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Abstract 

Metallic nanoparticles are best known for their unique optical, electronic, chemical and 

magnetic properties which are surprisingly different from the individual atoms and their bulk 

counterparts. It has been observed that nanoparticles with different sizes give rise to different 

colours which are quite different from their bulk intrinsic colours. There are a few metals which 

can survive as  nanoparticles under atmospheric conditions whereas most metal nanoparticles 

are very reactive due to their large surface to volume ratio. However, certain metal 

nanoparticles can sustain in specific dielectric media and such studies have been carried out by 

embedding them into different matrices. Different methods like vapour deposition, thermal 

diffusion, sol-gel synthesis and dispersion in liquid media have been reported in the literature, 

but so far no studies have been carried out on nanoparticles embedded in conducting polymers. 

Therefore, we have chosen conducting polymers as our preferred matrix and metal nanoparticles 

were embedded in the matrix by ion implantation method.  

The choice of conducting polymers is due to their emerging applications as transparent 

electrodes in electronic devices. These polymers are semiconducting in nature and their 

conductivity and optical behaviour can be tuned by appropriate doping. On the other hand, 

nanoparticles have many novel attributes which are well known and they can be manipulated in 

terms of shape and size to achieve the desired functionality. Therefore, nanoparticles embedded 

inside the conducting polymers are expected to exhibit interesting properties. It has been 

observed that metal nanoparticles are capable of forming organized structures and polymer 

ligands play an important role to influence this organized structure. Temperatures also have 

significance in controlling aggregate size and morphology. The dielectric constant of the 

surrounding medium has great influences on optical properties of the nanoparticles. Therefore, 

larger clusters and smaller distance between clusters provide higher optical response. Ion 

implantation method has been chosen as our preferred method because the depth of layer of 

nanoparticles can be controlled by choosing appropriate energy of the ion beam and the 

concentration of the metal ions can be controlled by the fluence. The process of nanoparticle 

formation inside a matrix is known as Ostwald Ripening where incorporation of metal ions in a 

matrix above the solubility limit causes agglomeration of particles. Our aim was to investigate 

the process of formation of optically active metal nanoparticles inside conducting polymer by 

ion implantation method and also study their optical and electrical behaviour. 

In this thesis work, it was planned to use conducting polymer polyaniline (PANI)as our model 

system in which we planned to implant some transition metal and rare earth atoms. The choice 

of transition metals and rare earth metals is due to their well known optical properties. PANI is 

a well studied conducting polymer which has a well known as well as unique aromatic structure 

facilitating its doping by various kinds of dopants and it has a wide range of applications due to 

its good electrical conductivity and optical transmission characeristics. PANI wassynthesized by 
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chemical and in-situ method and doped to obtain desired conductivity of PANI films. The 

filmswere synthesized on ordinary glass and ITO coated glass by drop casting and spin coating 

techniques. Ion implantaion was carried out at different ion doses to investigate the formation of 

metal nanoparticles. The ion implanted samples were characterized to investigate the formation 

of metal naoparticles by XRD and electron microscopy techniques. The optical behaviour of the 

ion implanted samples was characterized using UV-Vis absorption, optical reflectance  and 

spectroscopic ellipsometric techniques. The electrical behaviour of the samples was investigated 

by temperature dependence of electrical conductivity both in presence and absence of magnetic 

field to understand the dynamics of charge carriers. The obective of this study of the process of 

formation of metal nanoparticles in conducting polymers and the resulting optical and electrical 

properties was to find applications of these materials.  

Lastly, we have tried lesser harvested technique of incorporating metal nanoparticles into 

conducting polymer PANI i.e., by the method of Ball milling which works on the principle of 

grinding and crushing fine metal powders into metallic nanoparticles and mixing uniformly with 

polymer in a planetary Ball –Mill system to obtain metal nanoparticle incorporated conducting 

polymer. 
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Chapter 1 

 

Introduction & Scope of the Thesis 

 

1.1 Introduction: 

The discovery of conductivity in conjugated polymer by Shirakawa and Heeger stimulated the 

development of a new emerging technology - organic electronics [1]. In earlier days, 

conventional inorganic semiconducting materials like Si, Ge, GaAs etc. were doped via ion 

implantation. Ion implantation was found to be a successful approach in modifying the 

properties of insulating polymers [2], [3]. Ion bombardment introduces radiation induced 

disruption of chemical bonds which effects in creating cavities and carbon-rich structures [3]–

[8]. Depending on the polymer type and implantation parameters, the conductivity can be 

increased by 20 times than that of the pre-implanted insulated polymer[7], [9]. As the structure 

of polymer changes due to ion implantation, its optical, electrical and tribological characteristics 

undergo significant changes. Thus, by tuning the properties of conducting polymers in the 

desired way, various kinds of organic semiconductor devices like light filters, wave-guides and 

electro-optical modulators[10]–[13]. Another approach is to use this conducting polymers in 

bioligy and medicine based devices by altering the smoothness, hardness, adhesion, wettability, 

wear and chemical resistances of the polymer surfaces[3], [14]–[16]. The cavities and broken 

ligands play important sites to trap the ions, hence can lead to formation of nanoclusters 

depending on the shape and size of the cavities which promotes polymer-impurity composites. 

Shallow metal layers can be implanted into polymers which has great importance in plastic 

electronics. By varying the type of metal, ion fluenceand current, insulator to metal transition 

can be controlled. The earlier mechanism of charge transport in unimplanted conducting 

polymer can be like that of pure metal conductance through percolating metal inclusions. 
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The researches in nanotechnology focus on incorporating nanoparticles into different 

conventional materials to improve its functional properties [17].Although colloidal metal 

nanoparticles are the key materials in many applications like catalysis, plasmonics, sensing and 

spectroscopy, but the size and shape can not be tuned accurately in colloidal form[18]. Since 

metal nanoparticles possess unique optical and electrical properties polymer metal 

nanocomposites have great deal of applications in biosensors, optical devices, micromechanical 

devices and advanced catalytic membranes as shown in Fig. 1.1. There are different approaches 

for synthesis of polymer-metal nanocomposites:--- 

 Incorporation of readily synthesized nanoparticles into polymer matrix using common 

blending solvents. 

 Reduction of metal salts dispersed in polymer matrix using external reducing agent. 

 Embedding nanoparticles in polymer using physical and chemical vapor deposition 

technique. 

 Sol-gel route of synthesis. 

 Ion Implantation is the preferred method, which is used to obtain precise depth. 

 
Fig. 1.1: Applications of Metal-Polymer nanocomposites 
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1.2 Conducting Polymers: 

Conducting polymers have some of the strikingly useful features, due to  which and they are 

now used in place of traditional inorganic semiconductor materials. Most of the conducting 

polymers are linear in nature as shown in Fig.1.2 - this long chain is called backbone of the 

polymer and has alternate single and double bonds which germinates conducting nature in 

them[19]. Their conductivity changes upon amount and nature of the dopant, for example 

Camphor sulfonic Acid (CSA) doped PolyAniline (PANI) is more conducting than Hydro 

Chloric Acid (HCl) doped PANI. Conducting polymers also change their colours and hues upon 

application of different dopants. They are basically semiconducting in nature but can attain 

metallic conductivity upon doping. They are easy to fabricate and preparation method is cost 

effective compared to conventional inorganic semiconducting materials. They can be shaped 

easily and can form thin films.  

 

 

 

Fig. 1.2:  Conducting Polymers have linear backbone 
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In a nutshell conducting polymers can be categorized in the following way (Fig. 1.3):- 

 

 

Fig. 1.3.  Classifications of Conducting Polymers 
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Fig. 1.4:  Size dependent colour of Au nanoparticles 

1.3 Metal Nanoparticles: 

Metallic nanoparticles possess unique optical, electrical and magnetic properties, which are 

strikingly different from their bulk counterparts. Again these properties can be tuned according 

to the requirement, because they depend on the sizes and shapes of the nanoparticles. Often they 

are in the size of 1-100nm, and approximately 106 atoms or molecules are bonded together. 

They cannot be called individual atoms nor they are bulk materials[20]–[22]. Because of this 

size aspect, they exhibit the intermediate behaviour. There are mainly three aspects, which 

playkey roles in their intermediate behaviour. 

 High-surface to volume ratio. 

 Quantum size effects. 

 Electrodynamic interaction 

Metallic nanoparticles show optical properties of great technological value. Colloidal solutions 

of nano particles, specially noble metal nanoparticles like gold, silver, copper etc. show 

interesting optical properties. They have strong absorption band at visible range of spectra. 

Moreover, they have size dependent optical properties (Fig. 1.4). This phenomenon is explained 

by Mie’s theory. 

 

 

   

 

 

 

 

 

 

 

 

 

They have large surfaces to volume ratios and are very reactive in usual environmental 

conditions. According to Mie,  plasmon excitations have  strong effects whenever particle 
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radius becomes larger compared to the volume.Among all the metal nanoparticles, noble and 

coinagemetals and rare-earth elements are preferred for nanoparticles related applications as 

they can sustain for long in selective dielectric media. 

1.3.1 Polymer-metal nanocomposites: 

Insulated polymers implanted with metal nanoparticles have been studied extensively, but there 

is a good scope for using this method to alter the properties of conducting polymers. Polymer 

ligands play an important role to influence organized structure of metal nanoparticles; chain 

lengths affect particle size and gaps. Polymers containing metal inclusions have technologically 

important applications like light filters, waveguides, electro-optical modulators, bio sensors, 

optical devices, micromechanical devices, advanced catalytic membranes, memory devices etc. 

1.4 Method of metal ion implantation: 

Ion implantation is a non-equilibrium process. By this method, high metal filling factors can be 

reached in a matrix beyond the equilibrium solubility limit. System relaxes by precipitation of 

metal as nanoparticles. Energy of the ions can be chosen to control the depth of penetration and 

the ion current determines the concentration of particles in the matrix. We have chosen ion 

implantation method to prepare gold and silver nanoparticles embedded in PANI. 

Advantage of this method is that purity of the implanted samples can be maintained to a high 

degree, depth of implantation and ion to matrix ratio can be controlled acutely. 

And disadvantages are that it creates damages to the structure of the host material; and the 

process is a very costly process.However, defects caused by ion implantation play important 

role in nanoparticle formation. Defects play as traps to metal inclusions. 

According to mode of implantation there are different types of ion beams: 

A. Sputter Beams 

This type of beam has high current, large spot size and wide field of view. It has a large 

dose of ions over a wide range of area. It sputters the targeted surface thus removing 

material before analysis. 

 

B. Analytical Beams 

It has wide range, small spot size and variable current control; precisely low current. It is 

also used as focused ion beam. 

 

C. C60 Beams 

Carbon-60 or C60 is a fullerine molecule consisting of 60 carbon atoms used for 

smoother sputtering which reduces the fragmentation of larger molecules. 
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D. Gas Cluster Ion Beams (GCIB) 

GCIBs are high energy ion beams of cluster ions. They consist of versatile ion sources; 

here both the ion species and beam properties can be varied.  

 

 

 

Fig. 1.5: Ion implantation System 

 

 

1.5 Spin Coating System: 

Spin coating is a technique to obtain a thin film of desired thickness. The apparatus used for this 

technique is called a Spin coater or a spinner. Few drops of solution dispersed over a flat 

substrate or wafer and a thin film is spread by centrifugal force. Sometimes, different sets of 

speeds with different time limits is set to wet the surface, uniform spreading, thickness control 

and finally, drying. Sometimes a heating system is also used simultaneously for fast evaporation 

of the solvent.  The higher the angular speed, thinner is the film. Below in Fig. 1.6 a Spin coater 

along with Temperature control units have been used in our lab shown below. 
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Fig. 1.6: Photograph of a Spin Coating System with Temperature Control Unit 

 

 

Temperature control unit: 

Along with the Spin Coater, a separate tempeature control unit is used for fast drying and 

uniform, smoother films. 

 

Thick films & Thin films: 

In view of thin film technology, a polymer film is called thick when it has a thickness of greater 

than 0.1μm and below which a film is called thin film. Both the films have their own 

significances as per applications are concerned. Thick films can be used as free standing film. 

Upon metal ion implantation its structural, electrical and magnetic properties change; optical 

property may or may not change. Thin films are mostly suitable for coating materials. 

Generally, we obtain thick films by repeated drop casting on substrates placed on horizontal 

surfaces. Thinfilms are prepared by spin coating or dip coating where varying different 

parameters we can obtain desired thicknesses and films prepared in this way are reproducible.  

Control Panel 

Spin Coater 

Thermal Probe with 

heating Chamber 

Temperature Control Unit 
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1.6 AFM Measurements: 

Atomic Force Microscopy (AFM) which is a powerful technology for imaging any type of 

surfaces was used here to detect the surface topology and film thickness. Although we can 

measure thickness by UV-Vis spectrometry, but AFM gives clearer picture of surface 

roughness. 

 

Fig. 1.7: Different modes of AFM measurements 

 

According to nature of tip motion, AFM operation can be divided into three types of mode of 

operation as shown in Fig. 1.7: 

i. Contact Mode: here the tip is dragged onto the surface of the sample and its contour 

and measurement is done by the deflection signal of the cantilever as feedback. 

 

ii. Noncontact mode: in noncontact mode the tip of the cantilever does not touch the 

sample surface; instead it works on decreasing the resonance frequency due to Van der 

Waals force  which is very strong near the surface 

 

iii. Tapping mode: in this mode the cantilever moves up and down at oscillating frequency 

of a piezoelectric crystal. Here frequency and amplitude of oscillation is kept constant; 

the interaction of different forces acting on the cantilever like Van der waals, dipole-

dipole, electrostatic forces cause change in amplitude. This mode creates less damage 

than contact mode. 
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1.7 Thickness measurement by UV-Vis: 

Thickness of a single layer film in the range of 0.3 to 60 µm and with a known refractive index 

can be measured with the help of UV-Vis spectrometry. 

 

In the above fig. 1.8, it is ahown that in case of a film, there are interferences between light 

reflected from incident surface (A) and light reflected from opposite surface (B) as the incident 

light strikes the film. 

The film thickness “d” is calculated by counting the number of peaks or valleys in the 

interference spectrum as found within some specified wavelength range as shown below: 

𝒅 =
𝜟𝒎

𝟐√𝒏²−𝒔𝒊𝒏²Ɵ
×

𝟏

(
𝟏

𝝀₂
−

𝟏

𝝀₁
)
 ........................................(1) 

Where  “Δm” is the number of peaks in the defined wavelength range; “n” is the refractive 

index, “Ɵ” is the angle of incidence with respect to the sample; λ1 and λ2 are the start and end 

wavelengths of the range considered.  

In case of opaque films reflection measurement is considered and for transparent films, 

transmission measurement is considered.  

