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Abstract 

Thermal energy harvesting devices have many promising applications due to no emission  of  

greenhouse  gases  during  the  process. Thermoelectric generators convert heat (temperature 

gradient) to electricity and thus the waste heat from different energy sources such as heat 

engines, automobiles and industry can be recovered to generate electricity. Therefore, 

thermoelectric devices are promising candidates for energy harvesting technologies. The 

characterization of thin film based organic semiconducting materials is a rapidly developing 

research  and has received great attention because of their applications in low cost fabrication of 

electronic and photonic devices, such as, light sensitive junction diodes, sensors, solar cells, 

field-effect transistors, etc. In the research work reported in this dissertation thermoelectric, 

electrical, and photonic properties of the semiconducting thin films are undertaken for potential 

applications in the development of cost effective thermal energy harvesting technologies and 

electronic devices. 

In part I of this dissertation, energy harvesting from solution grown semiconductors via 

thermoelectric effect are discussed. For thermoelectric applications, three materials are 

investigated. The first material used is lead sulfide (PbS) grown from solution due to its inherent 

property of scalability. The solution grown PbS film consists of nanoclusters and has a high 

Seebeck coefficient, 450μV/K. The high Seebeck coefficient may be the result of increased 

contributions from junctions and boundary scattering of carriers occurring at interfaces between 

nanocrystallites, consistent with the scanning electron microscopy study of the film morphology. 

The solution-grown PbS technology may be well suited for energy-harvesting applications. 

The second and third materials are carbon nanotubes (CNTs) and organic polymer Poly(3,4-

ethylenedioxythiophene) Polystyrene sulfonate (PEDOT:PSS). In a homogeneous system (CNTs 

or PEDOT:PSS alone), the Seebeck coefficient and electrical conductivity are interlocked by the 

Boltzman transport equation. Thus a heterogeneous layered system on a nano scale is developed 

from CNTs and PEDOT:PSS film to weaken the Boltzman transport and thus change the 

Seebeck coefficient and electrical conductivity somewhat independently. Thus the thermoelectric 

properties are enhanced by making heterogeneous system.  
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In part II, the electrical properties of sandwich type heterojunctions are presented. Thin film of  

organic material cobalt phthalocyanine (CoPc) were deposited by vacuum thermal evaporation 

on p- and n-Si with aluminum (Al) as top electrode. The charge transport mechanism was studied 

and the mobility of the organic thin films, with p- and n-Si as substrate, was calculated. Different 

parameters of the junctions were extracted from the electrical characteristics such as rectification 

ratio, reverse saturation current, series/shunt resistances, ideality factor and barrier height. The 

effect of light on current-voltage characteristics were also studied to show the photonic behavior 

of CoPc/n-Si heterojunction. The electrical characterization is useful as preliminary studies for 

further utilization of the CoPc in other electronic devices.   
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Chapter	1	 Introduction	

Energy crisis and its demand for the world is an important issue. In this chapter, an introduction 

to the energy demands and details of alternate sources of energy harvesting especially 

thermoelectric materials are discussed. A brief history of the thermoelectric materials and 

devices and their overview is given along with efficiency improvement. 

A brief introduction to organic semiconductors and electronic devices based on these 

semiconductors is also presented. Motivation of the present work done in this dissertation is 

given in details. Dissertation objective and dissertation outline are discussed at the end of the 

chapter. 

1.1	 Aternate	Energy	Sources	

The need of energy for the humans in the world is increasing day by day with the increase in 

population and is a widespread issue. Therefore, exploring alternate energy sources are becoming 

of key interest for scientists and researchers and will always be an evolving field. The resources 

of traditional energy such as gas, coal, petroleum are decreasing day by day. They have a high 

cost and they are also polluting environment by emitting carbon dioxide (CO2) and other toxic 

elements and thus producing global warming. Therefore, exploring the horizons of alternate 

energy sources, especially the renewable energy sources are of immense interest. Some of the 

renewable energy sources are solar, wind, and tidal energy. Efforts are being made by scientists 

to explore energy sources having lower cost, higher efficiency and having enhanced storage 

capacity. Combustion engines and nuclear plants, which convert one form of energy into another 

desirable form, emit a large amount of energy to the environment in the form of waste heat. 

Therefore, it is required to recover the waste heat in the form of useful energy for practical 

applications. 

Considering the above requirements, thermoelectric (TE) materials and devices are good 

candidates for sustainable renewable energy. TE effect is the conversion of heat energy 

(temperature gradient) to electrical energy and thus recovers waste heat. The cost effectiveness 

of this technology and abundance of waste heat in the world from industry, automobiles and also 

from houses makes it more promising for energy harvesting. Other advantages of this technology 

are compactness, scalability and having no moving parts. Therefore, the enormous amount of 
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waste heat exhausted by automobiles and industry can be converted into useful electrical energy 

by using these compact and scalable thermoelectric devices. 

A variety of materials have been used for thermoelectric applications but this technology is 

becoming more attractive and focus point of scientists for the energy harvesting with the 

development of nano scale materials such as nano particles, nano tubes, nano composite 

materials and also the growth of nano meter scale thin films from bulk materials. The 

thermoelectric devices based on these nano scale materials have good efficiency than bulk 

materials and thus is a good contribution to thermoelectric technology. Future applications of 

thermoelectric devices will come into use to replace the existing conventional devices [1]. 

On the other hand, organic semiconductors are carbon based materials having conjugation and 

this conjugation is responsible for charge transport in these materials [2]. Organic 

semiconductors are becoming prominent in semiconductor technology to replace the existing 

technology due to their outstanding properties such as large area devices fabrication, flexibility 

and easy processing though the organic semiconducting materials have the challenges of low 

mobility and having short life span. 

1.2	 Thermoelectricity	

The production of electrical voltage due to heat flow (temperature gradient) across a material is 

called as thermoelectricity or Seebeck effect. This effect was first demonstrated by Thomas 

Johann Seebeck in 1821. He showed that magnetic effect appears at the junction point of two 

dissimilar metals, when temperature gradient was produced across the junction, by deflecting the 

compass needle. Seebeck published his work in 1826 [3]. The name thermoelectricity and 

explanation of the phenomena was proposed by Oersted [4]. Due to the temperature difference, 

the hot carriers get diffused to cold side and conversely for cold carriers and hence an electric 

field is produced across the material due to charge accumulation at both ends of the material. 

Conversely, when voltage is applied across a device, temperature gradient is produced. In 1851 

William Thomson- later Lord Kelvin concluded that the Seebeck effect can also be produced in a 

single material instead of a junction [5]. 
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The performance or efficiency of thermoelectric material is given by a dimensionless quantity 

ZT, figure of merit, given in [6]: 

      (1.1) 

where S is the Seebeck coefficient measured in units of V/K, σ is the electrical conductivity, T is 

the absolute temperature and k is the thermal conductivity having electronic and lattice 

contribution. The challenging task is to increase ZT by selecting or synthesizing such materials 

with high Seebeck coefficient and electrical conductivity to achieve high power factor ( ) and 

with lowest value of thermal conductivity. For conventional crystalline systems, the quantities S, 

σ and k are related to each other in such a manner that it is difficult to change or control them 

independently to increase ZT [7]. Generally, a material with a ZT value of unity is considered to 

be a good thermoelectric material. 

TE effect remained unnoticed till the pioneering work of Ioffe [8] by finding that doped 

semiconductors have much larger TE effect than other materials. In bulk materials, Bismuth 

Telluride (Bi2Te3) based materials have shown high ZT value since mid twentieth century [1, 9]. 

By decreasing the dimensions of the system to a length scale of nanometer, it is possible to 

change S, σ and k independently [7]. For ZT, a value higher than unity was achieved by 

introducing low dimensional materials. Harman et. al. [10] achieved a ZT greater than 2 at 300 K 

for PbSeTe/PbTe quantum dot super lattices. Venkatasubramanian et. al. [11] showed ZT=2.4 for 

p-type Bi2Te3/Sb2Te3 superlattice devices. Achieving high ZT values are desirable for high 

performance TE applications. 

1.3	 Organic	Semiconductors	

Organic semiconductors are a class of compound semiconducting materials having alternate 

single and double bonds (conjugation) [2]. These materials are becoming more promising due to 

their easy processing, cost effectiveness and easy device fabrication. For fabrication of organic 

electronic devices, the organic semiconductors are employed in the form of thin films either by 

solution processing techniques or by sublimation of powders. These methods include physical 

and chemical deposition techniques. Research is in progress to produce more efficient materials 
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and devices and it is expected that organic devices will be commercialized in the near future to 

replace the existing semiconductor technology [12]. Different electronic devices can be 

fabricated using organic semiconductors such as organic/inorganic heterojunctions, energy 

harvesting devices such as solar cells and thermoelectric devices, organic field effect transistors 

and light emitting diodes.  

1.4	 Motivation	to	the	Present	Work	

The motivation towards thermoelectric technology is the increasing energy demand of mankind 

which may be fulfilled with alternate energy sources and thermoelectric devices are among them. 

For long times, thermoelectrics have not been considered for alternate energy sources due to 

their low efficiency. However, theory predicts that composite thermoelectric materials have 

higher efficiencies. As thermoelectric is direct conversion of heat to electricity and thus the large 

amount of available waste heat can be recovered to useful energy by using the composite 

materials efficienctly. 

Solution processable semiconductors are interesting for thin film growth due to their scalability 

and thus may be used for thermoelectric applications. Therefore, the solution grown 

semiconducting thin films are used, in this work, for thermoelectric  energy harvesting. 

Organic/inorganic heterojunction are the basic building blocks of electronic devices. The 

understanding of charge transport mechanism in these junctions is very important. Therefore, the 

successful fabrication of heterojunctions is carried out in this work and these heterojunctions are 

characterized to extract the junction parameters. 

1.5	 Dissertation	Objectives	

Solution grown semiconducting thin films are being used for different electronic devices and 

also in energy harvesting applications such as solar cells and thermoelectric devices. The 

objective of the work done in this dissertation is to contribute to the knowledge and 

understanding about energy harvesting via thermoelectric technology. The physics behind the 

processes involved in thermoelectric is necessary to improve the performance and to achieve 

optimization. For this purpose, thin films of semiconductors are grown from solution due to 

inherent property of scalability and their thermoelectric parameters are calculated and discussed. 
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In addition, the physics behind the organic/inorganic heterojunction devices and charge transport 

theory is very necessary and are discussed here in details. 

1.6	 Dissertation	Outline	

The work done in this dissertation is organized as follows. 

The global energy requirements and alternate sources to overcome the energy crisis are discussed 

in chapter 1. The importance and need of alternate energy sources with special emphasis on 

thermoelectric is highlighted. A brief history of the thermoelectrics is given along with 

motivation towards the present research work. A brief overview of organic semiconductor based 

devices is also presented. 

The theory about thermoelectric effect is given in chapter 2. Different effects in thermoelectrics, 

such as Seebeck effect, Peltier effect and Thomson effect are discussed in details. The 

measurements involved in the thermoelectric effect and methods to improve the efficiency or 

figure of merit are also discussed. The theory of organic semiconductors and its charge transport 

is discussed as well with special emphasis on the underlying physics of the organic 

semiconductor devices. 

In chapter 3, the materials used in this work and their film preparation is discussed. Experimental 

setups such as four-point probe technique and Seebeck coefficient measurement setup is 

explained. The equipments for the characterization of the thin films such as scanning electron 

microscope (SEM), ultraviolet and visible (UV-Vis) spectroscopy, Fourier transform infra red 

(FT-IR) spectroscopy and Raman spectroscopy are also discussed. The steps involved in the 

fabrication of organic/inorganic heterojnctions and its electrical characterization is also 

discussed. 

The results of the thermoelectric properties of lead sulfide (PbS) thin films are exclusively 

discussed in chapter 4. The PbS thin films were grown from solution, having the property of 

scalability. The surface morphology of the film is investigated through scanning electron 

microscope (SEM) and the optical band gap of the film is calculated from the UV-Vis spectrum 

using Tauc’s law. The electrical conductivity of the film is calculated by four-point probe 
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technique while the Seebeck coefficient is calculated by producing temperature gradient across 

the sample. 

Heterogeneous systems are very important to achieve good thermoelectric properties. The results 

of a heterogeneous system based on CNTs and PEDOT:PSS layers is discussed in chapter 5. The 

thermoelectric properties are enhanced for the heterogeneous system in comparison to the CNTs 

and PEDOT:PSS only films (homogenous). These finidings are attributed to the scattering of 

phonons more effecticely than electrons due to their different mean free paths and also the lattice 

mismatch of the two films, thus weaknening the Boltzman transport. 

Junction diodes are the basic building blocks of many semiconductor devices. The fabrication 

and electrical characterization of organic/inorganic heterojunctions based on an organic 

semiconductor (CoPc) with p- and n-Si as substrates are discussed in chapter 6 and 7. The 

sandwich type structures were fabricated by depositing CoPc through thermal vacuum 

evaporator and then aluminum (Al) top electrode by the same process. Various diode parameters 

are extracted from the current-voltage (I-V) characteristics and compared to those obtained from 

Cheung’s and Norde’s function having good agreement among these parameters. The conduction 

mechanism in these heterojunctions is also studied to calculate the mobilty. The optical band gap 

of CoPc is estimated from the UV-Vis absorption spectrum. The photo response is also 

investigated to check the potential of the heterojunction as a photo diode. 

