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Abstract 

Monomer 2-furaldehyde (FDH) was used to obtain plasma polymerized 2-furaldehyde 

(PPFDH) thin films of different thicknesses on to glass substrates in optimum condition 

through glow di scharge us ing a capa citively coupled parallel pl ate r eactor. The 

thickness of the plasma polymerized films deposited on g lass substrates was measured 

by using multiple-beam interferometric method. 

The surface morphology of the PPFDH thin films was found to be smooth, flawless and 

homogeneous. The PPFDH thin films showed h ighest percentage o f Carbon (C) with 

small percentage of Oxygen (O) in the energy dispersive analysis of X-Ray spectrum. 

The structural analysis of PPFDH by Fourier transform infrared spectroscopy indicate 

that structural rearrangements occur may be due to the removal of bonds and it contains 

certain amount of conjugation.  

The thermogravimetric analysis (TGA) of PPFDH shows that the PPFDH is stable up 

to 520 K. The differential thermal analysis shows an exothermic broad band which has 

a m aximum c entered a round 60 0 K i ndicating a  gradual c hange of  i ts or iginal 

properties. The corresponding TGA trace shows a uniform weight loss up to 760 K.  

Ultraviolet visible (UV-vis) spectral of PPFDH thin films showed that the absorbance 

increases w ith the i ncrease. From th e U v-vis a bsorption s pectra, absorption c o-

efficient (• ), allowed direct ( Eqd) energy ga p, allowed indirect (Eqi)energy ga ps, 

Urbach energy (EU

The current density (J)-voltage (V) characteristics at different temperature (T) follow a 

power law of the form J •  V

) and steepness pa rameter (• ) were de termined and f ound to be  

between 3.23-3.31 e V, 2 .09-2.30 e V, 0.51 -0.61 e V a nd 0.042 -0.050 respectively f or 

PPFDH thin films of different thicknesses.  

n . In the low voltage region the values of n are 0.80 •  n •  

1.12 and that in the high voltage region lies between 1.91 •  n •  2.58, indicating Ohmic 

conduction i n the low v oltage r egion a nd non -Ohmic c onduction i n t he high vol tage 

region. Theoretically calculated and experimental r esults of  S chottky (βs) and Poole-

Frenkel (βPF) coefficients s how 

xiii 

that t he m ost probable c onduction mechanism in 

PPFDH thin films is  S chottky t ype. From t he A rrhenius pl ots of  J vs . 1/ T for t he 

applied voltages 5 and 35 V, the activation energies (• E) were calculated. For 5V, it is 

about 0.13 ± 0.02 a nd 0.50 ±  0.0 5 eV i n t he l ow a nd hi gh t emperature r egion 

respectively. For 3 5V, i t i s f ound t o be  a round 0.11  ± 0.01 eV and 0.55 ± 0.02 eV, 

respectively in low and high temperature region.  
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1.1 Introduction  

 

Plasma polymerization is achieving an important position for last few decades as a tool 

to pol ymerize or ganic v apors a t l ow t emperatures us ing pl asma e nhancement. T he 

formation of  m aterials i n pl asma ha s be en r ecognized a s a m eans o f s ynthesizing 

polymers, a nd t he pr ocess w hen us ed t o m ake a  s pecial c oating on m etals, ha s be en 

referred to as plasma polymerization or  glow discharge polymerization. Since plasma 

contains ions, electrons, photons, radicals and excited molecules, it becomes important 

to i dentify t he r eactive s pecies c ontrolling the pr opagating pr ocesses of  t he 

polymerization. It is the one of the modern techniques that can be used to deposit thin 

polymer films from a variety of organic compounds [1-3]. 

The polymer thin films obtained by plasma polymerization technique are different from 

those obt ained b y ot her c onventional t echniques. Plasma pol ymerized films a re 

generally highly cross-linked and therefore insoluble in organic solvents. The structures 

and pr operties o f pl asma pol ymer t hin f ilms de pend on pl asma p olymerization 

parameters; es pecially d ischarge pow er, monomer f low r ate, substrate t emperature, 

steady–state pressure in the reactor chamber and time of polymerization [4, 5].   

Interests on organic thin films have been increasing for the last several years because of 

their a ttractive pr operties in the f ield of mic roelectronics a nd phot ovoltaic [ 6]. T hin 

films of  organic compounds have applications in the f ields of   mechanics, electronics 

and opt ics; a pplications i nclude c hemical, ph ysical a nd bi ological s ensors, 

microelectronic and op toelectronic devices, n onlinear opt ical de vice, molecular 

devices, coatings for chemical fibers and films, passivation of metals, surface hardening 

of t ool, s paceship c omponents, e tc.[7-8]. T herefore, i t i s of  great interest t o de velop 

polymer t hin f ilms of  hi gh qua lity f or a  va riety of  i ndustrial applications. A s a  

consequence, t he s tudy of  t he s tructural, e lectronic, e lectrical and optical, etc. 

properties of  or ganic p olymers thin films a s potential a dvance m aterials received 

special attention of the solid state and materials scientists. 

