pyridine. Interdiffusion is done after spin casting the PCBM layer followed by the 

electrode deposition. Here, annealing as well as interdiffusion is done under vacuum. In earlier 

experiments, the thickness of P3HT was maintained at 65 nm, however the thickness of PCBM 

was varied from 40 to 140 nm by changing the spin speeds. In this set of experiments, annealing 

and interdiffusion were maintained at constant conditions while varying the thickness of the 

PCBM layer. Annealing was done at the 140 °C for 10 minutes and interdiffusion was done at 

150 °C for 10 minutes. The thickness of P3HT and PCBM films was determined from the optical 

density obtained from reflection and transmission measurements with a Filmetrics F20-UV thin 

film spectrometer system. The absorption coefficient used for P3HT is 17.5 x 104 cm-1 at 512 nm 

and for PCBM is 2 x 104 cm-1 at 512 nm. 

Photocurrent spectra were measured using a 300 W Xe lamp in combination with a CVI 

CM 100 monochromator as the illumination source and a Keithley 485 picoammeter to record the 

short circuit currents Isc. Photoresponsivity (PR) and EQE can be evaluated from photocurrent 

measurements as described in Chapter 3. In addition to measurements under monochromatic 

illumination, measurements were also taken under simulated AM1.5G solar spectrum as 

described in Chapter 3. 

Figure 5.7 Shows the EQE spectra of P3HT-PCBM devices interdiffused at 150 °C for 10 

minutes with varied thickness. The devices with thickness of the order P3HT (65)-PCBM (50) 

had the highest efficiency. As the thickness of the PCBM is increased from 40 nm to 55 nm, 

there is an improvement in the device performance. However, with the increase in the thickness 

of PCBM beyond 55 nm, there is degradation in the device performance at this interdiffusion 
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condition. With the increase in PCBM thickness beyond 55 nm, the interdiffusion done at 150 °C 

for 10 minutes does not increase the interfacial area for the charge transfer and there is an 

increase in the series resistance which can lead to the degradation in the device performance. The 

cause of these effects is believed to be that as the PCBM thickness is increased, the interdiffusion 

does not extend to the end of PCBM film. Thus, there is a large region of PCBM that is not 

utilized in the charge transfer process but adds to the series resistance. 
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Figure 5.7 EQE spectra of the P3HT/PCBM interdiffused devices with varied PCBM 
thickness. Interdiffusion is done at 150 °C for 10 minutes. 



 

  142 

Table 5.5 shows the efficiency, FF, Voc, Jsc, RR, series resistance and shunt resistance 

values for P3HT-PCBM interdiffused devices. All of these devices were interdiffused at 150 °C 

for 10 minutes. In these devices P3HT thickness was maintained at 65 nm however PCBM 

thickness was varied from 40 to 140 nm. As is evident from Table 5.5, the RR is higher for 

devices with PCBM thickness of 55 nm. However the devices with PCBM thickness 40 nm, 95 

nm and 140 nm have much lower RR and it supports the efficiency results obtained for these 

devices. 

 

 

 

PCBM thickness (nm) 40 nm 55 nm 95 nm 140 nm 

Efficiency 470 nm (%) 2.8 3.8 2.1 1.4 

Efficiency AM1.5 (%) 0.77 2.0 0.58 0.3 

FF 470 nm 0.42 0.59 0.39 0.26 

FF AM1.5 0.25 0.46 0.22 0.18 

Voc 470 nm (Volts) 0.435 0.425 0.395 0.435 

Voc AM1.5 (Volts) 0.565 0.565 0.565 0.595 

Jsc 470 nm (mA/cm2) 0.589 0.57 0.52 0.335 

Jsc AM 1.5 (mA/cm2) 5.54 7.74 4.66 1.35 

RR 260 6449 221 229 

Series resistance (Ω) 65.2 22.7 84.7 145 

Shunt resistance (Ω) 4.95x105 1.6x106 2.84x105 1.1x106 

 

Table 5.5 Efficiency, FF, Voc, Jsc, RR, series and shunt resistance of P3HT/PCBM 
interdiffused devices with varied PCBM thickness. 
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The values of series and shunt resistance values as shown in Table 5.2 also support the 

efficiency values obtained for these devices. The device with the highest efficiency has the 

lowest series resistance and highest shunt resistance. However as the thickness of PCBM is 

increased beyond 55 nm, there is an increase in the series resistance as expected. It is also 

interesting to note that, comparing the 40 nm and 55 nm devices, they have similar Jsc and Voc but 

the FF is significantly larger in the 55 nm thickness case. This is most likely due to a 

concentration gradient that extends across the entire film without having pileup of the P3HT at 

the aluminum surface and thus resulting in better electrical characteristics. 

5.2.2 Interdiffused Devices with Heat Treatment done under Continuous flow of 

Argon 

In this set of experiments, annealing as well as interdiffusion was carried out on the hot 

plate under the continuous flow of argon. A series of experiments were done under these 

conditions to study the P3HT/PCBM interdiffused devices. P3HT and PCBM were obtained from 

Plextronics and Nano-C, respectively, and were used without further purification. Interdiffusion 

was carried out at different temperatures in order to obtain concentration gradients in the initial 

bilayer of P3HT/ PCBM. Devices with thickness (45-40) nm each layer were studied in particular 

and interdiffusion was done at various temperatures and for varied periods of time in order to 

obtain concentration gradient. For these devices, interdiffusion done for 20 minutes has been 

found to show the maximum efficiency. The ideal interdiffusion time is dependent on the 

thickness of the device. The thickness and interdiffusion conditions were optimized to achieve 

the best performance of the devices. An AM1.5 efficiency of the order of ~3.0% has been 

obtained with this structure of devices. Auger spectroscopy and XPS studies were done to 

support the evidence of concentration gradient.  
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Indium tin oxide (ITO) coated glass slides were spin-coated with poly (3,4-

ethylenedioxythiophene): poly(styrenesulfonate)  (PEDOT: PSS) complex (Bayer Corp.) at 1400 

rpm. PEDOT:PSS has a high electrical conductivity in the range of 400-600 S/cm and high 

optical transparency [9]. P3HT (Plextronics.) was spin-coated from 1.0% wt/vol solution in 

ortho-dichlorobenzene (ODCB) at 1200 rpm followed by annealing of the device at 120 ºC for 10 

minutes. Annealing was done on the calibrated hot plate under the continuous supply of argon to 

remove residual water and solvents and to increase the P3HT crystallinity for improved mobility 

of hole carriers. PCBM was then spin cast from a 1.5% wt/vol solution in pyridine. Interdiffusion 

was done after spin casting the PCBM layer followed by the electrode deposition. Here, 

annealing as well as interdiffusion was done under the continuous supply of argon on the hot 

plate. Aluminum cathodes were then thermally evaporated onto the film after interdiffusion was 

complete. Figure 5.8 shows the architecture of P3HT/PCBM interdiffused device. 

         The thickness of the P3HT and PCBM films was determined from the optical density 

obtained from reflection and transmission measurements with the Filmetrics F20-UV thin film 

spectrometer system. The absorption coefficient used for P3HT is 17.5 x 104 at 512 nm and for 

PCBM is 17 x 104 at 350 nm. In earlier experiments, the thickness of P3HT was maintained at 45 

nm, however, the thickness of PCBM was varied from 30 to 50 nm in this set of experiments by 

changing the spin speeds. Interdiffusion of the bilayer devices was done at different temperatures 

for varied amounts of time. 
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       Photocurrent spectra were measured using a 300 W Xe lamp in combination with a 

CVI CM 100 monochromator as the illumination source and a Keithley 485 picoammeter to 

record the short circuit currents (Isc). Photoresponsivity (PR) and EQE were evaluated from the 

Isc values recorded. Measurements were also taken under simulated AM1.5G solar spectrum. The 

AM1.5G solar spectrum was set to an intensity of 100 mW/cm2 (1 sun) using a calibrated silicon 

photodiode and the results were uncorrected for spectral mismatch. Concentration gradient in 

P3HT/PCBM interdiffused devices was also studied by using 610 Perkin–Elmer scanning Auger 

spectroscopy system in combination with Ar-ion-beam milling. In this system, the surface layer 

of a film can be tested for its atomic constituents. After the Auger scan, the surface layer is 

milled off with an Ar-ion beam, and the new surface layer can be tested. 

         P3HT is annealed at 120 °C for 10 minutes on the hot plate under the continuous supply of 

argon, prior to the spin casting the PCBM layer. The interdiffusion conditions are varied to study 

its effect on the performance of the devices.           