Finally, we have given the conclusions and future work. 
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Chapter	2	 Theory	and	Literature	Survey	

In this chapter the theory of thermoelectric effect is discussed in detail. Different effects related 

to this field are given, e.g. Seebeck effect, Peltier effect and Thomson or Kelvin effect. The 

thermoelectric efficiency or figure of merit and its calculation is discussed. Different strategies 

for the enhancement of thermoelectric figure of merit are also discussed in details with emphasis 

on thin films. The theory of organic semiconductors and its charge transport is also given 

alongwith the underlying physics behind the organic semiconductor devices. 

2.1	 Introduction	to	Thermoelectricity	

For electrical conductors, there are two basic investigation methods; observing the properties of 

the conductors by applying an electric field or temperature gradient. Electric current will flow as 

a result of applying electric field and the ratio of current density to electric field defines electrical 

conductivity (σ). Similarly, heat flows as a result of temperature gradient when no current flow is 

allowed, the ratio of heat flow per unit area to the temperature gradient gives thermal 

conductivity (κ).  

There is a third phenomenon in which electric current flows by applying a temperature gradient 

instead of applying an electric field. The phenomenon is called thermoelectricity and the 

generated current is thermoelectric current [1]. 

Thermoelectricity deals with the conversion of heat flow (temperature gradient) across a material 

into electricity and vice versa [2]. Due to low efficiency of existing thermoelectric devices, there 

are opportunities to work in this area for the improvement of efficiency and achieving high 

performance thermoelectric devices.  To discuss all these issues, first of all an understanding of 

the basic mechanisms of Seebeck effect, Peltier effect, and Thomson effect (or Kelvin effect) is 

needed which are the basis of thermal electricity. 

2.1.1	Seebeck	Effect	

In 1821, Thomas Johann Seebeck discovered [3] for the first time that electric potential was 

generated by heating a junction of two dissimilar metals [1, 4]. It was found that the generated 

potential or electromotive force is a function of temperature only and independent of the actual 
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size or dimensions of the conducting material. The generated potential is called Seebeck 

potential in the honor of T. J. Seebeck, who discovered it. 

The schematic diagram of Seebeck effect is given in figure 2.1. 

 

 

 

 

 

 

 

 

 

Seebeck proposed erroneously that it was a magnetic phenomenon as the nearby compass needle 

was deflecting and he named it thermo magnetism. Seebeck also gave the idea to relate the 

earth’s magnetism to the temperature difference of the pole and equator [5]. Seebeck investigated 

this effect in many materials even in semiconductors. Two years later, in 1823, Hans Christian 

Ørsted showed that electric potential or electricity is produced due to the temperature gradient 

instead of magnetism as Seebeck had proposed [6]. 

A mathematical relation for the generated thermovoltage as a result of temperature difference, 

given as: 

      (2.1) 

where S is the Seebeck coefficient, measured in volt per degree C, or more conveniently 

microvolt per degree C. Later on, an important discovery, i.e., the conversion of magnetic field 

Figure 2.1: Schematic diagram of Seebeck effect 
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to electric field (Ampere’s law) came due to the debate between Ørsted and Seebeck. The 

Seebeck effect is used to measure the temperature in thermocouples. 

2.1.2	Peltier	Effect	

In 1834, thirteen years after Seebeck’s discovery, a French watch maker turned Physicist Jean-

Charles Peltier discovered a second thermoelectric effect [7] which is the reversal of Seebeck 

effect, i.e., cooling or heating can be produced at the dissimilar metallic junctions when electric 

current is passed through it [1, 4]. As Peltier effect is accompanied by Joule heating effect, 

therefore, they must be carefully distinguished in conductors. The Joule heat is always evolved in 

conductors and independent of the direction of the current flow in the conductor while in 

Peltier’s effect, heat may evolved (heating effect at junction) or absorbed (relative cooling) and 

depends on the relative direction of current flow and temperature gradient. In 1838, Lenz [8] 

explained this nature of the Peltier effect and concluded by demonstrating that water may freeze 

at the junction of bismuth. Similarly ice can be melted by reversing the direction of current flow.  

Schematically, Peltier effect is shown in figure 2.2. 

 

 

 

 

 

In Peltier effect, the heat absorbed or evolved at the junction region leads to a confusion that this 

heat may be due to contact phenomenon. Therefore, it is said categorically that the magnitude 

and sign of the Peltier heat do not depend on the nature of the contact and is a function of the 

materials in contact [1]. The rate of cooling or heating (q) at junction, when current (I) is applied 

from material 1 to material 2, is given by [4]: 

      (2.2) 

I

Conductor 1 Conductor 2

Figure 2.2: Schematic diagram of peltier effect. Heat must be 

evolved or absorbed when current flows across the junction. 
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where π is the Peltier coefficient and is positive if heat is evolved (heating) and negative for heat 

absorbed (cooling). The Seebeck coefficient (S) and Peltier coefficient (π) are related to each 

other as: 

      (2.3) 

Experimentally, it is difficult to measure Peltier effect due to Joule heating which occurs when 

current is passed though metals. 

The foundation for solid state TE devices is the Seebeck effect and Peltier effect. Schematically, 

TE devices are shown in figure 2.3. 

 

 

 

 

 

 

 

 

 

	

 

	

2.1.3	Thomson	Effect	

In 1854, William Thomson (later Lord Kelvin) predicted a relation between Seebeck effect and 

Peltier effect [9]. He found the rate of cooling or heating in a single conductor, experimentally, 

+ - 

P N 

Hot side 

Cold side 

Metallic interconnect 

Power generator 

(a) Seebeck effect 

+ - 

P N 

Cooling  

Heating  

Metallic interconnect 

(b) Peltier effect 

Figure 2.3: Thermoelectric devices, (a) power generator and (b) cooler 
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when current is applied to it and have a temperature gradient. This is a third thermoelectric effect 

and is called Thomson effect [4]. From Thomson’s work, it can be shown that thermocouple is 

like a heat engine and might be used either for generation of electricity from heat or as a heat 

pump (refrigerator). However, generally these thermocouples are rather inefficient, as these 

reversible thermoelectric effects are accompanied always by the irreversible phenomena of Joule 

heating and also thermal conduction. 

Thomson proposed that there must be some relation between Seebeck and Peltier effect and 

concluded his remarks by deriving a relation as: 

      (2.4) 

This equation (erroneously) leads to the result that π ∝	T. As no experimental evidence was in 

agreement with this result, so Thomson gave his conclusion that there must be a thermoelectric 

effect in single conductor instead of a junction and this is now called Thomson effect. 

Schematically, Thomson effect is given in figure 2.4. 

 

 

 

 

 

The rate of heating or cooling “q”, when an electric current I is passing through an individual 

conductor with a temperature gradient ΔT, is given by 

∆       (2.5) 

where μ is the Thomson coefficient of the material and is defined as, the rate of heating per unit 

length resulting from the passage of unit current along a conductor in which there is a unit 

temperature gradient [4]. In the presence of Joule’s heating, equation 2.5 becomes [1]: 

I

dT

Figure 2.4: Thomson heat: heat is evolved or absorbed in the conductor depending 

upon the relative direction of the current (I) and temperature gradient (dT). 
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∆      (2.6) 

Thomson also derived a relation between the Thomson heat (μ) and Seebeck coefficient (S) as: 

      (2.7) 

2.2	 Thermoelectric	Measurements	

In 1885, the possibility of using thermoelectric phenomena for electricity generation was 

considered by Rayleigh and calculated for the first time, although incorrectly, the efficiency of a 

thermoelectric generator [5]. A satisfactory theory about thermoelectric effect was given by 

Altenkirch in 1909 [10] and 1911 [11], according to which a good thermoelectric material should 

have high Seebeck coefficient (S), low thermal conductivity (k) so that heat be retained at the 

junction and low electrical resistance (high electrical conductivity (σ)) to minimize the Joule 

heating effect. These desirable quantitative properties were combined in a dimensionless 

quantity, figure of merit, ZT where T is the temperature in Kelvin. ZT is given as: 

      (2.8) 

The Seebeck coefficient is measured in V/K or more conveniently in μV/K, electrical 

conductivity is measured in S/m and thermal conductivity is measured in W/K.m. 

For high efficiency/performance of TE device, a material with high S and σ and with low k is 

required, but the interrelation of these parameters is an issue for the improvement of ZT. 

Therefore, when metals or degenerate semiconductors are considered according to the parabolic 

band, energy-independent scattering approximation [12], the Seebeck coefficient for free 

electron is given by [13, 14]: 

∗      (2.9) 

and the electrical conductivity (σ), is given by: 

      (2.10) 
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where kB is the Boltzmann’s constant, e is the charge of the electron, h is Planck’s constant, m* is 

the effective mass of the charge carrier, T is the temperature, n is the charge carrier 

concentration, and μ is carrier mobility, while the plus and minus sign denotes that the carriers 

are holes or electron, respectively.  

The total thermal conductivity, k is given as: 

      (2.11) 

with ke the contribution of electrons or holes and kl the lattice (phonon’s) contribution to thermal 

conductivity. The electronic thermal conductivity is given by [15, 16] 

      (2.12) 

here σ is the electrical conductivity, L is the Lorentz factor and is equal to 2.4 × 10–8 J2 K–2 C–2 

for free electrons [14] and T is the temperature while the lattice thermal conductivity, according 

to kinetic theory, is given by [15, 16] 

〈 〉      (2.13) 

Where C is the specific heat, ρ is the density, ˂vg˃ is the phonon’s average velocity and lmfp is 

the mean free path of phonon. 

Equations 2.8 to 2.13 show that the total thermal conductivity increases with the increase in 

carrier concentration. It is also seen that, for example, reduction in the carrier concentration of 

the material and increase in its effective mass will increase the Seebeck coefficient. On the other 

hand, the electrical conductivity decreases by decreasing the carrier concentration or by 

increasing the effective mass of the carriers so increasing carrier concentration is not a good 

choice for improvement of ZT. However, semiconductors have the potential to be used as 

efficient thermoelectric materials, by optimizing the carrier concentration, in comparison with 

metals and insulators [14]. Another possibility for improving ZT is reducing the dimensions of 

the material, thus the Seebeck coefficient and electrical conductivity can be controlled in an 

independent way [17]. 
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2.3	 Improvement	of	ZT	

To improve the ZT of TE materials based devices, different strategies and efforts are in progress 

worldwide. The improvement of ZT faces a problem of the interrelation of the quantities S, σ, 

and k in such a way that it is quite difficult to change/control these variables in an independent 

way. Increasing S usually results in decreasing the σ, which will decrease the electronic 

contribution to k, according to the Wiedemann–Franz law [18] so lowering k due to phonons’ 

contribution will lead to an increase in the ZT. 

However, if the dimensions of the material are decreased, the new variable becomes available for 

length scale to control the material properties. By decreasing the system size and approaching 

towards nanometer length scales, e.g., from 3D crystalline solids to 2D (quantum wells) to 1D 

(quantum wires) and finally to 0D (quantum dots), there is possibility to cause dramatic 

differences in the density of electronic states, as shown in figure 2.5, and thus it allows new 

opportunities of varying S, σ, and k quasi-independently. When the length scale is small (low 

dimensionality) it gives rise to quantum-confinement effect to enhance S and thus S and σ are 

controlled to some extent independently [17]. 

Similarly, introducing many interfaces in the material can scatter phonons more effectively than 

electrons or they can serve to filter the low energy electrons (electron filtering effect) at the 

interfacial energy barriers. These barriers also scatter the phonons contributing most strongly to 

thermal conductivity and thus allow to develope nanostructured materials having an enhanced ZT 

and are suitable for the thermoelectric applications [17]. These large number of interfaces act as 

a random network of bandgap junctions. For N such junctions connected in series, the Seebeck 

coefficient is thus expected to be N times that of a single junction [19]. 

Introducing the nanoparticles will also enhances the Seebeck coefficient through size dependent 

energy filtering. For nanocomposites, the energy filtering decreases the electrical conductivity 

but the increase in Seebecck coefficient due to energy filtering is large enough to compensate the 

decrease in the electrical conductivity such that power factor (S2σ) is increased [20]. 
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Figure 2.5: Electronic density of states for (a) 3D bulk semiconductor, (b) 2D 

quantum well, (c) 1D nanowire or nanotube, and (d) 0D quantum dot. 
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2.4	 Organic	Semiconductors	

The theory discussed in this section is based on the book, Physics of Organic Semiconductors 

[21]. Organic semiconductors are compound semiconductors having carbon (C) as its main 

constituent. The electronic configuration of carbon is 1s22s22p2. The s and p orbitals combine to 

form hybrid orbitals e.g. sp, sp2 and sp3. In organic semiconductors, the hybridization scheme is 

sp2. These semiconductors have alternate single and double bond (conjugation). In the double 

bonds, one is sigma (σ) bond which forms the main chain or backbone of the material and the 

other is pi (π) bond relatively weaker bond. Before the pioneering work of Heeger, Shirakawa 

and MacDiarmid in 1970’s, these materials were considered as insulators. Due to the doping in 

these materials, conductivity was enhanced and the scientists were awarded the Nobel prize in 

chemistry in 2000. The charge transport in these semiconductors is due to the π‐bond. The band 

gap of these materials is quite large i.e. between 1.5 to 3 eV thus gives the absorption or 

emission of light in the visible range of spectrum. 

There are two broad categories of organic semiconductors, i.e., long chain materials (polymers) 

and small chain materials (oligomers or small molecules). The main difference in these materials 

is in the formation of their thin films. 

2.4.1	Charge	Transport	in	Organic	Semiconductors 

When we consider the charge carriers (electrons/holes) in organic semiconductors, it should be 

remembered that in neutral molecules an electron must be removed to produce a hole. The 

electron or holes thus move from one site to other and the charge transport thus lies in two broad 

categories, i.e., band transport and hopping. 