The f ilms obtained b y plasma pol ymerization a re generally o f high qua lity, 

homogeneous, adherent, thermally stable and pinhole free [9-11]. Plasma polymers are 

used a s di electric and o ptical c oatings t o i nhibit c orrosion. T he i nvestigation of  t he 

optical pr operties of pol ymer f ilms is  of  pa rticular int erest be cause of  the ir us e in  

optical devices [12].  
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Study on di fferent pl asma pol ymerized or ganic pol ymer i s be ing led out i n t he Solid 

State Laboratory of Bangladesh U niversity of  E ngineering a nd Technology ov er t he 

past f ew years [13-23]. It i s s een that t he pl asma pol ymerization emerges as  a ve ry 

important technique for thin film deposition and surface modification. So in the present 

research work, plasma polymerization technique has been used for the p reparation o f 

thin films. The major objective of this research work is to prepare polymer thin films of 

2-furaldehyde (FDH) by glow discharge technique and to study their structural, optical 

and electrical pr operties. The pr esent t hesis r eports s tructural, opt ical, di rect cur rent 

(DC) electrical and thermal properties of plasma polymerized 2-furaldehyde (PPFDH) 

thin films. The results of the present investigation are discussed in the thesis.    
Correlation of the different properties namely structural, optical, thermal and electrical, 

with the composition of the polymer is highly essential for tailoring these materials for 

various applications.  

 

1.2 Review of Earlier Research Work 

The plasma polymers have been widely recognized during last few decades and several 

successful applications h ave c ome i nto vi ew. G oodman’s [ 24] w ork i n t his f ield ha s 

inspired several investigators to characterize the polymerization process and polymers 

produced from organic monomers. The development of scientific interest in application 

of materials of organic compound produced through plasma polymerization technique 

has drawn much a ttention of  the scientists to investigate the various properties of  the 

polymers s uch as s tructural, physical, chemical, optical, t hermal and electrical 

properties. The attention in plasma-polymerized thin films a s a  pos sible di electric 

material has triggered academic interest in the polymerization process [25].  

The s tructural behavior of plasma pol ymerized thin films is  di fferent than that of  the 

conventionally pr epared pol ymer t hin f ilms. F ourier t ransformed i nfrared (FTIR) 

spectroscopic ana lysis, scanning el ectron microscopy (SEM) etc. provide i nformation 

about the  c hemical s tructure of  the  pl asma pol ymers. U ltraviolet-Visible ( UV-Vis) 

spectroscopic analyses of organic or inorganic materials can give the information about 

electronic structure and find out the existence of optical transition mechanisms: allowed 

direct, indirect transitions and forbidden transitions. 

Rummana and Bhuiyan [26] investigated the electrical transport mechanism in plasma 

polymerized 2, 6, diethylaniline (PPDEA) thin film. They reported that the low voltage 

region, c onduction c urrent obe ys O hm’s l aw. The t hickness d ependence of  c urrent 
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density (J) in the higher vol tage (V) region has indicated a  Schottky t ype conduction 

mechanism. They also investigated the temperature dependence of the current density 

for di fferent bi as vol tages a nd c onfirmed t he pos sibility of  S chottky e mission i n 

PPDEA thin films. 

Tamanna and Bhuiyan [27] studied  plasma polymerized 1, 1, 3, 3 tetramethoxypropane 

(PPTMP) by infrared and UV-Vis spectroscopy and reported that as deposited PPTMP 

thin f ilms c ontain C =C bond a nd C =O bonds  a nd t hese bonds  f orm due  t o he at 

treatment. The red shift in the maximum absorption wavelength for PPTMP thin films 

substantiates t he f ormation of  c onjugation i n P PTMP t hin f ilms. T he a bsorption 

coefficient (• ), allowed di rect tr ansition (Eqd) a llowed indirect tr ansition (Eqi) and 

energy gap were determined. The Eqd and Eqi were found to be about 2.92 to 3.16 e V 

and 0.80 t o 1.53  e V r espectively for as de posited P PTMP s amples of  di fferent 

thicknesses. The E qi

 Investigation on  conducting Plasma P olymerized Polypyrrole ( PPPy) Thin Films a s 

Carbon Dioxide Gas Sensors by plasma enhanced chemical vapor deposition (PECVD) 

method [28] revealed that the plasma polymerized PPy films can act as a gas sensor for 

carbon dioxide monitoring. 

 of two samples of different thickness heat treated at 673 K for 1 

hour is 0.55 and 0.65 eV. 

Blaszczyk-Lezak et al . [29] r eported t he preparation and opt ical properties of  pl asma 

polymerized pe rylene thi n films. They obt ained these f ilms a s hi ghly a bsorbent a nd 

fluorescent w ith a  r oot mean s quare (rms) r oughness i n t he r ange 0.3 -0.4 nm . T hey 

described that t he f ilms are formed by a m atrix formed by cross-linked fragments of  

perylene a nd i ntact m olecules t hat c onfer t he obs erved opt ical pr operties to this 

material. The optical and microstructural characteristics of this type of thin films make 

them suitable for their integration into photonic components for various applications.  