 

 

Optical path difference between A and B 

 = (λ/2) *2n → Reinforce 

Optical path difference between A and B 

= (λ/2) * (2n+1) → Cancel out  

Where λ : wavelength; m: Integer 

Recalculation window of film thickness 

Fig. 1.8: Thickness calculation from UV-Vis 
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1.8 XRD Measurements & Grazing angle: 

As we all know that XRD or X-ray diffraction analysis technique is used mainly to determine 

the structure of a material. This is done by exciting a material by incident X-rays and then 

insenties of the scattered rays are measured at some specific angles. If the XRD pattern of the 

existing material is already known, then by judging the obtained plot, we can affirm any 

structural change or presence of any foreign element. We used XRD technique in our work to 

investigate the structural change of polyaniline due to ion beam exposure and formation of 

metal nanoparticles.  

During the process of ion implantation, metal ions are located near the surface of pristine 

polymer; also, ratio of metal fillers to polymer matrix is very small. For these reasons, we have 

chosen grazing incidence X-ray diffraction technique for our XRD analysis. Also, grazing angle 

XRD can neglect scatterings from the substrates onto which the polymer film has been 

coated.Here, in this case, the angle of incidence of X-rays with sample surface ranges from0.1° 

to 1°;where as in normal XRD measurementit is Ɵ-2Ɵ variation. Grazing angle XRD is very 

useful specifically in thin film study. It is a non-destructive process. Fig. 1.9 shows a typical 

XRD system: 

 

 
Fig. 1.9: Photograph of a XRD Measurement System 
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1.9 Photoluminescence property of the composite materials 

Photoluminescence is an optical phenomenon where a molecule emits light by absorbing a 

photon in the visible region; here an electron absorbs incident light and upon returning it emits 

light of less energy. We have studied photoluminescence property of metal ion embedded poly-

aniline. But due to adequate damage of the polymer matrix during ion implantation and 

comparatively less amount of filler materials, we did not get strong photoluminescence spectra 

for our metal- PANI composite material. 

 

1.10 Ball Milling System 

A ball-mill is a grinder, used for grinding and blending bulk materials into powdered material, 

specifically for nanomaterials or quantum dots. The working principle is impact and attrition. 

The size of the nanoparticles can be tailored by varying number and size of the balls, materials 

of the balls and rotation speed. In our work we have used typical planetary ball-Milling system. 

 

Planetary ball-Mill system:  

The motion of the planetary ball-milling system is like our typical solar planetary system. It 

consists of several cylindrical grinding jars filled with loose grinding balls. The grinding jar 

rotates on an orbit around the centre of the jar. Along with it rotates on its own axis. These two 

rotational movements of the jar are superimposed which result in centrifugal and acceleration 

forces leading to strong grinding effects. Moreover, there are forces working according to the 

coriolis acceleration, the way particles move on the surface of the earth which results in 

intensive grinding. There are different rotational ratios. For example a rotational ratio of 1:-2 

imply that the grinding jar rotates twice during a sun wheel turn. The negative sign here 

indicates opposite direction of rotation. 

 

 

 

Fig. 1.10: Planetary Ball Mill System 
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Above Fig. 1.10 depicts schematic diagram of planetary Ball-Mill system used in our lab. 

 

1.11 Objective of the thesis: 

In this thesis work our quest began with the combination of conducting polymer and metal 

nanoparticles and how it can be implemented in practice so that the composite material could be 

a good replacement of conventional inorganic semiconducting device. A novel approach of ion 

implantation has been carried out. The previous studies show that there were uses of conducting 

polymer thin films including PolyAniline, and some of them blended metal nanoparticles as 

well. But, the process of mixing polyaniline with metal nanoparticles leaves space for doubt as 

in practice we find, that PANI lost its conducting property eventually in the process of 

conventional chemical route of fabrication. Also, the mixture is not a homogeneous one; there 

are higher numbers of undesirable impurities introduced in the process. By means of ion 

implantation we can introduce chosen impurities into the stand alone or coated PANI films and 

it can introduce highest amount of metal nanoparticles. The method created holes which can act 

as sites for receiving as well growth place of nanoparticles. By choosing the appropriate energy 

implantation can be ascertain at a certain depth. But the method of ion implantation is obviously 

a costly method. To ward off the high cost method of ion implantation and complexity and less 

promising other methods of composite fabrications, we have introduced a more simple 

technology of Ball-Milling, where a homogenous mixture of metal and polymer can be 

obtained. This method is well known to break macromolecules into nanomolecules introducing 

a homogeeous nanocomposite.In a nutshell the objectives are the followings: 

1. Preparation of thin films of conducting polymer Poly-Aniline doped by various acids on 

different substrates to obseve its morphology at pre and post ion implantation, and 

obtain semiconducting junctions. 

 

2. Optimization of films aiding different technologies, like drop-casting, spin coating and 

in-situ film fabrication 

 

3. Metal ion implantaion and formation of nanoparticles within the conducting polymer 

matrix; optimizing different parameters of ion implantation, i.e., dose, current, energy 

etc. 

 

4. Study of the changes in the optical, electrical properties of the polymer matrix due to ion 

beam implantation. 
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5. Preapration of conducting polymer PANI and coinage metal nanocomposites by Ball-

Mill method and study the dielectic properties of the composite material. 

 

 

1.12 Scope & Chapterwise Summary of the thesis: 

Based on the above objectives, this thesis is divided into five chapters and they are narrated 

briefly as follows: 

Chapter 1presents the theoretical background and objectives of the thesis. 

Chapter 2 describes process of PANI thin film fabrication by in-situmethod. These films were 

then undergone low energy (~KeV) gold and silver ion beam implantation. Then structural, 

optical and electrical studies were carried out on the implanted samples. 

Chapter 3deals with thick films of PANI. They were bombarded by two different kinds of ions, 

namely, silver and nickel. Structural and electrical properties of the films were observed.Here 

we preaped thick films of PANI in the micrometer range which were opaque, so reflectance 

property was observed. 

Chapter 4 ventures into Ball-Mill method. In this work, small copper clusters were included 

into HCl doped PANI in powdered form and crushed by planetary Ball-Mill system. We called 

this physical-mechanical route of fabrication. Frequency and temperature dependent electrical 

conductivities and dielectric measurements were carried out on them. 

Chapter 5 repeats same set of experiments as depicted in chapter 4 keeping nickel as our 

included element. 
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Chapter 2 

 

Synthesis of Metal-PolyAniline nano-composites by Ion implantation 

 

2.1 Introduction 

The  conducting polymers are very good replacements of conventional inorganic 

semiconducting materials and some important areas of applications of conducting polymers are  

 Corrosion resistance [1] 

 Gas sensors [2] 

 Transistors [3] 

 Hybrid solar cells [4] 

 OLEDs [5] 

The reasons behind chosing conducting polymers in various electronics applications are because 

of the following facts: 

i. They possess tunable semiconducting properties [6] 

ii. The raw materials are inexpensive. 

iii. Ease to fabrication. 

iv. Oxidation state depended optical & electrical properties, i.e., tunable opto-electric 

property [7]-[10]  
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Fig. 2.1: Different Oxidation states of PolyAniline 

As shown in Fig. 2.1, depending on oxidation states, there are three forms of PANI, 

 1) Leucoemeraldine PANI – fully undoped form which appears as white or yellow,  

2) Pernigraniline – fully doped form of PANI which is violet in colour and  

3) most useful form of PANI – emeraldine PANI, which are of mainly two forms--- 

 a) Emeraldine Salt (ES) which is green in colour because of doping by acids and it 

possesses conductivity property. 

b) Emeraldine Base (EB) which is dark blue in colour and generally doped by base. 

But the understanding developed so far by the researchers have not resulted in exploiting the 

optical properties in real applications. Though the development and the translation of the 

technology to the consumer market are the major important steps in utilizing the electro-optical 

behaviour of these materials, lot of work is still going on with regard to the functionalizing the  

polymer chains to tailor the optical properties [11]. One simple method of tailoring the optical 
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properties could be to incorporate optically active nanoparticles in conducting polymers.Mie 

theory predicts the Surface Plasmon Resonance (SPR) of nanoparticles embedded in dielectric 

matrix and it is well known that the dielectric constant of the medium also affects the position 

of the SPR peak [2].  

 

 

 

 

 

 

 

 

  

 

 

In case of bulk solids, as the particles sizes grow, the energy levels start splitting and gradually 

they merge into a quasi continuous band.On the other hand, for smaller particles quantization of 

energy level becomes prime factor, which is called quantum effect. As shown in Fig. 2, 

incoming electric field of light wave polarizes the conduction electrons against heavier ionic 

core. As a consequence dipolar oscillation is created which is otherwise known as plasmon 

resonance. 

Studies have been reported by chemically incorporating nanoparticles of Au [3], Ag [4] and 

SiO2, Pt, WO3[5] during the polymer synthesis. Such nanocomposites have been found to 

exhibit improved mechanical and electrical properties and also could have possible 

electrocatalytic applications.  

An alternative method of incorporating nanoparticles in conducting polymers could be by using 

ion implantation techniques. The advantages of this method are….. 

i. High purity of the nanoparticle phase that can be achieved. 

ii. By choice of the energy of the ion beam the layer of nanoparticles can be embedded at a 

specified depth. 

Light 

Eletric Field 

Time t 
Time t+T/2 

Surface Charges 

Electronic Charges 

Ionic Charges 

Fig. 2.2:  Schematic representation of surface plasmon in metallic nanoclusters of spherical shapes 



 

20 
 

iii.  Ion implantation also introduces defects which result from the broken bonds due to the 

energy deposited by the ion beam. 

iv. Ion implantation in conducting polymers introduce electrical and optical behaviour of 

the defects which can be tailored by tuning the energy and dose of the ion beam[6]–[9].   

Ion implantation could also be viewed as a method of introducing defects in conducting 

polymers and by controlling the energy and dose the desired defect states can be achieved[9]–

[15]. Particularly, low energy (few tens of KeV) ion beams can be very useful in incorporating a 

near surface layer which is modified with the desired defects while leaving rest of the polymer 

unaffected. Such layered structure can be used to fabricate devices once the methodology is 

optimized. In this study an attempt has been made to study the properties of such layered 

composite material by utilizing low energy ion beams of Au and Ag. We have used polyaniline 

(PANI) as our model system as it is a well-studied conducting polymer [16] and can be easily 

synthesized in the form of thin films. The choice of Au and Ag was with an idea to explore the 

possibility of studying the conditions to grow embedded nanoparticles and investigate the 

optical properties of the composite material. Conducting polymer Poly-Aniline (PANI) was 

implanted with 75 KeV Gold (Au) and 30KeV Silver (Ag) ions to study the optical and 

electrical properties of the composite materials. The projected range of 75 KeV Au was 

calculated as 65nm and that of Ag as 32 nm in PANI by SRIM analysis prior to implantation. 

Post implantations, optical absorption behaviour of the composites have been studied 

intensively and they were found to bestrikingly different from the pristine ones which are due to 

combined effects of the defects produced by ion bombardment and presence of metal fillers in 

the polymer matrix. The possibility of formation of metal nanoparticles due to phase 

segregation was investigated but due to the strong optical absorption of PANI the respective 

Surface Plasmon Resonance (SPR) peaks of Au or Ag nanoparticles appeared to be overlapped 

by response from PANI. 

However, cross-sectional FESEM (Field Effect Scanning Electron Microscopy) revealed the 

presence of a buried layer of small Au clusters in the Au implanted samples. In case of Ag 

implanted samples small clusters of Ag were found to be randomly dispersed throughout the 

targeted area. This indicates difference in the diffusion behaviour of Au and Ag in the samples. 

XRD measurements show the development of small peaks over the amorphous hump, which 

evolve with the implantation dose. However, the positions of the peaks differ in case of Au and 

Ag implanted samples and these could be ascribed to the defect regions containing short range 

ordered structures created during ion implantation. It is also noted that the defect states 

produced in the two cases are not identical; as a result they appeared at different positions in the 

XRD spectrum.The difference in the optical absorption behaviour also corroborates difference 

in the nature of defects created in the two types of samples. Temperature dependent DC 

conductivity study was carried out to investigate the role of the defects and the metal fillers on 

the charge transport behaviour. A comprehensive analysis of all the measurements reveals that 

the defect states created by Au and Ag implantation have different behaviours which 
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incorporate all the factors of ion implantations. The diffusion behaviour of the defects and the 

implanted ion species both seem to be responsible for the difference in the observed properties 

of the implanted samples. The dose dependence of optical absorption combined with the 

FESEM analysis indicates the probability of radiation enhanced diffusion in case of the Ag 

implanted samples. The results of this study indicate it is possible to tailor the optical and 

electrical properties of the composite materials by the choice of ion species and also 

implantation dose and energy. 

2.2 Experimental Details: 

2.2.1. In-Situ Synthesis of PANI on Glass & Silicon wafers 

Step 1:Substrate Preparation 

 

 

 

 

 

 

 

 PANI thinfilms were synthesized on three different substrates by in-situ polymerization 

[17]. 

 

 For Au ion implantation films synthesized on ITO coated glass substrates were used and 

Ag ion implantation was carried out on films synthesized on glass substrates.  

 

 For carrying out FESEM measurements identical PANI films were synthesized on 

polished and cleaned Si wafers.  

 

 2.59 g of Aniline hydrochloride and 5.71 g Ammonium Per Oxy Sulphate (APS) was 

dissolved separately in 50 ml distilled water and both solutions were cooled to about 

5⁰C. 

 

10*10 mm substrates sticked to the 

surface of petridish with the help of 

additive tapes 

Fig. 2.3:Substrate preparations for in-situ thin films 
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 10mm x 10 mm substrates were stuck to an adhesive tape and placed in a petri dish and 

the cooled solutions of Aniline Hydrochloride and APS were added to it, as shown in 

Fig. 2.3.  

 

 Both the solutions as mentioned in above poured into the petridish containing the 

substrates as shown in Fig. 2.4. The substrates remained immersed in the reaction 

mixture on which the polymerization took place forming films. Earlier reports and 

detailed studies have shown that perpendicular growth of PANI chains on the substrates 

starts initializing providing an almost horizontal smooth film with almost equal 

thickness throughout the surface. The typical reaction time is about 15 minutes after 

which the substrates were removed and washed in HCl and Acetone and then dried in 

vacuum desiccator. The dark green films are known to be in 50% oxidized state of PANI 

and they show high electrical conductivity.  

 

 

 

 

 

 

 

 

 

 

2.2.2 Step 2:Ion Beam Implantation:  

Au ion implantation was carried out on thus formed PANI thin films using the low energy ion 

beam facility at IUAC, New Delhi. The energy of the ion beam was 75 KeV and the samples 

were implanted in the dose range of 5x 1015ions/cm2 to 1 x 1017 ions/cm2. Ag ion implantation 

was carried out using the low energy ion beam facility at Institute of Physics, Bhubaneswar. 