The band transport occurs in purified molecular crystals at not too high temperatures. While 

hopping transport occurs in amorphous organic materials having lower mobility values. 

2.5	 Junction	Diodes	

Junction diodes are the basic building blocks of electronic devices. They provide the basic 

understandings of device physics. The charge transport in the junction diodes occurs according to 
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the thermionic emission theory introduced by Bethe [22]. This theory was derived on the 

following assumptions: 

(1) The barrier height qΦBn is much larger than kT, 

(2) Thermal equilibrium is established at the plane that determines emission, and 

(3) The existence of a net current flow does not affect this equilibrium. 

The third condition allows us that we can superimpose two current fluxes- one from metal to 

semiconductor, the other from semiconductor to metal, each with a different quasi Fermi levels. 

2.5.1	Thermionic	Emission	Theory	

The theory in this section is based on the book, Physics of semiconductor devices [23]. 

On the basis of above assumptions, the current density from the semiconductor to the metal Js→m 

is then given by the concentration of electrons with energies sufficient to overcome the potential 

barrier and traversing in the x-direction: 

      →      (2.14) 

where EF + qΦB is the minimum energy required for thermionic emission into the metal, and vx is 

the carrier velocity in the direction of transport. The electron density in an incremental energy 

range is given by: 

          (2.15) 

    
∗

   (2.16) 

where N(E) is the density of states, and F(E) is the distribution function, m* is the effective mass 

of semiconductor and ‘qVn’ is (EC-EF). 

If we postulate that all the energy of electrons in the conduction band is kinetic energy, then 

      ∗     (2.17) 
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     ∗       (2.18) 

     
∗
     (2.19) 

Substituting these equations in equation (2.16) 

  2
∗ ∗

4     (2.20) 

This equation gives the number of electrons per unit volume that have velocities between u and u 

+ du, distributed over all directions. If the velocity is resolved into its components along the axes 

with the x-axis parallel to the transport direction, we have 

           (2.21) 

with the transformation 

    4      (2.22) 

Equation (2.14) can be written as: 

→ 2
∗ ∗

2

∗

2

∗

2
 

    
∗ ∗

   (2.23) 

The velocity Vox is the is the minimum velocity required in the x-direction to surmount the 

barrier and is given by: 

     ∗     (2.24) 

where Vbi is the built-in potential at zero bias. Substituting this equation in previous equation we 

get: 

→
4 ∗

 



Chapter 2      Theory and Literature Survey 

20 
 

     ∗     (2.25) 

where ϕB is the barrier height and equals the sum of nV  and biV , and  

      ∗
∗

     (2.26) 

is the effective Richardson constant for thermionic emission, neglecting the effects of optical 

phonon scattering and quantum mechanical reflection. For free electrons (m*=mo) the 

Richardson constant A* is 120 A/cm2.K2. When the image-force lowering is considered, the 

barrier height ϕB in Equation (2.25) is reduced by ΔΦ. 

Since the barrier height for electrons moving from the metal into the semiconductor remains the 

same under bias, the current flowing into the semiconductor is thus unaffected by the applied 

voltage. It must therefore be equal to the current flowing from the semiconductor into the metal 

when thermal equilibrium prevails (i.e., when V = 0). This corresponding current density is 

obtained from equation (2.25) by setting V= 0, 

     →
∗     (2.27) 

The total current density is given by the sum of equation (2.25) and (2.27) 

∗ 1  

     1      (2.28) 

where 

    ∗      (2.29) 

Equation (2.18) is similar to the transport equation for p-n junctions. However, the expressions 

for the saturation current densities are quite different. 

In practice a slightly modified version of the above equation is used as: 
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     1   	

	 	 	 	 	    for 
kT

V
q

  

where IST, is the saturation current obtained by extrapolating the current density from the log-

linear plot to V= 0, and n is the ideality factor, related to the slope defined as: 

           (2.30) 

n is added to the above equation to account for any variation from an ideal Schottky diode. The 

value of n is equal to1 for ideal case when there is low doping and high temperatures, and is 

greater than 1 for real case when the doping is increased or the temperature is lowered. The 

higher value of ideality factor can be attributed to the interface states, series resistance, 

interfacial layer, tunneling through barrier, charge recombination or trap states present in the 

semiconductor. 
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Chapter	3	 Materials	and	Methods	

In this chapter, all the materials used in this research work, the experimental methods and setups 

for fabrication of thin films and thickness measurement of the film are discussed in details. All 

the equipments and experimental setups used for material and device characterization are also 

given. The material characterization tools and spectroscopic methods such as scanning electron 

microscopy (SEM), Raman spectra, and UV-Vis and FTIR spectra are also presented along with 

their working principles. 

For the fabrication of heterojunction, vacuum thermal evaporator is also discussed which is used 

in this work for the sublimation of Cobalt Phthalocyanine (CoPc) and metallic films. The 

electrical characterization of the heterojunction is carried out through 4145A Semiconductor 

Parameter Analyzer and are discussed. 

3.1	 Materials	

In this work, the materials used for thermoelectric applications are lead sulfide (PbS), carbon 

nanotubes (CNTs) and Poly (3,4-ethylenedioxythiophene) poly(styrenesulfonic acid) 

(PEDOT:PSS). Thin films of these materials are grown from solutions. The PbS film was grown 

from reaction using the method of Salim and Hamid [1]. For the CNT film, the surfactant 

dispersed solution of single walled CNTs (1% sodium dodecyl sulfate) was used, with an 

average diameter of around 1.4 nm (Nanointegris, Inc.). The CNTs thin films on the glass 

substrate were grown according to the membrane filtration method. PEDOT:PSS was purchased 

from Sigma Aldrich and its film was grown by the method of drop casting. 

For the fabrication of heterojunction, the organic molecular material CoPc was used as active 

material and its film was grown through vacuum thermal evaporation. Aluminm (Al) metal was 

used as top metallic electrode and was deposited using vacuum thermal evaporation. 

3.2	 Film	Preparation	

Commercially available microscopic glass slides were used as substrate for film deposition. The 

films were grown either by solution processable methods or by sublimation. 
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PbS thin film was grown on a glass substrate by aqueous reaction, following the method outlined 

by Salim and Hamid [1]. Their process was modified to prepare smooth thin PbS films. In brief, 

0.5 mL 0.175 M lead nitrate (Alfa Aesar) and 10 mL 2 M NaOH (Sigma) were mixed with 0.5 

mL 1 M thio-urea (Sigma) in a glass bottle, and a glass slide was placed into this solution for 24 

hrs at room temperature. After reaction, the sample was washed with deionized (DI) water 

several times and dried over-night at 100oC in a conventional oven. 

For the CNTs film, surfactant dispersed solution of single walled CNTs (1% sodium dodecyl 

sulfate) was used. The solution composed of 1/3 semiconducting CNTs and 2/3 metallic CNTs, 

having an average diameter of around 1.4 nm. It was purchased from the Nanointegris, Inc. Main 

motivation behind using this composition (1/3 semiconducting and 2/3 metallic) is based on, 

firstly that this is the commonly obtained yield in most CNTs synthesis processes. The second 

reason is based on our findings that the films of pure semiconducting and pure metallic SWCNT 

exhibits a slightly lower thermoelectric power (TEP) at room temperature during our initial 

investigations. The CNTs thin films on the glass substrate were grown according to the 

membrane filtration method [2]. The thickness of the film was 20 nm. 

The PEDOT:PSS film was deposited using the simplest technique, i.e., the drop casting. 

The organic material CoPc and top electrode of Al was deposited using vacuum thermal 

evaporation. 

3.3	 Characterization	Techniques	

The characterization techniques used in this work include structural characterization such as 

SEM, spectroscopic techniques such as UV-visible, FTIR and Raman spectra, four-point probe 

technique for calculating electrical conductivity and Seebeck coefficient measurement setup. 

The equipment for current-voltage (I-V) characterization of the heterojunction are also discussed. 

3.3.1	Scanning	Electron	Microscopy	

Scanning electron microscope (SEM) is used to obtain high resolution images of a sample by 

scanning it through electron beam. An electron beam is focused on the sample from an electron 

gun in the SEM instead of ordinary light as is the case of optical microscope. The main parts of 
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SEM are the column where the electron beam is emitted from the gun or cathode and is then 

accelerated towards sample through anode and magnetic lenses, the chamber where the sample is 

loaded and hit by the electron beam. The chamber and column is attached to a vacuum pump to 

maintain low pressure in the chamber. The SEM is mounted on a table to avoid vibration. The 

system is attached to computer software where the microscope manipulation is developed. As an 

electron beam is used in SEM so the sample must be conductive. For non-conducting sample, 

thin metallic layer is deposited via sputtering to make the sample conductive. 

When the sample is being hit by the electron beam, the SEM produces signals, including 

secondary electrons, backscattered electrons and characteristic X-rays. The secondary electrons, 

backscattered electrons and characteristic X-rays are detected by special detectors and the data is 

converted to produce a high quality image by the software. The schematic diagram of the SEM is 

shown in figure 3.1.   

 

 

 

Figure 3. 1: Schematic diagram of scanning electron microscope (SEM)
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A LEO-1530 SEM is used in this work to investigate the surface topography and thickness 

estimation of the films. 

3.3.2	UV‐Visible	NIR	Spectroscopy	

The UV-Vis NIR spectroscopy is based on the principle that light of intensity I is made incident 

on the sample and after passing through the sample its intensity becomes I0. The ratio I/I0 is 

called transmittance T [3]. The optical band gap of the film is estimated from the UV-Vis NIR 

spectrum using the Tauc law [4] as: 

     (3.1) 

α is the absorption coefficient and is calculated from transmittance T as: 

     (3.2) 

      (3.3) 

d is the thickness of the film. 

For recording the optical transmission spectra, Cary-500i ultraviolet (UV)-Vis-near infrared 

(NIR) spectrometer is used at room temperature with un-polarized light. 

3.3.3	Fourier	Transform	Infra‐red	Spectroscopy	

In this type of spectroscopy, an infrared signal interacts with the sample and produces a pattern 

called interferogram, plot of intensity versus time. A mathematical operation, Fourier Transform 

(FT) is applied to separate the individual absorption frequencies producing a spectrum. In FT-IR, 

the absorbed frequency increases the amplitude of the bond’s vibrational motion in a molecule. 

Only those bonds having a dipole moment, will absorb infrared radiation. The modes of vibration 

in infra-red spectroscopy are symmetric and anti-symmetric stretching, scissoring, rocking, 

wagging and twisting. FT-IR spectroscopy is used to determine the structural information of a 

molecule, i.e., the functional groups in it just like the finger prints for humans [5]. 
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The FT-IR spectra of our samples are recorded using Bruker FT-IR spectrometer, by passing an 

infra-red signal through the sample (thin film on glass substrate). 

3.3.4	Raman	Spectroscopy	

When incident radiation interacts with a material, a fraction of the radiation is scattered at all 

angles from the incident beam direction e.g. Rayleigh scattering. But in 1928 an Indian physicist 

C. V. Raman discovered that among the scattered radiations by the molecules of the material, a 

small fraction has a wavelength differing from that of the incident radiation. This wavelength 

shift depends on the chemical structure of the molecule which is responsible for scattering [3].  

In this spectroscopy, the sample is irradiated by a powerful monochromatic NIR radiation source 

of energy  e.g. laser and the molecules are excited to a virtual level from the ground or to 

excited vibrational level as shown in the figure 3.5. A molecule in the ground vibrational level 

( 0) can absorb a photon from incident radiation and can re-emit a photon of energy 

. When the scattered radiation has a greater wavelength (lower frequency) than 

excitation radiation, this shift is called Stoke scattering. Similarly, if a molecule is in a 

vibarationally excited state ( 1) then it can also scatter radiation in-elastically with energy 

 and this shift is called Anti-Stoke scattering. If the scattered radiation has energy 

equal to that of incident radiation, then it is called Rayleigh scattering. These scatterings are 

shown in figure 3.2. 
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The Raman spectra of our samples are recorded using Almega Raman Spectrometer. 

3.3.5	Four‐point	Probe	Method	

The four-point probe method is used to calculate the sheet resistance of a semiconducting 

material. The schematic diagram of the four-point probe setup is shown in figure 3.3. 

 

 

 

 

 

Figure 3. 2: Stokes and anti-stokes in Raman Spectra.
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The four probes of the apparatus, at distance S apart from each other, are made in contact with 

the sample. The current is passed through the outer two probes and the corresponding voltage is 

measured across the inner two probes [6]. The sheet resistance, having unit Ω/sq., was calculated 

using the equation: 

a 

d 
S S S 

(b) 

Figure 3. 3: Four point probe set up. (a) for circular sample, and 

(b) for rectangular sample. 
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      (3.4) 

where C is the correction factor and is different for different geometries of the sample as 

described in [6]. Using the thickness of the films, resistivity of the material is calculated by 

multiplying the sheet resistance by the thickness of the film and the electrical conductivity of the 

films is calculated by 

1      (3.5) 

 

3.3.6	Seebeck	Measurement	Setup	

The Seebeck coefficient or thermoelectric power (TEP) of a material is defined as [7, 8] 

      (3.6) 

where dV is generated thermo voltage due to temperature difference dT across the ends of the 

sample. 

The Seebeck coefficient of the samples in this work was determined by suspending the sample 

and substrate between two temperature-controlled blocks. The schematic diagram of the 

experimental setup is shown in figure 3.4. The temperatures of the hot and cold ends were 

measured directly at the sample surface using two differential micro thermocouples, and the 

thermal voltage was measured using a voltmeter (Keithley 175A) between two thin platinum-

coated leads that were attached to the hot and cold ends of the films using silver paste. 
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3.4	 Device	Fabrication	

In device fabrication part of this dissertation, organic-inorganic heterojunctions were fabricated. 