Current de nsity–voltage (J-V) characteristics of pl asma pol ymerized 1-Benzyl-2-

methylimidazole (PPBMI) thin films were studied by Sarker and Bhuiyan [30] over the 

temperature r ange from 300 t o 423  K a nd r eported t hat t he dom inant c onduction 

mechanism in PPBMI thin films is space charge limited conduction. 

Rummana a nd Bhuiyan [31] inve stigated the heat tr eatment and aging effect on the 

structural a nd opt ical pr operties of  pl asma pol ymerized 2,6 -diethylaniline (PPDEA) 

thin films. 

They reported that t he o ptical pa rameters of  as -deposited P PDEA t hin f ilms c hanges 

due to heat treatment and do not change appreciably due to aging. 
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Cho et al. [32] investigated electrical and physical properties of plasma-polymerized as-

grown a nd t he a nnealed pur e e thylcyclohexane t hin f ilms a t va rious de position radio 

frequency (RF) powers and annealing temperatures by using PECVD. The IR spectra 

showed that the plasma-polymer thin films had totally different chemical functionalities 

from those o f the  e thylcyclohexane precursor and that the  chemical functionalities of  

the thin films changed with the RF power and annealing temperature. They observed a 

shrinkage ( %) i n t he t hicknesses of  t he t hin f ilms be fore a nd after t he annealing t he 

films which was measured by using SEM cross-sectional images.  

Zhao et  al . [33] pr epared pol y (4-biphenylcarbonitrile) ( PBPCN) thi n films us ing 

plasma pol ymerization t echnique. T hey s tudied the e ffect of  di scharge power on t he 

chemical structure and surface compositions of PBPCN thin films using FTIR, UV-Vis 

absorption and XPS. UV-Vis spectra showed that a larger • -conjugated system formed 

in the PBPCN thin f ilms at low plasma discharge of  30 W . The FTIR results suggest 

that the plasma polymerization of PBPCN has proceeded mainly via the opening of • -

bonds of  t he C• N f unctional g roups unde r l ow di scharge pow e r of  30  W . A hi gh 

discharge pow er of  50  W  br ings a bout m ore s evere m olecular ( aromatic r ing) 

fragmentation and t hus t he c onjugation l ength of  P BPCN f ilms de creases due  t o t he 

formation of a non-conjugated polymer. 

Majumder a nd Bhuiyan [ 34] em ployed electrical glow di scharge t echnique f or t he 

preparation of  pl asma pol ymerized vi nylene c arbonate ( PPVC) t hin f ilms of  

aluminum/thin f ilm/aluminum s andwich structure a t r oom te mperature by a  pa rallel 

plate capacitively coupled reactor. The structural investigation of the monomer VC and 

PPVC was performed by Fourier transform infrared spectroscopy. They found Ohmic 

current conduction i n t he l ow vol tage r egion a nd non O hmic c onduction i n t he hi gh 

voltage region and the most probable conduction mechanism in the PPVC thin films is 

of Schottky type. 

Plasma pol ymerized tetraethylorthosilicate ( PPTEOS) thi n films w ere deposited by 

Zaman and Bhuiyan [35] on to glass substrates at room temperature by a parallel plate 

capacitively coupled glow discharge reactor. The conduction in PPTEOS is dominated 

by hoppi ng of  c arriers be tween the l ocalized states at  t he l ow t emperature and 

thermally excited carriers from energy levels within the band gap in the vicinity of high 

temperature. 
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Nespurek et  al. [36] r eported that shapes o f I-V characteristics of  thin films s trongly 

depend on t emperature, pr esence of  c harge carrier t raps, a nd t heir di stribution i n 

energy, s patial i nhomogeneity of  t he s ample an d electrode con figuration in case of  

space charge limited conduction (SCLC). The presence of traps influences generation-

recombination noi se w hich c an be  us ed for t he de termination of  d ensity-of-states 

function. Thus for a new material to be used in electronic technology, it is necessary to 

study the charge transport mechanism.  

Chowdhury and Bhuiyan [ 37, 38] i nvestigated the opt ical and electrical pr operties of  

plasma pol ymerized diphenyl ( PPDP) t hin f ilms. T hey ha ve c oncluded t hat t he ba nd 

gap is not affected appreciably by heat treatment whereas it is modified on aging. The 

AC conductivity is more dependent on temperature in the low frequency region than in 

the high frequency region. Dielectric constant is dependent on frequency above 303 and 

343 K  i n t he a s de posited a nd he at t reated P PDP, respectively. The d ielectric da ta 

analysis showed the existence of distribution of relaxation time in these materials.  