The energy of the ion beam was 30 KeV and the implantation dose has been varied in the range 

1 x 1015ions/cm2 to 4 x 1016ions/cm2. In both cases the ambient pressure of the sample chamber 

was kept around 3 x 10-7 Torr. The implanted samples were characterized by X-ray Diffraction 

using Bruker D8 X-ray diffractometer to study the structural changes due to ion implantation. 

UV-Vis absorbance studies were carried out using Perkin Elmer to understand the change in the 

optical absorbance. FESEM measurements were carried out using Jeol system at Institute of 

Fig. 2.4: In-situ synthesis of PANI thin films on substrates 
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Physics, Bhubaneswar. Temperature dependent DC conductivity studies were carried out in the 

temperature range of 100K to 300K to assess the defects generated by ion implantation. 

2.3 Results & Discussions: 

2.3.1 XRD Measurements:  

XRD measurements were carried out on the films deposited on Si wafers. The results of the 

XRD measurements carried out on Ag implanted PANI at an angle of incidence of 0.5⁰ or 

grazing angle are shown in Figure-5 (a). The XRD spectra of Au implanted samples are shown 

in and Figure 5 (b). In general the peaks at 13.7⁰ and 16.5⁰, correspond to the short range 

crystalline regions found in the unimplanted sample [18], are seen to broaden and diminish in 

intensity as the implantation dose increases as can be seen in Figure-5b. In case of Ag implanted 

samples, the peak at 30⁰ was found to develop as a function of increasing implantation dose.  In 

the case of Au implantation this peak doesn’t seem to be affected by ion implantation. Now, 

there were two unimplanted samples of PANI, one on ordinary glass slide another on Si wafers 

which are taken at the first and at the last of Fig. 2.5(a) to check any anomality present. It was 

found to be same everywhere. So, if we take two samples keeping all the parameters same, one 

on ordinary glass and another Silicon wafer there must not be any structural ambiguities and we 

can take any one of them for characteristic studies suitable for the involving system, like glass 

has a problem of reflecting or refracting lights. Therefore, we can take Si wafer for XRD 

measurements instead of glass samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.5(a): XRD spectrum of Ag implanted samples at an angle of incidence of 

0.5⁰ 
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Fig. 2.6(a): Absorbance spectra of Ag implanted samples 

 

 

 

 

 

 

 

 

 

 

The difference in the structural changes in the case of Au and Ag implantation can be clearly 

seen from the XRD spectrum in the two cases. This could be due to the difference in the energy 

of the two ion beams used and also the mass of the implanted ion. Au being larger in size is 

expected to create more structural damage than the Ag ion. 

2.3.2 UV-Vis Absorbance measurements:  

The optical absorbance of the Ag implanted samples is shown in Fig. 2.6(a). The optical 

absorbance of the unimplanted films is consistent with the earlier reported work [17], [18]. Ag 

implantation can be seen to change the absorbance behaviour significantly in the region around 

540 nm. The SPR peak of Ag nanoparticles is known to be around 420 nm[19], so in this case 

the observed increase in the absorbance does not seem to be due to the formation of Ag 

nanoparticles. 

 

 

 

 

 

 

 

Fig. 2.5(b): XRD spectrum of Au implanted samples at an angle of incidence of 3⁰ 
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Fig. 2.6(b): Absorbance spectra of Au implanted samples 

 

 

 

 

 

 

 

 

 

 

The absorbance of Au implanted samples is shown in Fig. 2.6(b). In this case also Au 

implantation gives rise to a dose dependent change in absorbance in the region around 590 nm. 

It may be noted that the SPR peak for 5-10 nm sized Au nanoparticles is around 520 nm with 

the peak shifting to higher wavelengths as the particle size increases beyond 100 nm [20]. In the 

present case, we did not observe any peak developing in this wavelength range however; the 

absorbancecan be seen to increase in the range of 500 to 600 nm regions with a broad hump 

developing around 590 nm for the highest implantation dose. We cannot ascribe this feature to 

the formation of Au nanoparticles since our SEM analysis does not show the presence of Au 

nanoparticles of sizes greater than 100 nm which could give rise to this kind of optical 

behaviour. Hence it can be presumed that in the case of Ag implantation as well as Au 

implantation the observed optical behaviour is due to the superposition of the effects of 

radiation induced defects and the presence of metallic fillers. It is worth noting that the observed 

optical behaviour is systematic and definitely dependent on the implantation dose dependent 

and also on the ion species being implanted.  

 

2.3.3 FESEM measurements:  

Ag and Au implanted PANI films synthesized on Si wafers were studied using FESEM 

measurements. The ion implanted samples were cut through the middle using a diamond saw 

and FESEM measurements were carried out on the cross sections of the samples to see the 

depth distribution of implanted ions. A typical cross sectional view of the unimplanted and Ag 

implanted sample is shown in Fig. 2.7(a) and Fig. 2.7(b) respectively and Fig. 2.7(c) shows the 

EDAX spectrum. 
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Fig. 2.7(a): Cross sectional view of unimplanted 

sample 

Fig. 2.7(b): Cross sectional view of sample implanted at a dose of 6 

x 1016ions/cm2 (bead like features highlighted) 

Fig. 2.7(c): EDAX spectrum of selected area in the implanted region 
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The cross sectional FESEM analysis shows formation of bead like structures dispersed 

throughout the depth as the implantation dose increases. The beads can be clearly seen at the 

dose of 3 x 1016ions/cm2 and become more prominent at the dose of 6 x 1016ions/cm2. While it 

cannot be unambiguously pointed out that these beads are Ag nanoparticles, the EDAX 

spectrum does show the presence of Ag atoms in the selected regions. Table- 2.1 shows the 

relative elemental concentration in the selected regions around the bead like structures. The 

presence of the bead like structures throughout the implantation zone and their dose dependence 

suggests that there is significant diffusion of the implanted ions and also the defects produced 

during the implantation process. 

 

 

 

 

 

 

 

 

 

 

Fig. 2.4 shows the FESEM picture of Au implanted sample. The cross section in this case shows 

a layer of possibly clusters of Au atoms. It may be noted that in this case, at higher dose 

significant sputtering was observed. This could be the reason that the depth of the buried layer 

was less than the range of the 75 KeV ions in the samples and it decreased as the dose 

increased. Therefore, the possibility of self-sputtering of the implanted atoms cannot be ruled 

out. This observation is also confirmed by SRIM calculations which show the sputtering yield 

isconsiderably high at 75 KeV, which points out that this energy is not suitable for ion 

implantation for synthesizing nanoclusters of Au in Polyaniline.    

 

 

 

 

Element App 
Conc. 

Intensity 
Corrn. 

Weight 
% 

Weight 
% 
Sigma 

Atomic 
% 

 

   

C K 2.30 0.1694 31.20 2.71 52.47  

Si K 32.3 1.1434 65.12 2.58 46.84  

Ag L 1.08 0.6793 3.68 0.45 0.69  

       

Totals   100.00    

Table 2.1: Relative elemental concentration in the cross sectional EDAX spectrum 
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2.3.4 Temperature dependent DC conductivity measurements: 

 Temperature dependent DC conductivity measurements were carried out in a CCR based 

cryostat in four probe geometry.  

 The DC conductivity was seen to follow the well-known Variable Range Hopping 

(VRH) model. According to Mott’s VRH model the variation of DC conductivity with 

temperature is given by [21] 



 









T

T0
0

   (1) 

 

 Where σ0 is the conductivity at infinite temperature and T0 is the characteristic 

temperature which is related to the density of states at Fermi energy and localisation 

length and T is the absolute temperature.  

 The exponent 
1

1




d
  is related to the dimensionality (d) of the hopping process. 

  For 1D VRH d=1, for 2D VRH d=2 and for 3D VRH d=3.   

 

Fig. 2.8: Cross sectional view of Au implanted sample at a dose of 1 x 

1016/cm2 (Buried layer is indicated by the arrows) 
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 The DC conductivity data was fitted with this model keeping To and γ as free variables 

and it was found that in all the samples the data matches with 3D hopping as shown in 

figure-9. T0 is related to the density of states at Fermi energy, Average hopping distance 

and Hopping energy as follows [22]. 
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Fig. 2.9: Fitting of temperature dependent DC conductivity to the Mott’s 3D-VRH 

model 
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The values of T₀ calculated from the slope of the plots in Fig. 2.9 are given in Table-2.2. 

 

 

 

 

 

 

 

 

The deductions from the above observations are as follows---- 

 The values of T₀ are rather high, but that could be an indication that the samples are on 

the insulator side of the metal-insulator transition. 

 

  In earlier reports the DC conductivity was found to increase with implantation dose [], 

but in the present study we have observed the conductivity decreased with increasing 

dose. This could be because of the radiation induced disorder in the samples.  

 

 The values of T₀ increased till the dose of 5 x 1015 and then there is a decrease with 

increasing dose.  

 

 The lower values of T₀ are indicative of an increase in the density of states near Fermi 

level but, as can be seen, it did not lead to increase in conductivity. This could be due to 

the decrease in the localization length which is expected from the increase in the 

disorder due to the energy deposited during the implantation process.  

 

 Some independent measurements are needed to estimate the density of states, which will 

be carried out and reported elsewhere. 

 

2.4 Conclusions 

Finally, in conclusion we may say that 

1. Au-polyaniline and Ag-polyaniline composites can be synthesized using ion 

implantation method. 

 

Sample/Dose T0 (K) 

Unimplanted 1.9 x 104 

1 x 1015 2.2 x 104 

5 x 1015 2.8 x 104 

1 x 1016 2.4 x 104 

3 x 1016 5.5 x 103 

6 x 1016 3.2 x 103 

Table 2.2: Characteristic Temperature 
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2.  In both the cases remarkable changes in the optical absorbance was observed.  

 

 

3. Although the optical behaviour could not be related to the formation of Au and Ag 

nanoparticles but from FESEM images the existence of some cluster formations have been 

confirmed. 

 

4.  In case of Ag ion implantation small bead like structures were found to be dispersed 

throughout the implanted zone.  

 

5. This observation leads us to believe that in case of Ag ion implantation there is 

considerable diffusion of the implanted ions and also the defects associated with it. On the other 

hand a layer of small clusters were seen buried deeper inside the samples in the case of Au ion 

implantation. 

 

6.  XRD measurements indicate that the difference in the radiation induced damage in the 

samples could be a combination of the effects of ion mass and the incident energy. 

 

7.  DC conductivity measurements show that all the samples were on the insulator side of 

the metal-insulator transition, while there is an indication of increase in the density of states 

near the Fermi energy at higher implantation doses. 
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Chapter 3 

 

Medium energy Silver and Nickel ion implantation into thick Poly-Aniline films 

and observation of structural changes& PANI-Au metal nanocomposites 

synthesis by Chemical route of fabrication 

 

3.1 Introduction: 

Time since its discovery in the 18th Century PolyAniline (PANI) have been known as Aniline 

Black after it was derived by oxidizing the liquid Aniline [1]–[3]. As time progressed PANI 

gained its popularity because of 

i. Ease of synthesis 

ii. Environmental stability 

iii. It has a unique feature of redox depandant colouring effect 

iv. It shows tunable conductivity 

PANI is majorly synthesized in two steps processes; it may be in-situ method as described in the 

earlier chapter or bulk fabrication which will be discussed shortly in this chapter. Polyaniline 

also can be synthesized electrochemically but our knowledge and purpose limited to simple 

chemical route of fabrication of PANI. 

PANI has basically three oxidative forms namely; emeraldine, leucoemeraldine, pernigraniline. 

PANI becomes conductive in its emeraldine form. At the very early stage of PANI synthesis it 

is available as HCl doped PANI which is conducting at fully doped (σ ≥1 S/cm); it is dark green 

in colour. It can be dedoped by appropriate amount of Base and PANI becomes insulating (σ ≤ 

10-10 S/cm). It can be again redoped by applying any kind of dopant acids. With each change in 

type of dopant the conductivity changes along with the hue of doped PANI. This quality of 

tuning the conductivity of PANI is applied in many practical devices such as sensors, batteries, 

actuators, antistatic coatings, corrosion protection, electro-optic and electro-chromic device, 

electromagnetic shielding [4], [5],[6],[7]. 

Moreover, current trend in research is focusing on nanostructured and nanocomposite of PANI 

which is increasing year by year as shown in Fig. 3.1. 
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Fig. 3.1: Percentile description of research trends in polymer nanocomposites 

 

 

3.2 Experimental Details: 

 

3.2.1 Synthesis of Poly-Aniline from Aniline monomer 

The chemical Aniline is hygroscopic and thus it is readily oxidized when purchased from 

regular and reputed sources. So, first of all aniline monomer was deoxidized using Zinc dust. A 

distillation set up was used for this purpose. Temperature raised to around 100⁰-150⁰ C for 

distillation. Oxidized Aniline is reddish in color; after distillation it becomes colorless and clear. 

The schematic diagram of the experimental set up is shown below in the Fig. 3.2 
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Fig. 3.2: PolyAniline Distillation set up 

 

3.2.2 Synthesis of Protonated PANI: 

 

 200ml of Aniline monomer was dissolved in 300ml of 1 molar Hydro Chloric Acid 

(HCl).  

 In another container 11.5gm of Ammonium per sulphate was dissolved in 200ml of 1M 

HCl. 

 The abovetwo solutions were mixed in a large beaker set in an ice bath so that the 

temperature could be maintained at 0-5⁰ C as the reaction is exothermic.  

 The mixture is stirred for half an hour to complete the reaction so that maximum 

precipitate could be collected.  

 The precipitate was dark green in colour, with a high amount of acid, untreated 

monomer and oligomers. 

 It was then washed with 0.2M HCl and acetone to remove untreated oligomers and 

monomers; and then washed with plenty of deionized water to remove the traces of acid 

and the excretion was checked repeatedly in order to bring the pH level to normal. 

 After that it was dried in vacuum desiccator to obtain a green powdery substrate which 

is known as HCl-doped PANI[8]–[10]. 

 

Thermometer 
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For our purpose, we used HCl as purchased from Merck with the strength of 13 (N).  

By using the formula C1V1 = C2V2 , 

Where C1, V1, are initial concentration and volume respectively and C2, V2 are desired 

concentration and volume respectively,we used 23ml of 13 Molar solutions of HCl to prepare 

300ml of 1M. 

 

3.2.3 De –doping of PANI: 

The process of getting De-doped PANI or reduced PANI follows also very simple steps without 

much requirement of knowledge of Chemistry. 

 About 2gm of HCL-doped PANI was added to 200ml of 0.1M Ammonia solution 

purchased from Merck. 

  The mixture was stirred for 3-4 hours. De-doped PANI so obtained was dark blue in 

colour. 

  The mixture was filtered out and precipitate is collected.  