 

Figure 5.8 Architecture of the P3HT/PCBM interdiffused device. 
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A. Effect of Variation of Interdiffusion Conditions (Temperature and Time) 

Interdiffusion temperature and time are the major factors that effect dual Spin cast P3HT-

PCBM devices as it will determine the extent of interdiffusion in the two layers. Here, in this 

study, interdiffusion was done at 120 °C, 130 °C, 140 °C, 150 °C and 160 °C for varied amounts 

of time for the devices with varied thickness of P3HT-PCBM. The best device performance is 

achieved for the devices interdiffused at 150 °C for 20 minutes. This is evident from the EQE 

plots of the P3HT/PCBM devices in Figure 5.9.  
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Figure 5.9 EQE spectra of P3HT/PCBM devices bilayer and interdiffused. Here, interdiffusion is 
done at 120 °C, 140 °C, 150 °C and 160 °C for 20 minutes 
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Figure 5.9 shows the EQE spectra of a bilayer device and the devices interdiffused at 

different temperatures. The time of interdiffusion was maintained at 20 minutes for these devices 

and in these devices thickness of the devices was maintained at 45(P3HT)/40 (PCBM).  There is 

an evident increase in EQE for interdiffused devices compared to the bilayer device. As the 

temperature of interdiffusion is increased from 120 °C to 150 °C, there is a pronounced increase 

in the EQE values and then there is a sudden drop in the performance as the temperature is 

increased further to 160 °C.   

Table 5.6 shows the efficiency, FF, Voc, Jsc, RR, series and shunt resistance for the bilayer 

as well as interdiffused devices. The interdiffused devices are heated under the continuous supply 

of argon at 120 °C, 130 °C, 140 °C, 150 °C and 160 °C for 20 minutes. As is evident from Table 

5.6, there is a consistent increase in the AM1.5 efficiency of the interdiffused devices compared 

to the bilayer devices. The device performance becomes better as the temperature of the 

interdiffusion is increased, up to the case of devices interdiffused at 150 °C for 20 minutes. As 

the temperature of interdiffusion is increased beyond 150 °C, there is a decrease in the device 

efficiency. The rectification ratio is highest for bilayer devices and there is drastic decrease in the 

RR values for the interdiffused devices. This is as expected, since the bilayer is more 

representative of the conventional p-n junction. 
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 Bilayer  ID 120 °C 

20 minutes 

ID 130 °C 

20 minutes 

140 °C 

20 minutes 

150 °C 

20 minutes 

160 °C 

20 minutes 

Efficiency 

470 nm (%) 

1.5 3.1 4.1 3.7 4.2 3.0 

Efficiency 

AM1.5 (%) 

0.35 1.8 2.0 2.1 2.7 2.1 

FF 

470 nm 

0.48 0.59 0.59 0.64 0.62 0.59 

FF 

AM1.5 

0.31 0.49 0.45 0.47 0.43 0.48 

VOC 

470 nm (V) 

0.345 0.415 0.435 0.435 0.435 0.455 

VOC 

AM1.5 (V) 

0.495 0.545 0.535 0.575 0.555 0.605 

JSC (mA/cm2) 

470nm 

-0.32 -0.43 -0.54 -0.45 -0.53 -0.38 

JSC  (mA/cm2) 

AM1.5 

-2.3 -6.63 -8.35 -7.37 -11.1 -7.54 

RR 11149 3437 1479 3171 1663 2215 

Series (ohm) 

resistance 

25.3 37.3 43.3 42.3 42 37.9 

Shunt  (ohm) 

resistance 

2.7x106 8.4x105 3.84x105 1.1x106 5.1x105 5.27x105 

 

Table 5.6 Efficiency, FF, Voc, Jsc, RR, series and shunt resistance values under 470 nm and 
AM1.5 illuminations for bilayer and interdiffused devices where the interdiffusion is done at 
different temperatures for 20 minutes. 
. 
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Figure 5.10 shows the plot of efficiency under AM1.5G solar spectrum versus 

temperature of interdiffusion for a set of devices interdiffused for 10, 20 and 30 minutes. In this 

set of devices, the P3HT thickness was maintained at 45 nm and the PCBM thickness was kept 

40-45 nm. The plot shows that at all temperatures, the device performance becomes better as the 

time of interdiffusion is increased from 10 to 20 minutes at a particular temperature and then as 

the time of interdiffusion is increased to 30 minutes, there is degradation in the device 

performance. Hence, the best performance is achieved when the interdiffusion is done for 20 

minutes at a particular temperature. As the temperature of the interdiffusion is increased from 

120 °C to 160 °C in steps of 10 °C, there is a consistent increase in the efficiency till the 150 °C 

is attained and then there is a drop in the performance of the devices interdiffused at 160 °C. 
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Figure 5.10 AM1.5 efficiency as a function of interdiffusion temperature for 10, 20 and 30 
minutes. The temperatures studied are 120 °C, 130 °C, 140 °C, 150 °C and 160 °C. 
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Figure 5.11 shows the J-V curves under AM1.5 illumination for the devices interdiffused 

at 120 °C, 130 °C, 140 °C, 150 °C and 160 °C for 20 minutes. The J-V curve shows that there is 

pronounced increase in the Jsc value of the devices interdiffused at 150 °C for 20 minutes. There 

is degradation in the FF values as the devices are interdiffused at a temperature beyond 150 °C. 
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Figure 5.11 AM1.5G illumination 4th quadrant J-V characteristics for P3HT-PCBM devices 
interdiffused at 120 ºC, 130 ºC, 140 ºC, 150 ºC and 160 ºC for 20 minutes. 
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       Table 5.7 shows the power conversion efficiency, fill factor (FF), Voc and Jsc of the P3HT-

PCBM interdiffused devices under monochromatic (470 nm) as well as AM 1.5 illuminations for 

the interdiffusion done for varied periods of time at 150 °C. In these devices, the thickness is 

maintained at 45 nm of P3HT and 40-45 nm of PCBM.  

 

 

 

 

Interdiffusion Time 10 minutes 20 minutes 30 minutes 

Efficiency 470 nm (%) 4.4 4.2 4.1 

Efficiency AM1.5G (%) 1.8 2.7 2.1 

FF 470 nm 0.63 0.62 0.63 

FF AM 1.5G 0.45 0.43 0.45 

Voc 470nm (Volts) 0.445 0.435 0.445 

Voc AM1.5G (Volts) 0.555 0.555 0.555 

Jsc 470 nm (mA/cm2) -0.52 -0.53 -0.43 

Jsc AM 1.5G (mA/cm2) -7.3 -11.1 -8.3 

RR 2667 1663 2116 

Series resistance (ohm) 73 42 48 

Shunt resistance (ohm) 1.4x106 5.1x105 8.85x105 

 

   

Table 5.7 Power conversion efficiency, FF, Voc, Jsc, RR, series and shunt resistance values 
under monochromatic and AM 1.5 illuminations for devices interdiffused at 150 °C for 
varying time intervals. 
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As the time of interdiffusion is increased from 10 minutes to 20 minutes at 150 °C, there 

is an increase in the device efficiency. Efficiency of the order of 2.7% for AM1.5 illumination is 

achieved for devices interdiffused at 150 °C for 20 minutes. The current densities of the devices 

interdiffused at 150 °C for 20 minutes have been found to be highest and also the series 

resistance of these devices is the lowest.         

The series resistance of the devices is calculated by plotting the differential resistance as a 

function of voltage. The series resistance is calculated using the formula, 

 

 . 

 

In the high voltage limit, the value of the differential resistance is the series resistance. 

Figure 5.12 (A) shows the plot of series resistance as a function of time of interdiffusion at 

different temperatures used for interdiffusion. As is evident from Figure 5.12 (A), there is a drop 

in the series resistance of the devices interdiffused for 20 minutes, which can explain better 

performance of the devices interdiffused for 20 minutes at a given temperature. Figure 5.12 (B) 

shows the plot of AM1.5 efficiency as function of time of interdiffusion for different 

temperatures. The efficiency is higher for devices interdiffused for 20 minutes at any temperature 

and there is drop in series resistance for the devices interdiffused for 20 minutes. The highest 

efficiency (2.7%) is obtained for the devices interdiffused at 150 °C for 20 minutes. 

