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SYNOPSIS 

During past two decade the basic research based on the organic thin films of small 

molecules (e.g. metal phthalocyanines, pentacene, etc.) as well as conducting polymers 

(polypyrrole, polyaniline, poly(3-hexylthiophene), etc.) is primarily driven by their potential 

applications in flexible, low cost and light-weight electronic devices. These applications 

include flexible / bendable displays for electronic paper and flexible computers, human–

machine interfaces, electronic artificial skin, gas sensors, radiation dosimeters, field effect 

transistors, solar cells, photo detectors, radio frequency identification (RFID) tags, etc. Along 

with potential application, organic electronic devices are currently being investigated for their 

electro-mechanical stability and long term stable operation under ambient conditions. 

However, the studies pertaining to the effect of high radiation environment on organic 

electronic devices is not well understood. On the other hand radiation often employed to 

modify the physico-chemical properties of materials to cater different societal and research 

applications. In order to create significant changes in the physico-chemical properties of 

organic materials, the energy of the incident radiation should be higher than their ionization 

potential (typically 10 – 15 eV). There are various sources of such high energy radiation such 

as gamma rays, electron beam etc. The electron beam that can be generated by electron-beam 

accelerators have more public acceptability and outweighs than conventional gamma ray 

sources as i) the throughput for electron accelerators is around 10
3
 -10

7
 Gy/h, which is 

constant with time; whereas for gamma ray throughput is lower by three orders in magnitude 

and it also decreases with time as activity is a function of time, (ii) The penetration depth of 

10 MeV electron-beam is ~ 35 mm (for a material of unit density), whereas the same for 

gamma ray source (Co-60) is around 330 mm and hence the electron beam is suitable for the 

treatment of moderately thick materials like organic thin films, polymer sheets etc, (iii) 

Electron-beam is produced using accelerators that are fully controlled systems, oppositely 
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gamma rays are obtained from radioactive source which is not controllable. Therefore the 

motivation of current research work is to understand the effect of electron beam irradiation 

induced modification in electrical and mechanical characteristics of three important organic 

films, which are insulating (bi-axially oriented polyethyleneterephthalate), semiconducting 

(zinc phthalocyanine) and conducting (doped polyaniline) in nature with emphasis to utilize 

modified films for device application as gas sensors and radiation dosimeters. 

Based on the results obtained the content of the thesis is organized with following six 

chapters: 

Chapter1: Introduction 

This chapter confers a detailed review of literature about the interaction of electron-

beam with organic materials (eg. polymers, organic solvents, organic acids, organic 

semiconductors etc) to modify their physico-chemical properties and their applications in 

variety of societal benefits. The energetic electrons create free radicals in organic materials, 

which in turn, lead to modification through various mechanisms such as cross-linking, 

scissioning, curing and grafting. It also emphasizes on the tremendous applications of 

electron-beam modified organic materials in society, such as, bio-medical, textiles, 

environment protection, electronics, radiation dosimetry etc.  

Chapter2: Experimental techniques 

The chapter deals with the different experimental techniques and instrumentations 

used in the present thesis work. The principle of electron beam accelerator and their 

dosimetry characterizations are explained. All irradiation experiments were carried out at 

linear accelerator (Energy 10 MeV) available at Electron Beam Centre Kharghar. Along with 

details of accelerator the protocol for irradiation experiments is discussed in this chapter. The 

details of the physical vapor deposition (PVD) system used for the deposition of the zinc 

phthalocyanine (ZnPc) thin film and photo polymerization technique used for polyaniline 
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silver (PANI-Ag) nanocomposite thin films growth, have been illustrated. Brief descriptions 

of various characterization techniques including x-ray photoelectron spectroscopy (XPS), 

fourier transformation infrared spectroscopy (FTIR), UV-visible spectroscopy (UV-vis), 

photoluminescence spectroscopy (PL), scanning electron microscopy (SEM), atomic force 

microscopy (AFM), x-ray diffraction (XRD) etc have been presented. The details of electrical 

measurements of organic thin films using two probe method and gas sensing have been 

discussed. The quantification of crosslinking or scissioning of polymers through sol-gel 

analysis and solubility tests are also elaborated along with the mechanical characterization 

techniques of organic polymers. 

Chapter3: Electron beam induced modifications of biaxially oriented polyethylene 

terephthalate films 

The present chapter describes the effect of electron beam induced modifications in 

organic insulator namely biaxially oriented polyethylene terephthalate (BOPET). The 

irradiation was done with 10 MeV electron beam in dose range 2-32 kGy. The sol-gel 

analysis, FTIR, XPS, characterizations of the irradiated BOPET sheets suggest partial cross-

linking of PET chains through diethylene glycol (DEG) formation. The mechanical properties 

of BOPET, such as, tensile strength, Young‟s modulus and electrical resistivity enhances 

with increasing dose and saturate for doses > 10 kGy. The improved mechanical properties 

and enhanced electrical resistivity of electron beam modified BOPET sheets may have 

additional advantages in applications, such as, packaging materials for food, medical product 

sterilization and electronic industries. 

Chapter4: Electron beam induced modifications in zinc phthalocyanine film 

This chapter is focused upon electron beam modified organic semiconducting film 

ZnPc. It deals with electron beam irradiation effect on electrical and gas sensing properties of 

20 nm ZnPc thin film prepared on flexible BOPET substrate. The irradiation of ZnPc films 
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were carried out using a 10 MeV electron beam under different radiation dose levels from 1 

kGy to 30 kGy. The pristine and irradiated films were characterized by using XPS, AFM, 

UV-Vis and XRD. The films exhibit linear enhancement of electrical conductance due to 

increasing content of adsorbed oxygen up to dose 18 kGy. Beyond 18 kGy the sample 

exhibits saturation in the content of adsorbed oxygen as well as in electrical conductance. The 

pristine ZnPc films exhibits excellent chemi-resistive response towards H2S gas in 1-20 ppm 

range at room temperature. The response of the irradiated films decreases monotonically with 

increasing electron beam dose due to the strong binding of oxygen at the Zn sites. A plausible 

mechanism of electron beam induced modification of ZnPc films and its implication on 

charge transport as well as chemi-resistive gas sensing behavior are discussed. This work 

highlight the utilization of ZnPc thin films as potential radiation dosimeter based upon linear 

rise in electrical conductance as well as lowering of H2S response, for fixed concentration, 

with electron beam dose. In addition the enhancement of electrical conductivity of ZnPc as 

result of electron beam treatment concludes that these films can be operated at lower voltage 

after irradiation, compared to pristine film, to get sufficient current for different applications 

(e.g. gas sensor, organic field effect transistor etc.) with the advantage of power-saving. 

Chapter5: Modifications in conducting polymer films through electron beam  

In this chapter the electron beam induced modifications in organic conducting film 

polyaniline-silver (PANI-Ag) nanocomposite has been elaborated. The PANI-Ag films were 

grown on (3-aminopropyl)trimethoxysilane (APTMS), which acts like a coupling agent to 

improve adhesion, treated BOPET substrate by in-situ photo polymerization and post 

deposition doped with HCl to convert in emeraldine salt. The modification in electrical 

conductivity and gas sensing characteristic after irradiation with 10 MeV electron beam, at 

different doses up to 100 kGy, have been discussed. After electron beam exposure the 

electrical conductivity of the PANI-Ag films was initially found to be enhanced by two 



xvii 
 

orders of magnitude up to 30 kGy of dose and later it falls with increasing dose. As compared 

to pristine film, electron beam modified PANI-Ag films exhibit higher sensitivity towards 

ppm level of H2S gas. The rigorous characterization of the films suggests that enhanced 

conductivity up to 30 kGy of electron beam dose is due to scissoning as well as additional 

doping of chlorine in PANI chain as result of electron beam irradiation. At higher dose cross-

linking of polymer chains dominates and results in lowering of electrical conductivity. The 

results of different characterizations including FTIR, UV-Vis, XPS, SEM, solubility test and 

PL spectroscopy have been explained with proper analysis.  

The chapter also includes the effect of high radiation on the electrical properties of 

conducting polymer film composite poly(3,4-

ethylenedioxythiophene):poly(styrenesulphonate) i. e. PEDOT:PSS. Thin films of 

PEDOT:PSS were deposited on flexible polyimide (Kapton) sheets and irradiated up to 75 

kGy dose with 1 MeV electron beam. The conductivity of as deposited polymer film was ~ 

3.2 S/cm which consistently falls to ~ 0.76 S/cm after getting 75 kGy. The detailed 

characterization results and analysis, using XPS, contact angle measurement and crosslinking 

analysis, have been presented. 

Chapter6: Summary 

This chapter encapsulates the summary of the important outcomes obtained during the 

thesis work. Briefly these important results will be summarized as follows: 

(i) Irradiation of BOPET films by electron beam, in dose range 2-32 kGy, leads to the 

formation of diethylene glycol that cross-link‟s the PET chains, resulting in improved 

mechanical properties and enhanced electrical resistivity. 

(ii) Electron beam exposure of ZnPc films to different doses leads to a linear enhancement 

in the electrical conductance and concomitant lowering of chemi-resistive response for 

H2S with dose, suggesting their possible application as radiation dosimeter. In addition 



xviii 
 

the enhancement in electrical conductivity reckons that it can be operated at lower 

voltage after irradiation for different applications (e.g. gas sensor, organic field effect 

transistor etc.) with the benefit of power-saving. 

(iii) The electron beam irradiation of PANI-Ag nanocomposite films resulted in tailoring 

of electrical conductivity and H2S sensitivity due to enhanced doping, scissoning and 

cross-linking of PANI chains. 

(iv) The electron beam irradiation causes crosslinking in PEDOT polymer chain and 

dissociation of PSS ultimately leads to fall in electrical conductivity of PEDOT:PSS. 

The observed systematic dependence of electrical conductivity on the electron beam 

dose may expect to use PEDOT:PSS films for radiation dosimeter applications. Also 

the study suggest the importance of electron beam as an alternative of tedious 

chemical crosslinking approcahes used for PEDOT:PSS films. 

In addition the chapter deals with the realistic and societal potential applications of 

the results obtained during this work. It also narrates the future scope of the work. 
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In this chapter we begin by providing a brief overview about radiation and sources of 

electron beam. The interaction of electron beam with organic materials, such as insulating 

polymers, molecular semiconductors and conducting polymers, is known to modify their 

physico-chemical properties and in many cases such modified materials are being used for 

various societal applications including bio-medical, textile, environment protection, 

electronics, radiation dosimetry and sensors. The energetic electrons on interaction with 

organic materials create free radicals that lead to modifications in material through various 

mechanisms such as, cross-linking, scissioning, curing and grafting. These mechanisms will 

be discussed in this chapter in details for organic polymers and molecular semiconductors. 

One of the major device applications of organic material namely conducting polymer and 

molecular semiconductor is as chemiresistive gas sensor which is presented in this chapter. 

The electrical conduction and chemiresistive gas sensing mechanisms of organic molecular 

semiconductor and conducting polymer have been discussed along with the detailed charge 

transport mechanisms in these materials. The state-of-art activity in the present domain has 

also been discussed based upon detailed literature survey. The chapter is concluded by 

bringing out the major objective of the thesis work and the outcomes along with the structure 

of the thesis.  
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1.1 An overview of organic devices  

During the past few decades, organic materials owing to their interesting electrical 

and optical properties have attracted a strong focus by many research groups world-wide. 

Their low cost, flexibility along with amenability towards doping has made them most 

suitable candidates for futuristic smart electronic devices [1 – 4]. Moreover, organic 

molecules are potential candidates for extending the present scaling limits of the existing 

silicon-based microelectronics to nanoscale [5 – 7]. Typical advantages that can realized by 

using organic molecules in case of the nanoscale devices are: (i) small sizes (typically 0.5 to 

2.5 nm); (ii) easy tuning of electronic properties through modification in the chemical 

structure of the molecule; and (iii) possibility of forming self–assembled monolayer on 

various substrates (e.g. thiols on Au, silanes on Si). In recent years, various nanoelectronics 

molecular devices, such as, rectifiers, memory-chips, resonant tunnel diodes and transistors 

have been established with two-dimensional ordered molecular monolayers and multilayers 

[8 - 14]. Similarly, thin and thick films of various organic semiconductors are being 

investigated for their applicability in new electronics applications such as flexible and low-

cost large-area electronics which is difficult to be accomplished through inorganic 

semiconductors as well as for having better understanding of the physics behind the charge 

transport. Due to many developments in this field, the researchers have become capable to 

manage the material properties at the molecular scale [15]. Moreover, many efforts are being 

made in the industrial development of the organic electronic devices. Many applications of 

organic semiconductors have been demonstrated and some of them have already created their 

place commercially. These include: mobile phones display based on organic field effect 

transistor (OFET) by Philips and Polymer Vision, automobile stereo display from Pioneer, 

organic light emitting devices (OLEDs) from Philips and full color displays in Kodak digital 

cameras. On the development of organic electronics, Forrest has commented: “If the field 
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continues to progress at its current rapid pace, electronics based on organic thin-films 

materials will soon become a mainstay of our technological existence” [16]. However, 

despite of these developments, organic devices have limitations in terms of their low charge 

carrier mobility (0.001 - 10 V.s/cm
2
), which is several orders of magnitude lower than that in 

traditional inorganic semiconductors (e.g. Silicon 1400 V.s/cm
2
) [17, 18]. In order to improve 

the performance of organic devices, the mobility needs to be increased significantly. 

For the past two-decades, the basic research has been focused mainly on the organic 

films of small molecules (such as metal phthalocyanines, pentacene, etc.) along with many 

conducting polymers like polypyrrole, polyaniline, poly(3-hexylthiophene) etc. Use of such 

organic films can be extended to many areas like flexible / bendable displays for electronic 

paper and flexible computers, human–machine interfaces, electronic artificial skin, gas 

sensors, radiation dosimeters, field effect transistors, solar cells, photo detectors and radio 

frequency identification (RFID) tags [19 - 22]. Along with these potential applications, 

organic electronic devices are also currently being investigated for their electro-mechanical 

and long-term stability under ambient conditions. In many applications, it is expected that the 

electronic devices should remain stable under high radiation environment. However, the 

effect of high radiation environment on organic electronic devices is still not well-

understood. On the other hand, radiations are often employed for modification of the physico-

chemical properties of the materials to cater different societal and research applications [23 - 

25]. In order to create significant changes in the physico-chemical properties of organic 

materials, the energy of the incident radiation should be higher than their ionization potential 

(typically 10 – 15 eV) [26]. There are various sources of such high energy radiations such as 

gamma rays, electron beam etc. However, the electron beam that is generated by the 

accelerators has more public acceptability and outweighs conventional gamma ray sources. 

Therefore, the present thesis has been focused to investigate the electron beam irradiation 
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induced modifications of electrical and mechanical parameters for all the three important 

categories of organic films; materials selected for these three categories are: bi-axially 

oriented polyethyleneterephthalate (insulating); zinc phthalocyanine(semi-conducting); doped 

polyaniline and doped poly (3,4-ethylenedioxythiophene) (conducting). Such electron-beam 

modified films have also been investigated for their suitability in device applications as gas 

sensors and radiation dosimeters. 

 

1.2 Introduction to radiation and its sources 

High energy radiations are used for bringing out the desired modifications in the 

physico-chemical properties of the organic materials depending upon their use in various 

societal applications. These high energy beams can be obtained from various radiation 

sources that can be broadly classified into three types:  

(i) Positively charged particles, e.g. proton beam, alpha particles and heavy ions  

(ii) Neutral particles, e.g. gamma rays, x-rays and neutrons  

(iii) Negatively charged particles, e.g. electron beam and beta particles.  

Among these, positively charged particles and neutrons are not suitable for the 

modification of materials properties because of their very small penetration depth in the bulk 

of materials and possibility of induced radioactivity that depends upon atomic number of the 

interacting nuclei. However, heavy ion irradiation does find highly specialized applications 

like ion implantation in semiconductors in electronic industry. On the other hand, gamma and 

electron-beam (limited up to 10 MeV) pose relatively less risk of induced radioactivity and 

therefore they often commercially employed for radiation processing of materials [27]. The 

electron-beam irradiation has more public acceptability and it outweighs over gamma ray 

irradiation due to the following reasons: 

(i) The throughput for electron-beam is around 10
3
 -10

7
 Gy/h which remains constant as a 

function of time; whereas for gamma irradiation throughput is lower by three orders in 
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magnitude (i.e. 1 - 10
4
 Gy/h) and it also decrease with time as activity decays with 

time. 

(ii) The irradiation thickness is typically 35 mm (for unit density material of unit density) 

in case of 10 MeV electron-beam, whereas the same for gamma source (Co-60) is 

around 330 mm and hence the electron beam is very much suitable for the treatment of 

moderately thick materials like polymer films, pipes, insulated wires, liquids, etc [28]. 

However, the modification in case of thick materials is achieved by irradiating 

samples with electron beam from both sides. 

(iii) Electron-beam is produced from the accelerators that are fully controlled systems and 

therefore electron beam irradiation is a well controlled process. On the other hand, 

gamma rays are obtained from radioactive source, which demands special 

requirements for their storage transportation and disposal. 

When energetic electrons are impinged onto organic materials, their energy is 

absorbed by the materials and active species (such as radicals) are created, which in turn, 

initiate various chemical reactions. The amount of radiation energy absorbed per unit mass is 

known as radiation dose (D) and is measured in joules per kg and its unit is gray (Gy). The 

quantification of induced chemical changes is referred to as “G values”, known as radiation 

chemical yield. G value is expressed in terms of the number of molecular events arising per 

100 eV of absorbed energy in the medium. D and G are related: D (kGy) = 9.65×10
6
 / (G × 

mol. wt.). Typical G-values for many reactions are in the range of 0.1-10. The relation 

between D and G clearly explains that higher the molecular weight of compound lower is the 

amount of dose required for irradiation. This is the reason why most of the industrial 

applications of electron beam are focused to organic materials which have higher molecular 

weights in comparison to inorganic compounds [29].  
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Electron beams that are used for radiation processing have energy ranging from 0.3 – 

10 MeV. Electrons having energy less than 0.3 MeV cannot penetrate materials up to 

noticeable depth and hence are not suitable for industrial applications. The machine which is 

used to generate energetic electron beam is known as electron accelerator. It consists of two 

main components: electron-gun and electron accelerating system (under electric field). 

Electron gun consists of metallic filament (cathode), which on heating to high temperatures 

(approx. up to 1600ºC) ejects electrons from the surface via thermionic emission. These 

electrons are accelerated under an electric field, which is either generated by producing a 

potential difference across an insulating column (called direct acceleration method) or by 

producing relatively smaller electric field repeatedly to get acceleration in bunches (called 

induction acceleration method). Accelerated electrons then enter into the air from high 

vacuum field through a thin metallic (usually made of titanium) foil window to be used for 

irradiation applications. The main accelerator parameters of interest are the electron beam 

energy, which decides the thickness of the product that can be uniformly irradiated, and the 

beam current which decides the dose rate. Electron accelerators based on their energy range 

are classified into following three broad categories: (i) low energy electron accelerators (up to 

0.75 MeV); (ii) medium energy electron accelerators (0.75 – 5 MeV); and (iii) high energy 

electron accelerators (5 – 10 MeV). Brief descriptions of the accelerators, used in present 

studies, have been given in chapter 2. 

 

1.3 Classification of organic materials 

Organic materials can be classified in many ways depending upon their characteristics 

and various applications. In view of device applications the electrical properties of organic 

materials are extremely important and thus they can be broadly classified into two categories: 

insulator and semiconductors. The organic semiconductors are further categorized into two 

groups as molecular semiconductors and conducting polymers. 
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1.3.1 Insulators 

The organic insulators are basically organic polymers having electrical conductivities 

of the order less than 10
-10

 S.cm
-1

. These are being utilized for development of portable, 

flexible and foldable electronics [30]. The important applications of organic polymer 

materials include production of insulation panel for electronic appliances as well as substrate 

for fabrication of flexible devices. Organic insulators can also provide a clean and smooth 

surface for efficient device operation and besides they being inexpensive serve as potential 

materials for commercial use. Chemical structure some common organic insulators are shown 

in Fig. 1.1. Biaxially oriented polyethylene terephthalate (BOPET) and poly(imide) (also 

called Kapton) are widely used because these are normally inert to the solvent that are used 

for dissolving polymers. In addition, their thermal properties are suitable for fabricating 

polymer electronic devices. BOPET is a flexible insulating polymer of great interest due to its 

application as packaging material for food and medical commodities as well as a substrate for 

flexible electronic devices. These wide applications of BOPET have become possible due to 

its physical, electrical and mechanical properties. It is manufactured from molten PET by bi-

axially orienting it through the process called drawing and then subsequently allowing it to 

heat-set under tension at the temperature greater than 200C [31]. The heat setting step 

prevents the sheet from shrinking back to its original un-stretched shape and locks it in the 

molecular orientation in sheet plane. The molecular orientation induces the formation of 

many crystalline nuclei or regions.  
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Figure 1.1: Molecular structures of polymeric insulators: biaxially oriented polyethylene 

terephthalate (BOPET), linear polyimide, aromatic heterocyclic polyimide. 

 

In case of the organic insulating polymers, the hopping of charge carriers from one 

chain to another chain is responsible for electrical conduction (discussed later in the chapter). 

Due to irradiation effect, phenomenon called crosslinking is observed in these organic 

insulators. This crosslinking of polymers causes swelling in molecule and ultimately 

increases the distance between two chains. As a result, the inter chain hopping of charge 

carriers is reduced and hence, the insulating properties of organic polymers are improved. 

Chapter 3 describes in detail about the mechanism behind improvement of insulating 

properties of organic insulators.  

 

1.3.2 Organic semiconductors 

Organic semiconductors can be classified into two major categories: (i) molecular 

semiconductors having single molecules (polycyclic aromatic compounds, such as, 

pentacene, rubrene, phthalocyanines etc) and oligomers (short chain comprising few 

monomers) and (ii) conjugated polymers or conducting polymers: which consist of many 

monomers bonded together in a long chain such as poly(3-alkylthiophene), poly(p-phenylene 
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vinylene), polyfluorene etc. The molecular semiconductors have a well defined structure and 

weight whereas conjugated polymers consist of variable repetition unit and thus, they can 

have a different molecular mass. However, π-conjugation i.e. the arrangement of carbon 

atoms in a series of alternating single and double bonds is the common characteristic of both 

the classes. Also, polymers form disordered phases whereas small molecules show ordered 

and crystalline structures frequently. These materials exhibit a strong anisotropy in their 

optical and transport properties perpendicular and parallel to the molecular plane. Molecular 

semiconductors, in general, have high vapour pressures and are poorly soluble in different 

solvents. Therefore, the films of molecular semiconductors are usually deposited from the gas 

phase by sublimation or evaporation techniques. On the other hand, conducting polymers 

being solution processable can be easily deposited in form of films using cost effective 

techniques such as spin-coating, photo-polymerization or screen-printing. However, the 

major advantage of molecular films in comparison to the polymer films is that they can be 

grown with very high purity and crystalline order both of which are the two major 

requirements for obtaining high charge carrier mobility. 

 

1.3.2.1 Molecular semiconductors 

Some of the typical molecular semiconductors are shown in Fig. 1.2. Semiconducting 

properties in organic materials is feasible because carbon atoms have the ability to form sp
2 

hybridization in which sp
2 

orbitals are formed within a plane and the pz orbitals exist in the 

perpendicular plane [32]. Basically, in sp
2
 hybridization, 2s orbital get mixed with only two 

(out of the three) available 2p orbitals. It means that three hybrid sp
2
 orbitals are formed 

leaving the pz orbital unaltered. For organic molecules, σ bond is formed between two carbon 

atoms by axial overlapping of the two sp
2
 hybrid orbitals. It creates a large energy difference 

between occupied bonding orbitals and unoccupied anti-bonding orbitals that leads to the 

insulating properties in the organic molecules. However, the mutual overlapping between the 
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remaining non-hybridized pz orbitals of adjacent carbon atoms cause formation of π bonds 

perpendicular to the plane of sigma bonds. The electrons of overlapping pz orbitals form a 

delocalized electronic orbital over the whole conjugation length. These π electrons are 

delocalized over the whole molecule and are more loosely bound compared to the σ electrons. 

Therefore, these delocalized electrons become responsible for semiconducting properties of 

molecular semiconductors. The π-orbitals which are responsible of semiconducting property 

in case of benzene (C6H6) molecule are illustrated in Fig. 1.3. 
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Figure 1.2: Structures of molecular semiconductors: pentacene, CoPc (Cobalt 

phthalocyanine), CuPcTs (Copper phthalocyanine tetrasulfonate) and DIP 

(Diindeno(1,2,3,-cd,10,20,30-lm)perylene). 

 

These π molecular orbitals split into a bonding (π) and anti-bonding (π
*
) molecular 

orbitals as shown in Fig. 1.4 (according to Pauli‟s exclusion principle) due to the interaction 

among π electrons. The two electrons occupy the highest occupied molecular orbital 

(HOMO) while the other which remains empty is called lowest unoccupied molecular orbital 

(LUMO). The extended chain of overlapped p orbitals along with the delocalization of 
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electrons over the whole molecule results in the further splitting of HOMO and LUMO to 

cause formation of band (Fig. 1.4). 

 

H H

 

 

Figure 1.3: Schematic representation of π-orbitals in benzene (C6H6) molecule, 

responsible for its semiconducting property. In case of the solids, the overlap 

between π -orbitals of adjacent molecules will allow the charge transport. 
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Figure 1.4: Schematic view of the splitting of the energy levels due to the interactions in the π-

orbitals of a molecule which results in the formation of HOMO and LUMO energy 

bands. Molecular interactions in the solid give rise to further splitting of the molecular 

orbitals. 

 

The HOMO and LUMO for organic semiconductors are analogous to the valence and 

conduction bands of the conventional inorganic semiconductor. Optical and thermal 

excitation can promote an electron to an unoccupied level and so the energy band gap for 
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organic semiconductor corresponds to the gap between HOMO and LUMO of the molecule. 

The HOMO-LUMO separation in these conjugated molecules depends strongly on the 

overlapping of neighbouring p orbitals, which in turn related to the planarity of the molecule 

and side groups. The HOMO-LUMO energy gap is relatively small (~ 1 to 3 eV) and the 

molecules can be doped to assume n- or p-type character. In this way, the π-conjugated 

molecules can act as the semiconducting channels in organic molecular devices. However, 

the band formation is not sufficient for organic molecular material to behave as a 

semiconductor. There must be a transfer of charge carriers between molecules. This is 

achieved due to the overlap of the π-orbitals from one molecule to those of its adjacent 

molecule. Therefore, a close packing of molecule and a crystalline structure free of defects is 

essential to maximize the π-orbital overlap that improves the conduction properties of the 

material.  

(A) Metal phthalocyanines: Among various molecular semiconductors, both the 

metal and metal free phthalocyanines have been extensively studied because their chemical 

properties can be easily tuned through variation of the metal centre as well as 

functionalization of the macrocycle. Moreover, they have not shown any noticeable 

degradation up to several hundred degrees centigrade of temperatures in air as well as in 

vacuum. They posse intense colour and are highly economical also in comparison to other 

materials in this category. The word „Phthalocyanine‟ has been derived from the Greek term 

'naphtha' (rock oil) and 'cyanine' (dark blue). The first phthalocyanine was produced 

accidentally in 1907 by Braun and Tcherniac as a minor product in the synthesis of o-

cyanobenzamide from phthalamide and acetic anhydride [33]. C. E. Dent et al had reported 

the structure of the planar phthalocyanine molecule for the first time [34]. Phthalocyanines 

are an intensely blue-green colored macrocyclic compound and traditionally have been used 

as dyes or pigments. Phthalocyanines form coordination complexes with most of the elements 
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in the periodic table (especially first row of transition metals) and exhibit semiconducting 

properties. Therefore, they are currently being explored for their possible applications in the 

organic electronics. Majority of the research has been focused on the mononuclear 

phthalocyanines i.e. molecule containing only one metal atom.  

Phthalocyanines, both metal and metal free form, are a class of coordination 

complexes which is composed of a di-anionic macrocyclic ring with a metal centre (MPc) or 

two central protons (H2Pc, also called metal free phthalocyanine). Metal phthalocyanines 

(MPcs) have a general formula C32H16N8M (M stands for corresponding metals like Co, Cu, 

Zn etc.) whereas metal-free phthalocyanine (H2Pc) is represented as C32H18N8. It is 

chemically designated as 5, 10, 15, 20 tetraazatetrabenzporphyrin or tetrabenzporphyrazin 

[35]. The structure of MPc molecule is a planar one which consists of four isoindole 

molecules linked together at the corners of the pyrrole ring by four nitrogen atoms as shown 

in Fig. 1.5. 
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Figure 1.5: Molecular structure of metal phthalocyanines. 

 

In the simple metal phthalocyanines, such as ZnPc, the two central nitrogen atoms are 

coordinately bonded with metal atom (Zn). MPc offer some interesting properties, including: 
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(i) Pc‟s are easily sublimed and can be crystallized with very high purity (10
14

 -10
15 

traps 

cm
-3

) that is rare/ exceptional in organic chemistry. 

(ii) Pc‟s show an exceptional thermal and chemical stability. MPcs do not show any 

noticeable degradation up to temperature 400 - 500°C in air whereas in vacuum most 

of them do not decompose below 900°C. Moreover, they remain unaffected by strong 

acids or bases [35, 36].  

(iii) Pc‟s are highly conjugated molecule and contains 18 π electrons in the macrocyclic 

ring which results in very intense absorption band in visible range (400-700 nm). 