 Guermat et al . [ 39] s tudied pl asma-polymerized films of  h examethyldisiloxane a s 

sensing layer for humidity sensor development by using a capacitively coupled parallel 

plate reactor. The change in electrical impedance of the sensing film was monitored as 

the device was exposed to humidity. They reported that thickness and discharge power 

were t wo main parameters t hat g overn sensor c haracteristics f or m oisture de tection. 

Films with lower thickness and low discharge power provide the opt imum deposition 

condition for fabricating high performance humidity sensors. 

The structural analyses of plasma polymerized N, N, 3, 5 Tetramethylaniline (PPTMA) 

thin films ha ve r evealed tha t P PTMA thi n films are formed with certain amount of  

conjugation, which modified on he at t reatment [40, 41]. From the UV-Vis absorption 

spectra, t hey f ound t hat t he a llowed di rect a nd i ndirect t ransition e nergy gaps w ere 

modified w hen t he s amples w ere heat t reated and Tauc p arameter (B) for all the  

samples indi cated an increase in structural or der/conjugation in PPTMA thi n films 

improved by he at tr eatment.  F rom U V-Vis spectroscopy t hey f ound t hat i ndirect 

energy gap va ries f rom 1.49 t o 1.86 e V w ith f ilm t hickness. J-V characteristics 

indicated that th e c onduction mechanism in  P PTMA thi n films is  SCLC. F rom t he 

electrical and optical measurements they suggested that the top of valence band and the 

bottom of the conduction band may have gap states and the middle of the energy gap 

may be equal to the high temperature activation energy. 
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Sakthi K umar a nd Y oshida [ 42] r eported t hat PPPy produced b y R F plasma 

polymerization has large increase in the capacitance towards the low frequency region 

which indicated the possibility o f an in terfacial p olarization mechanism p revailing in 

that r egion. T hey ha ve concluded t hat t o c onsider a  m aterial t o be  a  good di electric 

material it should have high dielectric constant with small variations against frequency 

and temperature, low di electric l osses, c hemical ine rtness a nd a lso stability against 

environment.  

    Vikram Kumar et al. [43] examined the temperature dependence of the exponential trap    

 model of the SCLC in organic semiconductors and determine trap parameters from the 

temperature dependent of J characteristics at two or more temperatures. It is observed 

that the technique is applicable if the J characteristics follow a power law of the form 

  J-Vm

Sajeev and Anantharaman [ 44] studied with the  c arrier tr ansport mechanism of  

polyaniline (PA) thin films prepared by RF plasma polymerization. The mechanism of 

electrical conduction and carrier mobi lity of  P A thi n films for di fferent temperatures 

were e xamined us ing t he a luminium–PA–aluminium s tructure. It i s f ound t hat t he 

mechanism of carrier transport in these thin films is SCLC.  

. 

Akhmedov et al. [45] observed SCLC in films prepared in glow discharge plasma. The 

electrical current in thin films obt ained by the  pol ymerization of a cetonitrile in g low 

discharge on a heated substrate was investigated in order to determine the mechanism 

of e lectrical c onduction. T he r esults of  t he field dependence, s ample thickness 

dependence of  t he da rk c onductivity, s upported b y t he r esults of  photocurrent 

measurements, suggest an exponential energy distribution of traps inside the band gap 

of the polymer. 

Olayo et al. [46] studied the electric conductivity, activation energy and morphology of 

polythiophene s ynthesized b y RF resistive pl asmas. T he c ontinuous c ollisions of  

particles in the plasma induce the polymerization of thiophene but also break some of 

the m onomer m olecules pr oducing c omplex pol ymers w ith t hiophene r ings a nd 

aliphatic hydrocarbon segments. These multidirectional chemical reactions were more 

marked a t l onger r eaction t imes. T he i ntrinsic conductivity of  pl asma polymers of  

thiophene w as found t o be  s ensitive t o t he w ater c ontent i n t he pol ymers a nd t he 

activation energy increased with the reaction time. 
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Cherpak e t a l. [ 47] f ormed pol y(o-methoxyaniline) (POMA) th in films b y 

thermovacuum deposition in the temperature range of 350–450 °C and at a pressure of 

5 × 10−5

Fischer et  al . [48] yields ul trathin insoluble, low-molecular-weight pol ymer f ilms b y 

the e lectropolymerization of  o-methoxyaniline unde r s elf-limiting deposition 

conditions. Fundamental understanding of  t he s tructure/property relationships de rived 

from the investigations can be applied to three-dimensional electrode nanoarchitectures 

that incorporate such electroactive coatings for enhanced charge-storage functionality. 

 Torr and found that the s tructure properties of  vacuum deposited POMA are 

similar to those observed for the emeraldine form of  pol yaniline. On the basis of  the 

dependence of  c onductivity on frequency t hey s howed t hat hoppi ng m echanism 

dominates in a polymer film and such mechanism was typical of non-ordered systems. 

