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Abstract 

From the last few decades, organic semiconductors based electronic and 

optoelectronic devices have been the area of intense research. Organic 

semiconductors have gained remarkable importance in electronic and 

optoelectronic industry due to    conjugated structure, low cost production, 

mechanical flexibility, ease of device fabrication and environmental friendly 

processing. In the research work reported in this dissertation, electronic, 

optoelectronic and amplified spontaneous emission (ASE) studies are carried 

out on (i) junction diodes using n-type organic semiconductors, (ii) sensors 

fabricated using organic semiconductors and organic-inorganic 

nanocomposites, and (iii) newly synthesized single crystal oligothiophene, 

respectively.     

The organic n-type semiconductors N-Butyl-N′-(6-hydroxy-hexyl) perylene-

3,4,9,10- tetracarboxylic-acid-diimide (N-BuHHPDI) and perylene- 3,4,9,10-

tetra-carboxylic acid di-anhydride (PTCDA) have been synthesized and 

employed for their potential applications in organic devices such as Schottky 

barrier junction (SBJ), heterojunction (HJ) and organic multifunctional 

sensors. The fabricated rectifying junctions, i.e. Schottky junction and 

heterojunction, are characterized by conventional current-voltage (I-V) method 

at ambient atmospheric condition at in dark. Different junction factors i.e. 

turn-on voltage (Vt), ideality factor/quality factor (n), rectification ratio (RR), 

barrier height (ϕb), reverse saturation current (I0), series resistance and shunt 

resistance are determined from the I-V curves. Other two well known 

characterization techniques, Norde’s technique and Cheungs’ functions, are 

applied to measure the aforementioned parameters of the diode. The 

parameters extracted by these different characterization methods are compared 

and found in good agreement with each other. 

To understand the temperature dependence of the heterojunction device 

parameters, the I-V properties of the heterojunction are studied at various 

temperatures from 300 K to 330 K. This has been observed that with the 
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increase in temperature the ideality factor, turn-on voltage and series 

resistance of the junction are significantly decreased. While the reverse 

saturation current and rectification ratios are increased. 

 

The morphological study of the thin films of N-BuHHPDI and PTCDA deposited 

on quartz glass has been carried out by scanning electron microscope (SEM) 

and atomic force microscope (AFM). Size of the grain, shape, orientation and 

average surface roughness of the thermally deposited films has been measured 

from the microscopy. Energy dispersive spectroscopy (EDX) has been done for 

these samples to confirm the composition of these newly synthesized organic 

materials. To measure the optical band gap of these materials, ultra-violet and 

visible (UV-Vis) spectroscopy has been performed.  

 

The N-BuHHPDI is insoluble in water and possesses excellent hydrophobic 

properties. This hydrophobic property makes these materials more distinctive 

candidates for humidity sensing applications as compared to other water 

soluble organic materials. The high sublimation temperature (700 K) is another 

convincing characteristic of this class of materials for their potential 

application as a temperature sensor to monitor temperature at elevated levels. 

At the same time, the broad UV-Vis spectrum and good absorption of light 

recommend perylenes equally useful for light sensing applications. Thus, 

taking advantages of these motivating properties, the potential of perylene has 

been explored for humidity, temperature and light sensing applications due to 

the possession of such interesting properties all together. 

 

To enhance the performance of the organic semiconductor based sensors, one 

way is to make the sensor at nanoscale and the other is to blend organic 

semiconductor with some functional nanoparticles/nanofibers. For this reason, 

an organic azo dye, methyl orange (MO), has been used as an active 

semiconducting matrix in which the TiO2 nanoparticles have been disapersed. 

The fabricated sensor response has been observed at different humidity and 



 

x 
 

temperature values. Fast recovery time and response time of the sensor has 

been achieved due to the introduction of TiO2 nanoparticles by taking 

advantage of large surface-to-volume ratio of the nanoparticles. 

 

Concerning photonic characteristics of organic polymers and small molecules, 

conjugated polymers based optically pumped lasers have been produced both 

from solution and thin films. However, significant hard work is being carried 

out on these conjugated molecules to enhance their carriers’ mobility and to 

minimize the threshold energy required for lasing to develop electrically 

pumped polymer laser diodes. Such types of materials for lasers may ultimately 

compete with their inorganic counterparts in many ways such as inexpensive, 

low-temperature and high throughput fabrication. One special type of these 

materials is single crystal oligomers which, in the last decade, have got 

incredible attention due to their interesting properties such as high charge 

carriers’ mobility, chemically adjustable wavelengths, large photoluminescence 

quantum efficiency (PLQE), large stimulated emission cross-sections and as a 

high optical gain media for their prospective uses in solid state lasers and 

broadband amplifiers. 

 

The amplified spontaneous emission (ASE), optical gain and PLQE properties of 

a newly synthesized single crystal oligothiophene 5, 5’’’’’-diphenyl-2, 2’:5’, 2’’:5’’, 

2’’’:5’’’, 2’’’’:5’’’’, 2’’’’’-sexithiophene (P6T) are reported. This oligomer crystal has 

been grown on glass substrate in a dimension of 5mm x 2mm with 10 μm 

thickness, by Prof. Shu Hotta, Kyoto Institute of Technology, Japan and its 

photonic properties have been studied at Cavendish Lab, Cambridge, UK. 
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Chapter 1 Introduction 

This chapter comprises of the significance of organic semiconductors for their 

possible applications in the electronics and optoelectronics, i.e. Schottky 

junctions, heterojunctions and humidity, temperature and optical sensors. A brief 

introduction of the amplified spontaneous emission (ASE) and optical gain is also 

presented. Motivation and objectives of the present work are given in detail 

followed by outline of the dissertation. 

 

1.1 Conjugated Polymers and Small Molecules: 

Semiconductor is a class of materials whose electrical conductivities and 

resistivities are in between metals and insulators. It is essential to indicate that 

conductivity and resistivity of these materials can be altered to a broad extent 

by changing impurity level, temperature, and optical excitation. This tunability 

of electrical properties makes semiconducting materials as first preferences for 

the preparation of electronic devices [1]. These materials can be categorized 

into two different groups on the basis their composition i.e. inorganic 

semiconductors and organic semiconductors. The famous inorganic 

semiconductors contains silicon (Si), gallium arsenide (GaAs) and germanium 

(Ge) which are repeatedly used in the electronic and optoelectronic devices [2, 

3]. The introduction and study of the organic semiconducting materials 

brought great revolution in the electronic and optoelectronic industries due to 

their interesting electrical and optical properties. Organic semiconductors are 

further classified into Single molecules, oligomers and polymers. The growth of 

the organic (opto)electronics has got the advantage due to the distinctive 

properties provided by π-conjugated system in oligomers and polymers. The 

electrical and physical properties of these materials overlaps with those of 

typically plastics, i.e. ease of processing, inexpensive, variety of desired 

chemical synthesis and mechanical flexibility [4, 5] 
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The research on organic semiconductors has become well known from the 

recent few decades as a field of essential science pertaining exceptional 

electronic and photophysical phenomena. The development of organic light 

emitting diode (OLED) [6], transistors [7] and organic solar cells (OSC) [8] are 

just a few applications of this field. Many organic solids and polymers are 

insulators. However, there are also a large number of low molecular organic 

materials and polymers whose properties are like that of semiconductors and 

metals. The field of organic electronics science and technology is relatively a 

novel multidimensional research field which consists of sequence of 

experimental and theoretical issues concerning electronic devices prepared 

from carbon-based materials [9]. Unlike conventional electronics, this field is 

distinct in many features from inorganic materials, such as Si, Ge or GaAs; e.g. 

because of amorphous structure the hopping charge transport occurs in more 

or less all organic semiconductors, unlikely to inorganic semiconductors where 

the dominant carriers’ transport is the band transport. Consequently, this 

results in small mobility and conductivity of the organic semiconductors. But 

on the other hand, the expedition for more flexible, light weight and small 

scale, thinner optoelectronic devices which require new materials with novel 

electrical properties and fabrication methods. The reason that has made the 

organic semiconducting technology more exciting and interesting is that they 

are mechanically flexible but have the characteristics that of a typical 

semiconductor with ease of processing. In addition, organic semiconductors are 

smart materials to be used in the production of electronic and optoelectronic 

devices as a result of their tuneable electrical, optical and morphological 

properties within certain limits by just altering external parameters during 

chemical synthesis and level of doping. The relatively easy process and low cost 

of organic materials are often considered as their greatest advantage over 

inorganic semiconductors [10]. 

 

Various types of junctions can be made between the organic semiconductors, 

inorganic semiconductors and metals. The most known are Schottky junction, 
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heterojunction and ohmic contact. In the past years, a thorough study of the 

semiconductor heterostructures has showed the way to the discoveries of many 

new physical and device theories i.e. semiconductor based lasers and 

photodiodes [11][12]. Some of the key benefits of organic materials are that 

they have comparatively uncomplicated and simple thin film technology 

involving low low-temperature processes [13], for instance, spin coating, drop 

casting and vacuum thermal evaporation. In addition, organic chemists 

synthesized organic materials comprised of good luminescent and 

(semi)conducting properties [11]. A large number of uses of organic 

heterojunction devices, i.e.,  OLED, organic field effect transistor (OFET), 

photovoltaic [14], and electroluminescent devices [15] have been reported. In 

addition, to achieve desirable applications, various arrangements of organic 

with inorganic semiconductor can be made [11, 15]. The heterojunction has 

been a key importance in electronics and optoelectronics ranging from simple 

p-n junction diode to complex integrated circuits (ICs). A great progress in the 

device performance has been achieved by the application of organic 

heterojunction [13].  

 

Karl Ferdinand Braun- a German physicist discovered the contact of metal with 

semiconductor in 1874. The metal-semiconductor produces the base to 

semiconductor devices [1]. This device was used for a long time without a 

thorough understanding. The German physicist, Walter Hermann Schottky, 

developed the first acceptable theory in 1930s [3, 16]. The devices based on 

metal-semiconductor are often known as Schottky barrier devices. Metal-

semiconductor contacts are very significant as they can be found in every 

semiconductor based devices. They may be used either as ohmic or Schottky 

contact depending on the properties of the junction. The later has got crucial 

place in modern optoelectronics [17]. Schottky contacts have also been 

extensively used in organic solar cells, microwave diodes, FETs, photodedectors 

and as a rectifying element in prototype organic circuits [16]. A Schottky 

barrier is a unique type of device with low voltage losses in forward bias. They 
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have also been employed in combination with other devices due to their small 

barrier voltage to protect other components in circuit [18]. Because of small 

depletion region of Schottky devices, fast switching speeds can be obtained as 

compared to p-n junction. Therefore, it permits Schottky diode to be employed 

in fast speed applications [19]. 

 

Regarding the organic semiconductors, there is a large variety of these 

materials ranging from phthalocyanines (Pc), porphyrins, perylenes, azo dyes, 

etc. Among these materials, organic dyes have semiconducting properties and 

are easily available at low-cost. Therefore, in this work, two kinds of dyes 

Perylene and its derivatives and Methyl Orange (MO) have been used for 

different applications.  Perylene is a polycyclic aromatic hydrocarbon occurring 

as a brown solid. It is the parent compound of a class of rylene dyes. Perylene 

and its derivatives are inexpensive, readily available compounds. Moreover, 

perylene and its derivatives constitute a family of promising candidates due to 

their electronic, luminescent and electrochemical properties [19]. A detailed 

study on the thin films of PTCDA has shown its uses in electronics and 

optoelectronics applications [20, 21]. Due to the organic semiconducting 

behavior, PTCDA has been employed in the application of organic thin film 

transistor (OTFT), OLEDs and OSC. It has been reported that PTCDA has a 

high crystallinity and low intermolecular distance, which give rise to strong p–p 

overlap and promising transport properties. Many researchers have explored 

PTCDA for its electronic properties on different substrates, film thicknesses 

and growth conditions [21, 22]. 

Another kind of such organic materials is MO which is basically a pH indicator 

frequently used in titrations. The pH range of MO is from 3.0 to 4.4 

corresponding to pink-red and yellow respectively. MO has also been used in 

inks, plastics and paint. MO is a nonpolymeric orange crystalline powder with 

semiconducting properties previously studied. Herein, MO has been chosen for 

the preparation of multifunctional sensors because it has conjugated structure, 

solution processability, environmental stability and low cost. The high melting 
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point ∼300 0C of MO makes it prominent to be used for high temperature 

sensing without degradation. TiO2 is another important ceramic material 

having vast applications in different kind of sensors, photocatalysis and solar 

cells. Due to the promising properties of TiO2, its nanocomposites have been 

made as one of the good candidates for fabricating humidity and temperature 

sensors. 

 

1.2 Oligothiophene Crystal as Gain Medium: 

Performance of organic semiconductor based devices significantly depends on 

molecular arrangements because it can directly influence the charge carriers’ 

mobility [23]. Organic molecular crystals can, therefore, improve the 

optoelectronic characteristics of along the specified axial directions [24]. 

Besides from this, periodic arrangements of the molecules are accountable for 

the improved carrier transport, the spectrally narrowed emission and the 

polarized emission in organic single crystals consisting of π-conjugated 

molecules. Hence, single crystal small molecules (oligomers) are very important 

to make use of highly aligned molecules in device fabrication [25]. 

 

Nearly 50 years ago, the first thiophene oligomer has been synthesized. 

Afterwards, people reported the terthiophene (3T) possesses natural insecticide 

properties. In recent times, oligothiophenes are employed in electronics and 

optoelectronics i.e., FETs and LEDs. It is worth noting that among the 

oligothiophenes derivatives, sexithiophene (6T) based FETs have been reported 

[26] to have the highest field-effect mobility. Their physical and chemical 

properties are usually studied in solution form and in the polycrystalline thin 

films which can be developed by spin coating or vacuum thermal evaporation.  

In order to have a deep insight of the properties of the solid oligothiophenes, it 

is more appropriate to consider and study their single crystals.  Normally, 
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these crystals are developed from solutions, that is why these are restricted to 

small oligomers [27]. 

 

The amplification of light through an optically pumped wavelength in a medium 

is termed as amplified spontaneous emission (ASE). It results in fast increase 

of the yield intensity with large gain coefficients and becomes lower at full 

width half maximum (FWHM) of the spectrum within 100 nm [25]. The 

amplification wavelengths are broadly varied by changing thickness of the slab 

waveguide by modifying refractive index and PLQE. However, emission 

spectrum can be varied by making blend with another higher optical band gap 

polyfluorene. These materials exhibit high gain over broad spectral range [28].  

 

In this work, the ASE threshold energy (Ethr), pumping wavelength dependent 

Ethr, net gain (g) and PLQE of oligothiophene 5, 5’’’’’-diphenyl-2, 2’:5’, 2’’:5’’, 

2’’’:5’’’, 2’’’’:5’’’’, 2’’’’’-sexithiophene (P6T) single crystal are studied. 

1.3 Motivation and Objectives: 

The incentive of using organic semiconducting materials in electronic devices 

and multifunctional sensor instigates from low cost, low temperature 

processing, mechanical flexibility, and simple fabrication steps [1-3]. The 

humidity, light and temperature control are of great significance in our daily 

life which includes moisture receptive goods, fresh and package food, medicine 

storage, environmental control for valuable antique and for safety purposes in 

various research laboratories and industries. Inorganic sensors are expensive 

and complicated to fabricate. However, their demerits for sensing applications 

can successively be removed by the use of organic susceptible materials. The 

electrical properties of organic semiconductor as a function of ambient 

parameters prove these materials promising candidates for fabrication of 

different kinds of sensors. These materials exhibit low hysteresis, 

photochemical, electrochemical and thermal stabilities [17]. Different organic 
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semiconductor based sensors have been developed and some of them have 

been commercialized for practical use. The Schottky junction and 

heterojunction are the primary component of almost all electronic and 

optoelectronic devices. It needs to be studied intensively for further possible 

improvement in the junction’s characteristics.  

 

Perylene and its derivatives have been chosen for the fabrication of rectifying 

junctions and multifunctional sensors because of their great impact as an n-

type organic semiconductor due to its good performance, high electron affinity 

and extended π-conjugated planar structure [16], good chemical and thermal 

stabilities [17]. While MO has been selected for the formation of multifunctional 

sensors due to π-conjugation, solution processability, environmental stability 

and low cost. The high melting point ∼300 0C of MO makes it prominent to be 

used for high temperature sensing without degradation. 

 

The interesting features of P6T to study are that due to its single crystalline 

nature, it possesses both high charge carrier mobilities around of 10-1cm/V.s 

and large PLQE values simultaneously. To take advantage of these properties, 

it is studied here for ASE and optical gain measurements. Because to fabricate 

an efficient laser diode, it is important for the material to have high optical gain 

and low loss coefficients. Therefore, the aim of studying P6T is to check its 

suitability for its potential applications in OFETs and low cost oligomer based 

lasers. 

1.4 Layout of Dissertation:  

Chapter 2 describes the theoretical background and relevant literature survey 

of the organic/inorganic, metal/organic contacts, junction diodes and sensors.  
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In chapter 3, the thin film characterization techniques such as microscopy, 

spectroscopy, and organic materials used experimental procedure of fabrication 

of organic heterojunction, Schottky junction and sensors are discussed. 

Chapter 4 consists of the electrical properties of Ag/PTCDA/PEDOT:PSS/p-Si 

Schottky diode by current–voltage (I-V) characteristics. The diode parameters 

are extracted by two different characterization techniques, i.e. conventional I-V 

method and Norde’s technique. The results are then compared and found in 

agreement with each other. 

Chapter 5 comprises of the electrical characterization of Ag/N-BuHHPDI/p-Si 

heterojunction by current voltage characteristics. The electrical characteristics 

of the device are investigated by making use of conventional I–V, Norde’s and 

Cheung’s methods. All the measurement are performed in ambient 

environment. After studying I–V characteristics, it is confirmed that the 

junction has rectifying behavior with a rectification ratio of 62.67 at ±5.8 V. 

Chapter 6 presents perylene diimide: Synthesis, fabrication and temperature 

dependent electrical characterization of heterojunction with p-Si. The effect of 

temperature on various device parameters is studied. 

Chapter 7 focuses on the fabrication of Al/N-BuHHPDI/ITO Schottky barrier 

diode and investigation of its electrical properties.  

Chapter 8 contains the discussion of humidity, light and temperature 

dependent characteristics of Au/N-BuHHPDI/Au surface type multifunctional 

sensor. The recovery time and response time of the sensor has been measured 

for humidity.  

In chapter 9, the enhancement in the sensing properties of MO thin film by 

TiO2 nanoparticles has been discussed.  
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Chapter 10 consists of the ASE, PLQE and optical gain studies of P6T single 

crystal to propose it for its use in the fabrication of lasers and OFETs. At the 

end of this chapter, the whole dissertation is summarized. 
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Chapter 2 Theory and Literature Survey 

This chapter presents the theoretical description of different charge transport 

mechanisms taking place within organic semiconductors and devices. The 

formation of molecular orbitals and theory of highest occupied molecular orbital 

(HOMO) and lowest unoccupied molecular orbital (LUMO) is also given. The 

formation of the Schottky junctions, heterojunction, ohmic contacts and their 

interfacial properties are discussed. A brief description of the scope, theory and 

types of the humidity sensors, temperature sensors and light sensors are 

presented. A brief literature survey, regarding the applications of organic 

semiconductors in electronic and optoelectronic devices, is also given.  

2.1 Organic Semiconducting Materials: 

Unlike inorganic materials, organic semiconductors mostly consist of 

hydrocarbons in which carbon-carbon are connected through alternating single 

and double bonds. This kind of bonding in organic semiconductor is called 

conjugation system [1]. This conjugated nature leads these materials to 

possess semiconducting properties. The electronic configuration of the six 

electrons in carbon atom in its ground state is 1s22s22p2. The electrons present 

in the inner shell do not contribute to the chemical bonding. But as the 2s 

shell is completely occupied, this propose that carbon should make two bonds 

in neighborhood because of the 2p2 unpaired electrons. But, in fact, it is well-

known that it makes four bonds. In this case, the overlap of s and p orbitals 

occurs to give rise to 3 sp2 hybridized orbitals. These kinds of orbitals are 

positioned at an angle of 1200 which form a coplanar triangular shape and 

results in stronger sigma (σ) bonds. The fourth orbital is the pz orbital that is at 

right angle to the plane formed by these atoms. The overlying effect between 

the pz electrons produces a delocalized band which is actually π orbitals. These 

π orbitals and delocalized states are the main reason for the 
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conductive/semiconductive nature of these kinds of materials. These materials 

are available in huge variety and yet possibility exists to introduce new 

materials with new exciting properties since they can be formed/synthesized 

depending on desired application. This class of materials is mainly broken into 

two groups, i.e. small molecules and polymers. Small molecular organic 

materials are typically consists of non-repeating structure (monomers). Organic 

semiconductors of this type were already investigated in the 1940’s. Whereas 

simple polymers consist of a large number of same kind of monomers and 

series of two or more monomers make copolymers. However, in the late 70’s, 

the discovery of conductive polymers showed a breakthrough in electronic and 

optoelectronic industry. With the help of these materials, electronic devices 

could be fabricated at low temperatures with minimal cost and energy 

consumption. The deed of finding the conducting polymers led Heeger, 

MacDiarmad and Shirakawa to the Nobel Prize in Chemistry in 2000 [2]. 

All these materials whether monomers or polymers are composed of conjugated 

bonds system which is important to achieving electrical conductivity. The thin 

films of polymers are usually casted from solution by printing technique, drop 

casting, spin coating etc whereas small molecules are often sublimed by 

vacuum thermal evaporator.  However, small molecules show relatively better 

performance than the polymers [3, 4]. Still, the conduction mechanism in both 

polymers and small molecules are common due to π conjugated electrons. 

2.2 Conduction Mechanism in Organic Materials:  

The four valence electrons in the 2s22p2 shells combine to give a hybridized 

structure as discussed in section 2.1. There are different types of hybridized 

orbtials i.e. sp1, sp2, and sp3 which form triple, double and single bonds 

respectively. When one 2s orbital combines with the two 2p orbitals, a 3 sp2 

hybrid orbitals are formed with one unhybridized p orbital. The other two sp2 

orbitals create covalent bonds with the carbon atoms present in the 

neighborhood. The third one produces covalent bond with any other side group 
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or hydrogen. This forms a cylindrically symmetric bond about the inter-nuclear 

axis and is known as σ-bond. On the other hand, the remaining unhybridized 

pz orbital overlies the unhybridized pz orbital of the other carbon results in a π-

bond. So π-bond is formed when electrons interact side by side, out of the 

inter-nuclear axis. Figure 2.1 shows the schematics of hybridization. The 

electrons in the π-bonds are weakly bound through Van der Waal forces and 

hence can be relatively easily delocalized. This delocalization of the π electrons 

gives rise to the conduction electrons in organic materials. Unlike covalent 

bonding in Si, Ge and GaAs, the bonding nature of organic and inorganic 

semiconductors is, actually, different from one another. Due to this different 

nature of bonding (Van der Waal interaction) in organic materials, they possess 

interesting mechanical and thermodynamic properties such as less rigidity, 

good flexibility, solution processability and lower melting points. Even most 

notably, due to sufficient weaker delocalization states neighboring molecules 

has a straight implication for optoelectronic properties. However, the electronic 

interaction between adjacent chains in a semiconducting polymer is typically 

quite weak. 
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Figure 2. 1: Bonding schematics in conducting conjugated polymers. The sp2 hybrid orbitals 

are shown in light gray, and the unhybridized pz orbitals in white. Electrons are represented by 

the dots. The two sp2 hybrid orbitals on the side extend in and out. 