For this purpose, p- and n-Si were used as a substarte, organic material CoPc was used as active 

material and Al metal was used as electrode. The heterojunction was fabricated by sublimating 

the CoPc on p- and n-Si using vacuum thermal evaporation technique. The pressure inside the 

chamber of the evaporator was of the order of 10-5 mbar with deposition rate of 0.1 nm/s. Top 

electrode of Al was also deposited by the same process and under the same conditions. 

3.4.1	Vacuum	Thermal	Evaporator	

Vacuum thermal evaporation is a physical vapor deposition technique used to sublime metallic, 

organic and inorganic materials. The material to be evaporated is placed in a boat for resistive 

heating in the vacuum chamber of the thermal evaporator. The pressure inside the chamber is 

lowered to the order of 10-5-10-6 mbar in order to increase the mean free path of the evaporated 

particles of the material. The evaporated material is deposited on substrate which is placed in the 

substrate holder inside the chamber exactly above the boat. To measure the thickness of the film, 

an in situ thickness monitor is fixed in the chamber. The substrate is at the same level as that of 

Figure 3. 4: Seebeck coefficient measurement setup 
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the monitor. The schematic diagram of the evaporator chamber is shown in figure 3.5 (a) while 

the actual view is in figure 3.5 (b). 

 

 

 

 

 

 

 

 

 

In this work, Edward Auto 306 thermal vacuum evaporator is used for the deposition of CoPc 

and metallic electrodes. Molybdenum boat was used to place the material  for resistive heating. 

The deposition was carried out at a rate of 0.1 nm/s. For thickness measurement of the deposited 

Figure 3. 5: Chamber of thermal evaporator, (a) Schematic view and (b) actual view

(b) 
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films, FTM5 film thickness monitor is used. Figure 3.6 shows the Edward Auto 306 thermal 

vacuum evaporator.  

 

	

3.5	 Current‐Voltage	Characteristics	

The current voltage (I-V) characteristics of the fabricated heterojunction were carried out using 

4145A Semiconductor Parameter Analyzer. The schematic diagram of measuring the I-V of the 

heterojunction are shown in figure 3.7. 

  

Figure 3. 6: Edward Auto 306 thermal vacuum evaporator 
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Figure 3. 7: Schematic diagram of measuring the I-V characteristics of the 

heterojunction 
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Chapter	4	 High	Seebeck	Coefficient	in	Solution‐Grown	

PbS	Films	

In this chapter, the Seebeck coefficient of solution-grown lead sulfide (PbS) films at room 

temperature is investigated. A high Seebeck coefficient of 450 μV/K was observed, which is over 

three times the value commonly measured for PbS films. The positive sign of the Seebeck 

coefficient indicates that the measured film was characteristically p-type. The high sheet 

resistance of the films, ~186 kΩ/sq., suggests that the high Seebeck coefficient may be the result 

of increased contributions from junctions and boundary scattering of carriers occurring at 

interfaces between nanocrystallites, consistent with the scanning electron microscopy study of 

the film morphology. The solution-grown PbS technology employed here is inherently scalable 

and, with the larger Seebeck coefficient, may be well suited for energy-harvesting applications. 

4.1	 Introduction	

Thermoelectric materials with high thermoelectric efficiency are sought after for energy 

harvesting by recovering waste heat from engines and industrial processes and also for solid state 

power generation or heating/cooling applications [1-3]. The thermoelectric efficiency is 

characterized by the thermoelectric figure of merit, 
2S T

ZT



 , where S2σ is the power factor, 

S is the Seebeck coefficient or thermoelectric power (TEP) measured in V/K, T is the absolute 

temperature, σ is the electrical conductivity and κ is the thermal conductivity [4]. Heavily doped 

semiconductors typically have a high ZT as compared to metals, insulators and lightly doped 

semiconductors due to their high Seebeck coefficient and relatively high electrical conductivity 

[5]. For obtaining thermoelectric materials with high efficiency, material interfaces and 

nanoscopic features may be introduced to both reduce the phonon contribution to the thermal 

conductivity via  scattering of phonons and to increase the Seebeck coefficient S [6]. Although 

boundary scattering is typically a low-temperature phenomenon, recent evidence suggests that  it 

may become significant in disordered materials even at higher temperatures [7].  In addition, at 

the nanoscale, many semiconductors, including PbS, exhibit quantum size-effects that effectively 

increase the band gap.  At some  interfaces, between large and small crystallites or quantum-dots, 
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the band gap therefore could experience an appreciable jump, effectively forming a band gap-

junction and adding to the Seebeck effect [8]. 

PbS is a widely studied material. In its bulk phase, it is known to have a large atomic mass, low 

mechanical strength (weak bonding), a small band gap, small carrier effective mass and large 

dielectric constant [9]. It is a direct band gap semiconducting material with bulk band gap 0.41 

eV and large Bohr excitation radius 18 nm [10, 11]. Many researchers have reported on the 

thermoelectric properties of PbS. The room temperature Seebeck coefficient of aggregates of 

PbS nanocubes was found to be 154.4 µV/K [10] and polycrystalline films of PbS deposited by 

reactive evaporation yielded surprisingly large room temperature Seebeck coefficient of 550 

µV/K [12]. 

For most energy-harvesting applications, it is desirable to have both a high Seebeck coefficient 

and scalability. Scalability is important in general, particularly so in the case of thermal energy 

harvesting because the net thermal energy available to harvest is proportional to the temperature 

difference that generally scales with the dimension. Scalability also presents an obstacle to the 

deployment of many precision-lithography or other patterning techniques that have proven to be 

effective in generating large thermoelectric efficiency materials. In this work, the thermoelectric 

power (TEP) of solution-grown PbS films, is investigated, with a process that is inherently 

scalable in size. High Seebeck coefficient in these films is observed, which can be attributed to a 

cumulative Seebeck effect at band-gap junctions and boundary scattering of carriers at the 

interfaces between crystallites, as discussed below. 

4.2	 Experimental	

4.2.1	Film	Preparation	

The PbS thin film was grown on a glass substrate by aqueous reaction following the method 

outlined by Salim and Hamid [13]. We have modified the process to prepare smooth thin PbS 

films. In brief, 0.5 mL of 0.175 M lead nitrate (Alfa Aesar) and 10 mL of 2 M NaOH (Sigma) 

were mixed with 0.5 mL of 1 M thiourea (Sigma) in a glass bottle and a glass slide was placed 

into this solution for 24 hours at room temperature. After reaction, the sample was washed with 

DI water several times and dried overnight at 100 oC in a conventional oven. 
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4.2.2	Characterization	

The sheet resistance was measured by four-point probe method. Film thickness was measured 

using a Dek-Tak scanning probe system and confirmed by scanning electron microscopy (SEM) 

images of the sample cross-section taken with a LEO-1530 SEM. Optical transmission spectra 

were recorded using a Cary-500i ultraviolet (UV)-Vis-near infrared (NIR) spectrometer at room 

temperature with unpolarized light in the wavelength range between 300 nm and 1850 nm. 

The Seebeck coefficient or TEP of the samples was measured by suspending the sample and 

substrate between two temperature-controlled blocks. The temperatures of the hot and cold ends 

were measured directly at the sample surface using two differential microthermocouples, and the 

thermovoltage was measured using a voltmeter (Keithley 175A) between two thin platinum-

coated leads that were attached to hot and cold ends of the PbS films using silver paste. 

4.3	 Results	and	Discussions	

4.3.1	Scanning	Electron	Microscopy	

The scanning electron microscope (SEM) images of the PbS films are shown in figure 4.1. The 

films are polycrystalline with different crystallite sizes and orientations. Sparsely distributed 

agglomerations such as the one shown in figure 4.1 (a) were also observed. By close observation 

of the agglomerate particles at higher magnification, it is seen that they are also crystallites 

having sharp edges and varying in size (figure 4.1 (b)). There are some voids between the 

crystallites, showing a finite porosity/ discontinuity in the film, which contribute to the high 

sheet resistance of the films. The particles and their features range in size from 10 to 100 nm. 

Figure 4.1 (c) shows the cross sectional view of the film, which had an average thickness of ~ 90 

nm. Energy dispersive X-ray spectroscopy (EDX) was obtained by directing the SEM electron 

beam to a spot on the deposited film. Figure 4.1 (d) shows the EDX spectra of the film which 

confirms that the elements present in the obtained film are Pb and S only. Further structural 

characterization like Raman Spectra can be found in our previous work [14]. 
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4.3.2 UV-Vis NIR Spectroscopy 

The optical transmission spectrum of a PbS film is given in the figure 4.2. The effective 

transmission starts from 750 nm. Below this wavelength, the transmission is less than one 

percent and it goes on increasing up to 1770 nm (with 45 % transmission) where it saturates and 

then it decreases. There is a shoulder in the spectrum at 1050 nm. 

2       4       6       8      10     12   

Pb

Pb

Pb

Pb
Pb

Pb
S

Figure 4.1: SEM images of PbS film. (a) Surface morphology (b) morphology of agglomerate 

particles (c) cross sectional view of the film (d) EDX of the film. 
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4.3.3	Estimation	of	Optical	Band	gap	

 An estimate of the energy band gap was obtained from the transmission spectrum using Tauc’s 

plot [15, 16] according to the equation: 

 m

gE E E  
     (4.1) 

Where α is the absorption coefficient and can be calculated from the transmittance T as: 

 
0

exp ln
I

T d T d
I

      
     (4.2) 

E is the photon energy, Eg is the band gap energy, d is the thickness of the film and m=1/2 for 

direct transition or m=2 for indirect transition. 

Figure 4.2: UV-Vis-NIR transmission spectra of PbS film. 
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Because PbS is a direct band gap semiconductor, the direct transition model (m=1/2) is 

employed. Thus (αE)2 is plotted against E, as shown in figure 4.3. The energy band gap is 

calculated by extrapolating the linear portion of (αE)2 versus E to zero. An energy band gap 

value of 1.76 eV in the visible region is obtained. The data suggests another dip in the 

transmissivity at less than 0.75eV, which would correspond to the bulk band-gap value at ~0.41 

eV. The higher value of band gap, 1.76 eV, corresponds to that previously obtained in the 

literature and is indicative of the quantum size-effect in the film [17]. The band gap of bulk PbS 

ranges from 0.29 eV at 4.2 K to 0.41 eV at room temperature [18-20] and has been observed to 

be as high as 5.2 eV for nanoparticles [21]. The two band gaps from the graph indicate that the 

PbS films were a mixture of both bulk PbS and nanoscopic particles. 
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 Figure 4.3: Direct band gap calculation of the PbS film.
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4.3.4	Sheet	Resistance	and	Electrical	Conductivity	

The measured sheet resistance of the PbS film was 1.86×105 Ω/Sq., which is comparable to the 

literature value on lightly p-doped polycrystalline PbS films [22]. The large sheet resistance may 

have resulted from the high porosity [23] of the films as observed in the SEM images. 

The average thickness of the film was 90 nm. Using this value, the resistivity of the film was 

calculated to be 1.674 Ωcm and the conductivity 1  =0.597 Scm-1, comparable to PbS 

nanocubes film [10]. 

4.3.5	Thermoelectric	Power	or	Seebeck	Coefficient	

The Seebeck coefficient or TEP of the samples was measured by suspending the sample and 

substrate between two temperature-controlled blocks. The temperatures of the hot and cold ends 

were measured directly at the sample surface with two differential micro thermocouples and the 

thermal voltage was measured with a voltmeter (Keithley 175A) between two thin platinum 

coated leads that were attached to hot and cold ends of the PbS films with silver paste. 

The measured thermal voltage varied linearly with temperature difference as seen in figure 4.4. 

The PbS film was supported by the glass substrate and not freestanding. The value of the room 

temperature Seebeck coefficient was calculated from the slope of the graph and the obtained 

value of 450±1.23 µV/K is over three times larger than previously reported values for PbS and 

comparable to the PbTe film [10]. The positive value of the Seebeck coefficient indicates that the 

film is p-type. The main source of errors in the measurement setup was related to the 

measurement of the temperature at the hot and cold contacts to the sample. In order to eliminate 

the possibility of such errors, various independent measurements were performed on various 

samples, and all yielded similar thermal power values.   
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Large Seebeck coefficient values in amorphous or semi-crystalline materials have been 

accounted for in terms of quantum confinement effects, increased density of states near Fermi 

level [6] and phonon drag [24]. Quantum size confinement is expected to occur when the mean 

particle sizes are comparable to or smaller than the Bohr radius (18 nm for PbS). We believe this 

could be the case in our films, which had a broad crystallite size distribution, as discussed above. 

A dominant presence of quantum confined particles would additionally be expected to give rise 

to a shift in the band edge and thus would be detectable in the absorption spectrum, which may 

explain the presence of two apparent band gaps, one in the IR and one in the visible, as seen in 

figure 4.3. The large number of small crystallites is capable of leading to energy filtering of 

carriers [6, 12, 25] by scatterings at the interfaces between nanocrystallites, which is also known 

to enhance the Seebeck coefficient. The interfaces between crystallites provide energy barriers 

for the colder electrons and only allow passage of those electrons with mean energy higher than 

Figure 4.4: Thermal voltage as a function of temperature difference. The slope of the graph 

shows the Seebeck coefficient of PbS film. 
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the Fermi level EF. The charge carrier contribution to the Seebeck coefficient is given by the 

Mott formula [26] 

 F
EE Ek

S dE
e kT




    
 

     (4.3) 

where,   

 E dE        (4.4) 

From equation 4.4, it is clear that the integrand of equation 4.3 increases with the energy 

dependence of the conductivity. In amorphous and polycrystalline films, the integrand will tend 

to be higher due to the strong energy dependence of σ. Indeed, the conductivity in such structures 

is typically dominated by variable-range hopping processes [27] , which depend exponentially on 

carrier energy. 