The behavior of the series resistance is not yet fully understood. One might expect that 

the series resistance would be smallest for the bilayer (which is indeed observed in Table 5.6) 

and would then increase as the interdiffusion increases as less of the material that carries the 

majority carriers is present at each electrode. The clear decrease in the series resistance for 
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devices interdiffused at 20 minutes compared to those at 10 minutes is somewhat surprising. One 

possibility is that, in addition to interdiffusion, the crystalline fractions of P3HT and PCBM are 

also being further increased during that elevated temperature cycle [10,11,12]. This would 

increase the electron and hole mobilities in PCBM and/or PCBM respectively, and therefore 

lower the series resistance. However, with further increase in the time and temperature of 

interdiffusion, PCBM clusters become voluminous and can destroy the metal-absorber interface 

[11]. This can be the reason for the increased series resistance and drop in the performance of the 

device for interdiffusion done beyond 20 minutes and at temperatures beyond 150 °C. In any 

case, the clear correlation between the series resistance and power conversion efficiencies 

intriguing and warrants further study. 
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Figure 5.12 (A) Plot of series resistances as a function of time of interdiffusion at different 
temperatures, 5.12 (B) shows the plot of AM1.5 efficiency as a function of time of 
interdiffusion. 
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It is evident from Figure 5.12(B), the devices which are interdiffused at 150 °C for 20 

minutes have the highest device performance which indicates that interdiffusion increases the 

interfacial area for charge transfer. The devices which are interdiffused beyond 20 minutes, there 

is a degradation in the device performance. In order to correlate the performance of the devices 

with the nanoscale control of the morphology, concentration gradient of the sulfur signal is 

studied as a function of the depth 

In order to achieve the highest performance of the device, the concentration gradient 

should extend all the way across the film, ending right before the electrodes, so that device have 

maximum interfacial are for the charge transfer and also have one kind of material at the 

electrodes. Bilayer devices show a step in the sulfur signal. However, for devices which are 

ideally interdiffused have concentration gradient extending all the way through the device just 

ending right before the electrodes. The devices which are highly interdiffused have the sulfur 

signal moving to the surface, resulting in the decrease in the device performance.  

 

5.3 Studying the Concentration Gradient Profiles 
 

Concentration depth profiles of P3HT/PCBM devices were studied using the Auger 

spectroscopy system and x-ray photoelectron spectroscopy (XPS) system which are both 

combined with ion beam milling. Ion beam milling is used to sputter the surface so that depth 

profiling can be done. As P3HT contains sulfur and PCBM does not, the detected sulfur signal 

provides information on the relative amount of P3HT present as a function of depth. As the 

absolute intensity of the sulfur signals vary from measurement to measurement depending on the 

settings and sensitivity of the apparatus, the intensity of the signals is meaningful only within 

each scan and the magnitudes of different scans are arbitrary.  
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Figure 5.13 shows the Auger spectroscopy depth profiles for interdiffused devices which 

are interdiffused under different conditions. The results of the Auger spectroscopy correlate fairly 

well with the performance of the devices. Concentration gradient profiles for the devices which 

are interdiffused at 150 °C for 10 and 20 minutes show an increasing gradient of sulfur 

(indicative of the presence of P3OT) as the device is scanned from the sulfur-free PCBM layer at 

the top to the sulfur-containing P3HT layer at the bottom. As is evident from Figure 5.13, that 

with the increase in time and temperature of interdiffusion, concentration gradient eventually 

reverses which indicates that a high amount of polymer has moved to the surface which can lead 

to the degradation of the device performance. This is quite in agreement with the performance of 

the devices. Devices which are interdiffused at 160 °C for 20 and 30 minutes show an increased 

sulfur signal at the surface of the sample which can explain the degradation of the device 

performance. 
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Figure 5.13 Auger spectroscopy plot of sulfur signals as a function of the depth for the device 
interdiffused under different conditions. 
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X-ray photoelectron spectroscopy (XPS) along with sputtering is another method used to 

investigate the depth profiles in the interdiffused P3HT/PCBM devices. This method was 

primarily used to confirm the results of Auger spectroscopy, and in addition bilayer devices were 

studied using XPS. XPS is a better technique to study  polymer surfaces as x ray beam does less 

damage to the surface compared to the e-beam as well as it has better signal to noise ratio. Figure 

5.14 shows the depth profile of relative sulfur signal obtained for P3HT/PCBM bilayer and 

interdiffused devices by using XPS. As is evident from Table 5.6 and Table 5.7, the interdiffused 

devices have better performance than bilayer devices which is due to the increased interfacial 

area for the charge transfer. Furthermore, the devices that are interdiffused beyond 20 minutes at 

150 °C lead to the degradation of the performance. As is evident from Figure 5.14, the 

degradation of device performance for interdiffusion done beyond 20 minutes can be attributed to 

the increased sulfur signal at the surface. The devices which are interdiffused at 110 °C and 150 

°C for 10 minutes show an increasing sulfur signal through the depth of the device. The first 

bump in the sulfur signal shows the profile of P3HT and second bump shows the presence of 

PEDOT:PSS. The devices which are interdiffused at 150 °C for 30 minutes show an increased 

sulfur signal at the surface. 
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As is evident from Figure 5.14, the bilayer devices show a fairly sharp interface 

indicating the presence of pure PCBM layer followed by the P3HT layer and is very close in 

behavior to the expected signal (Figure 4.14). The devices which are interdiffused show the 

concentration gradient of sulfur signal. Also, the devices which are interdiffused for a longer 

period of time show a pronounced amount of sulfur at the surface of the sample. The depth 

profile results by XPS and Auger spectroscopy correlate fairly with the device performance. 

Table 5.6 and Table 5.7 show that interdiffused device have better performance to the bilayer 

devices. Also, the devices those are interdiffused beyond 20 minutes at 150 °C lead to the 

degradation in the device performance due to an increase in P3HT concentration at the cathode. 

 

Figure 5.14 X-ray spectroscopy plot of sulfur signals as a function of the depth for the bilayer 
and interdiffused devices 

0

2

4

6

8

10

12

0 50 100 150 200

~ Depth (nm) arbitrary

R
el

at
iv

e 
su

lfu
r s

ig
na

l (
a.

u)

110/10

150/10

150/30

Bilayer



 

  159 

5.4 Summary of P3HT PCBM Devices 
 

Blend / bulk heterojunction device performance is best when the devices are pre-annealed 

at 110 °C for 5 minutes and the  active device thickness is maintained at 90 nm. Table 5.3 lists 

the efficiency values for the bulk heterojunction devices which are annealed under different 

conditions. As is evident from Table 5.3, there is a drop in devices efficiency from 3.3% to 1.1% 

under AM1.5G illumination as the temperature of annealing is increased from 110 °C to 150 °C. 

Also, with the increase in the time of annealing at a particular temperature, there is a decrease in 

the efficiency of the devices. 

Interdiffused devices with the same active layer thickness were also studied. The 

interdiffused devices have better performance as the temperature of the interdiffusion is increased 

from 120 °C to 150 °C as it will lead to the more active area where charge separation can take 

place. However, heating the bilayer, beyond 150 °C and for a time period beyond 20 minutes, 

leads to the degradation in the device performance which can be attributed to the accumulation of 

P3HT at the surface.  

         In order to compare the blends and bilayer interdiffused devices, devices with the same 

thickness and under similar heat treatments were compared. For the heat treatments which were 

done at 120 °C, the device performance of the blends is better than the interdiffused devices. 

However, as the temperature of heat treatment is increased, the device performance of 

interdiffused devices becomes better than the blends heated at similar temperature. Figure 5.15 

and Figure 5.16 shows the efficiency and FF plots for the blends and interdiffused devices as the 

temperature of pre-annealing or interdiffusion is varied under AM1.5G illumination. The active 

layer thickness is maintained at 90 nm. 
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Figure 5.15 shows the comparison of AM1.5 efficiency under simulated solar conditions 

of blends and interdiffused devices. Here, the thickness of the blend device is maintained at 90 

nm and of bilayer devices is at 45 nm of P3HT and 40 nm of PCBM. The efficiency and FF 

under AM1.5G is plotted for blends which are annealed at 120 °C, 130 °C, 140 °C and 150 °C 

for 10 minutes and the bilayers which are interdiffused at the respective temperatures for 10 

minutes and also at 160 °C. The device performance of the blends starts degrading as the 

annealing temperature is increased beyond 120 °C, however for interdiffused devices the 

performance improves as the temperature of interdiffusion is increased from 120 °C to 150 °C. 