(iv) Pcs are very versatile systems as there are possibilities of tuning their electronic 

properties (more than one thousand types of Pcs can be synthesized) by manipulating 

with different side groups and central metal atoms. The replacement of central metal 

atom and side group, though, modifies their electronic properties but keep their 

molecular structure unchanged in most of the cases. For example, CuPc is a p-type 

molecular semiconductor but the replacement of sixteen hydrogen atoms by fluorine 

makes the molecule (F16CuPc) n-type semiconductor. In fact, F16CuPc is one of the 

most stable n-type organic semiconductor known at present and it has been used to 

fabricate the first n-channel organic transistor [37] and also in complementary logic 

circuits [38, 39]. 

The above important characteristics of metal phthalocyanines have made them a hot 

topic of research for applications as various organic devices such as solar cells, gas sensors, 

organic light emitting diodes (OLEDs) and organic field effect transistors (OFETs) [40 - 43]. 

Phthalocyanines appear in various crystalline forms due to different growth techniques and/or 

conditions; this is called polymorphism which is purely a consequence of different packing in 

the unit cells. The most common polymorphs of phthalocyanines are α and β phases as shown 

in Fig. 1.6. These two phases differ in the tilt angle of the molecular stack from the b-axis, 
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which is 26.11° for α-phase and 44.81° for β-phase [44 - 46]. Both the phases crystallize in 

monoclinic structure. The α-form is obtained in thin films when the substrate temperature is 

maintained below a phase transition temperature during growth [47]. As shown in Fig.1.6, α 

and β phases are formed by quasi-orthorhombic and monoclinic unit cells respectively [44]. 

Besides α and β phases, γ, δ, and  phases have also been observed on rare occasions [45]. 
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Figure 1.6: Schematics of crystalline (a) α-ZnPc, (b) β-ZnPc. 

 

It has been observed that MPcs are highly electrically insulating in dark or high 

vacuum environment but majority of MPcs exhibit p-type semiconducting characteristics. On 

exposure to air, improvement in their electrical conductivity is observed [48]. The air induced 

conductivity in phthalocyanine films has been attributed to different mechanisms. Since in 

planar MPcs due to strong - interactions the molecules are arranged in a compact fashion 

and therefore, there occurs very less probability to be affected by air. As a result, O2 gets 

absorbed only at air/MPc interface and at the grain boundaries.  

The formation of charge transfer complexes by coordination of O2 with MPc metal 

centres at the air/MPc interface causes formation of MPc
+
 and O2

- 
charged species and 

injection of holes as charge carriers into the bulk solid.  
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MPc + O2  ↔  MPc + h+ + O2
−        (1.1) 

 

The presence of superoxide species has been observed in several electron 

paramagnetic reasonance (EPR) studies [49]. The crystal structure of MPcs generally remain 

unaffected on exposure to air, therefore, it can be concluded that the reaction occurs through 

adsorption of O2 on the surface of the molecule. 

 

1.3.2.2 Conducting polymers 

 

*

*
n

H
N* *

n

*

*

n
N
H

* *

n

PA PPV

PAni

PPy

S

* *

n

PTh

S
* *

O

n

O

PEDOT

*
*

SO3

m

PSS
 

 

Figure 1.7: Molecular structures of conducting polymers: PA (Polyacetylene), PPV (Poly(phenyl 

vinlene)), PPy (Polypyrrole), PAni (Polyaniline), PEDOT 

(Poly(ethylenedioxythiophene)), PTh (Polythiophene) and PSS 

(Poly(styrenesulphonate)). 

 

Conducting polymers are basically conjugated and these are characterized by repeated 

units in which atomic valence is not fulfilled by covalent bonds. The remaining valence 

electrons of adjacent carbon atoms overlap and form double bonds which give rise to π-

bonds. These π-electrons are delocalized over large segments of the polymer chain and 

therefore, are responsible for the electronic properties of the conjugated polymers. Normally 

polymers consists of around 10
4
 – 10

6
 monomers linked together to form a macromolecular 
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chain while the conjugated polymers include straight chain units. Chemical structures of 

some commonly known conducting polymers are shown in Fig. 1.7. 

However, the bond conjugation alone is not enough to achieve the desired 

conductivity in the conducting polymers. In order to achieve high conductivity, doping must 

be done and this can be achieved by redox (or in some case non-redox like in polyaniline) 

and protonation reactions. However, when an electron is added to or withdrawn from a 

conducting polymer, a chain deformation takes place around the charge which cost the elastic 

energy and puts the charge in lower electronic state. The competition between elastic energy 

and electronic energy determines the size of the lattice deformation and it can be long enough 

as order of 20 polymer units. The localized charged particle along with the chain deformation 

is known as polaron. The hopping of polaron governs the charge transport in conducting 

polymers. Sometimes the charge transport is described by bipolarons which are similar to 

polarons but having double charge. In bipolaron there are two charges which are bonded 

together by the same chain deformations. 

The variety of conducting polymers can be formed through the addition of hetero-

atoms (i.e. atoms other than carbon and hydrogen) and side chains. The π-bonding scheme of 

the conjugated polymers decreases the gap between HOMO and LUMO states. The band gap 

of the conducting polymers lies in the same range as that of inorganic semiconductors i.e. 1.5 

to 3 eV [50]. 

Various methods that are used for thin film deposition of conducting polymers include 

Langmuir-Blodgett (LB) technique, electrochemical deposition, spin coating, dip coating and 

drop casting. In LB technique, thin films can be synthesized with very regular multilayers 

with a well defined molecular orientation. In electrochemical deposition, a conducting 

substrate (like indium tin oxide, ITO, or highly doped Si) is required and the film thickness is 

controlled by the flow of charge through the electrochemical cell during film growth. In spin 
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coating process, the conducting solution is spread on a rotating substrate and after 

evaporation of solvent, thin film is formed. Here, thickness can be controlled by controlling 

the viscosity of solution and rotating rate of substrate. In dip coating, the substrate is dipped 

into a chemical solution to polymerize through UV or thermal energy. The part of polymer 

thus gets deposited onto its surface and dipping time controls the film thickness. In drop 

casting, a polymer solution is drop casted on a substrate and dried, therefore, the films 

obtained in this case are usually not uniform.  

(A) Polyaniline: Among various conducting polymers, polyaniline (PANI) has 

attracted much attention due to ease of synthesis, tuneable electrical conductivity, 

biocompatibility and excellent stability under environmental conditions [51, 52]. In addition, 

it has unique acid base chemistry that is elaborated ahead in details. In a conducting polymer 

like PANI, the doping can take place without changing in oxidation level of the polymer. 

PANI is referred as a class of polymers which has the generalized composition with different 

oxidation states as given in Fig. 1.8. The different oxidation states of the PANI referred as per 

value of „y‟ which can vary from 0 to 1. It can exist in several oxidation states varying from y 

= 0 (completely oxidized pernigraniline base state) to y = 1 (completely reduced 

leucoemeraldine base state). The „half‟ oxidized emeraldine base state of polyaniline i.e. (y = 

0.5) is semiconductor and have alternate sequence of two benzenoid units and one quinoid 

unit. The emeraldine base of polyaniline can be non-redox doped with acid to yield the 

conductive emeraldine salt state of polyaniline as shown in Fig. 1.9.  

The non-redox doping process differs from redox doping process that it does not 

involve the addition or removal of electrons from the polymer backbone [53]. The same type 

of non-redox doping takes place as result of electron beam irradiation.  
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Figure 1.8: Oxidation states of polyaniline. 
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Figure 1.9: Acid doping of emeraldine base polyaniline to emeraldine salt polyaniline. 

 

1.4 Charge transport in organic semiconductors 

The mechanism of charge transport in organic materials (semiconductors or insulator) 

is governed by two processes:  

(i) injection of charge carrier from electrode to organic semiconductor and  

(ii) transportation of charge carriers in the bulk.  



21 
 

The relative position of Fermi level of both the electrode metal & organic material 

governs the potential barrier at their interface. The typical energy band diagram of metal and 

organic material, when they are separated, has been given in Fig. 1.10a. The electrode Fermi 

level (EF); the semiconductor HOMO (i.e. hole transport level) and LUMO (i.e. electron 

transport levels); and the vacuum level (Evac) of each material are the critical energy levels. 

The energy difference between vacuum level and Fermi level for the metal is called work 

function of the electrode (ϕm) and the same between vacuum level and HOMO or LUMO are 

respectively defined as ionization energy (IE) or electron affinity (EA), respectively, of the 

semiconductor. 
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Figure 1.10:  (a) Schematic of energy diagram of a typical metal and organic semiconductor with 

separation, (b) Schematic of energy level alignment at metal/organic semiconductor 

interface with interface dipole. 

 

When a metal and a semiconductor (organic) are brought together to form an 

interface, a dipole barrier (Δ) appears because of interface gap states (shown in Fig. 1.10b). 

There are reasons for creation of gap states like chemical and induced density interface states 

(IDIS). Chemical reason indicates the formation of chemical bonds or defects between metal 
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and the semiconductor [54, 55]. The induced density of interface states (IDIS) are generated 

due to overlap between continuum of metal surface and the semiconductor state which 

induces a density of states in the gap of semiconductor [56, 57]. As a result, there exists an 

injection barrier for electron (ϕbn) and holes (ϕbh) are generated and thus standard metal 

semiconductor interface treatment leads to the following equation for the electron injection 

barrier [58].  

ϕ
bn

= ϕ
m
−  EA −  Δ  (1.2) 

ϕ
bh

= IE − ϕ
m

+  Δ   (1.3) 

 For non-interactive metal-semiconductor interfaces the density of interface states are 

negligible i.e. Δ ≈ 0 and thus the electron and hole barriers are given by ϕbn= ϕm - EA and ϕbh 

= IE - ϕm. These types of contacts are known as neutral contacts. However, whether the 

charge conduction process will be dominated by the electrode or bulk, depends on the value 

of ϕbn (or ϕbh) for electron (or hole) injection and the relative Fermi level positions of metal 

and semiconductor. Normally an ohmic contact is considered if the metal work function (ϕm) 

is less than the semiconductor work function (ϕs) for n-type and vice versa for p-type 

semiconductor. On the other hand, a Schottky barrier appears when metal work function (ϕm) 

is greater than semiconductor work function (ϕs) for n-type semiconductor. In this case the 

barrier height is given by the value of ϕbn for electrons. Similar reasoning is also applicable to 

p-type semiconductors. However, an ohmic contact between metal and semiconductor may 

be established if ϕbn or ϕbh is in the order of few kT. For example, in case of metal 

phthalocyanine semiconductors usually electrodes were made using Au material due to the 

fact that Au has a work function of 5.1 eV while pthalocyaine has work function of ~ 4.8 eV. 

A typical interface of Au and MPc has ϕbh of 0.3 eV, at room temperature, hence contacts at 

Au/MPc interface are ohmic in nature.  
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1.4.1 Films- electrode interface-controlled charge transport 

The electrodes in semiconductor is controlled by the electrodes (or charge injection) if 

the contacts between metal electrodes and organic semiconductors are Schottky in nature. 

The injection mechanisms that may occur at the metal/semiconductor interfaces depend upon 

the applied electric bias, temperature and active layer thickness. If the barrier is too thick to 

allow tunneling of charge carriers from one electrode to other, the current flowing through 

the semiconductor is limited mainly by the rate at which electrons are thermally excited over 

the interfacial potential barrier into the semiconductor transport level. In this case current is 

given by the Richardson thermionic emission [59]. 

J =
4πme k2T2

h3 exp(−
ϕ

kT
) ≡ AT2 exp(−

ϕ

kT
)       (1.4) 

 

Where A is the Richardson constant (1.2 × 10
6
 Am

-2
K

-2
) and ϕ is potential barrier 

independent of applied voltage. But in practice ϕ changes with applied field as the image 

forces originate due to the polarization of electrode surface by the ejected electrons. Thus 

current does not saturate, but rather becomes a function of applied field. The current density 

with modified barrier height is given by Richardson-Schottky equation [60] 

J = AT2 exp  −
ϕ0

kT
 exp(

βS F
1

2 

kT
)        (1.5) 

 

1.4.2 Bulk limited charge transport 

The charge transport is governed by the bulk of the semiconductor if the ohmic type 

metal/organic interface is present. Various charge transport mechanisms can operate in the 

films depending on the bias, temperature and nature of the traps. These mechanisms are 

explained in the following sections. 

 

1.4.2.1 Ohmic conduction 

Ohmic conduction takes place if the injected charge carriers are very less as compared 

to the thermally generated carriers. Since in low bias region, the injected charge carriers are 
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negligible and therefore charge carriers will drift from one electrode to the other due to the 

applied electric field. Under such conditions, the current density, which is linearly 

proportional to the applied bias, is given by Eq. 1.6. 

J = n0eµV/L           (1.6) 

 

Where n0 is the free charge carrier density and µ is the mobility of charge carrier. 

 

1.4.2.2 Space charge limited conduction (SCLC) 

In the higher bias region, the free charge carriers, that are injected from electrode, 

exceed than the number of thermally generated carriers. These injected carriers start piling up 

in the vicinity of injecting electrode leading to create a space charge which influence the 

conduction processes in the semiconductor. In space charge limited condition (SCLC), the J-

V characteristics depend on the applied bias, temperature as well as the nature and density of 

traps in the semiconductor. Now SCLC has been briefed in two cases: (i) trap free organic 

semiconductors and (ii) semiconductors with traps. 

(A) Charge transport in trap-free organic semiconductor: The perfect intrinsic 

semiconductor is considered free of traps and has small density of thermally generated free 

charge carriers (n0). The J can be written as 

J = ρυ            (1.7) 
 

Where ρ is the average charge density and v is the average drift velocity. A semiconductor 

can hold total charge per unit area, at a particular voltage, depending upon its capacitance (C 

= ε/L; L is the cathode-anode spacing and ε is the permittivity of the medium). 

The total charge per unit area, Q at a particular voltage V, is given by equation 1.8. 

Q = ρL = CV ≈ εV/L          (1.8) 
 

Assuming that the charges are injected from the ohmic contacts i.e. current is not injection 

limited and combining Eq. 1.7 and 1.8 resulted as  
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J ≈ ευV/L2           (1.9) 
 

When strength of field is low, the average drift velocity is proportional to the average applied 

field (E) and given by 

υ = μE ≃ μV/L  

where µ is the free electron drift velocity. Substituting for v into Eq. 1.9 gives 

J ≈ εµV2/L3           (1.10) 
 

The more rigorous result can be derived by solving current equation and Poisson equation 

that leads to  

J ≈
9εµV2

8L3            (1.11) 
 

It is known as Mott- Gurney law describing current-voltage relation in a trap free 

insulator. In this mathematical expression, current density varies with square of voltage and 

by knowing the value of permittivity, mobility can be evaluated from slope of J-V
2
 plot. But 

in case that density of thermal free carriers (n0) cannot be neglected in the semiconductor and 

hence this expression is not valid. In such cases, Ohm‟s law is valid at low voltages and with 

the increase in voltage the density of injected carrier (ni) increases and finally, at a particular 

voltage, becomes comparable to thermal free carriers (n0). Thus, the crossover from Ohm‟s 

law (Eq. 1.6) to trap-free square law (Eq. 1.11) is observed. The crossover voltage can be 

derived as: 

VX =
9en0L2

8ε
 

 

At this particular voltage, the transit time of electron and dielectric relaxation time are 

equal. If the voltage is further raised then the transit time for electron becomes too short for 

their charge to be relaxed by the thermally generated carriers. Thus, the injected electrons 

dominate the thermally generated electrons and SCLC condition is satisfied. 
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(B) Charge transport in organic semiconductors having traps: In the practical 

samples, the local states are always present in the form of traps which reduce the current at 

lower injection level by capturing and immobilizing most of the injected charge carrier. On 

the other hand, the trapped electrons do contribute to the Q=CV relation and the Eq. 1.8 in 

this case becomes 

𝑄 =  𝜌 + 𝜌𝑡 𝐿 = 𝐶𝑉 ≃ 𝜀𝑉/𝐿        (1.12) 
 

Where, ρc is the average trapped charge density. The space charge limited J-V relation can be 

derived, as trap free case, subjected to the relationship of ρ and ρc. The relationship can be 

derived if the free and trapped carriers are in quasi-thermal equilibrium. The free to total 

carrier density ratio (Θ) can be defined as  

Θ =  
𝑛

𝑛+𝑛𝑡
=

𝜌

𝜌+𝜌𝑡
           (1.13) 

 

Combining Eq. 1.12 and Eq.1.13 results in 

𝑄 =  𝜌 + 𝜌𝑡 𝐿 = 𝜌𝐿/Θ ≃ 𝜀𝑉/𝐿        (1.14) 
 

Substituting ρ, Eq. 1.7 becomes 

𝐽 ≃ Θ𝜀𝜇
𝑉2

𝐿3            (1.15) 
 

For the trap-free case, the correct analytically derived result has the numerical factor 9/8. It is 

evident from the Eq. 1.15 that SCL J-V characteristics should not be necessarily proportional 

to the square of the voltage but also depends on the voltage dependent Θ. In other word the 

shape of the SCL current-voltage characteristic depends on the position of the quasi-Fermi 

level (voltage dependent) with respect to energies of the distribution of traps. 

 

1.4.3 Hopping conduction 

In inorganic semiconductors, the charge conduction is realized through free wave-like 

propagation of charge carriers in well-known conduction or valance bands and those energy 

bands extend continuously in the bulk. This is possible because the atoms are strongly 
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bonded together by covalent bond with well long range ordered configurations. Oppositely in 

case of molecular semiconductors, the constituting molecules are bond together with weak 

vander Waals force and so the convention of band formation is not very true. In these 

materials, band widths are typically smaller than kT and charges are intrinsically localized 

due to the weak wave function overlap between two adjacent molecules [61, 62]. Thus, the 

facile propagation of charge carriers in analogy to inorganic semiconductors no longer 

remains valid and therefore, the charge conduction mechanism in organic semiconductors 

cannot be same as that observed in crystalline inorganic semiconductors. Basically, it is a 

rate-limiting process where in each step charge carriers need to overcome an activated energy 

barrier and the mobility is given by Arrhenius relation 

µ α exp (-ΔE/kT)          (1.16) 
 

where ΔE is the activation energy. 
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Figure 1.11: Schematic of hopping transport in the organic semiconductor. 

 

The schematic representation of charge hopping transport in the organic 

semiconductor is shown in Fig. 1.11. It implies that as a result of applied electric field, the 

charge carrier will hop from one localized state to another localized state. It is a thermally 

activated process and a dominant transport mechanism in organic semiconductors. Thus, the 

mobility or the conductivity of (disordered) molecular semiconductor increases exponentially 
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with temperature, contrasting the inorganic semiconductor. The hopping process involves 

thermionic emission (called phonon-assisted hopping) or direct tunneling of carriers between 

localized states. Phonon assisted hopping occurs if the carriers that are trapped in localized 

states, absorb a phonon and classically jump to the next localized state. But the tunnelling can 

only take place between two localized states if the electronic wave functions of the two 

localized states effectively overlap. 

 

1.5 Basic processes of interaction of radiation with organic materials 

When energetic electron-beam is impinged on the organic materials, the energy of 

electron beam gets dissipated in the material, which causes occurrence of various processes. 

The temporal processes of electron beam interaction with organic molecules can be divided 

in three phases as shown in Fig. 1.12 on time scale [63]. 
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Figure1.12: Temporal phases for interaction of organic molecule with electron beam. 
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1.5.1 Physical phase 

This is the initial phenomena of interaction of e-beam with organic materials, known 

as physical phase, and concludes in less than 10
–13

 s after electron beam is exposed. The 

electric charge that appears in a material which is subjected to electron beam is observable. 

This is the result of the extraction of electrons from the irradiated molecules due to transfer of 

sufficient amount of energy by e-beam and positive ions are created. The binding energy of 

the most labile electrons is called ionization potential which exists in the range of 10–15 eV 

for polymers and organic molecules. It is also known as the threshold energy for ionization. 

Since electron-beam generated by accelerators carries high energy, ionization has very high 

probability. Also it follows that only a fraction of the deposited energy is used in ionization 

while the remainder causes electronic excitation. Thus, the processes that take place in this 

phase are collectively called ionization and excitation and can be represented as: 

Ionization:   AB   AB
+
 + e

-
    (1.17) 

Excitation:   AB
 
  AB*     (1.18) 

 

The symbol  used to designate radiation induced phenomena, AB an 

organic molecule, AB
+
 a positive ion, e

-
 an electron, AB* excited molecules. 

 

1.5.2 Physico-chemical phase 

The formation of free radicals in the materials is second stage of basic processes 

called physico-chemical phase and normally this is finished in 10
-13

 s to 1 µs after trigger of 

the electron beam radiation. The electrons extracted from the irradiated molecules are 

subjected to the strong electric field of positive charges (ions) formed. Therefore, charge 

recombination is a frequent event, both at the time of irradiation and after the end of 

irradiation, as an after-effect. In this process the ionization potential (10–15 eV) is recovered 

and this generates highly excited molecules, carrying an amount of energy much larger than 
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any bond strength. In organic molecules, the molecular bond strength is in the 3-4 eV range. 

As a result, there is very high probability that such excited molecules will break down into 

free radicals. Ions also get fragmented into free radicals. In solid polymers, ions and free 

radicals may remain trapped for a significant amount of time. 

Rupture of excited molecules:  AB*                        A● + B●   (1.19) 

 

where AB* denotes excited molecules, A● and B● both stands for uncharged fragments (free 

radicals).  

These active species (ions and free radicals) are responsible for the changes observed 

in organic molecules subjected to electron beam irradiation. In polymers, some 

transformations are explained as of ions; however, most reactions can be accounted for by 

conventional free-radical processes.  

 

1.5.3 Chemical phase 

The final stage of interaction of e-beam with material is termed as chemical phase in 

which chemical reactions take place due to the active species generated in the earlier phases. 

The completion of chemical phase occurs in 1 µs to 0.1 s after irradiation. This phase results 

in modification of molecular structure and generates the organic materials having enhanced 

or degraded characteristics.  

 

1.6 Modifications of organic materials through radiation 

Chain reactions are crucial chemical reactions in modification of organic materials as 

they offer the prospect of relatively large yield of product for a small investment in radiation 

energy. Accelerated electrons have sufficient energy to break the chemical bonds in organic 

materials including polymers. The most common result of the cleavage of chemical bonds is 

the formation of free radicals (and/or ions also). Electron-beam applications take advantage 

of the many processes that arise from the formation of these radicals because high dose rates 
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do not allow transient recombination. These radicals as intermediate products initiate chain 

reactions which result in crosslinking (polymerisation), scissioning, curing and grafting. The 

chain reaction mechanism confirms that it takes place in four steps: initiation, propagation, 

termination and chain transfer. In addition the free radicals are also responsible for other 

reactions including unsaturation, gas evolution, and oxidation [29]. The scheme of 

interactions of electron beam radiation with organic material is represented in Fig. 1.13. The 

crosslinking, scissioning, curing and grafting occur in case of polymeric materials whereas 

mechanism like unsaturation, gas evolution etc are predominantly take place in case of 

molecular semiconductors. 
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Figure1.13: Schematic representation of interaction of radiation with organic materials. 

 

1.6.1 Crosslinking 

Crosslinking is basically creation of three dimensional network of high molecular 

weight by covalent linkage among comparatively lower molecular weight polymer chains. 

The active sites may be free radical centres (atoms with an unpaired electron) or positive ions 
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(cations, with an electron pair deficiency on a carbon atom) or negative ions (anions, with a 

nonbonding electron pair on carbon atom). Depending on the intermediates involved, 

crosslinking is described as radical crosslinking, anionic crosslinking or cationic crosslinking. 

However, the mechanism is common as chain reaction in any intermediate active species. 

From several studies it was concluded that, in most cases, radiation-initiated crosslinking or 

polymerizations follow normal free-radical kinetics. The free radicals that are generated 

during irradiation readily react with most of the monomers resulting in their polymerization. 

Radiation initiated polymerisation is temperature independent, hence the process can be 

carried out at room temperatures with significant rates. Crosslinking is the process which 

follows reactions in which carbon hydrogen bond is broken by radiation and two polymeric 

radicals R
●
 arise. These radicals combine to form an intermolecular bond or cross-link as 

reaction from (1.20) to (1.22). 

RH R•    + H •
     (1.20) 

where RH is hydrogen containing polymer, R
• 

a polymer radical and H
• 

a hydrogen atom. 

This step is followed by hydrogen atom abstraction: 

H•   +   RH R•    + H 2      (1.21) 

R• +    R• R - R
     (1.22) 

The comparison of reactions (1.20) and (1.21) with (1.22) resulted that the formation 

of one cross-link corresponds to the evolution of one hydrogen molecule. The yield of cross-

linking is enhanced in the presence of polyunsaturated compounds, such as polyfunctional 

vinyl monomers. 
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1.6.2 Scissioning 

Chain scissioning or degradation causes the reduction in the average size (i.e. 

molecular weight) of the macromolecules present. It is different from the process of 

depolymerisation in which complete or partial reversion of the polymer to the original 

monomer takes place because radiation induced degradation normally produces no monomers 

(or little bit). Main-chain scission involves the break of a chemical bond of the polymeric 

backbone chain. In linear (unbranched) polymers, the resulting two polymeric radicals are 

trapped in close vicinity and readily recombine to restore the original structure. However, if 

the polymer contains side branches (methyl groups) in its monomeric unit, particularly if two 

branches are attached to the same carbon atom, the two polymeric radicals interact with 

transfer of a hydrogen atom and formation of a double bond dominated results in scissioning 

which becomes permanent as illustrated in Fig. 1.14 [26]. 
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Figure 1.14: Permanent main chain scission in polymers that contain side branches in monomeric 

unit. 

 

1.6.3 Crosslinking versus main-chain scission 

Crosslinking is the most important consequence of polymer irradiation because it can 

result in improvement of the mechanical, thermal and electrical properties as well as the 
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chemical, environmental and radiation stabilities of preformed parts and bulk materials. Both 

polymer crosslinking and degradation by chain scission occur during treatment, but one or the 

other of these effects may be predominant depending on the material properties, state and 

chemical structure [64]. Materials with G(S)/G(X) ratio (Here G(S) and G(X) respectively 

defines the radiation chemical yield of scissioning and cross-linking) below 1.0 are favoured 

for crosslinking applications. For instance, polyethylene has an attractive ratio because its 

G(S) values are about half of its G(X) values. Natural rubber also has a very favourable ratio 

because of its very low G(S) value. Usually G(S) would increase more than G(X) with 

increasing dose. So, it is possible that upon reaching a certain dose level, crosslinking 

dominated polymers, e.g. polyethylene or natural rubber latex, will change to be degradation 

dominated polymers or vice versa. G(X) and G(S) are also dependent on irradiation 

conditions, such as temperature and atmosphere.  

 

1.6.4 Curing 
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Figure 1.15: Schematic of electron beam induced radiation curing. 

 

Radiation curing is said to occur when a specifically formulated reactive liquid is 

converted into the solid on a surface through irradiation. This is simply a combination of 

polymerization and crosslinking of monomers and oligomers by radiation. Major advantages 

of radiation curing include reduction or elimination of volatile organic compounds (VOCs) 

and it is a faster process than chemical curing. Electron-beam is the most suitable for 

radiation curing processes. The schematic of radiation curing is shown in Fig. 1.15. For 
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curing, the most suitable electron accelerators are those operating in the range of 0.3–0.8 

MeV. The penetration of the electron beam has to be high enough to cure the deposited layer 

lying in depth. In majority of the cases, radiation curing is a free-radical process and it may 

get affected by the environmental oxygen. Since oxygen has a prominent inhibiting effect, it 

is desirable to carry out the irradiation process in a chemically inert atmosphere.  

 

1.6.5 Grafting 

Graft copolymerization involves two consecutive (or simultaneous) processes in 

which active sites formed on or near the surface of an existing polymer by irradiation, 

followed by polymerization of monomer on these sites (Fig. 1.16). Graft copolymerization is 

normally accompanied by some homo polymerization of the monomer. The important 

quantity is degree of grafting and it is expressed as the percentage increase in mass of the 

polymer upon grafting. Graft copolymers can be considered as polymeric alloys. The binding 

of two polymers by covalent bonds gives rise to an unlimited range of new materials which 

has created interest in graft copolymers. Electron beam (or radiation) induced grafting can 

proceed by radical, ionic and mixed radical – ionic mechanisms in a manner similar to block 

polymerization. 
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Figure1.16: Schematic of electron beam induced radiation grafting. 
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1.6.6 Unsaturation 

As is indicated above, double bonds are formed in the interaction of branched free 

radicals. Moreover, if we compare the radiation chemical yields in polyethylene for hydrogen 

evolution and for cross-linking (1.21) and (1.22) respectively, it appears that cross-linking 

only accounts for one-half of the hydrogen produced. In addition, hydrogen is generated in 

the formation of intra-chain double bonds as: 

 

R' – CH2 – CH2 - R''    R' – CH = CH - R'' + H2  (1.23) 

Double bonds arise with much higher yields in chlorinated polymers, such as 

polyvinylchloride (PVC), where HCl is formed by a chain process. It may cause severe 

corrosion on metal parts located in the vicinity of irradiated PVC. 

 

1.6.7 Gas evolution 

Gases are generated during all irradiation process of polymers, as in any organic 

molecule hydrogen can account for a substantial fraction of the gas. The hydrogen formation 

results from a two-step process. First a carbon–hydrogen bond is broken by radiation 

followed by hydrogen atom in accordance with reactions (1.20) and (1.21). Also, hydrogen 

formation would lead to unsaturation reaction shown in (1.23). Carbon monoxide and carbon 

dioxide arise among the gases that are evolved from polyacrylates and polymethacrylates. 