Another byproduct of having a large number of interconnected crystallites, as seen in the SEM 

images of figure 4.1, is related to the fact that crystallites of different sizes and geometries are 

expected to have different effective band-gaps due to carrier confinement effects. As the exciton 

Bohr radius in PbS is relatively large (~18 nm), which would also contribute to such effects. The 

contacts between nanocrystallites of different effective band-gaps and in arbitrary orientations 

would thus result in a random network of band-gap junctions. Thermoelectric effects in band gap 

junctions have been studied by Zhakhidov [8]. For N such junctions connected in series, the 

Seebeck coefficient is expected to be N-times that of a single junction.  It is thus foreseeable, 

though uncertain, that such bandgap effects could play a role in the Seebeck coefficient of our 

PbS films. The randomness in the crystallite sizes, orientations and positioning, however, would 

require some longer-range ordering in order to manifest itself as a global enhancement in the 

Seebeck coefficient, which does not seem likely. 

4.4	 Conclusions	

The thermoelectric properties of the solution-grown PbS film were investigated having electrical 

conductivity of 0.597 Scm-1 and room temperature high Seebeck coefficient of 450 µV/K having 

positive sign showing that the film is p-type. The high Seebeck coefficient appears to result from 
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the formation of band gap junctions and energy filtering of carriers and scattering at boundaries 

between crystallites. 
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Chapter	5	 Thermoelectric	properties	of	CNT/	
PEDOT:PSS	system	

To achieve good thermoelectric efficiency, one must have high Seebeck coefficient and electrical 

conductivity but it is difficult to change them separately. A heterogeneous system can be useful to 

decouple Seebeck coefficient and electrical conductivity although there is a constraint imposed 

on them by the Boltzman transport equation. Here we invistigate the thermoelectric properties of 

CNT/PEDOT:PSS system. Enhanced Seebeck coefficient and low sheet resistance for the 

heterogenous system was observed as compared to CNTs and PEDOT:PSS only films. The 

positive sign of the Seebeck coefficient shows the p-type behavior of the PEDOT:PSS and CNTs. 

These finidings are attributed to the scattering of phonons more effecticely than electrons due to 

different mean free paths and lattice mismatch of the two films, thus weaknening the Boltzman 

transport. 

5.1	 Introduction	

To achieve good thermoelectric (TE) efficiency, one of the suggested methods is to develop a 

heterogeneous system on a nanoscale so that an extra degree of freedom becomes available for 

the system and hence the constraints on Seebeck coefficient, electrical conductivity and phonon 

scatering becomes weak. 

The TE efficiency is determined by a dimensionless quantity, figure of merit, ZT, given as 

⁄      (5.1) 

where S is the Seebeck coefficient or thermo power measured in V/K, σ is the electrical 

conductivity, κe is the electronic contribution and κL is the lattice contribution to the thermal 

conductivity and T is absolute temperature. For achieving good TE efficiency, the material 

should possess both high Seebeck coefficient and electrical conductivity while it should have 

low thermal conductivity, according to equation 5.1, to make the TE materials as promising 

candidates for alternate energy source to harvest energy from the waste heat of automobiles and 

industry into electrical energy.  
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Due to the coupled behavior of S and σ (Boltzman transport equation), it is difficult to 

independently control/change S and σ, so mixing of different TE materials to form a 

heterogeneous system provides a simple and potential way to optimize individually these two 

parameters. Similarly, the electrical and thermal conductivity are also coupled according to 

wiedman-franz law [1] but by making heterogeneous system we can incease their ratio by 

reducing the phonon mean free path. 

Organic materials are intersting cadidates for thermoelectric applications due to their lower 

thermal conductivity compared to inorganic materials. These materials are less invistigated as 

compared to their inorganic counterpart for TE properties due to their low electrical condutivity 

and Seebeck coefficient [2, 3]. Thus, the TE efficiency ZT of polymers is still lower than 

traditional inorganic materials. Reducing the dimensions of the materials leads to an enhanced 

ZT due to quantum confinement effect and enhanced interface scattering of phonons [4-6]. 

Adding nanostructured materilas to polymers for the formation of composite materials have a 

better TE efficiency than polymers because the composite material could combine the properties 

of both the polymer and nanostructures [7, 8]. 

PEDOT: PSS is a solution processable conducting polymer and its thin films has high 

transparancy in the visible range, high mechanical stability and good thermal stability. It is used 

as buffer layer in optoelectronic devices [9]. PEDOT:PSS has also been used for TE applications 

[10-12]. An enhancement in the TE property was obtained by filling carbon nanotubes into 

PEDOT:PSS and much higher electrical conductivities were obtained than pure polymer without 

significant alterion in the Seebeck coefficient [8]. The junction between the CNTs is believed to 

be modified by the polymer (PEDOT:PSS) and filtering low energy electrons thus enhances the 

electrical conductivity and Seebeck coefficient [7].  

In this work we have studied the thermoelectric properties of PEDOT:PSS/CNT system grown 

from solution and their thermoelectric properties were measured at room temperature. The 

enhancement in the thermoelectric properties is attributed to the heterogeneous system by 

coupling of CNTs with the PEDOT:PSS. 
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5.2	 Experimental	

5.2.1	Film	Preparation	

For the CNTs film, surfactant dispersed solution of single walled CNTs (1% sodium dodecyl 

sulfate). The solution composed of 1/3 semiconducting CNTs and 2/3 metallic CNTs, having an 

average diameter of around 1.4 nm. It was purchased from the Nanointegris, Inc. Main 

motivation behind using this composition (1/3 semiconducting and 2/3 metallic) is based on, 

firstly that this is the commonly obtained yield in most CNTs synthesis processes. The second 

reason is based on our findings that the films of pure semiconducting and pure metallic SWCNT 

exhibits a slightly lower thermoelectric power (TEP) at room temperature during our initial 

investigations. The CNTs thin films on the glass substrate were grown according to the 

membrane filtration method [13] The thickness of the film was 20 nm. 

The conducting polymer PEDOT:PSS was purchased from sigma aldrich and its film was 

prepared by drop casting it over the CNT film and on glass substrate. The concentrations of the 

PEDOT:PSS solution were 1 mg/ml and 0.1 mg/ml. 

5.2.2	Characterization	

The sheet resistance was measured by 4 ̶ point probe method. The scanning electron microscope 

(SEM) images of the samples were taken with a LEO-1530 SEM. The Raman spectra were 

recorded with Almega Raman Spectrometer. The optical transmission spectra were recorded 

using a Cary-500i UV-Vis-NIR spectrometer at room temperature with unpolarized light in the 

wavelength range between 250 and 1950 nm.  

The Seebeck coefficient or TEP of the samples was measured by suspending the samples and 

substrate between two temperature-controlled blocks. The temperatures of the hot and cold ends 

were measured directly at the sample surface with two differential micro thermocouple and the 

thermo voltage was measured with a Keithley 175A voltmeter between two thin platinum coated 

leads that were attached to the hot and cold ends of the films with silver paste. 
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5.3	 Results	and	Discussions	

5.3.1	Scanning	Electron	Microscopy	

Figure 5.1 shows the SEM images of CNTs film on glass substrate. The images show a strand of 

CNTs uniformly distributed. In case of PEDOT:PSS deposited on CNTs film as in figure 5.1 (a), 

the same strand of CNTs is observed burying under polymer layer (figure 5.1 (b) and (c)) thus 

forming a heterogeneous structure. As can be seen from the images that PEDOT:PSS film fills 

the porosity of the CNTs film thus providing more conducting path and would result in an 

enhanced electrical conductivity. 

 

 

(b)

200 nm
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5.3.2	Raman	Spectroscopy	

The Raman spectra of the samples are shown in figure 5.2. The bands of the CNTs located at 

1344 cm-1 (D band), 1591 cm-1 (G band) and 2680 cm-1 (Gʹ band) are clear from figure 5.2 (a). 

The peak at 1506.5 cm-1 in figure 5.2 (b) and 1498.7 cm-1 in figure 5.2 (d) is attributed to C=C 

asymmetric stretching. The symmetric stretching of C=C is attributed to the peak at 1437 cm-1 in 

Figure 5.1: SEM images of the samples: (a) CNT film, (b) CNT/PEDOT:PSS (0.1 mg/ml), 

(c) CNT/PEDOT:PSS (1 mg/ml), and (d) PEDOT:PSS film 
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figure 5.2 (b) and peak at 1433.22 cm-1 in figure 5.2 (c) and at 1435 cm-1 in figure 5.2 (d). Peak 

at 1365.7 cm-1 in figure 5.2 (b), in figure 5.2 (c) and (d) is attributed to single C–C stretching, 

1103.4 cm-1 in figure 5.2 (b) and at 1099.5 cm-1 in figure 5.2 (d) is attributed to =C–O stretching, 

989.6 cm-1 in figure 5.2 (b) and at 987.7 cm-1 in figure 5.2 (d) is attributed to C–C anti symmetric 

stretching. Peak at 704.2 cm-1 in figure 5.2 (d)  is attributed to C–S–C bending. These Raman 

peaks also confirms the presence of CNTs under the PEDOT: PSS film as is obvious from the 

bands at 1591 and 2675 cm-1 in figure 5.2 (b) and bands at 1587 and 2667 cm-1 in figure 5.2 (c). 
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Figure 5.2: Raman spectra of the samples: (a) CNTs film, (b) CNT/PEDOT:PSS (0.1 mg/ml), 

(c) CNT/PEDOT:PSS (1 mg/ml), and (d) PEDOT:PSS film 
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5.3.3	UV‐Vis	NIR	Spectroscopy	

The UV-Vis NIR transmission spectra of all the samples are shown in the figure 5.3. Due to the 

very thin layer of PEDOT:PSS on CNTs film, the transmittance is nearly same for the 0.1 mg/ml 

PEDOT:PSS on CNT film, as expected, to that of CNT only film. In case of 1 mg/ml 

PEDOT:PSS film on CNTs, more radiation is absorbed by the polymer and thus only one 

significant peak is visible in the spectra. The same behavior was observed in case of 

PEDOT:PSS on glass substrate for 1 mg/ml film while in the 0.1 mg/ml PEDOT:PSS film on 

glass substrate the transmittance is very large up to 92 % due to thin PEDOT:PSS film. 
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5.3.4	Sheet	resistance	

The sheet resistance of the films is shown in the table 5.1. The high sheet resistance of the CNT 

film is attributed to the finite porosity in the strand of CNTs film, as obvious from the SEM 

Figure 5.3: UV-Vis. Spectra of the samples: (a) CNT film, (b) CNT/PEDOT:PSS (0.1 mg/ml), 

(c) CNT/PEDOT:PSS (1 mg/ml), and (d) PEDOT:PSS film 
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images, and is matching with literature values. The sheet resistance of CNTs film decreases 

when PEDOT: PSS film is deposited on it. The PEDOT: PSS acts as fillers to cover the gaps 

between CNTs strands. In case of 0.1 mg/ml concentration, the PEDOT:PSS film is very thin 

providing good lateral (in-plane) conduction path to the charge carriers while for 1 mg/ml 

concentration, the film is a thick one and thus conduction increases in the vertical (cross-plane) 

direction, increasing the sheet resistance.  

Table 5.1: sheet resiatance of all the samples. 

Sample Sheet resistance (Ω/Sq.) 

CNT (20 nm) 988 

CNT/PEDOT:PSS (0.1 mg/ml) 372.05 

CNT/PEDOT:PSS (1 mg/ml) 543.75 

PEDOT:PSS (0.1 mg/ml) 5.86×106 

PEDOT:PSS (1 mg/ml) 4.23×105 

 

5.3.5	Seebeck	coefficient	

Figure 5.4 shows the Seebeck coefficients of all samples. For PEDOT:PSS only film the Seebeck 

coefficient is 11.34±0.5 μV/K and is close to the literature value [14] while for the CNTs only 

film it is 27.05±0.5 μV/K consistent with our previous work [15]. By making the heterogeneous 

structure, Seebeck coefficient is enhanced as observed in case of 0.1 mg/ml concentration 

PEDOT:PSS film the calculated Seebeck coefficient is 43.93 μV/K while in case of 1 mg/ml 

PEDOT:PSS film on CNTs the Seebeck coefficient is 47.84 μV/K. The positive sign of the 

Seebeck coefficient for all films indicate the dominant contribution of hole carriers. Since the 

Seebeck coefficient shows the ability to convert heat energy to electrical power and it has square 

relation with the ZT so the coupling of CNTs and PEDOT:PSS is effective for the performance 

improvement of the thermoelectric phenomena. 

The incorporation of polymers, nanoparticles and also organic molecules control and enhance the 

coupling between the CNTs and hence control the thermoelectric properties. The enhancement in 

the Seebeck coefficient may be attributed to the heterogeneous structure. It is believed to scatter 
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the phonons more effectively than the electrons due to different mean free paths thus weakening 

the Boltzman transport, coupling the Seebeck coefficient and electrical conductivity, to enhance 

the Seebeck coefficient. The scattering of electrons also decreases the electrical conductivity in 

the heterogeneous structure but this decrease is compensated by the increase of Seebeck 

coefficient to enhancethe power factor S2σ and hence ZT. As a result of electron scattering, the 

phenomena of electron filtering [5] occurs which is known to enhance the Seebeck coefficient by 

filtering the low energy electrons. Thus only energetic electrons having energy greater than the 

Fermi energy can cross the barriers/ junction between CNTs and also between the CNT/PEDOT: 

PSS junctions. 
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5.4	 Conclusions	

Thermoelectric properties of CNT/PEDOT: PSS heterogeneous system have been investigated. 