 

In summing up this discussion, the sp2 hybridization in conducting polymers is 

of great importance because this leaves one p electron per atom to form its own 

band. Moreover, the single and double lengths are not equal and exhibit the 

Peierls instability i.e. C–C bonds are longer than C=C bonds. So it divides this 

simple band into two sub-bands, a completely filled valence band known as  

highest occupied molecular orbital (HOMO) and an unfilled conduction band 

known as lowest unoccupied molecular orbital (LUMO). The band gap (Eg) for 

organic semiconductors can be expressed as the energy separation between 

HOMO and LUMO. In figure 2.2, the relation between the Eg and conjugation 

length is shown. It can be seen that with increase in the conjugation length, Eg 

decreases. This may possibly be feature of increasing energy levels. 
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Figure 2. 2: The dependence of conjugation length on the energy gap of organic 

semiconductors. 

 

2.3 Charge Transport Models for Organic 

Semiconductors: 

In general, there are three transport mechanisms that are suitable for 

polycrystalline semiconductors within different temperature ranges. These 

mechanisms are; 

i. Thermionic emission of the carriers  

ii. Tunneling through the grain boundary 

iii. Hopping between the localized states, 

2.3.1 Thermionic Emission:  

Bethe proposed the thermionic emission model for the first time while diffusion 

theory has been introduced by Schottky. Later the more general theory was 

developed by Crowell and Sze [5, 6] in which they merged the two together into 

a single theory. 
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Generally, thermionic emission means releasing of electrons out of the hot 

surface of a metal. If this metal behaves as a cathode, the electrons released 

would be collected at the anode. The density of the emitted current is known as 

saturation current density Is. The relation that combines Is, temperature and 

work function of metal surface is termed as Richardson equation. In thermionic 

emission mechanism, the temperature is relatively high and the carriers have 

adequate energy to help them in crossing the barrier formed at the grain 

boundaries. Since, actually the grains in polycrystalline material are present in 

different shapes and sizes. So due to the disordered atoms, there are large 

number of defects presents in the semiconductor. Because of these defect 

states the charge carriers are trapped and the number of free carriers available 

to allow conduction is significantly reduced. To solve this problem, it is 

assumed that the different grains have the same size (Lg) and shapes. Another 

supposition is that all the impurity atoms are ionized and of one type. However, 

the distribution of these impurities is supposed to be homogeneous. The traps 

in the grain boundaries are initially electrically neutral and become charged 

when free carriers are trapped. A space charge region is created when the 

mobile carriers close to the grain boundaries are trapped. In this model, 

conduction occurs by tunneling and thermionic emission of charge carriers. 

But, for heavily doped materials, the barrier height decreases abruptly so that 

the tunneling effect can be ignored. The conductivity can be determined using 

a thermionic emission current [7]: 
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where nav is the average carrier concentration and Va is the applied voltage 

across the grain boundary. For low applied voltage, (qVa << kT), the current-

voltage (I-V) expression describes a linear relationship which confirms that the 
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ohmic transport of carriers are dominant. The conductivity can be expressed 

as, 
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Equation (2.1) can reduced to 
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is the reverse saturation current density. 

   

 Equation (2.3) is the famous Schottky relation which suggests an exponential 

behavior of the current density with respect to temperature and voltage. 

Ordinarily, the modified form equation (2.3) is given by: 
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where n is the quality or ideality factor given by the relation; 
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Quality factor n describes the deviation of a semiconductor junction from the 

ideal diode behavior. The magnitude of n is equal to 1 for the ideal 

semiconductor junctions when there is low doping and high temperatures, and 
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is greater than 1 for real case where the doping is increased or the temperature 

is decreased. The larger magnitude of n may be as a result of the interfacial 

layer, tunneling through depletion region, series resistance and trap states 

present in the semiconductor or charge recombination.  

 

However, in practical Schottky diodes, the deviation of n from ideal value is 

normally found. A few of the known and major reasons for this non-ideality are 

series resistance across the junction, the existence of other transports of the 

carriers and non-uniform barrier heights which are verified and reported by 

many authors [8]. The barrier height Φb is expressed by the following equation 

(2.8); 
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2.3.2 Tunneling:  

When barrier at the grain boundary is high but of narrow width, then due to 

insufficient energy of the charge carriers, they can’t surmount the barrier at 

low temperatures. In this case, Instead of thermionic emission, conduction 

occurs by quantum mechanical tunneling of the charges between the localized 

states. The boundary of every localized state offers the role of potential barrier. 

A number of people, Seager and Pike, Garcia studied tunneling currents [9]. 

Seto assumed that the conduction band bottom within crystallite is taken to be 

at zero energy and the number of trap states at the boundary is temperature 

independent. Then, the transport of carriers is dominantly because of 

thermionic emission and tunneling currents. The tunneling current density 

calculated by WKB (Wentzel-Kramers-Brillouin) approximation is given by 

Simmons,  
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where Jo is the tunneling current at 0 K and F is given by, 
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where    is the average barrier height of the grain boundary potential and 

Lbf is the barrier width at the Fermi level. The conductivity can be found from σ 

=LgJ/V as, 
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with 0  is the conductivity at 0 K. If FT is small enough, the conduction for 

tunneling mechanism is expressed as; 
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2.3.3 Hopping: 

This conduction process is the prevailing transport mechanism at low 

temperatures. It does not contribute to conduction process of charge carries 

when the impurity states are sufficiently low, within the impurity band. In 

organic materials charges move as heavy quasi particles known as polarons. 

Polarons are composed of an electron paired with an electronic dipole induced 

in the lattice or molecular structure by the charge repulsion and attraction of 

the electron with nearby ions. The main types of polarons are; small molecular 

and lattice polarons. Small molecular polarons arises from oscillations in the 

lattice structure whereas structural defects and impurities results in lattice 
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polarons due to sufficient stronger forces. There exists an electron cloud 

around the dipole which takes the form a heavy quasi-type particle. The 

modeling of carrier movement through organic semiconductor involves the 

description of potential barriers and quantum well traps. So as the electrons 

achieve sufficient energy, they are set free from their associated dipole and 

move through the lattice to neighboring trap. But very soon, they lose their 

energy because of the oscillatory nature of the lattice and impacts with the 

phonons. Charge carriers transportation by this way of traps and release 

mechanism leads to the hopping model in organic semiconductors. Due to the 

amorphous and disordered nature of organic semiconductors, the concept of 

band conduction does not apply here. However, localized states are produced 

and charge carriers travel from one such a state to another through hoping. 

During hoping process, they absorb or emit phonons to compensate the energy 

difference between those states. In 1956, Conwell and Mott suggested model of 

hopping to describe the impurity conduction in inorganic semiconductors [10]. 

This model states that electrons hop from one lattice polaron trap to another 

instead of traveling freely through the semiconductor lattice, as shown in 

Figure 2.3. 

 

 

 

Figure 2. 3: Transport of lattice polarons by hopping between quantum well traps. 
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Generally, there are two possible processes where hopping conduction can 

occur. One is hopping at constant range that arises by jumping of charge 

carriers to the nearest states. The second one is hopping at variable range 

where carriers hop/jump from the nearest neighbors to empty states away. In 

amorphous and polycrystalline materials, hopping process depends on the 

grain size Lg, doping concentration N and dielectric constant ε. The definition of 

the Debye length is given by, 
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The variable range hoping of the carriers is dominant at broad range of 

temperature when the grain size is smaller than the Debye length. Otherwise, 

the variable range hopping will be effective only at the lowest temperature. 

According to Mott’s analysis, average energy difference between the localized 

sites close to the Fermi energy states is found out by the postulation that the 

probability of a charge carrier jumping to another site is at least one. Thus the 

energy W can be expressed as, 
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Where R is the most probable jumping distance and is defined as the distance 

at which a charge carrier jump from one state to another, and is given by, 
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where α is the decay constant which tells about the rate of fall-off of the 

wavefunction of an electron at any site. Hence, for the most probable jumping 

distance, the jump probability is expressed as; 
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So according to the Mott’s analysis the temperature dependence of the variable 

range hopping conduction can be expressed as, 
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There are several derivations suggested for the conduction mechanism of 

variable range hopping. In general, temperature dependence remains the same 

but the numerical factor A differs. The most general equation for the 

conductivity for the disordered materials at low temperatures is given by, 
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where σ0 is conductivity at T0, and T0 is measure of disorder given by the 

expression, 
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where λ is a dimensionless constant. The hopping at variable range takes place 

for the condition W > kT and αR>1. 
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2.4 Dependence of Charge Transport on Temperature: 

Among the key factors that describe the charge transport mechanism is the 

charge drift mobility, and the effect of temperature. As suggested by Einstein, 

the relation between mobility, temperature and drift speed mobility is 

expressed as follows: 

 

evL

kT
        (3.21) 

 

whereas L is the free path, e is the charge that of an electron, k is Boltzmann 

constant, v is drift speed and T is temperature. The charge mobility is an 

intrinsic property that is different for different kind of material. Since the 

response time and efficiencies of optoelectronic devices are clearly affected by 

the charge mobility. 

2.5 Junctions: 

Here the junctions of metal with metal, metal with semiconductor, and 

semiconductor with semiconductor are studied. The point is to discuss the 

tendency of electrons when a junction is made by combining two different 

materials. To study the electronic properties of these interfaces, only valence 

and conduction bands are considered. When a metal and semiconductor are 

adhered, there are two possible ways in which this contact may behave 

depending on the metal and semiconductor. One of them is rectifying 

contact/junction, which only allows current to pass in one direction. The 

second possibility is the ohmic contact, where current can pass in either 

direction. 
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2.5.1 Metal-Semiconductor Junction: 

The first regular study of metal-semiconductor rectifying junctions is usually 

pointed to Braun at the time of 1874. He studied the effect of resistance of a 

point junction on the nature of applied. In the practical uses, the point-contact 

rectifier was found in beginning of 1904. Wilson, in 1931, proposed the band 

theory of solids to understand charge transport in semiconductors which was 

later applied to metal semiconductor junctions. Schottky, In 1938, [12] 

proposed that stable space charges are responsible for the potential barrier in 

the semiconductors. This model has given birth to the well known Schottky 

barrier [10]. In 1942, Bethe modified these models [13] and led to the 

thermionic-emission theory that precisely demonstrate the electrical behavior. 

 

Normally, metal–semiconductor contacts are used for two different kinds of 

purposes in the preparation of semiconductor devices. These are the ohmic 

contact and Schottky junction. Schottky junction demonstrates non linear 

current– voltage (I–V) properties. On the other side, ohmic contact exhibits 

symmetrical I–V properties despite of the applied voltage polarity. An ideal 

ohmic contact forms when the loss in voltage across the metal–semiconductor 

junction is zero. Moreover, In Schottky barrier diode, the large area of the 

junction between metal and semiconductor offers the advantages of low 

resistance in the forward bias with minor noise creation as compared to the 

point-contact diode. Because of these advantages, Schottky diodes are suitable 

especially for the applications in detectors, microwave receivers, and mixers. 

 

2.5.2 Schottky Band Bending Diagram: 

When two materials are combined to form a contact, redistribution of charge 

carriers take place and, eventually, equilibrium is established at the junction 

where the Fermi levels of these two materials are aligned to the same level. The 

band illustration of metal with p-type semiconductor junction before the 
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contact is formed represented in figure 2.4, for condition when the metal work 

function is less than that of the semiconductor. Fermi states of metal as well as 

semiconductor are represented by Emf and Esf, respectively. Evac is the energy 

level vacuum for both before contact is made.  

 

 

 

Figure 2. 4: Energy-band diagram of a metal and p-type semiconductor before contact when 

Фs>Фm. 

 

In the above figure, work function of p-type semiconductor and metal are 

designated by Фs and Фm, respectively. Фs depends on the doping and impurity 

level because the Fermi levels of a semiconductor can be altered by the 

variations of these parameters. Before the contact, Esf is below the Fermi level 

of the metal by an amount (Фs - Фm). As the gap between the metal and 

semiconductor decreases, electrons move into the semiconductor from the 

metal until the Fermi levels of both sides are leveled. A negative space charge 

region of thickness d which is depleted of holes in the semiconductor will be 

created due to ionized acceptors. Accordingly, a surface density of positive 

charge is produced at the metal surface, shown in figure 2.5.  
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Due to this new charge configuration at the metal-semiconductor junction, an 

electric field ε which is located almost entirely in the depletion region of the 

semiconductor is produced. This electric field results in a gradient of 

electrostatic potential across the depletion layer which also indicates that the 

energy levels in the bulk of semiconductor have been raised by an amount (Фs -

Фm). Therefore, the built in potential barrier between the semiconductor and 

the metal for a hole going from the semiconductor to the metal is given by qVbi 

= (Фs - Фm). 

However, the potential barrier for holes on the metal side of the contact is (Es - 

Фm), where Es is defined as the depth of the top of the filled band of the 

semiconductor below the vacuum level and given by (χ s+ Eg). 

 

 

 

Figure 2. 5: Energy band diagram after contact is made. 

 

The above discussion explained the creation of depletion region in the metal 

semiconductor junction for the case that Фs is greater than Фm. The opposite 

case for which Фm is greater than Фs can be analyzed by analogy, as the 

following. The Fermi state in semiconductor is higher than that of the metal by 

an amount (Фm- Фs). As the gap between metal and semiconductor vanishes, 
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electrons flow out of the semiconductor leaving a positive surface charge due to 

holes on the semiconductor side and a negative surface charge on the metal 

side. Therefore, Esf is stepped down by magnitude of (Фm-Фs) and leveled with 

the Emf. Holes that move into the metal from the semiconductor are neutralized 

instantly due to the high electron concentration in the metal side. As shown in 

figure 2.6, no barrier formed for the holes in the semiconductor. Such a metal-

p-type semiconductor junction shows an ohmic behavior, since the forward 

and the reverse currents are almost equal. 

 

 

 

Figure 2. 6: Energy band diagram after contact when Фs<Фm. 

 

2.5.3 Semiconductor-Semiconductor Heterojunction: 

Combinations of semiconductor with another semiconductor heterostructures 

have got significant interest in optoelectronics because it opened new ways to 

device fabrication. In general, a heterojunction is defined as the interface 

between two different kinds of semiconducting materials with different band 

gaps. They can be classified as abrupt or graded heterojunctions depending on 

the distances in which the transition from one material to the other is 
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completed at the interface. Another classification of the heterojunctions was 

made in literature by the types of conductivity present on either side of the 

junction. If the junction is formed with two different materials of the same 

conductivity type, then this type of junction is known as isotype-

heterojunction, otherwise is classified as anisotype-heterojunction.  The later is 

more common and valuable structure as compared to its counterpart. The 

application of heterojunction to be effectively used in emitter-base injector of 

bipolar transistor was proposed by Shockley in 1951. Later, Kroemer studied a 

graded heterojunction as a wide-bandgap emitter [14]. 

  

If the change takes place at small atomic distances then the junction is known 

as abrupt, if not, then is named as graded. Various models have been proposed 

for current flow in heterojunctions. Gubanov was first to study both isotype 

and anisotype heterojunctions. Later, Kroemer has suggested that anisotype 

heterojunctions shown better results of injection efficiencies in comparison to 

isotype heterojunctions. However, the basic model was introduced by Anderson 

in 1960. He was also the first to fabricate both types of heterojunctions. His 

model is a fundamental one that provides a base for the ideal situation in the 

heterojunctions. 

 

Most modern optoelectronic devices utilize heterojunctions between different 

semiconductor materials. They are used to restrict the flow of carriers or to 

collect carriers where they are needed. The most important junction 

parameters are the offsets ΔEc and ΔEv of conduction and valence band edge, 

respectively. They add up to the band gap difference ΔEg between both 

materials. The band offset varies with the material system and it is often not 

exactly known. The band bending near the heterojunction is caused by the 

redistribution of electrons toward the material with the lower electron energy. 

The remaining donor ions pull the electrons back and an equilibrium carrier 

profile is established. 
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The current flow across a heterojunction can be limited by thermionic emission 

or by drift and diffusion. The latter case arises when the junction depletion 

width is much larger than the carrier “free flight” distance between two 

scattering events. In this case, carrier penetration is mainly hindered by the 

high resistance of the depleted region, and inclusion of the thermionic emission 

formula in the drift–diffusion equations is not important. In the opposite case 

of small depletion width, the electrons hit the barrier in “free flight”. With very 

thin depletion region (high doping), electron tunneling through the potential 

barrier may create an even stronger current than thermionic emission. 

2.5.4 Band Bending Diagram of Heterojunction: 

Let us consider the following figure 2.7, which demonstrates the heterojunction 

energy band diagram. Two dissimilar semiconductors are brought into contact. 

Assume that one of the semiconductors is p-type which is labeled with 1 and 

has electron affinity, band gap, and work function as qχ1, Eg1 and qФ1, 

respectively. In the same way, the other semiconductor is n-type that is labeled 

with 2 and has work function qФ2, band gap Eg2 and electron affinity qχ2 [15]. 
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Figure 2. 7: (A) Energy band diagram of the two semiconductors 1 and 2 taken separately 

before contact is made, (B) Energy band diagram of semiconductor 1 and 2 after contact is 

formed. 

2.6 Space Charge Limited Current: 

Literally, space charge refers to charges in space. Moreover, it means the 

deliberation of charges i.e. electrons, holes or ions in some. These charges 

could be movable or localized; however, produce non-uniform localized electric 

field. Under this non-uniform field, the charge transport is recognized as space 

charge limited current (SCLC) which takes place in nearly all organic 

semiconductors [17]. 

The relatively low charge mobilities organic semiconductors and with high 

desired currents across the devices can lead to growth of charge carriers in the 

bulk. This extra charge makes space charge which produces a field that results 

in the decreased throughput. This mechanism is known as space charge 

limited current (SCLC). When there exists no traps and space charge has been 

produced due to voltage (V) and is written in the form [18]; 
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Where, at the right side of (2.22), the first term denotes ohmic factor whereas 

the second is the SCLC term and I is the current across a semiconductor, p0 is 

the thermally free charges density, ε the dielectric constant, μ is carrier’s 

mobility and d is film thickness. 

 

The SCLC measurements give a consistent way to get information about the 

density and location trapping of these states in the forbidden gap of broad 

energy band gap materials, as shown in the figure 2.8. If the electrodes made 

on the semiconductor film are ohmic, the conduction process is space charge 

limited. Ohmic contacts will not add significant impedance to resistance of the 

bulk and thus the equilibrium carrier densities in the bulk is not affected by 

the electrodes. In small voltage regions, resistance of the bulk controls the 

conduction process in the semiconductor and straight line of the current-

voltage curve is achieved which refers Ohm’s law [19, 20]. But, for higher 

voltages, injected charges from the electrodes control the flow of current 

through the film. However, if injected charge density is more as compared to 

the free charge density, this results in SCLC because at this level almost all the 

traps are filled and the injected charges are taking part directly into the 

conduction and, consequently, the flow of current is increased. This is 

concluded by the child’s or power law i.e. I~ V2 [21].  
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Figure 2. 8: Schematic log-log plot showing the shape of the current-voltage characteristics for 

space charge limited current with deep and shallow traps. 

 

region is followed by a super linear region in which current is proportional to 

V2 [21].  
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Chapter 3 Experimental Work 

This chapter deals with all the materials used and experimental processes 

for the devices fabrication and its characterization. For material 

characterization, the structural and morphological techniques e.g. atomic 

force microscopy (AFM) and scanning electron microscopy (SEM) while for 

spectroscopic characterization, ultra-violet and visible (UV-Vis) 

spectroscopy have been used and discussed in details. Thermal vacuum 

evaporation and spin coating have been used and discussed for device 

fabrication while for device characterizations, the current-voltage 

measurements were taken for the junction diodes while capacitive and 

resistive measurements were taken against humidity, temperature and 

different light intensities.  

3.1 Materials: 

The materials used in this research work are the substrate materials i.e. 

microscopic slides, quartz slides, indium tin oxide (ITO) coated glass 

slides, p- and n-Si wafers, and the active organic materials i.e. PTCDA, 

N-BuHHPDI, MO, PEDOT:PSS and TiO2 nano particles while for metallic 

electrodes silver (Ag) and aluminum (Al). For the deposition of these 

materials, thermal evaporation and spin coating have been used.  

 

P6T crystal has been used for the investigation of ASE measurements, 

optical gain and PLQE. 

3.2 Device Preparation: 

In this section, all the steps required for the preparation of devices i.e. 

junctions diode and multifunctional sensors are discussed. These steps 

are necessary for the fabrication. These steps are discussed in details as 

below: 
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3.2.1 Substrate Preparation: 

To prepare the substrates for device fabrication, they must be cleaned. 

The substrates were cleaned in the distilled water by using the ultrasonic 

cleaner for 10 minutes to remove dust particles and other 

contaminations. After that they were dried in air in dust free 

environment. The Si substrates were also cleaned in acetone, water 

solution of hydrofluoric acid (HF/H20 (1:10) solution) followed by de-

ionized water. Before the deposition of the organic materials, the 

substrates were plasma cleaned in vacuum thermal evaporator for five to 

seven minutes to remove all contaminations. 

To dry the substrate after wet cleaning and to anneal the spin casted 

PEDOT:PSS film, hot plate with dry Nitrogen flow is used, as shown in 

figure 3.1. 

 

Figure 3. 1: Sample on hot plate with Nitrogen flow from the top for drying the sample. 
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3.2.2 Spin Coating: 

Spin coating is a physical vapor deposition technique used for the 

deposition of thin films from solution. In this process, first of all, the 

substrate is placed on the chuck of the spin coater device and solution of 

the depositing material is dropped on the substrate. Then it is allowed to 

rotate at high speed in order to spread the solution and form a thin film. 

In this research work, thin film of the organic polymer Poly (3,4-

ethylenedioxythiophene) doped with poly(styrenesulfonic acid) 

(PEDOT:PSS) is deposited through spin coating. For this purpose, spin 

coater have been used as is shown in figure 3.2. 

 

Figure 3. 2: Working on Spin coater. 

 

3.2.3 Thermal Evaporation: 

Thermal evaporation is also a physical vapor deposition technique. In 

this method, the material is melted through resistive heating and its 

vapors are raised to the substrate. This process takes place in a high 

vacuum, so that the mean free path of the evaporating material becomes 
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longer to allow the evaporated material to reach the substrate without 

reaction with impurities or scattering against other gas-phase atoms in 

the chamber. Obviously, only those materials having a much higher 

vapor pressure than the heating element and can be deposited without 

contamination. The chamber of the evaporator is evacuated by vacuum 

pumps to reduce the pressure inside the chamber to 5x10-5 mbar or 

lower. The evaporating material is placed in a boat and is heated 

resistively so the material is evaporated on the substrate. The thickness 

of the deposited film is estimated by a thickness monitor fitted in the 

evaporator chamber. 

The evaporator used in this work is Edward Auto 306 thermal 

evaporator, as shown in figure 3.3, with an in-situ FTM-5 film thickness 

monitor. The organic materials and metallic electrodes were deposited 

using Edward Auto 306 thermal evaporator. 

 

 

 

Figure 3. 3: Edward Auto 306 Thermal Evaporator within the Glove Box at Cavendish 

Lab, Cambridge, UK. 
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3.2.4 Glove Box: 

It is a sealed container and is designed for performing experiments or 

testing of devices in an inert environment to avoid contaminations. In the 

glove box there are gloves arranged in such a manner that a user can 

place his/her hands into the gloves and can perform the required tasks 

inside the box and also able to see the work being performed inside. To 

achieve the high purity inside glove box, an inert atmosphere, such as 

argon or nitrogen gas is used. The glove box used in this work is shown 

in figure 3.4. 