Acidic gases such as HCl and HF are generated from halogenated polymers. However, in 

vitreous or partially crystalline polymers, the gases that are generated by irradiation remain 

trapped and result in potential cracks or even rupture due to the rise of strains in the irradiated 

specimen. In this case, a post-irradiation heat treatment also leads to the diffusion of the gases 

and releases the strain. The released gas causes extra doping in case of organic 

semiconductors and conducting polymers and hence, results in enhancement in electrical 

conductivity.  
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1.7 Applications of electron beam modified organic materials 

The electron beam modified organic materials (especially polymers) can be employed 

in various industrial sectors including biomedical, textile, waste water treatment, electrical, 

membrane, coatings, rubber goods, tires and wheels, foam, footwear, printing rolls, aerospace 

and pharmaceutical industries. Electron-beam induced radiation cross linking and curing have 

been recognized as techniques which result in products with improved properties. 

Requirement of sterilized plastic medical supplies insists the utilization of electron beam as 

radiation source for the same application. Medical supplies are irradiated in finished form in 

air tight bags just prior to shipment. For bio-medical applications, hydrogel are in the 

forefront because of their bio-compatibility. The hydrogels are polymeric materials having 

capability to swell in water, i.e. they do not dissolve in water in spite of retaining a 

momentous fraction of water within themselves [65]. This property originates because of 

cross linking of polymer, which leads to an increase in the average molecular mass and 

intrinsic viscosity. Electron beam initiated scissioning in polymer chains favours molecular 

weight control. Also, some graft copolymers can also be prepared commercially with 

radiation initiation.  

Some organic molecules (or material in large) possess a standard response to radiation 

and therefore they can be used as radiation detector or dosimeter. Polystyrene calorimeters 

are widely used as primary dosimeter as it evaluates dose from basic physical quantities. Its 

response is independent of meteorological parameters and used for calibration of standard 

dosimeters. Organic crystals as alanine pellet used to measure absorbed dose in material 

irradiated with electron or photon. The radiation induced free radicals generated from amino 

acid alanine is responsible for the change in magnetic property and the change which is 

related to the incident radiation intensity is quantified by electron paramagnetic resonance 

(EPR) spectroscopy. The dosimeter is in the form of alanine pellets prepared by using α – 
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alanine, (CH3-CH(NH2)-COOH). The suitable radiation energy for good response is ranging 

from 0.1 MeV to 28 MeV. Since the measurement of the concentration of free radicals by 

EPR spectroscopy is non-destructive and can be read out repeatedly and hence it can be used 

for archival (standard reference) purposes. It is useful as transfer dosimetry as well as for 

calibration of routine dosimeters. Radiochromic film contains a special dye that degrades 

upon exposure to radiation and causes fading of the film. B3 (GEX make) is a radiochromic 

film cast from polyvinyl butyral (PVB) resin mixed with the radiochromic dye. The 

irradiation events activate the dye centres which in turn cause the film to undergo a 

predictable colour change from clear to deepening shades of pink magenta (which is read at 

554 nm wavelength). The radio chemical yield of the dye results in a colour change that is 

easily related to absorbed dose and it is independent of the dose rate. The cellulose triacetate 

(CTA) dosimeter is also based up on radiation induced modifications in optical absorption 

properties of organic molecules near ultra-violet region (read at 280 nm). The dosimeter, in 

this case, is a film containing cellulose triacetate and plasticizer. These two types of film 

dosimeters are frequently used as routine dosimeters in electron-beam irradiation facilities 

because most of the dose requirements lie within their range. Moreover, they map dose both 

on the surface and within the bulk of materials because they can be used at material-material 

interface and material-air interface. Ethanol chlorobenzene solution has found good success 

as reference dosimeter in high dose applications [66]. 

Chain scission reduces the molecular weight of the macromolecules of a polymer and 

it has commercial application especially in the field of the retrieval of polymer wastes. This 

includes electron-beam irradiation of polyisobutylene (butyl rubber), polytetrafluoroethylene 

(teflon) and cellulose. For instance, electron beam exposure of butyl rubber, under high 

doses, converts wastes of this polymer into valuable lubricating oils. Teflon is a polymer 

which remains unaffected by chemical treatments or fire treatments especially under natural 
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conditions. The wastes of this polymer used to accumulate in teflon production plants [23]. 

When such a teflon waste is exposed to the electron doses of 100–200 kGy, it degrades into 

the low-molecular-weight polymer which finds application in sprays or in aqueous 

suspensions used for coating on various metals for improvement of sliding properties.  

 

1.8 Basic characteristics of chemiresistive gas sensors 

The electron beam irradiation effect on the organic molecules and polymers can easily 

result in tailoring of their physical and chemical properties. The electrical conductivity of the 

organic materials such as conducting polymer or molecular semiconductor can be easily 

modified through doping and the doping levels can be easily modified due to interaction with 

many gases, therefore these organic materials are used as chemiresistive gas sensors. The 

electrical resistance of a chemiresistive gas sensor changes significantly when it gets exposed 

to the molecule of analyzing gas. But the increase or decrease in resistance depends upon the 

nature of the active layer material (p-type or n-type) as well as the kind of analyzing gas 

(oxidising or reducing). For example, a p-type semiconductor will exhibit the rise in 

resistance on exposing it to the reducing gases (such as H2S, NH3 etc.) while the resistance 

will reduce if the gas is oxidising (such as NO2, Cl2 etc). The response curve of a 

chemiresistive gas sensor is defined by the following parameters (also shown in Fig. 1.17) 

[67].  

(i) Sensitivity: It is also called response and defined in percentage. It is the ratio of 

resistance in air to that gas and mathematically represented by using the relation:  

 

(1.24) 

where Rg and Ra stand for the resistance values of the sensor films in test gas and fresh 

air respectively.  
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(ii) Response time: It is the time interval in which sensor resistance attains a 90% of final 

saturation value after exposing the full-scale concentration of the gas. 

(iii) Recovery time: It is time interval in which sensor resistance reduces to 10% of the 

saturation value attained for full scale gas concentration after exposing to clean air. 

For a good sensor the response and recovery time both should be small so that sensor 

can be used over and over again. 

(iv) Selectivity: It gives the idea that whether the sensor is selective to a particular gas.  

(v) Repeatability: The sensor should give same response for a fixed concentration of 

particular gas repeatedly. In addition, it should not degrade on continuous operations 

for long durations. 
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Figure 1.17: Basic requirement and performance parameters of chemiresistive gas sensors. 

 

1.8.1 Gas sensing mechanism in metal phthalocyanines 

The electrical charge carriers are introduced by oxygen doping in MPcs and as a 

surface dopant, oxygen occupies only a fraction of the binding sites on the MPc films. Hence 

the interaction with analyte vapours in air could result in two different mechanisms of analyte 

binding as shown in Fig. 1.18 [48]. It has been assumed that the analytes could bind to open 
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surface metal coordination sites or could compete with oxygen for occupied metal surface 

sites. There is additional possibility of weak binding (physisorption) to the organic region of 

the MPc molecule for non-coordinating analytes that may be governed by weak hydrophobic 

and possibly charge transfer interactions. 

When MPc films are exposed to reducing gases, eg H2S, the charge transfer 

complexes are formed and electrons are injected causing trapping of charge carriers or 

lowering in hole concentration which ultimately leads to reduction in current value [68]. The 

interaction of phthalocyanines with oxidizing gases, such as NOx, has opposite effect.  
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Figure 1.18: Chemisorption model of ZnPc interaction with oxygen and coordinating analytes A. 

 

1.8.2 Gas sensing mechanism in conducting polymers 

The mechanism of interaction of the analyte with the conducting polymer (CP) can be 

explained with following considerations. 

(A) Sensors based on change in doping levels: The physical properties of 

conducting polymers highly depends upon their doping levels and the conducting polymers 

can be doped / dedoped (called primary doping) by using redox reaction or acid base 

reactions. These reactions lead to transfer of electrons from / to the analyte and can be 
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achieved chemically or electrochemically. Thus the doping levels of conducting polymers can 

be easily changed through chemical reactions with many analytes at room temperature which 

offers a simple technique to detect the analyte. 

(B) Sensors based on weak interactions: It has been widely observed that the 

CPs used as sensor based on Lewis acids and bases detection and the interaction of CPs with 

neutral molecules such as alcohols or other volatile organic compounds (VOCs) like benzene, 

toluene etc is not significant [69]. In addition to redox reactions, a partial charge transfer 

between the analyte and conducting polymer may result in formation of charge transfer 

complex which leads to change in electrical and optical signal [70]. Also, the charge transfer 

depends upon the electro-negativity of the analyte and the work function of the conducting 

polymer [71]. The dipole-dipole interaction or hydrogen bonding may occur between analyte 

and the nitrogen atoms. 

 

1.9 Literature review on irradiation induced benefits in organic materials  

In literature, interesting studies, related to the irradiation effect on the organic 

molecules and polymers with different types of radiation sources including electron beam, 

heavy ion beam, gamma rays and UV-rays, have been presented. Organic molecules can 

easily decompose or polymerize by high energy radiations and it can produce doping effects 

into the host materials [72]. It has been explained nicely by Yoo et al, that electron beam 

irradiation causes the up shift in LUMO level and down shift in HOMO level of [6, 6]-

phenyl-C61-butyric acid methyl ester (PCBM) molecules [73]. The variation in band 

structure is attributed to the modification in molecular structure of PCBM, as result of e-beam 

irradiation, which can be tuned with dose. Thus, e-beam irradiation technique can be utilized 

as a strategy to control the electronic band structures of the organic semiconductors for 

tailoring their performance. Recently the electron beam effect on organic semiconductor 

rubrene has been investigated by Kim et al and it was found that n-doping occurred along 
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with change in molecular conjugation system of the crystalline film [74]. This n-doping 

diminished the charge carrier injection from electrode to HOMO level of rubrene as the 

HOMO-LUMO energy gap was increased Also the diversified conjugation systems of 

irradiated rubrene molecule and the additional traps created, due to e-beam, discourage the 

intermolecular charge transportation. These ultimately results in lowering down of mobility 

up to 50% in case of 10 kGy as compared to un-irradiated samples. The electron beam 

induced tuning of semiconducting properties can be utilized to modify the performance of 

rubrene based thin film transistors (TFTs) and also to enable its use as highly sensitive 

radiation dosimeters. Electron beam irradiation has also been used to fabricate patterned 

rubrene TFT with very good charge mobility ~ 1.3 cm
2
V

-1
s

-1
 and on/off ratios higher than 10

8 

[75]. In present case, the dielectric layer of polystyrene has been modified with electron 

beam, resulting in crystallization of rubrene. Electrical conductivity modification of copper 

phthalocyanine (CuPc) thin film with γ-rays, in low dose ranging up to 50 Gy, has been 

studied by Raval et al. The application of CuPc thin film as radiation dosimeter has been 

demonstrated based up on resistivity and OFET characteristic of the film [76]. In CuPc film 

p-doping occurred because of chemical transformation in the material when exposed to the 

radiation, resulted in conductivity increase. Similar observations have been reported in 

semiconducting oligomer-pentacene thin film, as its resistance falls linearly from 2 GΩ to 0.5 

GΩ as γ-rays dose varies from 0 to 100 Gy [77]. This has occurred due to enhanced p-type 

doping along with formation of energy states in between HOMO and Fermi energy levels 

which resulted in facile hopping of charge carriers in the organic semiconductors.  

The crosslink density and electrical conductivity of polymer-based Bakelite material, 

used as resistive plate chambers (RPC) detector, have been modified with 8 MeV electron 

beam and it improves the performance of these RPC detectors [78]. The conductivity 

enhances from 1.23 × 10
-8

 S/m to 50.3 × 10
-8

 S/m after delivering 40 kGy e-beam dose and 
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with further increase of dose it falls to 1.08 × 10
-8

 S/m in case of 100 kGy. The chain 

scissioning occured as dominant phenomena in lower dose regime (up to 40 kGy) followed 

by crosslinking due to radical reactions in higher dose regime (beyond 40 kGy). The 

modification in electrical properties and other characteristics of polymers largely depends 

upon its type and source of radiation as well as dose. Raghu et al reported a comparative 

study on irradiation effect of electron beam and gamma rays on polymer electrolyte film 

made of polyethylene oxide [79]. The AC conductivity of the polymer electrolyte film has 

been enhanced, as result of 150 kGy dose, from 8.626× 10
-4 

 S/m to 1.749 × 10
-2 

 S/m. It is 

because modification in chemical structure in the form of crosslinking and crystallinity. A 

large number of dipoles arise in the polymer matrix due to irradiation and it leads to faster 

ionic transportation through the crosslinked polymer matrix. At the same time the frequency 

exponent falls to 0.108, in case of 150 kGy irradiated sample, from 0.177 for pristine sample. 

It indicates that ac conduction mechanism follows the barrier hopping model of charge 

transport in this polymer film. In addition, it has also concluded that electron beam is more 

effective tool as compared to gamma irradiation.  

 

1.10 Outline of the thesis  

As discussed in previous sections, the organic material based devices are keys for 

futuristic technologies owing to their low cost, flexibility, chemical & environmental stability 

and capability to blend with textiles. Moreover, they have found applications in food wraps, 

radio frequency identification (RFID) tags etc. So far, very little work has been reported to 

understand the effect of high energy and high intensity electron-beam induced modifications 

in organic materials and devices. Therefore, the motivation behind current research work is to 

understand the effect of high energy & high intensity electron-beam induced modifications in 

organic materials. The thesis has been directed towards investigating the effect of irradiation 

on electrical and mechanical characteristics of three important types of organic films 
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(conducting, semiconducting and insulating also elaborated in Fig. 1.19). Feasibility of such 

radiation modified organic films for device applications such as gas sensors or dosimeters 

have also been investigated.  
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Figure 1.19: Motivation for the research. 

 

The major objectives of this thesis are: 

(i) To understand the different types of interaction processes of electron-beam with the 

organic materials and find the applications of tailored organic materials in different 

aspects of life. 

(ii) To study electron-beam induced changes in mechanical as well as electrical properties 

of flexible organic insulator, bi-axially oriented polyethyleneterephthalate (BOPET). It 

is generally used as substrate / support for organic devices as well as packaging 

material for food and medical commodities. Therefore, sustainability of BOPET with 

high radiation dose has to be investigated to make its use as a packaging material for 

food and medical products.  

(iii) Investigation on the electrical conductivity modification of organic semiconducting 

film ZnPc through high energy electron beam and its feasibility to use as radiation 
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dosimeter. In addition, the variation in gas sensing characteristic of ZnPc as result of 

electron beam irradiation has also to be examined. 

(iv) Analysis on high energy high intensity electron beam stimulated amendment on 

electrical conductivity and H2S gas sensing of organic conducting polymer film 

(PANI-Ag nanocomposite). Also the tailoring in electrical conductivity of commercial 

organic conducting polymer PEDOT:PSS films, as result of electron beam, has to be 

probed.  

The various experimental techniques used, results, observations and their discussions are 

organized in the thesis with following chapters.  

Chapter2 deals with various experimental techniques used in the thesis work 

including deposition techniques, electron beam irradiation, mechanical testing techniques, 

structural and spectroscopic characterization techniques etc. It also describes the 

experimental methods which have been employed for charge transport and gas sensing 

studies as well as polymeric characterization.  

Chapter3 describes the effect of electron beam on mechanical and electrical properties 

of organic insulator BOPET in the dose range of 2 - 32 kGy with 10 MeV electron beam. The 

crosslinking dominance leads to improved mechanical properties (Tensile strength, Young‟s 

Modulus etc) and enhanced electrical resistivity of BOPET sheets and such modified 

properties can have use in many applications such as packaging materials for food, medical 

product sterilization and electronic industries.  

Chapter4 illustrates the electron beam induced modifications in electrical and gas 

sensing properties of zinc phthalocyanine (ZnPc) thin film (organic semiconductor) prepared 

on flexible BOPET substrate. The irradiation of ZnPc films were carried out using a 10 MeV 

electron beam under different radiation dose levels from 1 kGy to 30 kGy. The films exhibit 

linear enhancement of electrical conductance up to 18 kGy due to increasing content of 
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adsorbed oxygen and beyond that dose they exhibit saturation. ZnPc films shows excellent 

response for ppm level of H2S gas among other gases at room temperature and it decreases 

monotonically with increasing electron beam dose due to the strong binding of oxygen at the 

Zn sites. A plausible mechanism of electron-beam induced modification of ZnPc films has 

also been proposed. Charge transport as well as chemi-resistive gas sensing behavior in such 

modified ZnPc films along with their use as potential radiation dosimeter has also been 

presented.  

Chapter5 elaborates the electron beam induced amendment on conductivity of organic 

conducting film polyaniline silver (PANI-Ag) which was synthesized on (3-

aminopropyl)trimethoxysilane (APTMS) treated BOPET substrate by in-situ photo 

polymerization and post deposition doped with HCl. The studies have been done up to dose 

range of 100 kGy with 10 MeV electron beam and the electrical conductivity of the PANI-Ag 

films was initially found to be enhanced by two orders of magnitude up to 30 kGy of dose but 

after that it falls with the increasing dose. The rigorous characterizations of the films suggest 

that enhanced conductivity up to 30 kGy is due to scissoning as well as additional doping of 

chlorine in PANI chain as result of electron beam irradiation but at higher dose cross-linking 

of polymer chains dominates causing the lowering of electrical conductivity. The higher 

sensitivity of PANI-Ag film towards ppm level of H2S gas as result of electron beam 

irradiation has also been explained. Electron beam induced changes in conductivity of 

commercial conducting polymer PEDOT:PSS film have also been discussed. The 

conductivity of as deposited polymer film was ~ 3.2 S/cm which consistently falls to ~ 0.76 

S/cm after getting 75 kGy with 1 MeV electron beam. Detailed characterizations of the 

samples suggest that the lowering of electrical conductivity in irradiated sample is attributed 

to the crosslinking of PEDOT chains and dissociation of PSS. 
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Chapter6 summarizes the main results that are obtained during the course of research 

work and the future possibilities that can be realized for device applications through 

irradiation by electron-beam.  
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2.1 Introduction  

In this chapter we discuss different techniques utilized to prepare, irradiate and 

characterize the different organic films. Organic films are prepared using physical vapour 

deposition and photo polymerization as well as by drop cast method. These films were 

irradiated with high energy electron beam using accelerators followed by characterization 

done through many techniques including x-ray photoelectron spectroscopy (XPS), fourier 

transformation infrared spectroscopy (FTIR), UV-Vis spectroscopy (UV-Vis), x-ray 

diffraction (XRD), atomic force microscopy (AFM), scanning electron microscopy (SEM), 

photoluminescence spectroscopy (PL), static contact angle measurements, sol gel analysis 

etc. The details of the mechanical and electrical characterizations of the films have also been 

presented. 

 

2.2 Methods of thin film deposition  

The details of processes that were used for thin film deposition/growth such as using 

physical vapor deposition, photo-polymerization and drop casting have been elaborated in 

this section.  

 

2.2.1 Thermal vapor deposition  

Thin film deposition through thermal evaporation is very simple and conventional 

technique, also called vapor deposition (PVD) method. The schematic of thermal evaporation 

technique for thin film deposition is shown in Fig. 2.1a along with actual photograph of the 

system (Fig. 2.1b). We have used a thermal evaporation system from M/s Hind High Vacuum 

model 12A4T for depositing zinc phthalocyanine (ZnPc) thin films and gold for making 

contacts. The ZnPc films have been prepared on BOPET substrate by using the process 

described as follow. 
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Figure 2.1: (a) Schematic of thermal evaporation method for thin film deposition, (b) actual 

photograph of physical vapor deposition system used for thin film deposition. 

 

(A) Substrate preparation: To prepare the flexible film we have used biaxially 

oriented polyethylene terephthalate (BOPET) sheets as substrate which was procured from 

M/s Dupont, having thickness ~ 100 µm, and used as received after cleaning. The cleanliness 

of substrate is very crucial for film‟s growth as well as for the uniformity and purity of the 

films. Therefore, the substrates require thorough cleaning before proceeding to next steps. 

BOPET sheets were cut in desired size and cleaned in ultrasonic bath using methanol as 

solvents for 10 minutes. The other solvents like trichloroethylene, acetone etc should be 

avoided because they may roughen the BOPET surface. After ultrasonic cleaning the 

substrate was removed from solvent and thoroughly dried under the jet flow of dry high 

purity argon gas.  

(B) Induction of source-substrate into PVD system and deposition: Now the 

pre-cleaned substrates were loaded with help of holder in chamber along with source (for 
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which ZnPc powder was used as procured) kept in tantalum boat. The distance between 

source and the substrate was about 12 cm. The base pressure of the chamber during the 

deposition was ~ 2×10
-6 

mbar and it was achieved in two stages. First low pressure ~ 5 ⨉ 10
-2

 

mbar (rough vacuum) was achieved with direct driven rotary vacuum pump, model ED-15. 

After that a turbo molecular pump (M/s LEYBOARD, model TURBOVAC361) was 

connected to the chamber which was continuously backed up by the rotary pump and the 

desired base vacuum was realized. The system is comprised with Pirani gauge (for measuring 

rough pressure up to 1⨉10
-3

 mbar) and Penning gauge (for measuring high vacuum in the 

chamber ranging 1⨉10
-3

 to 1⨉10
-7

 mbar). High electrical current was passed through the 

tantalum boat to evaporate the material at a controlled rate which is measured with a Quartz 

crystal based thickness monitor. The deposition rate was controlled ~1 Å/s and as a result, the 

thickness of 20 nm was achieved for ZnPc films. The film preparation was concluded by 

keeping the substrate at room temperature (during deposition) followed by in-situ vacuum 

annealing at 100˚C for 15 minutes. For electrical and gas sensing measurements, a few pairs 

of gold electrodes (thickness ~ 50 nm) of size 3 mm ⨉ 3 mm having separation of ~12 μm, 

were thermally evaporated on the ZnPc thin film using a metal mask.  

 

2.2.2 Film growth by photo polymerization  

In this process, organic films are grown by making the monomers to polymerize under 

UV photons using some photo-initiators as catalysts and allowing the polymerized material to 

in-situ deposit on the specific substrates. The process of photo-polymerization for deposition 

of polyaniline films is described as follow. 

(A) Purification of aniline monomers: Aniline (procured from Sigma-Aldrich, 

purity 98 %) was refrigerated in the dark prior to synthesis. Before using, it was passed 

through the basic alumina powder (MERCK, size ~ 63 µm) filled column to remove the 

impurities. The pure aniline monomers were recovered through distillation method 
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schematically shown in Fig. 2.2. The recovered aniline monomers were refrigerated to 

properly in dark to avoid any moisture contamination. 
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Figure 2.2: Schematic for recovering pure aniline monomers by vacuum distillation method. 

 

(B) Surface modification of BOPET substrate by grafting of APTMS: The 

surface modification of BOPET sheets were carried out by the APTMS i.e. (3-

aminopropyl)trimethoxysilane layer. The organic solvents of analytical grade were used for 

solution preparation and deionized (DI) water was used for washing. BOPET sheets of 

thickness ~ 100 µm (procured from DuPont) were cut into size of 30 mm  20 mm using steel 

scissor for the experiments. BOPET substrates were ultrasonically washed with chloroform, 

and ethanol for 20 min and after that dried for 4 hrs. at 60°C in an oven. 

To graft APTMS on BOPET, first the surface of BOPET was hydroxylated by dipping 

it in the potassium hydroxide (KOH) containing dimethyl sulphoxide (DMSO) solution (160 

mg of KOH dissolved in 30 ml of DMSO) with 5 ml DI water. The sheets were left to react 

with KOH for 30 min., then thoroughly washed in DI water and dried through nitrogen 

purging. The hydroxylated sheets were then dipped in an APTMS solution containing 112 µl 

APTMS in 25 ml ethanol with 1 ml acetic acid and left to react for 72 hrs. After this the 
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substrates were thoroughly cleaned using ethanol and dried for 1 hr. at 60°C in an oven. 

Thus, we prepared APTMS modified BOPET substrate which can provide enhanced adhesion 

as well as directional growth to the polyaniline films on the substrate. 

(C) Preparation of PANI-Ag nanocomposite films on APTMS modified 

BOPET: Silver nitrate (procured from Sigma-Aldrich, purity ~ 99.9%) was of analytical 

grade and used as received. The photo-polymerization of aniline on APTMS modified 

BOPET sheets was done in an air tight glass bottle containing fixed amount of distilled  

aniline 0.913 ml along with 2M HNO3 in 10 ml of DI water. HNO3 is added to aniline 10 

min. prior to the photo-polymerization for the protonation of monomer. After protonation of 

aniline, 3.4 g (2 M) AgNO3 is added and finally after a uniform mixing, the solution which 

was obtained after the uniform mixing of both these solutions was placed under a UV lamp 

(Spectrolinker, XL-1500UV cross linker) for 6 hrs. The UV light has wavelength ~ 365 nm, 

intensity ~5 mW/cm
2 

and UV source to sample distance was ~13 cm. After UV exposure the 

samples were thoroughly cleaned with deionized water and ethanol to remove the unreacted 

monomer species. This washing treatment might have caused partially de-doping of the 

PANI-Ag films and therefore, the films were subsequently exposed to the HCl vapors for 

about 3 min. Finally, the samples were dried for 1hr. at 60
o
C in an oven.  

 

2.2.3 Film growth by drop cast method 

Drop-casting is a very simple technique through which polymers that can be dissolved 

in a solvent are dropped on a substrate. However, films deposited by this method are non-

uniform in thickness. We have use this method to deposit thin films of conducting polymer 

Poly(3,4-ethylenedioxythiophene):poly(styrenesulphonate) (i.e. PEDOT:PSS) which is 

already available commercially in solution form. PEDOT:PSS solution was procured from 

M/s Ossila (make-M122 PH1000) and it was subjected to ultrasonication before deposition. 

For substrates, polyimide sheets (procured from M/s Dupont) were cut into proper size and 
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cleaned with Helmanex II soap solution and de-ionized (DI) water. Ultrasonic cleaning was 

also done using chloroform and methanol. After the cleaning of substrates, they were pasted 

on glass slides to provide flat surface for uniform deposition and PEDOT:PSS solution was 

drop casted on them. The films were dried in air and annealed at 160C for 45 min. 

 

2.3 Electron beam irradiation of synthesized samples 

Electron-beams generated by electron accelerators having high energy from 0.3 MeV 

to 10 MeV have been used to irradiate the samples. Electrons having energy less than 0.3 

MeV do not penetrate in the material thoroughly, hence, are not suitable for irradiation and 

processing. On the other hand, the electron-beam having energy greater than 10 MeV will 

potentially generate neutron activations. Electron accelerators constitutes of two components. 

One is electron gun (source) and second is electric field for acceleration. Electron gun has 

cathode which is raised up to sufficiently high temperature (approx. up to 1600ºC) to eject 

electrons from the surface by thermionic emission. Electric field can be produced in different 

manners, either by producing potential difference across an insulating column (called direct 

acceleration method) or by producing relatively smaller electric field repeatedly to get 

acceleration in bunches (called induction acceleration method). Accelerated electrons pass, 

into the air from high vacuum field, through a thin titanium-foil window for irradiation 

applications. The path of electron from the point of generation to exit window is maintained 

under the vacuum of ~ 1×10
-6

 mbar. Thus, the titanium exit window through which the 

electrons enter in air (to be bombarded on the products/samples) acts as a boundary for 

vacuum and air. The accelerator parameters of significance are the electron beam energy 

(which decides the thickness of the product that can be uniformly irradiated) and beam 

current on which dose rate depends. Electron acceleration can be done through following two 

ways: (i) direct acceleration method and (ii) induction acceleration method. We have used 

two types of accelerators for the present irradiation experiments.  



56 
 

2.3.1 10 MeV RF Linac 

In this machine 10 MeV electron beam is generated through the oscillating electric 

fields, established in an electromagnetic cavity structure (called LINAC), which is driven at 

resonance by a suitable microwave (or RF) power source. The microwave is powered, by a 

source such as klystron or magnetron, to the LINAC which consists of a series of coupled 

cavities. The microwave source is operated in pulsed mode, with high voltage pulses 

provided by a modulator - pulse transformer combination and it supplies output pulses (micro 

pulses) of certain duration at the modulator repetition frequency. Application of a micro 

pulses to the LINAC produces a stream of electron pulses (macro pulses) at the frequency of 

microwave radiation. LINACs are of two types: travelling wave LINAC and standing wave 

LINAC. In travelling wave electric field travels from one end of accelerator to other, while in 

later case there is no energy flow along the system and electrons are accelerated as they pass 

through the pattern of oscillating local electric fields. High energy accelerators come under 

this category are used for medical product sterilization, radiation treatment of food 

commodities, cross linking of polymers and enhancement of characteristic of semiconducting 

diodes & chips. A 10 MeV RF electron LINAC based upon standing wave principle is 

indigenously developed by Bhabha Atomic Research Centre (BARC) facility at Electron 

Beam Centre (EBC), Kharghar, Navi Mumbai, India [29]. The schematic of 10 MeV RF 

Linac is shown in Fig. 2.3. 

In this accelerator the resonating frequency is 2856 MHz and it has 10 µs pulse 

duration. The Linac generates 100 mA pulsed beam current with pulse repetition frequency of 

300 Hz and beam scanning is done over a 1 meter long exit window with scan frequency of 1 

Hz, so that desired uniformity of radiation dose can be realized. The accelerated electron 

beam comes out in air, for product irradiation, through the exit window. This exit window is 

made of 50 micron thick titanium so that it doesn‟t attenuate beam significantly and thus it 
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acts as boundary between air and high vacuum. To avoid any significant temperature changes 

or thermal damages to the samples, they are kept on a conveyor located just below the exit 

window (at around 45 cm) and the conveyor has the ability of to and fro motion with 

sufficient time gaps. The speed of conveyor is fixed as 1 m/min and number of passes is set 

accordingly to ensure delivery of the requisite dose. 
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Figure 2.3: 10 MeV RF electron LINAC at EBC, BARC facility at Kharghar Navi Mumbai, 

India: (a) Schematic representation, (b) its photograph. 