The Raman spectra of the samples show the existence of CNTs under the PEDOT:PSS film. 

Figure 5.4: Thermal voltage as a function of temperature difference. The slope of the graphs 

shows the Seebeck coefficient of the films 
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Addition of PEDOT:PSS film to CNTs increases the Seebeck coefficient both than CNTs and 

PEDOT:PSS only films. In case of thin PEDOT:PSS film (0.1 mg/ml) the Seebeck coefficient 

increased from 27 μV/K to 43 μV/K and for the thick PEDOT:PSS film (1 mg/ml) the Seebeck 

coefficient increased to 47 μV/K. The Sheet resistance of the CNT/PEDOT: PSS system has also 

lower value than CNTs and PEDOT: PSS alone films. 
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Chapter	6	 Electrical	Characterization	of	Al/CoPc/p‐
Si/Al	Heterojunction	

In this chapter, we report the fabrication of organic/inorganic heterojunction of cobalt 

phthalocyanine (CoPc) with p-Si using vacuum thermal evaporation. At ambient conditions, the 

electrical characteristics of the heterojunction are investigated. The optical band gap of CoPc is 

calculated from absorption spectrum using Tauc’s law. The electrical characterization of the 

heterojunction shows rectifying behaviour with a rectification ratio (RR) of 316. Different diode 

parameters are extracted from the current-voltage (I-V) curves, such as ideality factor n, barrier 

height ϕ, series resistance Rs and shunt resistance Rsh. These parameters are in agreement with 

those calculated from the Cheungs’ and the Norde’s functions. The conduction mechanism of 

charge carriers through the p-Si/CoPc interface is also studied. The fabricated heterojunction 

could be a promising candidate for the potential use in electronic applications. 

6.1	 Introduction	

Organic/inorganic heterojunctions are of widespread interest due to their use in various 

electronic and photonic devices [1-4]. A number of devices can be fabricated by making 

junctions of organic and inorganic materials, such as, organic solar cell [5], organic field effect 

transistors (OFETs) [6] and organic light emitting diodes (OLEDs) [7]. The fabrication and 

characterization of heterojunctions remained the subject of intensive research [8], such junctions 

play a very important role in the understanding of many optoelectronic devices [9, 10]. The study 

of interface properties is very important to understand the electrical properties of the 

heterojunctions [11]. 

Metal-phthalocyanines (MPcs) are macrocyclic molecules having 18π electrons with an 

arrangement of alternate carbon and nitrogen atoms [12]. These p-type organic semiconductors 

[13, 14] are potentially investigated because of their application in electronic devices such as 

gas-sensing devices [15], bulk heterojunction solar cells [16], light-emitting diodes [17], solar 

cells [18] and organic field effect transistors [19]. These materials have shown good thermal and 

chemical stability [12]. The semiconductivity in phthalocyanines for the first time was reported 
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by Eley and Vartanyan [20]. The resistivities of phthalocyanines and metal-phthalocyanines were 

found to be temperature dependent as reported elsewhere [21]. 

Cobalt phthalocyanine (CoPc) belongs to the class of MPcs, which are widely studied, due to 

their interesting properties. The electrical and transport properties of CoPc have been studied by 

Abdel-Malik et.al., reporting ideality factor n=1.9 and barrier height ϕ=1.07 eV [22], while 

studies on conductivity and conduction mechanism of CoPc have also been  reported [23, 24]. 

Yakuphanoglu et.al. [25] have also investigated current-voltage and capacitance-voltage 

characteristics and found ideality factor and barrier height values equal to 1.33 and 0.90 eV, 

respectively. 

In the present work, the synthesized CoPc for its application as organic/inorganic heterojunction 

with p-Si, by using the technique of vacuum thermal evaporation, have been investigated. The 

objective of this work is to determine different diode parameters of the fabricated junction by 

current-voltage (I-V) measurements and to study the charge transport mechanism. 

6.2	 Experimental	

6.2.1	Synthesis	

The cobalt phthalocyanine (CoPc) was prepared  according to the method described by 

Sakamoto & Ohno [26] with a little modification in the process. Briefly, 20 g Phthalicanhydride, 

24.4 g of urea, 3.4 g cobalt chloride and 0.04 g of ammonium molybdate were stirred in 40 g of 

diphenyl for four hours at 180 oC. Later, after the mixture was cooled to the room temperature, 

diphenyl was removed by using n-hexane extraction in sauxhlet. The reaction residue was 

washed with hot water and diluted HCl. The product was then filtered and dried to obtain (CoPc) 

having a purity of more than 98% (yield 92%). 

The obtained characteristics are: 

M.p.300  

Color: violet 
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IR KBr v cm-1 ; 507, 570, 718, 760, 775, 770, 790, 850, 890, 880, 930, 1010, 1050, 1090, 1110, 

1150, 1180, 1260, 1270, 1330, 1420, 1460, 1460, 1470, 14820,1499, 1510, 1545, 1550, 1600, 

1620. 

Elemental analysis (C32H16CoN8): C, 67.26; H, 2.82; N, 19.61; Co 10.31, Found; C.67.21; H, 

2.80; N, 19.59; Co 10.30 

6.2.2	Device	Fabrication	and	Characterization	

The p-Si/CoPc heterojunction was fabricated by thermal evaporation of CoPc on p-silicon 

substrate with (100) orientation. The chemical structure of CoPc and schematic diagram of the 

device are shown in figure 6.1 (a) and (b). The substrate was cleaned using ultrasonic bath with 

acetone and was dried afterward. Prior to deposition of CoPc thin film and aluminium electrodes, 

the substrate was further plasma cleaned for 5 min in thermal evaporator. A 150 nm thick film of 

CoPc was deposited on p-Si substrate, at a growth rate of 0.2 nm/s. The substrate was kept at 

room temperature during thermal evaporation and the base pressure was maintained at 2×10-5 

mbar. The ohmic contacts, with the thickness equal to 200 nm, were deposited on the top of 

CoPc thin film and p-Si wafer by evaporating aluminium through a shadow mask to make a 

sandwich type structure. The film and electrodes’ thickness were monitored by in situ FTM5 

quartz crystal oscillator. The electrical characterization was carried out at room temperature 

using 4145A Semiconductor Parameter Analyzer. A 150 nm thick film of CoPc was also 

deposited on plain glass substrate for UV-Vis spectrum analysis. The optical spectra were 

recorded through Cary-500i UV-Vis-NIR spectrometer at room temperature with unpolarized 

light in the wavelength range between 250 and 1600 nm. 
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6.3	 Results	and	Discussion	

6.3.1	UV‐Vis	NIR	Spectroscopy	

Figure 6.2 shows the optical absorption spectrum of CoPc on glass substrate. The spectrum 

shows two sharp peaks, one in ultraviolet region at 320 nm which is in the B-band or Soret band 

and second in the visible region at 616 nm which is in the Q-band or visible band. There is a 

Figure 6.1: (a) Chemical structure of CoPc, (b) schematic 

diagram of fabricated heterojunction 

Al 

Al 

p-Silicon substrate 

CoPc 

(b) 
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shoulder in the Q-band at 680 nm showing that Q-band is doublet. The obtained results matched 

well with the literature values [27]. 
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6.3.2	Estimation	of	Optical	Band	gap	

To calculate the energy band gap of CoPc, Tauc’s plot [28] has been used according to the 

following relation: 

 m

gE E E  
     (6.1) 

where α is the absorption coefficient and can be calculated as: 

0

ln
I

A A d
I


 

    
       (6.2) 

Figure 6.2: UV-Vis-NIR spectra of CoPc on glass substrate.
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E is the photon energy, Eg is the band gap energy, d is the thickness of the film and m is a 

constant for the transition (m=1/2 for direct transition and m=2 for indirect transition). 

The direct allowed transition model is employed to calculate the optical band gap. Thus (αE)2 is 

plotted against E, as shown in figure 6.3. The energy band gap is calculated by extrapolation of 

the linear portion of (αE)2 versus E to zero. We have obtained the energy band gap value of 1.66 

and 1.82 eV in the visible region for the Q-band and 3.35 eV in the infrared region for the B-

band. These values of optical band gap are in good agreement with the previous work reported 

by Seoudi et. al.[27] and Joseph et. al.[29]. 
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6.3.3	Current‐Voltage	Characteristics	

The Al/p-Si/CoPc/Al heterojunction has been investigated to obtain different junction parameters 

like rectification ratio, ideality factor, barrier height, reverse saturation current, and series and 

shunt resistances. 

Figure 6.3: Direct band gap calculation of CoPc film.
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The I-V characteristics of the p-Si/CoPc heterojunction are shown in figure 6.4. These 

characteristics are nonlinear and asymmetric. The forward current exponentially increases, which 

may be attributed to the rectifying junction formation between the p-Si and CoPc. Two important 

parameters effect the slope of the I-V curve i.e. reverse saturation current I0 and ideality factor n 

[30], that can be extracted from semi log I-V curve given in the inset of figure 6.4. 

The rectification ratio of the junction (RR) i.e. ratio of the forward to reverse current at same 

voltage and the turn on voltage (the voltage at which rectification begins) have been obtained 

from the I-V curve of the heterojunction diode, and were found as 316 at ± 2.8 V, and 1.7 V, 

respectively. 
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Figure 6.4: I-V characteristics of p-Si/CoPc heterojunction, inset is the I-V 

on semi logarithmic scale. 
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To extract different diode parameters, thermionic emission theory has been applied. According to 

the thermionic emission theory [11] 

 
0 exp 1sq V IR

I I
nkT

  
   

         (6.3)

 

where I0 is the saturation current given as: 

* 2
0 exp bq

I AA T
kT

   
 

      (6.4) 

and q is the electron charge, V is the applied voltage, Rs is the series resistance, A* is the effective 

Richardson constant equal to 32 A/cm2 K2 for p-Si, A is the effective diode area, T is the absolute 

temperature, k=1.38×10-23 J/K is Boltzmann constant while n is ideality factor. The value of n is 

found from the relation given below: 

 ln

q dV
n

kT d I


     (6.5) 

The reverse saturation current I0 is calculated from the semi-log I-V curve by extrapolating it to 

zero bias and is found to be 2.96 nA. 

The barrier height at the junction can be found using the relation: 

* 2

0

lnb

kT AA T

q I


 
  

 
     (6.6) 

An important parameter for junction formation is the ideality or quality factor n obtained from 

the I-V characteristics. The ideality factor means that how comparable is the behaviour of diode 

to an ideal diode. For ideal diode n= 1, but it is usually observed to be greater than one [31]. This 

higher value of n could be due to an oxide layer on silicon surface, the series resistance of the 

junction or the interfacial states [32]. The oxide layer appears on the Si-substrate during surface 

preparation and its exposure to air prior to the CoPc deposition. The value of n for the p-Si/CoPc 

heterojunction diode is calculated from the slope of the linear region of the forward bias semi-log 
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I-V curve using equation 6.5 and found to be 6.14. The deviation of n from the ideal value may 

be due to electron–hole recombination in depletion region and/or due to the increase of the 

diffusion current due to increase of the applied voltage [11, 30]. The barrier height of the diode is 

calculate to be 0.83 eV using equation 6.6. 

In device performance, series resistance Rs and shunt resistance Rsh play a very important role 

and due to these parameters, I-V characteristics diverge from the ideal behavior. For the 

calculation of Rs and Rsh of the diode, the junction resistance (Rj) is plotted vs. applied voltage, 

where the Rj = ∂V/∂I. Figure 6.5 shows the voltage vs. junction resistance graph of p-Si/CoPc 

heterojunction. The values of Rs (minima of the curve) and Rsh (maxima of the curve) are 

determined as 20 kΩ and 146 MΩ, respectively.  
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Figure 6.5: Junction resistance versus applied voltage graph of p-Si/CoPc heterojunction.
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6.3.4	Cheungs’	Function	Method	

The diode parameters such as barrier height ϕb, ideality factor n and series resistance Rs extracted 

from I-V characteristics can be obtained by various methods. In the present work, the method of 

Cheung and Cheung have been used. The Cheungs’ functions [33] are derived from equation 6.3 

as follows: 

ln s

dV kT
n IR

d I q
 

     (6.7) 

  s bH I IR n 
     (6.8) 

where 

  0
* 2

ln
IkT

H I n
q AA T

   
 

    (6.9) 

In figure 6.6, (dV/d ln I) is plotted against I for p-Si/CoPc heterojunction diode. The values of Rs 

and n were calculated from the slope and y-axis intercept of (dV/d ln I)–I plot. The calculated  

values are 19.5 kΩ and 6.4, respectively. The H (I)–I graph is shown in figure 6.7 where H(I) is 

defined by equation 6.9. The values of ϕb and Rs were calculated from the H (I)–I plot and are 

found to be equal to 1.04 eV and 19.95 kΩ, respectively.  
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Figure 6.6: H(I)-I graph of p-Si/CoPc heterojunction.