 

 

Figure 3. 4: Glove box system. 

 

3.2.5 Fabricated Devices: 

In the work carried out in this dissertation, sandwich type junction 

diodes and surface type multifunctional sensors have been fabricated. 

The schematic diagrams are shown in figure 3.5. 

 

 

 

metal 
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Organic material 
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3.2.6 Device Characterization: 

After device fabrication, they were characterized. The junction diodes 

were characterized by current-voltage (I-V) characteristics, using Keithley 

setup (shown in figure 3.6), to extract different diode parameters such as 

the rectification ratio (RR), turn-on voltage, ideality factoe (n), barrier 

height (ϕb), series resistance (Rs) and shunt resistance (Rsh). These 

parameters were also calculated by Cheung’s method and Norde’s 

(a) 

(b) 

 

(c) 
Figure 3.5: Fabricated devices: (a) schematic diagram of sensor, (b) Schematic diagram of 

heterojunction and (c) actual device. 
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method and were in good agreement with the values calculated from I-V 

characteristics. 

 

 

Figure 3. 6: Current-voltage (I-V) measurement setup. 

 

The sensors were characterized by humidity, temperature and light 

dependant capacitance and resistance characteristics using a home-

made setup as shown in figure 3.7. 
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Figure 3. 7: Setup for temperature, humidity and light sensing measurement. 
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3.3 Material Characterization: 

In this section, all the characterizations techniques related to material 

are discussed. These characterizations include structural and 

morphological techniques i.e. AFM and SEM and spectroscopic 

characterizations i.e. UV-Vis and FT-IR spectroscopy. The optical ban 

gap is also estimated from the UV-Vis spectrum sing Tauc’s law. 

3.3.1 Atomic Force Microscopy: 

It is a scanning probe imaging technique that analyzes the surface and 

gives images of the surface topography by selecting a limited scan area. It 

has a high resolution of angstrom (Ao) level and it makes the AFM as the 

best tool to study surface morphologies of materials.  

The principle which governs the operation of AFM is that it has a 

cantilever having a sharp tip which scans the surface of the sample. The 

radius of curvature for cantilever tip is ~10-50 nm. On arriving in the 

proximity of the surface of the sample, the wander wall forces (of the 

order 1 nN) developed between the surface of the sample and cantilever 

tip will cause to deflect the cantilever. The cantilever actually deflects a 

laser beam and hence this deflection is recorded by a photo detector as 

shown in figure 3.8 [1]. By this procedure, a small area is scanned and a 

3-D picture of the surface is obtained. 
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Figure 3. 8: Schematic diagram of AFM. 

 

The modes of operation of AFM are contact and non contact mode. The 

simplest mode is contact mode in which the tip physically contacts the 

surface of the sample. The disadvantage in contact mode is that the tip 

will exert a force, though small, on the atoms which exist on the sample’s 

surface. Due to this force, the surface of the sample may be damaged. In 

the non contact mode, the cantilever tip will not physically touch the 

surface of the sample. This mode is less destructive as compared to 

contact mode. 

In this work, atomic force microscopy (AFM) surface scans of the 

deposited layers were obtained using Veeco Digital Instruments 

Dimension 3100 scanning probe microscope, as shown in figure 3.9, the 

software used was veeco Instruments NanoScope for determination of the 

root-mean-square (rms) surface roughness from the AFM scans. Other 

parameters like the scan area and image bow (sample tilt) could alter the 

measurements of the surface roughness. 
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Figure 3. 9: Atomic Force Microscope (AFM) by Veeco Digital Instruments Dimension 

3100. 
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3.3.2 Scanning Electron Microscopy: 

Scanning electron microscope (SEM) is an imaging tool with high 

magnification and it is based on electronic beam (e-beam) unlike optical 

microscopy. The schematic diagram of SEM is shown in figure 3.10 [2]. 

In SEM, an electron beam is generated by an electron gun (cathode) 

situated at the top of the microscope. This e-beam is accelerated by an 

anode. The anode has a slit which allows only those electrons that are 

vertically downwards directed. The beam is focused on a narrow area of 

sample with the help of magnetic lens. 

 

 

Figure 3. 10: Schematic diagram of SEM. 

 

The entire path followed by the e-beam is in high vacuum. When the e-

beam hit the surface of the sample, the sample ejects electrons and x-

rays. The lateral movement of the beam on the sample’s surface is 

controlled by scanning coils. For the detection of the direction and 

intensity of x-rays, backscattered and secondary ejected electrons, 
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special detectors are used and convert it into a data signal. This data 

signal of the scanned area is finally translated through software into a 

high resolution image. The sample must be conductive for SEM, as it is 

based on e-beam. So, a thin metallic layer is deposited on non-

conductive samples to make them conductive. 

In this work, a GEMINI SEM is used with LEO 1530 base table, whose 

photograph is shown in figure 3.11. For elemental analysis of the 

samples, energy dispersive X-ray spectroscopy (EDX) is also used. 

 

 

Figure 3. 11: GEMINI SEM is used with LEO 1530 base table. 

 

3.3.3 UV-Visible Spectroscopy: 

In this spectroscopy, light of intensity I, from a source, is made incident 

on the sample. The sample absorbs some light and after passing through 

the sample the intensity of light becomes I0. The ratio I/I0 is called 

transmittance T [3]. From the transmission spectrum, the optical band 

gap is estimated according to the Tauc law [4] as: 
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    (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. 

To obtain the UV-Vis spectra of the samples, HP 8453 (UV)-Vis-near 

infrared (NIR) spectrometer is used. The spectrometer used in this work 

is shown in figure 3.12. 

 

 

 

Figure 3. 12: HP 8453 (UV)-Vis-near infrared (NIR) spectrometer. 
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Chapter 4 The Electrical Characterization of 

Ag/PTCDA/PEDOT:PSS/p-Si Schottky Diode by Current-

Voltage Characteristics 

In this chapter, the Ag/PTCDA/PEDOT:PSS/p-Si Schottky diode has been 

fabricated by adding a layer of organic compound 3,4,9,10-perylene 

tetracarboxylic dianhydride (PTCDA) on top of the p-Si for which the junction 

characteristics  have been investigated . The electronic properties of device have 

been studied by the conventional I-V and the Norde’s methods. For conventional 

I-V measurements the rectifying behavior has been observed with a rectification 

ratio of 236. The barrier height and the ideality factor values of 0.81 eV and 3.5, 

respectively, for the structure are extracted from the forward bias I–V 

characteristics. Various electrical parameters such as reverse saturation current, 

series resistance and shunt resistance have been calculated from the analysis 

of experimental I-V results and discussed in detail. The series resistance and 

barrier height values are also determined by the Norde’s function and are found 

in good agreement with values calculated from conventional I-V measurements. 

The charge conduction mechanism has also been discussed. 

4.1 Introduction:  

Reliable and well controlled contacts are needed for almost all semiconductor 

devices. Metal-Semiconductor (MS) structures serve the purpose in form of 

Schottky barrier diodes (SBD) [1]. SBD plays a vital role in the device 

performance [2] and is most widely used contact in semiconductor electronic 

devices, such as field effect transistors, solar cells and photodetectors etc. [3, 

4].  Certain parameters, such as barrier height, ideality factor and series 

resistance determine electronic properties of the Schottky diode. Complete 

information about the nature of the diode can be obtained from these 

parameters. For the understanding of the electrical properties of the Schottky 
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diode it is extremely important to study the interface properties, which mainly 

control the performance of the Schottky diode [4-6]. In general, the physical 

properties of the metal-semiconductor interface depend on the surface 

preparation methods, which ultimately affect the performance, electrical 

properties, stability and reliability of the MS devices [7, 8]. The introduction of 

non-reactive organic thin films at the MS interface can reduce the states 

during metallization process [7]. Forest et al. [9] and also Antohe et al.[10] 

introduced the organic interfacial layer by sublimation in metal-interface-

semiconductor (MIS) structure for determining the barrier height and ideality 

factor. Cakar et al. obtained ideality factor and barrier height by adding 

pyronine-B on the Si-substarte [11]. The I-V curves were determined for the 

devices fabricated from thin films formed by anodization method and the diode 

parameters were obtained [12, 13]. Furthermore, in some studies, the  

investigation on the interfacial layer for the estimation of barrier height data 

[14], effect of interfacial layer on the ideality factor [15] and Schottky contacts 

[16] have been reported. The organic-inorganic semiconductor diodes could 

provide a useful tool for passivating interface states, surface damages and 

contamination in order to ultimately enhance the performance of devices 

based on semiconductors [10, 17, 18]. 

 

Among plethora of organic semiconductors, perylene and its derivatives 

constitute a family of promising candidates due to their electronic, 

luminescent and electrochemical properties [19]. A detailed study on the thin 

films of PTCDA have shown its use in a various electronic and optoelectronic 

applications [20, 21]. Due to the organic semiconducting behavior, PTCDA has 

been employed in the application of organic thin film transistor (OTFT), 

organic light emitting diodes (OLED) and organic solar cells (OSC) [22-24]. It 

has been reported that PTCDA has a high crystallinity and low intermolecular 

distance, which give rise to strong π-π overlap and promising transport 
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properties [25]. Many researchers have explored PTCDA for its electronic 

properties on different substrates, film thicknesses and growth conditions 

[21].  

The purpose of this study is to introduce an organic thin film of PTCDA as an 

interfacial layer between metal and semiconductor to form an MIS structure. 

Furthermore, the semiconductor organic thin film (PTCDA)/semiconductor (Si) 

contact has been investigated for rectifying behavior.  In this study the 

electrical properties of PTCDA/p-Si MIS structure has been investigated 

through I-V characteristics under dark at room temperature. The aim of the 

present work is to extract the electronic parameters through different I-V 

methods and study the charge transport mechanism through the device. 

4.2 Experimental Work: 

4.2.1 Synthesis of PTCDA: 

Perylene-3,4,9,10-tetracarboxylic acid dianhydride (PTCDA) is a primary 

starting material for the synthesis of Perylene-3,4,9,10-tetracarboxylic acid 

diimide derivatives (perylene diimides, abbreviated as PDIs). Following steps 

are involved for the synthesis of PTCDA.  

 

1. Oxidation of acenaphthene to give 1,8- naphthalene dicarboxylic acid 

anhydride. 

2. The resulting product was treated with ammonia to give naphthalene- 

1,8- dicarboxylic acid imide. 

3. By oxidative coupling of two of these naphthalene imide molecules, 

through aerial oxidation in the presence of KOH at 200oC Perylene-

3,4,9,10-tetracarboxylic diimide (PTCDI) was obtained 
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4. Finally, on hydrolysis of PTCDI with concentration sulfuric acid at 

220oC PTCDA was obtained. 

 

Scheme 1  

 

 

 

 

 

 

 

 

 

4.2.2 Device Fabrication and Characterization: 

Chemically the PTCDA is known as 3,4,9,10 perylene tetracarboxylic 

dianhydride and its chemical structure  is  shown in  figure  4.1. The samples 

were prepared on cleaned and polished p-type Si wafer with (1 0 0 ) 

orientation.  To remove the native oxide from the front surface of the p-type 

Si substrate, a solution of HF : H2O with a solution strength of 1:10 was 

used. Later the substrate was cleaned in acetone using ultrasonic bath for 5 

minutes followed by drying with a stream of nitrogen gas. Further oxide layer 

was removed by treating the p-Si with plasma ashing using JLS Designs 

Plasmaline TEGAL having CESAR RF Power Generator ~300 W for 2 minutes 

in clean-room. A buffer layer of 20 nm PEDOT:PSS film was spin coated on p-

Si substrate at the rate of 2000 rpm for 20 s. The PEDOT:PSS layer was, 

then, annealed  at 50 oC for 2 hrs using hot plate, in the nitrogen 

environment, to let the moisture fully evaporate from the buffer layer. A thin 
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PEDOT:PSS (20nm) 

PTCDA (80 nm) 

p-Si 

Ag (50 nm) 

film (~ 80 nm) of PTCDA was thermally deposited on pre-coated PEDOT:PSS 

layer using thermal evaporation. Finally, rectifying metal contact (Ag) of 50 

nm was deposited on the PTCDA/p-Si structure through a shadow mask. For 

thermally deposited layers the pressure inside the chamber was 10-6 mbar 

with deposition rate of 0.1 nm/s. The film thickness was monitored by 

Quartz Crystal Oscillator installed inside the evaporation chamber. The cross 

sectional view of the fabricated Ag/PTCDA/PEDOT:PSS/p-Si MIS device is 

shown in figure 4.2. The I-V measurements were made using Keithley 236 

SMU system.  

 

O

O

O

O

O

O

 

 

Figure 4. 1: Molecular structure of PTCDA. 

 

 

 

Figure 4. 2: Cross sectional view of Ag/PTCDA/PEDOT:PSS/p-Si Schottky diode. 



Chapter 4 The electrical characterization of 

Ag/PTCDA/PEDOT:PSS/p-Si Schottky diode by current-voltage 

characteristics 
 

57 
 

4.3 Results and Discussions: 

4.3.1 Scanning Electron Microscopy: 

Figure 4.3 (a) and (b) shows the SEM image of the PTCDA thin film deposited 

on quartz glass at high and low resolutions respectively. In order to discuss 

the morphology, it can be seen that the grains have granular shapes. However, 

they are oriented randomly with uniform distribution of grains concentration. 

The random orientation of the grains may be attributed to the non-uniform 

and relatively high deposition rate of the PTCDA thin film during the thermal 

evaporation. Some interstitial spaces can be seen which are responsible for the 

creation of potential barriers and results in localization of charge carriers. Due 

to this reason, the I-V characteristics of PTCDA based devices deviates from 

the ideal behavior. In figure 4.3 (c) the Energy dispersive spectroscopy (EDS) 

has been shown. It is clear from the EDS image contains the carbon and 

oxygen content which confirms the successful synthesis of the PTCDA. 

 

(a)  
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(b)  

 

 

(c)  

 

Figure 4. 3: SEM image at (a) high resolution (b) relatively low resolution (c) EDS of the PTCDA 

thin film. 
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4.3.2 Current-Voltage Characteristics: 

The electrical characterization of the device Ag/PTCDA/PEDOT:PSS/p-Si were 

obtained through I-V measurements at room temperature. The forward and 

reverse bias I-V characteristics of the device are shown in figure 4.4. The I-V 

measurements are extremely important as they provide information about 

junction parameters such as reverse saturation current, rectification ratio, 

barrier height, ideality factor, series and shunt resistances. The exponential 

behavior of I–V curves in the forward region strongly depends on the 

properties of organic active layer employed in the studied device. In the 

exponential region, the slope of the I–V characteristics depends on two 

parameters, i.e. ideality factor, ‘n’ and the reverse saturation current Io. The 

information about recombination process occurring  in the device and the 

shape of the interfaces can be acquired through ideality factor [26].  However, 

the saturation current gives the number of charge carriers capable of 

overcoming the barrier in the reverse bias [27, 28]. It is well known that for an 

ideal diode the ideality factor should be close to unity while the saturation 

current should be in pico scale. The investigated device exhibits exponential 

behavior for the applied voltages greater than 2.5 V. The dependence of 

exponential curve on this applied voltage with the reverse saturation current 

in nano scale and the ideality factor (~3.5) smaller than the value (~5.8) 

reported for PTCDA/n-Si [29] can be ascribed to the formation of better 

depletion region between p-Si and PTCDA.  
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Figure 4. 4: Current-Voltage characteristics of Ag/PTCDA/PEDOT:PSS/p-Si. 

  

The non-linear and asymmetric I-V curves of figure 4.5 reveal that the device 

exhibits rectifying behavior. The rectification ratio (RR) of the investigated 

device was found as 236 at ± 6.8 V. The turn on voltage was 2.6 V.  The 

reverse saturation current was determined from the semi-log I-V 

characteristics as shown in Fig.4.4 and was found to be 1.32 nA. The reverse 

saturation for the present device is consistent with value reported for 

PTCDA/n-Si in the literature [29].  

 

According to thermionic emission theory, the current through a uniform 

metal-semiconductor interface can be employed to extract characteristic 

parameters of the Ag/PTCDA/PEDOT:PSS/p-Si device. The forward bias 

current of the device due to thermionic emission can be expressed as: 
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      (4.1) 

 

where  

                
    

  
      (4.2) 

 

is the saturation current, Φb is the potential barrier height, A* is the effective 

Richardson constant equal to 32 A cm-2k-2 for p-type Si. A is the effective area 

of the diode, ‘n’ is the ideality factor, k is the Boltzmann constant and T is the 

room temperature. The ideality factor ‘n’, which is a measure of diode 

conformity, is taken into consideration to determine the deviation of the 

experimental I-V data from the ideal thermionic model. The ideality factor ‘n’ 

can be determined from the following expression: 

 

       
 

  

  

      
      (4.3) 

 

The value of ‘n’ was obtained from the slope of linear region of the forward bias 

ln I versus V plot according to equation (4.3). The value of ‘n’ was found to be 

3.5.  
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Figure 4. 5: Semi-Log forward and reverse bias I-V characteristics of 

Ag/PTCDA/PEDOT:PSS/p-Si diode at room temperature. 

 

For an ideal diode the ideality factor should be close to unity but in most 

organic semiconductor/inorganic interfaces the value of ‘n’ deviates from unity 

and is observed to be much greater than one. The high value of ‘n’ can be 

attributed to a number of factors such as the perylene layer on p-Si surface, 

the effect of bias voltage drop across the organic/inorganic interface [30] and 

secondary mechanisms at the interface. Another reason for the deviation may 

be either recombination of charge carriers in depletion region and/or the rise 

of the diffusion current for elevating voltages [31]. Moreover, the large value of 

‘n’ suggests that the diode does not obey an ideal Schottky diode behavior 

rather it follows a metal-insulator-semiconductor (MIS) configuration. The 

insulating layer on the p-Si surface can, probably,  be formed: (1) during the 

conventional polishing and chemical etching technique [8], (2) when the p-Si 
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substrate is exposed to air and water vapors are adsorbed on the surface of 

the p-type Si substrate prior to the deposition of the organic layer [10, 32] and 

(3) during the metal-evaporation process [8, 33]. 

The experimental value of ΦBO, which exists at the metal-semiconductor 

interface, is obtained from the y-intercept of the semi-log forward bias I-V 

characteristics. The value of ΦBO  was calculated as 0.81 eV for the device, 

which is significantly greater than 0.58 eV for conventional Al/p-Si Schottky 

diode [34]. The value of φB about 0.81 eV indicates that contact potential 

barrier height exists at the interface between PTCDA and p-Si. 

 

The Ag/PTCDA/PEDOT:PSS/p-Si Schottky diode with ideality factor value of 

3.5 and barrier height value of 0.81 eV is comparable to the Schottky diodes, 

employing organic layers on the semiconductor substrates, previously reported 

in the literature.The values of barrier height and ideality factor of 0.73 eV and 

2.0, respectively, for Sn/PTCDA/p-Si MIS diodes fabricated by sublimation, 

have been reported by Forest et al. [17]. For a β-carotene layer on Si substrate, 

Aydin et al. obtained 0.80 eV and 1.32 for ΦBO and n, respectively [35].  For 

Sn/methyl-red/p-Si/Al structure, the φB and n values of 0.73 eV and 3.22 

were obtained. For the device with poly [2-methoxy-5-(20-ethylhexyloxy)-1,4-

phenylenevinylene] (MEH-PPV) on the p-Si substrate, the ΦBO and ‘n’ values 

determined from the I-V characteristics were 0.80 eV and 1.88 [8]. The barrier 

height of 0.79 eV with an ideality factor of 2.65 was determined from the I-V 

data of polymer/InSe(:Err) diodes fabricated from a thin film of metallic 

polypyrrole (MPP) by anodization method [12]. Saglam et al. [13] also 

fabricated the diode by forming an MPP thin film on the p-Si substrate by 

anodization method. They measured the I-V characteristics and obtained the 

ΦBO value of 0.68 eV and with an ‘n’ value of 2.  
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The series and shunt resistances, Rs and Rsh, are very important for the device. 

The series resistances, as low as zero, ensures high current will flow through 

the device while the shunt resistances approaching infinity corresponds to 

small leakage current in the device. The series resistance can be obtained at 

positive voltages where the I–V curve becomes linear. The slope of I–V 

characteristics around 0 V gives the shunt resistance. A plot of junction 

resistance versus voltage is shown in figure 4.6. The series and shunt 

resistances are obtained from the graph of figure 4.6. The values of Rs and Rsh 

are found to be equal to 13.7 KΩ and 137 MΩ, respectively. 
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Figure 4. 6: Junction resistance, Rs, versus Voltage for Ag/PTCDA/PEDOT:PSS/p-Si diode. 

 

4.3.3 Norde’s Function Method: 

Furthermore, the values of φB and Rs of the device have been evaluated by the 

analysis of Norde’s method [36]. The Norde’s function can be expressed as: 
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            (4.4) 

 

where γ  is a dimensionless integer having value greater than n. γ=4 for the 

device reported here. A graph of F(V) versus V is shown in figure 4.7, which is 

used to obtain the minima on x and y axes. The following expressions are used 

to determine the barrier height and series resistance: 

 

                                                      
  

 
 

  

 
       (4.5) 

 

and 

        
       

   
      (4.6) 

 

 where F(Vo) is the minimum value of F(V) and Vo is minimum voltage. The 

barrier height and series resistance calculated by Norde’s method are 0.86 eV 

and 10 KΩ, respectively, which are in accordance with the values calculated 

by conventional I-V method. 



Chapter 4 The electrical characterization of 

Ag/PTCDA/PEDOT:PSS/p-Si Schottky diode by current-voltage 

characteristics 
 

66 
 

0 1 2 3 4 5 6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

F
 (

V
)

V (V)

=0.86 eV

Rs=9.77 M

 

Figure 4. 7: F(V) versus voltage plot of Ag/PTCDA/PEDOT:PSS/p-Si diode. 

 

The analysis of the forward bias I-V curves is extremely useful in providing 

sufficient information about the transport mechanisms controlling the 

conduction process in the investigated device. The experimentally measured I–

V data, shown in figure 4.4, is re-plotted in terms of log(I)–log(V)  and is shown 

in  figure 4.8. The curves indicating different conduction mechanisms can be 

characterized by 2 distinct regions in figure 4.8. The current follows a power 

law (J~Vm). It can be observed from figure that in region I, the slope lies 

between 2 and 3. In this region the dominant transport mechanism is Trap-

Charge-Limited current (TCLC) with exponential distribution of traps as the 

slope in this region is greater than 2. In the presence of traps, the current 

density can be expressed as [37]: 

 

                                                   
         

         (4.7) 



Chapter 4 The electrical characterization of 

Ag/PTCDA/PEDOT:PSS/p-Si Schottky diode by current-voltage 

characteristics 
 

67 
 

where εo = 8.85 × 10−14 F cm−1 is the permittivity of the free  space and εr = 

3.4 is the relative permittivity of PTCDA [29], μ is the hole mobility, d is the 

film thickness and θ is the trapping factor. 