 It was then washed repeatedly with de-ionized water to remove the traces of 

Ammoniaand later, it was vacuum dried and preserved for future applications. 

 

 

The  schematic diagram vacuum filtration set up is shown in below Fig. 3.3 

 

 

 

Fig. 3.3: Vacuum filtration system 
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3.2.4 Preparation of conducting solution of Poly-Aniline: 

Preparation of solution of poly-Aniline was being a challenge, as PANI being insoluble in 

common solvents. 

A) Poly Aniline in n-Methyle Pyrrolidone (NMP): 

As mentioned in earlier reports for preparation of both doped and de-doped PANI solutions 

were tried with 1-2 gm of PANI dissolved in 30 ml of 1-Methyle, 2-Pyrrolidone (NMP). 

Solubility found to be very poor and the solution was not appropriate for film preparation. 

Moreover, solution of green colored doped PANI turned out to be blue,which implies PANI lost 

its conducting property.  

B) Camphor Sulfonic Acid (CSA) doped PANI: 

According to previous literature Poly-Aniline has highest solubility in m-Cresol and Camphor 

Sulfonic Acid (CSA). 

 0.4 gm de-doped PANI was mixed with 2 gm CSA in a Morter Pestle.  

 As found from literature, CSA works well as a doping reagent for PANI at the time of 

making the paste. 

  After that this mixture was dissolved in 30ml m-Cresol and it was stirred for 72 hours 

continuously to obtain a homogeneous solution. 

 m-Cresol straightens curled up PANI chain. So, conductivity of PANI further enhanced 

while dissolving in m-Cresol.  

 

3.2.5 Preparation of thick film: 

To prepare thick films, different substrates of dimensions 10mm * 10mm made of glass, Indium 

Tin Oxide (ITO) coated glass and n-type Silicone wafer were cut from the bulk. This dimension 

was selected as it was appropriate for the substrate holder in ion beam implantation system.  

After checking with a mercury level, on a horizontal surface, about 10 μl of this solution was 

drop casted on the substrates and it was left for semi-drying. This process was repeated for 3-4 

times until a few tens of microns thick film is obtained. It was then left in vacuum desiccators to 

become fully dry. These films can now be used as free standing films also. Thicknesses of the 

films were measured with the help of the screw gauge meter. 

3.2.6 Poly-Aniline thin film preparation: 

A)   Thin film by in-situ method: 

2.59 g of Aniline hydrochloride and 5.71 g Ammonium per Oxy Sulfate (APS) was dissolved 

separately in 50 ml de-ionized water and both solutions were cooled to about 5⁰C. 10mm x 10 
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mm substrates were stuck to an adhesive tape and placed in a Petri dish and then the cooled 

solutions of Aniline Hydrochloride and APS were added to it. The substrates remained 

immersed in the reaction mixture on which the polymerization took place forming films. 

According to literature survey the poly aniline chains so grown in this way are vertical in 

nature. 

 

B) Thin film by spin coater: 

Thin films can be prepared by mainly three ways…..a) Drop casting, b) Dip Coating, c) Spin 

Coating. Among these three methods precise control can be achieved by Dip coating and Spin 

coating. In our lab we followed spin coating method. In the spin coating method,  

 We applied a few drops of solutions on substrates of 10mm*10mm diameter suitable for 

ion beam implantation. 

 Substrates were of mainly three kinds namely laboratory grade biological glass slides, 

ITO coated glass slides and n-type Silicon wafers. 

 Laboratory grade biological glass slides were used to observe optical properties. 

 ITO coated glass slides were used for electrical property studies. 

 And n-type Silicon wafers were used for structural studies. 

 The solutions werekept for few minutes to wet the substrate surface. 

 This wetting time found to becomelonger as the  surface smoothness increases. 

 Then different spreading and drying speeds were tried to optimize the uniform and 

smooth thick films. 

 Uniformity was checked by applying voltages across the samples. 

 

The following wetting and spreading speeds are were attempted: 

SPREADING / wetting Speed Drying Speed 

600 900 

800 1000 

700 1200 

900 1500 

900 2000 

1000 3000 

800 1500 
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After many iterations, we found that the film with 700rpm wetting speed and 1200 rpm drying 

speed was the most suitable ones. 

 

3.3 Poly-Aniline thick film thickness measurement: 

3.3.1 AFM Measurement: 

Atomic Force Microscopy measurements were carried out for the prepared samples to observe 

the surface topography and obtain the sample thicknesses. We could obtain an average thickness 

of all the prepared samples as all the samples were prepared in the same way. This thickness 

estimation was carried out for SRIM analysis which is calculated before ion beam 

implantations. Below are the AFM images: 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig. 3.5: AFM trace of Sample 2 [(a)topography, (b)deflection, (c) friction traces] 

  

Fig. 3.4:  AFM trace of Sample 1[(a) Topography, (b) Deflection Traces] 

 

(a)) (b) 

(a) (b) 
(c) 
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Fig. 3.7:AFM trace of Sample 4 [(a)topography, (b)deflection, (c) friction traces] 

 

 

 

 

 
  

Fig. 3.8: AFM trace of Sample 5 [(a)topography, (b)deflection, (c) friction traces] 

 

 

 

 

Fig. 3.6: AFM trace of Sample 3 [(a)topography, (b)deflection, (c) friction traces] 

 

 

 
(a) (b) 

(c) 

(a) 
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Fig. 3.9 AFM trace of Sample 6 [(a)topography, (b)deflection, (c) friction traces] 

 

Fig. 3.8 and Fig. 3.9 are taken for thin films separately. From the above plots it is inferred that 

thick films are around 50µm and thin films are around 10µm thick. Once the film thicknesses 

were estimated, the  ion implantation was carried out.  

Also by means of ellipsometry we could measure the thickness but due to smooth transparent 

substrate this method was discarded. 

 

 

3.4 Ion implantation: 

For thick films, MeV range ion implantation is preferred ones and for thin films KeV range ion 

implantations have been opted the details of which is provided in the previous chapter. 

 

3.4.1 SRIM Analysis: 

The SRIM analysis spectra and collision event spectra are shown below in Fig. 3.10 (a) and (b) 

respectively for Silver ions. 

Fig. 3.11 (a) and (b) depicts same analysis in for Nickel ions respectively. 

 

(a) (b) (c) 
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Fig. 3.10(a) : SRIM simulation of 2 MeV Silver 

ion implantation in PANI 

 

Fig. 3.10 (b): Defect distribution in 2 MeV 

Silver implanted PANI 

 

The work of ion implantation was executed at Institute of Physics (IOP, Bhubaneswar). 

The doses varied from 1015 to 1017ions/cm2. Later these samples were analyzed under XRD and 

reflectance spectra as transmittance spectra could not be observed because of the opaque 

samples. 

 

 

  

Fig. 3.11 (a): SRIM simulation of 2 MeV 

Nickel ion implantation in PANI 

 

Fig. 3.11 (b): Defect distribution in 2MeV 

Nickel implanted PANI 
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Fig. 3.13: XRD Spectra of Ni implanted PANI 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.12 and 3.13 in the above depicts the XRD Spectra of gold and nickel implanted 

polyaniline films taken on (101) plane of Si wafer. In case of Ni implanted samples, as shown in 

Fig. 3.13 as the amount of impurity is very less compared to the overall host matrix amount and 

Ni particles are smaller in size compared to Silver or gold particles, a feeble signal from 

amorphous Ni could be observed, on the other hand Ni particles within the matrix must be very 

small to be detected by XRD spectra. 

 

 

Fig. 3.12:  XRD Spectra of gold implanted PANI 



 

45 
 

 

3.4.2 Discussions on XRD and SRIM Analysis: 

 The peak defect densities in case of gold implanted samplesare about 4 times larger than 

that of Ni implanted samples. 

 The XRD spectrum of unimplanted sample is typical of an amorphous material as 

expected 

  In case of gold implanted samples distinct peaks appear at 38.2° and 44.5° 

 The intensity of the peaks and particle sizes reduce with the increase in fluence and 

completely disappear at the highest dose of 1 x 1017/cm2. 

 There is no feature to show formation of Ni nanoparticle. 

 Higher defect density and larger atomic size seems to favor the formation of 

nanoparticles. 

 

 

3.5 Optical Analysis of the implanted Samples: 

Since the implanted samples are opaque due to micro level thicknesses we could not perform 

transmittance spectroscopy, instead we observed reflectance spectroscopy which is given 

below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.14(a): Optical reflectance of Gold implanted Samples 
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3.5.1 Observations from Reflectance curves: 

 Ion implanted samples showed dose dependent optical reflactance. 

 The samples acquired metallic lustres after implantations. 

 In case of Au implanted samples reflectivity remained almost constant in the visible 

region for each implantation dose. 

 For all implanted samples reflectivity increased sharply near IR region which might be 

due to free carriers. 

 In case of gold implanted samples, reflactance increases with lowest dose of 

implantation but it gradually, decreases with higher doses, one reason for this may be 

carbonification caused by ion bombardment. Thus, at highest dose (curve e) reflectance 

diminishes to the level of unimplanted sample. 

 In case of Ni implanted samples the reflectivity shows a different kind of behavior. Upto 

the dose of 1 x 1016/cm2 it increased with the dose and then it lost metallic lustre at 

higher dose due to energy imbued carbonification. Such behavior is expected from 

dipolar radiation. 

 

From the literature study [11], [12] this phenomenon can be explained as the impact of ion 

bombardment. In the thick polymer films carbonifactions and graphite like structures appear 

due to the impulse of ion implantations which brings metallic lusters to the samples.  

The different nature of the two graphs may be due to the size difference of the two metals. 

 

The different nature of the two graphs in Fig. 3.14(a) and (b) respectively may be due to the size 

difference of the two metals. 

 

Fig. 3.14(b): Optical reflectance of Nickel implanted Samples 
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3.6 Cross-sectional FESEM Measurement: 

For FESEM measurements samples were prepared on n-type Silicon wafers (101) in the same 

way like samples prepared on glass substrates. As in this present work of chapter 3 we were 

mainly focusing on thick film and medium energy ion beam implantation, the films on Silicon 

wafers were prepared by drop casting method. 

Post implantation Silicon wafers were broken from the middle and its cross section was 

examined as in Fig. 3.15 to Fig. 3.24. 

 

Sample 1:Unimplanted Sample 

 

 

Fig. 3.15(a):  Cross-sectional FESEM of Unimplanted Sample 

 

 

Fig.3.15 (b): EDAX Spectrum of Unimplanted Sample 
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Spectrum processing: 

Peaks possibly omitted: 0.520, 2.290 keV 

 

Processing option: All elements analyzed (Normalized) 

Number of iterations = 7 

 

Standard: 

C    CaCO3   1-Jun-1999 12:00 AM 

 

Fig. 3.15(c): Beam Spectra 

 

 

 

 

 

 

 

 

 

 

Element App 

Conc. 

Intensity 

Corrn. 

Weight 

% 

Weight 

% 

Sigma 

Atomic 

% 

C K 8.88 0.3470 70.61 1.08 84.89 

Si K 11.46 1.0763 29.39 1.08 15.11 

Totals   100.00   

 

Table 3.1: Spectrum analysis table for unimplanted sample 
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Si    SiO2   1-Jun-1999 12:00 AM 

 

Sample 2 A:Ag implanted at a dose of 1015 ions/cm2at Horizontal plane 

 

 

Fig. 3.16 (a): Cross sectional FESEM 1 of implantation at a dose 1*1015 ions/cm2 

 

 

 

Fig. 3.16(b): EDAX Spectrum-1 of dose 1015 ions/cm2 

 

 

The Details of scanning parameters are as follows: 

Spectrum processing: 

Peak possibly omitted: 2.300 KeV 

 

Processing option: All elements analyzed (Normalized) 

Number of iterations = 4 
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From the above scanning no significant evidence could be observed because of very low ratio of 

metal fluence to polymer matrix volume. 

Below fig is scanned at different tilted angle: 

Sample 2B:Ag implanted at a dose of 1015 ions/cm2at tilted plane 

 

 

Fig. 3.17(a): Cross-sectional FESEM 2 at tilted angle of dose 1*1015 ions/cm2 

Fig. 3.17(b): EDAX Spectrum-2 of dose 1015 ions/cm2 

 

 

The Details of scanning parameters are as follows: 

 

Spectrum processing: 

Peak possibly omitted: 0.530 keV 

Processing option: All elements analyzed (Normalized) 

Number of iterations = 6 
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Standard: 

C    CaCO3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 

 

 

 

 

 

 

   

 

 

With the tilted angle also no such strong evidence of metal inclusion and formation of 

nanoparticles are found. 

 

Sample 3 A:Ag implanted at a dose of 5*1015 ions/cm2at Horizontal plane 

 

 

Fig. 3.18(a): Cross sectional FESEM 1 of implantation at a dose 5*1015 ions/cm2 

 

Element App 

 

Conc. 

Intensity 

 

Corrn. 

Weight 

% 

Weight 

% 

Sigma 

Atomic  

% 

C K 6.05 0.3122 67.05 1.39 82.63 

Si K 10.33 1.0844 32.95 1.39 17.37 

Totals   100.00   

Table 3.2: Spectrum analysis table for dose 1*1015 ions/cm2 
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Fig. 3.18(b): EDAX Spectrum-1 of dose 5*1015 ions/cm2 

 

Spectrum processing: 

No peaks omitted 

Processing option: All elements analyzed (Normalized) 

Number of iterations = 5 

Standard: 

C    CaCO3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 

Ag    Ag   1-Jun-1999 12:00 AM 

 

Element App 

Conc. 

Intensity 

Corrn. 

Weight 

% 

Weight 

% 

Sigma 

Atomic 

% 

C K 9.07 0.2737 61.23 1.38 78.94 

Si K 22.45 1.0933 37.99 1.35 20.94 

Ag L 0.31 0.7273 0.78 0.20 0.11 

Totals   100.00   

 

 

Table 3.3: FESEM Spectrum analysis table for dose 5*1015 ions/cm2 
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Spectrum taken at a different tilted angle: 

Sample 3 b:Ag implanted at a dose of 5*1015 ions/cm2at tilted  plane 

 

 

Fig. 3.19(a): Cross sectional FESEM 2 of implantation at a dose 5*1015 ions/cm2 

 

 

Fig. 3.19(b):  EDAX Spectrum-2 of dose 5*1015 ions/cm2 

 
 

Spectrum processing: 

No peaks omitted 

Processing option: All elements analyzed (Normalized) 

Number of iterations = 6 

Standard: 

C    CaCO3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 

Ag    Ag   1-Jun-1999 12:00 AM 
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Sample 4: Ag implantation at a dose of 1016 

 

Fig. 3.20(a): Cross sectional FESEM 1 of implantation at a dose 1016 ions/cm2 

 

 

Fig. 3.20(b): EDAX Spectrum-1 of dose 1016ions/cm2 

 

 

 

 

Element App 
Conc. 