 

2.3.2 1-3 MeV DC accelerator 

The basic principle of DC electron accelerator is to charge a large number of 

condensers connected in parallel and to discharge them in series when the voltage across 

them is equal to the sum of the voltages on the individual condensers. Thus it is a cascade 

generator which consists of identical stages containing capacitors and diodes and each stage 

is a voltage doubling circuit. There is a 1-3 MeV DC electron accelerator indigenously 

developed by BARC, situated in BARC facility at Electron Beam Centre (EBC) [29]. It 
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works on the philosophy of dynamitron acceleration and schematically represented in Fig. 

2.4.  
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Figure 2.4: 1-3 MeV Dynamitron at EBC, BARC facility at Kharghar, Navi Mumbai, India: (a) 

Schematic representation, (b) its photograph. 

 

It contains an accelerating column within a pressure vessel which is filled high 

pressure (~ 6 atm.) sulphur hexafluoride (SF6) insulating gas. The column is composed of a 

number of rectifier tubes that are assembled in cascades. Semi-circular corona rings are 

attached to the anode and cathode of each rectifier in the cascade. Two RF electrodes are 

mounted near the inner surface of the tank and this circuit, with a resonance frequency around 

100 kHz, is coupled inductively with an oscillator. Because of its high power, the oscillator is 

kept in a separate tank. Parallel coupling of the cascade to the liners is accomplished through 

the electrode to corona ring capacitance. The main advantage of this parallel coupling design 

is that it allows a much higher beam current to be transported than RF accelerator. Similar to 

10 MeV, it also possess a scan magnet, exit window and product conveyor system.  
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2.3.3 Dosimetry characterization of accelerators 

The dose rate and its uniformity over full scan length were verified by dosimetry 

experiments that are done with radio-chromic films. These radio-chromic films are basically 

a dye film which consists of 16.5 micron thick radiation sensitive pararosaniline cyanide dye 

precursor and is dissolved in polyvinyl butyral (PVB) [80]. As prepared film was colorless 

but because of electron beam radiation it turned to progressively darker shades of pink which 

occurred due to change of their optical density (absorbance). The net change in optical 

density is proportional to the radiation absorbed dose and it was measured using UV-Vis 

spectrophotometer (UVmini – 1240 type, Schimadzu, Japan). The photographs of 

spectrophotometer and radio-chromic films (detector) are shown in Fig. 2.5 along with the 

detector holder and movement system. The variation in absorbance with radiation dose and 

wavelength of reading light was deliberated during calibration of the film dosimeters in 

compliance with ISO/ASTM standards [81, 82]. The film shows maximum sensitivity at 

around 554 nm if scanned in UV to infrared wavelength regime (190 - 1100 nm). For 

calibration, set of radio-chromic film dosimeters (three in each) were exposed at different 

doses, along with three alanine pellets as a reference standard dosimeter which is based upon 

paramagnetic properties of alanine pellets; process is also called Electron Paramagnetic 

Resonance (EPR) dosimetry [83, 84]. The thickness normalized net absorbances were 

recorded and plotted against the absorbed dose as given by alanine pellet dosimeters (Fig. 

2.6). From Fig. 2.6, the thickness independent response of film changes linearly, as dose 

changes, for the mentioned dose regime and also, the coefficient of determination (r squared) 

for the curve fitting is 0.995; which implies the best linear response.  

In order to test the dose uniformity over the full scan length of 1 m the dose-rate 

profile has been generated at different conveyor speeds in case of 10 MeV. The output dose is 

2 kGy at speed of 1m/min while when we switch on the speed 10 times lesser i.e. 0.1 m/min 
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dose becomes 10 times more and it rises upto 21 kGy with ±5% variation over full scan 

length, as given in Fig. 2.7a [27]. Similarly the dose uniformity experiments were done in 1 

MeV DC accelerator at speed of 5.6 m/min (Fig. 2.7b). 
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Figure 2.5: Photograph of spectrophotometer and radiochromic film dosimeters. 
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Figure 2.6: Calibration curve for dosimeter films that are used for the dose measurements in 

accelerators. The curve is perfectly linear fit with R
2
: 0.996. 
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Figure 2.7:  Dose profile over 1 m scan length in dynamic mode at different speeds for (a) 10 

MeV RF accelerator, (b) 1 MeV DC accelerator. 

 

2.4 Characterization techniques 

The techniques that have been employed to characterize the samples during the 

research work are summarized as follow: 

 

2.4.1 X-ray photoelectron spectroscopy (XPS) 

XPS was developed as a surface analysis technique in the mid-1960s by Siegbahn and 

his coworkers [85]. Core level electrons have the binding energies matching to the energies 

of the photons that lie in x-ray region [85, 86]. XPS is based on the photoelectric effect in 

which an atom absorbs a photon with energy (hν) in excess of binding energy (Eb) of an 

electron, and as a result a photoelectron is emitted with kinetic energy according to the 

mathematical relation shown in Eq. 2.1 (schematic is shown in Fig. 2.8). 

K.E. = hν - Eb          (2.1) 

In XPS a soft x-ray source (Al-Kα and Mg-Kα) is used to ionize electrons (by 

knocking out the core-level electrons) from the surface of a solid sample (top few atomic 

layers). The estimation of the binding energies of these electrons being the characteristics of 

the elements provides the idea about surface composition. Binding energies of core electrons 

are not only element-specific but also contain chemical information, because the energy 
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levels of core electrons depend slightly on the chemical state of the atom. The shift in the 

energies of the core level electrons arising due to chemical state of electrons is known as 

chemical shift. The advantages of XPS technique are (a) detection of unknown element and 

chemical bond present in the sample (with the limitation of XPS analysis up to 10 nm depth 

only), (b) quantitative analysis of elements and chemical states of all elements except 

hydrogen and helium and (c) detection of conducting form of samples either conductors or 

semiconductors or insulators [87 - 89]. 
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Figure 2.8: Schematic of XPS set up in which x-rays produced by electron bombardment on Mg 

anode. X-ray impinging on sample, producing photoelectrons that are detected after 

analysis in the electron energy analyzer. 
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In the present studies, we have used the XPS system (RIBER system model: FCX 

700) consisting of Al-K(1.7 keV) and Mg-K (1.5 keV) x-ray sources and MAC-2 electron 

analyzer. The binding energy scale was calibrated with respect to Au-4f7/2 line of 83.95eV. 

For charge referencing adventitious C1s peak set at 285eV was used. Each data set was first 

corrected for the non-linear emission background followed by fitting with Gaussian function 

to find the peak positions. 

 

2.4.2 Fourier transform infrared spectroscopy (FTIR) 

The frequencies and intensities of the vibrational modes observed in FTIR provide 

detailed information about the nature of the bonding in the molecule [90]. Bruker system 

(vertex 80V) has been used to record FTIR spectra. The important condition to be fulfilled for 

the infrared (IR) absorbance is the presence of permanent dipole moment or change in dipole 

moment of the chemical bond (between two atoms) when it interacts with IR. The absorption 

of IR leads to change in the vibration level and therefore IR absorption helps to identify the 

characteristic vibrational frequencies of organic functional groups. Normally the organic 

molecules have vibrational frequencies ranging from 4000 to 400 cm
-1

. The working 

principle of FTIR is based upon that of interferometer which gives an interferogram i.e. a plot 

of light intensity versus optical path difference. The ray diagram of formation of 

interferogram is shown in the Fig. 2.9. Finally this interferogram is Fourier transformed to 

give a spectrum of infrared radiation intensity versus wave number.  
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Figure 2.9: Ray diagram of recording FTIR spectra. 

 

For our experimental purpose, FTIR spectra were recorded in two different 

spectroscopy modes: attenuated total reflection (ATR) and diffuse reflectance mode. In the 

ATR mode, an infrared beam is directed onto an optically dense crystal of high refractive 

index at a certain angle. This internal reflectance creates an evanescent wave (Fig. 2.10) that 

extends beyond the surface of the crystal into the sample which is held in contact with the 

crystal. This evanescent wave protrudes only upto few microns (0.5 - 5 μm) beyond the 

crystal surface to the sample. Consequently, there must be good contact between the sample 

and the crystal surface. In regions of the infrared spectrum where the sample absorbs energy, 

the evanescent wave will be attenuated or altered. The attenuated energy from each 

evanescent wave is passed back to the IR beam, which exits from the opposite end of the 

crystal and is passed to the detector in the IR spectrometer. The system then generates an 

infrared spectrum. This mode is a very good technique to measure FTIR spectra of the film. 
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Figure 2.10: Ray diagram of recording FTIR spectra in ATR mode.  

 

2.4.3 UV-Visible spectroscopy (UV-Vis) 

UV Visible spectroscopic technique is used to characterize the bulk of thin films such 

as ZnPc and PANI-Ag. It measures the absorption of the ultraviolet (UV) or visible radiation 

as a function of wavelength. When UV or visible light is absorbed by molecules (containing 

π, σ or even non-bonding electrons) it causes electronic excitation among various energy 

levels within the molecule and thus the wavelength of absorption peaks can be correlated 

with the type of bonds that are present in the spices [91]. The absorption of radiations causes 

various kinds of electronic transitions that may occur in organic molecules as shown in Fig. 

2.11. The transition between bonding and antibonding are of two types: 

(i) σ – σ
*
 transition which requires large energies corresponding to absorption, most of 

the transitions occurs below 300 nm. 

(ii) π – π
* 

transition which occurs within the molecules containing conventional double 

bond or triple bond.  
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Figure 2.11: Electronic energy levels and possible electronic transitions of σ, π and n electrons. 

 

Similar transitions between non-bonding and anti-bonding orbitals can take place as n 

– π
*
 and n – σ

*
. The absorption may sometime occur due to the d and f electron and also due 

to charge transfer electrons. So this absorption study is very important tool to indentify the 

molecule or functional group that can be present in the molecule. Most of the UV-Vis 

spectroscopic studies are carried out between 190 nm to 800 nm. Chemical functional groups 

that are responsible for absorption are referred as chromophore. Thus any species having 

colour, absorbs visible light and any species having an extended system with an alternating 

double and single bonds will absorb UV light. This enables the UV visible spectroscopy for 

application to a wide range of samples.  

For our experiment we have used JASCO V530 spectrometer and the schematic of the 

double beam single monochromator spectrometer is represented in Fig. 2.12. In this 

spectrometer the transmitted intensity (I) of the beam passing through the sample is compared 

with the incident beam (I0) and in output we get absorbance with respect to wavelength. The 

absorbance can be mathematically represented as A = log (I/I0). Absorbance is directly 
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proportional to the numbers of absorbing molecules (concentration) in the light-path, path 

length and can be expressed as 

lcA           (2.2) 

where ε is the molar extinction coefficient, c is concentration of absorbing species and l  is 

path length. This is called Beer-Lambert law. 
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Figure 2.12: Block diagram of a typical double beam single monochromator UV-spectrometer. 

 

2.4.4 Photoluminescence spectroscopy (PL) 

Luminescence is a phenomenon which involves absorption of energy and subsequent 

emission of light. It is a contactless and non destructive method of probing the electronic 

structure of the materials. Emission of light from the materials (which get excited by light) 

can be categorized as fluorescence (means fast in ns time scale) and phosphorescence (means 

slow). The scelectronic transition causing photoluminescence can be visualized in Fig. 2.13.  
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Figure 2.13: Energy diagram showing the photoluminescence. 

 

The organic material can exhibit fluorosence or phosphorescence depending upon 

their structures. In PL studies there are two specta used one is called excitation and other is 

called emission [92, 93]. These spectra are generated by an instrument called a 

spectrofluorimeter, which comprised two spectrometers: an illuminating spectrometer and an 

analyzing spectrometer. First, the sample is strongly illuminated by a color of light that is 

assumed to cause some fluorescence. A spectrum of the fluorescent emission is obtained by 

scanning the analyzing spectrometer using this fixed illumination color. The analyzer is then 

fixed at the brightest emission color, and a spectrum of the excitation is obtained by scanning 

with the illuminating spectrometer and measuring the variation in emission intensity at this 

fixed wavelength. For the purpose of designing filters, these spectra are normalized to a scale 

of relative intensity which is plotted with respect to wavelength. 

Photoluminescence (PL) measurement was done at room temperature on ISS PC1 

spectrophotometer using Xe lamp as source and ethanol as solvent. The excitation 

wavelength was kept at 300 nm for all the samples. A schematic representation of 

photoluminescence set up is shown in Fig. 2.14. 
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Figure 2.14: Schematic representation of photoluminescence set up. 

 

2.4.5 X-Ray Diffraction (XRD) 
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Figure 2.15: Schematic diagram of powder x-ray diffractometer. 

 

X-ray diffraction (XRD) is used to find out the structure as well as orientation of the 

deposited films and it can be done in different configurations. We have used powder x-ray 

diffractometer (Seifert XRD 3003TT) in θ-2θ scan mode to characterize the orientation and 

structure of the grown thin films. Fig. 2.15 shows the schematic diagram of the 

diffractometer, which consists of an x-ray source, a goniometer for mounting sample and x-

ray detector. Cu K having wavelength 1.54Å was used and it has been selected using a 

Graphite mono-chromator. A specially designed Perspex holder (having a groove of 
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dimension 10 mm×10 mm×1mm) was employed to mount the thin films. The films were 

mounted on this groove using red wax so that x-rays will fall on the film plane. The 

wavelength (λ) of x-rays is comparable with the atomic spacing (d) in the solids, therefore, 

these x-rays get diffract in those orientations of 2 for which the Bragg‟s diffraction 

condition is satisfied i.e. 2d sin = nλ ( is the angle made by the incident beam with the 

sample plane) [94]. 

While recording the diffraction pattern with detector, the sample is synchronously 

rotated along with the detector, in such a way that the incident x-ray beam makes an angle  

with the plane of sample whereas detector is at angle 2 with respect to incident beam. This 

is usually known as -2 scan of XRD. The recorded diffraction pattern is compared with 

standard pattern to get idea about the phase of the samples. The lattice parameters are 

obtained by fitting the recorded diffraction peaks using least-square fitting software.  

In conventional -2 scan of x-ray diffraction measurements of thin films, normally a 

weak signal is produced from the film whereas an intense signal is generated from the 

substrate. To overcome this limitation the scan was performed with a fixed grazing angle of 

incidence. This mode of scanning is popularly known as grazing incidence x-ray diffraction 

(GIXRD). The fixed angle is chosen as higher than the critical angle of total internal 

reflection of the film material.  

We have done the XRD in the powder diffraction mode with a PANanalytical 

instrument (model EMPYREAN) using a Cu-Kα source (λ~1.5418Å) with an emission 

current of 15 mA and voltage at 30 kV. Scans were collected over the 2θ in a step size of 

0.01 and count time of 0.5 s/step. 
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2.4.6 Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) is a type of microscope in which a mechanical probe 

is used to study the surface feature of the material down to atomic resolution. It works upon 

the measurement of inter-atomic forces which come into play between the fine microscopic 

tip and the sample surface, as schematically depicted in Fig. 2.16a [95, 96]. The tip is 

attached to the free end of a cantilever (100 – 200 µm long) is brought very close to the 

sample surface.  
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Figure 2.16: Schematic showing (a) interaction of the AFM tip with the sample surface, (b) 

variation in force with the separation between AFM tip and the sample surface. 

 

The working principle of AFM is based upon the positive or negative deflection of a 

very sensitive cantilever due to repulsive or attractive forces between atoms on the sample 

surface and that at the cantilever tip. AFM operates in three different modes: contact mode, 

non-contact mode and tapping mode. At relatively large distance from the sample surface, the 

force of attraction between the tip and the sample surface dominates, whereas repulsive force 

is most significant at very small distance (up to few angstroms). 
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In non-contact mode or dynamic mode, the tip is held at the distance of the order of 

tens to hundreds of angstroms from the sample surface, and the inter-atomic force between 

the tip and sample is attractive (which is largely a result of the long-range vander Waals 

interactions). In contact mode, the force becomes repulsive as the tip is brought into close 

contact with sample surface less than a few angstroms. The resulting deflection by cantilever 

is monitored and measured by different detection techniques. For organic material, the 

foremost problem with this mode of operation is that the sample surfaces can be easily 

scratched or damaged because of the direct contact with the tip. These limitations are 

overcome by tapping mode. The resolution is usually the highest in the contact mode of 

operation because the force of attraction is much weaker than the repulsion. 
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Figure 2.17: (a) Photograph showing Dimension Icon AFM system, (b) Block diagram of AFM. 
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The tapping mode brings together the advantages of contact and non-contact mode. In 

tapping mode, the cantilever oscillates close to its resonance frequency (100-500 kHz) with 

amplitude of approximately 20 nm so that the tip just comes into touch of (tapping) the 

surface. The amplitude of oscillation kept constant with the help of an electronic feedback 

loop, so that a constant tip-sample interaction is maintained during scanning. The resolution 

of image in tapping mode is nearly same as that in the contact mode. In addition, tapping 

mode is fast with the benefit of less damage to the sample. Fig. 2.17 shows the photograph of 

AFM set-up and its block diagram. 

In the present study, Dimension Icon atomic force microscope, Bruker (CA, USA) 

make, was used to image the surface morphology of the samples. Scanasyst-air cantilever of 

2 nm tip size and having 0.4 N/m force constant has been used and it worked in tapping 

mode. 

 

2.4.7 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) imparts information relating to topographical 

features, morphology and phase distribution [97, 98] SEM consists of an electron gun, a lens 

system, scanning coils, an electron collector and a display. The operational mechanism of 

SEM is described in Fig. 2.18. It is basically a type of electron microscope that produces 

images of a sample by scanning the surface with a focused beam of electron. The scanned 

electron beam is produced in an electron microscope column through heated cathode and 

arranged with the electric and magnetic fields in a proper direction to achieve the required 

incident beam at sample surface. A vacuum of the order of 10
-5

 – 10
-6 

mbar is required to be 

maintained at the sample locations. Electrons in the SEM are accelerated at voltages in the 

range 10-40 kV but for insulating samples the same should be in the order of hundred volts. 
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Figure 2.18: Typical sketch of scanning electron microscope. 

 

Two types of interactions occur in between the electron beam and the atoms of the 

sample and those are elastic and inelastic. Elastic interaction occurs if the electron beam 

strikes the sample and there is a change in its direction without any change in its kinetic 

energy which results in backscattered electrons. Whereas, the inelastic interaction occurs 

when the beam of electron strikes an orbiting shell electron of the sample and results in the 

ejection of new electrons (secondary electrons). The vacancy created due to the ejection of a 

secondary electron is filled from a higher level orbital accompanied by the generation of a 

characteristic x-ray along with Auger electrons and sometimes with cathodoluminescence 

also (Fig. 2.19). These interactions reveal the important information about the sample to find 

out the surface characteristics and the chemical nature of the sample. 

The most widely utilized signal is the secondary electron signal. Nearly all of 

secondary electrons come from a region very closer to the sample surface. The secondary 

electrons are characterized from other electrons by having energy less than 50 eV and emitted 

from K-shell of surface atoms of the specimen as an impact of the incident beam. It is the  
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Figure 2.19: Schematic showing Tear drop model of electron interaction with sample and the 

depth/volume from which the different signals originates. 

 

most useful signal for examining surface structure and gives the best resolution image better 

than 10 nm. Since the secondary electron intensity is a function of the surface orientation 

with respect to the beam and the detector and thus, produces an image of the specimen 

morphology. The secondary electron intensity is also influenced by the chemical bonding, 

charging effects and back scattered electron intensity, since the back scattered electron 

generated secondary electrons are significant part of the secondary electric signal. 

Backscattered electrons, consist of high-energy electrons (greater than 50 eV) that originates 

in the electron beam and are reflected or back-scattered out of the specimen interaction 

volume. The intensity of their signals increases with increase the atomic number. 

Backscattered electron signal is often used to show atomic number contrast, in which areas of 

higher average atomic number produce more back scattered electrons, and thus appear 

brighter than lower atomic number regions. The contrast in such images occurs not due to 

colour differences but due to different intensities of electrons that back-scatter from the layers 

with different average atomic number. The characteristics x-rays signal depends exclusively 
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on the atoms that produced it, hence can be used for chemical detection analysis. The EDS x-

ray detector (also called EDX) measures the spectrum of x-ray which shows the number of 

emitted x-ray photons with respect to their energies. The energy of the x-ray is a 

characteristic of the element from which it is generated. 

Cathodoluminescence (CL) is the emission of photons of characteristic wavelengths 

from a material that is under high-energy electron bombardment and used to study the 

internal structure of the material. The detector is Everhart-Thornley detector and it is 

composed of a scintillator followed by photo multiplier tube. At first electrons strike the 

positively biased scintillator and are converted to a burst of photons that travel through the 

light pipe to a photomultiplier tube which converts the photons of light into a voltage. The 

strength of this voltage depends on the intensity of secondary electrons that are striking the 

detector. Thus the secondary electrons that are produced from a small area of the specimen 

give rise to a voltage signal of a particular strength. This voltage is led out of the microscope 

column to an electric console, where it is processed and amplified to generate a point of 

brightness on the cathode ray tube screen. The contrast in SEM image appears due the 

difference in intensity which represents difference in signal that arise from corresponding 

picture elements on the sample. In the present study surface morphology of the films was 

imaged using scanning electron microscopy (SEM) (ZEISS SUPRA). SEM analysis is 

considered to be a non-destructive technique which means that the x-ray or electron 

generated through electron interactions do not result in volume loss of the sample and thus, it 

makes possible to analyze the same sample repeatedly.  

 

2.4.8 Contact angle measurement  

The hydrophobicity / hydrophilicity of the films have been determined by contact 

angle measurement. In this experiment a drop of liquid (de-ionized water) is allowed to 

expand on the film surface using a fine syringe. The contact angle is the tangent drawn on the 
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droplet from the solid surface of the film and solid surface (Fig. 2.20). The spread liquid drop 

on the film surface is imaged by CCD camera and software is used to measure the contact 

angle. We have used Data Physics (OCA20) system to measure the contact angle through 

liquid droplet method. A drop of de ionized water is proliferated on the surface of the film 

and a snap shot of the same has been taken using a CCD camera which is connected with 

computer software to measure the contact angle. The acute and obtuse contact angles are 

respective indication of hydrophilic and hydrophobic surfaces as seen from Fig. 2.20. 
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Figure 2.20: Schematic representation of contact angle measurement by water droplet method. 

Obtuse angle implies hydrophobic surface whereas acute angle represents 

hydrophilic. 

 

2.4.9 Mechanical characterizations 

The measurement of mechanical properties such as tensile strength, Young‟s 

modulus, elongation at break were carried out by using universal testing machine, Zwick 

Roell ZO10 (Zwick Roell, Germany), at a crosshead speed of 0.2 m/min (ASTM D2240) 

[99]. The typical schematic of mechanical properties measurement setup is given in Fig. 2.21. 

The set up consist of three main components load frame, a load cell and a cross head. For 

measurement of the mechanical properties, the samples were prepared in the form of 

dumbbell shape using a sharp edged steel die of standard dimensions (10 mm ⨉ 10 mm). The 
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dumbell shaped specimen was fixed between the grips and a load is applied to the sample by 

moving the cross head apart. During the experiment the control system and associated 

software of the instrument recorded the load and extension of the samples from which 

mechanical properties such as tensile strength, elongation at break and Young‟s modulus of 

the samples can be estimated.  
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Figure 2.21: Schematic diagram of the mechanical property measurement setup. 

 

2.4.10 Crosslinking analysis  

Crosslinking is the most important effect of polymer irradiation because it can tailor 

the mechanical, thermal properties as well as chemical, environmental, radiation stabilities of 

preformed parts and also in case of bulk. Both polymer crosslinking and degradation by chain 

scission occur during radiation treatment, but one or the other of these effects may dominate 

at a specified time [100 - 102]. This distinction goes along with the chemical nature of 

polymers and the radiation dose. Materials with G(S)/G(X) ratio below 1.0 (where G(S) and 

G(X) respectively defines the yield of scissioning and cross-linking) are favoured for 

crosslinking applications. G(S) and G(X) both change with increasing dose. So, it is possible 

that upon reaching a certain dose level, crosslinking dominated polymers, e.g. polyethylene 

or natural rubber latex can change to degradation dominated or vice versa. G(X) and G(S) 
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also depend on irradiation conditions, such as temperature and atmosphere. To conclude the 

dominance of crosslinking or scissioning, some methods have been used in the present 

research work. One is called sol-gel analysis which is done by Soxhlet extraction method and 

is used only if the desired sample has the limited solubility in the said solvent. Another is 

solubility test method which can be applied when the desired sample has a significant 

solubility in the said solvent. 

 

2.4.10.1 Sol-Gel test 

For the sol-gel analysis, the samples were Soxhlet extracted at elevated temperature 

around 70˚C, using proper solvent, for example o-chlorophenol (2-chlorophenol) or 

hexafluoroisopropanol (HFIP) for BOPET [103, 104]. Soxhlet extraction is a continuous 

solid-liquid extraction method and it consists of three important components: (i) the 

percolator which circulates the solvent and it contains heater and reflux, (ii) the thimble 

which is normally made of thick filter paper and it retains the solid to be laved and (iii) the 

siphon mechanism which periodically empties the thimble. The schematic of Soxhlet 

extractor set up is shown in Fig. 2.22.  
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Figure 2.22: Schematic of Soxhlet-Extract setup. 



80 
 

The sample is kept inside the thimble and the solvent is heated to reflux. The vapors 

of solvent travel up through distillation arm where they get condensed and finally, flood into 

the chamber which houses the thimble of solid. The condenser ensures that any solvent vapor 

which has cooled down drips back into the chamber containing the solid sample. The 

chamber which contains solid sample is slowly filled with a warm solvent. Some of the 

sample gets dissolved in the warm solvent. When the Soxhlet chamber becomes almost full it 

is emptied by the siphon and the solvent is returned to the distillation flask. The thimble 

ensures that the rapid motion of the solvent does not allow transport of any solid material. 

The cycle may be allowed to repeat many times for hours. During each cycle, some fraction 

of the solid sample was dissolved in the solvent and after many cycles only the pure insoluble 

material remains in the distillation flask.  

We took out the insoluble part at regular interval of around 15 minutes, dried under 

room conditions and weighed using microbalance (M/s AND Company Ltd., Japan make) 

having accuracy ~ 100 μg. After completion of some cycle it was found that the weight of 

insoluble part remains constant which is taken as insoluble fraction to calculate gel content 

using following relationship 

Gel content = (Wg/Wi)       (2.3) 

Sol fraction = 1 – Gel content       (2.4) 

where Wg and Wi are the weight of insoluble fraction and initial weight respectively [105]. 

If the plot of gel content (also called gel fraction) of the sample with absorbed dose 

attains saturation then it implies that the crosslinking has become a dominant phenomenon. In 

order to quantitative evaluation of crosslinking and chain scission yields of irradiated 

samples, the Charlesby – Pinner equation (Equation 2.5) was used and a plot of S + √S vs. 

1/absorbed dose has been generated [106]. 
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The symbols stand as S for sol fraction, p0 and q0 are for chain scission and 

crosslinking probabilities per unit dose (which is proportional to radiation chemical yields of 

chain scission and crosslinking) respectively, Pn is for the number average degree of 

polymerization and D is for radiation absorbed dose. The point of interception of Charlesby-

Pinner plot gives the value of p0/q0 which concludes that whether the dominating 

phenomenon is crosslinking or scissioning. If the point of intercept, means p0/q0, is less than 

2, it implied that crosslinking was predominantly occurred [106].  

 

2.4.10.2 Solubility test 

The solubility test is another type of sol-gel test without using Soxhlet extract and it is 

applicable for samples having significant solubility in the said solvent. It has been conducted 

by leaving the samples in appropriate solvent (eg. dimethyl sulphoxide (DMSO) for 

polyaniline solid thin films) for fixed time (say 15 minutes), at room temperature or elevated 

temperature [107]. The insoluble part was taken out and dried at ambient conditions using hot 

air blower and weighed using microbalance as above. The cycle was repeated till the constant 

weight of sample was achieved and thus, the weight of insoluble part was estimated. In this 

way with reference to initial weight, the percentage solubility and also the percentage change 

in solubility with respect to pristine film was calculated. The high holding strength or low 

solubility of film has been attributed to longer chain length that results in good entanglement 

which clearly indicates crosslinking. Adversely, the loss of holding strength or more 

solubility concludes the dominance by chain scissoning. 

 

2.5 Electrical characterizations 

In the present study we have used standard two probe technique for electrical 

characterization and chemiresistive gas sensing measurements of the organic thin films. 
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Electrical characterizations have been carried out through current voltage (I-V or J-V) plot 

analysis using gold pads as electrodes. The gold pads were deposited on the films post 

electron beam irradiation. The irradiated film samples were sliced in two parts, one used for 

Au pad deposition and another for other characterizations. The gold pads having size 3 mm 

×3 mm were deposited on the film samples by thermal evaporation method. A metallic mask 

was used to deposit gold electrodes on the film with 12 µm electrode spacing. The films were 

loaded in vacuum chamber which is connected to a TMP based vacuum pumping system and 

having base pressure 2 ⨉ 10
-6

 mbar. To deposit gold electrodes, 99.99% pure gold wire was 

loaded on a tungsten filament, which was resistively heated by external power supply. To 

prevent diffusion of gold atoms into the organic films, electrodes were deposited with very 

slow rate of 1 Å/s. The deposition rate and thickness of the deposited electrodes were 

monitored through a quartz crystal monitor. The typical thickness of deposited gold pad was 

~50 nm. 