 

In the forward bias characteristics, the second region corresponds to the 

Space-Charge-Limited current (SCLC) controlled by single dominating trap 

level for the value of slope of log(I)–log(V)  curves equal to 2. The current 

density in this region can be given as: 

 

                                       
      

         (4.8) 
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Figure 4. 8: Forward bias Log (I) versus Log (V) plot of the Ag/PTCDA/PEDOT:PSS/p-Si diode. 
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4.4 Conclusions:  

In conclusion, Ag/PTCDA/PEDOT:PSS/p-Si junction was obtained by 

depositing the PTCDA layer on the p-Si substrate. The experimentally 

measured I-V characteristics of the device showed rectifying behavior. Diode 

parameters such as n, φB and Rs were found as 3.5, 0.81 eV and 13.7 KΩ, 

respectively. The values of n and φB obtained for our device are comparable to 

the results achieved for PTCDA reported by Forrest et al. [17].  In the 

literature, a device with a thin film of PTCDA on n-Si surface was fabricated 

[29] and the ideality factor of the diode is 5.8. Whereas, the ideality factor of 

Ag/PTCDA/PEDOT:PSS/p-Si is 3.5, which is lower than the ‘n’ value obtained 

for PTCDA/n-Si. The barrier height and series resistance have been verified by 

the Norde’s method. The charge transport properties have also been 

investigated, which show that the space-charge limited current is dominant in 

the region where the voltage is above 2.5 V. 
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Chapter 5 The Electrical Characterization of Ag/N-

BuHHPDI/p-Si Heterojunction by Current-Voltage 

Characteristics 

This chapter reports the fabrication of Ag/N-BuHHPDI/p-Si heterojunction diode 

by evaporating a layer of organic compound N-Butyl-N′-(6-hydroxyhexyl) 

perylene-3,4,9,10- tetracarboxylicacid-diimide (N-BuHHPDI) on top of the p-Si. 

The electronic properties of the heterojunction have been studied, in dark at a 

temperature (300 K), by conventional current-voltage (I−V) method, Cheung’s 

technique and Norde’s method.  By analyzing conventional I-V characteristics, 

the device exhibited rectifying tendency with a rectification ratio of 62.67 at ±5.8 

V. From the forward biased I-V measurements, the barrier height and ideality 

factor values of 0.83 eV and 6.4, respectively, have been obtained. Different 

diode parameters such as series resistance, shunt resistance, reverse saturation 

current and turn on voltage have been extracted from the I-V measurements. The 

parameters calculated from Norde’s and Cheung’s methods are found to be in 

good agreement with those calculated from conventional I-V measurements. 

Morphology of the N-BuHHPDI film is investigated using atomic force microscope 

(AFM). 

5.1 Introduction: 

Organic semiconducting materials have gained attention because of their 

promising applications in the field of electronics and optoelectronics such as 

junction diodes[1], sensors[2], organic field effect transistors (OFETs)[3], 

photovoltaics[4] etc. Very recently, fabrication and characterization of organic-

inorganic interfaces has been the subject of intensive research [5] and the 

potential of these rectifying interfaces has been realized for the fabrication of 

many electronic devices [6-8]. For understanding of the electrical properties of 

Schottky diode, it is extremely important to study the interface properties, 

which mainly control the performance of the Schottky diode [9-11]. Schottky 
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diode is the building block for many electronic devices. The diode parameters 

for example barrier height, ideality factor and series resistance give complete 

information about the diode nature [12] In order to ultimately improve the 

performance of semiconductor devices, the organic-inorganic semiconductor 

junctions may provide a useful tool for passivating interface states, surface 

damages and contamination [13-15]. 

In most of the earlier studies of organic-inorganic heterojunction, p-type 

organic semiconductors have been used [16-18]. As far as very little is known 

about their n-type counterparts which are the important materials for organic-

organic p-n junctions, bipolar transistors and integrated circuits [19]. Perylene 

diimide derivatives belong to a promising class of n-type organic 

semiconducting materials that are extensively used in electronic and 

optoelectronic devices [20]. This is, mainly, due to their interesting electrical 

and optical properties, such as, their strong absorption and emission in the 

visible range [21-23], large carrier mobilities [24] and outstanding chemical and 

thermal stabilities [25]. 

In this work, the semiconductor organic thin film N-BuHHPDI/semiconductor 

(Si) contact has been investigated for rectifying behavior. The chemical 

structure of N-BuHHPDI is shown in figure 5.1. The electrical properties of 

Ag/N-BuHHPDI/p-Si heterojunction diode are investigated by the I-V 

characteristics. The purpose of this work is to extract diode parameters 

through different methods.  
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Figure 5. 1: Structural formula of N-BuHHPDI. 
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5.2 Experimental Work: 

5.2.1 Synthesis of N-BuHHPDI: 

Perylene-3,4,9,10-tetracarboxylic acid dianhydride (1) (1.96 g, 5 mmol) and 

potassium hydroxide (1.12 g) were dissolved in 25 ml water  at 363 K, with the 

pH of the solution equal to 10. The pH of the solution was maintained between 

4.5−5.0 by drop-wise adding 4 ml of 31% hydrochloric acid for 2 hrs at 363 K. 

The mixture was further stirred for 2 hrs at the same temperature. The mixture 

was, then, cooled to room temperature and the precipitates were isolated by 

filtration and washed with hot water to obtain dark red powder of mono 

potassium salt of perylene-3,4,9,10-tetracarboxyllicacid mono anhydride (2) 

(1.86 g). By making little modification in the procedure reported in the 

literature [29, 30], mono potassium salt of perylene-3,4,9,10-

tetracarboxyllicacid mono anhydride (2) (1.86 g) was added to the mixture of n-

butylamine (1.26 g, 0.02 moles) in 25 ml of water. The contents were stirred 

first at room temperature for 1 hr and then at 363 K for another hour. 

Afterwards, the mixture was acidified with HCl and the precipitates were 

filtered. The residue was dissolved in 10 ml of 5% KOH solution at the 

temperature of 363−368 K and the di-potassium salt was precipitated by 

adding 1 g of KCl. Later, the precipitates were filtered and then washed 

subsequently with 5 ml of each 14% KCl and 1% KOH. The di-potassium salt 

was dissolved in boiling water and acidified to get black brown powder (1.6 g) of 

perylene tetracarboxyllic acid mono anhydride mono butylimide on filteration. 

Then, a mixture of N-(n-butyl)perylene-3,4-dicarboxiimide-9,10-dicarboxylic 

acid anhydride (3) (0.5 g, 1 mmol) and 6-aminohexanol (0.127 g,1 mmol) in 

ethylene glycol was heated at 448 K for 2 hrs. The mixture was cooled to 353 K 

and then diluted with 30 ml of methanol. The precipitates were filtered and 

then washed with 20 ml of methanol and 50 ml of water. Later, the product 

was dried in the oven at 383 K to obtain the required N-(n-butyl)-N′-(6-

hydroxyhexyl)-3,4,9,10 perylene tetracarboxylic acid diimide (N-BuHHPDI) (4) 
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in the form of black brown powder with a yield of 71 %, melting point at 573 K 

and molecular mass of 545.0 (M+). The stepwise synthesis procedure is 

schematically shown in scheme 1. 

 

Scheme 1. 
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5.2.2 Device Fabrication: 

A p-Si with orientation (100) was treated with HF: H2O with solution strength of 

1:10. Afterward, it was cleaned in acetone for 5 minutes using ultrasonic bath 

followed by drying with nitrogen gas. On the cleaned p-Si substrate, a 120 nm 

thin film N-BuHHPDI was thermally deposited at a pressure of 10-5 mbar with 

deposition rate of 0.1 nm/s. A 50 nm film of silver (Ag) was used as ohmic 

electrode on top of N-BuHHPDI layer. The film thickness was monitored by 

FTM5 Quartz Crystal Oscillator. Figure 5.2 illustrates the cross sectional view 

of the fabricated Ag/N-BuHHPDI/p-Si heterojunction. The I-V measurements 

were made on Keithley 237 SMU system. The AFM study was performed with a 

NanoScope-IIIa SPM from Dimension TM 3100, Digital Instruments, Veeco 
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Metrology Group, which was operated in noncontact mode to prevent damage 

to the films and to provide optimal image and data quality. 

 

 

 

 

 

 

 

 

 

 

 

5.3 Results and Discussions: 

5.3.1 Atomic Force Microscopy: 

Figure 5.3 shows two dimensional images of N-BuHHPDI film on p-Si substrate 

at scan size 1 μ m. The scanning rate was kept at 0.8976 Hz while the tip was 

at 50 nm height. The average roughness (Ra) of the N-BuHHPDI surface was 

calculated directly from the AFM image. Figure 5.3(a) and Figure 5.3(b) show 

the images of the film on 1 μ m scale at height mode and phase mode, 

respectively. From these figureures, it can be seen that the grains are quite 

uniformly distributed but with random orientations. From Figure 5.3(b), the 

surface profile is clearer and shows some pores among in the film. These pores 

are due to the random orientation of the grains of N-BuHHPDI. As the grain 

shape is cylindrical so the average grain length is 190 nm and average grain 

width of 98.67 nm. The film has some non-uniform roughness which is 

probably due to abnormal growth of some grains during the film deposition and 

the random orientation of grains [26]. 

 

 

 

 

p-Si 

N-BuHHPDI (120 nm) 

Ag contact 

Figure 5. 2: Cross-sectional view of Ag/N-BuHHPDI/p-Si device. 
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In the AFM images some pores and free spaces can be seen which, in certain 

extent, results in charge trapping in these islands and lowering the mobility of 

N-BuHHPDI film across the junction [27,28]. Furthermore, the charge trapping 

and low mobility also affects the performance of heterojunction diode such as 

Figure 5. 3: AFM images of the N-BuHHPDI thin film of 150 nm thickness on p-Si substrate. 

(a)  Image on 1μm scale measured as height from image data (b) phase of the film. 
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decrease in rectification ratio and increase in ideality factor, series resistance, 

turn on voltage and barrier height [29,30].  

5.3.2 Current-Voltage Characteristics: 

The I−V measurements of the Ag/NBuHHPDI/p-Si heterojunction are shown in 

figure 5.4, which exhibits the nonlinear, asymmetric and good rectification 

ratio having value 62.67 at ± 5.8 V in the forward bias with turn on voltage (V-

turn on) of 2.14 V. The energy barrier at the interface limits rectification to some 

extent.31 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To understand the behavior of heterojunction diode, we assume thermionic 

emission (TE) model and analyze the I−V properties, the TE equation is given by 

[32]: 

 

                                        0

( )
exp 1sq V IR

I I
nkT

   
   

  
   (5.1) 

 

Figure 5. 4: Current-voltage (I−V) characteristics of Ag/N-BuHHPDI/p-Si heterojunction. 
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In (1), V stands for voltage applied across N-BuHHPDI/p-Si junction, q is the 

electron charge, k is Boltzmann′s constant, n is diode ideality factor, T is the 

absolute temperature and I0 is the saturation current. The value of I0 is 

extracted from the intercept of lnI-V plot at V = 0, and is expressed as [33] 

                           * 2

0 exp bq
I AA T

kT

 
  

 
    (5.2) 

    

In (2), A is the effective diode area, A* is Richardson constant having value 32 

Acm-2K-2 for p-Si and ϕb is barrier height. The ideality factor n for low resistance 

region is given by; 

                      
 ln

q dV
n

kT d I
     (5.3) 

The barrier height is obtained from (2) as follows; 

 

                          
* 2

0

lnb

kT AA T

q I


 
  

 
    (5.4) 

     

Applying (5.3) and (5.4) on lnI vs. V plot, shown in Figure 5.5, the values of I0, 

n, and ϕb and are calculated to be 1.3 nA, 6.4 and 0.83 eV, respectively. The 

barrier height depends on the voltage applied as well as the electric field across 

the junction [34] The diode has a large value of n, i.e. n>1, which is because of 

the interfacial oxide layer at N-BuHHPDI/p-Si junction, series resistance and 

interface states [35]. 
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Rs is another important parameter of diode which is dominant in the nonlinear 

region of the forward bias I−V characteristics, as shown in figure 5.6. The 

highest peak of resistance, in figure. 6, represents Rsh. The values of the former 

and later resistances are calculated to be 631KΩ and 209 MΩ respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 5: Semi-logarithmic (I−V) characteristics of N-BuHHPDI/p-Si heterojunction. 

Figure 5. 6: Junction resistance vs. voltage graph of N-BuHHPDI/p-Si heterojunction. 
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A different technique to compute the magnitudes of Rs, n and ϕb is the Cheung 

and Cheung technique [33]. From (5.1) the Cheungs’ functions are got as 

follows; 

 

                              
ln

s

dV kT
n IR

d I q
     (5.5) 

  

                            ( ) s bH I IR n     (5.6) 

    

where H(I) is given by 

                                   0

* 2
( ) ln

IkT
H I n

q AA T

 
  

 
   (5.7) 

  

In figure 5.7 and figure 5.8, dV/d(lnI)-I and H(I)-I curves of N-BuHHPDI/p-Si 

heterojunction are given away respectively. The I−V properties achieved from 

equation 5.5 results in a straight line in the forward bias region. Thus, the 

slope of the curve in figure 5.7 determines the magnitude of Rs whereas its y-

axis intersection finds nkT/q. By making use of equation 5.5 and dV/d(lnI) vs I 

plot, n and Rs are found to be 6.43 and 635 KΩ, respectively. 

Using the value of n and I−V characteristics in the forward bias as described by 

5.6, the H(I)-I graph, as shown in figure 5.8, leads to a straight line where the 

intercept of the vertical axis gives the value of ϕb. The slope of this graph 

measures the magnitude of Rs. By making use of equation 5.7 and H(I)-I plot, ϕb 

and Rs are determined to be 0.84 eV and 635 KΩ, respectively.  
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Figure 5. 7: dV/d(lnI) vs I characteristics heterojunction. 

Figure 5. 8: H(I) vs. I curve of  the device. 
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In case of high Rs, Norde pioneered a method to find ϕb and Rs by using the 

function [36] given below; 

                                
* 2

( ) ln
V kT I

F V
q AA T

 
   

 
   (5.8) 

   

where the arbitrary integer, γ, is chosen such that γ > n. In terms of the Norde’s 

function, ϕb can be expressed as [37] 

                         0

0( )b

V kT
F V

q



      (5.9) 

    

To find the value of ϕb, first the lowest point in F(V ) vs. V curve is determined 

i.e. F(V0) is the lowest value of F(V) and V0 is the is the minimum voltage for 

F(V0). The magnitude of Rs is computed from the Norde′s function according to 

the following relation; 

                             
0

( )
s

kT n
R

qI

 
    (5.10) 

    

Figure 5.9 illustrates the F(V) vs. V curve of N-BuHHPDI/p-Si diode, by using 

5.9 and 5.10 the ϕb and Rs values are calculated and are equal to 0.83 eV and 

632 KΩ, respectively. To compare the values of these parameters with that of 

the above two characterization techniques, we observed that these values are in 

exactly in accord with the other values, as given in Table 5.1. 
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Table 5.1. Comparison of Diode’s Parameters Calculated from Different Techniques: 

 

Diode 

Parameters 

Conventional I-V  

Model 

Cheungs’ 

Model 

Norde’s 

Model 

N 6.40 6.43 - 

Φb 0.83 eV 0.84 eV 0.83 eV 

Rs 631 KΩ 635 KΩ 632 KΩ 

 

5.4 Conclusions: 

In this work, the potential of N-BuHHPDI has been studied for rectifying 

junction. The N-BuHHPDI/p-Si diode exhibited good ideality factor and high 

rectification ratio values of 6.4 and 62.67, respectively. The value of n higher 

than unity is due to interface states, the oxide layer and junction resistance. 

The values of diode parameters like barrier height, series resistance and 

Figure 5. 9: F(V ) vs. V plot of the device. 
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ideality factor have been extracted by conventional I−V method, Cheung′s 

functions and Norde′s technique. The values obtained from these methods are 

in good concord with each other. 
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Chapter 6 Perylene Diimide: Synthesis, Fabrication and 

Temperature Dependent Electrical Characterization of 

Heterojunction with p-Si 

In this chapter, a novel, n-type, organic semiconductor N-Butyl-N′-(6-

hydroxyhexyl) perylene-3,4,9,10-tetracarboxylic acid diimide (N-BuHHPDI) has 

been successfully synthesized in high yield. The compound has been 

characterized by atomic force microscopy (AFM) to have understanding of the 

morphological properties of a new n-type organic semiconducting material. A 120 

nm thin film of  N-BuHHPDI has been sandwiched between Al and p-Si to form 

Al/N-BuHHPDI/p-Si device using vacuum thermal evaporation technique. The 

electrical properties of sandwich type Al/N-BuHHPDI/p-Si device have been 

investigated.  The current voltage (I −V) characteristics of the device, in dark, 

have been measured in the temperature range of 300−330 K. At room 

temperature, the device exhibits rectifying behaviour with a rectification ratio of 

51.5 at ±6.8 V. The device parameters such as ideality factor, barrier height, 

series and shunt resistances have been extracted using conventional (I−V) 

characterization method. The effect of temperature on these parameters is also 

studied. Alternative electrical characterization methods such as Cheung’s 

functions and Norde’s techniques have been employed to measure the device 

parameters for comparison. The conduction mechanisms are investigated through 

the interface of N-BuHHPDI and p-Si.  

6.1 Introduction: 

Organic semiconducting materials have gained significant attention as a result 

of their potential applications in numerous electronic and optoelectronic 

devices, such as, junction diodes [1, 2], sensors [3, 4], organic field effect 

transistors [5], solar cells [6], etc. In the recent times, fabrication and 
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characterization of organic/inorganic interfaces are the subject of intensive 

research [1, 7]. The potential of these rectifying interfaces has been explored for 

the fabrication of many electronic devices [8-11]. In most of the earlier studies 

of organic-inorganic heterojunctions, p-type organic semiconductors have been 

extensively used [12-16]. As far as we know, very little is known about their n-

type counterparts which are important parts of the organic p-n junction 

rectifiers, bipolar transistors and also integrated circuits [17]. 

In the research for rectifying contacts, the development of new n-type and p-

type semiconductors provide high photochemical, electrochemical and thermal 

stabilities. The structural and electrical properties perform very promising role 

for a material. In the past few decades Perylene tetra carboxylic diimides (PDI) 

and their derivatives have acquired much more attention because of their 

wonderful photochemical and thermal stabilities [18, 19]. The electrical 

characteristics of the derivative of Perylene tetra carboxylic diimide have been 

investigated for different heterojunction structures [20, 21]. Perylene diimide 

derivatives are, particularly, a promising class of n-type organic 

semiconductors and have attracted more attention amongst small molecular 

organic semiconductors for its uses in wide variety of optoelectronic devices, for 

instance, optical switches, chemical sensors, organic light emitting diodes and 

liquid crystal displays [22]. This has been mainly owing to their interesting 

optoelectronic properties, such as, strong absorption and emission in the 

visible range [23-25], large carrier mobilities [26] and outstanding chemical and 

thermal stabilities [27, 28]. The electrical characteristics of the rectifying 

contacts, usually measured in ambient environment, that do not provide 

complete information about the conduction mechanism [29], therefore, 

temperature dependent electrical studies of these structures are very important 

in understanding the behaviour of the p-n junction devices. 

In this work, we report synthesis of N-Butyl- N′-(6-hydroxyhexyl) perylene-

3,4,9,10-tetracarboxylic acid diimide (N-BuHHPDI), which is an n-type 
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material, and electrical properties of the N-BuHHPDI/p-Si organic-inorganic 

heterojunction, fabricated using vacuum thermal evaporation. The device 

demonstrated rectifying behaviour. In order to check performance and 

suitability of N-BuHHPDI for the heterojunction device, the effect of 

temperature on electrical characteristics of the device are investigated within 

300-330 K temperature. The junction parameters have been computed using 

conventional I−V characterization, Cheungs’ function and Norde′s model. The 

conduction mechanism and morphology of the thin film of (N-BuHHPDI) have 

also been investigated.   

6.2 Device Fabrication and Measurements: 

A p-Si with orientation (100) was treated with HF:H2O having a solution 

strength of 1:10. Afterwards, it was cleaned in acetone using ultrasonic bath 

for 5 minutes, which was followed by drying samples with stream of nitrogen 

gas.. On the p-silicon substrate, 120 nm thin film of N-BuHHPDI was thermally 

deposited at a pressure of 10-5 mbar with a 0.1 nm/s deposition rate. The film 

thickness was controlled and measured by FTM5 Quartz Crystal Oscillator. 

Aluminium (Al) was used as a top electrode on N-BuHHPDI layer. The cross 

sectional image Al/N-BuHHPDI/p-Si/Al heterojunction is given in figure 6.1. 

This device was kept on KARL SUSS PM5 probe station and varying the 

temperature using Temptronic Corporation Temperature-source, the current-

voltage measurements were made on Keithley 237 SMU system.. All the AFM 

measurements described here were performed with a NanoScope-IIIa SPM from 

Dimension TM 3100, Digital Instruments Veeco Metrology Group, which was 

operated in non-contact mode to prevent damages to the thin films. Height and 

phase images were recorded simultaneously.  
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6.3 Results and Discussions: 

6.3.1 Atomic Force Microscopy: 

The surface profile of the N-BuHHPDI thin film is studied by using atomic force 

microscope (AFM). Figure 6.2 shows two dimensional representation of the N-

BuHHPDI film on p-Si substrate at a scan size of 3 μ m. The scanning rate was 

kept at 0.8976 Hz while the tip was at the height of 50 nm. The average 

roughness (Ra) of the N-BuHHPDI surface was calculated directly from the 

AFM image. Figure 6.2 (a) and (b) show the images of the film on 3 μ m scale at 

height mode and phase mode, respectively. From these figures, it can be seen 

that the grains are quite uniformly distributed but with random orientations. 

From figure 6.2(b), the surface profile is clearer and shows some pores in the 

film. These pores are due to random orientation of the grains of N-BuHHPDI 

thin film. The grain shape is cylindrical with the average grain length and 

width equal to 190 and 98.67 nm, respectively. The film has non-uniform 

roughness, which attributed to abnormal growth of some grains during the film 

deposition and the random orientation of grains [30, 31]. 

 

p-Si 

N-BuHHPDI 

Al contacts 

Figure 6. 1: Cross-sectional view of Al/N-BuHHPDI/p-Si/Al device. 
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Figure 6. 2: AFM images of the N-BuHHPDI thin film of 150 nm thickness on p-Si substrate. (a) 

shows the image on 3 x 3 μm scale measured as height from image data while (b) shows the 

phases of the film. 

 

In the AFM images some pores and free spaces can be seen which, to a certain 

extent, result in charge trapping and thus lowering the conductivity of the N-

BuHHPDI film across the junction [32, 33]. Furthermore, the charge trapping 

and low mobility also affects the performance of heterojunction diode such as 
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decrease in rectification ratio and increase in ideality factor, series resistance, 

barrier height and turn on voltage [34, 35]. However, this effect can be 

compensated at higher temperatures where the charge carriers have enough 

energy and high mobility to escape from trapping states and improve 

conduction through the junction. Moreover, it is assumed that an increase in 

carrier density, due to increasing temperature, improves carriers hopping 

process, both intra-molecular and intermolecular, due to high thermal 

excitations which in turn results in improving the overall film conductivity with 

respect to of temperature [36]. For this purpose, we investigate here the 

temperature dependent I−V properties of the device. 

6.3.2 Current-Voltage Characteristics: 

The I−V characteristics are usually made to study junction parameters of the 

device. These measurements give important results regarding the interface 

properties like reverse saturation current I0, series resistance Rs, rectification 

ratio RR, shunt resistances Rsh, ideality factor n, and barrier height Φb. The 

conduction mechanism through the device can also be understood from the 

analysis of the I−V graphs. 

The forward and reverse bias, temperature-dependent, I−V characteristics of 

the Al/N-BuHHPDI/p-Si heterojunction in dark are shown in figure 6.3. The 

nonlinearity and asymmetry observed from the I−V curves clearly indicate 

rectifying behaviour of the device. The rectification ratio, RR, the ratio of the 

forward current to the reverse current, has been calculated at ± 6.8 for various 

temperatures. The results of RR in 300 to 330 K are presented in the inset of 

figure 6.3. It is clear that the rectification ratio increases with increasing 

temperature. The increase in the RR may be because of lowering of the barrier 

height [34]. However, at the junction interface, energy barrier limits 

rectification to some extent [37].  
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Figure 6. 3: Current-voltage (I−V) characteristics of Al/N-BuHHPDI/p-Si heterojunction   diode 

at different temperatures. 