Intensity 
Corrn. 

Weight 
% 

Weight 
% 
Sigma 

Atomic 
% 

C K 10.25 0.2903 63.74 1.33 80.61 

Si K 21.54 1.0888 35.71 1.31 19.31 

Ag L 0.22 0.7320 0.55 0.19 0.08 

Totals   100.00   

Table 3.4: FESEM Spectrum analysis table for dose 5*1015 ions/cm2 at tilted angle 
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Fig. 3.21(a): Cross sectional FESEM 1 of implantation at a dose 5*1016 ions/cm2 

 

Spectrum processing: 

Peak possibly omitted: 2.309 keV 

Processing option: All elements analyzed (Normalized) 

Number of iterations = 6 

Standard: 

C    CaCO3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 

Ag    Ag   1-Jun-1999 12:00 AM 

 

 

 

 

 

 

 

 

 

Sample 5: Ag implantation at a dose of 5*1016 

  

  

 

 

 

 

Element App 

Conc. 

Intensity 

Corrn. 

Weight 

% 

Weight 

% 

Sigma 

Atomic 

% 

C K 9.96 0.3166 65.62 1.25 82.20 

Si K 16.98 1.0787 32.83 1.19 17.59 

Ag L 0.55 0.7402 1.56 0.25 0.22 

Totals   100.00   

Table 3.5 FESEM Spectrum analysis table for dose 1*1016 ions/cm2 at tilted angle 
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Fig. 3.21(b): EDAX Spectrum-1 of dose 5*1016ions/cm2 

 

   

 

 

 

 

 

 

 

 

Spectrum processing: 

Peak possibly omitted: 2.300 keV 

Processing option: All elements analyzed (Normalized) 

Number of iterations = 4 

Standard: 

C    CaCO3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 

Ag    Ag   1-Jun-1999 12:00 AM 

  

  

 

 

 

 

 

 

Element App 

Conc. 

Intensity 

Corrn. 

Weight% Weight% 

Sigma 

Atomic% 

C K 3.43 0.2531 53.31 2.19 74.11 

Si K 11.77 1.0907 42.44 2.00 25.23 

Ag L 0.78 0.7243 4.24 0.50 0.66 

Totals   100.00   

Table 3.6: FESEM Spectrum analysis table for dose 5*1016 ions/cm2 
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Spectrum taken at different tilted angle 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Spectrum processing: 

No peaks omitted 

Processing option: All elements analyzed (Normalized) 

Number of iterations = 6 

Standard: 

C    CaCO3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 

Ag    Ag   1-Jun-1999 12:00 AM 

 

Fig. 3.22(a): Cross sectional FESEM 2 of implantation at a dose 5*1016 ions/cm2 

 

Fig. 3.22(b): EDAX Spectrum-2 of dose 5*1016ions/cm2 
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Element App 

Conc. 

Intensity 

Corrn. 

Weight 

% 

Weight 

% 

Sigma 

Atomic

% 

C K 8.53 0.3209 64.58 1.06 81.91 

Si K 14.42 1.0741 32.64 0.98 17.70 

Ag L 0.85 0.7428 2.78 0.37 0.39 

Totals   100.00   

 

 

 

 

Sample 7: Ag implantation at a dose of 1017ions/cm2 

  

 

 

 

 

 

 

 

 

 

 

 

Table 3.7: FESEM Spectrum analysis table for dose 5*1016 ions/cm2 at a different tilted 

angle 

Fig. 3.23(a): Cross sectional FESEM 1 of implantation at a dose 1017 ions/cm2 
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Spectrum processing: 

No peaks omitted 

Processing option: All elements analyzed (Normalized) 

Number of iterations = 3 

Standard: 

C    CaCO3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 

Ag    Ag   1-Jun-1999 12:00 AM 

 

Element App 

Conc

. 

Intensity 

Corrn. 

Weight 

% 

Weight 

% 

Sigma 

Atomic 

% 

C K 2.30 0.1694 31.20 2.71 52.47 

Si K 32.32 1.1434 65.12 2.58 46.84 

Ag L 1.08 0.6793 3.68 0.45 0.69 

Totals   100.00   

      

 

 

Fig. 3.23(b): EDAX Spectrum of dose 1017ions/cm2 

 

Table 3.8: FESEM Spectrum analysis table for dose 1017 ions/cm2 at a 

different tilted angle 
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Spectrum taken at different tilted angle: 

 

 

 

 

 

 

 

EDAX Spectrum of the Sample: 

 

 

 

 

 

 

Spectrum processing: 

No peaks omitted 

Processing option: All elements analyzed (Normalized) 

Number of iterations = 3 

Standard: 

C    CaCO3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 

Ag    Ag   1-Jun-1999 12:00 AM 

 

Fig. 3.24(a): Cross sectional FESEM 2 of implantation at a dose 1017 ions/cm2 

 

Fig. 3.24(b): EDAX Spectrum 2 of dose 1017ions/cm2 
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Now we have taken some more Cross-sectional FESEM images for observation purposes only, 

whose details strengthens previous deductions. They are given as follows: 

Unimplanted Sample 

 

  

 

 

 

 

 

 

 

 

 

 

Element App 

Conc. 

Intensity 

Corrn. 

Weight 

% 

Weight 

% 

Sigma 

Atomic 

% 

C K 2.92 0.1872 38.45 2.47 60.35 

Si K 26.61 1.1292 58.19 2.34 39.06 

Ag L 0.94 0.6914 3.36 0.43 0.59 

Totals   100.00   

Table 3.9:FESEM Spectrum analysis table for dose 1017 ions/cm2 

 

(a) 
(b)

) 

 (a) 

(c) (d) 

Fig. 3. 25(a), 3.25(b), 3.25(c), 3.25(d) Cross-sectional FESEM of unimplanted samples 

(a) 
(b) 

(c) (d) 
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Ag implantation at a dose of 1*1015ions/cm2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) (a) 

(c) 
(d) 

(e) (f) 

Fig. 3.26(a),3.26(b), 3.26(c), 3.26(d), 3.26(e), 3.26(f) Cross-sectional FESEM of implantation 

at a dose of 1*1015 ions/cm2 at different angles 

 

(b) 
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Ag implantation at a dose of 5*1015 

 

 

 

 

 

 

Fig. 3.27(a), 3.27(b), 3.27(c), 3.27(d) Cross-sectional FESEM of implantation at a dose of 

5*1015 ions/cm2 

 

 

 

 

Ag implantation at a dose of 1016 ions/cm2 

 

(a) 

(c) 

(b) 

(d) 

(a) (b) 
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Fig. 3.27(a), 3.27(b), 3.27(c), 3.27(d) Cross-sectional FESEM of implantation at a dose of 

5*1015 ions/cm2 

 

Ag implantation at a dose of 1016 ions/cm2 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.28(a), 3.28(b), 3.28(c), 3.28(d) Cross-sectional FESEM of implantation at a dose of 

1*1016 ions/cm2 

 

(c) 

(a) (b) 

(d) (c)  

(d) 
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Ag implantation at a dose of 5*1016 ions/cm2 

 

 

 

 

 

 

 

 

 

  

(b) 

(d) 

 

 

(c) 

(e) 

Fig. 3.29(a), 3.29(b), 3.29(c), 3.29(d), 3.29(e) Cross-sectional FESEM 

implantation at a dose of 5*1016 ions/cm2 at different 

 

(a) (b) 

(d) 
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3.6.1 Discussions on the FESEM images and EDAX spectra  

 
 It is evident from the above images and spectra from [Figures 3.15 - 3.29]that Silver 

inclusions were observed in the polyaniline matrix due to ion implantation and they are 

trapped into the pores and defects formed due to the process of polymerization and ion 

bombardments respectively. 

 

 More importantly, close observations revealed, at lower doses the probabilility 

formation of nanoparticle was very less. So nothing could be observed from at the lower 

doses or very few metal trapped sites could be observed compared to the overall volume. 

 

 At higher doses formation of metal clusters is evident. To know the exact size of the 

metal clusters cross-sectional TEM analysis is needed, but due to inavailability of the facility 

and required arrangements, it could not be carried out. 

 

 Some images above were taken at tilted angles, to enhance the observation, or to find 

more traps in other directions. 

 

 The EDAX spectra above were taken for material analysis of the samples as found 

from the FESEM pictures and the same results are ploted in the corresponding tables . 

 

 However, in thick films medium energy ion beam was implanted in the MeV energy 

range which is Focused Ion beam (FIB) unlike the Raster Scanning Beam discussed in 

previous chapter used for thin film implantaion.Here the impurities are scattered through out 

the volume of the matrix, rather than restricted to a particular area.  

 

 Moreover, as the matrix becomes opaque here, UV-Vis study couldnot be performed, we 

rather opted for reflctance study in case of optical study and structural study. 

 

 

3.7 PolyAniline-metal nanocomposite Synthesis by Chemical route of 

fabrication: 

 
For our purpose we chose PANI- Gold nanocomposites by chemical route of synthesis in 

one pot method and the following points illustrates the previous research reports and 

findings: 

 

 Although known for more than 150 years research trends [1][3], [13], [14] with PANI 

grew since 1980 after discovery of conductivity in conjugated polymers. Earlier times 

PolyAniline was known as ‘Aniline Black’ as people used to get PANI by oxidizing 

Aniline. 

 

 Emeraldine PANI becomes conducting by doping acid; by controlling the pH of the 

dopant acid solution doping level can be tuned. The undoped insulating base has 

conductivity as low as σ ≤ 10-10 S/cmand fully doped conducting salt conductivty σ ≥ 

1 S/cm. 
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 Nanostructured PANI offers new properties compared to bulk PANI. 

 

 It is believed that PANI synthesized at different times keeping all the reation 

conditions same are of different chain structures. 

 

 PANI is insoluble in water thus polymerization of PANI takes place by precipitating 

polymerized products. Formation of PANI initiated by nucleation i.e, by formation of 

small molecular agglomerates. Thus it can form on parent phase or any other surface. 

 

 Traditional reactions provide PANI growth on earlier formed agglomerates leading to 

coral like structures. 

 

 The reason for PANI being doped with different acids provides different 

conductivities is that different acids elongates differentlywith PANI. For example, 

PANI doped with hydrochloric acids have diameter about 30nm, those with camphor 

sulfonic acid produces nanofibers of diameters of 120nm and that with perchloric acid 

150nm. Further, conductiviy becomes more when dissolved in m-Cresol. This is due 

to the reason that curled up chains straightened up which eases up electron 

conduction. 

 

 

 Earlier reports show plenty of research works have been carried out done using gold, 

silver, copper, palladium, platinum, nickel to obtain metal-polymer 

nanocomposites.These metals are good at electrical conduction as well show surface 

plasmon resonance at visible range of spectra [15], [16],[17].  

 

 Gold nanoparticles are useful for a wide range of applications like catalysis, 

photocatalysis, imaging, sensing, drug delivery, gene targeting etc.The 

nanocomposites exhibit both organic and inorganic behaviour.  

 

 Interaction betweenTetra HydroChloric Acid (AuClO4H) salt and highly sorption 

conducting polymer can create metal-polymer composite material[18], [19]. In the 

process conducting polymer acts as reducing agent to the chloroaurate salt , resulting 

in high amount of gold accumulation in the polymer matrix due to sorption property.  

 

 But in these process the rate of reaction cannot be controlled acurately. In the sorption 

process of gold and PANI imino nitrogen plays a key factor in controlling the 

reaction. Actually, AuCl4
– gets reduced at the point of contact with Aniline rather than 

polymerizing the whole chain. For this reason monomer doesnot transfer into polymer 

but it creates oligomers. 

 

 So conducting polymer loses its intrinsic conductivity. This process doesnot produce 

homogeneous mixture rather chemical and electrochemical route of fabrication require 

a subtle knowledge of chemistry. 
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There are mainly two ways of approach for obatining metal-polymer composite by chemical 

route of fabrication: 

 

i. Chemical polymerization of PANI with pre-formed particles, and 

 

ii. One-pot synthesis approach where aniline monomer acts as reductant for 

metal ions. 

 

iii. There are another two-step approach to fabricate Au-PANI core-shell 

structutre(jie han).  

 

 

 

 In our lab, we primarily dissolved 20mg PANI in 10ml DMSO and then this solution 

in dispersed formed added to 100μl Au nanoparticles [20] and the solution is vortex. 

We found this strategy not satisfactory one as Au precipitates after sometimes. 

 

 In another approach we have tried Au-PANI nanocomposite [21] by using the Lewis 

Acid (HAuCl4) as an oxidative doping agent in two different acid media Sulfuric Acid 

(H2SO4) and p-Toluene Sulfonic Acid (pTSA). But this approach also could not meet 

our expectation. 

 

Therefore, from practical view point, we found that although there are many reports on PANI-

Au nanocomposites have been grown in laboratory, but they lack the conducting property of 

polyaniline as in most of the cases oligomers are produced instead of polymer. These 

oligomers are short chain formed by connecting few monomers and they are insulating in 

nature. Besides, desired concentration and depth of nanoparticle layer cannot be precisely 

controlled in this approach. 
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Chapter 4 

 

Preparation of Cu-Poly Aniline nanocomposite by Mechano-synthesis route 

(Ball-Milling) and checking frequency and temperature dependent electrical 

conductivity and dielectric relaxation 

4.1 Introduction: 

In earlier chapters we described preparation of metal-polymer nanocomposites by the method of 

ion implantation and chemical route of fabrication respectively. In the former case conducting 

polymer films have been prepared and then, metal ion beam was implanted into it to obtain the 

composite. In the later case by means of chemical oxidation reduction method both 

polmerization of aniline monomer and preicipitation of metal from metal salt into the polymer 

took place simultaneously. 

In this chapter and next chapter we present the mechano-route of fabrication of  polymer-metal 

nanocomposite by using planetary ball-milling system. 

 

Preemphasis of the work: 

Polymers are generally known as insulators, but in last two decades a huge attention has grown 

to synthesize and fabricate conducting polymer composites, metal-polymer systems etc.  

 To exhibit high electrical conductivity polymers should have linear backbone and 

alternate single and double bonds and large concentration of conjugated π-electrons  [1], 

[2]. 

 

  Among various polymers (polypyrrole, polythiophene, polyacetelene) poly-Aniline has 

emerged as a popular one because of its unique electro-chemical and optical properties 

and aspects like light weight, cost-effective, easy to synthesize etc.  

 

 It is also environmentally stable and due to alignment of chains mobility of charge 

carriers are very high; it has strong absorption coefficient in the visible part of the 

spectrum. 

 

  Its optical and electrical properties change withnature and amount of doping.  