 

2.5.1 Electrical conductivity measurement 

To measure the electrical conductivity I-V characterization have been done using 

Keithley 6487 picoammeter/voltage source and computer based data acquisition system 

which records the I-V plot. The electrical connections of gold pads with the 

picoammeter/voltage source, were made using silver wire (diameter ~100 µm) and silver 

paint (Electrolube make). I-V measurement using two probe method is shown schematically 

in Fig. 2.23. All the measurements were carried out at room temperature and in dark to avoid 

photocurrent.  
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Figure 2.23: Schematic of two probe method for conductivity (I-V) measurements. 

 

2.5.2 Chemiresistive gas sensing measurement 

The chemiresistive gas sensing of thin films were performed in a static environment 

conditions with an in house-made gas sensing setup, as shown in Fig. 2.24. The sensor films 

are mounted on a metal surface and applying a fixed voltage to the sample. The sensor 

assembly was mounted in a leak tight stainless steel container having volume 1000 cm
3
 and a 

known volume of gas (to be sensed) was injected into the closed chamber using a micro-

syringe.  
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Figure 2.24: Schematic representation of gas sensing measurement setup. 
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To achieve the proper gas concentration, a desired volume of test gas was taken, in a 

micro syringe, from the commercially obtained gas cylinder. The gas cylinder contains 

nitrogen with test gas having concentration 1000 ppm. Since the original volume of test gas 

(as taken in syringe, V1), original concentration of test gas (i.e. 1000 ppm, C1) and new 

volume (volume of steel chamber, 1 L, V2) are known. The actual concentration of test gas 

(C2) in steel chamber has been estimated using standard titration equation V1C1 = V2C2. The 

current flowing through the circuit at fixed bias was monitored with time using 

picoammeter/voltage source and computer based data acquisition system. Once a steady state 

was achieved, recovery of films was recorded by exposing the sensor films to atmosphere by 

opening the lid of the steel chamber. The response (%) of the sensors was calculated from the 

response curves using the relation:  

Response (%) = 
g a

a

R R

R


 x 100       (2.6) 

where Rg and Ra stand for the resistance values of the sensor films in test gas and fresh air 

respectively. Response and recovery times were defined as the times needed for 90% of total 

change in resistance upon exposure to test gas and fresh air, respectively. 
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In the present chapter, we have focused on the effects of electron beam irradiation 

(with dose ranging from 2 to 32 kGy) on mechanical and electrical properties of biaxially 

oriented polyethylene terephthalate (BOPET) sheets. BOPET is a flexible polymer of great 

interest due to its application as packaging material for food and medical commodities, 

insulation panel for electronic appliances as well as substrate for fabrication of flexible 

devices. The mechanical properties of BOPET, such as, tensile strength, elongation at break, 

Young’s modulus, and electrical resistivity enhance with increase in dose and saturate for 

doses ≥ 8 kGy. The post irradiation characterizations which includes sol-gel analysis, 

Fourier transformation infra-red (FTIR), X-ray photoelectron spectroscopy (XPS) suggest 

partial crosslinking of PET chains through the diethylene glycol (DEG), and this crosslinking 

is responsible for modified mechanical and electrical characteristics. The improved 

mechanical properties and enhanced electrical resistivity of electron beam modified BOPET 

sheets can surely provide additional advantages in applications such as packaging materials 

for food, medical product sterilization and in electronic industries. 
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3.1 Introduction 

Radiation is a popular and superior tool as compared to conventional processes like 

ethylene oxide sterilization, thermal sterilization, high pressure autoclave sterilization etc.; 

for sterilizing the food products and medical devices owing to its convenience and 

economical approach [108, 109]. The sterilization of food and medical products caused by 

ionizing radiation is usually carried out in fully packed conditions to avoid chances of 

recontamination [110]. High energy electron beam generated by linear radio frequency 

accelerator is generally utilized for sterilization and modification of the properties of 

materials. The beneficial aspect of electron beam generated by accelerators is their ability to 

provide a safe and flexible radiation source as the treatment stops as soon as power is 

switched off without leaving any radioactive waste or time delayed radioactivity [29]. 

Therefore the largest utilizations of electron accelerators for industrial applications include 

preservation of food and sterilization of medical products as well as the modification of the 

properties of polymers through cross-linking, degradation, curing and grafting. Since 

polymers have already shown their potential in the development of portable, flexible and 

foldable electronics, it has become very essential to investigate the effect of radiation on the 

electro-mechanical properties of polymeric materials [30]. The biaxially oriented 

polyethylene terephthalate (BOPET) is a flexible polymer which has drawn great interest due 

to its application as the packaging material for food and medical commodities, production of 

insulation panel for electronic appliances as well as substrate for fabrication of flexible 

devices. It has been reported that polyethylene terephthalate (PET) is a radiation resistant 

polymer in low does range (i.e. up to 8 kGy) due to the presence of aromatic rings in its 

structure [111 - 113]. It is a well-known fact that PET is highly used in flexible organic thin 

film devices as substrate but BOPET facilitates the growth of thin film through “standing on” 

configurations, which assists easy intermolecular transport of the charge carriers. In addition 
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the molecular ordering, caused by the electrostatic interactions between oriented PET chains 

and organic film molecules as well as enhanced π-π interactions between organic molecules 

and oriented PET chains supports the mobility of charge carriers [114]. Thus the BOPET 

substrate based flexible thin films can have comparatively higher mobility of charge carriers. 

BOPET is prepared from molten sheet of PET, which is biaxially oriented by drawing and 

subsequently allowed to “heat set” under tension at temperature greater than 200⁰C [115]. 

The heat setting treatment process prevents the sheet from shrinking back to its original un-

stretched shape and locks the molecular orientation in the sheet plane. The molecular 

orientation also induces the formation of many crystal nuclei.  

However, the modification of mechanical (viz. tensile strength, elongation at break, 

Young‟s modulus) and electrical (such as sheet resistance) properties of BOPET sheets after 

electron beam irradiation has not been investigated extensively in the past; particularly in the 

dose regime that is required for the above mentioned applications. In the present chapter, we 

discuss about the findings when BOPET sheets were irradiated with 10 MeV electron beam at 

different radiation doses (up to 32 kGy) to tailor their mechanical and electrical properties. 

We demonstrate that electron-beam irradiation caused modification in both the mechanical 

and electrical properties of BOPET sheets. The sol-gel analysis, to verify existence of 

crossliking, has been explained along with the FTIR results, both of which suggest structural 

modifications. Surface characterizations have been discussed with x-ray photoelectron 

spectroscopy and static contact angle measurements. The chapter is concluded by proposing 

the possible mechanisms for modification in chemical structure of BOPET that resulted in the 

change of mechanical and electrical properties. The tailored mechanical and electrical 

properties of electron beam modified BOPET sheets can have additional advantages in 

number of applications where PET is already being used. 
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3.2 Sample preparation & electron beam irradiation 

The BOPET polymer sheet (M/s Dupont make), of thickness ~ 100 µm, were used for 

irradiation experiment and sliced in size of around 8 cm ⨉ 8 cm. They were ultrasonically 

cleaned using methanol followed by drying with nitrogen gas and finally packed in a plastic 

box for electron beam irradiation experiments. Three samples have been taken for each set of 

irradiation dose as well as pristine and each measurement (non destructive) has been repeated 

twice. The average was taken and deviation from average has been shown with error bars.  

The BOPET samples were irradiated under 10 MeV electron beam generated by radio 

frequency linear accelerator (RF Linac) located at EBC, BARC facility, Navi Mumbai, India. 

The Linac delivered dose (that varied from 2 kGy to 32 kGy) to BOPET in steps so that any 

significant temperature changes or thermal damages to the BOPET could be avoided. For 

this, the BOPET samples were kept on a conveyor that was located just below the accelerator 

exit window and had the ability of doing to and fro motion with sufficient time gaps.  

 

3.3 Mechanical characterizations 

The measurement of mechanical properties such as tensile strength, Young‟s 

modulus, elongation at break were carried out by using universal testing machine, Zwick 

Roell ZO10 (Zwick Roell, Germany), at a crosshead speed of 0.2 m/min (ASTM D2240) 

[99]. The results of measurement experiments for pristine and irradiated BOPET sheets are 

shown in Fig. 3.1. From Fig. 3.1a, it can be seen that initially the tensile strength for 

irradiated BOPET samples increases up to 8 kGy and afterward, it gets saturated. The tensile 

strength of the BOPET has increased by around 1.5 times after irradiating with dose 8 kGy or 

more. Similar observations have been reported for tensile strength of PET by researchers 

[104, 116]. On the other hand the elongation at break (also known as fracture strain), as 

shown in Fig. 3.1b, decreases monotonically from 50 % for pristine to around 33 % in case of 
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8 kGy dose and with further increase in dose, it gets saturated. These results are in agreement 

with the observations made by Oliveira et al, for studies in PET [117]. 
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Figure 3.1: Variation in mechanical properties of BOPET with dose, (a) tensile strength, (b) 

elongation at break. 

 

Another important mechanical property of polymer material is Young‟s modulus. The 

plot of calculated Young‟s modulus for BOPET samples as a function of dose is presented in 

Fig. 3.2 and it can be seen that Young‟s modulus initially increases with e-beam dose up to 

12 kGy and after that it saturates. 
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Figure 3.2: Variation in Young‟s modulus of BOPET with respect to dose.  
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The Young‟s modulus of BOPET also increases by 1.5 times than in case of pristine 

BOPET after being exposed to dose of 12 kGy. The results suggest that the increase of tensile 

strength is accompanied by the decrease of elongation at break with increasing radiation dose. 

It is well known fact that on irradiation polymers may predominantly undergo either 

crosslinking or degradation depending upon their chemical structure and irradiation 

conditions [29]. In literature it has also been reported that PET is a radiation resistant polymer 

because of aromatic rings present in the structure at low dose range (< 10 kGy) [80, 113]. 

However, our measurements along with some initial results (that have been published 

previously) suggest that mechanical properties of BOPET get modified even with low dose of 

electron beam irradiation perhaps due to modification of its chemical structure which is 

explained later. 

 

3.4 Electrical characterizations 

Sheet resistance of the films was checked using conventional two probe technique and 

the electrical contacts were prepared by thermally depositing two gold pads (50 nm thick, 

size 3 mm ⨉ 3 mm at a spacing of 12 µm) onto BOPET sheet. The electrical circuit 

(schematically shown in Fig. 2.23) consists of a voltage source with current meter and the 

response data was acquired by a personal computer equipped with softwares. 

In order to measure sheet resistance of the BOPET, the current-voltage (I-V) 

characteristics were obtained in the bias range of ± 10 V. Fig. 3.3a shows the typical I-V plots 

for pristine and irradiated BOPET with typical higher dose (16 kGy). The linear profile of I-V 

curve indicates the nature of conduction as ohmic for pristine BOPET which remains same 

for irradiated samples also. From I-V data, the sheet resistances of all samples were calculated 

and they have been plotted against the electron beam dose as given in Fig. 3.3b. The sheet 

resistance of pristine BOPET is ~ 6 TΩ which enhances by an order up to ~ 65 TΩ after 

receiving 8 kGy. The saturation has been observed for the samples irradiated with further 
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higher doses. Similar modifications in electrical properties, on electron beam irradiation, have 

been observed for PET sheet by Oproiu et al [118]. In polymer the charge carrier hops from 

one chain to another chain and such a hopping of charge carriers is majorly responsible for 

electrical conduction. After irradiation since PET chains become crosslinked which results in 

the increase of the molecular weight leading to swelling of molecules. It obstructs the charge 

carrier hopping, leads to increase in sheet resistance. 
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Figure 3.3: (a) Current-voltage characteristics of pristine and irradiated BOPET sheets, (b) 

variations of sheet resistance with dose. 

 

3.5 Structural characterizations 

Structure and morphology modifications in case of BOPET sheets have been 

investigated through the following characterization techniques. 

 

3.5.1 FTIR spectroscopy 

The structural modifications in BOPET as an impact of electron beam irradiation have 

been investigated using FTIR. FTIR spectrometry data of the pristine and EB irradiated 

BOPET samples were obtained using Bruker 80 V instrument in the transmission mode. The 

FTIR results for pristine and irradiated BOPET samples are shown in two wave number 

ranges and those are 1000-1350 cm
-1

 (Fig. 3.4a) and 3350-3550 cm
-1

 (Fig. 3.4b). From Fig. 

3.4a, it is seen that in comparison to the pristine BOPET, the irradiated BOPET sheets exhibit 
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the presence of some additional strong absorption peaks at wave numbers of 1028 cm
-1

, 1146 

cm
-1 

and 1305 cm
-1

. These peaks are attributed to the formation of additional C-O-C (ether) 

bonds in the irradiated samples [119, 120]. It has been observed that in the irradiated samples 

the peak at 1146 cm
-1

 shifts to the lower wave number 1142 cm
-1

 with increase of electron 

beam dose beyond 4 kGy. Similarly the peak at 1305 cm
-1 

which has been assigned to C-O-C 

stretching shifts to lower wave number 1302 cm
-1 

as the irradiation dose increases [121]. 

From Fig. 3.4b, it can be seen that all samples exhibit the absorption peak at 3430 cm
-1

, 

which is a characteristic of –OH (hydroxyl) group. In pristine BOPET, the –OH group is the 

terminating group of the PET chains. In the irradiated samples, we observe a strong 

enhancement in the intensity of the –OH signal which suggest that new -OH groups were 

created on BOPET sheets as irradiation experiments were carried out in aerated conditions. 
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Figure 3.4: FTIR results for BOPET irradiated with different doses. 

 

3.5.2 XRD 

In order to see that whether there is a change in the semi-crystalline nature of the 

BOPET sheet as result of electron beam irradiation, x-ray diffraction (XRD) measurements 

were carried out. XRD was done in the powder diffraction mode with PANanalytical 

instrument (model EMPYREAN). Cu Kα x-ray was generated with emission current 15 mA, 
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voltage 30 kV and scans were collected ranging 2θ = 20⁰-30⁰ in step size of 0.01⁰. The 

results are shown in Fig. 3.5 and it can be seen that for pristine and irradiated BOPET 

samples the highest intensity diffraction peak appears at 26.06⁰ without any change in the 

width of the diffraction peak. The full width of half maxima (FWHM) of diffraction peak 

corresponds to the measure of crystalline nature of the sample [114]. Therefore, from the 

present XRD results, it can be concluded that the semi-crystalline nature of BOPET sheet 

remains unaffected by the electron beam irradiation within the said dose regime. 
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Figure 3.5: XRD data recorded for the pristine and irradiated BOPET samples. 

 

3.6 Surface characterizations 

3.6.1 XPS 

The surface characterization has been done to check further insight of electron beam 

induced modifications in BOPET sheets as the irradiation was carried out in aerated 

condition. X-ray photoelectron spectroscopy (XPS) data were recorded with Mg Kα (1.5 keV) 

source using DESA-150 electron analyzer (M/s Staib Instruments, Germany). The binding 

energy scale was calibrated to Au-4f7/2 line of 83.95eV. Elemental atomic concentrations 

were calculated from the XPS peak areas and the corresponding Scofield sensitivity factors 
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corrected for the analyzer transmission work function. XPS survey scans for pristine as well 

as EB irradiated BOPET samples are given in Fig. 3.6. It shows the presence of carbon and 

oxygen. To quantitatively understand the atomic concentrations and chemical bonds, the 

convoluted spectra of C1s and O1s have been plotted in Fig. 3.7. The C1s spectra for pure 

BOPET consists of three main peaks at 285 eV, 287 eV and 289 eV which correspond to 

three carbon environments namely C-C or C-H, C-O and O-C=O (ester group) respectively 

[122, 123]. Similarly the convoluted O-1s spectra of BOPET shows two separated peaks at 

531.8 eV and 533.4 eV attributed to C=O (in ester group) and C-O respectively [124].  
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Figure 3.6: Survey XPS result for pristine and irradiated (16 kGy) BOPET sheets. 

 

According to the XPS analysis for pristine BOPET the C/O ratio was found to be 3.0, 

which nearly matches with the chemical formula (C10H8O4)n for BOPET. The convoluted 

spectra (shown in Fig. 3.7) were quantitatively analyzed and tabulated (Table-3.1). 
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Figure 3.7: Convoluted XPS result for pristine and irradiated (16 kGy) BOPET sheets (a) C1s 

spectra, (b) O1s spectra. 

 

Table 3.1: Chemical composition of the pristine and irradiated BOPET surface determined from 

the analysis of XPS data. 

 

Sample C (%) for 

C-C or C-H  

C (%) for 

C-O  

C (%) for 

C=O 

O (%) for 

C-O 

O (%) for 

C=O 

Pristine BOPET 59 29.6 11.4 40.1 59.9 

Irradiated (16 

kGy) BOPET 

56 35.0 9 60.8 39.2 

 

From Table-3.1 it can be seen that on electron-beam irradiation the C1s component 

corresponding to C-C or C-H decreases a little bit than in case of pristine whereas C-O 

increases a little simultaneously and C=O components remain nearly same. In addition for 

irradiated BOPET the major changes are seen in the O1s component corresponding to C-O 

group, which shows an increase from 40.1% to 60.8%; while C=O component shows a 

decrease from 59.9% to 39.2%. Interestingly for irradiated BOPET, the full width at half 

maximum (FWHM) of the O1s component for C=O bonds decreases from 2 to 1.8 eV, while 

the same for C-O component increases from 2 to 2.2 eV. These XPS results imply that on 
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irradiating BOPET with electron beam, some new C-O component containing polar groups 

increase. In addition it can also be concluded that some C-C/C-H bonds that were present in 

BOPET surface broke due to electron beam treatment, and they recombined with the oxygen 

to generate additional –OH group [125, 126]. This confirms the generation of new C-O-C 

bond and additional –OH and this shows well-agreement with FTIR results also. 

 

3.6.2 Contact angle measurements 

The static contact angle was determined by telescope- goniometry (M/s Dataphysics, 

Germany) using static water drop method. The measurements of water contact angles (error 

±8%) were performed using distilled water on five different positions and the diameter of 

water drop was around 10 µm. The contact angle variation with electron beam dose is plotted 

and given in Fig. 3.8. 
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Figure 3.8: Static contact angle variations with electron beam dose for BOPET sheets. 

 

It was observed that the contact angle decreases with electron beam dose which 

indicates the increase of hydrophilicity with dose. It suggests the production of some more 

oxygen which contain polar functional groups, especially (-OH) on BOPET surface as a 

result of electron beam irradiation [126, 127]. Thus the contact angle measurements are in 
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agreement with FTIR and XPS results also. In order to test the stability of the hydrophilic 

character of one of the irradiated BOPET sample (16 kGy) contact angle measurements were 

repeated after 45 days. The contact angle value was ~ 57° during the first day after irradiation 

and it remained nearly same (~ 58°) after 45 days. It can be concluded that a good stability of 

the hydrophilic groups created on BOPET surface after irradiation have good stability. 

 

3.7 Sol-gel test for crosslinking analysis 

Radiation effects on polymers can be interpreted by two main reactions crosslinking 

and degradation (or chain scissioning) process [128]. There are no absolute rules for 

determining the dominance of any one phenomenon for a given polymer. In other words, it 

cannot be stated that whether any given polymer will crosslink or degrade upon irradiation. In 

addition, it also depends upon the dose values, for instance, in case of a polymer, up to 

certain dose main chain scissioning can be a dominant phenomenon while for certain doses 

crosslinking can dominate or vice versa. Thus, when a polymer is treated by ionizing 

radiation there can be occurrence of different process like crosslinking or scissioning [129]. 

Such induced changes can lead to the formation of insoluble gel if crosslinking predominates 

over scission. By using a proper solvent for the polymer, one can estimate the gel content in 

the irradiated polymer. To confirm the crosslinking or degradation up on electron beam 

irradiation, sol-gel analysis has been carried out with Soxhlet extract at elevated temperature 

around 70˚C, using o-chlorophenol as solvent that is regarded as favourable solvent for 

BOPET [103]. The insoluble gel part was dried under room conditions and weighed using 

microbalance (M/s AND Company Ltd., Japan make) having accuracy ~ 100 μg. Gel content 

was evaluated using following relationship 

Gel content = (Wg/Wi)        (3.1) 

Where Wg and Wi are the weight of insoluble fraction and initial weight respectively [88]. 
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The estimated gel content for pristine and irradiated BOPET has been plotted as a 

function of dose and shown in Fig. 3.9a. For quantitative evaluation of crosslinking and chain 

scission yields of irradiated BOPET samples, the Charlesby – Pinner equation (equation 3.2) 

was used and a plot of S + √S vs. 1/absorbed dose has been generated (shown in Fig. 3.9b) 

[130]. 

It is implied from Charlesby-Pinner plot (Fig. 3.9b) that p0/q0 is 1.65 and so 

crosslinking has predominantly been occurred as the ratio is less than 2 [106]. Thus the 

inferences from p0/q0 values, from sol-gel analysis, give an idea about the predominant 

process (crosslinking/degradation) which the polymer undergoes in the specified dose range. 

The enhancement in mechanical properties in irradiated samples also conveyed the same 

process. 
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Figure 3.9: (a) Gel fraction of irradiated BOPET under different electron beam doses, (b) 

Charlesby-Pinner plot for electron beam irradiated BOPET samples. The plot is 

linearly fitted with R
2
 ~ 0.96. 
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3.8 Plausible mechanism for modification of BOPET by EB irradiation 

Based upon the characterization results, we describe about the changes that have been 

brought in the mechanical and electrical properties of BOPET sheet due to electron beam 

irradiation. Such changes occurred due to the modification of the chemical structure of the 

BOPET. In BOPET, the PET chains are usually terminated with the –OH end group as shown 

in Fig. 3.10. In the presence of electron-beam, these –OH end-groups from different PET 

chains interact and evolve as H
+
 and OH

-
 ions. The end product of this reaction is basically 

the coupling of PET chains through the formation of diethylene glycol (DEG) and the 

suggested mechanism is shown in Fig. 3.10 [104, 130, 131]. The presence of C-O-C (ether) 

peak and high intensity –OH peak in the FTIR data of the electron beam irradiated samples 

confirm the formation of DEG and creation of OH
-
 ion in these samples. Since OH

-
 ions are 

very reactive, therefore, they may either form H2O or some peroxide. The enhanced intensity 

of the –OH peak in FTIR suggests that the released –OH groups are present on the surface of 

BOPET chain, which has been confirmed by both XPS analysis and contact angle 

measurements. 

 

 

 

Figure 3.10: Schematic revealing the mechanism of the formation of DEG in BOPET polymer 

chains as a result of electron beam irradiation. 
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The sol–gel analysis suggests that crosslinking of PET chains through the DEG 

segment may result in the longer PET chain length. Such a modification of the internal 

chemical structure of BOPET may be responsible for the enhancement in mechanical and 

electrical properties. It is also important to mention that crosslinking and degradation of 

polymer may occur simultaneously on irradiation. All polymers exhibit an increase of tensile 

strength for the dose range where crosslinking predominates. However, when no further H-

atoms are available to induce crosslinking, the polymer attains saturation or may start 

degrading [131]. As clear from the Fig. 3.1a, for the studied BOPET, an increase in tensile 

strength (more toughness/ductility) was observed up to a dose of ~12 kGy which suggests 

that crosslinking is predominant up to an absorbed dose of ~12 kGy and at further higher 

doses the saturation in tensile strength indicates that crosslinking has also saturated. It can 

also be concluded that BOPET sheet irradiated up to 32 kGy can be conveniently used if only 

strength is the criteria for their usage. Apart from high mechanical strength, the electron beam 

induced crosslinking has another advantage in usage of BOPET sheet with reference to the 

“migration phenomena i.e. transfer of substance through polymer sheet to food / medical 

products”. The migration would decrease as the extent of crosslinking enhances because 

denser network would hinder diffusion of trapped substances. Indeed, the migration 

phenomenon is a strong function of the size of trapped substance. 

 

3.9 Conclusions 

One of the major applications of BOPET is its use as a packaging material for 

sterilization of food products and medical devices which requires its irradiation within the 

practical dose regime (up to 30 kGy). The mechanical properties such as tensile strength, 

elongation at break, Young‟s modulus of packaging material are equally important as 

sustainability of sterilized products (food and medical commodities) because these properties 

also determine the shelf life of these irradiated products to avoid recontamination. Our 
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detailed investigation proposes that the electron beam irradiation of BOPET sheets result in 

the formation of diethyleneglycol (DEG) chain due to initiation of crosslinking as an effect of 

irradiation. The study concludes that most of the mechanical properties of BOPET got 

enhanced on electron beam irradiation along with the electrical resistivity of the samples due 

to modification caused in its chemical structure. The improved mechanical properties and the 

electrical resistivity enable BOPET to be a suitable alternative of polyethylene in the 

packaging industries where stored items need to be radiation sterilized. The chance of 

degradation/breaking of polyethylene during high dose irradiation is more due to which 

whole needful aspects of sterilization can go in vain. In addition, this study suggests that 

BOPET can make possible utilization of flexible electronic components in the high radiation 

environment.  
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CHAPTER-4 

ELECTRON BEAM INDUCED MODIFICATIONS 

IN ZINC PHTHALOCYANINE FILMS 
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In this chapter we have analyzed the effect of electron beam irradiation on electrical 

and gas sensing characteristics of zinc phthalocyanine (ZnPc) thin film prepared on flexible 

BOPET sheets. The electron beam irradiation of ZnPc films was carried out using a 10 MeV 

RF Linear accelerator, under different radiation dose levels from 1 kGy to 30 kGy. The 

pristine and irradiated films were characterized by using X-ray photoelectron spectroscopy, 

Atomic force microscopy, UV-Visible spectroscopy and X-ray diffraction. Samples that were 

irradiated in the dose range of 1-18 kGy exhibited linear enhancement of electrical 

conductance due to increased adsorption of oxygen. Beyond 18 kGy, the samples exhibited 

saturation for the amount of adsorbed oxygen as well as in the electrical conductance. The 

pristine ZnPc films exhibit excellent chemiresistive response towards H2S gas in 1-20 ppm 

range at room temperature. The response of the irradiated films decreases monotonically 

with increasing electron beam dose due to the strong binding of oxygen at the Zn sites. A 

plausible mechanism of electron beam induced modifications of ZnPc films and its 

implication on charge transport and chemiresistive gas sensing behavior have been 

discussed. The work highlights the utilization of ZnPc thin films as potential radiation 

dosimeter based upon linear rise in electrical conductance along with linear lowering of H2S 

response with electron beam dose. 
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4.1 Introduction  

The electron beam irradiation technology involves modification of the physico-

chemical properties of organic materials [29]. The nature of interaction between electrons and 

organic materials depends on the energy as well as dose of the incident electron beam [27]. 

The metal phthalocyanines (MPcs) have been widely studied organic semiconductor because 

of their high thermal/environmental stability, low cost and wide range of application 

including gas sensors [132], organic solar cells [20, 133], organic field effect transistors [22] 

etc. The intrinsic MPcs are basically insulators and can be converted to p-type semiconductor 

even when they got exposed to the atmosphere because of the associated surface 

modifications. This implies that there exists a great possibility of tuning their electrical 

properties through other means which can introduce surface modifications. In the case of 

atmospheric exposure, the tailoring of electrical conductivity mainly arises due to the change 

in electron/hole concentrations because of adsorption of gas molecules at MPc surface [134 – 

137]. Therefore, MPcs have been extensively considered as chemiresistive gas sensors. For 

an organic semiconductor bulk conductivity is a product of the density of charge carriers, 

their mobility and the charge of an electron/hole. Therefore the change in conductivity not 

only depends upon change in charge carrier density but crystallinity also, as better crytallinity 

implies better mobility [6].  

Organic semiconductors can be utilized as various types of detectors/sensors, such as 

chemiresistive, field effect transistors, diode, surface acoustic wave (SAW) and optodes. The 

chemiresistive detectors are very simple and can be easily fabricated at low cost using 

organic semiconductors. Hence, we focus on the use of an organic semiconductor as 

chemiresistive detectors for gas sensing applications. A chemiresistive sensor is basically a 

resistor whose electrical resistance is very sensitive to the chemical environment. This device 

is simply an organic semiconductor having two electrical contacts (of metals like Au, Ag etc.) 
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made on it as shown in Fig. 4.1a and the change in the electrical resistance (i.e. change in 

electrical current under fixed voltage) is measured as the function of time for a known 

amount of exposed gas. An equivalent circuit diagram is shown in Fig. 4.1b, which consists 

of the contact resistances (Rc), bulk resistance of organic semiconductor film (RB), resistance 

of interface layers at substrate-film (Rsf) and film air (Rfa). A change in any of these 

resistances will result in change of the overall resistance of the sensor.  

 

Rfa

Rsf

RBRc
Rc

Substrate

Organic semiconductor film

Electrode Electrode

(a) (b)

 

 

Figure 4.1: (a) Schematic configuration of chemiresistive sensor, (b) its equivalent circuit. 