 

To understand behaviour of the heterojunction diode, we assume thermionic 

emission (TE) theory and in the light of this study the I − V curves. The TE 

equation is given by [38]: 

 

                                                         
  

   
        

  

  
     (6.1) 

Where V stands for applied voltage across the junction, q is the electronic 

charge, k is Boltzmann′s constant, T is the absolute temperature in Kelvin, n is 

the diode ideality factor and I0 is the saturation current. I0 is obtained from the 

intercept of ln I versus V plot at V = 0, and is expressed as [39, 40]: 

                                                            
    

  
     (6.2) 

In Eq. (2), A is the effective diode area, A*= 4πm*k2/h3 is the effective 
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Richardson constant and equals to 32 Acm-2K-2 for p-Si, where m*= 0.16 m0  

[41] is the effective mass for holes perpendicular to the layer plane, ϕb is the 

apparent barrier height and n is the ideality factor. From Eq. (6.1), the ideality 

factor n can be expressed as: 

 

                                                       
 

  

  

      
      (6.3) 

ϕb is obtained from Eq. (6.2) can be written as follows: 

                                  
* 2

0

lnb

kT AA T

q I


 
  

 
                                        (6.4) 

Using Eq. (3), Eq. (4) and ln I versus V plot of figure 6.4, the experimental 

values of n, ϕb and I0 are computed at a range of temperatures and are 

presented in Table 6.1. It is found that the primary parameters, e.g., n and ϕb 

are found to be strongly dependent on temperature [42]. It could also be 

observed from figure 6.5 that ϕb increases whereas the n value is going to 

reduced with increasing temperature.  
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Figure 6. 4: Semi-logarithmic (I−V) characteristics of N-BuHHPDI/p-Si heterojunction under 

different temperatures. 

Moreover, the reverse current I0 also increases as the temperature is raised. 

The increase in I0 is as result of the fact that, at higher temperatures, more 

energy is available to the minority carriers to pass through the junction in 

reverse bias. The active material N-BuHHPDI becomes more efficient at higher 

temperatures because n, a measure of diode conformity, of N-BuHHPDI/p-Si 

tends to get closer to unity; however, the magnitude of n is far away from the 

ideal value, which can be attributed to the existence of oxide layer at the 

interface, interface states and series resistance [43]. The formation of 

interfacial oxide layer may be due to a few reasons; (i) the p-Si may be exposed 

to air prior to the deposition of  N-BuHHPDI thin film, (ii) the water vapors are 

adsorbed on the p-Si surface before coating the active material, (iii) surface 

preparation, (iv) thermal evaporation and/or (v) post-deposition thermal 

annealing process [44]. The barrier height also depends on applied voltage and 

electric field applied across the contacts [45]. 
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Figure 6. 5: Ideality factor-temperature-barrier height charateristics of N-BuHHPDI/p-Si 

heterojunction. 

Table 6.1: Diode parameters obtained by conventional I−V characterization method at different 

temperatures 

Diode 

Parameters 

Temperature 

300 K 310 K 320 K 330 K 

n 12 10.9 5.75 4.68 

ɸb (eV) 0.83 0.90 0.93 0.99 

I0 (nA) 1.31 3.88 3.97 12.9 

 

Another key parameter regarding the electrical properties of diode is the series 

resistance Rs which is noteworthy in nonlinear region of forward bias I−V curve. 

To evaluate shunt resistance Rsh and Rs, junction resistance Rj = ∂V/∂I versus 

bias voltage is plotted in figure 6.6. In forward bias, the lower region (minima) 

of the Rj vs. V exhibits series resistance Rs having values of 1.61 MΩ, 1.57 MΩ, 

0.95 MΩ and 0.94MΩ at temperature 300 K, 310 K, 320 K and 330 K, 

respectively. Similarly, in reverse bias the highest peak region (maxima) is 

known as shunt resistance Rsh whose values are determined as 64.4MΩ, 
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60.7MΩ, 56.6 MΩ and 51.4 MΩ, respectively. It is obvious from the plot shown 

in figure 6.7 that the series resistance of the device decreases with rising 

temperature, which is quite favourable for better device performance. 
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Figure 6. 6: Junction resistance vs. voltage graph of N-BuHHPDI/p-Si heterojunction under 

different temperatures. 
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Figure 6. 7: Series resistance vs. temperature curve of N-BuHHPDI/p-Si heterojunction. 

6.3.3 Cheung’s Function Method: 

Cheungs’ model is another way to calculate the magnitudes of device 

parameters, i.e., Rs, n and ϕb [46]. By making use of this method to the N-

BuHHPDI/p-Si heterostructure, the magnitudes of Rs, n and ϕb are worked out 

in a temperature range of 300 to 330 K. Cheung and Cheung  relations [46] are 

expressed as follows: 

                                  
ln

s

dV kT
n IR

d I q
     (6.5) 

  

                                ( ) s bH I IR n     (6.6) 

    

where H(I) is given by 

                                         0

* 2
( ) ln

IkT
H I n

q AA T

 
  

 
   (6.7) 
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In Figure 6.8 and 6.9, dV/d(lnI)-I and H(I)-I characteristics for N-BuHHPDI/p-Si 

are shown in a range of temperatures, respectively. The I−V characteristics 

achieved from Eq. 6.5 demonstrate a linear curve in the forward bias. 

Consequently, the gradient of the graph of dV/d(lnI) vs. I defines the value of Rs 

while the y-axis intersection demonstrates nkT/q. The numerical values of Rs 

and n, determined from Eq. (6.5) and dV/d(lnI) vs. I of figure 6.8, are presented 

in Table 6.2. 

 

By substituting the value of n Eq. 6.6 and the H(I) vs. I curves exhibit a straight 

line (as given in figure 6.9) with the vertical-axis intersection leads to the 

magnitude of ϕb. The gradient of the curve determines the numerical value of Rs 

that proves uniformity of this method with the simple I−V technique. The 

magnitudes of ϕb and Rs determined from Eq. 6.7 and a plot of H(I) vs. I  are 

determined in a range of 300 and 330 K. The calculated values of ϕb and Rs are 

shown in Table 6.2. At the end, it is found that the magnitude of Rs obtained 

from figures 6.8 and 6.9 are concordant with each other. Consequently, 

Cheungs’ functions are confirmed [47] for N-BuHHPDI/p-Si heterojunction. 
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Figure 6. 8: dV/d(lnI) vs. I characteristics of N-BuHHPDI/p-Si heterojunction in 300−330 K  

temperature range. 
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Figure 6. 9: H(I) vs. I characteristics of N-BuHHPDI/p-Si heterojunction in 300−330 K 

temperature range. 
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6.3.4 Norde’s Function Method: 

When the series resistance across the interface is high, another way to 

compute it and ϕb; is Norde method. The Norde’s expression is quoted below 

[48]: 

 

                                      
* 2

( ) ln
V kT I

F V
q AA T

 
   

 
            (6.8) 

   

where γ is an arbitrary integer greater than n (γ > n). When the least value of 

the curve given in figure 6.10 is found, the magnitude of ϕb can be easily 

achieved from the following expression: 

       0

0( )b

V kT
F V

q



       (6.9) 

    

whereas F(Vo) is the smallest point of F(V ), V0 is the corresponding voltage and 

Io is the corresponding current at V = Vo. The value of Rs is found by using: 

 

                                    
0
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s
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R

qI

 
    (6.10) 

    

Figure 6.10 illustrates F(V )-V plot of the diode at different temperatures. The 

Norde′s method has been applied here to compute the numerical value of Rs for 

N-BuHHPDI/p-Si heterostructure. The curve shown in figure 6.10, has been 

analyzed to calculate ϕb and Rs of the N-BuHHPDI/p-Si which are presented in 

Table 6.2 and are compared with other I−V characterization techniques. As can 

been from the table 6.2, all the computed values are consistent with one 
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another. Additionally, Rs is responsible as a current-limiting agent for N-

BuHHPDI/p-Si structure [49]. The tendency of the large values of Rs may be 

characteristic of the space-charge injection into the N-BuHHPDI thin film. 
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Figure 6. 10: F(V ) vs V plot of N-BuHHPDI/p-Si heterojunction in 300 K−330 K temperature 

range. 
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Table 6.2. Comparison of diode parameters obtained at different temperatures by conventional 

I−V characterization, Cheungs’ functions and Norde’s method. 

 

 

 

 

 

 

 

 

6.3.5 Conduction Mechanisms: 

In order to realize conduction mechanisms that control the diode behaviour, 

the I−V graphs of N-BuHHPDI/p-Si junction are redrawn on log-log scale as 

shown in figure 6.11.  Generally, the charge transport of thin film based 

organic devices is categorized into two regimes: charge injection at the contacts 

and transport in the bulk material [50-52]. As from figure 6.11, the log-log I−V 

plot show three distinct regions which obey a power law (I ∝ V m+1) tendency of 

the current for various values of (m+1). The I−V plots are in 300−330 K 

temperature range, the carriers’ transport is generally governed by SCLC 

mechanism. In region-I, at low voltages, the ohmic conduction is dominant 

where the slope of the line segment is nearly equal to one. In this region, low 

bias voltage limits the injection of charge carriers from electrodes to the 

semiconductor material [45]. It is observed that the traps present in the N-

BuHHPDI play critical role [53]. 

 

Method Used 

 

Diode 

Parameters 

Temperature 

300 K 310 K 320 K 330 K 

 

Conventional 

I-V 

n 12 10.9 5.75 4.68 

ɸb (eV) 0.83 0.90 0.93 0.99 

I0 1.61 1.57 0.95 0.94 

 

dV/dln (I)-I 

n 11.8 10 5.73 4.66 

Rs (MΩ) 1.62 1.55 0.97 0.96 

 

H(I)-I 

ɸb (eV) 1.11 0.83 1.3 0.87 

Rs (MΩ) 1.61 1.58 0.99 0.97 

 

F(V)-V 

ɸb(eV) 0.83 0.99 0.96 1 

Rs (MΩ) 1.59 1.57 1.02 0.98 
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Figure 6. 11: Current-voltage curves of N-BuHHPDI/p-Si heterojunction at temperature   room 

temperature (i.e. 300 K). 

 

At higher voltage level (region-II) the slope is found to be greater than 2 which 

indicates the trapped-charge-limited current (TCLC) mechanism and the 

existence of traps in the band gap of N-BuHHPDI control it [54]. The slope 

found for region-III is observed to be very close to 2, indicating the space 

charge limited current (SCLC) conduction. Usually, these traps are distributed 

at various energy states and not localized at same energy states. At small 

values of voltage, the log I−logV slope drop offs with increasing temperature, 

which recommends the SCLC conduction with deep traps and thermally 

assisted carriers in an organic semiconductor [42]. The SCLC or the TCLC 

conduction mechanisms become dominant when the thermally-generated 

charge-carrier concentration within the organic semiconductor N-BuHHPDI is 

negligible as compared to the concentration of the charge-carriers injected from 

the p-Si [55].  
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6.4 Conclusions: 

In this work, the potential of the newly synthesized n-type material N-BuHHPDI 

has been explored for rectifying junctions. The N-BuHHPDI/p-Si heterojuntion 

showed good ideality factor and high rectification. The rectifying behaviour of 

N-BuHHPDI/p-Si junction has been investigated within a range of 300−330 K. 

The ideality factor, larger than unity is due to interface states, oxide layer on 

the silicon and junction resistance. Other diode parameters like barrier height, 

series resistance and ideality factor have been extracted by simple I−V 

technique, Cheungs’ model and Norde′s technique. The values of different 

parameters computed from these models showed good concord with one 

another. The desired diode parameters were improved with increase in 

temperature from 300 to 330 K. The conduction mechanism of the device has 

been investigated through the N-BuHHPDI/p-Si interface. 
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Chapter 7 Fabrication of Al/N-BuHHPDI/ITO Schottky 

Barrier Diode and Investigation of its Electrical Properties 

In this chapter, we explores the electrical characteristics of NButyl-N`-(6-

hydroxyhexyl)perylene-3,4,9,10-tetracarboxylic acid diimide (N-BuHHPDI). For 

this purpose, Al/N-BuHHPDI/ITO Schottky diode is fabricated in which N-

BuHHPDI plays the role of an active organic semiconductor layer. A 150 nm thick 

film of  NBuHHPDI  is deposited onto an indium tin oxide (ITO) substrate using 

the vacuum thermal evaporation technique, which allows good adhesion between 

the N-BuHHPDI and ITO substrate without any significant changes in the 

electronic characteristics of the thin film. The surface profile of the film is 

investigated by atomic force microscope (AFM). The current-voltage (I–V) 

properties of Al/NBuHHPDI/ITO demonstrate clear rectifying behavior with a 

rectification ratio (RR) of 19.1 at bias voltages of ± 0.25 V which confirms the 

formation of diode. Under the reverse bias voltage, very minute leakage current is 

observed. The device parameters such as series resistance, ideality factor, shunt 

resistance and barrier height are measured to be 1.61, 1.23  kΩ, 186.29  kΩ and  

0.90 eV, respectively. These parameters are also verified by using the Norde’s 

and Cheung functions. 

7.1 Introduction: 

Conjugated organic small molecules and polymers have got significant 

consideration because of their promising applications in flexible, extremely low 

weight, and comparatively low cost electronic [1]-[4], optoelectronic and 

photonic devices[5]-[7]. These applications motivated a lot of research, in 

particular, on organic thin film transistors (OTFTs) [8], organic sensors [3], 

flexible displays [9] and organic light emitting diodes (OLEDs) [10]. For some 

applications like complex integrated circuits, organic-organic and organic-

inorganic p-n junctions, the hole transporting materials (p-type) and electron 
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transporting materials (n-type) are required [11]. The production of ntype 

organic semiconductor is being a contest because mostly organic 

semiconducting materials  are p-type, such as, substituted pentacene 

derivatives, families of C60  and its derivatives [12], substituted oligothiophene 

derivatives [13], phthalocyanines [14], naphthalene [15], etc. N-Butyl-N`-(6-

hydroxyhexyl)perylene-3,4,9,10-tetracarboxylic acid diimide (N-BuHHPDI)  has 

great impact  as an n-type organic semiconductor due to its good performance, 

high electron affinity and extended π-conjugated planar structure [16], good 

chemical and thermal stabilities [17]. However, the main issue for perylene and 

its derivatives is the solubility due to their nonpolar, rigid and planar structure 

[18]. Yet, this problem can be solved by either introducing of the long and 

bulky substituent at the imide nitrogen or at the carbocyclic scaffold or by 

copolymerization with other monomers, such as by the attachment of t-

butylaryl or long-chain secondary alkyl groups at the nitrogen atoms [19]. 

For transparent electronic and optoelectronic applications, there is a big 

requirement of wide band gap oxide semiconductors to be used as ohmic 

contacts and for rectifying junctions in different kind of devices and for 

passivation [20]. One of the big advantages of the transparent conducting 

electrodes, such as indium tin-oxide (ITO), cadmium–tin-oxide (CTO) and zinc 

oxide (ZnO), is their chemical stability and easy deposition on various types of 

semiconductor and insulating substrates [21]. Out of these conducting oxides, 

indium tin-oxide (ITO) is an eminent wide band gap semiconductor which 

exhibits such properties that permit it to be used in many electronic, photonic 

and optoelectronic applications [22].  

Herein, we describe the fabrication and electrical characterization of Al/N-

BuHHPDI/ITO Schottky junction diode at ambient temperature under dark 

conditions. The film morphology is studies using AFM. The I-V properties of the 

diode exhibit asymmetrical and rectifying behavior. Series resistance Rs, 

quality/ideality factor n, barrier height φb, and of Al/NBuHHPDI/ITO/glass 
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junction diode are calculated from conventional I-V characteristics and are also 

verified using Cheung’s functions and Norde’s function. 

7.2 Experimental Work: 

The n-type organic semiconductor N-BuHHPDI is used as an active material 

and its molecular formula is shown in Figure 7.1. A thin layer of ITO on a glass 

is used as a substrate which is etched, cleaned and dried. Then the N-

BuHHPDI thin film of 150 nm thickness is deposited on the ITO using vacuum 

thermal evaporation. While depositing the N-BuHHPDI film the pressure inside 

the chamber and deposition rate is maintained ~ 10-5 mbar and 0.1 nm/s, 

respectively. The thickness of the film and deposition rate is examined by FTM5 

Quartz Crystal Oscillator connected to the EDWARD AUTO 306 vacuum 

evaporation system. Aluminium (Al) was used as a top electrode on N-

BuHHPDI layer. The schematic of the Al/N-BuHHPDI/ITO device is shown in 

Figure 7.2. This device is kept on KARL SUSS PM5 probe station and the 

current voltage characteristics are obtained using Keithley 196 system DMM 

(μA) and Keithley 228 voltage source. In order to study the surface morphology, 

the images of the film were taken using AFM NanoScope-IIIa SPM from 

Dimension TM 3100, Digital Instruments Veeco Metrology Group, which was 

managed to run in noncontact mode imaging technique to avoid organic film 

from any damage. 

 

Figure 7. 1: Structural formula of N-BuHHPDI. 
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7.3 Results and Discussions: 

The morphology of N-BuHHPDI film was studied using atomic force 

microscopy. In Figure 7.3, two dimensional images of the N-BuHHPDI film on 

ITO substrate is shown at scan size of 2 µm. In order to thoroughly scan the 

surface profile of the film, the scanning rate was kept lower at 0.8976 Hz while 

the tip height was maintained at 50 nm. Figure 7.3 shows quite uniform 

distribution of the grains with random orientations. The surface profile shows 

some pores among the grains. These pores are due to the random orientations 

of the grains distribution. Also the grain shape is cylindrical with average grain 

length of 181.81 nm and average grain width of 96.89 nm. The film has some 

non-uniform roughness that is possibly due to the non-uniform growth of some 

grains during the film deposition and random orientation of grains. 

ITO 

N-BuHHPDI (120 nm) 

Al contact 

Figure 7. 2: Cross-sectional view of Al/N-BuHHPDI/ITO/ Schottky barrier diode. 
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Figure 7. 3: The AFM surface profile of N-BuHHPDI thin film of 150 nm thickness on ITO 

substrate on 2 µm scale. 

In order to characterize a diode, the most simple and useful method is the 

current-voltage (I-V) characterization. This method is used to compute the 

main factors of diode i.e., Rs, n and φb. The measured I-V properties of the 

Al/N-BuHHPDI/ITO/heterojunction diode are shown in figure 7.4, which 

shows nonsymmetrical and rectifying behavior and, hence, the junction formed 

is non-ohmic [23]. The value of turn on voltage Vt on is 0.10 V which is 

extracted by drawing a straight line in the forward linear region of the curve in 

Figure 4 on the voltage axis. The rectification ratio (RR) is measured to be 19.1 

at ± 0.25 V. For a rectifying junction, the I-V relationship is defined by the 

thermionic emission model [24, 25] whose equation is: 

 

                                              0

( )
exp 1sq V IR

I I
nkT

   
   

  
    (7.1) 
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Where V indicates bias voltage across the junction, q is the amount of 

electronic charge, n is the quality factor, k is Boltzmann’s constant, I0 is 

leakage current or reverse saturation current and T is the absolute 

temperature in Kelvin. From the intercept of a straight line at zero voltage of 

the log-linear  I-V  graph, the value of I0  is extracted and is given as follows 

[24]: 

 

                                                    * 2

0 exp bq
I AA T

kT

 
  

 
                                    (7.2) 

   

In equation (7.2), A is the effective area, A* is the Richardson constant carrying 

a value of1.3×105 A.cm-2K-2 for ITO [26], φB is apparent barrier height. The 

expression for n is: 

                                   
 ln

q dV
n

kT d I
     (7.3) 

φB is obtained from (7.2) as follows: 

                                        
* 2

0

lnb

kT AA T

q I


 
  

 
   (7.4) 

    

From lnI versus V characteristics, shown in Figure 7.5, and making use of 

equations (7.3) and (7.4) the values φB, n, and I0 are determined as 0.93 eV, 

1.61 and 5.5 ×10-7A, respectively.  
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Figure 7. 4: Current-voltage (I-V) characteristics of Al/ NBuHHPDI/glass Schottky barrier 

diode. 

 

The value of n for Al/N-BuHHPDI/ITO barrier diode is greater than one 

because of the irregularities in thickness of organic film, oxide layer at the 

interface and series resistance.  

But on the other hand, large values of φB are associated with small quality 

factors [27]. This tendency is because of the non-uniform junction and the 

presence of inhomogeneities of φB in Schottky diodes. The applied bias voltage 

across the junction has significant effect on the barrier height [23]. 
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Figure 7. 5: Semi-logarithmic I-V characteristics of Al/ NBuHHPDI/ITO/glass Schottky 

barrierdiode. 

 

Another key parameter of diode is the series resistance Rs, which strongly 

contributes to the electrical characteristics of junction diodes, and is found 

from resistance of the junction Rj=∂V/∂I versus bias voltage V plot as shown in 

Figure 7.6. The value of Rs, equal to 1.23 kΩ, is extracted from the lower region 

in forward bias of the Rj vs. V characteristics. While the shunt resistance Rsh, 

which is the highest value of resistance in the reverse bias of Rj vs. V, plot, is 

found to be 186.29 kΩ. The thin oxide interfacial layer between N-BuHHPDI 

film and the ITO has significant effect on the series resistance Rs and, hence, 

leads to non-ideal I–V properties as shown in Figure 7.5. 
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Figure 7. 6: Junction resistance vs. voltage graph of Al/ NBuHHPDI/ITO Schottky diode. 

 

Cheung and Cheung introduced another characterization technique to 

determine the key parameters of diode like barrier height, series resistance and 

ideality factor [28]-[30]. According to Cheung’s functions, the thermionic 

emission model for a Schottky diode having junction resistance at V> 3kT/q in 

the forward I-V characteristics is written as [29]: 

                              
ln

s

dV kT
n IR

d I q
     (7.5) 

  

                              ( ) s bH I IR n     (7.6) 

    

where H(I) is given by 
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                                        0
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   (7.7) 

  

The forward bias dV/d(lnI) vs I characteristics  obtained from (7.5) for Al/N-

BuHHPDI/ITO diode, shown in Figure 7.7, which clearly exhibits linear 

behavior and provide the numerical value of Rs as the slope whereas 

intersection of the vertical axis specifies nkT/q. Numerically n and Rs are 

calculated from the linear portion of the curve shown in Figure 7.7 as n=1.61 

and Rs=1.22 kΩ,  respectively. After analyzing and comparing Figure 5 and 

Figure 7, we found a slight change in n that is due to existence of the interface 

states at the junction, Rs and voltage losses across the barrier [30]. 

The value of n obtained from (7.5) is substituted in (7.6) and solved for the 

values of H(I) corresponding to the applied voltage V. So, in Figure 8, the H(I) 

vs. I characteristics are obtained that exhibits a straight line as well.  Here 

they-axis intercept gives φB and the slope of linear region represents the value 

of Rs[29] which is equal to 1.23 kΩ. Then making use of (7.7), the numerical 

value of φB is calculated which is equal to 0.93 eV. These values are in great 

accord with those found from the conventional I-V characterization technique. 