Depending on the oxidation states, PANI has three different forms, leucoemeraldine 

PANI, emeraldine PANI and pernigraniline. Its conducting form is known as emeraldine 

PANI; the name suggests the colour of PANI in this form. 
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  PANI has the potential to replace its inorganic counterparts in semiconductor 

applications like, automotive dash play displays, light emitting diodes (LEDs), solar 

cells, sensors, lightweight batteries, polymer actuators, corrosion protection agents, 

molecular devices etc.[3], [4].  

 

 Among various oxidation states of PANI, emeraldine salt state exhibits higher 

conductivity (100 Ohm-1cm-1) compared to other traditional polymers (<10-9 Ohm-1cm-1) 

but lower than that of the metals (>104 Ohm-1cm-1).  

 

 The lone pair electrons in Nitrogen atom make it suitable to be attached with various 

kinds of dopants. The conductivity of PANI can be tuned by using different synthesis 

route (chemical, physical, electrochemical etc.).  

 

 Conducting polymers find their applications in various fields like sensors, capacitors, 

transistors, thermo-electric devices, data storage devices, bio-medical applications like 

neural nerve recordings, stimulation of nerve generation etc.  

 

 Charge conduction in conducting polymers happen due to presence of solitons, polarons 

and bi-polarons which form during polymerization or doping. As conducting polymers 

have a strong sigma bond at single bond position and one conjugated π bond at double 

bond positionalong its backbone, by introducing a dopantion can help in neutralizing the 

unstable backbone and hence carry the charge. Thus potentials across conducting 

polymer films depend strongly on dopant charge and mobility. 

 

  Metal nanoparticles exhibit distinguishable optical and electrical properties than their 

bulk counterparts. Not every nanoparticle can sustain in every environment. Inclusion of 

metal nanoparticles into polymer matrix can change their opto-electrical properties 

severely [5], [6],[7], [8] and make them more efficient for applications.  

 

 Poly-Aniline has the strong ability of binding with metal ions due to presence of 

secondary and tertiary amines in the backbone structure.  

 

 The incorporation of various metal nanoparticles which can sustain in the polymer 

matrix like, Ni, Co, Fe, Cu, Au, Ag, etc. with conjugated PANI shows enormous change 

in electrical conductivity, thus we can tailor the electrical property by incorporating 

metal clusters [9], [10],[11], [12],[13], [14].  

 

 On the other hand, metals included in matrix can act as centres for phonon scatterings 

thus further reduce thermal conductivity through the material. But the most significant 
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challenge lies in finding a suitable solvent for PANI which does not oxidize metal 

nanoparticles Ni, Cu, Ag etc. For this reasons applications are limited to Au, Pt like 

costly noble materials.  

To fabricate PANI- metal nanocomposites having exotic properties, metal and metal-oxides 

have been incorporated into conducting PANI [7], [8]. The optical, electrical and dielectric 

properties of PANI vary significantly with the percentage of metal incorporation into PANI as 

well as shape and size of the metal particles. Actually the doped or incorporated metal clusters 

could act as conducting junction between the PANI chains leading a drastic increase of the 

electrical conductivity of the nanocomposites . 

About this work: 

In this work we report Cu incorporated PANI prepared by mechanical alloying method with 

HCl doped PANI in a typical Ball-Milling system. We reconnoitre the probabilityof enhancing 

the electrical conductivity of PANI by incorporating Cu small clusters, as copper is a good 

conductor like Ag, Au; and on the other hand, it is cost effective also. This method is our 

preferred method, as it provides overall homogeneous mixture using only composite materials 

and it is also much less expensive than plasma vapour or ion beam implantation method. The 

frequency and temperature dependent electrical conductivity as well as the dielectric properties 

of such Cu incorporated PANI have been extensively investigated. 

 

4.2 Experimental Details: 

4.2.1. Synthesis of Cu incorporated Polyaniline (PANI) nanocomposites 

Materials used: 

Aniline, HCl, Ammonium per Sulfate [(APS) [(NH4)2S2O8], readily available Cu powder 

(particle size 0.4-0.5 µm ) were purchased from Merck. All reagents used in our experiment 

were of analytical reagent grade.  

Procedure: 

HCl doped PANI was synthesized by standard in-situ polymerization and the process is briefly 

described as follows:  

i. 2ml of aniline monomer and 40ml (1M) HCl were added together and mixed under 

continuous stirring at low temperature bath (0-5⁰ C). 

 

ii.  2.4gm APS dissolved in 40ml HCl (1M) was added drop wise and polymerization was 

conducted at 0-5⁰ C under stirring for 12 h.  
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iii. A deep green precipitate was obtained after the completion of polymerization. The 

precipitate was washed by deionized water and acetone consecutively until the pH value 

reached to 7 to remove the untreated acid and oligomers.  

 

iv. Then the resultant was dried in vacuum at 60⁰ C to get dry powder of HCl doped PANI. 

Incorporation of Cu nanoparticles in PANI were done using mechano-synthesis route. 

 

The method of Ball-Milling: 

1) Cu nanoparticles and PANI were mixed in desired percentages (10%) and ball-milled in 

planetary ball mill at 500rpm in steel-chrome milling jar filled with steel chrome balls. 

Sample to ball ratio was 1:40.  

 

2) Anhydrous isopropyl alcohol was added as milling medium to improve homogeneity in 

the mixture during milling time.  

 

3) Ball milling was done for 12 hours with 50% rest time giving total 6 hours of milling. 

This method provided enough time to dissipate the generated heat so that the jar 

temperature never went above 50⁰ C.  

 

 

4) After completion of milling, the products were collected in colloidal form and slowly 

dried at 50⁰ C to get fine powder of Cu-PANI nanocomposites. 

 

 

4.2.2 Characterizations 

 

1. The optical absorbance spectra were recorded using Optizen pop spectrophotometer over 

the spectrum range of 400-850 nm at room temperature. 

 

2. Then samples were prepared for FTIR measurements. The samples were compressed to 

form pellets (1.0 mm thick and 8.0 mm diameter). The pressure of the hydraulic press 

was kept at 10 tons/ inch2.  The FTIR spectra, (4000 - 400 cm-1) of these samples with 

KBr pellets were obtained using RX1 Perkin Elmer FTIR spectrometer. 

 

 

3. In another set of measurement the pellets were kept between two circular copper 

electrodes and temperature dependent dielectric measurements were carried out. The 
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Fig. 4.1: UV-Vis spectra of PANI and Cu-PANI nanocomposite 

 

 

frequency varied from 10Hz to 10MHz and temperature varied from193K to 333K using 

LCR meter model Hioki IM3536. 

 

4.3. Result and discussions 

4.3.1 UV-Vis study 

 

 

 

 

 

 

 

 

 

Possible explanations for optical study: 

Fig. 4.1 shows the UV-Vis spectra of PANI and Cu-PANI composites. We have analysed for 

the characteristic region between 400-850nm. Pristine PANI shows very small peaks around 

430nm and a broad hump near 800nm which are due to Π-band – polaron band transition and 

again polaron band-Π* band transitions respectively [5], [6]. Moreover, both the curves depict 

the amorphous nature of the composites. There is broad surface plasmon absorption peak in Cu-

PANI composite which may be due to the distribution of particle size and overlap of the 

characteristic regions of PANI and Copper nanoparticles [17], [18], [19]. Careful observation 

shows presence of absorption peak at 560nm which is the surface plasmon characteristics of Cu 

nanoparticles. 
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4.3.2 FTIR analysis: 

 

 

Fig. 4.2 represents the FTIR spectra of PANI and Cu-PANI nanocomposite.  

 A small peak at 509 cm-1 is present in both PANI and Cu-PANI, which are due to the 

periodic vibration of amine.  

 

 The strong peak at 825 cm-1was due to the in-plane and out-of-plane C–H bending 

modes.  

 

 A peak at 1561 cm-1 corresponds to the stretching vibration of N-Q-N bond.  

 

 In Cu-PANI all these characteristic peaks of PANI are present with slight deviation from 

their actual position.  

 

 The peak at 996 cm-1 in Cu-PANI nanocomposite might be due to the presence of 

copper[5], [6], [20], [21].  

 As observed from the spectra, there is no significant change in the structure of PANI 

because of Ball-Milling.  

 

 

 A minute shift may be due to the incorporation of Cu without any bond formation with 

the PANI-chain in the latter case. 

 

 

Fig. 4.2: FTIR spectra of PANI and Cu-PANI nanocomposite 
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4.3.3 Dielectric studies 

To check whether our composite material is suitable for high frequency applications, we need to 

perform dielectric measurements. The dielectric properties reveal a material’s electric and 

magnetic energy storage and dissipating capacity and nature, thus very important for optical and 

electronic studies. The complex dielectric permittivity, Ɛ*, of a material is given by Eq. (1) [22], 

[23] as follows: 

Ɛ*(f) = Ɛˈ(f) –j Ɛ˝(f)        (1) 

 

Where, Ɛʹ(f) and Ɛʺ(f) are the real and imaginary parts of complex dielectric constant 

respectively. Here, Ɛʹ(f) is the amount of electrical potential energy storedand Ɛʺ(f) is the 

amount of energy dissipated due to polarization. These two factors again can be obtained by 

using the following equations (2, 3) 

Ɛˈ(f) = 
𝐶𝑝𝑑

Ɛ₀𝐴
         (2) 

Ɛ˝(f) = Ɛˈ(f) tan δ        (3) 

 

Here,Cp is the capacitance of the pellet, Ɛ0 (8.85 x 10-14 F/cm) is the dielectric permittivity in 

vacuum, A is the effective surface area of the pellet and d is the thickness of the pellet. 

 The frequency dependence Ɛʹ(f) for Cu incorporated PANI pattern (Fig. 3(a)) depicts 

that Ɛʹ(f) decrease gradually with increasing frequency as contribution from polarization 

effects diminish.  

 

 At low frequency, it has been observed that Ɛʹ(f) is increased with increasing 

temperature.  

 

 The increase of Ɛʹ(f) of the Cu incorporated PANI composite compared to pure PANI 

may be due to the incorporation of metal ions within PANI matrix which may be due to 

increase in conductivity and higher polarizability of Cu ions.  

 

 Cu ions enhances space charge polarization which in turn enhances Ɛʹ(f). 

 

 At low frequency region ionic polarization prevails  which was reflected in the small 

change in Ɛʹ(f) with increasing in temperatures [22], [24], [25], [26]. 
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Fig. 4.3(a) ε ʹ vs Frequency of Cu incorporated PANI composites, Fig. 4.3(b) εʺ vs Frequency of 

Cu incorporated PANI composites 

 

 In Fig. 4.3(b), it was observed for all the samples that εʺ(f) were decreasing with 

increasing frequency at all temperatures. 

 

 It was also been observed that at low frequency region, εʺ(f) increases faster with 

temperature.  

 This may be the effects of disorder in polymer chain occurred due to metal nanoparticles 

incorporation and effects of boundary conditions.  

 

 The metal nanoparticles put a break in long chains of PANI in case of Ball-Mill method, 

thus space charges got limited within short polymer chain. 

 

 The dieletric loss factor was higher at low frequency region becauce of polarizations. On 

the other hand it was much less at higher frequency due to diminishing effects of ionic 

and orientational polarizations.  

 

 

 This effected in decrease of  εʺ(f) with increase in frequency for all temperature [22], 

[23], [24]. 
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Fig. 4.4(a) Variation of real part of Z (Z ʹ) with frequency and Fig. 4.4(b) variation of 

imaginary part of Z (Zʺ) with imaginary part of frequency of Cu incorporated PANI 

 
 

4.4 Complex impedance study 

 The study of complex impedance property of Cu-PANI nanocomposite have been 

carried out in a frequency range of (10 Hz – 10 MHz) by varying the temperature in the 

range  (193 K – 293 K) using complex impedance spectroscopy (CIS).  

 

 The CIS technique is a very useful method to observe the ionic movements of the ions 

and also gives insight into capacitive and resistive behavior of the material. 

 

 The variation of temperature dependent real part of impedance Z′(f) as a function of 

frequency for Cu-PANI nanocomposite is shown in Fig. 4.5  

 

 The nature of variation of Z′(f) with frequency followed a sigmoidal type variation for 

Z′(f) with increase in frequency.  

 

 It has been also observed that the value of Z′(f) decreases with increasing frequency and 

temperature which may be because of the increase in ac conductivity which follows the 

Negative Temperature Coefficient of Resistance (NTCR) property of the semiconductor.  

 

 Greater values of Zʹ(f) at lower frequency indicates large polarization in the composite 

materialand at higher frequency, value of Z′ decreases which implies the inter- chain 

transport and disorder in polymer chain contribute to the total resistance which leads to 

increase in ac conductivity with increasing frequency and temperatures.  
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 The curves plotted at different temperatures reveal that the magnitude of total impedance 

(|Z*|) is strongly dependent on temperature. 

 

 

 Zʺ(f) curves show distinct relaxation peaks for each set of temperature. The gradual rise 

in relaxation peak with temperature reveals relaxation behaviour of the composite 

material.  

 

 The relaxation peaks appear when hopping frequency of the localized electrons closely 

matches with that of external applied field. This implies the presence of immobile ions 

at lower temperatures and disordered chains at higher temperatures.  

 

 From Fig. 4.4(b) we can also observe that shifting and broadening of relaxation peaks 

towards higher frequency region at higher temperatures, which is mainly due to 

temperature depended electrical relaxation property of the composite. The peak 

frequency (ωm) increases with increase in temperature and follows the Arrhenius law 

(Eq. 4),     

ωm = ω0 exp(-Ea/KBT)      (4) 

Where ω0 is the pre-exponential factor and Ea is the activation energy. We have calculated the 

activation energy from Fig. 4(b) (Eq. 4) and the value is Ea = 0.223 eV [22], [23], [27], [30]. 

 The frequency dependence of imaginary part of impedance, Z″(f) vs real part of 

impedance, Zˈ(f) at different temperatures of the samples are shown in Fig. 5 in the 

form of Cole-Cole plots. 

 

  In a polymer composite material, disorder in chain and inter-chain transport – all have 

individual contributions to the total impedance [22], [24], [27].  

 

 In the Cole-Cole plot the semicircles for higher frequency regions and lower frequency 

regions each have different interpretations for analysing complex impedances. 

 

  Semi-circles in the higher frequency regions represent contribution of a polymer chain 

and that of lower frequency regions for chain-boundary contributions.   

 

 In our case, we cannot quantitatively distinguish contributions from a polymer chain to 

chain-boundaries as curves are closely over lapped.   

 

 A single depressed semi-circle in Fig 5 is a resultant of contributions from chains and 

chain-boundaries and contributions from chain-boundary resistance is more. 
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  The contributions from each of the aspect can be estimated by using Maxwell-Wagner 

equivalent circuit model.  