As is evident from Figure 5.15 and Figure 5.16, as the interdiffusion temperature is increased 

beyond 150 °C, there is a decrease in the device performance. Figure 5.16 show that the power 
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Figure 5.15 Comparison of AM1.5 efficiency of blend and interdiffused devices under varied 
conditions. 
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conversion efficiency correlates well with the fill factor suggesting that the optimization of the 

electrical characteristics of the devices is one of the most critical factors. 
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Figure 5.17 Comparison of Voc under AM1.5 of the blends and interdiffused devices. 
 

 
Figure 5.16 Comparison of FF AM1.5 of the blends and interdiffused devices. 

0

0.1

0.2

0.3

0.4

0.5

0.6

120 130 140 150 160

Interdiffusion temperature (°C)

FF
 A

M
1.

5G

Blends

Interdiffused



 

  162 

0

1

2

3

4

5

6

7

8

9

10

120 130 140 150 160

Temperature (°C)

C
ur

re
nt

 d
en

si
ty

 (m
A

/c
m

^2
)

Blends

Interdiffused

 

 
 
 
 

Figure 5.17 and Figure 5.18 show the plot of open circuit voltage (Voc) and current 

density (Jsc) for the blends and interdiffused devices. The Voc and Jsc under AM1.5G is plotted for 

blends which are annealed at 120 °C, 130 °C, 140 °C and 150 °C for 10 minutes and the bilayers 

which are interdiffused at the respective temperatures for 10 minutes and also at 160 °C. There is 

decrease in Voc in blends as the temperature of annealing is increased which can be due to the 

increased intermixing of two components and there is increase in the Jsc which can be due to the 

increased mobility of charge carriers. There is a significant increase in the Voc of interdiffused 

devices however there is just a slight increase in the Jsc with the increase in the interdiffusion 

temperature. 

 

 
  

Figure 5.18 Comparison of Jsc under AM1.5 of the blends and interdiffused devices. 
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Chapter 6 

Porphyrins PCBM 

 

In this chapter, devices based on bulk heterojunction devices of porphyrins and PCBM 

are discussed in detail. The devices are based on blend films of a porphyrin derivative 

5,10,15,20-tetraphenyl-21H,23H-porphine  zinc (ZnTPP) and the fullerene derivative [6,6]-

phenyl-C61 butyric acid methyl ester (PCBM) as the active layer. In these devices, the weight 

ratio of ZnTPP and PCBM is varied from 5:5 to 0:10. The devices with ZnTPP: PCBM in 1:9 

ratios have the best performance. Porphyrins are chosen for this study as they have been found to 

exhibit interesting optical and electrical properties and hence has been studied in photovoltaic 

cells, OLED and OFET’s [1]. Porphyrins are macrocyclic aromatic compounds with a p-type 

nature, which are similar to chlorophyll [2]. Porphyrins are known for their capability of strong 

light absorption as they are involved in the light absorption and also act as catalyst in natural 

photosynthesis [3]. Hence they can potentially be used in photovoltaic applications. However, 

porphyrins are not easily soluble in the ordinary solvents and hence can be difficult to process 

into the devices. However, in this study, a derivative of porphyrins which is soluble, is used as 

the active materials. The devices based on blends  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, Nano C) as the active layer.  

ZnTPP is used as a p-type semiconductor [4], and PCBM with excellent electron affinity 

is used as an n-type one. The porphyrin has a strong optical absorption in the visible spectrum [5] 

and was expected to form co-crystallites with PCBM [6,7]. The molecular structures of ZnTPP 

and PCBM are shown in Figure 6.1. 
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Figure 6.2 Absorption spectrum of ZnTPP: PCBM, ZnTPP, PCBM and PEDOT: PSS. 
 

Figure 6.1 Molecular structures of (a) ZnTPP and (b) PCBM. 
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The absorption spectrum of ZnTPP shows an intense B band (Soret band) at 428 nm and 

Q band at 550 nm (which are shown in Figure 6.2) both arising from the corresponding π-π* 

transitions [8,9]. The absorption spectrum of PCBM is similar to that of C60, with the absorption 

maximum at 327 nm and a smaller peak located at 385 nm [10]. The absorption peaks of the 

ZnTPP: PCBM blend have been observed at 440 nm and 333 nm and 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 [11]. The red shifts in the absorption spectrum of the 

blend compared to the pristine layer are evident in Figure 6.2. The electron mobility in PCBM is 

found to be in the range of ~10-3 cm2/Vs [12,13] and the hole mobility of ZnTPP is of the order 

10-10 cm2/Vs [14].  

The central part of the ZnTPP ring is occupied by a Zn ion linked to a pyrrole ring. The 

Zn ion accepts the lone-pair-electrons of the N atoms of the pyrrole ring, while the electrons of 

the Zn ion are donated to the porphyrin molecule, forming delocalized π bonds that permit the 

easy flow of electrons within the delocalized π system. The increased density in the electronic 

levels for π-π* transitions makes ZnTPP a relatively good electron donor [15, 16]. Generally, 

porphyrin/fullerene films delocalize the excited electrons from the excited molecule more 

efficiently as compared to pure porphyrin films on a timescale that competes effectively against 

the recombination or other loss processes, suggesting its application for efficient solar energy 

conversion [17].  
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6.1 ZnTPP: PCBM Bulk Heterojunction 

In this set of experiments, the weight ratio of ZnTPP to PCBM was varied to study its 

effect on the device performance. ZnTPP and PCBM were co-dissolved in varied ratios in ODCB 

to make 2.0 wt/vol% solutions. 1” by 1” ITO glass substrates were spin coated with poly (3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) complex (Bayer Corporation). 

The spin casting of PEDOT: PSS on ITO substrate smoothens the ITO surface which is quite 

rough [18] as is evident from SEM image of the ITO substrate in Figure 2[b]. The PEDOT: PSS 

coated ITO substrates were annealed at 100 ºC for 10 minutes under atmospheric conditions. 

ZnTPP: PCBM solution with varied weight ratio was next spin cast onto the PEDOT: PSS coated 

substrates at 1200 rpm. The weight ratios studied were 5:5, 3:7, 1:9 and 0:10. The choice of the 

proper casting solvent for the blend solution is very important in this study, in order to obtain a 

smoother film of the active layer. Chlorobenzene (CB) and dichlorobenzene (o-DCB) are the best 

solvents for PCBM [6, 19] reported up to now. PCBM films spin-cast in these solvents show 

better mechanical stiffness and adhesion properties. However as ZnTPP has better solubility in o-

DCB than CB [6], o-DCB has been used as the solvent for spin casting ZnTPP: PCBM film.  

The thickness of each layer was determined by measuring the optical transmission and 

reflection using the Filmetrics F20-UV thin film spectrometer system. Finally, the electrode 

deposition was carried out by thermal evaporation of Al under a vacuum better than 10-6 Torr. 

The rate of the deposition was maintained at 15-20 Å/s and thickness of the order of 70 nm was 

deposited for each device studied. In some of the devices, thermal annealing of the devices was 

done prior to electrode deposition to see if it can enhance the device performance. The schematic 

diagram of the device construction and SEM image of cross section of a ZnTPP: PCBM 1:9 BHJ 
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solar cell is shown in Figure 6.3. The results for all the devices studied are summarized in Table 

6.1.  

 

 

 

 

 

 

Figure 6.3 (a) Schematic diagram and (b) SEM image of cross section of fabricated     
ZnTPP: PCBM 1:9 BHJ solar cell. 
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The work functions of ITO, PEDOT: PSS and Al electrodes are -4.7, −5.2 and −4.3 eV 

respectively. The work function corresponds to the energy between the vacuum level and Fermi 

level. The energy level diagram of the ZnTPP: PCBM BHJ solar cell is shown in Figure 6.4 

relative to the vacuum level. The highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) levels of ZnTPP are −5.1 and −2.4 eV, respectively [20]. 

The HOMO and LUMO energy levels of PCBM are -6.1 and −3.7 eV, respectively [21]. 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 

a hole transport and electron blocking layer, transports holes to the ITO. As PCBM can also 

absorb light, and generate charge carriers (not shown in energy level diagram), the two materials 

can work synergistically to improve the cell efficiency. 

 

 

Figure 6.4 Energy level diagram of ITO/PEDOT: PSS/ZnTPP: PCBM/Al BHJ solar cell. 
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Photocurrent spectra of the devices were measured using a 300 W Xe lamp in 

combination with a CVI CM 100 monochromator as the illumination source and a Keithley 485 

pico-ammeter to record the short circuit current, Isc. Current-Voltage (I–V) curves were measured 

with a Keithley 236 source measure unit in the dark as well as under AM1.5G simulated solar 

spectrum. The optical density (OD), of the ZnTPP: PCBM blended layer was determined from 

the reflection (R) and transmission (T) data obtained with the F20 UV spectrometer. The 

resulting OD was used to determine film thickness of the active layer using Beer-Lambert’s Law. 