 

We have chosen zinc phthalocyanine (ZnPc) among other MPcs as it has been less 

investigated. In the present chapter, we have optimized the thickness of ZnPc films based 

upon their electrical conductivity and the optimized films have been analyzed further. The 

modifications that were caused in ZnPc thin films due to irradiation with electron beam (EB) 

at different doses up to 30 kGy has been investigated. In addition, the pristine as well as 

irradiated films were compared for the electrical and gas sensing studies. We demonstrate 

that the surface chemistry as well as bulk structure of pristine ZnPc films gets modified on 

interaction with electron beam that resulted in the linear enhancement of electrical 

conductivity up to 18 kGy dose and beyond that it achieved saturation. The linear 

enhancement in electrical conductivity with dose proposes the possibility of using these films 

as radiation dosimeters in the mentioned dose regime. The structural modifications, as result 

of electron beam irradiation, have been explained with the help of UV-Vis spectroscopy, 
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AFM and XRD. The XPS analysis has been elaborated in details to conclude the modification 

in surface chemistry of films because of EB irradiation. Film samples irradiated in the dose 

range of 1-18 kGy exhibited linear enhancements in conductivity because of increased 

content of adsorbed oxygen but beyond 18 kGy the samples exhibited saturation in the 

content of adsorbed oxygen on metallic site of ZnPc film. The selectivity of pristine ZnPc 

films for various gases has been checked and it was found that they exhibited very good 

sensitivity towards H2S gas in ppm concentration range at the room temperature. Interestingly 

in spite of having high electrical conductivity of irradiated ZnPc films, there is a systematic 

lowering of the response towards H2S gas with increasing EB dose. The chapter ends with the 

discussions on probable mechanisms of electron beam induced modification in ZnPc thin film 

and its implication on charge transport as well as chemiresistive gas sensing characteristics. 

The chapter also highlights the potential of electron beam irradiated ZnPc thin films for 

commercial applications. In the present study, three ZnPc film samples have been taken for 

each set of analysis and each measurement was repeated twice. The deviation from average 

value has been shown with error bars in the plots. 

 

4.2 Deposition of flexible ZnPc films and thickness optimization  

Thin films of ZnPc of desired thickness were deposited on flexible BOPET substrates 

by vacuum thermal evaporation technique. The ultrasonically cleaned BOPET sheet (size: 20 

mm ⨉ 20 mm ⨉ 100 µm) were used as flexible substrate and the ZnPc film deposition was 

done at rate ~ 1 Å/s while keeping the substrate at room temperature followed by in-situ 

vacuum annealing at 100˚C for 15 minutes. For electrical measurements, a few pairs of gold 

electrodes (thickness ~ 50 nm) of size 3 mm ⨉ 3 mm having separation of ~ 12 μm, were 

thermally evaporated on the ZnPc thin film using a metal mask. The electrical conductivity of 

the films was measured using conventional two probe technique. The linear current-voltage 

(I-V) plot of ZnPc film confirms its ohmic nature of conductivity. The typical current-voltage 
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characteristics of the films (thickness: 10 nm, 20 nm and 50 nm), that have been recorded 

during first and subsequent bias scans, in 0 - 100 V range, are shown in Fig. 4.2a – 4.2c. 
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Figure 4.2:  Current -voltage plots of ZnPc films during first and subsequent scans for thickness 

(a) 10 nm, (b) 20 nm and (c) 50 nm; (d) I-V plot for ZnPc films of different 

thicknesses under stable condition. 

 

It is seen that films having 10 nm and 20 nm thickness show hysteresis in the first 

scan, which however disappears in the subsequent scans. The subsequent I-V scans are non-

hysteretic and highly reproducible. The hysteresis during first scan in these films can be 

related with the presence of charge traps (probably arising due to the surface defects), which 

get filled during the first bias scan. During the scan when the field increases, space charge 

builds up in the ZnPc film due to localization of charge carriers in the traps, which opposes 

the charge injection during field decrease scan. Actually it is screening of applied bias 
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because of the existence of an internal electric field created by the trapped electrons [138, 

139]. It justifies the lowering of current in decrease bias scan. Once these traps are filled the 

current becomes stable. On the other hand, 50 nm films show negligible hysteresis in the first 

bias scan, indicating that at higher thickness films do not have many defects. Under the stable 

conditions (shown in Fig. 4.2d), the values of current at 100 V for 10 nm, 20 nm and 50 nm 

films are 3.56 × 10
-7

 A, 7.67 × 10
-7

 A and 2.60 × 10
-8

 A respectively. No such hysteresis has 

been observed for irradiated 20 nm films which suggest that the traps were filled during e-

beam treatments as the result of additional doping. 

These results indicate that film having thickness 20 nm is more conductive than 10 

nm and 50 nm films. At lower thickness (10 nm) the better structural ordering of ZnPc films 

on BOPET is attributed to two factors: (i) orientation of PET molecular chains in the 

substrate plane, resulted in very smooth surface and (ii) presence of polar groups like C=O 

and O-C=O in PET molecular chains which can electrostatically interact with ZnPc 

molecules and favors a relatively stronger π-π* interaction among ZnPc molecules along the 

PET chains [114]. In such films although structural ordering is good but due to certain 

substrate roughness, the grain to grain connectivity may not be good hence current is low for 

films having thickness of 10 nm. With increasing thickness (up to 20 nm) though there exists 

the effect of molecule substrate interaction but at the same time grain to grain connectivity 

improves because of thick film surface and as a result, current enhances. With further 

increase of thickness molecules- substrate interaction becomes weak and thus random 

orientation of molecules leads to disorder which causes lowering of current [6]. Considering 

the thickness dependence of current under stable conditions, the optimized thickness of ZnPc 

films is found to be around 20 nm.  
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4.3  Electron beam irradiation of ZnPc films  

The electron beam irradiation of ZnPc films has been carried out using a 10 MeV 

electron beam at EBC, BARC, Navi Mumbai, India [29]. The output dose rate is around 1 

kGy per pass in the dynamic mode of irradiation under fixed operating parameters and the 

dose delivery was done by setting appropriate number of passes to get the dose in range of 1 

kGy to 30 kGy in steps [131]. In order to protect from dust, the films were kept in a close 

plastic box of thickness around 2 mm which marginally attenuates 10 MeV electron beam. 

The irradiation experiments were carried out under atmospheric conditions. 

 

4.4 Surface characterizations using XPS 
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Figure 4.3: XPS survey spectrum of 20 nm ZnPc film grown on BOPET substrate. 

 

The x-ray photoelectron spectroscopy (XPS) of samples was carried out using Mg Kα 

(1.5 keV) radiation under base pressure ~ 2×10
-8 

mbar and the recorded data were calibrated 

using C1s peak from the adventious carbon-based contaminant with the binding energy of 

284.6 eV. The elemental atomic concentrations were calculated from areas under the XPS 

peaks and the corresponding Scofield sensitivity factors were corrected for the analyzer 
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transmission work function. The survey scan XPS spectra of pristine and irradiated ZnPc 

films is shown in Fig. 4.3 which exhibits the presence of C1s, N1s, Zn2p (as doublet Zn2p3/2 

and Zn2p1/2) and O1s peaks in the spectrum. The spectrum is in conformity with other MPcs 

[140]. 

The convoluted XPS spectra of each elements viz. C1s, N1s, Zn2p and O1s are shown 

in Fig. 4.4a - 4.4d. The atomic ratios have been found using area under curve for high 

resolution C1s, N1s, Zn2p and O1s peaks and respective elemental sensitivity factors. For 

pristine films the atomic ratios C/Zn and N/Zn were found to be 31.6 and 7.7 respectively 

which indicated that the pristine ZnPc films had the same chemical composition 

(C32H16N8Zn) as that of the source ZnPc material.  
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Figure 4.4: High resolution XPS spectra for pristine and irradiated ZnPc films (a) C1s, (b) N1s, 

(c) Zn2p, (d) O1s.  
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The high resolution C1s peak (Fig. 4.4a) consists of three main components at 

different binding energies and those at 284.6 eV attributed to aromatic carbon of the benzene 

rings, while at 286 eV corresponds to pyrrole carbon linked to nitrogen and the peak at 288.2 

eV has been attributed to the shake-up satellite due to π - π* transitions [141]. 

The area ratio of first two peaks, which gives number of C atoms in benzene ring to 

the number of C atoms in pyrrole ring, is ~3 and it is in agreement with molecular structure 

of ZnPc. As for other PCs, the N1s spectra consist of two peaks; one centered at about 398 

eV which corresponds to the pyrrole ring (C-N) without any coordination to the Zn atoms and 

other 399.8 eV corresponds to the N atom bonded with central Zn atoms (Fig. 4.4b). As seen 

from Fig. 4.4b, with increase in dose the overall N1s spectrum is extending more towards 

higher binding energy side. In case of irradiated films, the full width at half maximum 

(FWHM) for N1s (399.8 eV) peak enhances from 1.8 eV (for pristine ZnPc) and saturates at 

2.3 eV. This enhancement of FWHM can be related to the adsorption of O at the Zn site (at 

the surface) that will pull electron cloud of Zn atoms which subsequently affect the charge 

distribution of N connected with Zn. XPS technique has a sampling depth of ~ 10 nm 

therefore overlap of surface N signal with the N buried within depth of 10 nm may give rise 

to broadening of N1s (399.8eV) peak. The XPS spectra given in Fig. 4.4c represents the 

Zn2p3/2 and Zn2p1/2 signal of ZnPc films at 1021 eV and 1044 eV respectively with area ratio 

of 2:1. In addition Zn-2p spectrum also shows the presence of a satellite peak at binding 

energy 1035 eV. For pristine films the O1s spectrum (Fig. 4.4d) consists of two peaks, one at 

531.7 eV and the other at 533 eV which correspond to physisorbed and chemisorbed oxygen 

respectively. It is important to note that physisorbed oxygen does not alter the electrical 

properties of ZnPc. But interestingly it has been seen that with increase in electron beam dose 

> 5 kGy, the O1s spectrum shows the evolution of a third (new) peak at ~ 534 eV that 
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corresponds to a strongly bonded chemisorbed oxygen [142 – 144]. This is explained later 

with help of Fig. 4.5. 

The possible explanations for the presence of an additional oxygen peak (at 534 eV) 

on the surface of irradiated ZnPc films may be due to the generation of ozone (O3) resulting 

from the interactions between electron beam and atmospheric oxygen [145]. As a result of 

electron beam interaction the O2 molecules dissociates into atomic oxygen, which is highly 

reactive and recombine with O2 and makes O3. The O3 easily decays into O2 and atomic O. 

The highly reactive atomic O (created initially as well as from the decay of O3) can easily get 

chemisorbed at the Zn site [146]. 
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Figure 4.5: (a) Atomic ratios (O/Zn) with respect to dose, (b) variation in area ratio C1s peak at 

288.2 eV to total C1s peak with dose, (c) FWHM of Zn 2p3/2 peak changes with dose. 

 

This assumption is further supported by the atomic ratio of chemisorbed oxygen and 

zinc shown in Fig. 4.5a. It can be seen that the atomic ratio O/Zn for pristine films is less than 

(a) (b) 

(c) 
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one which indicates that O is getting adsorbed at the selected Zn. The O/Zn atomic ratio 

increases (>1) with dose up to 18 kGy, which suggests that with increase in dose more and 

more oxygen is getting adsorbed at ZnPc surface. The adsorbed O at Zn will pull the electron 

cloud as a result FWHM of Zn2p peak will marginally enhance (Fig. 4.5c) due to good 

overlap of the broad peaks of Zn connected with N and Zn connected with O. The 

enhancement of FWHM of Zn2p3/2 as function of electron beam dose and its saturation above 

dose of 18kGy suggest full coverage of ZnPc films by adsorbed O above 18 kGy dose. 

Moreover, it is seen that the relative area of C1s component (at ~ 288.2 eV) with 

respect to the total C1s peak area enhances with the electron-beam dose and saturates above 

18 kGy which suggests delocalization of charge carriers after electron-beam exposure (Fig. 

4.5b). Due to the low coordinated structure of ZnPc, the most preferable site for the 

chemisorption of oxygen is Zn atoms and the chemisorbed oxygen plays a very important 

role in the electrical conduction in case of ZnPc films. This is because oxygen from ambient 

gets chemisorbed at the film surface and induces hole as charge carrier in the films through 

the process:     22 OhZnPcOZnPc . Particularly in case of copper phthalocyanine 

(CuPc) it has been demonstrated that the electrical conductivity increases by three orders of 

magnitude after exposure to oxygen [147].  

In summary, results of XPS suggest that irradiation of ZnPc films with electron beam 

has chemically modified the surface of ZnPc films by increasing the content of adsorbed 

oxygen at the surface of films. 

 

4.5 Structural and morphological characterizations 

4.5.1 UV-Vis spectroscopy 

The changes in bulk of ZnPc films after electron beam irradiation have been 

investigated using UV–Vis spectroscopy with a double beam spectrophotometer (Jasco, V 

530). The typical UV–Vis spectrum of MPc originates from the molecular orbitals within the 
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aromatic 18-π electron systems and from overlapping orbitals on the central atom. In the near 

UV-region, the B-band or Sorret band represents the π-π* transition and appears with a peak 

position in the range between 325 - 400 nm, depending upon the molecular stacking [148, 

149]. However, in the present case, one absorption peak appeared at 340 nm irrespective of 

the irradiation dose (Fig. 4.6a). 

 

400 500 600 700 800

751

Blue shift

632

 

 

A
b

so
rb

a
n

ce
 (

a
rb

. 
u

n
it

)

Wavelength (nm)

 Prestine

 0.5 kGy

 1 kGy

 5 kGy

 8 kGy

 11 kGy

 15 kGy

 18 kGy

 24 kGy

 30 kGy

622
688

Davydov splitting

0 5 10 15 20 25 30

0.8

0.9

1.0

1.1

1.2

 

 

I 6
8

8
/I

6
3

2

Dose (kGy)

(a) (b)

 

 

Figure 4.6: (a) UV-Visible spectra for pristine and EB irradiated ZnPc films, (b) variation of 

intensity ratio of Q band peaks at 688 to at 632 with dose. 

 

The absorption band in the visible region (400-800 nm) which is usually referred to as 

the Q band, originates from the singlet π-π* transition in the phthalocyanine ring 

(intramolecular excitation), and has a doublet due to the Davydov splitting [150]. The extent 

of Davydov splitting is related to the differences in the relative orientation of molecules, 

which are close enough to give electronic transitions, called interactions between transition 

dipole moments from adjacent molecules [151]. Based upon the results of UV-Vis spectra, 

three inferences can be drawn:  

(i) The relative intensity peaks of Q band at 632 nm and 688 nm change after irradiation. 

For pristine films, the intensity of peak at 688 nm is higher comparative to peak at 632 

nm (Fig. 4.6b) which suggests that in pristine films ZnPc molecules are arranged in β-
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phase [152, 153]. For irradiated ZnPc samples, the relative intensity of peak reverses 

i.e. the ratio of intensities of peak at 688nm to peak at 632 nm diminishes and 

saturates after 5 kGy. It suggests that after irradiation the molecular orientation 

changes in comparison to the pristine films. 

(ii) ZnPc films irradiated with electron beam dose ≥ 5 kGy, the Q band becomes 

broadened exhibiting a new peak around 751 nm (for up to 11 kGy and beyond that it 

merges with peak at 688 nm), which is an indication of oxidation of ZnPc surface to 

form a (ZnPc)
+
 species [154, 155]. 

(iii) The Q band peak at 632 nm for pristine sample exhibits a systematic blue shift on 

irradiation. It indicates the presence of electron acceptor gas, like oxygen (in excess) 

which causes oxidation of ZnPc to form (ZnPc)
+
 species, and results in the 

enhancement of electrical conductivity[156]. 

Thus the electron beam has modified the structural orientation of ZnPc films and also 

it oxidizes it to form conducting species (ZnPc)
+
. The oxidation or enhanced doping in ZnPc 

as a result of electron beam is also supported by XPS analysis. 

 

4.5.2 X-ray diffraction 

The structural changes were determined by x-ray diffraction (XRD) which was done 

in the powder diffraction mode with a PANanalytical instrument (model EMPYREAN) using 

a Cu-Kα source (λ~1.5418Å). Scans were collected over the 2θ range from 5.5 to 8 in a step 

size of 0.01 and count time of 0.5 scan/step. The XRD patterns of pristine and EB irradiated 

ZnPc thin films are shown in Fig. 4.7. It implies that the structural ordering of the pristine 

ZnPc film with presence of a broad Bragg peak at 2θ ~ 6.8° which corresponds to the (100) 

orientation of the β-ZnPc phase (as confirmed by UV-Vis also). This indicates that the film is 

crystalline with a-axis normal to the substrate plane [157, 158]. In addition the calculated 

value of lattice parameter „a‟ (12.40 Å) suggests that in pristine ZnPc films the molecules are 
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assembled in the “standing on” configuration [159]. In the “standing on” configuration, the π-

π conjugation direction is parallel to the film plane, which is favorable for the in-plane charge 

transport. 
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Figure 4.7: X-ray diffraction pattern for the pristine and EB irradiated ZnPc films. 

 

It has been found that in case of the irradiated films the diffraction peak, which 

corresponds to ZnPc ordering, is missing which suggest that irradiation with electron beam 

creates structural disorder in the films [160, 161]. The critical analysis of XRD patterns for 

irradiated film samples indicates that there may be a possibility of presence of two peaks but 

they might have merged. It suggests that a mixture of both the phases (α and β) is present in 

the irradiated samples or intermediated phase development takes place as result of high 

energy electron beam irradiation. 

 

4.5.3 Atomic force microscopy 

The surface morphology of the film samples was imaged through Dimension Icon 

Atomic Force Microscope (AFM), M/s Bruker (CA, USA) make. For AFM Scanasyst-air 

cantilever of 2 nm tip size and having 0.4 N/m force constant has been used in tapping mode. 
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AFM images conclude that the surface morphology of ZnPc films got modified after 

electron beam exposure as shown in Fig. 4.8. It suggests that pristine ZnPc films are 

polycrystalline in nature and with increase in dose the grains become isolated. In addition it 

shows the rms value of roughness for the pristine films is around ~ 11 nm which decreases 

with irradiation and finally, reaches towards saturation. 
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Figure 4.8: AFM images (size: 5μm x 5μm) of the pristine and irradiated ZnPc films. Respective 

dose of electron beam used for irradiation experiment is shown in each image. 

 

4.6 Electrical characterizations  

The electrical conductivity of the films was measured using conventional two probe 

technique. The electrical connections on the sample were made using silver wire of diameter 

~100 μm and silver paint (Electrolube make) was used to attach the wire with the gold 

electrodes that were deposited on the films. The current was measured using a voltage 

source/picoammeter (Model: Keithley 6487) and the data is stored in personal computer 

equipped with softwares. The Current-Voltage (I-V) curve was plotted by varying bias 

voltage in range of ±50V (in steps of 1V) and measuring the current.  
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Typical room temperature I–V characteristics of pristine and irradiated ZnPc films 

under different doses are shown in Fig. 4.9a. A close observation indicates that I-V curve for 

pristine is not perfectly linear or ohmic, which is expected for planar device configuration, 

but it becomes linear in case of irradiated samples.  
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Figure 4.9: (a) Current-voltage characteristics of ZnPc films at room temperature, (b) electrical 

conductance variation with EB dose for ZnPc film. 

 

The experimental results suggest that electron beam induces more p-type doping in 

ZnPc. At such improved doping of ZnPc the ohmic conduction (linear I-V) takes place in the 

films due to the fact that thermally generated charge carrier density is much higher than the 

injected charge carriers. In addition, there exists matching of Fermi levels of Au and ZnPc. 

The work function of Au is ~ 5.18 eV and the Fermi level of ZnPc has been reported ~ 4.31 

eV [162]. The hole doping of ZnPc by adsorbed oxygen (because of e-beam irradiation) 

resulted in moving of its Fermi level away from the vacuum level. Hence with better 

matching of Fermi level of gold with doped ZnPc better charge injection is expected at Au 

/ZnPc electrode interface [163]. The variation in electrical conductance of ZnPc films with 

electron beam dose can be divided into two regions (Fig. 4.9b). From Fig. 4.9b, it is noticed 

that the conductance of ZnPc films increases up to 18 kGy and exhibits a tendency of 
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saturation beyond that. The explanation for variation in electrical conductance of ZnPc films 

with electron beam dose is given in section 4.8. 

 

4.7 Chemiresistive gas sensing  

For gas sensing the response curves (current versus time data) were recorded for ZnPc 

films using a static gas testing setup by applying a fixed voltage to the sample. A desired 

concentration of the test gas in the chamber was introduced by injecting a known quantity of 

gas using a micro-syringe. Once a steady state was achieved, recovery of films was recorded 

by exposing the sensor films to atmosphere by opening the lid of the chamber (as discussed in 

section 2.5.2).  

The room temperature detection of H2S in particular is very important from 

application point of view as it is a toxic, colorless, flammable, heavier than air, corrosive and 

inflammable gas produced in sewage, coal mines, oils and natural gas industries and also 

utilized in many chemical industries. The toxic threshold limit value (TLV) of H2S gas is 10 

ppm [67]. NO2 is also very toxic gas which causes environmental pollution. It is generated 

from burning of fossils fuels like coal, diesel and petroleum gases. In addition, it is also 

responsible for acid rain and its TLV is 25 ppm [164]. 
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Figure 4.10: (a) Alteration in electrical resistance of the pristine ZnPc thin film on exposure to 

reducing gas H2S and oxidizing gas NO2, (b) selectivity histogram at 5 ppm of each 

gas of ZnPc thin film based chemiresistive gas sensor. 
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The chemiresistive gas sensing properties of pristine ZnPc films were studied by 

investigating the change in electrical resistance of the films on exposure to a fixed 

concentration of different gases such as NH3, H2S, C2H5OH, NO2, CO etc. The results show 

that for ZnPc film, the resistance increases on exposure to H2S while it decreases on exposure 

to NO2 due to the opposite tendency (reducing/oxidizing) of these two gases (seen from Fig. 

4.10a). Reducing gas donates electron to the ZnPc (a p-type semiconductor) and hence 

quenches holes as charge carriers, resulting in increase of electrical resistance. On the other 

hand oxidizing gas picks up the electron from ZnPc and hence lowers down the resistance. 

Fig. 4.10b shows the selectivity histogram for the ZnPc film based gas sensors and from this 

it can be seen that the highest response is observed for H2S. Since ZnPc is p-type organic 

semiconductor having high hole concentrations in open atmosphere. The oxidizing gases 

doped more holes which increased its conductivity but not as much in comparison to open air 

conductivity because the semiconductor has already high hole concentration. The reducing 

gases neutralize the high hole concentration by donating more electrons and results in large 

reduction of electrical conductivity as compared to unexposed condition. Since the response 

(%) is measured as the ratio of change in conductivity with open air conductivity; p-type 

organic semiconductor is more responsive for reducing gases. H2S has the highest reducing 

ability among the selected gases, hence ZnPc exhibited the highest response for this and 

therefore further emphasis is given for the sensing characteristics of the films for H2S. 

The typical response curve of pristine as well as irradiated ZnPc thin films towards 

different concentrations (up to 20 ppm) of H2S gas is specified in Fig. 4.11a, 4.11b and 4.11c. 

In addition the repeatability of gas sensing characteristics for pristine ZnPc films was also 

checked at a fixed concentration (5 ppm) of H2S and results are given in Fig. 4.11d. The 

obtained data suggest that the response characteristic is highly repeatable. 
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Figure 4.11: Response curves of ZnPc films, for different concentration of H2S, irradiated with 

dose (a) pristine, (b) 11 kGy and (c) 18 kGy; (d) repeatability of the response curve at 

5 ppm H2S for pristine ZnPc films. 

 

4.8 Charge transport and gas sensing behavior 

Based on the characterization results of pristine and irradiated ZnPc films, we discuss 

about the charge transport and associated modifications in chemiresistive H2S sensing 

behavior. Initially we comment on the variation of electrical conductance with the electron 

beam dose. As seen from XRD data and AFM images, exposure to electron beam disturbs the 

ordering of ZnPc molecules and hence one may expect a continuous lowering in electrical 

conductance with the dose of electron beam. On the other hand XPS and UV-visible data 

suggest that for higher doses, there is a strong adsorption of oxygen at the surface of the films 

which results in enhancement of electrical conductivity through hole doping effect. The 

characterization results also suggest that two phenomena occurred due to e-beam irradiation: 

one is additional doping and another is bulk disorder or changes. The e-beam exposure causes 
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additional doping in ZnPc film and it got saturated beyond 18 kGy which is consistent with 

data shown in Fig. 4.5a i.e. atomic ratio of O/Zn. XRD data (shown in Fig. 4.7) shows that 

even in case of films irradiated with 5 kGy there is no molecular ordering (absence of Bragg 

diffraction peak) which suggest that all the irradiated films are in disordered state. In addition 

UV-Vis results also suggest that the molecular orientation of ZnPc film changes with EB 

dose as compared to the pristine film but it also got saturated after 5 kGy (Fig. 4.6b). Thus it 

can be concluded that the structural disordering achieves saturation beyond 5 kGy and then 

the conductivity is only governed by doping. The conductivity thus attains saturation beyond 

18 kGy with saturation of doping. 

The enhancement in the electrical conductivity of ZnPc thin films with electron beam 

dose suggests two beneficial potential applications: (i) The linear enhancement in current 

with dose (Fig. 4.9b) offers the possibility of using these films as radiation dosimeters up to 

dose range 18 kGy; (ii) these films can be operated at lower voltage after irradiation, 

compared to pristine, to obtain sufficient current for different applications (like gas sensors) 

with the advantage of power-saving. For instance, it can be observed (from Fig. 4.9b) that the 

film irradiated with 18 kGy dose can deliver an amount of current at 5V bias only, whereas 

an as deposited ZnPc film requires 25 V bias to deliver almost same current.  

The responses of ZnPc films irradiated with different doses of electron beam are 

plotted in Fig. 4.12. It may be noted that the response increases as H2S concentration 

increases for both pristine as well as electron beam treated samples. A typical plot of the 

response as a function of electron beam dose at a particular concentration of H2S (2 ppm and 

5 ppm) is given in Fig. 4.13a & Fig. 4.13b respectively. Here it is observed that for irradiated 

films response decreases linearly with increasing electron beam dose and it can be nicely 

linear fitted with R
2
 = 0.965 for 2 ppm and R

2
 = 0.895 for 5 ppm. 
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Figure 4.12: Response of pristine and EB irradiated ZnPc films towards H2S gas sensing. 
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Figure 4.13: Variation in response of ZnPc films as function of irradiation dose for fixed 

concentration of H2S gas (a) 2 ppm, (b) 5 ppm. 

 

However, this linear variation in response of ZnPc thin film with electron beam dose 

(for a known concentration of H2S gas) facilitates use of ZnPc thin films as potential electron 

beam dosimeter based upon their gas sensing ability under fixed H2S concentration. In 

addition the variations in response and recovery time of pristine as well as irradiated ZnPc 

films are shown respectively in Fig. 4.14a and 4.14b. It can be observed that films irradiated 

with higher doses exhibit significant rise in response / recovery time. 
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Figure 4.14: (a) Response time, (b) recovery time for pristine and EB irradiated ZnPc films for 

different concentrations of H2S gas. 

 

4.9 Plausible mechanism for electron beam induced change in gas sensing behavior 

The mechanism of gas sensing in case of metal phthalocyanine thin films can be 

correlated with their electric conductance, which is regulated by the adsorption of oxygen 

from surrounding atmosphere. However in literature the interaction between gas molecules 

and organic semiconductors (OSC) films is attributed to various proposed mechanism such as 

(i) weak vander Waal interaction, (ii) hydrogen bonding, (iii) charge transfer, (iv) dipole-

dipole interactions and (v) hydrophobic/hydrophilic interactions [165, 166]. In case of dipole-

dipole interaction mechanism, the polar analytes creates image charges at the metal 

electrode/OSC interface (shown in Fig. 4.15) and the space charge polarization leads to the 

modification of work function of the metal contacts [167]. It thus results in facile carrier 

injection / ejection at films - electrode interface that gets reflected in amended current.  

On the other hand Bohrer et. al., reported that in case of metal phthalocyanine films 

the sensing property is mainly governed by formation of charge transfer complexes with 

oxidizing or reducing gases [48, 134]. Hence chemiresistive gas sensing mechanisms of 

organic semiconductor based devices are very complex and still a topic of ongoing 

exploration [166 168]. In the present study, the gas sensing mechanism in metal 



126 
 

phthalocyanine has been explained based upon the formation of charge transfer complex as 

shown in Fig. 1.18. 
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Figure 4.15: Gas analytes dipole interacting with image charges at metal-semiconductor interface 

and with the charge at grain boundary of p-type organic semiconductor. 

 

As already discussed, ZnPc like other metal pthalocyanine, is an insulator with typical 

band gap of ~ 1.9 eV and it becomes a p-type semiconductor after adsorbing oxygen from the 

atmosphere [169]. For such a doped semiconductor, the surface dopant oxygen occupies only 

a fraction of the binding sites on the films, therefore there are two processes by which 

reducing/oxidizing gases interact with the ZnPc surface. These gases can bind either to open 

Zn surface coordination or they can compete with adsorbed oxygen for the occupied Zn 

surface sites. The competitive displacement of oxygen from the ZnPc surface by H2S gas can 

be understood by equation: 

2H2S (g) + 3O2
-
 (ads)  → 2H2O (g) + 2SO2 (g) +6e

-
      (4.1) 

 

When H2S interacts with adsorbed oxygen groups of ZnPc film it releases large 

number of electrons in the film. The released electrons neutralize the holes of ZnPc films 

which results in an increase in the resistance of the samples on H2S exposure and when the 

sample chamber is made open, the recovery takes place by picking up oxygen of atmosphere. 



127 
 

ZnPc

O2
-

O2
-

O2
- O2

-

O2
-

O2
-

O2
-

O2
-O2

-

O
2

-

O2

H2S
O2

- O2
- O2

-

O2
-

O2
-O2

-

H2S

SO2

O2
-

H2O

 

 

Figure 4.16: Schematic diagram showing the detection of H2S gas by ZnPc thin film. The blue 

layer shows the density of hole as charge carriers in the ZnPc films. 