Electrochemical polymerization of aniline was carried out by Raj et al. [49] in micellar 

solutions of camphor sulphonic acid. The surface morphology observed from different 

surfactant m olecules was f ound t o b e distinctly di fferent a nd s howed uni form 

nanosized globular structures. 

Therefore it is observed that a lot of research work has been performed in this field  and 

potential applications was found. These encourage me to prepare thin films of plasma 

polymerized organic materials. 

1.3 Objectives of the Present Study 

From r eview of  earlier r esearch, i t i s f ound t hat few works have been done  w ith 

monomer 2 -furaldehyde. T his m onomer i s i n l iquid f orm a nd not  s ticky so t hat no 

heating system is needed to inject the monomer into the chamber. This monomer is also 

available in  loc al ma rket.  This t ype of  m aterials i s us ed as c oatings, i nsulators, 

dielectrics, etc. That is  why this material was chosen as a  potential organic monomer 

for thin film preparation. 

In t he pr esent i nvestigation, plasma pol ymerized 2 -furaldehyde ( PPFDH) thin films 

were prepared at optimized conditions by a capacitively coupled glow discharge plasma 

polymerization m ethod. T he s urface s tructure, c hemical s tructure, a bsorption c o-

efficient, optical energy gaps and direct current (DC) electrical conduction mechanism 

were investigated. 

The morphology was s tudied to know  i ts s urface pr operties a nd Fourier transform 

infrared spectroscopy of t he m onomer a nd a s de posited PPFDH were i nvestigated to 

know the structural change due to plasma polymerization. 
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Differential t hermal ana lysis and thermogravimetric ana lysis of PPFDH were 

performed to und erstand the the rmal properties. Ultraviolet-Visible spectroscopy w as 

done to calculate the absorption coefficient and from which the direct and indirect band 

gaps of PPFDH were calculated. Aluminium-thin film-aluminium sandwiched structure 

samples were used for J -V and  J-T measurements. DC electrical measurements were 

performed at di fferent applied vol tage a nd di fferent t emperatures on s amples of  

different thicknesses t o unde rstand t he DC conduction m echanism in PPFDH thin 

films.  

1.4  Thesis Summary 

To make this research work reader f riendly this di ssertation has been configured into 

five chapters. 

Chapter 1:  This chapter basically focuses on the reviews of  earlier research works of  

different plasma polymerized thin films and discusses the aim of the present study. 

Chapter 2:   This chapter de scribes t he de tails a bout pol ymers, plasma polymers, 

different polymerization processes, advantages and disadvantages of plasma polymers. 

Application of  pl asma pol ymerized or ganic t hin films a nd t heories of  di fferent 

measurements are presented at the end of this chapter. 

Chapter 3:  The experimental techniques are briefly explained in this chapter along with 

the description of the plasma polymerization set up, generation of glow discharge, film 

thickness measurements, sample formation, etc. The monomer, substrate materials and 

its cleaning process are also included here. A brief description of the instrumentation of 

the different characterization techniques are also presented here. 

Chapter 4:  The morphological, structural, thermal and optical properties are presented 

in this chapter. This chapter ends with analyses of J-V and J-T characteristics.  

Chapter 5 : Finally, t he c onclusions of  t he work done  a nd suggestions f or future 

research on this material are included in this chapter. 
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2.1 Introduction 

Polymeric m aterials ha ve vast pot ential e xciting ne w applications in the f oreseeable 

future. Polymer uses are be ing developed in such diverse areas namely: conduction and 

storage of  electricity, molecular ba sed i nformation s torage a nd processing, m olecular 

composites, unique separation membranes, new forms of food processing and packaging, 

health, housing, and transportation. Indeed, polymers will play an increasingly important 

role in all aspects of everyday life. The large number of current and future applications of 

polymeric m aterials ha s cr eated a great i nterest f or s cientists t o carry o ut r esearch and  

development in polymer science and engineering. 

This cha pter pr esents a literature s urvey on  polymers, general pr operties polymers and 

different-polymerization pr ocesses. T he de tails of  pl asma, a n ove rview of  gas di scharge 

plasma, pl asma pol ymerization, di fferent t ypes of  g low di scharge r eactors, pl asma 

polymerization m echanism, a dvantages and di sadvantages o f pl asma p olymerized t hin 

films, application of plasma polymerized organic thin films are illustrated in this chapter 

[50]. The theory of  Fourier Transform Infrared (FTIR) Spectroscopy, Ultraviolet-Visible 

(UV-Vis) spectroscopy and direct current (DC) conduction mechanism are also focused at 

the end of this chapter. 
 

2.2 Polymers 

The t erm ‘ polymer’is d erived f rom t he G reek words: polys meaning many, a nd meros 

meaning parts. Polymers are the substances, which are made of large number of molecules 

or m acromolecules. T hese m olecules or  giant m olecules a re composed of  c ovalently 

bounded r epetition of  s mall r epeating uni ts, w hich a re c alled ‘ monomer’. T he l ength of  

polymer chain is specified by the nummber of repeat units in the chain, which is known as 

the degree of polymerization. Polymers are thought to be colloidal substance i.e. glue-like 

materials. From c hemical poi nt of  vi ew, t he colloidal s ubstances a re i n f act l arge 

molecules a nd t heir be havior c ould be  e xplained i n t erms of  the s ize o f t he individual 

molecules.  