The absorption coefficient values used for the thickness calculation are 1.1×104 cm-1 at 510 nm 

for ZnTPP [22] and 2×104 cm-1 at 512 nm for PCBM [23] based on their weight ratio. Figure 6.2 

shows the absorption spectra of the ZnTPP: PCBM 1:9 weight ratio blend layer relative to the 

spectra of ZnTPP, PCBM and PEDOT: PSS. The active layer spectrum shows the red shifts in 

the absorption peaks compared to the pristine layer indicating the formation of a new complex 

when blend is made. 

6.1.2 Effect of Variation of the Weight Ratio on the ZnTPP: PCBM Blend Device 
Performance 
 

Figure 6.5 shows the photocurrent spectra recorded for the devices with different weight 

ratio. The maximum of the photocurrent occurred at 440 nm for all the devices as is evident from 

Figure 6.5, except for the 0:10 weight ratio device which has maxima at 400 nm as it is a purely 

PCBM device. The photocurrent spectrum is in quite good correlation with the OD spectra of the 

devices. Figure 6.6 shows the OD spectra of these devices with varied weight ratios.  



 

  171 

 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

325 425 525 625

Wavelength (nm)

O
pt

ic
al

 d
en

si
ty

 (a
.u

)

1:9

3:7

5:5

0:10

 

Figure 6.6 Comparative optical density spectra of ZnTPP: PCBM BHJ solar cells. 

Figure 6.5 Comparative photocurrent spectra of ZnTPP: PCBM BHJ solar cells. 

 1. Molecular structures of (a) ZnTPP and (b) PCBM 
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Figure 6.6 shows the optical density spectra of the ZnTPP:PCBM devices with varied 

weight ratio. There is an increase in the absorption signal at 440 nm as ZnTPP to PCBM ratio is 

increased from 1:9 to 5:5. The enhancement of photocurrent at 440 nm for 1:9 ZnTPP: PCBM 

device could be because of the lower rate of recombination at that weight ratio. It has been found 

that there are intermediate energy levels or gap states that are present in between the conduction 

and valence band of ZnTPP and they act as the centers for recombination on illumination [24, 

25]. A more recent study has revealed that, first, the gap states in the porphyrin semiconductor 

are responsible for the NIR light absorption and second, that the electronic transitions to or from 

the gap states diminishes the rate of recombination of electron-hole pairs via these intermediate 

states, leading to the enhancement of the 440 nm photocurrent [26]. 

Figure 6.7 shows the EQE spectra of the ZnTPP: PCBM bulk heterojunction devices as 

the weight ratio is varied. The devices with 1:9 weight ratios have higher EQE than the devices 

with other ratios. The spectrum profile of the 3:7 ratio looks similar to the 1:9 weight ratio 

however, the devices with 1:9 ratios have enhanced performance. These devices were made with 

2% wt/vol solution in ODCB. 
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Figure 6.8 shows the I-V spectra of the ZnTPP:PCBM 1:9 device under dark, 

monochromatic and AM1.5G illuminations. The active area of each device is 0.12 cm2. The 

rectification behavior of the device is quite evident from the I-V characteristics. The rectification 

ratio of the different devices is shown in Table 6.1. Table 6.1 summarizes the various parameters 

such as efficiency, FF, Isc and Voc respectively, calculated for the different devices with varied 

weight ratios. Table 6.1 also lists the various parameters for the devices made with 2% wt/vol 

and with varying weight ratios along with annealing conditions (if done) as well as the devices 

made with 3.0% wt/vol. 

 Devices made with 2.0% wt/vol show an increasing trend in the RR, Voc, Isc, FF and η as 

the weight ratio of ZnTPP (D): PCBM (A) is increased from 5:5 to 1:9 with a drop in 

performance as 0:10 ratio is reached. The best efficiency is obtained for devices with weight ratio 
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Figure 6.7 EQE spectra of ZnTPP: PCBM bulk devices with the varied weight ratios. 
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of 1:9, the highest being 0.21% under AM1.5 illumination, which is better than the devices 

reported previously with ZnTPP as the donor [6]. 

 

 

 

 

 

These earlier reported devices with ZnTPP as the donor [6] were made with C60 as an 

acceptor molecule. The devices fabricated with PCBM as acceptor molecules are expected to 

have better performance than C60 due to the higher LUMO level of PCBM compared to C60 

which can give better Voc and FF of the devices.  

 

Figure 6.8 I-V characteristics of ZnTPP: PCBM 1:9 BHJ solar cells in dark (solid circles) and 
under an illumination of AM1.5 G (empty circles).The inset show dark I-V Characteristics. 
 



 

  175 

 

 

Figure 6.9 shows the 4th quadrant J-V characteristics of ZnTPP: PCBM bulk devices. The 

devices with 1:9 ratios have the highest VOC and FF of all devices. Figure 6.10 and Figure 6.11 

shows the trend of series and shunt resistance as the weight ratio of ZnTPP to PCBM is varied. 

As the weight ratio is varied from 5:5 of ZnTPP: PCBM to 0:10 of ZnTPP:PCBM, there is a dip 

in the series resistance at 1:9 and a large increase in shunt resistance under the same conditions. 
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Figure 6.9 AM1.5G illumination 4th quadrant J-V characteristics for ZnTPP: PCBM devices with 
varied weight ratios in the blend. 
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Figure 6.10 shows the trend of series resistance as the weight ratio is varied. The devices 

with 1:9 weight ratios have the highest performance. The series drops significantly for the 1:9 

ratios ZnTPP:PCBM devices. Figure 6.11 shows the trend of shunt resistance, as the weight ratio 

is varied from 5:5 to 0:10, the devices with 1:9 ratio have the highest shunt resistance. In general, 

the devices should have lowest series resistance and the highest shunt resistance for the efficient 

device performance. 
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Figure 6.10 Trend of series resistance for ZnTPP: PCBM devices with varied weight ratios in the 
blend. 
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Figure 6.11 Trend of shunt resistance for ZnTPP: PCBM devices with varied weight ratios in the 
blend. 
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ZnTPP:PCBM 
Ratio 

Concentration 
(% Wt. / Vol.)  

Thickness  
(nm) Annealing 

Conditions 
RR 
(at ±1V) 

Voc 
(V) 

Isc 
(uA) FF η (%) 

5:5 2.0 
75 

 42.6 
0.37 46 0.34 0.049 

5:5 2.0 75 130 °C/10 
min 

 13.9 0.42 25 0.3 0.026 

3:7 2.0 69  78.1 0.4 67.4 0.35 0.09 

3:7 2.0 69 100 °C/10 
min 

38.9 0.34 48.2 0.25 0.034 

3:7 3.0 119  36.2 0.48 20 0.19 0.015 

1:9 
 

2.0 68  106 0.4 149 0.4 0.19 

1:9 
 

2.0 68  106 0.4 158 0.4 0.21 

0 :10 
2.0 70  4.6 0.21 40 0.32 0.023 

Table 6.1 Measured parameters of ITO/PEDOT: PSS/ZnTPP: PCBM /Al bulk heterojunction solar 
cells under AM1.5 conditions. 
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As the devices fabricated with 3.0% wt/vol had lower power performance 

compared to the similar devices fabricated with 2.0% wt/vol. Hence most of the devices 

were made with 2.0% wt/vol solution. The annealing of the devices was also performed 

on a couple of samples, in order to try to minimize the defects in the films. However, as 

is evident from Table 6.1, annealing leads to degradation in the performance of the 

devices. The degradation of the device performance on annealing can be attributed to the 

enhancement of the aggregation of porphyrins [7]. The excitons formed in these larger 

aggregates have lower probability of reaching the interface before recombination. Hence, 

annealing of the subsequent samples was not carried out. The best devices performance is 

achieved for devices which are non-annealed and with 1:9 weight ratios of ZnTPP: 

PCBM. 

         The best performance is attained for devices with 1:9 ZnTPP: PCBM ratio which 

suggests that the devices with this weight ratio have better morphology than the others. 

Porphyrins have been found to co-crystallize with fullerenes [6], which may results in the 

aggregation. As the microstructure of the bulk layer is strongly dependent on the weight 

ratio, this suggests that the devices with 1:9 weight ratio are the most favorable to form 

co-crystallites and have the most favorable microstructure. The presence of continuous 

co-crystallite structures perpendicular to the thin film layer is expected to suppress the 

recombination of electrons and holes. Hence the better performance of the devices with 

1:9 weight ratios could mean that this ratio provides a continuous co-crystallize structure 

compared to other devices with other weight ratios (intermittent co-crystallite structures). 