 

The schematic of gas sensing mechanism can be explained with the help of Fig. 4.16, 

where the conducting layer (rich in holes) at the surface of ZnPc grains is shown by blue 

layers [136]. Here on exposure to H2S gas the conducting layer shrinks and the resistance of 

films enhances. Now as confirmed by the XPS and UV-vis data that in an irradiated (with 

higher doses) ZnPc samples, there is extra strongly bonded oxygen (at binding energy of 534 

eV) in addition to the weakly bonded oxygen (at binding energy of 532 eV) which undergoes 

a competitive displacement by H2S. Such strongly bonded oxygen may primarily attach to the 

free Zn site (due to large electron density) as well as to the organic part of ZnPc [170]. The 

lowering of response and rise of response time in case of irradiated ZnPc films suggest that in 

such samples it may be difficult to replace such strongly bonded oxygen by H2S gas. 

Therefore a reduction in interaction sites for H2S gas resulted in the decrease of response with 

increasing dose of electron beam. In addition, we have also plotted the slope of response 

versus dose data for each concentration of H2S gas (Fig. 4.17). It can be seen that slope 

increases with increase in H2S concentration, suggests that gas sensing properties declines 

with increaseing dose of electron beam. The increasing slope of the response versus dose 

curve with increasing H2S concentration also implies the loss of interaction sites for H2S gas 

[170].  
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Figure 4.17: Slope of response versus dose as function of H2S concentration. 

 

However the important positive aspect of linear lowering of response (for a known 

concentration of H2S gas, as evident from Fig. 4.13a & 4.13b) with electron beam dose is to 

facilitates the use of ZnPc thin films as potential electron beam dosimeter based upon their 

gas sensing ability.  

 

4.10  Conclusions 

The effect of electron beam irradiation on modification of flexible ZnPc thin films 

and consequences of such modification on electrical and chemiresistive gas sensing 

properties were investigated. Detailed characterizations of samples by UV-Visible 

spectroscopy, AFM and XRD suggest that the interaction of electron beam creates structural 

disorders in the films. XPS analysis indicates the presence of strongly bonded oxygen on the 

surface of irradiated ZnPc films with higher doses. Such strongly bonded oxygen enhanced 

hole doping in the film which resulted in linear rise in electrical conductance of the films with 

dose, up to 18 kGy. This linear variation of electrical current with dose facilitates the 

utilization of ZnPc thin films as potential radiation dosimeter. In addition, irradiated ZnPc 

films, having higher electrical conductance, can deliver more current at low voltages and 
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therefore, they can be operated at low bias for different device applications, like gas sensors, 

with the advantage of power saving.  

The film dosimeters are most popular for routine dosimetry application in electron 

beam facilities because of their excellent material-material and material-air interface 

characteristics. They can be used inside bulk of the material to know the dose at point of 

interest. The thickness of film dosimeters is in the order of micron and therefore it didn‟t 

create any air void inside material which can hamper the dose uniformity. In addition it 

doesn‟t attenuate the beam energy significantly and in this way it doesn‟t interfere in 

irradiation of a product to get a requisite dose. One of the major drawbacks with conventional 

film dosimeters is its dependence on visible light. If these films are exposed pre or post 

irradiation with visible light, their optical density changes and thus the dose values cannot be 

accurately measured. To overcome the above problem ZnPc thin film based radiation 

dosimeter can act as a technical alternative because it is almost stable in visible light as well 

as normal environmental conditions. 

In addition the pristine ZnPc films exhibited excellent chemiresistive response 

towards H2S gas in 1-20 ppm range. The response of irradiated films decreased 

monotonically with increase in electron beam dose. Since strongly bonded oxygen atoms are 

attached to the Zn sites therefore such a loss of interaction sites for H2S results in the 

decrease of response with the increasing electron dose. The essential part of linear drop of 

response (for a fixed concentration of H2S gas) with electron beam dose is that it makes 

possible to use ZnPc thin films as potential electron beam dosimeter based upon their H2S gas 

sensing abilities. 
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This chapter deals with the electron beam irradiation effect on the conductivity and 

chemiresistive gas sensing characteristics of conducting polymer polyaniline-silver (PANI-

Ag). PANI-Ag nanocomposite films doped with HCl were prepared on surface modified 

BOPET by in-situ photo-polymerization. The grown films were modified with 10 MeV 

electron beams at different doses (0-100 kGy). Post irradiation, the electrical conductivity of 

the PANI-Ag films was initially found to be enhanced by two orders of magnitude up to 30 

kGy and later it falls with increasing dose. The rigorous characterizations of the films 

suggest that enhanced conductivity up to 30 kGy of electron beam dose is due to scissoning 

as well as additional doping of chlorine in PANI chains, through breaking of covalently 

bonded chlorine with PANI chains. At higher doses, crosslinking of polymer chains 

dominates and results in lowering of electrical conductivity. As compared to pristine film, 

electron beam modified PANI-Ag films exhibited higher sensitivity towards ppm level of H2S 

gas.  

The present chapter also includes the effect of high radiation on the electrical 

properties of PEDOT:PSS films to manifest the scope of this polymer in high radiation field 

and its suitability for radiation dosimeter applications. Thin films of PEDOT:PSS were 

deposited on flexible polyimide (Kapton) sheets and irradiated up to 75 kGy dose with 1 MeV 

electron beam. The conductivity of as deposited polymer film was ~ 3.2 S/cm which 

consistently falls to ~ 0.76 S/cm after getting 75 kGy. The detailed analysis of the samples 

using XPS, contact angle measurement and solubility test suggest that the lowering of 

electrical conductivity in irradiated sample can be attributed to the crosslinking of PEDOT 

chains and dissociation of PSS. 

The study highlights the effect of electron beam irradiation on PANI-Ag and 

PEDOT:PSS films in terms of electrical conductivity, crosslinking and its inferences on H2S 

sensing.  
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5.1 Introduction  

In last two decades, conducting polymers have attracted broad interest because of its 

various applications in sensors [171], organic light emitting diodes (OLED) [172], batteries 

[173], solar cells, electromagnetic shielding [174], coating for metallic surfaces [175], 

thermoelectric etc. Conducting polymers are quite interesting for device applications because 

less expensive, flexible, solution processable and above all they are non-toxic in nature [176, 

177]. Among many conducting polymers, polyaniline (PANI) is one of the most extensively 

studied conducting polymer due to its unique acid base chemistry, ease of synthesis, 

biocompatibility, stable electrical conduction and high environmental stability [52, 178]. 

Nanostructures of PANI have received much attention as sensor materials because of high 

surface area and fast diffusion of gas molecules into the structures [179 - 181]. PANI 

nanostructures in the form of nanofibers, nanorods and nanowires can be prepared by 

different methods such as templates, surfactants, interfacial polymerization and electro-

spinning. However there exists a new class of materials called conducting polymer-metal 

nanocomposites which can provide device design possibility with new functionality, by 

combining the properties of both the organic/inorganic realms [182 - 187]. Embedding 

metallic nanoparticles in PANI is one of the attractive strategies to harness its sensing [188], 

electrochemical [189] and catalytic properties [190]. In the context of chemiresistive gas 

sensor based on PANI, the incorporation of suitable metal in PANI matrix not only improves 

the sensitivity but also the selectivity towards a particular gas [191, 192]. In literature, 

nanocomposites of PANI with different metals including PANI-Ag [193], PANI-Au [194], 

PANI-Pt [195] and PANI-Cu [196, 197] have also been reported. 

In the midst of various nanocomposites, PANI-Ag is gaining extensive consideration 

because it can be simply prepared by in-situ approach i.e. using direct oxidation of aniline by 

Ag
+
 in the presence of UV irradiation [198], γ irradiation [199] or chemical polymerization in 



133 
 

ionic liquid media [200]. For device applications such as displays, electronics, gas sensors, 

super capacitors etc, PANI-Ag nanocomposite films deposited on flexible substrates are 

required. In order to improve the adhesion and uniformity of the deposited PANI-Ag films 

over flexible plastic substrate, the surface modification of substrate using suitable coupling 

agents is necessary [201].  

In addition to polyaniline-silver (PANI-Ag) nanocomposite, poly(3,4-

ethylenedioxythiophene):poly(styrenesulphonate) i.e. PEDOT:PSS, owing to its high 

conductivity and commercial availability, is also presently considered as one of the most 

successful polymer for various device applications including thermoelectric, organic light 

emitting diodes etc. Scope of conducting polymers in various device applications is 

determined by their eletcrical conductivity. However charge transport mechanism in 

polymers is governed by inter and intra-chain hopping. Exposure to high energy radiation 

often leads to crosslinking or scissioning of polymer chains. Hence on irradiation structure as 

well as morphology of polymers gets modified resulting in modifiction of conductivity. 

Therefore we have investigated the effect of high radiation on the electrical conductivity of 

conducting polymer films of PANI-Ag and PEDOT:PSS to manifest the scope of these 

polymers in high radiation field and also to use it as potential radiation dosimeter. 

In this chapter, we report electron beam induced modification in PANI-Ag nano 

composites films grown on flexible APTMS modified BOPET substrates by in-situ photo-

polymerization as well as the same for PEDOT:PSS films deposited on flexible polyimide by 

drop cast method. The PANI-Ag films were modified with high energy (10 MeV) electron 

beams at different doses (0-100 kGy) using Linear accelerator. After electron beam exposure 

the electrical conductivity of the PANI-Ag films was initially found to be enhanced by two 

orders of magnitude up to 30 kGy of dose and later it lowered down with increase in dose. 

The detailed characterization including FTIR, PL, XPS, UV-Vis, SEM and solubility analysis 
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have been carried out and results have been discussed. The chapter highlights the effect of 

electron beam irradiation on PANI-Ag films in terms of electrical conductivity and its 

inferences on H2S gas sensing.  

Thin films of PEDOT:PSS were irradiated up to 75 kGy dose with 1 MeV electron 

beam. The conductivity of as deposited polymer film was ~ 3.2 S/cm which consistently 

reduceed to ~ 0.76 S/cm after getting 75 kGy. The modification in surface morphology and 

plausible mechanism which is responsible for tailoring the electrical conductivity of 

PEDOT:PSS films because of electron beam irradiation have been discussed in the present 

chapter. 

 

5.2 Photo-polymerization of PANI-Ag nanocomposite films  

In-situ depositon of polyaniline-silver on BOPET surface through photo-

polymerization has been described as follows. 

 

5.2.1 Modification of BOPET substrate using APTMS  

As obtained aniline (Sigma-Aldrich, purity 98 %) solution was purified through 

vacuum distillation process, before utilization. The deionized (DI) water was used for 

washing and solution preparation. BOPET sheets of thickness ~ 100 µm, procured from M/s 

DuPont, were cut into desired size for the experiments. The pieces of BOPET were 

ultrasonically washed. It is desirous to provide very good adhesion and directional growth of 

PANI-Ag films on flexible BOPET substrate. Therefore surface modification of BOPET was 

carried out by a surface anchoring group (3-aminopropyl)trimethoxysilane (APTMS) layer 

which was used as received from M/s Sigma-Aldrich having purity ~ 97%. For this purpose, 

first the surface of BOPET was hydroxylated by dipping it in the potassium hydroxide (KOH) 

containing dimethyl sulphoxide (DMSO) solution. The solution is prepared by dissolving 160 

mg KOH in 30 ml of DMSO and 5 ml DI H2O. The sheets were left to react with KOH 
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solution for 30 minutes, then thoroughly washed in distilled water and dried. The 

hydroxylated BOPET sheets were now dipped in an APTMS solution which contains 112 µl 

APTMS in 25 ml of ethanol and 1 ml of acetic acid. The hydroxylated BOPET sheets were 

left in solution for 72 hours to allow reaction to take place. Later these modified BOPET 

sheets were thoroughly cleaned using ethanol and dried for 1 hr at 60°C in an oven. The 

scheme for grafting of APTMS layer at hydroxylated BOPET surface is elaborated in Fig. 

5.1. This process is also called „silanization‟ which can be briefly explained in two steps.  
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OHOH OH
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DMSO(30 ml)

C2H5OH (25ml)+ 

CH3COOH (1 ml) 72 hrs.

OH

H2O (5 ml) 30 min.
BOPET

(CH2)3
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Figure 5.1: Representative schemes for surface modification of BOPET substrate with APTMS. 

 

First step includes the hydrolyses of silane head groups which reach close to the 

substrate due to adsorbed water layer (inherently present) on the surface. While the second 

step includes formation of covalent bonds between Si(OH)3 and hydroxyl groups on BOPET. 

Thus APTMS layer has been grafted upon BOPET surface and the modified BOPET has been 

characterized through XPS. The XPS survey scan, shown in Fig. 5.2, suggests that untreated 

BOPET possess two peaks corresponding to C1s and O1s whereas the APTMS modified 

BOPET shows two additional peaks at 400 eV and 102 eV which confirms the presence of 

N1s and Si2p respectively at the surface of BOPET [164, 202]. The ratio of N/Si was around 
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2.0 which closely agreed to the reported value for silanes grafted on ITO surface [202, 203]. 

The convoluted spectra of N1s and Si2p have been shown in Fig. 5.3. 
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Figure 5.2: XPS survey spectra of BOPET and APTMS treated BOPET substrate. 
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Figure 5.3: XPS convoluted spectra of (a) Si2p, (b) N1s for APTMS treated BOPET. 

 

The presence of Si2p peak at 103 eV indicates the existence of SiO kind of layer. N1s 

spectra of APTMS modified BOPET shows two peaks at binding energy values 399.8 

(attributed to nitrogen in N-C) and at 402.1 eV (attributed to positively charged nitrogen in -

NH2 group). The presence of positively charged nitrogen insinuates the prospect of 
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multilayered APTMS formation [202]. The process of multilayer formation can be explained 

by the interaction of head group of the hydrolyzed APTMS molecules i.e. Si(OH)3 (which is 

a weak acid) with the surface -NH2 groups (which are basic in nature) of the monolayer 

through the dipole-dipole interaction in presence of adsorbed water layer as shown in Fig. 5.5 

(for schematic representation). 

When the substrate (APTMS modified BOPET) is kept in mixed solution of 

protonated aniline and AgNO3, the NH2 group in APTMS layers got converted into radical on 

exposure to UV. These amino radicals initiate the growth of PANI by photo polymerization 

and facilitate the PANI-Ag films to attach firmly on the substrate. 

 

5.2.2 Preparation of PANI-Ag nanocomposite films on APTMS modified BOPET  

Silver nitrate (Sigma-Aldrich, purity ~ 99.9%) was used as received to prepare the 

PANI-Ag nanocomposite films. At first protonation of aniline monomer has been done using 

distilled aniline 0.913 ml (1M) along with 0.84 ml (2 M) HNO3 and 10 ml of DI water. HNO3 

is added to aniline for the protonation of monomer. Followed by protonation, 3.4 g (2 M) 

AgNO3 is added in protonated aniline solution and a uniform mixing has been done using 

magnetic stirrer. Now the solution is kept in leak tight glass bottle with APTMS modified 

BOPET sheets for photo-polymerization. The glass bottle containing the solution and 

substrate was placed under a UV lamp (Spectrolinker, XL-1500UV cross linker) set at 

wavelength ~ 365 nm and intensity ~5 mW/cm
2
. The distance of UV source to sample is ~13 

cm and it was left for 6 hours. After UV exposure the samples were thoroughly cleaned with 

DI H2O and ethanol to remove the unreacted monomer species. This washing treatment may 

partially de-dope the PANI-Ag films and therefore the films were subsequently exposed to 

the HCl vapors for about 3 minutes.  
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Figure 5.4: Mechanism of photo-polymerization of PANI in presence of AgNO3. 

 

The mechanism of photo-polymerization of aniline is briefly represented in Fig. 5.4. 

The UV light acts as catalyst which excites the aniline monomer and the electrons transferred 

from excited monomer to Ag
+
 ions leaving aniline radical cation. This radical cation further 

reacts with another radical cation and consequences to polymerization of aniline. In this 

process, Ag
+
 ions got reduced to metallic state and embedded in the polymer matrix to form 

nanocomposite [193]. 
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Figure 5.5: Representative scheme for growth of PANI-Ag nanocomposite films on APTMS 

modified BOPET substrate. Red colored N shows nitrogen of aniline whereas black 

colored N stands for nitrogen of APTMS layer. 
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UV light also acts as catalyst to convert the surface NH2 groups of APTMS layer into 

amino radicals (NH2
+
) [204]. These amino radicals initiate the growth of PANI on APTMS 

modified BOPET substrate as represented in Fig. 5.5. The detailed synthesis procedure of 

PANI-Ag films on APTMS modified BOPET sheet is given in references and our previous 

study [164, 202]. Three PANI-Ag nano-composite film samples were taken for each set of 

analysis and also each measurement (non destructive) has been replicated twice. The mean 

results are shown along with error bars.  

 

5.3 Preparation of PEDOT:PSS flexible polymer films  

Thin film of conducting polymer PEDOT:PSS has been prepared on flexible 

polyimide (Kapton) substrate by drop cast method. PEDOT:PSS solution was procured from 

M/s Ossila (make-M122 PH1000) and subjected to ultrasonication before deposition. The 

films were dried in air and annealed at 160 C for 45 minutes. Each set of film comprises 

three PEDOT:PSS samples for the analysis and each measurement (non devastating) has been 

repeated two times. The variations from average have been shown with error bars. The 

structure of PEDOT:PSS composite has been shown in Fig. 5.6. 

 

 

 

Figure 5.6: Structure of PEDOT:PSS composite film.  
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5.4  Electron beam irradiation of conducting polymer films  

The electron beam irradiation of PANI-Ag films has been done at the EBC, BARC 

facility, Navi Mumbai, India [29]. The dose was delivered to the PANI-Ag film samples in 

steps up to 100 kGy in dynamic mode using 10 MeV RF Linac. Similarly the irradiation of 

PEDOT:PSS films were done up to 75 kGy in steps with 1 MeV DC electron accelerator, at 

EBC, BARC, in dynamic mode. In order to protect from dust the films were kept in a close 

plastic box of thickness around 1 mm which did not attenuate the electron beam appreciably. 

The irradiation experiments were carried out in atmospheric conditions. 

 

5.5 Surface and morphological characterizations of PANI-Ag nanocomposite films 

5.5.1 Scanning electron microscopy 

The morphology of the electron beam irradiated PANI-Ag films was characterized by 

scanning electron microscopy (SEM) (ZEISS SUPRA) and the images are shown in Fig. 5.7.  

 

Pristine 10 kGy 30 kGy

50 kGy 75 kGy 100 kGy

500 nm 500 nm 500 nm

500 nm 500 nm500 nm

 

 

Figure 5.7: FE-SEM images of pristine and EB irradiated PANI-Ag films. 
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The SEM image of as synthesized PANI-Ag film reveals the growth of nano-fibers. It 

shows smooth morphology which suggests that the presence of APTMS layers at the BOPET 

surface controls the photopolymerization of aniline in the direction normal to the substrate as 

represented in Fig. 5.5. It has been observed that with increasing dose up to ~10 kGy the 

diameter of nano-fibers increases and it is interesting to note that sample irradiated with 30 

kGy dose exhibit nicely interconnected microstructure. The same becomes further dense with 

increasing dose up to 100 kGy [205]. 

 

5.5.2 X-ray photoelectron spectroscopy 
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Figure 5.8: XPS survey scan of pristine PANI-Ag films. 
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Figure 5.9: Convoluted XPS for (a) N1s, (b) Cl2p of PANI-Ag films pre and post EB irradiation. 

 

The X-ray photoelectron spectroscopy (XPS) of samples was carried out using Mg Kα 

(1253.6 eV) radiation and the recorded data have been calibrated using C1s peak from the 

adventitious carbon-based contaminant with the binding energy of 284.6 eV. The XPS survey 

scan of pristine PANI-Ag films is given in Fig. 5.8, which shows the presence of chlorine 

(Cl2p ~ 199 eV), carbon (C1s ~ 285 eV), Ag doublet (Ag5d ~ 368eV and Ag3d ~ 374 eV), 

nitrogen (N1s ~ 400eV) and oxygen (O1s ~ 532 eV) [170, 206 - 208]. In order to obtain the 

quantitative information about doping level, high resolution XPS spectra of N1s and Cl2p 

were recorded and analyzed as shown in Fig. 5.9. In N1s spectra (Fig. 5.9a) there are two 

major peaks, at 399.4 eV and at 401.2 eV which are attributed to amine (-NH-) nitrogen and 

positively charged nitrogen respectively [209]. The convoluted Cl2p core level XPS spectra 

of PANI-Ag films are shown in Fig. 5.9b. In case of pristine PANI-Ag film there are peaks 

corresponding to chloride ion at binding energy less than 199 eV (2p3/2 & 2p1/2) and two 

different type of covalently attached chlorine at higher binding energy (> 199 eV) [210 - 

212]. It is interesting to observe that in the samples irradiated with dose up to 30 kGy, only 

one peak is present which corresponds to chloride ions (dopants). It suggests that the 

covalently attached chlorine gets detached from PANI chains when it is exposed to low dose 
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(10 kGy & 30 kGy) of electron beam. The variation in N
+
/N ratio is given in table 5.1 which 

shows an enhancement in N
+
/N ratio for 10 kGy & 30 kGy samples as compared to pristine 

films. It also suggests that there is a possibility that some part of the released chlorine gets 

trapped as ions in the PANI matrix and it contributes to the doping of PANI.  

For samples irradiated at dose > 30 kGy, one can see the presence of ionic chlorine as 

well as covalently bonded chlorine (at binding energy >200 eV). It implies that in the 

samples irradiated with higher dose of electron beam, covalently bonded chlorine is not fully 

removed from the PANI chains. From table 5.1 it can also be seen that for samples with high 

dose (> 30 kGy) the N
+
/N ratio slightly decreases, which also support the fact that less 

chlorine is released due to cleaving at higher doses 

 

Table 5.1: N
+
/N ratio of pristine and electron beam irradiated PANI-Ag film based up on XPS. 

 

Sample N
+
/N 

Pristine 0.38 

10 kGy 0.42 

30 kGy 0.50 

50 kGy 0.48 

75 kGy 0.42 

100 kGy 0.42 

 

5.6 Structural characterization of PANI-Ag nanocomposite films 

5.6.1 Fourier transform infrared spectroscopy 

The pristine and post irradiated PANI-Ag films were characterized by Fourier-

transform infrared spectroscopy (Bruker 80V). The bands observed at 1597 cm
-1 

and 1501 

cm
-1 

(shown in Fig. 5.10) are assigned to the ring stretching vibration of quinoid (Q) and 

benzenoid (B) respectively. The quantitative analysis of FTIR area ratio provides the detailed 
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link up in structural changes due to electron beam irradiation. The ratio of peak area (IQ/IB) 

gives the degree of oxidation of PANI [213, 214]. In the present case IQ/IB is almost one and 

it remains same for all pristine as well as EB irradiated PANI-Ag films as seen from table 

5.2. This indicates that electron beam irradiation caused only marginal effect on the oxidation 

level (i.e. ratio of benzenoid to quinoid units in the chains) of PANI-Ag films. It is 

understood that doping of PANI is a non redox type of process which involves 

addition/removal of electron from polymer back bone [53].  
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Figure 5.10: FTIR spectra of (a) APTMS treated BOPET substrate and pristine as well as EB 

irradiated PANI-Ag films, (b) characteristic conductive band showing shift from 1264 

cm
-1

 to 1250 cm
-1 

after irradiation up to 30 kGy. 

 

The band at 1127 cm
-1

 is due to protonation chain vibration of structure -NH
+
= which 

is formed in the acid doping process of the film and characterizes the electrical conductivity 

[215, 216]. The area ratio of peak at 1127 cm
-1

 and peak at 830 cm
-1

 (signifying the amount 

of chlorine added to PANI) gives the estimation of doping levels [217]. The ratio, given in 

table 5.2, increases from 1.59 (for pristine) to 1.92 (for 30 kGy) and then (for doses > 30 

kGy) it decreases up to 1.70 (in case of 100 kGy), which shows agreement with XPS results 

of doping level (N
+
/N). The band present at 1264 cm

-1 
is attributed to the stretching of C-N

+•
 

polaron structure of PANI-Ag film [213]. This is the characteristic band of the electrically 
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conductive form of doped polyaniline. There is a shift observed in this band towards lower 

wave number to 1250 cm
-1

 after EB irradiation up to 30 kGy dose and beyond that the band 

again shifted towards the original position (Fig. 5.10b). 

 

Table 5.2 FTIR band intensity ratio of pristine and EB irradiated PANI-Ag films. 

 

Sample I1597/I1501 (IQ/IB) I1127/I830 

Pristine 1.19 1.59 

10 kGy 1.15 1.88 

30 kGy 1.14 1.92 

50 kGy 1.14 1.75 

75 kGy 1.14 1.70 

100 kGy 1.15 1.70 

 

These results support that non-redox doping of irradiated (with dose up to 30 kGy) 

PANI-Ag samples is greater as compared to pristine film [218]. This doping of PANI-Ag 

film favors the movement of π electrons and justifies the shift of corresponding band to lower 

wavenumber. The band present at 1340 cm
-1

 is assigned to stretching of C-N bonds next to 

quinoid ring (C-N=Q=N-C). 

 

5.6.2 Photoluminescence spectroscopy 

Photoluminescence (PL) measurement was done at room temperature on ISS PC1 

spectrophotometer using Xe lamp as source and ethanol as solvent. Conducting polymers in 

general does not exhibit PL but there are some exceptions such as PANI. The benzenoid units 

in PANI demonstrate fluorescence while the quinoid units reveal no observable fluorescence 

because the intra-chain energy migration enables the quinoid groups to act as excitation traps 

and quench the PL [219, 220]. PL emission spectra of pristine and electron beam irradiated 

PANI-Ag films with excitation wavelength as 300 nm are presented in Fig. 5.11.  
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Figure 5.11: Photoluminescence spectra of pristine and EB irradiated PANI-Ag films.  

 

The exciton wavelength was taken as 300 nm so that it exists well within the range of 

π-π* absorption band of the benzenoid units which are centered at 376 in case of HCl doped 

PANI as emeraldine salt. It is also confirmed from UV-Vis results (discussed in next section) 

that the absorption began from wavelength around 305 nm and thus 300 nm is chosen as 

exciton wavelength for the PL. In the emission spectrum of pristine films, peak at 405 nm 

along with a broad tail (probably superposition of few more peaks of low intensity) at higher 

wavelength is observed. The peak at 405 nm for pristine films is attributed to the presence of 

leucoemeraldine base sequence in PANI chains. The peak at 416 nm is attributed to the 

emeraldine base form of PANI and peak observed at 450 nm (seen more clearly in 10kGy and 

30 kGy samples) is attributed to the reduction of HOMO-LUMO gap (due to improved 

conjugation) along with the presence of high amount of conducting portions in PANI chains 

[221, 222]. In case of films irradiated at 30 kGy, main peak is blue shifted to 400 nm and new 

peaks become visible at ~ 416 nm and 450 nm. For films irradiated with 50 kGy, the main 

peak shows more blue shift to ~ 390 nm while the other peak remains at 416 nm. With further 

increase of dose in the range of 75-100 kGy, the main peak exhibits red shift while other peak 
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remains at 416 nm. It is interesting to observe that the peak at ~ 450 nm is absent for the 

films irradiated at dose ≥ 50 kGy. The analysis of PL results can be correlated with the 

HOMO/LUMO gap change because of EB irradiation. The peak at 416 nm in case of 10 kGy 

and 30 kGy is very weak and it can be considered as red shifting to 450 nm. But in case of 

samples irradiated with dose above 30 kGy the peak at 450 nm is blue shifted to 416 nm. 

Since the PL spectrum is related to HOMO/LUMO absorption transition and so a change in 

HOMO/LUMO energy gap would lead to a change in photoluminescence spectrum. When a 

polyaniline film is doped and converted from emeraldine base form to emeraldine salt state, 

the HOMO/LUMO energy gap of the benzenoid π-π* transition decreases as seen through the 

red shift of band from 416 nm to 450 nm or vice versa. This change in π-π* absorption may 

be related to either the doping of the emeraldine base sequences and/or to the protonation of 

the leucoemeraldine units. Thus the decrease in energy gap leads to a decrease in energy of 

the PL spectrum or red shifting of characteristic emeraldine base peak [222, 223]. The 

absence of 450 nm peak in the PL spectra of the films irradiated with dose > 30 kGy is 

consistent with the low electrical conductivity of these films [224]. 

 

5.6.3 UV-Vis spectroscopy 

The UV-Visible spectroscopy has been done to examine the effect of EB irradiation 

on electronic property of PANI-Ag films and results are shown in Fig. 5.12. The UV-Visible 

spectroscopy has been performed in diffused reflectivity mode using Cary-60 UV VIS-NIR 

spectrophotometer with measuring wavelength range of 190 nm to 800 nm and the beam spot 

size was around 1.5 mm in diameter. It is observed that the films exhibit two bands: one at 

376 nm and another is a broad band at 690 nm. The band at 376 nm is attributed to π-π* 

transition in the benzenoid unit of PANI chains [225 - 227].  
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Figure 5.12: UV-Visible spectra of pristine and EB irradiated PANI-Ag films. 