The Rs value calculated from H(I) vs. I plot also agrees with what is achieved 

from dV/d(lnI) vs I characteristics. 
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Figure 7. 7: dV/d(lnI) vs I characteristics of Al/ N-BuHHPDI/ITO Schottky barrier diode. 

 

Figure 7. 8: H(I) vs I characteristics of Al/ N-BuHHPDI/ITO Schottky barrier diode. 
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Furthermore, H. Norde introduced another characterization technique to find 

out the magnitude of series resistance and barrier height [31]. The Norde’s 

equation is written as [32]; 

                                   
* 2

( ) ln
V kT I

F V
q AA T

 
   

 
   (7.8) 

   

The barrier height, ϕb can be expressed as 

                              0

0( )b

V kT
F V

q



      (7.9) 

wherea Rs is calculated by the relation shown below; 

                          
0

( )
s

kT n
R

qI

 
    (7.10) 

where γ, a dimensionless integer larger than ideality factor (γ> n), I(V) is 

current profile depending on V, F(V0) is the least point of F(V) in the curve 

shown in Figure 7.9, and at this point V0 and I0 represent the voltage and 

current.  

Figure 7.9 shows the characteristics of F(V) against V for Al/NBuHHPDI/ITO 

junction which is governed by (8). When the lowest position of F(V) i.e. F(V0) at 

V=V0 is found, the value of φB  and Rs is calculated by using (9) and (10) that 

are 0.92 eV and 1.22 kΩ, respectively. The φB, n and Rs values achieved from 

the conventional I–V characteristics, Cheung and Cheung model and Norde’s 

technique are in good harmony with one another and are presented in table 

7.1.  

Moreover, large magnitudes of Rs specify itself as a current limiting agent for 

Al/NBuHHPDI/ITO [33]. At large values of voltage, the higher magnitude of Rs 

may be due to the decreasing current rate because of the injection of space 

charges into N-BuHHPDI layer. 
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Figure 7. 9: F(V)–V characteristics of Al/ N-BuHHPDI/ITO/glass Schottky junction diode. 
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7.4 Conclusions: 

The Al/N-BuHHPDI/ITO Schottky barrier diode has been fabricated using 

vacuum thermal evaporation and investigated for its electrical properties at 

room temperature under dark conditions. The junction exhibited non-ohmic, 

asymmetrical and rectifying behavior with a forward bias RR of 19.1 at ±0.25 V. 

The values obtained from the conventional I-V characterization method were 

compared with the values achieved from Cheungs’ technique and Norde’s 

method. The values obtained from these techniques showed good agreement 

with each other. The surface morphology was investigated by performing AFM 

experiments. Due to high mobility, the organic semiconductor N-BuHHPDI can 

be used for solar cell applications as well. 

 

References: 

[1] J. B.Simonsen, B. Handke, et. al.“A study of the interaction between 

perylene and the TiO2(11 0)-(1× 1) surface-based on XPS, UPS and NEXAFS 

measurements,” Surface Sci. vol. 603, pp. 1270-1275, 2009.  

[2] Y. Jung, J. Seo, J. H. Kim, et. al. "Fabrication of aligned microwire arrays of 

perylene bisimide by micromolding in capillary," Synth. Met. vol. 160, pp. 

1287-1290, 2010.  

[3] R. A. Street, M. Mulato, R. Lau, et. al. "Image capture array with an organic 

light sensor," Appl. Phys. Lett. vol. 78, pp. 4193-4195, 2001.  

[4] D. Liu, H. Ren, J. Li, Q. Tao, and Z. Gao, "Novel perylene bisimide derivative 

with fluorinated shell: A multifunctional material for use in optoelectronic 

devices," Chem. Phys. Lett.  vol. 482, pp. 72-76, 2009.  

[5] J. Clark, and G. Lanzani, "Organic photonics for communications," Nat. 

Photonics. vol. 4, pp. 438-446, 2010.  



Chapter 7 Fabrication of Al/N-BuHHPDI/ITO Schottky 

barrier diode and investigation of its electrical properties 

 

131 
 

[6] A Pucci,  A.  Pucci, F. Donati, S. Nazzi, G. et. al.,  "Association phenomena 

of a chiral perylene derivative in solution and in poly (ethylene) dispersion," 

React. Funct. Polym. vol. 70, pp. 951–960, 2010. 

[7] H.  Sirringhaus,  N. Tessler,  et. al. "Integrated optoelectronic devices based 

on conjugated polymers," Sci. vol. 280, pp. 1741-1744, 1998.  

[8] G.  Horowitz, "Organic thin film transistors: From theory to real devices," J. 

Mater. Res. vol. 19, pp. 1946–1962, 2004.  

[9] G. H. Gelinck, et al."Flexible active-matrix displays and shift registers based 

on solution-processed organic transistors," Nat. Mater. vol. 3, pp.106-110, 

2004. 

[10] M. Eritt, C. May, K. Leo, M. et. al."OLED manufacturing for large area 

lighting applications," Thin Solid Films. vol. 518, pp. 3042-3045, 2010.  

[11] L.  Huang,  F. Zhu, C. Liu, et. al. "Heteroepitaxy growth high performance 

films of perylene diimide derivatives," Org. Electron. vol. 11, pp. 195-201, 2010. 

[12] K.  Itaka et al. "High‐Mobility C60 Field‐Effect Transistors Fabricated on 

Molecular‐Wetting Controlled Substrates," Adv. Mater. vol. 18, pp. 1713-1716, 

2006.  

[13] A. Facchetti, M. Mushrush, H. E. Katz, and T. J. Marks, "n‐Type Building 

Blocks for Organic Electronics: A Homologous Family of 

Fluorocarbon‐Substituted Thiophene Oligomers with High Carrier Mobility," 

Adv. Mater. vol. 15, pp. 33-38, 2003. 

[14]  Z. Bao, A. J. Lovinger, and J. Brown, "New air-stable n-channel organic 

thin film transistors," J. Am. Chem. Soc. vol. 120, pp. 207-08, 1998.  

[15] M. Ling, P. Erk, et. al. "Air‐Stable n‐Channel Organic Semiconductors 

Based on Perylene Diimide Derivatives without Strong Electron Withdrawing 

Groups," Adv. Mater. vol. 19, pp. 1123-1127, 2007.  

[16] C. Kufazvinei, M. Ruether, J. Wang, and W. Blau, "A blue light emitting 

perylene derivative with improved solubility and aggregation control: Synthesis, 



Chapter 7 Fabrication of Al/N-BuHHPDI/ITO Schottky 

barrier diode and investigation of its electrical properties 

 

132 
 

characterisation and optical limiting properties,"  Org. Electron. vol. 10, pp. 

674-680, 2009.  

[17] J. Feng, D. Wang, S. Wang, L. Zhang, and X. Li, "Synthesis and properties 

of novel perylenetetracarboxylic diimide derivatives fused with BODIPY units," 

Dyes Pigment. vol. 89, pp. 23-28, 2011.  

[18] S. H. Oh, B. G. Kim, S. J. Yun, M. Maheswara, K. Kim, and J. Y. Do,"The 

synthesis of symmetric and asymmetric perylene derivatives and their optical 

properties," Dyes Pigment. vol. 85, pp.37-42, 2010. 

[19] J. Wager, "Transparent electronics: Schottky barrier and heterojunction 

considerations," Thin Solid Films vol. 516, 1755-1764, 2008.  

[20] S. Aydogan, K. Çinar, H. Asil, C. Coskun, A. Turut,  "Electrical 

characterization of Au/n-ZnO Schottky contacts on n-Si,"  J. Alloy. Compd. vol. 

476, pp. 913-918, 2009.  

[21] T.  Minami, "Transparent conducting oxide semiconductors for transparent 

electrodes," Semicond. Sci. Technol. vol.  20, pp. S35-S44, 2005.  

[22] M. Purica, E. Budianu, and E. Rusu, "ZnO thin films on semiconductor 

substrate for large area photodetector applications," Thin Solid Films. vol. 383, 

pp. 284-286, 2001.  

[23] W. Mtangi, F. Auret, C. Nyamhere, et. al. "Analysis of temperature 

dependent IV measurements on Pd/ZnO Schottky barrier diodes and the 

determination of the Richardson constant," Phys. B: Condens. Matter. vol. 404, 

pp. 1092-1096, 2009.  

[24] V. Janardhanam, A. Ashok Kumar, et. al. "Study of current–voltage–

temperature  and  capacitance–voltage–temperature  characteristics of 

molybdenum Schottky contacts on n-InP (100)," J. Alloy. Compd. vol. 485, pp. 

467-472, 2009.  

[25] M. Saglam,  A.  Ateş,  M.  Yıldırım,  et. al. "Temperature dependent 

current–voltage characteristics of the Cd/CdO/n–Si/Au–Sb structure,"Curr. 

Appl. Phys. vol. 10, pp. 513-520, 2010. 



Chapter 7 Fabrication of Al/N-BuHHPDI/ITO Schottky 

barrier diode and investigation of its electrical properties 

 

133 
 

[26] H. Altuntas, A. Bengi, U. Aydemir, et. al."Electrical characterization of 

current conduction in Au/TiO2/n-Si at wide temperature range," Mater. Sci. 

Semicond. Process. vol. 12, pp. 224-232, 2009.  

[27] R. Schmitsdorf, T. Kampen, and W. Mönch,"Explanation of the linear 

correlation between barrier heights and ideality factors of real 

metalsemiconductor contacts by laterally nonuniform Schottky barriers," J. 

Vac. Sci. Technol. B: Microelectron. Nanometer Struct. vol.  15, pp. 

1221, 1997.  

[28] O. F. Yuksel, A. Selcuk, and S. Ocak,"Investigation of diode parameters 

using I–V and C–V characteristics of In/SiO2/p-Si (MIS) Schottky diodes," 

Phys. B: Condens. Matter vol. 403, pp. 2690-97, 2008.  

[29] S.  K. Cheung and N.  W.  Cheung,  "Extraction of Schottky diode 

parameters from forward current‐voltage characteristics," Appl. Phys. Lett. vol. 

49, pp. 85-87, 1986.  

[30] M. Aydin, F. Yakuphanoglu, T. KIlIçoglu, "The current-voltage and 

capacitance-voltage characteristics of molecularly modified [beta]-carotene/n-

type Si junction structure with fluorescein sodium salt," Synth. Met. vol. 157, 

pp. 1080-1084, 2007.  

[31] G.  Chilana and R.  Gupta, "A modified Norde function for the 

measurement of the series resistance and the voltage‐dependent barrier height 

of triangular barrier diodes," J. Appl. Phys. vol.  65, pp. 2859-2861, 2009. 

[32] H. Norde, "A modified forward I‐V plot for Schottky diodes with high series 

resistance," J. Appl. Phys. vol. 50, pp. 5052-5054, 1979. 

[33] O. Gullu, S. Asubay, S. Aydogan,  and  A. Turut, "Electrical 

characterization of the Al/new fuchsin/n-Si organic-modified device,"Phys. 

E:Low-dimens. Syst. Nanostruct. vol. 42, pp. 1411-1416, 2010. 

 



Chapter 8 Humidity, light and temperature dependent 

characteristics of Au/N-BuHHPDI/Au surface type 

multifunctional sensor 

134 
 

Chapter 8 Humidity, Light and Temperature Dependent 

Characteristics of Au/N-BuHHPDI/Au surface Type 

Multifunctional Sensor 

 

This chapter describes the sensing properties of organic semiconducting 

material N-Butyl-N`-(6-hydroxyhexyl) perylene-3,4,9,10-tetracarboxylic acid 

diimide (N-BuHHPDI). A multifunctional surface type Au/N-BuHHPDI/Au 

sensor has been fabricated by depositing 140 nm thin layer of N-BuHHPDI on 

pre-patterned gold (Au) electrodes, using vacuum thermal deposition. The effect 

of temperature, light and humidity on the electrical capacitance and resistance 

of the device has been investigated. The sensor responded exponentially 

towards the variation in humidity, light and temperature. An equivalent circuit 

of the multifunctional sensor has also been developed. By using the Tauc’s law, 

optical band gaps (2 eV, 2.18 eV and 3.78 eV) of N-BuHHPDI have been 

obtained from its UV-Vis spectrum. Atomic force microscopy (AFM) has been 

employed to study the morphology of N-BuHHPDI thin film. The environmental-

conditions-dependent properties make the device useful for its applications in 

measurement of humidity, temperature and light.  

8.1 Introduction: 

Assessment of environmental conditions in our daily life and various fields, can 

be accomplished  by monitoring temperature, humidity, light and  toxic gases, 

etc. present in the air [1, 2]. Small molecular organic semiconductors based 

sensors are of great significance owing to their low cost, easy fabrication and 

greater stability. These materials have high sensing capability for the 

parameters such as temperature, radiations and humidity [3-5]. Due to strong 

π-conjugation system and low molecular weight, organic semiconductors like 

perylene and its derivatives  belong to one of the important class of organic 
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materials which bear promising optoelectronic properties and thus may be 

used as functional semiconducting materials [6, 7]. They have strong 

absorption in the visible range [8] and have good chemical and thermal 

stabilities [9]. The n-type behavior of perylene [10] makes it a useful candidate 

for its potential application in different electronic and optoelectronic devices 

which include solar cells [11],  field effect transistors and light emitting diodes 

[12, 13]. Most of the perylene derivatives are insoluble in water and possess 

excellent hydrophobic properties [14]. This hydrophobic property makes these 

materials more distinctive candidates for humidity sensing applications as 

compared to other water soluble organic materials. The high sublimation 

temperature (700 K) is another convincing characteristic of perylenes for their 

potential application as a temperature sensor to monitor temperature at 

elevated levels. At the same time, the broad UV-Vis spectrum and good 

absorption of light recommend perylenes equally useful for light sensing 

applications. Thus, taking advantages of these motivating properties, the 

potential of perylene has been explored for humidity, temperature and light 

sensing applications due to the possession of such interesting properties all 

together. 

Mainly, sensors are fabricated in two types of geometry; sandwich type and 

surface type. Though the sandwich type sensors are very reliable but 

expensive, complex and prone to shortening of the device while, on the other 

hand, surface type structures are uncomplicated, low-cost, easy to fabricate 

and versatile alternatives to their counterparts [15, 16]. Keeping these notable 

properties in view, surface type configurations are widely examined for 

fabrication of various capacitive and resistive-type sensors employing low 

molecular organic semiconductors. Humidity sensors, photocapacitive sensors 

and temperature sensors based on organic semiconducting materials such as 

phthalocyanines, porphyrins, their derivatives and methyl red, etc. have been 

reported in the literature [16-21]. 
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Since, very little is known about the sensing properties of perylene and its 

derivatives in the available literature. Thus the purpose of the present work is 

to use N-BuHHPDI as an active material for its potential applications in the 

fabrication of a surface type Au/N-BuHHPDI/Au multifunctional sensor. The 

capacitive and resistive responses of the sensor are investigated with respect to 

relative humidity (%RH), temperature and amount of illumination. The sensor 

has been characterized at normal pressure in the presence of air to realize its 

potential use in normal environmental conditions. The humidity sensing 

properties of the device are correlated to the morphology of N-BuHHPDI thin 

film. 

 

8.2 Experimental Work: 

8.2.1 Device Fabrication: 

The organic semiconductor N-BuHHPDI is used as a dynamic material in the 

preparation of Au/N-BuHHPDI/Au multifunctional sensor. The molecular 

structure of N-BuHHPDI is shown in figure 8.1. Glass slide has been used as 

a substrate and cleaned in acetone for 10 minutes followed by cleaning in 

isopropanol for another 10 minutes using ultrasonic bath. The substrate is 

further cleaned for 5 minutes by producing plasma inside the vacuum 

thermal evaporator at pressure 10-3 mbar. Then 100 nm thick Au electrodes 

were deposited on the substrate such that the inter-electrode gap was kept 40 

μm. Afterwards, 140 nm thick film of N-BuHHPDI was thermally deposited 

over the Au inter-electrode gap at 2.3 × 10-5 mbar. Figure 8.2 shows the 

schematics of Au/N-BuHHPDI/Au surface type sensor.  For vacuum thermal 

evaporation of Au and N-BuHHPDI thin films, Edward Auto 306 Vacuum 

Coater has been used with in-situ FTM5 quartz crystal thickness monitor.  
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8.2.2 Device Characterization: 

The self-developed humidity unit is used for humidity dependent 

measurements where the humidity level is controlled through dry nitrogen gas 

and humid air. The chamber is fitted with a commercially available 

humidity/hygrometer. The humidity-resistance and capacitance response of 

the sensor were measured by using “ESCORT ELC-133 A” dual display LCR 

meter. For temperature dependent measurements of the sensor, Karl Suss 

PM5 probe station with a thermo chuk ‘Alpha’ series system, model TP 0315A-

TS-2 of Temptronic Corporation, USA, is used. The temperature-capacitance 

measurements were carried out in air at normal atmospheric pressure at 0 

%RH in dark conditions. To check the light sensitivity, the fabricated sensor is 

illuminated with a 25 W movable incandescent lamp. By changing the 

separation between light source and sensor, light dependent characteristics 

have been measured using CEM DT-1300 light meter. The morphology of N-

BuHHPDI film has been investigated by AFM NanoScope-IIIa SPM from 

DimensionTM 3100, Digital Instruments Veeco Metrology Group at Cavendish 

Lab, University of Cambridge, UK. The AFM was operated in the noncontact 

imaging mode to prevent damage to the film. The UV-Vis spectrum was 

recorded with Hewlett Packard 8453, UV-Visible spectrophotometer using 

unpolarized light with 280-1100 nm wavelength, at a temperature of 300 K.
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Figure 8. 1: Molecular structure of N-BuHHPDI. 
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Figure 8. 2: Cross-sectional view of the fabricated Au/N-BuHHPDI/Au surface-type sensor. 

 

8.3 Results and Discussions: 

8.3.1 Atomic Force Microscopy of N-BuHHPDI Thin Film: 

The surface morphology of N-BuHHPDI thin film has been studied using AFM. 

Figure 8.3 shows two dimensional AFM images on a scale size of 2 µm. To see 

the fine features in the topography of the film, the scanning rate was kept at 

lower frequency of 0.8976 Hz while the tip height was maintained at 50 nm. A 

quite uniform distribution of grains with random orientations can be observed 

in figure 8.3. However, shapes and sizes of the grains are slightly different from 

each other. The surface profile also shows some pores and interstitials sites 

among the grains. Since the shape of the grain is nearly elliptical with an 

average length and width of 180 nm and 85 nm, respectively, so the average 

grain size is found to be 15300 nm2. These pores may be due to the random 

orientations of grains residing on one another. The film also contains voids, 

which produce discontinuity in the film and are responsible for absorbing 

water vapors causing the capacitance of sensor to increase. Moreover, the 

surface of the film has some non-uniform roughness with average roughness 

(Ra) value of 217 nm. The irregularity of the film surface profile is possibly 

caused by the non-uniform deposition of grains at the time of film deposition 

Glass substrate 

Au 

 

Au 

N-BuHHPDI  
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and random orientation of grains. This surface-roughness is considered 

responsible for enhanced adsorption of water vapors so as to increase humidity 

capabilities of the thin film. Figure 8.3 (a) shows the image on 2×2 μm scale 

measured as height from image data while figure 8.3 (b) shows the phases of 

the film. 

 

 

 

 (a) 
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Figure 8. 3: (a) The AFM image on 2×2 μm scale measured as height from image data  

(b) phases of the film. 

  

8.3.2 UV-Vis Spectroscopy of N-BuHHPDI: 

The UV-Vis absorption spectrum of the 140 nm thick film of N-BuHHPDI, 

deposited on quartz substrate, is shown in figure 8.4. Two prominent bands, 

the B-band or Soret-band in the range 285 nm-350 nm of UV region and the Q-

band, between 400 nm and 650 nm in the visible region are observed in the 

recorded spectra. As it is quite clear from the figure 8.4, the B-band with a 

sharp peak appears at 302 nm while the Q-band appears at 470 nm and 563 

nm with high-energy peak and low-energy peaks, respectively. The dominant 

peaks in Q-band are understood in as direct electronic transition between 

bonding and anti-bonding orbitals [22].The absorption peaks around 470 nm 

and 563 nm are clear evidence of aggregation in thin films of perylene 

derivatives [23]. The formation of molecular aggregates may be ascribed to 

(b) 
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effective π-π stacking interactions of perylene nuclei [24]. The transitions, for 

the two bands in the visible region, may be from the ground state to two (or 

more) excited states [25]. 
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Figure 8. 4: UV-Vis spectrum of N-BuHHPDI thin film. 

 

8.3.3 Optical Band Gap Calculation 

In order to calculate optical energy band-gap of semiconducting materials and 

nanomaterials, absorption spectra play a significant role. Tauc’s law [26] has 

been applied to measure the optical band gap according to the following 

expression: 

 
m

gE E E        (8.1)
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E is the photon energy, Eg. The direct transition model is applied to calculate 

optical band gap of N-BuHHPDI film. So (αE)2 is plotted against E, as shown in 

figure 8.5. The energy gap is calculated by finding a slope in the linear portion 

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

2 eV and 2.18 eV in the visible region for the Q-band and 3.78 eV in the 

infrared region for the B-band or Soret band. The calculated band gap values of 

N-BuHHPDI are in good conformity with the reported values [27-30]. 
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Figure 8. 5: Direct Band gap measurements for N-BuHHPDI thin film. 

8.3.4 Humidity Response of Au/N-BuHHPDI/Au 

Multifunctional Sensor: 

The control and monitoring of humidity is a prime concern because it 

significantly affects the properties of various materials, particularly hydrophilic 

materials. Relative humidity means the ratio of the actual amount of vapors 

present to the saturated amount of vapors in the air, at any given time. Relative 

humidity can be expressed as follows: 
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% 100
ActualVaporDensity

RH x
SaturatedVaporDensity

   (8.2) 

Figure 8.6 shows capacitance/resistance versus %RH relationships for Au/N-

BuHHPDI/Au surface-type sensor. The capacitance and resistance of the 

sensor against humidity were recorded at 300 K in dark. As it is clear from the 

figure 8.6, capacitance of the humidity sensor increases while the resistance 

decreases exponentially with increasing the level relative humidity. The 

capacitance of the Au/N-BuHHPDI/Au surface type sensor has increased by 13 

times and the resistance has decreased down by 20 times with increasing 

levels of relative humidity. The capacitive/resistive behavior of the sensor is 

inspected from 0-90 %RH.  At lower humidity levels i.e. from 0 to 60 %RH, the 

capacitance (C) remains constant due to fewer amounts of adsorbed water 

vapors which are insufficient to increase the dielectric constant of the organic 

semiconductor layer. However, there appears a significant increase in the 

capacitance (C) beyond 60 %RH, which can be explained by the expression 

given below; 

 

0 r A
C

d

 
      (8.3) 

where εr is dielectric constant of N-BuHHPDI, ε0 is the free space dielectric, A is 

the active area of the sensor and d is the separation between the electrodes of 

the sensor. The capacitance increases exponentially from 100 pf to 1300 pf in 

the range 60 to 90 %RH. On the other hand the sensitive region for resistive 

response lies between 0 and 60 %RH, while beyond 60 %RH, the device 

becomes insensitive for variation in the resistance. Accumulation of more water 

vapors within the humidity chamber results in more adsorption of moisture in 

the pores of organic film which in turn increase εr of the organic semiconductor 

and hence give rise to the enhanced capacitance. The capacitive and resistive 

response to %RH shows hysteresis. The upward and downward arrows show 
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increasing and decreasing humidity levels, respectively. A very minute change 

occurs in the capacitance as compared to resistance of the sensor indicating 

that the fabricated sensor is more effective for capacitance response than 

resistance. The capacitive and resistive response can be combined for sensing a 

broad range of humidity for commercial applications. 
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Figure 8. 6: Capacitance/resistance–humidity relationships for the Au/N-BuHHPDI/Au 

surface- type sensor at 100 Hz frequency. 