Figure 6.7: dV/d ln I-I graph of p-Si/CoPc heterojunction.
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6.3.5	Norde’s	Function	Method	

Another method for the calculation of Rs and φb is the Norde’s method [34]. The Norde’s 

function is given as: 

* 2
( ) ln

V kT I
F V

q AA T
    
      (6.10) 

  0
0b

V kT
F V

q



  

     (6.11) 

and 

 
0

s

kT n
R

qI

 
      (6.12) 

Here F(Vo) shows the minimum value of F(V) with the corresponding voltage Vo and I0 is the 

current at V=V0. γ is an integer and its value is greater than n. Figure 6.8 shows F(V) vs. V plot 

for the p-Si/CoPc heterojunction diode. From this graph, the values of ϕb and Rs were calculated 

and their values are 1.02 eV and 24 kΩ, respectively. 
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The overall comparison of the parameters extracted from the three methods is given in table 

6.1.The parameters are in good agreement with one another. 

 

Table 6.1: comparison of diode parameters extracted by three methods. 

Method used n Rs (k Ω) ϕb (eV) 

I-V 6.14 20 0.83 

dV/d ln I-I 6.4 19.5  

H(I)-I  19.95 1.04 

F(V)-V  24 1.02 

Figure 6.8: F(V)-V graph of p-Si/CoPc heterojunction.
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6.3.6	Mobility	Measurement	

A graph of current vs. voltage is drawn in logarithmic scale to obtain information about the 

conduction mechanism of the p-Si/CoPc junction, as shown in figure 6.9. The double logarithmic 

graph contains three distinct regions [35] according to the power law (I ~ Vm), where m is the 

slope of each region. A region having slope m=1 shows ohmic region, m=2 is space charge 

limited current (SCLC) region and m>2 shows trapped charge regions [36]. The SCLC occurs 

when the rate of injected carriers being collected at the electrodes is not equal to the rate at which 

they are being injected, due to low mobility of the active layer [37]. The log I-log V graph of the 

device, reported here, shows three distinct regions. The first region has slope m=1.46 which is 

ohmic region i.e. it obeys ohm’s law. This region has linear I-V characteristics. A higher power 

law (I ~ Vm) with m=6.6, was observed for the second region which is trapped charge limited 

current (TCLC) region. The third region is SCLC according to the power law and is dominant in 

the region and has slope m= 2 and corresponds to V>2.4 V. 

The current density in these regions can be expressed as follows: 

2

3

9

8
s

SCLC

V
J

d

 
      (6.13) 

where µ is the mobility and εs(=ε0εr) is the dielectric constant of organic film, ε0= 8.85 × 10−14 F 

cm−1 is the permittivity of free space and εr= 3.4 is the relative permittivity of CoPc [38] and d 

(=150 nm) is the film thickness. 

It can be observed that region II in the plot of figure 6.9 shows slope equal to 6.6. Since the slope 

of the line in this region lies beyond 2, therefore, the dominant transport mechanism in this 

region is the Trap-Charge-Limited current (TCLC) and the traps are exponentially distribution in 

this region. When traps are present, the current density is expressed as [39] 

2
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      (6.14) 

where θ is the trapping factor. 
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Using equation 6.13, the estimated value of mobility for 150 nm thick CoPc film in the SCLC 

region is equal to 3.86×10-6cm2 V-1 S-1. 
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Table 6.2 contains comparison of our junction’s parameters to other heterojunctions, reported in 
literature, at room temperature. 

Figure 6.9: logI-logV plot of p-Si/CoPc heterojunction. 
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Table 6.2: comparison of our results with literature. 

 

 

The properties of heterojunctions fabricated from perylene and phthalocyanine derivatives are 

presented in the table 6.2. The value of n greater than unity shows that beside thermionic 

emission, the charge transport is also due to generation and recombination [40]. The 

heterojunction fabricated in the present work has a mobility better than [3], series resistance 

lesser than [3, 8, 25, 41] and ideality factor lower than [3, 8, 41]. 

6.4	 Conclusions	

The electrical characteristics of p-Si/CoPc heterojunction have been investigated which exhibit 

rectifying behaviour with RR of 316 at ±2.88 V. The diode parameters such as ideality factor n, 

barrier height ϕb and series resistance Rs having values equal to 6.14, 0.83 eV and 20 kΩ, 

respectively, have been determined. The extracted diode parameters are consistent with those 

obtained from Cheungs’ and Norde’s techniques. The SCLC was found as dominant conduction 

Heterojunction RR at 

(±1 V) 

n Rs 

(kΩ) 

Rsh 

(MΩ) 

I0 

(nA) 

ϕ 

(eV) 

μ 

(cm2/V.s) 

Ref; 

p-VoPc/n-Si 405 3.42 1.4 0.1 60 0.77 15.5×10−3 [42] 

Ag/CuPc/Au 3.2 85 1490 93.5  1.05 1.74×10-9 [3] 

ITO/NiPc/PEDOT:PSS 4 19 24 2.23  0.81  [41] 

Al/N-BuHHPDI/p-Si 51.5 at 

±6.8 V 

12 1610 64.4 1.31 0.83  [8] 

Al/p-Si/CoPc/Au  1.33 314.2   0.90  [25] 

p-Si/CoPc 316 at 

±2.8 V 

6.14 20 146 2.96 1.02 3.86×10-6 Present 

work 
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mechanism for the heterojunction. The optical band gaps (1.66 eV, 1.82 eV and 3.35 eV) of 

CoPc were also calculated. 
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Chapter	7	 Electrical	characterization	of	Al/CoPc/n‐
Si/Al	heterojunction	

This chapter refers to fabrication of an organic-inorganic heterojunction device using the 

technique of thermal evaporation. The electronic properties of interface between cobalt 

phthalocyanine (CoPc) and n-Si have been studied. The electrical characterization of Al/CoPc/n-

Si/Al device have been investigated by I-V measurements. The morphological properties of the 

CoPc thin film are investigated using atomic force microscope (AFM). The I–V characteristics of 

the Al/CoPc/n-Si/Al structure have shown rectifying behavior with a RR of 145 at the bias 

voltages of ± 3.6 V. The electronic parameters of the diode such as ideality factor n, barrier 

height ϕb, series resistance Rs, and shunt resistance Rsh were  extracted from the I-V 

characteristics in dark and are found to be 6.2, 0.68 eV, 303 Ω, and 330 kΩ, respectively. These 

parameters are also verified by the method of Cheung’s function and are found in agreement 

with each other. The extracted parameters have been employed to study conduction mechanism 

of the Al/CoPc/n-Si/Al heterojunction structure. The photo response of the device shows that it 

can be used as photodiode.  

7.1	 Introduction	

The investigation of organic-inorganic heterojunctions have recently attracted great attention 

because of the availability of numerous organic semiconducting materials possessing interesting 

electrical and optical properties, ease of fabrication of the organic-inorganic devices, and their 

potential applications in electronic and optoelectronic devices such as rectifying diodes, solar 

cells, photosensors, nuclear radiation detectors, light emitting diodes, and field-effect transistors, 

etc. [1-6]. The fabrication and study of organic-inorganic heterojunctions open the possibility for 

new functional elements which were not feasible previously by either component individually 

[7]. Organic-inorganic heterojucntion plays an important role in controlling the operation and 

performance of multi-layered organic optoelectronic devices [8, 9]. 

Electrical properties of the organic semiconductor based devices depends on the ambient 

conditions, such as, temperature, light and humidity, etc.,  which make them very interesting for 

the development of different types of sensors [10, 11]. Metallophthalocyanines (MPc) are a class 
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of macrocyclic organic semiconductors extensively studied as bulk active materials in diverse 

applications [12]. They continue to be the subject of increasing research interest due to the 

potential applications of their bulk and nanoscaled species in emerging fields of molecular 

electronics, molecular spintronics and molecular nanoelectronics. Due to  the high chemical and 

thermal stabilities of MPcs and excellent optoelectronic properties, they are most widely used 

and investigated [8, 13]. Thin films of MPcs may be deposited without their dissociation and 

thus, they are suitable for the preparation of thin films based devices.  

Cobalt Phthalocynine (CoPc) is a member of the Pcs family having p-type behavior [14]. Bulk 

and nanoscaled CoPc is a potentially interesting active material for many applications, such as, 

biosensors, and humidity sensors [15] etc. Its electrical properties have not been extensively 

reported. The electrical properties of other pthalocyanines and their derivatives on p-silicon, n-

silicon and other inorganic semiconducting substrates have been extensively studied [16, 17] and 

complementary data required for future studies is available. 

In this work, the electrical properties of Al/CoPc/n-Si/Al organic-inorganic heterojunction using 

low cost aluminum contacts are investigated in dark and under different illumination at room 

temperature. The objective of the present work is to investigate and analyze the electrical 

conduction properties and also determine the essential parameters of the CoPc/n-Si 

heterojunction. It is important to know parameters of the junction and its characteristics under 

illumination for its utilization as photo sensor under ambient conditions. 

7.2	 Experimental	

7.2.1	Synthesis	

The active material CoPc was prepared in accordance to the method of Sakamoto &  Ohno  [18] 

but modified. Briefly, 20 g Phthalicanhydride, 24.4 g of urea, 3.4 g cobalt chloride and 0.04 g of 

ammonium molybdate were stirred in 40 g of diphenyl for four hours at 180 oC. After the 

completion of reaction, diphenyl was removed by using n-hexane extraction in sauxhlet. The 

residues were washed with hot water and dilute HCl, filtered and dried to obtain Cobalt 

phthalocyanine having a purity of more than 98% (yield 92%). 
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The obtained characteristics are: 

M.p.300  

Color: violet 

IR KBr v cm-1 ; 507, 570, 718, 760, 775, 770, 790, 850, 890, 880, 930, 1010, 1050, 1090, 1110, 

1150, 1180, 1260, 1270, 1330, 1420, 1460, 1460, 1470, 14820,1499, 1510, 1545, 1550, 1600, 

1620. 

Elemental analysis (C32H16CoN8): C, 67.26; H, 2.82; N, 19.61; Co 10.31, Found; C.67.21; H, 

2.80; N, 19.59; Co 10.30 

7.2.2	Device	Fabrication	and	Characterization	

For Al/CoPc/n-Si/Al heterojunction fabrication, an n-silicon single crystal with (110) orientation 

was used as a substrate. The substrate was cleaned in acetone using ultrasonic cleaner, at room 

temperature, for 10 min and dried in atmospheric environment.  Later, the substrate was cleaned 

in plasma for 5 min in thermal evaporator. On the polished surface of n-Si, CoPc film of 

thickness 150 nm was deposited using a shadow mask. The active layer of CoPc was thermally 

evaporated using Edward Auto 306 thermal vacuum evaporator. The thickness of the deposited 

film was monitored by FTM5 quartz crystal oscillator. The growth rate was maintained at 0.2 

nm/s under vacuum of 2×10-5 mbar during sublimation process. Finally, using shadow mask, 

aluminum contacts of thickness 200 nm were deposited on the CoPc and n-Si surfaces. The 

molecular structure of CoPc is shown in figure 7.1 (a) and schematic diagram of the device is 

shown in figure 7.1 (b). For surface morphological studies, a 150 nm-thick stand-alone CoPc 

film was grown on a glass substrate under the same deposition conditions as described above. 

The I-V measurements were made in dark and under tungsten filament illumination, at room 

temperature, using Keithley 236 sourcemeter connected to a computer. 
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(b) 

Al 

Al 

n-Silicon substrate 

CoPc 

Figure 7.1: (a) Molecular structure of CoPc, and (b) schematic 

diagram of fabricated heterojunction 

 

	

 

 

 

 

 

 

 

 

7.3	 Results	and	Discussions	

7.3.1	Atomic	Force	Microscopy	

Figure 7.2 shows the AFM images of CoPc film on glass substrate. In figure 7.2 (a), we see 

randomly oriented grains with different shapes and sizes having an average grain size of 4700 

nm2. The discontinuity in the film is obvious from pores in the film which is responsible for 
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charge trapping and thus lowering the diode current. The 3-D image of the film surface is given 

in figure 7.2 (b), at a height of 10 nm, showing surface roughness with sharp-peak like structure. 

The root mean square roughness of the film is 1.9 nm. 

 

 

Figure 7.2: AFM images of CoPc film on glass substrate, (a) 2-D, and (b) 3-D

(a) 

(b) 
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7.3.2	Current‐Voltage	Characteristics	

The I-V characteristics of the CoPc/n-Si heterojunction have been measured to obtain valuable 

information about the junction properties such as the rectification ratio ‘RR’, ideality factor ‘n’, 

barrier height ‘ϕb’, reverse saturation current ‘I0’, and series resistance ‘Rs’, The I-V curves have 

also been analyzed to investigate the transport properties which control conduction in the device. 

The linear forward and reverse bias I-V characteristics, obtained at room temperature to study the 

rectifying behavior of Al/CoPc/n-Si/Al, are shown in figure 7.3. The nonlinear and asymmetric 

characteristics exhibit exponential increase in the forward direction which provides evidence for 

the formation of barrier between n-Si and CoPc. Two important parameters turn-on voltage and 

rectification ratio have been extracted from the graph. It can be observed from figure 7.3 that the 

turn-on voltage, which is the voltage where rectification begins, is 1.2 V. The RR, defined as the 

ratio of forward to reverse current at the same voltage, is obtained as 145 @ ±3.6 V from the I-V 

curves. 
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Figure 7.3: Linear I-V characteristics of CoPc/n-Si heterojunction.
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It is well known that when a contact is established between two semiconductors, a thin interfacial 

layer is introduced. For such a contact, the forward bias current is assumed to be governed by 

thermionic emission theory, which explains the current in the junction and is given by the 

following expression: 

 
0 exp 1sq V IR

I I
nkT

  
   

   
     (7.1) 

where I0 is the saturation current, given by: 

* 2
0 exp bq

I AA T
kT

   
 

    (7.2) 

q is the electron charge, V is the applied voltage, Rs is the series resistance, A* is the effective 

Richardson constant and is equal to 112 A/cm2 K2 for n-Si, A is the effective diode area, T is the 

absolute temperature, k is the Boltzmann constant and n is the diode ideality factor, which is 

determined through the following relation: 

 ln

q dV
n

kT d I


     (7.3) 

The reverse saturation current I0 is determined from the extrapolation of semi-log I-V curve of 

figure 7.4 to zero bias and is equal to 1.2×10-6 A. 