In some cases the repetition is l inear to form l inear chain, in others the chains are 

branched or inter connected to form three-dimensional networks. The repeat unit is usually 

equivalent to the monomer, or  s tarting material f rom which i t i s formed. Polymers have 

anomalous properties because they were so different from the properties of low molecular 

weight compounds. When more than one kind of repeat unit is present in the polymer, it is 
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known as a copolymer. Polymers having molecular weight roughly in the range of 1000-

20,000 are called low polymers and those having molecular weight higher than 20,000 as 

high polymers [51]. 

2.2.1  Classification of Polymers 

Linear Polymers: Linear pol ymers are m ost c ommon. T hey can oc cur w henever t wo 

reacting chains join to make a cha in. If the long-chains pack regularly, side-by-side, they 

tend to form crystalline polymers. If the long chain molecules are irregularly tangled, the 

polymer is amorphous since there is no long range order. Sometimes this type of polymer 

is called glassy. Cross-Linking: In addition to the bonds which hold monomers together in 

a pol ymer chain, m any polymers form bonds  b etween ne ighboring c hains. These bonds  

are called cross links. These bonds can be formed directly between the neighboring chains, 

or two chains may bond to a third common molecule. Though not as strong or rigid as the 

bonds w ithin t he c hain, t hese cross-links 

Homo-polymers: They c onsist of  chains w ith i dentical bondi ng l inkages t o each 

monomer unit. This usually implies that the polymer is made from all identical monomer 

molecules. These may be represented as:  -[A-A-A-A-A-A]- 

have a n i mportant e ffect o n t he pol ymer. 

Polymers with a high enough degree of cross-linking have "memory". When the polymer 

is stretched, the cross-links prevent the individual chains from sliding past each other. The 

chains m ay s traighten o ut, but  onc e t he s tress i s r emoved t hey r eturn t o t heir or iginal 

position and the object returns to its original shape. 

Copolymers: They consist of chains with two or  more l inkages usually implying two or 

more different types of monomer units. These may be represented as:  -[A-B-A-B-A-B]- 

Addition Polymers: Here, the monomer molecules bond to each other without the loss of 

any other atoms. Alkene’s monomers are the biggest groups of polymers in this class. 

Condensation Polymers: In this case, usually two different monomers combine with the 

loss of a small molecule, usually water. Polyesters and polyamides (nylon) are in this class 

of polymers.  

Thermoplastics: Thermoplastic polymers can be repeatedly softened by heating and then 

solidified b y cooling. Most linear and s lightly br anched polymers a re t hermoplastic. A ll 

the m ajor t hermoplastics a re pr oduced b y chain polymerization. Thermoplastics ha ve a 

wide range of applications because they can be formed and reformed in so many shapes. 

Some examples are food packaging, insulation, automobile bumpers and credit cards. 

 

javascript:Glossary('cross_linking',400,175)�
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Thermosets: Thermosets usually are t hree-dimensional networked pol ymers in w hich 

there is a high degree of cross-linking between polymer chains. The cross-linking restricts 

the motion of the chains and leads to a rigid material. Thermosets are strong and durable. 

They primarily are used in automobiles and construction. They also are used to make toys, 

varnishes, boat hulls, and glues. 

Elastomers: They are rubbery polymers that can be stretched easily to several times their 

unstretched length and which rapidly return to their original dimensions when the applied 

stress i s r eleased. E lastomers a re cross-linked, but ha ve a  low c ross-link de nsity. T he 

polymer c hains s till ha ve s ome f reedom t o m ove, but  a re pr evented f rom pe rmanently 

moving relative to each other by the cross-links. To stretch, the polymer chains must not 

be pa rt of  a  r igid solid - either a glass or  a cr ystal. Rubber bands and other e lastics a re 

made of elastomers.  
[ 

  

2.2.2   States of polymers 

Polymers can exist in three different states: a) Viscofluid state b) Rubbery state c) Glassy 

state. 

a) Viscofluid state: This s tate of  pol ymer i s ch aracterized by t he i ntensive thermal 

motion of  i ndividual u nits, l arge f ragments of  t he pol ymeric c hain a nd t he 

movement of the macromolecule as a whole. This state is typical of most liquids. 