 

Numerous factors, such as porosity of thin film, dielectric constant of water, 

active sensing area and polarizability of the material, are involved in the 

capacitance/conductance variation in response to the humidity. At higher %RH 

and thicker films, sensitivity of the sensor is reduced, as a result of the pores 

in the film, get saturated with water vapors. The relative permittivity of small 

molecular organic semiconductor lies between 4 and 8 [31], while that of  water 

is ~80 [32, 33].  At room temperature (300 K), the dielectric constant of water 
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remarkably increases capacitance/conductance of the Au/N-BuHHPDI/Au 

sensor, as a result of large dissimilarities between the relative permitivities of 

water and active film of N-BuHHPDI. When the sensor is exposed to humid 

environment, a solid surface adsorbs water molecule and results in the 

formation of two barely distinguishable layers i.e. chemisorption and 

physisorption layers. In the beginning, no water molecules are present in the 

pores of active material; rather they contain only dry air. The chemisorption 

layer is formed at lower humidity levels while the physisorption layer occurs at 

higher humidity levels. In the chemisorption layer and the initial physisorption 

layer, the water molecules are unable to move freely as they are doubly bonded. 

However, singly bonded molecules in the successive physisorption layers, can 

be easily polarized. Hence the increased dielectric constant and consequently 

the enhanced capacitance are inevitable [33]. The increased contact area and 

reduced gap between the electrodes increase the physisorption of water 

molecules, which in turn increases the capacitance/conductance of the sensor. 

Due to the aforementioned reasons the capacitance/conductance of a low 

dielectric material, like N-BuHHPDI, shows a remarkable increase. The 

humidity-results obtained for Au/N-BuHHPDI/Au sensor are consistent with 

those reported in the literature [16-19, 34]. 

8.3.5 Light Response of Au/N-BuHHPDI/Au Multifunctional 

Sensor: 

The N-BuHHPDI possesses good light absorption properties which are clear 

from the UV-Vis spectrum shown in figure 8.4. Taking advantage of this 

property, the sensor has been studied for light sensing applications. Figure 8.7 

(a) shows capacitance versus illumination relationship of the sensor, at a 

temperature of 300 K. An incandescent lamp has been used to illuminate the 

sensor in a range of ‘0’ lx (dark condition) to 27000 lx (illumination). The 

amount of illumination was varied by changing the distance between Au/N-
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BuHHPDI/Au sensor and the lamp. The schematic diagram of the light-

capacitance measurement setup is shown in figure 8.7 (b). Initially, the lamp 

was illuminated from 60 cm height above the sensor. The distance was varied 

in a fixed step size of 2 cm with an average exposure time of 5 s to get the 

readings stable. It can be observed from the graph that the capacitance 

remains almost constant up to 7000 lx of incident light and increases between 

7000 lx and 25000 lx. Beyond 25000 lx the sensor goes into saturation. The 

capacitance of the sensor increases 35 times when the illumination is varied 

from dark (0 lx) to 25000 lx. When Au/N-BuHHPDI/Au surface type 

multifunctional sensor was investigated as a photodetector, it exhibited better 

results as compared to the porphyrin based multifunctional sensor reported 

[16]. Charge carrier concentration increases as the amount of illumination 

increases, which in turn increases the polarizability owing to transfer of 

charges [4]. This exponential increase in the charge carrier concentration may 

be due to the band-band excitation [31, 35]. 

It is well known that, generally, capacitance is dependent on polarizability of 

the active material [36]. There could be different sources of polarization, i.e., 

electronic polarizability (αe), ionic polarizability (αi) and dipolar polarizability 

(αdip), which are responsible for the variation in capacitance of N-BuHHPDI. 

Electronic polarizability is because of the relative displacements of orbital 

electrons [37]. It is present in most of the materials but has a very negligible 

effect. It is assumed that the perylene derivative may contain some charge-

transfer complexes, which give rise to the ionic polarizabilty [16]. Certain 

dipoles also exist in the organic semiconductors which are, in fact, randomly 

arranged. When an electric field is applied, these dipoles change their 

orientation and give rise to dipolar polarizability. In %RH-capacitance 

properties, the dipoles of the water are adsorbed by N-BUHHPDI result in 

dipolar polarizabilty [17].   
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Figure 8. 7: (a) Capacitance–light graph for the Au/N-BuHHPDI/Au surface-type sensor at 100 

Hz frequency, (b) Schematic diagram of the light-capacitance measurement setup. 

The capacitance increases while resistance decreases due to rise in the relative 

permittivity of the material. The electrical polarization and polarizability are 

given by [37]: 

(a) 

(b) 
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P = NαE  (8.4) 

 

where P is polarization, α is polarizability and E is electric field. 

If we take all polarizabilities of the organic material into account then the total 

polarizibilty (αn) under normal (dark and dry) conditions is given as: 

n e i dip tn             (8.5) 

When the sensor is illuminated, the total polarizability (α) of sample is given by: 

e i dip t              (8.6) 

whereas αt is polarizability under light or humid conditions. 

8.3.6 Temperature Response of Au/N-BuHHPDI/Au 

Multifunctional Sensor: 

Figure 8.8 shows capacitance versus temperature relationship of the sensor 

from 300 K to 460 K. The capacitance almost stays constant up to 400 K 

showing stability of the N-BuHHPDI against temperature and beyond 400 K 

upto 460 K, it sharply increases. It is obvious from figure 8.8 that the 

capacitance is increased 5 times for elevating temperatures.  However, the 

porphyrin based multifunctional sensor exhibited 3 times increase in the 

capacitance with rising temperature [16]. 
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Figure 8. 8: Capacitance–temperature relationship for the Au/N-BuHHPDI/Au surface-type   

sensor. 

The temperature sensing mechanism of Au/N-BuHHPDI/Au surface type 

multifunctional sensor can be well understood from the temperature effect on 

the mobility and conductivity ( ) of N-BuHHPDI thin film. When temperature is 

increased the mobility of N-BuHHPDI film increases which in turn give rise to 

conduction of the charge carriers. Since resistivity and conductivity are 

inversely proportional to each other (     ), therefore, resistance of N-

BuHHPDI decreases with increase in temperature, as described by equation 

(8.7) [38].  

        
 

  
       (8.7) 

The possible reason for the enhancement in capacitance of may be ascribed to 

the higher value of conductance due to large mobility and conductivity of the 

charge carriers in the organic film as they attain sufficient energy due to rise in 
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temperature. A very small hysteresis is observed in the capacitance showing 

consistent behavior of the sensor towards increasing and decreasing 

temperature. 

8.3.7 Response and Recovery Time of Au/N-BuHHPDI/Au 

Multifunctional Sensor: 

The response and recovery response of the Au/N-BuHHPDI/Au sensor 

corresponding to humidification and desiccation are shown in figure 8.9. The 

recovery time and response time were measured for the sensor as follows: 

Initially the sensor was placed in a sealed chamber with 30 % RH and then the 

humidity level was quickly raised to 90 % RH, thereby enabling the sensor to 

adsorb water vapors and hence increasing the capacitance. The sample was 

exposed to the ambient conditions and the response time of 60 sec was 

recorded.  The recovery time of the sensor was achieved by first exposing it to a 

humidity level of 90 % RH and then immediately to 30 %RH. The sensor 

recovered itself to equilibrium state by desorbing water vapors, in nearly 70 sec 

which is considered as the recovery time. 
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Figure 8. 9: Response and recovery time as a function of capacitance and resistance for the 

Au/N-BuHHPDI/Au surface-type sensor at 100 Hz frequency. 

 

The Au/N-BuHHPDI/Au multifunctional sensor is examined to understand the 

effect of humidity, light and temperature and has shown sensitivity towards all 

the investigated parameters. All the three sensors can be fabricated on a single 

substrate, which would minimize the overall cost effect. However, the 

interaction of different effects may be reduced by having separate casing with 

appropriate window for each sensor. 

8.3.8 Equivalent Circuit Diagram of Au/N-BuHHPDI/Au 

Multifunctional Sensor: 

According to Nahar et. al. [39], schematic diagrams for detailed and equivalent 

circuits of the Au/N-BuHHPDI/Au surface type multifunctional sensor are 

shown in figure 8.10 (a) and (b), respectively. In the schematic diagram of 
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figure 8.10 (a), Ca and Ra represent the capacitance and resistance due to the 

dielectric of air filled in the pore area. The Ceff and Reff denote the capacitance 

and resistance due to the dielectric of N-BuHHPDI affected by relative 

humidity, light and temperature, respectively. The capacitance, Cg, and 

resistance, Rg, are due to the dielectric of the glass substrate. It is assumed 

that the properties of organic semiconductor N-BuHHPDI are dominant over 

other properties; therefore, an equivalent circuit is redrawn in figure 8.10 (b), 

by taking the capacitance and resistance of the active material into account 

and neglecting the effects of air and glass substrate. 

 

 

 

 

 

 

 

 

 

8.4 Conclusions: 

In this chapter, the effect of temperature, humidity and light on the Au/N-

BuHHPDI/Au surface type multifunctional sensor is presented. The sensor 

exhibited exponential response towards these environmental conditions by 

detecting variation in capacitance and resistance. The increase in capacitance 

Ra     Rg       Reff               Ca              Cg            Ceff 

Reff                      Ceff 

(a) 

(b) 
Figure 8. 10: Schematic diagram of electrical equivalent circuit model of Au/N-BuHHPDI/Au 

surface type multifunctional sensor: (a) detailed and (b) simplified. 
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and decrease in resistance of N-BuHHPDI has been observed with the increase 

in humidity level. This enhanced capacitance is because of the enhancing 

value of dielectric of the N-BuHHPDI due to adsorption of water droplets on its 

surface. However, at the other side, as a result of splitting of water vapors, by 

the variation in the resistance, significantly affect the resistance. The material 

is stable at high temperatures and, therefore, can be used for temperature 

sensing applications from 300 K to 460 K. Due to hydrophobic nature of N-

BuHHPDI, it is concluded that N-BuHHPDI is one of the promising candidates 

for humidity sensing applications. The broad absorption spectrum of the 

material makes it equally good for light sensitivity. The surface roughness of 

the film is examined by atomic force microscopy. The roughness of the N-

BuHHPDI film shows that the film surface is not very smooth. 
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Chapter 9 Enhancement in the Sensing Properties of 

Methyl Orange Thin Film by TiO2 Nanoparticles 

This chapter comprises the enhancement in the sensing properties of organic dye 

methyl orange (MO) by introducing TiO2 nanoparticles. For this purpose, two 

surface type Ag/MO/Ag and Ag/MO:TiO2/Ag multifunctional sensors were 

fabricated by spin casting a solution of MO (3.0 wt.%) and 3.0:0.3 wt.% of 

MO:TiO2 composite on pre-patterned silver (Ag) electrodes. The gap between Ag 

electrodes was 40 µm. The Ag/MO/Ag and Ag/MO:TiO2/Ag structures were 

characterized to investigate their response towards humidity and temperature 

variations. The Ag/MO:TiO2/Ag sensor exhibited better sensitivity and response 

time than Ag/MO/Ag sensor. The large surface to volume ratio of TiO2 

nanoparticles is the primary reason for the higher sensitivity of Ag/MO:TiO2/Ag 

sensor. The sensors can be used to detect humidity variations from 30% to 95% 

RH and temperature variation from 30 0C to 200 0C with good stability. Surface 

morphologies of the film were investigated by scanning electron microscope 

(SEM). 

9.1 Introduction: 

Current research in fabrication of sensors and devices has widened the 

potential applications in various fields [1, 2]. Many types of sensors have been 

fabricated using ceramics, inorganic materials, organic polymers and molecular 

materials for measurements and monitoring of humidity, temperature, light 

and pressure [3, 4]. The humidity and temperature control are of great 

significance in our daily life which includes moisture receptive goods, fresh and 

package food, medicine storage, environmental control for valuable antique and 

for safety purposes in various research laboratories and industries [5]. 

Inorganic sensors are complex and expensive. However, these disadvantages of 

inorganic materials for sensing applications are eliminated by using organic 
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sensitive materials. Amongst the organic semiconducting materials, the organic 

small molecular dyes are interesting materials due to better humidity-sensing 

properties, long-term stability, reliability, low cost, solution processability and 

ease of fabrication [6, 7]. Pure organic materials and organic–inorganic 

nanocomposites have been studied for the sensing purposes [8]. In order to 

enhance the sensing characteristics of organic sensors, one way is to make the 

sensors at nanoscale and/or the other is to blend some nanoparticles in 

organic material taking advantage of their property, high surface to volume 

ratio, and special physical and chemical properties of the nanostructures [6]. In 

most of the cases, blending of nanoparticles in the solution of organic 

semiconductors improves adhesion between the thin film and the substrate 

and consequently, more stable devices can be fabricated. 

Methyl orange (MO) is a nonpolymeric orange crystalline powder with 

semiconducting properties previously studied [9]. Herein, MO has been chosen 

for fabricating multifunctional sensors due to its conjugated structure, solution 

processability, environmental stability and low cost. The high melting point 

∼300 0C of MO makes it prominent to be used for high temperature sensing 

without degradation. TiO2 is another important ceramic material having vast 

applications in different kind of sensors, photocatalysis and solar cells. Due to 

the promising properties of TiO2, its nanocomposites have been made as one of 

the good candidates for fabricating humidity and temperature sensors [10]. 

In this study, an organic multifunctional sensor based on a blend of MO and 

TiO2 nanoparticles has been fabricated and investigated for its potential 

application as humidity and temperature sensors. The Ag/MO:TiO2/Ag 

multifunctional sensor has been characterized for its sensing properties such 

as high sensitivity to temperature and humidity with good linearity and fast 

response and recovery times. To study the enhancement, another Ag/MO/Ag 

sensor was fabricated, characterized and different parameters were compared 
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to that of Ag/MO:TiO2/Ag sensor. The comparison of different parameters 

proved better sensitivity of Ag/MO:TiO2/Ag than Ag/MO/Ag sensor. As the 

sensitivity also depends on the applied frequency, the sensor has also been 

studied at two different frequencies of 1 KHz and 120 Hz. 

9.2 Experimental Work: 

The small molecular organic dye MO was purchased from ACROS, whose 

structural formula is shown in Fig. 1. Its molecular formula and molecular 

mass is C14H14N3NaO3S and 327.32 g/mol, respectively. MO has been used as 

an active matrix material for the fabrication of Ag/MO/Ag and Ag/MO:TiO2/Ag 

multifunctional sensors. For the device fabrication, 100 nm thin Ag electrodes 

were thermally deposited on glass substrate with inter-electrode gap of 40 µm 

using wire as a mask. The electrodes were deposited by using EDWARDS AUTO 

306 Vacuum thermal evaporator system. The pressure inside the vacuum 

chamber was 10−5 mbar at a deposition rate of 0.1 nm/s. The film thickness 

was measured by in situ FTM5 film thickness monitor. A 3.0 wt.% solution of 

MO and 0.3 wt.% suspension of anataze type of TiO2 nanoparticles were 

separately prepared in distilled water at 50◦C by using the magnetic stirrer for 

5 hrs. The average particle size of TiO2 was 25 nm. The MO and MO:TiO2 

nanocomposite solutions were separately spin-coated on two substrates with 

pre-patterned Ag electrodes such that the inter-electrode gap was covered. The 

samples were dried for 48 h at room temperature. The schematic diagrams of 

the fabricated sensors are shown in Fig. 2(a) and 2(b). Scanning electron 

microscopy (SEM) of thin films were carried out using Phillips XL 30 SEM 

system. Current–voltage (I–V) measurements were made on Keithley 237 

voltage source/picoammeter, while temperature–capacitance (T−C) 

measurements were performed on Karl Suss PM5 probe station with a thermo 

chuck “Alpha” series system, model TP 0315A-TS-2 of Temptronic Corporation, 

USA. 
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Figure 9. 1: Molecular formula of MO. 
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Figure 9. 2: Cross-sectional view of the fabricated sensors (a) Ag/MO/Ag (b) 

Ag/MO:TiO2/Ag. 
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9.3 Results and Discussions: 

9.3.1 Surface Morphology of the Films: 

Morphology of the sensitive films greatly affects the behavior of sensors [11]. 

The surface topography of pure MO and MO:TiO2 composite films have been 

investigated by SEM at 500× magnification as shown in Figure 9.3. The 

microstructures reveal that the surface of pure MO film is quite smooth, while 

that of TiO2-doped MO film is uniformly dispersed. The fine needle-like 

structure of the latter makes it a good quality coating which is important for 

sensitivity and dielectric properties of the sensors. 

 

(a)  
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(b)  

 

Figure 9. 3: SEM images of (a) pure MO and (b) TiO2 doped MO thin films. 

 

9.3.2 Humidity Response of Sensors: 

Figure 9.4 and 9.5 show the change in capacitance (C) with respect to relative 

humidity (%RH) at 1 kHz and 120 Hz, respectively, of the Ag/MO/Ag and 

Ag/MO:TiO2/Ag multifunctional sensors at room temperature. It is obvious 

from the curves that capacitance increases with increase in %RH level. This is 

due to the adsorption of water molecules by the film surface which results in 

an increase in the relative permittivity of the active composite film. The higher 

dielectric constant of a material will lead to a higher capacitance and vice versa 

[12]. Since the capacitance depends on the applied frequency, therefore, C-

%RH characteristics of the Ag/MO/Ag and Ag/MO:TiO2/Ag sensors have been 

investigated at two different frequencies of 120 Hz and 1 kHz. The frequency 

affected the capacitance more strongly at high %RH than at low %RH. The 

sensors exhibit high sensitivities at low frequency i.e., 120 Hz. However, for 

higher frequency, sensitivity of the sensors is lower due to the fact that 
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polarization of adsorbed water cannot keep up with rapid change in the 

direction of electric field which results in a slight increase in the dielectric 

constant and hence shows little dependence on %RH [13, 14]. Water is a polar 

molecule and its dipole moment increases by applying electric field to it. The 

dipole moment of a dielectric material is given by: 

p E      (9.1) 

where α is the polarizibilty of the material and its value for water is 

6.1×10−30C·m [15] and E is the applied electric field across the electrodes.  In 

our devices, water is adsorbed over the active region which in turn increases 

the dipole moment and ultimately polarization is increased.  
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The schematic of the device, figure 9.2, is analogous to that of a parallel plate 

capacitor where Ag electrodes act as plates of the capacitor and MO:TiO2 

composite as dielectric material. The parameters affecting capacitance include 

polarization, [16] relative permittivity of the material, inter electrode gap and 

electrode geometry [17]. The relation between relative permittivity and 

capacitance can be expressed by: 
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      (9.2) 

 

where Cs is the capacitance of the semiconductor, C0 is the initial value of 

capacitance, εw and εd are the permittivities of a material in wet and dry air, 

respectively, while n is associated with the morphology of the dielectric 

material. The relative permittivity of water ∼ 80 (Refs. 18 and 19) is much 
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Figure 9. 5: Humidity-capacitance characteristics of Ag/MO/Ag and Ag/MO:TiO2/Ag sensors 

at 120 Hz. 
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larger than that of organic semiconductors [20]. The adsorption of water 

molecules over the active layer increases with rising humidity levels and results 

in enhanced capacitance of the sensor. The multifunctional sensors based on 

MO and MO:TiO2 composite thin films are enabled to investigate the humidity 

variations due to a large difference between relative permittivities of water and 

MO. 

The humidity-sensing mechanism can be well-explained by adsorbing the water 

molecules by the surface of the active film. Since water has polar molecules, 

adsorption of water molecule can be categorized into two stages, chemisorption 

and physisorption. Initially, pores of pure and composite thin films are filled 

with dry air and contain negligible water molecules. At low-humidity, when 

water vapor chemisorbs on the film surface, hydroxyl groups are formed by a 

dissociation mechanism [21, 22].  The water molecules in the chemisorption 

layer and the initial physisorption layer cannot move freely due to double 

bonding of the molecules. However, the molecules present in other 

physisorption layers are singly bonded, which are easily polarized. While on the 

other hand, the subsequent physisorption layers can be easily polarized 

because of the presence of singly bonded molecules. Hence, the relative 

permittivity and capacitance increase inevitably [19]. The porosity of the active 

film also plays a key role in the enhancement of capacitance with increasing 

%RH. At large film thicknesses and high humidity levels, pores of the film are 

filled with water molecules, making the variation in capacitance less obvious, 

which results the decrease in sensitivity towards humidity [12]. The 

physisorption of the water molecules and the dielectric constant of the sensing 

material can be increased by large vapour contact area and reduced gap 

between the electrodes [18]. 

 

Figures 9.4 and 9.5 reveal that the humidity sensor prepared from MO:TiO2 

exhibits greater sensitivity as compared to the one prepared from pure MO thin 
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film, both at 1 kHz and 120 Hz. The higher sensitivity for composite film can be 

attributed to the formation of needle-like structures (SEM results), which 

contribute to adsorption of large amount of water due to increased surface 

area. In the range of 40–85%RH, the capacitance increases rapidly and linearly 

with increase in humidity level. While at humidity higher than 85%, there is no 

significant change in the capacitance which indicates the saturation point of 

the adsorption of water for the blend of MO:TiO2. At this %RH level, the 

capacity of voids and pores of the organic– inorganic composite film no longer 

exists to accommodate more water molecules and the capacitance becomes 

almost constant. Comparing the humidity response of Ag/MO:TiO2/Ag with 

that reported in literature, 20 it is found that the MO:TiO2 based sensor has a 

broad range of sensitivity of capacitance on the %RH scale. When humidity is 

changed from 35% to 95%RH, capacitance of the Ag/MO/Ag sensor increased 

from 0.009 nF to 36.59 nF at 1 kHz, while at 120 Hz it increased from 0.022 

nF to 186.31 nF. Similarly, the capacitance of Ag/MO:TiO2/Ag sensor varied 

from 0.013 nF to 87.69 nF at 1 kHz, while at 120 Hz it changed from 0.024 nF 

to 344.03 nF. By comparing the Ag/MO/Ag sensor with Ag/MO:TiO2/Ag 

sensor, at 1 kHz the capacitance of the latter is enhanced by 51.09 nF whereas 

at 120 Hz the capacitance range is broadened by 127.72 nF. Thus, the 

sensitivity of Ag/MO:TiO2/Ag sensor is enhanced 2.4 times and 1.9 times at 1 

kHz and 120 Hz respectively, as compared to that of Ag/MO/Ag sensor. The 

sensor gives more sensitivity at 1 kHz than 120 Hz which is in accordance with 

the work reported in Ref. 23. 

9.3.3 Current-Voltage Characteristics of the Device: 

Figure 9.6 shows the I–V characteristics of the Ag/MO/Ag sensor. Since, Ag 

forms ohmic contact with most of the organic materials [24]. Therefore, the I–V 

curve of the sensor demonstrates symmetric behavior in both forward and 
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reverse bias. The symmetric I–V characteristics confirm ohmic contact between 

Ag and MO film without forming any depletion region. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

9.3.4 Temperature Response of the Sensors: 

The C − T characteristics of the Ag/MO/Ag and Ag/MO:TiO2/Ag sensors at 1 

kHz are shown in figure 9.7 whereas figure 9.8 shows C − T curves at 120 Hz. 