The barrier height that exists at the organic-inorganic interface can be expressed by: 

* 2

0

lnb

kT AA T

q I


 
  

 
     (7.4) 

Another very important diode parameter, ideality or quality factor n, is extracted from the semi 

log I-V characteristics. The ideality factor is obtained from the slope of the linear region of the I-

V curve using equation 7.3. For ideal diode, n=1 but is usually observed to deviate from the ideal 

value and found very often greater than one [19]. The value of n greater than one could be 

ascribed  to  the presence of oxide layer on the surface of silicon, the series resistance or the 
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interfacial states [20]. The oxide layer appears on Si-substrate’s surface on exposure to air before 

the CoPc deposition. The oxide layer may also occur due to the adsorption of water or vapors on 

Si substrate’s surface. The interfacial layer is caused during either of several processes such as 

surface preparation, thermal evaporation and thermal annealing. Usual polishing and chemical 

etching technique also introduce interfacial oxide layer [21, 22]. Other possible reasons for the 

higher value of n are barrier inhomogeneities and the bias voltage dependence of the Schottky 

barrier height [23]. The ideality factor shows the behavior of diode comparable to an ideal diode. 

The value of n for our device is calculated from the slope of the linear region of the forward bias 

semi-log I-V characteristics according to equation 7.3 and was found to be 6.2. The higher n 

value can also be attributed to other effects such as bias voltage drop across CoPc/n-Si interface 

[24] and also other secondary mechanisms at interface. The barrier height of the junction is 

calculated as 0.68 eV, using equation 7.4. The barrier height is consistent to the value reported in 

the literature [25]. 
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The series resistances Rs and shunt resistances Rsh are very important for device performance. 

The series resistance, approaching zero, guarantees the flow of high current through the junction 

Figure 7.4: ln I-V characteristics of CoPc/n-Si heterojunction. 
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while the shunt resistance, as high as infinity corresponds to small leakage current through the 

junction. The behavior and the intrinsic parameters of the diode can be overshadowed by the 

effect of parasitic series and shunt resistances [26]. The Rs and Rsh are calculated from the graph 

of junction resistance of diode versus voltage. The junction resistance Rј = ∂V / ∂I is plotted 

against the voltage, as shown in figure 7.5. As observed, the junction resistance in forward 

direction decreases and approaches a constant value thus giving rise to the Rs. On the other hand, 

the junction resistance in the reverse bias represents the Rsh. The Rs and Rsh are very important 

from the improvement in the device performance point of view. The values obtained for the Rs 

and Rsh are 303 Ω and 330 kΩ, respectively. 
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7.3.3	Cheungs’	Function	Method	

The parameters extracted by the afore mentioned I-V method are verified by extracting them 

using  Cheung and Cheung’s method [27]. The Cheung’s functions are given by the following 

relations: 

Figure 7.5: Junction resistance vs. bias voltage of CoPc/n-Si heterojunction. 
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dV kT
n IR
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     (7.5) 

  0
* 2

ln
IkT

H I n
q AA T

   
       (7.6) 

and 

  s bH I IR n 
     (7.7) 

A straight line for the data of the downward curvature of the forward bias I-V curve is achieved 

from equation 7.5 and shown as a plot of (d V/ d ln I) vs. I in figure 7.6. The values of Rs and n 

are calculated from the slope of the cure and y-axis intercept of (d V/d ln I)–I graph and the 

obtained values are 298 Ω and 6, using equation 7.5, respectively. According to equation 7.6, a 

graph of H(I) vs. I has been plotted in figure 7.7 by using the value of n obtained from equation 

7.3 and downward curvature region in equation 7.5. The values of ideality factor and series 

resistance obtained from both methods are in close agreement. Two parameters i.e. series 

resistance Rs and barrier height ɸb are extracted from the slope and the y-axis intercept of H(I) at 

I=0. The values of 334 Ω and 0.87 eV for Rs and ɸb, respectively, were obtained from the H(I) vs. 

I plot of figure 7.7.  
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The n, Rs and ϕb values calculated from the conventional I-V method and Cheung’s function are 

Figure 7.6: (dV/d lnI)-I graph of CoPc/n-Si heterojunction. 

Figure 7.7: H(I)-I plot of CoPc/n-Si heterojunction.
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presented in Table 7.1. The table shows that the ideality factor and series resistance obtained 

from the two methods are found in good agreement. 

Table 7.1: Comparision of the extracted parameters  

Method n Rs (Ω) ϕ (eV) 

I-V 6.2 303 0.68 

dV/d ln I 6 298 - 

H(I)-I - 334 0.87 

 

7.3.4	Mobility	Measurement	

To obtain information about conduction mechanism in the CoPc/n-Si heterojunction diode, a plot 

of current versus voltage in forward bias, has been redrawn in double logarithmic scale, as 

shown in figure 7.8. The graph has three distinct regions according to the power law (I~Vm), 

where m gives the slope of each region. At relatively high voltages, the increased injected holes 

accumulate positive space charge near the anode, which limit the current and give rise to space 

charge limited current (SCLC). The SCLC occurs when the rate of injected carriers being 

collected at the electrodes is not equal to the rate at which they are being injected, due to low 

mobility of the active layer [28]. The graph of Log I vs. Log V of our device in figure 7.8 

exhibits three distinct regions with slope equal to 2 in the first and third regions and 4.8 in the 

second region. The regions having slope equal to 2 show that the SCLC controlled by single 

dominating trap level is the dominant conduction mechanism in regions I and III which 

corresponds to the voltage 0.48 V>V>1.92 V. The current density in these regions can be 

expressed as follows: 

2

3

9

8
s

SCLC

V
J

d

 


     
(7.8) 

It can be observed that region II in the plot of figure 7.8 shows slope equal to 4.8. Since the slope 

of the line in this region lies beyond 2, therefore, the dominant transport mechanism in this 
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region is the trap charge limited current (TCLC) having an exponential traps distribution. For the 

region with traps, the current density is [29]: 

2
0
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9

8
r

TCLC

V
J

d

  


     
(7.9) 

where ε0 = 8.85 × 10−14 F cm−1 is the permittivity of the free  space and εr = 3.4 is the relative 

permittivity of CoPc [30], μ is the hole mobility, d(=150 nm) is the film thickness and θ is 

trapping factor. 
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Using equation 7.8, the estimated value of mobility for CoPc film in the SCLC region equals 

2.73 x 10-4 cm2 V-1 S-1. The value of mobility for CoPc is in good agreement with the results 

reported in [31]. 

Figure 7.8: Double logarithmic I-V characteristics of CoPc/n-Si heterojunction.
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7.3.5	Effect	of	Light	on	Current‐Voltage	Characteristics	

The current-voltage characteristics of CoPc/n-Si heterojunction under dark and different light 

intensities are shown in figure 7.9. A significant increase in the reverse current of the diode is 

observed with the increase in light intensities. However, the increase in the current is not 

sufficient for the solar cell applications but holds enough justification for being used in 

photodiode applications. The increase in the photocurrent may be ascribed to electron-hole pair 

generation due to increase in light intensities. 
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The photocurrent transient curves have been employed to investigate photoelectrical property of 

the CoPc film, the results of which are exhibited in figure 7.10. By switching the light on and off 

at a voltage of 5V on the junction, the photocurrent abruptly increases when the junction is 

exposed to light and decreases to its initial value when the light is turned off, in a very short time 

Figure 7.9: Current-voltage characteristics of CoPc/n-Si heterojunction under dark and different 

light intensities 
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indicating photo-conducting behavior of the Al/CoPc/n-Si/Al junction. The current increases 

under light as a result of enhanced number of generated free charge carriers. Under an 

illumination of 34500 lux, the photo current increases from 16 to 100 μA, which shows that the 

photocurrent is 6.25 times larger than the dark current. Such high photo response could be 

ascribed to the fact that the CoPc behaves effectively as light harvester [32] and provides an 

efficient path for transport of electrons [33]. The steady state value of the photocurrent 

demonstrates photoinduced charge separation under illumination [34, 35]. 
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7.3.6	Comparison	of	Results	With	Literature	

Electrical parameters of different heterojunctions are compared at room temperature, in Table 

7.2. The obtained φb and Rs are lower than the values reported for CoPc/p-Si, CuPc/a-Si/n-Si and 

VOPc/n-Si. The ideality factor, however, very much deviated from unity, is comparable to that 

of CuPc/a-Si/p-Si. The greater values of ideality factor clearly indicate that the only transport 

Figure 7.10: Transient current response of CoPc/n-Si junction.
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mechanism is not the thermionic emission. In fact, the larger ideality factors are ascribed to 

secondary mechanisms at the interface [36-38]. If the value of  the ideality factor is far above 

two, then the charge transport is due to generation and recombination rather than pure thermionic 

emission [36]. 

 

Table 7.2: Comparison of electrical parameters at room temperature for different heterojunctions 

 

Heterojunctions n ϕb (eV) Rs (KΩ) Reference 

Au/CoPc/p-Si/Al 1.33 0.90 314.5 [39] 

Ag/CuPc/a-Si/n-Si/Ag 2.5 0.95 26 [40] 

Ag/CuPc/a-Si/p-Si/Ag 5.7 0.93 28.6 [40] 

Au/VOPc/n-Si/Au 3.42 0.77 1.4 [31] 

Al/CoPc/n-Si/Al 6.2 0.68 0.3 Present work 

 

7.4	 Conclusion	

The electrical properties of Al/CoPc/n-Si/Al heterojunction have been determined. The current-

voltage characteristics of the diode exhibited good rectification. The diode parameters such as n, 

ϕb, Rs, and Rsh are extracted from the I-V characteristics in dark and are found to be 6.2, 0.68 eV, 

303 Ω, and 330 kΩ, respectively. The values of these parameters obtained from the Cheung’s 

method are found consistent with the values of the conventional I-V measurements. The 

dominant conduction mechanism is the SCLC mechanism. The properties of organic-inorganic 

heterojunction structure, evaluated by I-V characteristics under illumination, reveal that the 

Al/CoPc/n-Si/Al device acts as a photodiode. 
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Conclusions	

In this work, energy harvesting applications through thermoelectric effect for solution grown 

semiconductros, both homogeneous and heterogenous system, are presented. For the PbS films 

as a homogeneous system, an electrical conductivity of 0.597 S cm-1 and room-temperature 

Seebeck coefficient of 450 μV/K with positive sign has been achieved. The positive sign of the 

Seebeck coefficient indicats that the film is p-type. The high Seebeck coefficient appears to 

result from the formation of bandgap junctions and energy filtering of carriers and scattering at 

boundaries between crystallites. The solution-grown PbS technology may be well suited for 

energy-harvesting applications due to its inherent property of scalability. 

In case of heterogeneous system, carbon nanotubes (CNTs) and organic polymer Poly(3,4-

ethylenedioxythiophene) Polystyrene sulfonate (PEDOT:PSS) are employed layer by layer. In 

homogeneous system (CNTs or PEDOT:PSS alone), the Seebeck coefficient and electrical 

conductivity can’t be changed independently as they are interlocked by the Boltzman transport 

equation. Thus a heterogeneous layered system on a nano scale is developed from CNTs and 

PEDOT:PSS film to weaken the Boltzman transport and thus the Seebeck coefficient and 

electrical conductivity can be changed somewhat independently. Thus the thermoelectric 

properties are enhanced by making heterogeneous system.  

The electrical properties of a sandwich type heterojunctions have also been performed. The 

electrical characteristics of organic semiconductor CoPc with p- and n-Si heterojunction are 

presented showing rectifying behavior. Thin films of CoPc was deposited by vacuum thermal 

evaporation. Different parameters of the junction were extracted from these electrical 

characteristics and were compared to those extracted from Cheung’s and Norde’s function. The 

charge transport mechanism was studied and the mobility of the organic thin films were 

calculated. The SCLC was found to be the dominant conduction mechanism for the 

heterojunctions. The optical band gaps (1.66 eV, 1.82 eV and 3.35 eV) of CoPc were also 

calculated from UV-Vis spectrum. The electrical characterization is useful for further utilization 

of the CoPc in other electronic devices. 
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Future	Work	

To solve the energy crisis, alternate energy sources are need. Due to the property of clean 

conversion (no emission of green house gases), thermoelectric devices may be well suited for 

energy harvesting purpose though it cannot solve the energy crisis anytime soon. Thus it is 

possible to picture and imagine many self-powered compact devices. However, to be widely 

used, thermoelectric devices need to be efficient. 

Efficieny improvement is still a challange for thermoelectric devices. By using further 

engineering approaches, such as employing nano particles, nanotubes and heterogenous systems, 

the efficiency of these devices can be improved by decoupling the interrelated thermoelectric 

parameters i.e. electrical conductivity, thermal conductivity and Seebeck coefficient. By 

applying these materials, we find more room to play (Engineering) with the parameters involved 

in thermoelectric efficiency and it becomes easy to dream about power generators from the 

wasted heat using thermoelectric components. 

Similarly, the junction diodes are the building blocks of electronic devices. The potential of  the 

organic semiconductor CoPc as a heterojunction and photodiode has been investigated amd it 

reveals that CoPc can be further used in other electronic devices e.g. organic field effect 

transistors and solar cells. 

 