 

From UV-Vis spectra, it is clearly seen that there is a shift in band at 376 nm to 364 

nm in case of films irradiated with dose up to 30 kGy [227]. The films irradiated up to a dose 

of 30 kGy exhibit a new band at 502 nm which is attributed to the surface plasmon resonance 

of Ag nanoparticles in the PANI matrix [228, 229]. The band at 690 nm corresponds 

transition from polaron band to π* band and it is closely related to the charge carriers that are 

responsible for the electrical conductivity. The lower energy shift of band (or red shift) 

implies an increase in mobility and ease of electronic transition of the charge carriers i.e. 

doping of the polymer to the conductive regime [230]. It has been observed from UV-Vis 

spectra that the band at 690 nm gets blue shifted at dose > 30 kGy which is clearly reflected 

in the reduced electrical conductivity of the samples. In summary, the changes appeared in 

the UV-Visible spectra of PANI-Ag films on exposure to electron-beam suggest that the 

internal structure of PANI units got modified due to irradiation.  

 

5.7 Crosslinking characterizations 

In order to understand the electron beam induced chain scissioning or crosslinking 

dominance in polymer chains of PANI-Ag films in the analyzed dose regime, the solubility 
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test has been carried out. The solubility test has been conducted by leaving the samples in 

solvent dimethyl sulphoxide (DMSO) for 10 minutes, at room temperature. The insoluble part 

was dried under room conditions and weighed using microbalance (M/s AND Company Ltd., 

Japan) having accuracy ~ 0.1 mg. Pure PANI is less soluble in available solvents because of 

very strong intermolecular force of attraction present in PANI which originated from its 

structure, polarity and crystallinity. The protonated PANI is very soluble in common organic 

solvents like dimethyl sulphoxide (DMSO) and dimethyl formamide (DMF) at room 

temperature whereas it is less soluble in benzene and chloroform [107, 200]. This suggests 

that the solubility of PANI is due to reduced inter-chain interactions because of large size of 

counter anion. The solubility test of pristine and EB irradiated samples were carried out using 

DMSO as solvent at room temperature. The actual photographs of PANI-Ag films after 

DMSO solubility test have been shown in Fig. 5.13 which indicates in case of 10 kGy and 30 

kGy only substrates are left with little film. 
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Figure 5.13: Actual photographs of PANI-Ag film on APTMS treated BOPET after solubility test: 

(a) pristine, (b) 10 kGy, (c) 30 kGy, (d) 50 kGy, (e) 75 kGy, (f) 100 kGy. 
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The relative change in solubility of EB irradiated films as compared to pristine 

samples is plotted in Fig. 5.14 and it can be seen that in case of pristine films PANI chains 

exhibit low solubility. However with increase in electron beam dose the solubility enhances 

and reaches maximum at 30 kGy. With further increase of dose beyond 30 kGy solubility is 

found to decrease. The high holding strength or low solubility of pristine PANI-Ag films is 

attributed to longer chain length that results in good entanglement. With increasing dose upto 

30 kGy, the chain scissoning dominates that result in loss of holding strength. With further 

increase of dose beyond 30 kGy, the crosslinking of PANI chains dominates which 

superseded the chain scission process and results in decline of solubility [231]. 
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Figure 5.14: Change in solubility of PANI-Ag film in DMSO with electron beam dose as 

compared to pristine film. 

 

5.8 Electrical characterizations and charge transport analysis 

Since the PANI-Ag film is well known intrinsic conducting polymer and therefore the 

effect of electron beam on its electrical conductivity was investigated. The electrical 

conductivity of the PANI-Ag films was measured using conventional two probe technique. 

Electrical connections on the sample were made using silver wire of diameter ~100 μm and 
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silver paint (Electrolube make) was used to attach the wire on the gold electrodes that were 

deposited (using thermal evaporation) on the films. The separation between two gold 

electrodes was ~12 μm. The Current-Voltage (I-V) curve was plotted by varying bias voltage 

in range of ±1V (in steps of 0.1V) and measuring the current. Typical room temperature I-V 

characteristic of pristine and EB irradiated PANI-Ag films are shown in Fig. 5.15a. I-V plots 

are linear which reveal that ohmic conducting nature of PANI-Ag films did not alter as a 

result of electron-beam irradiation. The electrical conductivity enhances with dose up to 30 

kGy by two orders as compared to pristine films (Fig. 5.15b). As seen from Fig. 5.15b, the 

conductivity rises sharply with dose and attains a maximum at 30 kGy followed by an abrupt 

lowering with dose up to 75 kGy, thereafter the change is relatively very small.  
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Figure 5.15: (a) I-V characteristics of pristine and EB irradiated PANI-Ag film, (b) electrical 

conductivity as function of dose. 

 

It is well known that the electrical conductivity of PANI predominantly depends upon 

its oxidation state as well as on the level of doping [232, 233]. As per XPS analysis the pre 

irradiated PANI-Ag films were doped with HCl. Due to electron-beam irradiation the 

covalently bonded chlorine (-Cl) with PANI-Ag chains gets dissociated and as a result, 

chlorine is released. These newly formed chlorine further dissociated into Cl
-
 and/or Cl* 

which acts as counter ion to form more N
+
 (enhanced degree of doping) and promote 
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enhancement of conductivity in PANI-Ag films. In addition, the degree of doping which 

enhanced up to 30 kGy has also been confirmed by FTIR analysis but at the same time it can 

be concluded that the doping which took place due to electron-beam irradiation in case of 

PANI-Ag films was of non-redox nature. 

As seen, from solubility test, samples that were irradiated with dose > 30 kGy, 

exhibited crosslinking of polymer chains along with slightly reduced doping (i.e. reduction in 

N
+
/N, as revealed by the XPS data) as compared to the films irradiated with 30 kGy dose. 

The conductivity of doped PANI also depends upon degree of crystallinity, charge carrier 

concentration and their mobility [234]. As result of increased crystallinity, the conductivity 

increases because the structure becomes more organized following on to escalate the intra-

molecular mobility of charged species along the chain. Also, it encourages the intermolecular 

hopping of charge carriers because of better packing to some extent. This can be well 

concluded from SEM images as well as from the lower wave-number shift in characteristic 

FTIR band up to 30 kGy. 

Now we discuss why cross-linking of polymer chains results in lowering of electrical 

conductivity. Molecular weight or molecular chain length is another important parameter that 

influences the conductivity of a polymer. The conductivity of the system does not increase 

significantly until a molecule attains a certain definite size. It is mainly due to formation of 

long range delocalization of electron cloud because of the creation of conjugated double bond 

and this cannot occur until the molecule attains a definite size. However at a very high 

molecular weight, some kind of imperfections developed which in turn adversely affects the 

continuous charge delocalization process intra-chain or inter-chain. Since cross-linking 

results in chains having very high molecular length (or molecular weight), in such long 

chains the imperfections like distortion in chain symmetry or cluster formation may localize 

the charges. The distortion in chain symmetry as well as cluster formation can be observed 
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from SEM images of the samples that were irradiated with dose above 30 kGy. In addition, 

the high molecular weight chains cause swelling of samples which result in increase in the 

inter-chain distance and hence, negatively affect the charge carriers‟ hopping between two 

chains [231, 235 - 237].  

Thus, the increase in the electrical conductivity of PANI-Ag films up to 30 kGy of 

electron beam dose can be attributed to the increase in the number of radicals through chain 

scission. The occurrence of chain scission has been identified from the solubility test. In 

addition, the more doping took place in PANI as the result of cleavage of covalently bond 

chlorine by electron beam. At further higher doses, the decrease in conductivity might have 

occurred due to crosslinking dominance which could cause imperfection like distortions in 

chain symmetry and badly affected the charge delocalization. Also, de-doping in the PANI 

chains has been observed under higher electron-beam dose [217, 238]. 

 

5.9 Chemiresistive gas sensing  

For gas sensing experiments the response curves (current versus time) were recorded 

by applying a fixed voltage to the sample. A desired concentration of the test gas in the 

chamber was introduced by injecting a known quantity of gas using a micro-syringe (as 

discussed in section 2.5.2). Once a steady state was achieved, the new concentration of the 

gas has been introduced to achieve new steady state and finally the recovery of films was 

recorded by exposing the sensor films to atmosphere by opening the lid of the chamber. The 

chemiresistive gas sensing properties of PANI-Ag films have already been previously studied 

by our group and it was found that its response towards H2S was the best out of gases that 

included NH3, Cl2, NO, NO2, CO, CH4 and C2H5OH [164]. Therefore the effect of electron 

beam irradiation on H2S gas sensing of PANI-Ag film has been analyzed. The response curve 

of PANI-Ag film for different concentrations of H2S gas is shown in Fig. 5.16a which shows 

a decrease in electrical resistance of PANI-Ag film on exposure to H2S. In view of electron 
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donating nature of reducing gas (H2S), the decrease in resistance instead of expected increase 

for PANI-Ag films is quite appealing. PANI gives a vigorous response to strong acids as they 

have the ability to fully dope PANI and results in a very large change of electrical 

conductivity. H2S is weak acid and hence the response of PANI towards it is expected to be 

minimal. Therefore, in order to improve the response of PANI for H2S, PANI-metal 

composites were used [194, 239 - 242].  
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Figure 5.16: (a) Response curve of pristine and irradiated with 75 kGy EB dose PANI-Ag film at 

various H2S concentrations, (b) response of pristine and irradiated PANI-Ag film 

towards various H2S concentrations. 

 

In literatures various mechanism have been proposed to explain the interaction of H2S 

with PANI based composites but the most suitable one is related to the dissociation of H2S on 

metal surface under ambient conditions as it is a weak acid having dissociation constant pKa 

= 7.05 [243]. H2S got dissociated into H
+
 and HS

-
 ions due to presence of Ag. The HS

-
 ions 

neutralizes the positive N
+
 charge in the PANI chain but simultaneously a proton (H

+
) is also 

liberated which has higher mobility than heavy HS
-
 ions [239, 244]. This process results in 

decrease in electrical resistance of films on exposure to H2S as seen from Fig. 5.16a. 

The response of EB irradiated PANI-Ag films with respect to H2S concentration is 

shown in Fig. 5.16b. It is interesting to note that response initially decreases marginally with 
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electron beam dose up to 30 kGy and after that it starts increasing. This dependence of 

response on electron beam dose can be explained by the fact which is related to the 

availability of more interaction sites. The films irradiated at higher doses (> 30 kGy) exhibit 

crosslinking as dominant phenomena and therefore additional interaction sites become 

available for H2S in crosslinked PANI chains. It results in increased response for H2S. The 

EB irradiation thus induces modifications in PANI-Ag films which helped to enhance its 

sensitivity towards H2S gas.  

 

5.10 Characterization of PEDOT:PSS films 

We have also investigated the effect of high radiation on the electrical conductivity of 

commercial polymer PEDOT:PSS films to manifest the scope of this polymer in high 

radiation field. Thin films of PEDOT:PSS were grown on flexible Kapton sheets and 

irradiated up to 75 kGy dose with 1 MeV electron beam. It was found that the electrical 

conductivity of as deposited polymer films was ~ 3.2 S/cm which consistently falls to ~ 0.76 

S/cm after getting 75 kGy. The detailed characterizations have been carried out to understand 

the conductivity amendment in PEDOT:PSS films due to 1 MeV electron beam irradiation. 

 

5.10.1 XPS 

The surface characterizations of pristine and EB irradiated PEDOT:PSS samples were 

done by XPS using Mg Kα (1253.6 eV). The recorded data were calibrated using C1s peak 

similar as done in previous sections. The XPS survey scan of pristine PEDOT:PSS film has 

been shown in Fig. 5.17, which shows the presence of sulphur (S2p ~ 167 eV), carbon (C1s ~ 

285 eV) and oxygen (O1s ~ 532 eV) [245 - 249].  
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Figure 5.17: XPS survey spectra of pristine PEDOT:PSS film. 

 

The convoluted spectra of S2p has been recorded and analyzed to obtain the relative 

composition of PEDOT and PSS quantitatively after EB irradiation (Fig. 5.18). S2p spectrum 

has two components, one at ~ 165 eV and another at ~ 169 eV, attributed to S2p of thiophene 

group in PEDOT and S2p of sulphonate group in PSS respectively [250]. In high resolution 

spectra each components of S2p has been resolved in two parts lower energy represents 

S2p3/2 and higher one represents S2p1/2 as shown in Fig. 5.18. The variation in area ratio of 

S2p components of PEDOT and PSS is given in table 5.3, which indicates a fall in PSS and 

enrichment in PEDOT components in the film composite, as result of EB irradiation. This 

demonstrates that the intensity of S2p from sulphonate group of PSS deteriorates after EB 

irradiation whereas the same for thiophene group in PEDOT increases [251].  
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Figure 5.18: Convoluted XPS for S2p of PEDOT:PSS films pre and post EB irradiation. 

 

Table 5.3: Area ratio of sulphonate group (S2p) of PSS and thiophene group (S2p) of PEDOT in 

pristine and EB irradiated PEDOT:PSS film samples. 

 

Sample PEDOT PSS PSS/PEDOT 

Pristine 0.175 0.825 4.7 

20 kGy 0.209 0.791 3.8 

30 kGy 0.255 0.745 2.9 

50 kGy 0.297 0.703 2.4 

75 kGy 0.392 0.608 1.6 

 

5.10.2 Contact angle measurement 

It is well known fact that PEDOT is hydrophobic molecule whereas PSS is 

hydrophilic in nature. In order to understand the relative existence of PEDOT and PSS post 

electron beam treatment, the static contact angle was determined with telescope- goniometry 

(M/s Dataphysics, Germany) using static water drop method. The measurements of water 

contact angles (error ±8%) were performed using distilled water on five different positions 
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and the water drop diameter was around 10 µm. The contact angle variation with electron 

beam dose is plotted in Fig. 5.19. 
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Figure 5.19: Static contact angle variations with electron beam dose for PEDOT:PSS films. 

 

It has been observed that the contact angle increases with electron beam dose which 

indicates the increase of hydrophobicity with dose. It implies that the transition of film 

properties from hydrophilicity to hydrophobicity after irradiation. It also suggests that the 

hydrophilic molecules PSS are removed by settling down and thus, the film top surface 

becomes enriched by hydrophobic PEDOT molecules after electron beam irradiation for the 

said dose regime up to 75 kGy [250, 252, 253].  

 

5.10.3 Solubility test 

The solubility test has been carried out to check the electron beam induced chain 

scissioning or crosslinking dominance in polymer chains of PEDOT:PSS films. The 

solubility test has been conducted by leaving the samples in solvent dimethyl sulphoxide 

(DMSO) for 15 minutes, at elevated temperature ~ 60⁰C [254, 255]. The insoluble part has 

been dried under room conditions through hot air dryer and weighed using microbalance (M/s 

AND Company Ltd., Japan) having accuracy ~ 0.1 mg. Pristine PEDOT:PSS film is highly 
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soluble in the said solvents because of weak intermolecular force of attraction present in 

PEDOT originating from its structure, polarity and crystallinity. The actual photographs of 

polymer films PEDOT:PSS, after DMSO solubility test, is shown in Fig. 5.20 and it can be 

concluded that in case of pristine whole film got dissolved whereas with the increase in dose 

solubility of the film decreased.  
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Figure 5.20: Actual photographs of PEDOT:PSS film grown on Kapton after solubility test using 

DMSO as solvent: (a) pristine, (b) 20 kGy, (c) 30 kGy, (d) 50 kGy, (e) 75 kGy. 

 

In order to quantitatively understanding the relative change in solubility of EB 

irradiated films, as compared to pristine samples, is plotted with dose (Fig. 5.21). It can be 

concluded that the solubility of PEDOT:PSS films reduced with electron beam dose because 

the high solubility or weak holding strength of pristine films is attributed to shorter chain 

length resulting in poor entanglement. As EB dose increases the crosslinking of chain 

dominates to cause better grip between chains and as a result decline in solubility was 

observed [256]. 
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Figure 5.21: Relative change in solubility of PEDOT:PSS film in DMSO with electron beam dose 

as compared to pristine. 

 

5.10.4 Electrical conductivity  

PEDOT is eminent intrinsic conducting polymer used commercially for device 

applications and therefore the effect of electron beam on its electrical conductivity was 

investigated. The electrical conductivity of the PEDOT:PSS films were measured using 

conventional two probe technique. The gold pads have been deposited on the film, using 

thermal evaporation techniques, with the separation of ~1 mm between two pads. Electrical 

connections on the sample were made using silver wire of diameter ~100 μm and silver paint 

(Electrolube make) was used to attach the wire on the gold pads deposited on the films. The 

Current-Voltage (I-V) curve was plotted by varying bias voltage in range of ±0.1V (in steps 

of 0.01V) and measuring the current. Typical room temperature I-V plot of as prepared and 

EB irradiated PEDOT:PSS films are linear which concludes that conduction is ohmic and EB 

irradiation doesn‟t alter the nature of conduction in these polymer films (Fig. 5.22a). The 

electrical conductivty of pristine film is 3.2 S/cm which falls monotonicaly as EB dose 

increases up to 50 kGy and afterward it shows very weak dependence on dose (shown in Fig. 
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5.22b). The conductivity reduced by approximately four times to 0.76 S/cm after irradiating 

with dose of 75 kGy. 
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Figure 5.22: (a) I-V plot of pristine and EB treated PEDOT:PSS films, (b) electrical conductivity 

of PEDOT:PSS films as function of dose. 

 

Based on the detailed characterization of the samples, we have discussed the effect of 

irradiation on the electrical conductivity of PEDOT:PSS films. PEDOT is conducting but 

hydrophobic and to make it soluble, hydrophilic but insulating poly(styrenesulphonate) (PSS) 

is added to it in the appropriate ratio. Therefore, any loss of the insulating PSS component 

from the films can positively influence the electrical conductivity [251, 257]. The XPS 

analysis indicates that the irradiated samples show lowering of PSS content in the films. In 

case of PEDOT:PSS, the PSS has very poor polymerization kinetics because of 

incompatibility between highly ionized sulphonic acid groups surrounded by a large 

hydration spheres and hydrophobic polymer backbones [258]. This results in scissioning or 

unbinding of the coiled PSS which cause reduction of PSS component under electron-beam 

irradiation. The lowering of PSS content in the irradiated sample is also supported by 

enhanced hydrophobicity of these samples. Hence in such irradiated samples, one may expect 

the enhancement of electrical conductivity due to better connectivity of PEDOT chains due to 
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removal of insulating PSS. However obtained results are in contrast to it. The solubility test 

suggests that there is continuous fall in solubility of PEDOT:PSS film after irradiation which 

implies that the crosslinking has taken place dominantly due to EB irradiation [256, 259, 

260]. Crosslinking results in chains with very high molecular length (or molecular weight) 

and in such long chains some kinds of imperfections like distortion in chain symmetry or 

cluster formation may localize the charge carriers. In addition the high molecular weight 

chains results in swelling of samples causing increase in inter-chain distance and hence 

affects the charge carrier hopping between two chains. Both the charge localization and 

reduced hopping result in lowering of the electrical conductivity [261 - 263]. Therefore it can 

be concluded that in spite of the removal of insulating PSS, electrical conductivity of 

PEDO:PSS films that reduced on electron-beam irradiation can be explained on the basis of 

crosslinking phenomenon. 

 

5.11 Conclusions 

The effect of high energy electron beam irradiation on electrical and gas sensing 

properties of PANI-Ag nanocomposite films on flexible APTMS modified BOPET substrate 

have been investigated. It has been observed that the electrical conductivity of the films 

enhances with electron beam dose up to 30 kGy. Films irradiated with dose of 30 kGy 

exhibited electrical conductivity higher by two orders of magnitude in comparison to the 

pristine films because of enhanced doping and scissioning in polymer chains. Whereas the 

films irradiated at doses above 30 kGy exhibited reduced electrical conductivity due to 

dominance of crosslinking (of PANI chains) and induced structural defects. The effect of 

electron beam induced modifications of PANI-Ag films can also be witnessed in their 

chemiresistive gas sensing properties. At higher doses (above 30 kGy) crosslinking of 

polymer chains dominates which creates more sites for interaction of gas with the polymer. 

Such increase in interaction sites resulted to higher response for gas sensing. In addition the 
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linear enhancement of electrical conductivity with electron beam dose up to 30 kGy, suggests 

that these films can be used as a flexible potential radiation dosimeter within the dose range 

up to 30 kGy. The electron beam induced modifications in electrical conductivity and H2S gas 

sensing characteristics of flexible PANI-Ag films has been summarized in Fig. 5.23.  
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Figure 5.23: Electrical conductivity and H2S response of flexible PANI-Ag films as function of EB 

dose. 

 

Also we have investigated the effect of high radiation on the electrical conductivity of 

commercial polymer PEDOT:PSS films to manifest the scope of this polymer in high 

radiation field. Thin films of PEDOT:PSS were grown on flexible Kapton sheets and 

irradiated up to 75 kGy dose with 1 MeV electron beam. The conductivity of as deposited 

polymer film was ~ 3.2 S/cm and it consistently reduced to ~ 0.76 S/cm after getting 75 kGy. 

Such a high dose of electron beam though caused loss of insulating PSS but despite that 

electrical conductivity was reduced due to crosslinking of PEDOT chains under the effect of 

electron beam irradiation. The crosslinking of PEDOT results in swelling of molecules (and 

longer chain length) which discourages the inter chain hopping of charge carriers that 

ultimately resulted in reduction of electrical conductivity of the PEDOT:PSS films. The 
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observed systematic dependence of electrical conductivity of PEDOT:PSS on EB dose (in the 

said dose regime) may facilitate its application in radiation dosimetery. The study also 

suggests the importance of electron-beam as an alternative to tedious chemical crosslinking 

approaches that are used for various polymers. 
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The high energy electron beam, as a source of radiation, is more acceptable and 

outweighs the conventional gamma-ray sources. In addition it is much suitable for the 

treatment of moderately thick materials like organic thin films, polymer sheets etc. In the 

present thesis the electron beam induced modifications in electrical and mechanical 

characteristics of all the three important categories of organic films, viz. insulating (BOPET), 

semiconducting (ZnPc) and conducting (doped PANI and doped PEDOT), have been 

investigated. The pristine and electron beam irradiated organic film samples were 

characterized through XPS, FTIR, XRD, UV-Vis, PL, AFM, SEM and crosslinking analysis 

using solubility test as well as sol gel analysis. The electrical conductance and chemiresistive 

gas sensing properties of the samples were analyzed with conventional two probe methods at 

room temperature. The electron beam irradiation effect in tailoring the mechanical and 

electrical parameters of BOPET has been observed and analyzed. The electron beam induced 

crosslinking in BOPET has been found responsible for chemical structure modifications 

which ultimately tuned its electrical and mechanical characteristics.  

The organic semiconducting ZnPc thin films were deposited on flexible BOPET 

substrate using thermal evaporation techniques. The film growth parameters (viz. thickness ~ 

20 nm, deposition rate 1Å/s and in situ post deposition vacuum annealing of film sample at 

100⁰C for 15 minutes) were optimized to get high mobility ZnPc films with reproducibility. 

The increased electrical conductivity as a result of EB irradiation has been explained on the 

basis of induced additional oxygen doping. Associated charge transport mechanism has been 

studied along with the chemiresistive gas sensing behavior viz. selectivity, sensitivity, 

repeatability etc. 

Conducting polymer- metal nanocomposite is an interesting class of materials which 

enable the device-design opportunity with new functionality by exploiting the features of 

both organic and inorganic components. Polyaniline-silver (PANI-Ag) nanocomposite films 
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have been grown on flexible BOPET substrate through in situ photo polymerization. Prior to 

film deposition, the surface of BOPET substrate was modified with APTMS to induce a 

better adhesion between film and substrate along with asserting the directional growth of 

film. The electrical conductivity enhances up to two orders after irradiating with 30 kGy EB 

dose and further it falls as dose increased. The rigorous analysis conclude that in initial dose 

regime (up to 30 kGy) additional non redox doping takes place in polymer backbone along 

with scissioning of polymer chain as dominant phenomenon over crosslinking. While at the 

higher doses, the doping sites got saturated and also crosslinking dominated. The 

chemiresistive gas sensing response of PANI-Ag film also increases with electron beam dose 

for ppm level of H2S.  

The influence of high dose of electron beam on conductivity of commercial polymer 

(PEDOT) doped with organic molecule (PSS) has also been studied. The conductivity 

consistently declined with dose because of crosslinking in polymer chains.  

The conclusions of the important outcomes obtained during the thesis work have been 

mentioned in the end of respective chapters. Here we summarize the important results as 

follows: 

(i) The irradiation of BOPET sheets by electron beam, in dose range 2-32 kGy, results in 

modification of chemical structure through creation of diethylene glycol that 

crosslinks the PET chains. It ultimately causes improved mechanical properties and 

enhanced electrical resistivity. 

(ii) ZnPc films having thickness 20 nm have been deposited on flexible BOPET substrate 

and irradiated with 10 MeV electron beam in the dose range 0 - 30 kGy. The electron 

beam exposure of ZnPc films up to 18 kGy results in a linear enhancement in the 

electrical conductance which got saturated with higher doses. The selectivity 

experiment, for chemiresistive gas sensing, concludes that 20 nm ZnPc film has the 
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best response for H2S. The response graph of ZnPc towards H2S sensing shows a 

linear fall with dose. Mechanism behind increased conductivity of ZnPC films has 

been explained on the basis of additional oxygen doping which got induced due to 

irradiation being carried out in aerated conditions at room temperature. Beyond a 

certain dose (18 kGy) all the doping sites in the film (particularly central metal atom) 

become blocked with oxygen and no additional oxygen can further attach with the 

film surface resulting in saturation of electrical conductance. The linear enhancement 

in electrical current with dose at fixed bias and concomitant fall in response of fixed 

concentration of H2S gas with dose implies their possible application as radiation 

dosimeter in the mentioned dose regime. In addition, the enhancement in electrical 

conductivity after electron-beam irradiation with 18 kGy dose provides that ZnPc thin 

films can be operated at lower voltage to achieve sufficient current for different device 

applications including gas sensors, with the benefit of power-saving. 

(iii) Conducting polymer PANI-Ag nanocomposite films have been grown on flexible 

APTMS treated BOPET substrate and the electron beam irradiation resulted in 

tailoring of electrical conductivity as well as sensitivity towards ppm level of H2S. The 

reasons of such modifications are the enhanced doping, scissoning and crosslinking of 

PANI chains. The interesting part of linear enhancement of electrical conductivity 

with electron beam dose up to 30 kGy suggests that the grown films can be used as a 

flexible potential radiation dosimeter within the said dose range. Also the 

augmentation in electrical conductivity by around two orders after irradiation with 30 

kGy dose can facilitate the use of irradiated PANI-Ag film based devices to operate at 

lower bias for different applications like gas sensors. The increased response of PANI-

Ag films irradiated with 100 kGy, for fixed concentration of H2S, concludes that EB 

irradiation can be utilized as tool to enhance the sensitivity of PANI-Ag films based 
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chemiresistive gas sensor. It can be adopted as technical alternative of tedious and 

uncontrolled chemical tuning process to augment the gas sensitivity.  

(iv) Commercial conducting polymer PEDOT:PSS film grown on flexible Kapton sheets 

and irradiated with 1 MeV electron beam to manifest the scope of this polymer in high 

radiation field. The electrical conductivity of the film falls by around four times after 

getting dose of 75 kGy as compared to as deposited pristine films and for higher 

doses, it didn‟t much. The analysis concludes that the crosslinking in PEDOT polymer 

chain takes place as result of electron beam irradiation which covers the conducting 

polymer PSS and discourages the hopping of charge carriers. This ultimately results in 

reduced electrical conductivity of PEDOT:PSS. This study also suggests the 

importance of electron beam as an alternative of tedious chemical crosslinking 

approaches that are used for modifying the properties of polymers. 

The outcomes of thesis can be narrated with the help of Fig. 6.1. 

Electron 

Beam

BOPET 

(Insulating polymer)

ZnPc 

(Molecular  semiconductor)

PANI-Ag & PEDOT:PSS

(Conducting polymers)

Enhanced doping, chain 

scissioning & crosslinking
Crosslinking through DEG 

chain formation

Bulk  structure modifications &

high surface adsorbed oxygen

Enhancement of mechanical &

electrical properties;

advantageous to use as

packaging materials for food

& medical product radiation

sterilization

Linear enhancement of

conductivity; hence

potential radiation

dosimeter

i) Enhancement of

conductivity & gas

sensitivity for PANI-Ag

ii)Lowering of conductivity for

PEDOT:PSS (potential

radiation detector)

In summary High Energy Electron Beam is demonstrated as a powerful tool to tailor

the electrical/mechanical/gas sensing properties of all categories of organic films. It

can be used as an alternative of tedious chemical crosslinking or doping approaches

for polymer films.

 

 

Figure 6.1: Schematic summarizing the outcomes of the present research work. 
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The results obtained out of present research work clearly manifest the significance of 

electron beam irradiation to tailor the properties of organic films as well as organic film 

based devices. The thesis unlocks important points that can be taken in near future: 

(i) The food and medical products needs to be irradiated for sterilization and storage. As 

per the international standards the dose required for preservation of dry food products 

(like spices, coriander powder etc) is ranging from 10 kGy- 14 kGy [264, 265] while 

for the sterilization of medical products the required threshold dose is 25 kGy [266]. It 

is also essential that the packaging material should not break during irradiation and be 

able to sustain the high radiation. The study provides that the mechanical properties of 

BOPET enhance due to irradiation and thus, it is feasible to utilize it as a packaging 

material for said applications as an alternative to other conventional approaches which 

have more probability of damage during irradiation.  

(ii) The actual applicability of ZnPc film and PEDOT:PSS film for radiation dosimeters 

can be explored.  

(iii) The feasibility to utilize the irradiated ZnPc and PANI-Ag film based devices to get 

enhanced current under low bias can be looked at. 

(iv) Irradiated PANI-Ag films with higher dose can be used for gas sensing applications to 

have enhanced response towards gases. 

(v) Electron beam irradiation can be utilized to crosslink the conducting polymers, for 

various applications, as an alternative of tedious chemical approaches. 
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