As evident from Table 6.1, the devices with 1:9 weight ratios have the highest device 

efficiency as well as better performance to other devices.   
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The thickness calculation of the active layer was also done by using a DekTak-

150 profilometer along with thickness calculation from the optical density spectra using 

Filmetrics UV-20 spectrometer. The thickness observed from the step profile of 

profilometer is in close proximity to the thickness determined by using Filmetrics. The 

surface roughness is another parameter that was studied using profilometer. Figure 6.12 

shows the observed surface roughness of the blend sample. The surface roughness is 

found to be within the ± 8 nm as evident from Figure 6.12. 

 

 

 
 
 
 

6.2 Summary of ZnTPP: PCBM Bulk Heterojunction Devices 

ZnTPP:PCBM BHJ solar cells were fabricated and characterized for their 

electronic and optical properties. ZnTPP:PCBM bulk heterojunction devices were 

successfully studied primarily by varying the weight ratio in the blend. The effects of the 

Figure 6.12 Surface profile of a ZnTPP: PCBM films spin casted in o-DCB.  
 



 

 181 

variation of the thickness of the active layer and the annealing conditions on the device 

performance were also studied. It was found that devices with 1:9 weight ratios have the 

highest performance. Furthermore, annealing of the devices is found to degrade the 

device performance. The degradation of the device performance on annealing can be 

attributed to the enhancement of the aggregation of porphyrins [7]. The excitons formed 

in these larger aggregates have lower probability of reaching the interface before 

recombination.  

The highest performance of the 1:9 weight ratio devices can be attributed to the 

better morphology and most favorable microstructure of the devices. Porphyrins have 

been known to co-crystallize with fullerenes [6], which may results in the aggregation. 

The presence of continuous co-crystallite structures perpendicular to the thin film layer is 

expected to suppress the recombination of electrons and holes. Hence the better 

performance of the devices with 1:9 weight ratios could mean that this ratio provides a 

continuous co-crystallize structure compared to other devices with other weight ratios 

(intermittent co-crystallite structures). 

PCBM has high electron mobility (~10-3 cm2/Vs) [13], as compared to the hole 

mobility of ZnTPP which is of the order 10-10 cm2/Vs [14]. A further enhancement in 

efficiency could be achieved with a porphyrin derivative having mobility on a par with 

PCBM. Thus, new donor and acceptor materials, having higher mobilities and that are 

soluble in common solvents for solution processing can be used to fabricate the BHJ solar 

cells at their optimum ratios. In the future, this can be used to boost the performance of 

porphyrin and phthalocyanine BHJ solar cells fabricated by wet processing.  
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Chapter 7 

Endohedral Fullerene Acceptors 
 

 

A series of bulk heterojunction devices were made by incorporating the 

endohedral fullerenes as an acceptor material in the device structure. Trimetallic Nitride 

Template endohedral fullerenes are fullerene cages that enclose a nitrogen atom and three 

metal atoms. Discovered by Prof. Harry Dorn and collaborators, this class of fullerenes 

offers a wide range of tunability of structures with higher yields than any fullerenes other 

than C60 and C70 [1]. PCBM is the most widely used acceptor for most of the work done 

in this thesis, as well as in the broader research community. It has been shown that open 

circuit voltage of the bulk heterojunction solar cells can be related to the difference 

between the HOMO level of the donor and the LUMO level of the acceptor [2, 3, and 4]. 

Hence, recent attempts have been made to synthesize new acceptor materials with raised 

LUMO levels compared to PCBM. TNT endohedral fullerenes exhibit higher LUMO 

levels compared to empty cage fullerenes like PCBM due to the electron transfer from the 

endohedral cluster to carbon cage [5]. The main reason for interest in this material is that 

the LUMO level, and consequently, the band gap and Voc can be tuned by varying the 

metal atoms that are enclosed. Figure 7.1 shows the predicted Voc of the solar cells 

devices when different molecules are used with MDMO-PPV as the donor material. The 

predicted Voc of these devices is of the order of 1.2-1.3 eV which is much higher than the 

highest Voc predicted by Hummelen et al. [6]. Hummelen and co-workers predicted that 

the highest Voc possible with different substituents on the phenyl ring of the PCBM is 



 

 186 

0.85 eV. In this chapter, different new acceptor materials were studied to examine their 

influence on the device performance. 

 

 

 

 
Figure 7.1 shows predicted Voc of the bulk heterojunctions devices of P3HT with 

various acceptor molecules. It is evident from Figure 7.1, Y3N@C80-PCBM based 

devices can have better Voc than the Sc3N@C80-PCBM devices. This fact is supported by 

the oxidation and reduction potential data collected by cyclic voltammeter in Table 7.1. 

The reduction potential corresponds to LUMO level and the oxidation potential 

corresponds to HOMO level. It is evident from Table 7.1, that Y3N@C80-PCBM can have 

 

Figure 7.1 Extrapolation of the data of Hummelen et al. to estimate Voc for various TNT 
endohedral fullerenes acceptor molecules in solar cells with MDMO-PPV. 
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reduced energy offset with P3HT compared to Sc3N@C80-PCBM, and thus hence lower 

energy losses in the charge transfer process and better device performance. 

 

 

 

          Ered (LUMO)           Eox (HOMO) 

Sc3N@C80-PCBM               -1.416                0.503 

Y3N@C80-PCBM                 -1.51                  0.64 

 
 

7.1 TNT Endohedral Fullerenes 
M3N@C80 -PCBM (M= Sc; Y) 

 

Sc3N@C80 -PCBM (2a) was synthesized in the groups of Profs. Harry Dorn and 

Harry Gibson from Sc3N@C80 and methyl 4-benzoylbutyrate p-tosylhydrazone as shown 

in Figure 7.1. Sc3N@C80 is the most abundant species in endohedral fullerenes and has 

been previously studied in detail in bulk heterojunction devices with P3HT as the donor 

material [7]. In this chapter, bulk heterojunction devices with P3HT as donor material 

and M3N@C80 -PCBM (M=Sc, Y) as an acceptor material are discussed. The goal is to 

combine the solution processability and compatibility with polythiophenes of the PCBM 

side chain with the potential for higher Voc associated with the higher LUMO level of the 

endohedral fullerenes. Ross et al. have done studies on the blend devices of TNT 

endohedral fullerenes and P3HT and efficiency of the order of 4% was observed for these 

devices under AM1.5 illuminations [8]. This study has shown by using TNT endohedral 

Table 7.1 Reduction and Oxidation potential of TNT Endohedral fullerenes. 
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fullerenes, the energy offset of the molecular orbital of the acceptor molecule and P3HT 

can be reduced and hence lower energy losses in the charge transfer process. 

 

 

 
1” by 1” ITO glass substrates were spin coated with poly (3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) complex (Bayer 

Corporation). PEDOT: PSS coated ITO substrates were annealed at 100 ºC for 10 

minutes under atmospheric conditions. P3HT:M3N@C80 -PCBM, M = Sc, Y , (1:1) blend 

solution was spin casted onto the PEDOT: PSS coated ITO substrates. In some of the 

devices, the active layer is annealed at various temperature profiles under the continuous 

supply of argon, followed by the electrode deposition. 

7.2 P3HT:Sc3N@C80-PCBM Devices 
 

1% wt/vol P3HT: Sc3N@C80-PCBM (1:1) solution was used to spin cast the 

active layer of the devices. The blend solution in chlorobenzene (CB) is spin casted at 

1000 rpm. The active layer thickness was calculated by measuring the optical reflection 

and transmission using Filmetrics F20-UV thin film spectrometer system as explained in 

Figure 7.2 Process of synthesis of M3N@C80 -PCBM. 
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Chapter 3. The thickness of the active layer was maintained at 25 nm. A large thickness 

would have been desired, but the Sc3N@C80 had insufficient solubility in CB.  Finally, 

the electrode deposition was carried out by thermal evaporation of Al under a vacuum 

better than 10-6 Torr. The rate of the deposition was maintained at 15-20 Å/s and 

thickness of the order of 70 nm of Al is deposited for each device studied. The devices 

were annealed at varied conditions to optimize the device performance. Figure 7.2 shows 

the EQE plot of devices annealed at various conditions. The devices annealed at 110 °C 

for 5 minutes were found to have better performance. However, it should be noted that 

the EQE values are smaller than those for P3HT:PCBM by about a factor of 100. 