The variation in C as a function of T of the sensors is measured at 0%RH in 

dark conditions. The temperature dependent measurements were carried out 

by probe station with thermo chuck to uniformly increase/decrease the 

temperature. When temperature is increased from 30 0C to 200 0C, the 

capacitance of the Ag/MO/Ag sensor increased from 0.007 nF to 33.03 nF at 1 

kHz while at 120 Hz it increased from 0.022 nF to 131.61 nF. Similarly, the 

capacitance of Ag/MO:TiO2/Ag sensor varied from 0.048 nF to 71.84 nF at 1 

kHz, while at 120 Hz it changed from 0.024 nF to 275 nF. Comparing 
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Figure 9. 6: Current-voltage characteristics of Ag/MO/Ag sensor. 
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Ag/MO/Ag sensor with Ag/MO:TiO2/Ag sensor, it was found that at 1 kHz the 

capacitance of the latter is enhanced by 38.77 nF whereas at 120 Hz the 

capacitance range is broadened by 143.39 nF. Thus, the sensitivity of 

Ag/MO:TiO2/Ag sensor is enhanced 2.17 times and 2.08 times at 1 kHz and 

120 Hz respectively, as compared to that of Ag/MO/Ag sensor. This increase in 

capacitance with temperature, which is due to increasing energy of charge 

carriers [25], thereby, increases mobility. For capacitive response, the 

Ag/MO:TiO2/Ag sensor is more sensitive for the entire range of temperature 

(30◦C–200◦C) as compared to Ag/MO/Ag sensor. The obtained results are in 

good agreement with those reported in Ref. 26. 
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9.3.5 Response and Recovery Times of the Sensors: 

Response and recovery times play an important role in evaluating the 

performance of humidity sensors. Figure 9.9 represents response and recovery 

behavior of the surface type humidity sensors. The response time was 

measured by introducing the sensors one by one in continuous humidification 

from 30% to 95%RH. For recovery time measurements, the sensors were placed 

inside the humidity chamber under continuous desiccation from 95% to 

30%RH which resulted in a significant decrease in the capacitance due to 

desorption of water vapors from the pores of the composite film [7, 27]. The 

values of response and recovery times for Ag/MO/Ag sensor are measured to 

be 55 s and 120 s respectively. While for Ag/MO:TiO2/Ag sensor, the response 

and recovery times are measured to be 40 s and 70 s, respectively. By 

20 40 60 80 100 120 140 160 180 200 220

0

40

80

120

160

200

240

280

C
 (

n
F

)

T (
0
C)

 Ag/MO/Ag

 Ag/MO:TiO
2
/Ag

Figure 9. 8: Temperature- capacitance characteristics of Ag/MO/Ag and Ag/ MO:TiO2/Ag 

sensor at 120 Hz. 
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comparing these values, Ag/MO:TiO2/Ag sensor showed quicker response and 

recovery times than that of Ag/MO/Ag. The response time is shorter than 

recovery time which may be ascribed to slower desorption of water vapors from 

the film as compared to the adsorption. In order to check reproducibility of the 

results, two cycles for the measurements of response/recovery times were 

carried out between 30%–95%RH, which showed consistency in the results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

9.4 Conclusions: 

The surface type Ag/MO/Ag and Ag/MO:TiO2/Ag multifunctional sensors were 

obtained by spin coating method. The sensors well responded to detect 

variations in capacitance as a function of humidity and temperature. In 40%–

85%RH range, they responded very linearly and actively. The temperature 

response of the sensors was obvious from 30 0C to 200 0C. At both frequencies 
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Figure 9. 9: Response and recovery time measurements of Ag/MO/Ag and Ag/ MO:TiO2/Ag 

sensors. 
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of 120 Hz and 1 kHz, the sensor based on the MO:TiO2 composite film showed 

higher and broad range of sensitivity, better response time and recovery time 

as compared to Ag/MO/Ag sensor. The better sensitivity of the snsor is 

attributed to high surface to volume ratio of the TiO2 nanoparticles. TiO2 also 

affected the sensitivity of the film by altering microstructure of the composite 

film. The humidity and temperature dependent properties of Ag/MO:TiO2/Ag 

multifunctional sensors make it attractive to be used in capacitive type 

humidity and temperature sensors for environmental monitoring and 

assessment purposes. The sensors showed good stability from room 

temperature to 200 0C. 
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Chapter 10  Investigation of Single Crystal Oligomer for 

Amplified Spontaneous Emission and Optical Gain 

Measurements 

This chapter consists of a thorough investigation of the optical gain properties of 

a single crystal oligothiophene 5, 5’’’’’-diphenyl-2, 2’:5’, 2’’:5’’, 2’’’:5’’’, 2’’’’:5’’’’, 

2’’’’’-sexithiophene (P6T). Uniqueness of this oligomer crystal, to study, is its 

large mobility and high photoluminescence quantum efficiency (PLQE). In 

different parts of the visible spectrum, stimulated emission has been investigated 

in a range of pulsed pump energies (0.1 μJ- a few μJ) through amplified 

spontaneous emission (ASE) measurements. Wavelength dependence of ASE is 

also studied. These crystals exhibit large optical gains with some loss 

coefficients. PLQE measurements of these crystals confirm the large value of the 

QE. This study confirms that single crystal oligomers are attractive gain 

materials for the potential applications in solid-state lasers and amplifiers. 

10.1 Introduction: 

Conjugated polymers and oligomers attracted research community due to their 

high optical gain for novel optoelectronic devices [1, 2]. The exhibition of 

stimulated emission of semiconducting polymers and oligomers makes them 

promising candidates for application of low threshold and high gain solid state 

lasers [3]. This is because they have wide spectral emissions, excellent 

luminescent properties, and simple solution based preparation, for instance, 

polymer semiconductor based laser [4]. These qualities recommend them to be 

possibly used for the preparation optically pumped lasers. Efficient solid-state 

lasers (SSL) based on electrically pumped polymers are very hard to obtain. 

Because of the metal electrode has higher quenching effect on the emission 

than metal-free lasing mode [5-7]. De Villers, Schwartz  and Andrew et al. 
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reported that lasing threshold of the polymer with metal electrode is high 

enough as compared to free-metal lasing process which pumped optically [8, 9].  

The requirement for lasing action is to look for optical gain, i.e. stimulated 

emission, in the material. However, optical gain in conjugated polymers has 

first been studied for poly( p-phenylene-vinylenes) (PPVs)-type materials by 

using femto-second (fs) pump-probe spectroscopy [6, 8, 10]. In the meantime, 

polyfluorene derivatives and methyl-substituted ladder-type poly( p-phenylene) 

(MeLPPP) has been reported to possess optical gain properties. Optical gain in 

conjugated polymers based films has repeatedly been observed from of spectral 

line narrowing [5, 11, 12]. When short light pulses excite a film above threshold 

intensity, a spectacular narrowing of the emission spectrum is achieved. This 

process is known as amplified spontaneous emission (ASE). ASE is observed in 

films having enough thickness to sustain waveguide modes. It has been used to 

investigate the optical gain in a broad range of materials; however, the 

parameters controlling it are still issues of debate [13]. In the literature, people 

reported some of the controlling factors that control the gain are morphology of 

the film and temperature [14]. In the solution processable materials, the lowest 

threshold energy, using sub-nanosecond laser excitation, for ASE has been 

noted to be 20 nJ/cm2 by Lee et al. for a mixture of PVK and fluorine-

phenylene-vinylene copolymer. Generally polymers with good ASE 

characteristics possess reduced efficiency in OLEDs, for instnace, MEH-PPV. 

The current quest is for introducing such materials that could have both 

properties better [15-17].  

So far, a variety of conjugated polymers have been investigated to obtain ASE 

by pumping them optically [18]. In addition, it is important to optimize the 

optical pumping wavelength, which can tune the ASE threshold energy and 

hence the optical gain. Recently thin films, made of well ordered single crystals, 

are of great significance since they exhibit superior photonic and optoelectronic 
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characteristics [19]. Hence, organic devices like TFT, OLEDs and SSL made 

sure better performance and efficiencies [9, 20]. Moreover, these single crystals 

show distinctive photonic characteristics such as photoemissions of self-

waveguid with large internal quantum efficiency, high PLQE and self cavity 

lasing. Meanwhile, thiophene and phenylene type co-oligomers, containing 

benzene rings and thiophene in a straight line, are considered one of the 

excellent candidates for improved efficiencies of optoelectronics and photonics 

[21-23]. They are prominent due to the existence of well ordered layered 

arrangements of molecules [24]. Because of this periodical structural order 

aspect of these oligomers makes their charge mobility, optical anisotropy and 

PL efficiencies high [3, 25]. Among the organic single crystal oligomers, 

oligothiophenes single crystals and their derivatives exhibit potential properties 

for photonic and optoelectronic applications as a result of the possession of 

intrinsically better charge transport properties because of strong 

intermolecular forces produced by the greater sulfur atomic radius reletive to 

para-sexiphenyl oligomer which does not contain sulfur [26-29]. Furthermore, 

crystalline oligothiophenes demonstrate high stimulated emission properties, 

good PL and electroluminescence with high quantum efficiency as compared to 

oligoacenes, i.e. as pentacene [18, 30, 31]. Generally, longer thiophene chain 

shows to larger luminescence and broader color range.  

Herein, a detailed analysis of ASE and gain properties of P6T single crystal 

oligomer deposited on quartz glass (P6T/glass) is presented. Moreover, small 

threshold and larger gain is achieved by changing the pumping laser 

wavelength. The gain measurements of ASE have been carried out by using a 

familiar method, i.e., stripe length. The pumping wavelength dependence of 

ASE is also studied. 
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10.2 Experimental Work: 

The P6T single crystal was grown on a substrate of quartz glass as reported in 

[32, 33]. The molecular structure of P6T is shown in figure 10.1 (a) while real 

photo of the crystal taken by optical microscope is shown in 10.1 (b). For ASE 

characterization, the sample was mounted on a 3-dimensional stage to make 

the movement of the sample easy when desired. The sample was optically 

excited with a tunable Neodymium Yttrium Aluminum Garnate (Nd:YAG) laser 

system (EKSPLA NT342 B-SH) operated with repetition rate of 10Hz while 

duration of the pulse was 5 ns. The excitation wavelength of laser was 445 nm. 

The energy of the pulse incident was controlled by density filter and, at the 

same time, measured with a thermoelectric detector (Scientech). By means of 

cylindrical lens and adjustable slit, the laser beam was focused perpendicularly 

to the P6T single crystal surface with a strip/spot size of 0.00431 cm2 as 

shown in figure 10.1 (c). With help of telescope and proper slits, the laser 

profile for excitation has been measured. By making use of CCD (Win Cam D, 

Gentec), pumping beam profile was controlled for each measurement. From the 

boundary of the sample, PL was obtained by using CCD camera (Toshiba 

TCD1304AP Linear CCD array) and Ocean Fiber Optic Spectrometer USB4000. 

To study optical gain quantitatively, the ASE intensity has been measured with 

the variation in excitation stripe length and output intensity. Quantitative 

measurements of PLQE were achieved using an integrating sphere connected to 

a Spex FluoroMax 3 fluorimeter. These measurements were taken at ambient 

conditions. In figure 10. 2 (a) and (b), the schematic and actual photo of the 

ASE setup has been shown. 
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Figure 10. 1: (a) Molecular structure of P6T (b) optical micrographs of single crystal P6T at 

different polarization (c) Excitation beam spot size. 
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Figure 10. 2: (a) the schematic and 2 (b), digital photo of the ASE setup. 
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10.3 Results and Discussions: 

10.3.1 ASE Properties: 

To investigate the stimulated emission, the PL spectra of P6T crystal have been 

examined. The sample was excited with a pumping wavelength of 445 nm. In 

figure 10.3, the emission spectra of P6T have been shown at low and high 

pumping energies. As, it can be seen from figure 10.3; that the presence of 

spectrum narrowing tendency is an indication of existence of the stimulated 

emission and optical gain. It is obvious from the ASE spectra that, with the 

increase in laser pumping energy from 2.45 uJ to 6.90 uJ, the spontaneous 

emission becomes amplified and the broad emission spectrum collapses into 

narrow line. The peak intensity of the ASE for P6T is at 632 nm. In the inset of 

figure 10.3, the values of the pumping energies are given. Consequently due to 

the presence of gain and apart from the getting emission spectrum narrow, a 

significant enhancement in the output intensity has also been seen. Figure 

10.4 shows the yield intensity as function of pumping energy at the peak 

wavelength of the emission. Since, it can be seen that the intensity increases as 

the pumping intensity is increased and exhibits a remarkable variation in the 

slope at particular pumping intensity. The incident pumping energy, as a result 

of which spectral narrowing and considerable modification occurs in the output 

power, is termed as “threshold” [34]. It is usually calculated from the curves of 

emission line-width with respect to pumping intensity [35]. At this particular 

intensity, FWHM decreases to half of its peak value. For some materials, in 

which the PL curves demonstrate two or more than two peaks, the 

identification of FWHM becomes complicated. Therefore, the threshold energy 

may be found from the intensity where a variation of slope is seen in the curve 

of output and input intensity, as shown in figure 10.4 [13]. However, it is worth 

noting that thresholds determined from this method are a little larger than 
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those extracted from the decay of FWHM. This is because the variation of slope 

arises at the time when the spectrum has already got narrowed [18]. For P6T 

single crystal, the ASE threshold energy Ethr is calculated to be 26.52 μJ/cm2 

when incident at 445 nm pumping wavelength. This value of Ethr is high 

enough as reported in the literature for other fluorine and thiophene based 

polymers [36].  
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Figure 10. 3: The Emission spectra of P6T single crystal pumped at a wavelength of 445 nm. 



Chapter 10    Investigation of single crystal oligomer for 

amplified spontaneous emission and optical gain measurements 

 

185 
 

20 30 40 50 60 70

0

500

1000

1500

2000

2500
In

te
n

s
it

y
 (

a
u

)

Energy Density J/cm
2
)

Ethr= 26.52 J/cm
2
 at = 632 nm

Laser pumping wavelength 445 nm

 

Figure 10. 4: ASE threshold energy characteristics of P6T at 445 nm excitation wavelength. 

10.3.2 Optical Gain: 

To study the optical gain of P6T crystal, the ASE measurements are carried out 

at different excitation intensities at 445 nm above the ASE threshold energy as 

shown in figure 10.5. To achieve ASE, a well-known variable stripe-length (VSL) 

technique was applied in which P6T crystal is got excited by a laser beam with 

rectangular spot shape. The PL emission has been monitored from the edge of 

one side the sample. Normally, VSL method is applied to characterize both 

types of organic and inorganic semiconductors in slab geometry [34, 37]. 

Shortly, this technique consists of optical pumping of sample with variable 

stripe length. It is characterized by the intensity of radiated light from the edge 

with respect to the variation in stripe length. If PL is measured with respect to 

the change in pumping intensity, ASE is got by the tendency of narrowing the 

spectrum at the wavelength of maximum gain [19]. If ASE takes place, at short 
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stripe lengths the spectra should be broad and when the excitation length 

increases it should get narrow [12]. Furthermore, the yield intensity I 

exponentially depends on the strip length l and optical gain g, described by the 

following expression [36];  

 

           
      

    
                  (10.1) 

 

whereas Ip is the pumping intensity, A(λ) is spontaneous emission constant, l is 

the illuminated strip length and g(λ) is the gain coefficient. The net g was then 

calculated by fitting the curves (figure 10.5) to the expected dependence for 

ASE in the small-signal regime. In contrast, when the emission spectrum width 

is independent of the strip length, then biexcitonic and superfluorescence 

emissions are the possible mechanisms for spectral narrowing. It is extremely 

desirable that the output intensity should vary linearly with the change in 

length of the strip. The net gain calculated for P6T is 69 cm-1 which is again 

very attractive if one compare it with reported values for other fluorine and 

thiophene based materials [34, 38]  
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Figure 10. 5: Gain characteristics for P6T waveguide optical amplifiers. 

 

10.3.3 Wavelength Dependence on ASE: 

In figure 10.6, the wavelength dependence on the ASE threshold energy (Eth) is 

investigated. ASE of P6T exhibited great dependence on the pumping 

wavelength. In a particular range of wavelengths, the ASE threshold was 

observed and it tends to decrease when the wavelength was varied from 475 

nm through 465 nm, 455 nm to 445 nm. But again it abruptly increased at the 

pumping wavelengths below 445 nm. As it can be seen from the inset values of 

figure 10.6 that the magnitude of Ethr at 435 nm and 425 nm are higher than 

that of the larger wavelengths. It is concluded that the right pumping 

wavelength to get stimulated emission in P6T single crystal is 445 nm. 
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Figure 10. 6: Wavelength dependant ASE threshold characteristics of P6T single crystal. 

 

10.3.4 Photoluminescence Quantum Efficiency: 

A quantitative measurement of PLQE of the P6T single crystal shows a high 

value of 57.36 %. This suggests P6T to be effectively used for its potential 

applications in the fabrication of low cost, easily processable oligomer based 

lasers and OFETs. 
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Figure 10. 7: PLQE of curves of P6T single crystal. 

 

10.4 Conclusions: 

In this work, P6T single crystal oligomer has been investigated for the ASE and 

as optical gain medium. After the experimental and graphical analysis, it was 

found that P6T has lower threshold energy for producing stimulated emission 

and high optical gain. At the same time, the PLQE value (57.36 %) of the 

crystal is also quite high. These properties suggest P6T to be used in the 

fabrication of low cost lasers, light emitting diodes and OFETs. 
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Conclusions and Future Work 

The work carried out in this dissertation is mainly on two different kinds of 

aspects of organic conjugated materials. One is to investigate the Schottky 

barrier junction, organic heterojunction diodes which are the basic building 

blocks of many electronic and optoelectronic devices and semiconducting dyes 

(N-BuHHPDI, PTCDA and MO) based multifunctional sensors. The other kind of 

study is to investigate the amplification of light and lasing action in single 

crystal oligomer P6T. 

 

Summary: 

This thesis reports the synthesis of a novel organic semiconductor N-BuHHPDI. 

The UV-Vis, and EDX spectra have been measured to find the optical gap and 

confirm the composition of the novel material. The morphology of the surface of 

thin films of N-BuHHPDI is investigated by using AFM and SEM. The rectifying 

junctions Al/N-BuHHPDI/ITO, Al/ N-BuHHPDI/p-Si, Ag/ N-BuHHPDI/p-Si 

and Ag/PTCDA/PEDOT:PSS/p-Si were fabricated using vacuum thermal 

evaporation. The electrical characterizations were carried out in dark using 

conventional I-V method to extract different diode parameters. The values of 

these parameters were confirmed by Cheungs’ and Norde’s schemes and found 

in good agreement. The conduction mechanisms through the junctions of these 

devices are studied from the I-V curves. The electrical characteristics of the 

rectifying contacts are usually measured in ambient conditions that do not 

provide comprehensive information about conduction mechanism [28], 

therefore, temperature dependent electrical studies of these structures are very 

important in understanding the behaviour of the p-n junction devices. Hence, 

in order to check performance and suitability of N-BuHHPDI for the 

heterojunction device, temperature-dependent electrical properties of Al/N-

BuHHPDI/p-Si device has been examined in a range of 300-330 K temperature. 
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The influence of temperature, humidity and light on the Au/N-BuHHPDI/Au 

surface type multifunctional sensor is investigated. The sensor exhibited 

exponential response towards these environmental conditions by detecting 

variation in capacitance and resistance. The N-BuHHPDI is stable at high 

temperatures and, hence, can be utilized as an active material for the 

fabrication of temperature sensor within 300- 460 K. N-BuHHPDI has  

hydrophobic nature, therefore, it is inferred that N-BuHHPDI is also one of the 

promising candidates for humidity sensing applications. At the same time, the 

broad UV-vis absorption spectrum of the material makes it equally good for 

light sensitivity. 

 

Two surface type Ag/MO/Ag and Ag/MO:TiO2/Ag multifunctional sensors have 

been prepared by spin coating method. The sensors well responded to detect 

variations in capacitance as a function of humidity in the range of 40 %RH to 

85 %RH. The temperature response of the sensors was significant from 30 0C 

to 200 0C. At both frequencies of 120 Hz and 1 kHz, the sensor based on the 

MO:TiO2 composite film showed higher and broad range of sensitivity, better 

response time and recovery time as compared to Ag/MO/Ag sensor. The better 

sensitivity may be a characteristic of large surface to volume ratio of the TiO2 

nanoparticles. TiO2 also affected the sensitivity of the film by altering 

microstructure of the composite film. The humidity and temperature dependent 

properties of Ag/MO:TiO2/Ag multi-sensors make it attractive to be used in 

capacitive type humidity and temperature sensors for environmental 

monitoring and assessment purposes. 

 

The Ag/PTCDA/PEDOT:PSS/p-Si structure was obtained by spin casting of 

PEDOT:PSS on p-Si substrate followed by thermal evaporation of PTCDA layer 

on PEDOT:PSS/p-Si. The experimentally measured I-V properties of the device 

demonstrate asymmetrical and rectifying behavior. The Schottky diode key 
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factors, i.e. ideality factor, barrier height and series resistance were found to be 

3.5, 0.81 eV and 13.7 KΩ, respectively. In the literature, a device with a thin 

film of PTCDA on n-Si surface was fabricated having ideality factor equal to 

5.8. Whereas, the ideality factor of our fabricated Ag/PTCDA/PEDOT:PSS/p-Si 

device is 3.5, which is much better than that reported for PTCDA/n-Si. The 

series resistance and barrier height are verified by the Norde’s method. 

 

Another Al/N-BuHHPDI/ITO Schottky barrier diode has been prepared by 

using thermal evaporation. The device was studied for its electrical properties 

at room temperature under dark conditions. The junction exhibited non-ohmic, 

asymmetrical relation for I-V curve with rectification ratio (RR) of 19.1 at ±0.25 

V. The values obtained from the conventional I-V characterization method were 

compared with the values achieved from Cheungs’ and Norde’s model. The 

values obtained from these techniques showed good agreement with each 

other. 

 

P6T single crystal oligomer is studied for its possible applications in the 

fabrication low cost and low-temperature, solid state lasers, and light 

amplification. To confirm the stimulated emission in conjugated materials, it is 

important to investigate their ASE and optical gain properties. After studying 

its emission spectra, it was found that P6T crystal has lower threshold energy 

for generating stimulated emission and exhibited high optical gain as compared 

to other king of thiophene/phenylene materials. We also carried out the study 

of pumping wavelength dependence on the ASE threshold energy to optimize a 

particular wavelength to achieve lowest ASE threshold. The high value of PLQE 

which is 57.36 %, recommends the P6T crystal to be effective used in OLEDs 

and also in OFETs due to its hight carriers’ mobility (10-1 cm/V.s). 
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Future Work: 

Certainly, a lot of more work could be done on these newly synthesized 

materials (N-BuHHPDI and PTCDA) which are investigated in this dissertation 

for their potential applications in the rectifying junction and multifunctional 

sensors. So we have explored one aspect of these materials by studying the I-V 

characteristics of different junction under different ambient conditions. The 

other study is the microscopy for which AFM and SEM have been used. A 

portion of the spectroscopy is also under taken.  

 

The present investigation of the studied materials in this thesis suggests that 

they can be very effectively considered for the renewable energy applications, 

particularly, for photovoltaic and solar cells. Since, the UV-Vis spectrum 

exhibited a broad range of wavelengths absorption and also good   conjugate 

system, good thermal, chemical and mechanical stability of these materials 

recommend them to be used for solar cell applications, dye lasers and organic 

field effect transistors. 

 

Regarding single crystal oligomers, they are very special kind of materials due 

to their high mobility and large PLQE values. These crystals can be 

successfully used to fabricate lasers with low cost and high stimulated 

emission. In future, I intend to continue working in area to explore it potential 

in devices such as OLEDs, OFETs and lasers. 

 