 

 The equivalent circuit is a parallel combination of various Resistors (R) and capacitors 

(C). The overall frequency dependence impedance (Z*) is given by solving the below 

mentioned Eq. (5) [22] 

 Z*(f) = Zˈ(f) + j Z˝ (f)       (5) 

Where, the frequency dependence real part of impedance Z′(f) and imaginary part of impedance 

Z″(f) can be expressed in Eq. (6, 7) 

 

  

Zˈ(ω) = 
𝑹𝒄

[𝟏+(𝝎𝑹𝒄𝑪𝒄)²]
 + 

𝑹𝒄𝒃

[𝟏+(𝝎𝑹𝒄𝑪𝒄)²]
     (6) 

Z˝ (ω) = 
𝝎𝑪𝒄𝑹²𝒄

[𝟏+(𝝎𝑹𝒄𝑪𝒄)²]
 + 

𝝎𝑪𝒄𝒃𝑹²𝒄𝒃

[𝟏+(𝝎𝑹𝒄𝒃𝑪𝒄𝒃)²]
     (7) 

 

Where, ω = 2πf, Rc = chain resistance, Cc = chain capacitance, Rcb = chain boundary resistance 

and Ccb = chain boundary capacitance [24]. 

 As observed, from the Cole-Cole plot the diameters of the semicircles are gradually 

decreasing with increasing temperatures. 

 

 The  intersections of the curves with the real axis i.e., Zʹ-axis lower in value with the 

increase in temperature. This implies increase in  dc conduction with the increase in 

temperature which in turn confirms temperature dependent semiconductor nature of the 

composite. 
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Fig. 4.5 Cole-Cole plots of Cu incorporated PANI composites 

 

 

 

4.5 AC conductivity Study 

 To explain the effect of Cu nanoparticles on the electrical conductivity of PANI composites, 

the electrical conductivity measurement has also been done. Following are the observations: 

 Fig. 4.6 reveals the variation of ac conductivity for Cu incorporated PANI 

nanocomposites.  

The increase in ac-conductivity of the composite can be explained as the result of well dispersed 

Cu nanoparticles within the PANI matrix. 

 

 

 

 

 

 

 

 

 

Fig. 4.6 Variation of ac conductivity with frequency of Cu 

incorporated PANI composites 
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 The metal nanoparticles may act as bridging elements for charge conduction and offer 

better inter-chain overlaps between PANI chains.  

 

 The conductivity plot showed increase in conductivity with the frequency for the 

composite material.  A sharp increase also observed beyond 10 KHz. 

 

 As the ac conductivity of any material is dependent mainly on two factors, ----1) 

interface charge polarization and 2) intrinscic dipole polarization. Thus, in this type of 

metal-polymer composite mobile charges  accumulate at the interface and they form 

large dipoles near the cluster interface.  

 

 This large amount of metal clusters creates polarization and in turn affects ac conduction 

[23], [24], [25], [31], [32]. 

 

 

 

4.6 Conclusion 

 

 We have successfully synthesized the metal incorporated polyaniline (PANI) 

nanocomposites by chemical oxidative method.  

 

 The formation of nanocomposites and the incorporation of these metals into the PANI 

matrix have been confirmed by FTIR, UV-Vis analysis.  

 

 The UV-vis studies suggest that the absorption mechanism is due to direct allowed 

transition. The optical band gap of metal incorporated PANI composites decrease 

compare to the pure PANI.  

 

 The temperature and frequency dependent electrical conductivity and dielectric 

properties have been studied extensively and the conduction process has been explained 

with the help of Mott theory.  

 

 Mott theory gives an insight into hopping mechanism for localized states within the 

sample. 

 

 

  The Cu incorporated PANI nanocomposites display drastic increase of electrical 

conductivity and dielectric properties. 
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Chapter 5 

 

Study on dielectric relaxation of Ni doped PANI 

 

5.1 Introduction: 

In this work, we have explored the possibility of improving the electrical conductivity of PANI 

by incorporation of Ni particles. PANI/Ni nanocomposites have been prepared by mechanical 

route of synthesis using Ball-mill. The electrical properties of these PANI/Ni composites have 

been investigated by using complex impedance, dielectric permittivity and AC conductivity. 

 PolyAniline possesses magnetic properties [1]. Because of its aromatic amine unit PANI 

provides exotic organic magnets [2], [3], [4].  In this particular work we tried to incorporate 

some coinage metals which are equally ferromagnetic into the PANI. Nickel is one such 

material. The objectivewas to develop novel kind of material which could emerge as organic 

magnetic material with a high amount of utility in the field of engineering and technology. For 

various limitations, we had to restrict our work to optical and dielectric studies of the composite 

material. 

Most of the earlier reports follow chemical route of fabrication, radiolysis [5] etc. where it is 

difficult to keep Nickel in its purest form into the composite material. In most of the cases due 

to its high reactivity Ni gets oxidized. It is comparatively easy to incorporate Nickel Oxide 

(NiO) into PANI. PANI-NiO finds its use as supercapacitors and other energy storage devices 

[6], [7], [8], [9].  

Our approach is a novel route of fabrication, i.e. mechanical route of fabrication by means of 

Ball-Mill method where PANI and Ni powders are mixed together and crushed in a planetary 

Ball-Mill system. Ball-Mill is a fast, cost effective, green technology which finds its growing 

use in material science and hybrid technology area rapidly [10], [11].  

 

5.2 Experimental Details: 

Aniline, HCl, Ammonium persulfate ((NH4)2S2O8) (APS), Ni nanoparticles etc. were purchased 

from Merck. All other reagents used in our experiment were of analytical reagent grade and 

were used without further purification. HCl doped PANI was synthesized by standard in-situ 

polymerization and the process is briefly described as follows: 
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 In a typical synthesis process, 2 ml of aniline monomer and 40 ml (1M) HCl were 

added together and mixed under continuous magnetic stirring at low temperature bath 

(0-50 C).  

 

 2.4 g Ammonium persulfate dissolved in 40 mL HCl (1 M) was added dropwise and 

polymerization was conducted at 0– 50 C under stirring for 12 h.  

 

 A deep green resultant was obtained after the completion of polymerization. The 

resultant was washed with water and ethanol until the pH value reached to 7.  

 

 Then the resultant was dried in vacuum at 600 C to get dry powder of HCl doped PANI.  

 

 

5.2.1 Incorporation of Ni into PANI: 

Incorporation of nickel nano-particles in PANI were done by mechanical route[12], [13],[14]. 

 Nickel powder containing particles in the μm and PANI were mixed in desired 

percentage and ball milled in planetary ball mill at 500 RPM in steel-chrome milling jar 

filled with several steel chrome balls.  

 

 Sample to ball ratio was 1:40. Anhydrous isopropyl alcohol was added as milling 

medium to improve homogeneity in the mixture during milling. Ball milling was done 

for 12 hours with 50% rest time giving total 6 hours of milling time.  

 

 This method provided enough time to dissipate the generated heat so that jar 

temperature never went above 400 C. After completion of milling, the products were 

collected in colloidal form and slowly dried at 500 C to get fine powder of PANI – 

metal nano composites. 

 

5.3 Result and Discussion: 

After obtaining the homogeneous mixture, it has been under gone various studies were carried 

out to check the utility of the composite material. 
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5.3.1 UV-Vis study: 

Fig.1 shows the UV –Vis absorption spectra of PANI and PANI/Ni nanocomposite. A broad 

adsorption peak around 458 nm appeared in absorption spectra of both PANI and PANI/Ni. 

This adsorption peak is associated with the π-π*transition of PANI. This peak makes the other 

peak associated with Ni nanoparticles very small. 

 

Fig. 5.1 UV-Vis Spectra of PANI and Ni doped PANI 

 

5.3.2 XRD Analysis: 

 
 The crystalline structure of the PANI/Ni composite is confirmed by XRD analysis as 

shown in Fig.2. 

 

 The diffraction peaks at 2Ө = 21.4°, 23.8°, 32.5° and 41.1°represent the cubic structure 

of Ni for the diffraction planes (111), (200), (220) and (222), respectively. 

 

  This result is well matched with standard spectrum of crystalline nickel (JCPDS NO. 

73-1393). The sharpness and intensity of the peaks reveal the presence and large 

population of the crystallite planes [15].  

 

 Since amount of PANI is much more than Ni in weight percentage, diffraction pattern is 

dominated by PANI signatures. 
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Fig. 5.2: XRD spectra of PANI and Ni doped PANI 

 

 

5.3.3 FTIR Analysis: 

 

The KBr pellets containing the materials are each placed inside FTIR spectrometer and 

measurements are carried out using Perkin-Elmer FT-IR spectrum RX1 spectrometer. 

 Fig. 5.3 represents the FTIR spectra of PANI and PANI/Ni nanocomposite. 

 

 A small peak at 509 cm-1 corresponds to vibration in amine molecule. The peak at 

795 cm-1 is due to N-H bending of secondary amine. 

 

 The peak at 1043 cm-1 is because of presence of water molecules due to natural 

humidity and corresponds to bending vibration of O-H bond. 

 

 Peaks at 1226 cm-1 and 1286 cm-1 for PANI corresponds to C-H of benzenoid and 

quinoid ring of PANI. 

 

 Two broad bands at around 1398 cm-1and 1300 cm-1correspond to C-N stretching 

vibration mode of quinoid ring. 

 

 A peak at 1561 cm-1 corresponds to the stretching vibration of N-Q-N bond. 

 

 In PANI/Ni all these characteristic peaks of PANI are present with slight deviation 

from their actual position. 

 

 The peak at 996 cm-1 in PANI/Ni might be due to the presence of nickel. 
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Fig. 5.3: FTIR spectra PANI-Ni and PANI 

 

 

5.3.4 Dielectric Study: 

 
The dielectric spectroscopy is a technique to obseverve the ac conduction mechanism and 

dielectric relaxation  withina material by varying the temperature and frequency. In this 

technique, the parameters mainly considered are compleximpedance, dielectric permittivity, 

electrical modulus and ac conductivity.  

 The non-localized (i.e. long range conductivity) and localized (i.e. dielectric 

relaxation) conductivity within the material, can be distinguished by the absence or 

presence of relaxation peak in frequency dependent imaginary modulus plot. 

 

  Also a correlation between space charge effects and non-localized conductivity can 

be done depending on the presence of a peak in Z′ vs f plot.  

 

 Activation energy and relaxation time plays crucial factors for a specific 

transportation mechanism.  

 

 To analyse the whole dielectric properties, we demonstrate different electrical 

parameter based on single measurement.  

 

 The frequency dependence representation of real part of dielectric impedance (Zꞌ) for 

nickel doped PANI has shown in Fig. 5.4(a).  
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 From the above plot it has been observed clearly  that at low frequency the value of 

Zʹ(ω) was high and decreased with increase of frequency. 

 

  This was due to the combined effect of dipolar, electronic and orientation polarization 

which contributed significantly on the overall impedance.  

 

 Also at higher frequency, no significant variation has been observed in the value of Zꞌ 

indicating presence of space charge.  

 

 It was observed that greater value of ac conductivity in high frequency domain may be 

due to the modified barrier properties and release of space charge. 

 

 Fig.4b shows the frequency dependence imaginary part (Zꞌꞌ) of dielectric impedance for 

a frequency range 10 KHz- 5 MHz.  

Fig. 5.4(a) Real impedance plot, (b) complex impedance plot, (c) Arrhenius plot 
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 The entire curve associated a peak, conventionally known as “Relaxation peak”, at high 

frequency region.  

 

 The above said plot has two salient features, i) a loss peak, ii) peak broadening. 

 

 The appearance of a single symmetric peak (“relaxation peak”) through out the 

spectrum confirmed the occurrence of dielectric relaxation. The broadening of the peak 

revealed distribution of relaxation time and frequency corresponds to maximum loss 

peak is known as mean relaxation frequency. 

 

  We have estimated the relaxation time (𝜏𝑝
𝑧) using the relation  𝜔𝑝

𝑧𝜏𝑝
𝑧, where 𝜔𝑝 

𝑧 the 

relaxation frequency from Z ̎ vs frequency plot. It has been observed that relaxation time 

changes with temperature and follows the Arrhenius law 𝜏𝑧 = 𝜏0
𝑧exp (𝐸𝑧/𝐾𝐵𝑇), where 

𝜏0
𝑧 is pre-exponential factor and 𝐾𝐵, T represented Boltzmann constant and absolute 

temperature, respectively.  

 

 The calculated value of activation energy (𝐸𝑧) is 0.253 eV, obtained from linearly fitted 

Arrhenius plot has shown in Fig.4c. 

 

 The calculated value of ‘Full Width at Half Maxima’ (FWHM) of (Z ̎) plot is greater 

than 𝑙𝑜𝑔 ((2 + √3)/(2 − √3))or 1.141 which reveals the deviation from ideal-Debye 

type relaxation process.  

 

 The long range of charge transport was mainly contributed to the transportation below 

the maximum loss peak frequency and above relaxation frequency, because of localized 

motion of carriers within potential well. 
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Fig. 5.5(a) Real permittivity plot, (b) complex permittivity plot 

  

 Often analysis of relaxation mechanism through conventional techniques appears 

difficult because of the fact that the contribution from the  dc conductivity prevails 

relaxation process. So, we have extensively investigated on the frequency dependent 

dielectric permittivity for Ni doped PANI. 

 

  The frequency dependent dielectric permittivity can be expressed according to Mott’s 

expression Ɛ* = Ɛʹ - jσʺ, where real part of dielectric permittivity (Ɛʹ) stands for ability of 

the material to store energy and imaginary component (Ɛʺ) represent entire energy loss 

inside the material. The real and imaginary part of complex dielectric permittivity can be 

calculated using the following equations 1(a,b) : 

 

𝜺ʹ(𝝎) =
𝒁ꞌꞌ

𝝎𝑪𝒐(𝒁ꞌ
𝟐+𝒁"𝟐)

………..1(a) 

𝜺ʺ(𝝎) =
𝒁ꞌ

𝝎𝑪𝒐(𝒁ꞌ
𝟐+𝒁ꞌꞌ

𝟐)
………..1(b) 

Where, ω = 2πf and Co = Ɛo A/t (Ɛo is free space permittivity, A is cross sectional area and t is 

thickness of the pellet).  
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 The frequency dependent real part of dielectric permittivity Ɛʹ(ω) for both sample has 

shown in fig.5a.  

 

 The variation of Ɛʹ(ω) with frequencies is  same for all the temperatures i.e. high at low 

frequency and decreases with increase in frequencies.  

 

 At lower frequency, Ɛʹ(ω) is varying drastically (i.e. dispersion) and the “relaxed” 

permittivity mainly arising from dipole orientation.  

 

 There were significant contributions from different polarizations such as orientational, 

interfacial and deformational (ionic and electronic) polarization in different frequency 

domain. Which effected in the decrease of Ɛʹ(ω)  with frequency.  