7.3 P3HT:Y3N@C80-PCBM devices 
 

P3HT: Y3N@C80-PCBM (1:1) 1% wt/vol solution in CB was used for the active 

layer. The active layer was spin cast onto the PEDOT: PSS coated ITO substrate at 1000 

rpm. The active layer thickness was maintained at 25 nm. Figure 7.3 shows the 

comparison of EQE of the devices annealed at varied conditions. As is evident from 

Figure 7.3, the devices with Y3N@C80-PCBM as the acceptor material have been found 

to have better performance than the devices with Sc3N@C80-PCBM as the acceptor but 

still substantially lower than the P3HT:PCBM. 
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The better performance of Y3N@C80-PCBM based devices can be due to better 

Voc of these devices compared to Sc3N@C80-PCBM based devices as evident from Figure 

7.1 and Table 7.1. 

7.4 P3HT: Y3N@C80-PCBH Devices 
 

As is evident from Figure 7.3, the devices made with Y3N@C80-PCBM have 

better performance than the devices with Sc3N@C80-PCBM as an acceptor. Thus, 

different derivatives of Y3N based endohedral fullerenes were studied further. Earlier 

studies done on PCBH based derivatives have shown that they are most closely similar in 

solubility and miscibility to PCBM than the PCBM based derivatives. Also, it was found 

that Lu3N@C80-PCBH has similar charge carrier mobility to PCBM (4x10-4 cm2V-1s-1 for 
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Figure 7.3 EQE plot of comparison of P3HT: M3N@C80-PCBM; M=Sc, Y; devices 
annealed at varied conditions. 
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Lu3N@C80-PCBH versus 1.4x10-3 for PCBM) [8]. Blend devices of Lu3N@C80-PCBH 

and P3HT achieved an efficiency of 4.0% under AM1.5 illumination. Hence, the rest of 

the work is focused on the study of bulk heterojunction devices of PCBH based 

derivatives and P3HT. 

The bulk heterojunction devices with P3HT: Y3N@C80-PCBH as the active layer 

was annealed at varied conditions to enhance the device performance. P3HT:Y3N@C80 -

PCBH was spin casted onto the PEDOT: PSS coated ITO glass substrates. 1.0% wt/vol 

blend solution of P3HT: Y3N@C80-PCBH in ortho dichlorobenzene (ODCB) is spin 

casted at 1000 rpm. The active layer was annealed before the electrode deposition and in 

some cases, the active layer was annealed before as well as after the electrode deposition. 

Figure 7.4 shows the EQE plot of the P3HT: Y3N@C80 -PCBH devices annealed at varied 

conditions. Annealing was either done before the electrode deposition (pre annealing) or 

in some of the devices, annealing was done before as well as after the electrode 

deposition. The EQE plot of the comparison of the blend devices is shown in Figure 7.4. 

The devices were either pre-annealed at 110 °C for 10 minutes or were pre- annealed at 

110 °C for 10 minutes followed by post annealing done at 140 °C for 1 minute [8]. The 

devices with pre as well as post annealing cycles have better performance than the pre 

annealed devices.  
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Figure 7.4 shows the J-V characteristics of the P3HT:M3N@C80-PCBX (X = M, 

H) blend devices under AM1.5. The J-V plot shows the enhanced performance of the 

Y3N endohedral fullerenes based devices which are pre as well as post annealed. 
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As is evident, Y3N based devices have better performance than Sc3N based 

devices. The devices with dual annealing cycles led to the enhancement in the 

performance. Table 7.2 shows the efficiency, FF, VOC and JSC for the different devices 

under AM1.5 illuminations. 
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As is evident from Table 7.2, the devices which are pre as well post annealed have better 

performance to the devices annealed before electrode deposition. 

 
 
 
 
 
 
 
 
 
 

Acceptor 
material 

 
Thickness 

(nm) 
Annealing 
Conditions 

RR 
(at 

±1V) 

Voc (V) JSC 
(mA/cm2) FF η  (%) 

Sc3N@C80 
PCBM 

25 Pre anneal 
110 °C 

5 minutes 
326 

0.505 -0.11 0.31 0.017 

Y3N@C80 
PCBM 

20 Pre anneal 
110 °C 

5 minutes 

63 0.425 -0.19 0.31 0.026 

Y3N@C80 
PCBH 

20 Pre anneal 
110 °C 

10 minutes 

17 0.215 -0.067 0.24 0.003 

Y3N@C80 
PCBH 

20 Pre anneal 
110 °C 

5 minutes 
Post anneal 

140 °C 
1 minute 

444 0.395 -0.76 0.2 0.06 

Table 7.2 Efficiency (η), FF, Voc, Jsc, RR values for P3HT: M3N@C80-PCBX (X=M,H) 
bulk heterojunction devices where M = Sc, Y, the donor material is P3HT in all of these 
devices. 
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7.5 Summary of P3HT M3N@C80-PCBX devices (M = Sc, Y; X = M, H) 
 

In this chapter, bulk heterojunction devices with P3HT as donor material and 

M3N@C80 –PCBX (M=Sc, Y; X= M, H) as an acceptor material are discussed. Figure 7.3 

shows that, Y3N based devices have better performance than Sc3N based devices. This is 

mainly because of the better solubility. Also, the reduced energy offset of Y3N@C80 –

PCBM with P3HT compared to Sc3N@C80 –PCBM with P3HT offers reduced losses in 

charge transfer and hence, better device performance.   

Further, PCBH based endohedral fullerenes are studied and it was concluded that 

devices made with PCBH based endohedral fullerenes with P3HT have better device 

performance when the pre and post annealing is done on the devices. The better 

performance of devices based on PCBH based derivatives compared to PCBM based 

ones is due to their better solubility and miscibility to PCBM than the PCBM based 

derivatives. Also, the mobility values of PCBH based derivatives are close to PCBM. The 

devices with dual annealing cycles led to the enhancement in the performance. Figure 7.4 

shows the EQE plot of the comparison of P3HT:Y3N@C80 –PCBH blend devices. The 

devices with pre as well as post annealing cycles have better performance than the pre 

annealed devices.  
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Chapter 8 

Conclusions and Future Work 
 

 

Dual spin cast interdiffused polymeric photovoltaic devices in which donor and 

acceptor layers are sequentially spin cast have been studied at length in this thesis. The 

dual spin cast bilayer devices are heated under various temperature conditions in order to 

allow interdiffusion and optimize the device performance. Some work has also done on 

the bulk heterojunction devices and in some cases, the performance of the bulk 

heterojunctions and thermally interdiffused bilayers was compared. P3OT, P3HT and 

porphyrins have been used as the donor materials and PCBM has been primarily used as 

an acceptor in the work presented in this thesis. A brief study was also done on the TNT 

endohedral fullerenes as an acceptor with P3HT as the donor material in bulk 

heterojunction devices. The active layer thickness, annealing conditions and 

interdiffusion conditions were the key parameters studied in detail in order to optimize 

the device performance. The various device performance parameters such as power 

conversion efficiency, EQE, FF, efficiency, Voc, Jsc and series resistance have been 

studied and compared for devices fabricated under different conditions.  

P3OT:PCBM 
 

The performance of P3OT:PCBM bulk heterojunction devices was studied by 

varying the active layer thickness and also by varying the annealing conditions. The 

devices with active layer thickness of 80 nm were found to have better device 

performance than the devices with active layer thickness of 50 nm or 110 nm. The 
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devices with thickness of 110 nm were found to have high series resistance, which is 

responsible for a decrease in the efficiency. The series resistance of the devices with 

thickness of 50 nm and 80 nm was found to be of the order of ~35 ohms. However, for 

devices with thickness ~ 50 nm, the active volume is quite small for efficient charge 

generation and hence there is a drop in the efficiency. In all of these cases, the devices 

were pre-annealed at 140 °C for 10 minutes.  

In addition, the thickness was maintained at 80 nm and the annealing conditions 

were varied to study the device performance. The devices that were annealed at 140 °C 

have better performance compared to the devices annealed at 130 °C or 150 °C. Also for 

the same thickness, the increase of time of annealing from 5 minutes to 10 minutes, at 

140 °C leads to degradation of device performance. The highest efficiency was obtained 

for devices annealed at 140 °C for 5 minutes. Power conversion efficiency of the order of 

1.5% was obtained under AM1.5 solar simulated conditions for the P3OT:PCBM bulk 

heterojunction devices with active layer thickness of 80 nm.  