The most important specific feature of polymers existing in this state is the ability 

to flow under the influence of the applied stress (fluidity). 

b) Rubbery state: The rubbery (high elastic) s tate is the cha racteristics of  polymer 

only. In t he r ubbery s tate i ndividual uni ts, a tomic g roups a nd s egments unde rgo 

intensive t hermal m otion. P olymers i n this s tate pos sess r emarkable m echanical 

properties. The folded flexible long chains straighten out under the influence of the 

applied stress and return t o their or iginal s hape after t he s tress i s r emoved as a 

result of thermal motion. 

c) Glassy state: When the temperature is lowered, a liquid can crystalline or pass to 

the glassy state. The transition to the glassy state is possible for both low molecular 

mass s ubstances a nd pol ymers. In t his s tate pol ymers a re no l onger c apable of  

undergoing segmental motion. The glassy state is characterized by the vibrational 

motion, small units in the main chain and also atomic groups. The morphology of 

http://faculty.uscupstate.edu/llever/Polymer%20Resources/Topology.htm#network�
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most pol ymers is  s emi-crystalline. That is , they form mix tures of  s mall c rystals a nd 

amorphous material and melt over a r ange of  t emperature i nstead of at  a s ingle m elting 

point. T here a re s ome pol ymers t hat a re c ompletely amorphous, but  m ost a re a  

combination w ith t he t angled a nd di sordered r egions s urrounding t he c rystalline a reas. 

Such a combination is shown in fig. 2.1. 

   

Crystalline Amorphous Semi crystalline 

Fig. 2.1  Different states of Polymers 
 

An amorphous solid is formed when the chains have little orientation throughout the bulk 

polymer. The glass transition temperature

2.2.3 General properties of polymers 

 is the point at which the polymer hardens into 

an amorphous solid. This term is used because the amorphous solid has properties similar 

to glass. 

 
The properties of polymers of same kind or groups may vary depending on how  they are 

prepared and treated thermo-mechanically before being tested. The structural, chemical as 

well as physical properties of polymers are largely based on the factors namely: molecular 

weight, pol arity, c rystallinity, m olar c ohesion, l inearity and non -linearity of pol ymeric 

chains, thermo-chemical history of the polymers and temperature of observation etc. [52]. 

2.3 Plasma and Plasma Polymerization 

2.3.1 Plasma 

Plasma is  t ypically an i onized gas. P lasma i s c onsidered t o be  a  di stinct state of  ma tter 

because of  i ts uni que pr operties. As a r esult the pl asma s tate i s o ften referred to as t he 

fourth state of matter.  Ionized refers to presence of one or more free electrons, which are 

not bound to an atom or molecule. The free electric charges make the plasma electrically 

conductive so that it r esponds s trongly t o electromagnetic f ields. Plasma t ypically t akes 

the form of neutral gas-like clouds (e.g. stars) or charged ion beams, but may also include 

dust and grains called dusty plasmas. Stars, as well as visible interstellar matter, are in the 

plasma s tate. Besides the as troplasmas, which are omnipresent in the universe, there are 

http://en.wikipedia.org/wiki/State_of_matter�
http://en.wikipedia.org/wiki/Ionization�
http://en.wikipedia.org/wiki/Electron�
http://en.wikipedia.org/wiki/Electric_charge�
http://en.wikipedia.org/wiki/Electrical_conductivity�
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http://en.wikipedia.org/wiki/Ion_beam�
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two main groups of  l aboratory plasma, i .e., the h igh-temperature or  fusion plasmas, and 

the low-temperature pl asma or  ga s di scharges [53, 54 ]. In general, a  subdivision can be  

made between plasmas which are in the thermal equilibrium and those which are not in the 

thermal e quilibrium. Thermal e quilibrium impl ies tha t the  te mperature of  a ll s pecies 

(electrons, i ons, and neutral species) is  the  s ame. High temperature is  r equired to form 

these e quilibrium pl asmas, t ypically r anging f rom 4000 K  t o 20000 K . T his i s t rue f or 

stars, as w ell a s f or f usion plasmas. On the o ther ha nd, interstellar pl asma ma tter is  

typically not in thermal equilibrium [55]. 

In recent years, the field of gas discharge plasma applications has rapidly expanded [56]. 

The wide variety of chemical non-equilibrium conditions is possible since parameters can 

easily be  m odified s uch a s, c hemical i nput, p ressure, e lectromagnetic f ield structure, 

discharge configuration and temporal behavior, etc. Because of  these multi- dimensional 

parameter s pace of  t he plasma condi tions, there ex ists a l arge va riety o f g as di scharge 

plasmas em ployed in a l arge r ange of  appl ications. Four t ypes of  pl asma i .e., t he g low 

discharge ( GD), capacitively coupl ed plasma (CCP), i nductively coupled pl asma ( ICP), 

and t he m icro w ave-inductively pl asma ( MIP), a re commonly us ed i n pl asma 

spectrochemistry and are t herefore f amiliar t o m ost s pectrochemists. However t hese 

plasmas, as well as related gas discharges, are more widely used in technological fields.  

To generate t he pl asma, i t i s ne cessary t o ionize at oms or  m olecules i n t he ga s pha se. 