 

 With increase of frequency, under application of time reversal alternating field, 

contribution of oscillating charge carrier to dielectric permittivity become relatively less, 

results lowering tends of Ɛʹ(ω).  

 

 At high frequency, the value of Ɛʹ(ω) does not change significantly and this “unrelaxed” 

value of permittivity reflects the atomic and electronic polarization. 

 

 

 In fig. 5(b), the variation of imaginary part of dielectric constant Ɛʺ(ω) with frequency 

for different sample is shown. From figure it is clearly observed that Ɛʺ(ω) decreases 

with increase of frequency for the sample.  

 

 The ascensive nature of Ɛʺ(ω) at lower frequency by virtue of dc conductivity. In that 

region dielectric loss factor vary with ω-1 as we know Ɛʺ= σdc/Ɛ₀ω. At higher frequency, 

vibration of ion mainly contribute to loss factor and can be explained by charge hopping 

between potential barrier within defect states.  

 

 No loss peak has observed in entire frequency range suggested charge hopping 

frequency and applied ac field frequency are not equal.  

The variation of ac conductivity with frequency and temperature has investigated in frequency 

range of 10 KHz – 5 MHz. Here we calculated ac conductivity using the equation 2. 

    σ(ac) = Ɛ" ωƐo            (2)  

 



 

97 
 

 Where ϵ" represent imaginary part of dielectric constant, ω is the angular frequency and 

Ɛo represent permittivity at free space. 

 

  Fig.6a represents frequency dependent ac conductivity in logarithmic scale. At lower 

frequency, ac conductivity is almost constant i.e. independent of frequency and found to 

increase rapidly after a certain frequency, which is conventionally called hopping 

frequency.  

 

 The plateau type region extended towards higher frequency value as temperature 

increases. This plateau type nature mainly due to dc conductivity.  

 

 Transportation of charge carriers between different localized states increases with 

frequency that’s why ac conductivity increases at higher frequency. According to Jump 

relaxation model (JRM), after hopping, a localized ion cannot be in equilibrium with 

neighbours. 

 

 According to the theory, to achieve the stability, the neighboring ions will also move. 

Sometime, the ion jumps backward (unsuccessful hop) direction to get partially relax 

configuration. 

 

 At low frequency, dc conductivity is prominent mainly due to successful hop of long 

range translational motion of ions. With increase of the frequency, some hops become 

unsuccessful.  

 

 Increase of the ratio of successful/unsuccessful hoping results in conductivity more 

dispersive at high frequency. 

 

 We have interpreted the Nyquist plot (Z ̎- Ź), depleted as in Fig.6b According to Debye 

theory, the material having single relaxation time gives rise to a single semicircle with  

centred on real axis. 
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 But in practice, it can be treated as superimposition of two different semicircular arc 

contributed by intra-chain and inter-chain transportation at higher and lower frequency, 

respectively.  

 

 The frequency dependent real and imaginary part of impedance can be expressed as 

equation 3(a,b).  

𝒁′(𝝎) =  
𝑹𝒄

[𝟏 + (𝝎𝑹𝒄𝑪𝒄)𝟐]
+  

𝑹𝒄𝒃

[𝟏 + (𝝎𝑹𝒄𝒃𝑪𝒄𝒃)𝟐]
… … … … … (𝟑𝒂) 

𝒁″(𝝎) =  
𝝎𝑪𝒄𝑹𝒄

𝟐

[𝟏 + (𝝎𝑹𝒄𝑪𝒄)𝟐]
+  

𝝎𝑪𝒄𝒃𝑹𝒄𝒃
𝟐

[𝟏 + (𝝎𝑹𝒄𝒃𝑪𝒄𝒃)𝟐]
… … … … … (𝟑𝒃) 

 

 Where, Rc = chain resistance, Cc = chain capacitance, Rcb = chain boundary resistance 

and Ccb = chain boundary capacitance.  

 

Cole-Cole plot consists of a large semicircular arc at high frequency and a small tail at low 

frequency indicates that inter chain transport has more impact to the charge transport compared 

to disorder in chain. Also the suppressed semicircle centered at below the real axis suggests the 

clear deviation from ideal Debye type relaxation and distribution of relaxation time. 

 

Fig. 5(a) Real permittivity plot, (b) complex permittivity plot 
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5.4 Conclusions: 

Polyaniline (PANI) was prepared by a standard chemical polymerization technique. Nickel 

particleswere incorporated by using planetary ball milling method. X-ray diffraction spectra 

have been interpreted which assures the composite formation of Ni-doped PANI. A detailed 

investigation has been carried out on complex impedance, relative permittivity, complex 

modulus and ac conductivity for frequency range 10Hz-5MHz with different temperatures. The 

maximum loss peak in complex impedance spectra has been shifted with frequency which 

suggests the temperature dependent dielectric response of the material. Activation energy has 

been calculated using Arrhenius relation as 0.253 eV. The material obeyed non-Debye type 

relaxation mechanism which may be due to inhomogeneity presence within PANI. AC 

conductivity has been well interpreted using Jonscher’s power law.  
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Chapter 6 

 

Conclusions & Future Scopes 

 

6.1 Introduction 

Although conducting polymer has multiple uses but its semiconducting properties increase 

manifold by inclusion of metal particles. There are many conducting polymers PolyAcetelene, 

PolyPyrrole, Polyvinylene. Among those PolyAniline (PANI) has been chosen for our work 

because of its oxidative dose dependent controllable optical and electrical properties. It can 

achieve its conductivity from insulator to semiconducting materials. PANI is conducting in its 

Emeraldaine Salt (ES) form. By doping ES Base with different acids and different pH we can 

obtain different conductivities. For example emarldine PANI gives more conductivity when 

doped with camphor sulfonic acid, compared to doped by hydrochloric acid. Again, when 

dissolved with m-Cresol its conductivity increases further. These wonderful aspects make PANI 

a good replacements of inorganic counterpart in many applications. 

PANI film fabrication seems a challenging task. Different thicknesses of films provide different 

usefulnesses. Thick films in the range of μm to mm are useful for electrical conductions as they 

offer higher conductivity than the thin film ones. Thin films are particularly useful for optical 

purposes as thick films become opaque. To prepae thickfilms dropcasting method is used. To 

fabricate thin films, mainly two methods are used to obtain uniform thin films – 1) Dip coating, 

2) Spin Coating. In our lab we used Spin coater for thin film fabrication. In both the cases of 

film fabrications a smooth, thick and homogenous solution is required. To prepare such solution 

continuous stirring for almost 72 hours required. The substrates for films can be anything from 

laboratory grade glass slides to n-type Silicon wafer. Glass slides are useful for optical studies. 

Alumimium, copper like substrates are used observe Schottky junction behaviour. ITO coated 

glass slides can be used for electrical studies. And finally silicon wafers are used mainly 

structural studies like cross-sectional FESEM. Various trial and error methods are used to 

optimize thin films. 

PANI blended with metal nanoparticles show enhanced opto-electric properties. Metal 

nanoparticles are used, specially noble metals like gold, silver, copper and coinage metal like 

nickel used for our purposes. These metals posses SPR peaks at visible range as well as good 

conductivity at nanoparticle form. there are few ways of incorporating metal nanoparticles into 

conducting polymers, like a) sol-gel method, b) chemical-route of fabrication, c) vapor 

depositions, d)metal ion implantations, e) Ball-milling method etc. 
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 In sol-gel method two different solutions containing polymer and nanoparticles are 

mixed together. But PANI being insoluble in water this method can be discarded easily. 

 

 Chemical route of fabrication involves costly chemicals and sufficient knowlwdge of 

chemistry. Moreover study from earlier reports could not provide satisfying outcome of 

the result. 

 

 Our novel approach is to incorporate metal inclusion into conducting polymer matrix by 

the method of ion implantation. 

 

 The novelty of this method is that we can implant at a specific  depth. Amount of metal 

inclusion is much more than chemical route of fabrication. 

 

 With the method of ball-milling or mechanical route metal incorporation can be 

achieved in the bulk which not very helpful while working with the thin film. 

 

 

6.2 Questions aroused 

while dealing with the problem, in our present work, few questions arised in our mind, 

i. What is the need of conducting polymer metal nanoparticle composites, does it really 

help in advanced electronic device? 

 

 

ii. What are the possible routes of incorporating nanoparticles into the material? What are 

the drawbacks of each method. 

 

 

iii. Finally can we tune the optical and electrical properties of the composite material 

according to our need?or if the changes in optical and electronic properties are 

acceptible or not. 

 

iv. What are the possible use of the obtained material? 
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6.3 Chapterwise summary of findings 

 

1. Chapter 1comprises introduction chapter where we get to know the works done so far 

on conducting polymers especially Polyaniline (PANI) and metal nanoparticles 

nanocomposites. There are many striking features of conducting polymer PANI, metal 

nanoparticles, like gold, silver etc. like noble metals and Nickel like coinage metals too 

and altogether their composite materials also show exotic properties. These properties 

are feedstock growing research trends with them. We grasped from literature review that 

although there are many methods of incorporating metal nanoparticles into conducting 

polymers like, sol-gel, vapour deposition, in-situ chemical polymerization etc. we chose 

ion implantation and mechanical route of fabrication considering few of their strong 

advantages. After having a deep thought considering the characteristics like 

environmental stability, Surface Plasmon Effects (SPR) we select Gold, Silver and 

Nickel as our working nanoparticles. 

 

2. Chapter 2 firmly investigates on the method of metal ion implantation and thin film 

fabrication. First of all we stress on optimization of thin film fabrication of PANI 

dissolved in different solvents. We then have a prior calculation before ion implantation, 

i.e, SRIM ananlysis to determine desired energy. Then Au and Ag ions are implanted 

with varying doses and their optical, electrical and structural studies have been done. 

Although ion beams are capable of incorporating high amount of metal inclusions with 

utmost purity, but it creates considerable amount of damage within the material which 

reflects in the optical and electrical studies of the composite material. So, a trade off is 

required between dose/energy and conductivity or reflectivity. Moreover, the depth of 

distribution of metal clusters can be controlled with ion beam implantation. 

 

3. Chapter 3 is dealing with thick film. Thickness of the films are optimized by 

controlling the drop size and diffeent paprameters of Spin coater. Thick films are in µm 

to mm range and MeV range implantation energy is applied on them. For thin films 

energy is restricted to below 100KeV. Silver and Nickel ions are implanted. Then they 

are gone through various structural, optical and electrical studies. Cross-sectional 

FESEM reveals formation of metal clusters into the voids created by ion beam 

bombardment. With doses, the amount of metal inclusions increase. At higher doses 

carbonifications restrict the electrical conductivity. Due to graphite formation, metallic 

lustre apppears at higher doses. 

 

 

4. In Chapter 4 Copper (Cu) incorporated Polyaniline (PANI) composites have been 

successfully synthesized by mechanical mixing method in a Ball-Milling system. The 
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ball-milling is a fast, cost effective and green method. The prepared composites have 

been characterized by UV-Vis, FTIR spectroscopy.The UV-Vis study shows that the 

optical band gap of PANI decreases due to incorporation of Cu particles. The 

temperature (193K- 333K) and frequency (10Hz- 10MHz) dependent electrical 

conductivity shows that the conductivity of PANI increases after Cu incorporation. The 

ac-conductivity of the composites is ascribed to correlated barrier hopping charge 

transport mechanism. The Cu-PANI composite shows higher εʹ value at all frequencies. 

Over all dielectric studies indicate that the Cu incorporated PANI has better ability to 

store electrical energy and can be used in as energy storage devices and thermoelectric 

devices. 

 

5. In Chapter 5, PANI has been prepared in the same way as the earlier chapter. Method 

of Ball-Milling is appied with the same intention as the earlier chapter. Nickel here 

incorporated because it has ferromagnetic property and earlier reports show that PANI 

too possesses some magnetic properties, so the summation from both material can 

further enhance the magnetic property. X-ray diffraction spectra have been interpreted 

which assures the composite formation of Ni-doped PANI. The maximum loss peak in 

complex impedance spectra has been shifted with frequency which suggests the 

temperature dependent dielectric response of the material. Activation energy has been 

calculated using Arrhenius relation as 0.253 eV. The material obeyed non-Debye type 

relaxation mechanism which may be due to inhomogeneity presence within PANI. AC 

conductivity has been well interpreted using Jonscher’s power law.  

 

6. In the last last chapter we reconnoiter all the findings of our works plan for the future 

research. 

 

 

6.5 Recommendations 

The work of opto-electric property studies by the method of ion implantation can be 

recommended in the following applications: 

 Thin films on different substrates and free standing films can be optimized by the 

method of drop casting and spin coating. 

 

 Ion implantation can change the structure of a polymer and the void spaces actually help 

in agglomeration of nanoparticles, so by the method of ion implantation we can 

incorporate metal particles into the matrix at which out numbers conventional chemical 

route of sysnthesis.  
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 By controlling the energy of the implantaion, we can actually control the depth of the 

nanoparticle layer. Which is a very important outcome from this research. 

 

 The composites have enhanced electrical and dielectric properties at some specified dose 

and energy which can be used in many practical applications. 

 

 

 

6.6 Future scopes of research 

There are many further investigations can be continued based on the present outcomes: 

i) Change in conductivity and dielectric properties with the thicknesses of the free-

standing films need to be observe as well as the semiconducting property as PANI is 

considered to be p-type in nature. 

 

ii) If the p-type nature of PANI changes with the ion implantation. 

 

iii) Considerable amount of research is required to check the formation of metal 

nanoparticles with the dose, energy, species of metal. Any change in degassing, carbon 

cluster formation when implantation is taking place at room temperature and in cool 

environment i.e, liquid nitrogen chamber. 

 

iv) Cross-sectional TEM analysis is required confirm the sizes of the nanoparticles formed 

through this method. 

 

v) What happens to the ferromagnetic property when imbibed with coinage metals. 

 

vi) We can check any change in opto-electric, photoluminescence properties of the 

composite films when electric and magnetic fields are applied across them. 

 

vii) The incorporation of metal nanoparticles can increase the conductivity of the composite 

material by increasing the electron hopping. At the same time these particles can reduce 

the thermal conductivity by phonnon scattering which gives rise to overall increase in 

thermal coefficient or Seebeck coefficient. So these kind of composites can act as good 

thermoelectric material. 

 

viii) All the above studies can be done by incorporating rare-earth elements into the 

conducting polymer. 
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6.7 Conclusions 

In conclusion we can say that the method of ion implantation and Ball-mill can produce 

polymer-metal nanocompites. The method of ion implantation can be applied successfully for 

film technology where as the Ball-mill can produce composite materials in bulk. Both the kinds 

of materials have their own kind of application areas. There are lots scopes remain for future 

studies. Already cultivated features show that the above two methods can improve the opto-

electric and dielectric properties of the composite material than the individual ones.  