Concentration gradient devices have been a success demonstrated for the 

P3OT:PCBM system. Bilayer devices, devices which were not annealed but interdiffused 

and the devices which were annealed as well as interdiffused were studied in detail.  A 

systematic study done on the P3OT:PCBM interdiffused devices, found that interdiffused 

devices have dramatically better performance than the bilayer devices, demonstrating the 

importance of donor-acceptor proximity for efficient charge transfer. It was also 

concluded that annealing of the P3OT films before PCBM was spin cast, helps by 

increasing the crystallinity of the polymer and was not found to hinder the interdiffusion 

process. The devices which were interdiffused for 20 minutes at 150 ºC have the highest 
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performance. The thickness, interdiffusion temperature and time of interdiffusion are the 

three parameters which were primarily studied for their effect on the device performance. 

It was found that devices with 70 nm of P3OT and 40-50 nm of PCBM have the highest 

efficiency. Furthermore, the devices with 70 nm of P3OT and 40-50 nm of PCBM were 

interdiffused at 140 ºC and 150 ºC for various amounts of time. It was found that devices 

which were interdiffused for 20 minutes have better performance than the ones 

interdiffused for 10,30 or 40 minutes. An AM1.5G power conversion efficiency of 1.0%  

was obtained for devices in which a 70 nm P3OT film was annealed at 120 ºC followed 

by spin-casting of 40-50 nm thick PCBM from pyridine and interdiffusion of the two 

films at 150 ºC for 20 minutes.  

The series resistance is another parameter studied in detail. The series resistance 

of the devices is calculated by plotting the differential resistance as a function of voltage. 

In the high limit voltage limit, the value of the differential resistance is series resistance. 

It was found that devices which were interdiffused at 140 ºC and 150 ºC for 20 minutes 

have the lowest series resistance. This indicates that devices with P3OT thickness of 70 

nm and PCBM thickness of 40-50 nm when interdiffused at 150 °C for 20 minutes lead 

to the interpenetrating network that has the lowest series resistance. For interdiffusion 

done for a longer period, the films tend toward a homogenous donor-acceptor distribution 

that has less of the material that carries the majority carriers in the vicinity of the 

electrodes. 

Since P3OT contains sulfur while PCBM does not, the sulfur content can be used 

to indicate the relative amount of P3OT in the film as a function of depth. Concentration 

gradient profiles of sulfur signal were studied by Auger spectroscopy, to determine the 



 

 200 

extent of interdiffusion. The concentration gradient profiles show that, for the devices 

with highest performance, gradients extend all the way through the film ending just short 

of the electrodes. The concentration gradient profile of the devices interdiffused at 150 ºC 

for 20 minutes resemble closely to the profile of ideal interdiffusion, which provides 

these devices the best performance. 

P3HT:PCBM 
 

P3HT:PCBM bulk heterojunction devices with various thicknesses and annealing 

conditions were fabricated. Then, active layer thickness was maintained at 90 nm and the 

devices were pre-annealed at 110 ºC, 120 ºC, 130 ºC, 140 ºC and 150 ºC for 5, 10 and 15 

minutes. The devices which were pre-annealed show a drop in devices efficiency from 

3.3% to 1.1% under AM1.5G illumination as the temperature of annealing was increased 

from 110 °C to 150 °C.  Also, with the increase in the time of annealing from 5 to 15 

minutes at a particular temperature, there is a decrease in the efficiency of the devices. 

P3HT:PCBM blend / bulk heterojunction devices showed highest efficiency of 3.3% 

when the annealing is done at  110 °C for 5 minutes and the  active device thickness was 

maintained at 90 nm. 

Interdiffused devices with the same total active layer thickness were also studied. 

The P3HT thickness was maintained at 45 nm and the PCBM thickness was maintained 

at 40-50 nm. The performance of the interdiffused devices increased as the temperature 

of the interdiffusion was increased from 120 °C to 150 °C as this leads to a larger active 

volume where charge separation can take place. However, heating the bilayer beyond 150 

°C and for a time period beyond 20 minutes, leads to the degradation in the device 

performance, which can be attributed to the accumulation of P3HT at the surface. Auger 
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spectroscopy and X-ray photoelectron spectroscopy were used to study the concentration 

gradient profiles of the sulfur signal. The gradient profiles of bilayer and interdiffused 

devices were studied and it was found that for devices which are interdiffused beyond 20 

minutes at a particular temperature, the sulfur moves to the cathode surface. Thus, the 

devices which are interdiffused for longer period lead to decreased efficiency. 

         In order to compare the blends and bilayer interdiffused devices, devices with the 

same thickness and under similar heat treatments were compared. For the heat treatments 

which were done at 120 °C, the device performance of the blends is better than the 

interdiffused devices. However, as the temperature of the heat treatment is increased, the 

device performance of interdiffused devices becomes better than the blends heated at 

similar temperature. The active layer thickness was maintained at 90 nm. 

The efficiency and FF under AM1.5G was plotted for blends which were 

annealed at 120 °C, 130 °C, 140 °C and 150 °C for 10 minutes and the bilayers which are 

interdiffused at the respective temperatures for 10 minutes and also at 160 °C. The device 

performance of the blends starts degrading as the annealing temperature is increased 

beyond 120 °C, however for interdiffused devices, the performance improves as the 

temperature of interdiffusion is increased from 120 °C to 150 °C.  

P3HT:PCBM blends or bulk heterojunction devices have better device 

performance for the devices when the annealing is done at lower temperatures. As the 

time and temperature of the annealing is increased beyond 110°C, there is degradation in 

the efficiency. The device thickness was maintained at 90 nm for these pre- annealed 

P3HT PCBM bulk heterojunction devices. 
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However for P3HT/PCBM interdiffused devices, the device performance was 

better for devices interdiffused at 150°C. Heat treatments done at higher temperature 

increase the interpenetrating network of polymer and fullerene and lead to an  increase in 

the efficiency of these devices. 

Porphyrin:PCBM 
 

Bulk heterojunction devices with the soluble porphyrin derivative ZnTPP and 

PCBM were studied. The device performance was studied by the variation of porphyrin 

to PCBM ratio and it was found that device with 1:9 ZnTPP: PCBM ratios have the better 

device performance. As there is an increase in porphyrin ratio, there is degradation in the 

device performance. Also, annealing of the devices, tends to degrade the device 

performance. The highest performance of the 1:9 weight ratio devices can be due to the 

better morphology and most favorable microstructure of the devices. 

P3HT:M3N@C80 PCBX( M= Sc, Y ; X=M, H) 
 

Bulk heterojunction devices with P3HT as donor material and M3N@C80 –PCBX 

(M=Sc, Y; X= M, H) as an acceptor material were fabricated and studied. The Y3N based 

devices had better performance than the Sc3N based devices which is mainly because of 

the better solubility. Also, the reduced energy offset of Y3N@C80 –PCBM with P3HT 

compared to Sc3N@C80 –PCBM with P3HT offers reduced energy losses upon charge 

transfer and hence, better device performance.   

Further, PCBH based endohedral fullerenes were studied and it was concluded 

that devices made with PCBH based endohedral fullerenes have better device 

performance when the pre and post-annealing is done on the devices. The better 



 

 203 

performance of devices based on PCBH derivatives compared to PCBM based ones is 

due to their better solubility and miscibility to P3HT than the PCBM based derivatives. 

Also, the mobility values of PCBH based derivatives are close to PCBM. The devices 

with dual annealing cycles led to the enhancement in the performance.  

Future Work 
 

In order to further optimize the performance of dual spin cast devices, new donor 

materials with lower band gap and higher mobility can be used as the donor material. The 

reduction in the band gap allows more photons to be absorbed from the solar spectrum 

which can increase the performance of the devices. 

In work related to the porphyrins, a further enhancement in efficiency could be 

achieved with a porphyrin derivative having mobility on a par with PCBM. The electron 

mobility of PCBM is of the order of ~10-3 cm2/Vs, as compared to the hole mobility of 

ZnTPP which is of the order 10-10 cm2/Vs. Thus, new donor and acceptor materials, 

having higher mobilities and that are soluble in common solvents for solution processing 

can be used to fabricate the BHJ solar cells at their optimum ratios. In the future, this can 

be used to boost the performance of porphyrin and phthalocyanine BHJ solar cells 

fabricated by solution processing.  

The TNT endohedral devices presented in this thesis have active layer thickness 

of the order of ~25 nm which is quite small. Hence by increasing the thickness, the active 

volume where photons can be absorbed increases and hence is expected to show 

enhancement in the device performance. 