When a n a tom or  m olecules gains e nough e nergy from a n e xternal ex citation source or  

through collisions w ith a nother m olecule, i onization oc curs [ 57]. T his ha ppens us ually 

when the molecules are under specific conditions, like extreme heat which generates the 

so-called hot plasmas, or unde r el ectrical glow di scharge w hich generates t he cold 

plasmas [58]. T he pl asmas l oose e nergy t o t heir s urroundings t hrough c ollision a nd 

radiation pr ocesses; a s a  r esult, e nergy m ust be  supplied c ontinuously t o t he s ystem t o 

maintain the plasma state. The easiest way to supply energy to a system in a continuous 

manner i s w ith an electrical s ource. Therefore, electrical g low di scharges ar e t he m ost 

common plasmas [59].  

2.3.2  Gas discharge plasma  

Plasma polymerization takes place in low temperature plasma which is provided by a glow 

discharge op erated in an or ganic gas or  vapor (monomer) a t l ow p ressure between two 

electrodes. W hen a s ufficient high pot ential difference i s applied between t he t wo 

electrodes, t he gas w ill br eak i nto pos itive i ons a nd e lectrons, giving r ise t o a  gas 
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discharge. W hen a pot ential di fference i s applied the el ectrons a re ac celerated b y t he 

electric f ield in front of  the cathode and collide with the gas atoms. The most important 

collisions are the inelastic collisions leading to excitation and ionization. T he excitation 

collisions cr eate ne w el ectrons a nd ions. The i ons ar e ac celerated b y t he el ectric field 

toward the cathode, where they release new electrons by ion-induced secondary electron 

emission. T he e lectrons g ive rise t o ne w i onization c ollisions, c reating ne w i ons a nd 

electrons. These processes of electron emission at the cathode and ionization in the plasma 

make the glow discharge self-sustaining plasma. 

Another important process in the glow discharge is the phenomenon of sputtering, which 

occurs at  s ufficiently h igh vol tage. W hen t he i ons a nd f ast a toms f rom t he pl asma 

bombard t he c athode, t hey not onl y release s econdary e lectrons, but  a lso a toms of  t he 

cathode m aterials, which a re c alled s puttering. T his i s t he ba sis of  t he us e of  glow 

discharges f or analytical s pectrochemistry. The i ons can  be  d etected with a m ass 

spectrometer and t he e xcited a toms or  i ons e mit c haracteristic phot ons, w hich c an b e 

measured with optical emission spectrometry. Alternatively, the sputtered atoms can also 

diffuse through the plasma and they can be deposited on a substrate, this technique used in 

materials t echnology e .g. f or t he de position of  t hin f ilms. Fig. 2.2 s hows a  s chematic 

overview of the basic processes in a glow discharge. 

 
Fig. 2.2 Schematic overview of the basic processes in a glow discharge. 
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2.3.3 Direct current (DC) glow discharge 

Plasma polymerization process takes place usually in a low temperature generated by glow 

discharge. The s pace be tween the el ectrodes b ecomes vi sible w hen a glow di scharge i s 

established; the  a ctual d istribution of lig ht in the g low di scharge is  s ignificant a nd is 

dependent on the current-voltage characteristics of the discharge [60]. 

When a  c onstant pot ential di fference i s a pplied be tween t he c athode a nd a node, a  

continuous c urrent will flow through the di scharge; giving rise to a direct cur rent ( DC) 

glow discharge. In a DC glow discharge the electrodes play an essential role for sustaining 

the plasma by secondary electron emission. The potential difference applied between the 

two electrodes is generally not equally distributed between cathode and anode, but it drops 

almost completely in the first millimeters in front of the cathode. However, for most of the 

other a pplications of  D C g low di scharges ( sputtering, de position, c hemical e tching, 

analytical chemistry etc.), the distance between cathode and anode is generally short. So, 

normally a  s hort a node zone i s pr esent be side c athode da rk s pace a nd ne gative g low, 

where the slightly positive plasma potential returns back to zero at the anode [61]. 

DC glow voltage can operate over a wide range of discharge conditions. The pressure can 

vary f rom be low 1  P a to a tmospheric pr essure. T he pr oduct of  p ressure a nd di stance 

between the electrodes is a be tter parameter to characterize the discharge. For instance, at 

lower pr essure, t he di stance b etween c athode and a node s hould b e l onger t o c reate a  

discharge with properties comparable to these of  high p ressure with small di stance. The 

discharge can operate in a rare gas (most often argon or helium) or in a reactive gas (N2, 

O2, H2, CH4, SiH4, SiF4, etc.), as well as in a mixture of these gases. 

2.3.4 Alternating current (AC) glow discharge 

The m echanism of  A C glow di scharge ba sically depends on t he f requency o f t he 

excitation. At l ow f requencies (60 Hz), t he s ystem c an b e l ooked upon  a s a  D C glow 

discharge w ith a lternating pol arity. B y i ncreasing t he f requency o f t he a pplied vol tage, 

positive ions become immobile, because they can no longer follow the periodic changes in 

field polarity. At frequencies above 500 KHz, the half‐cycle is so short that all electrons 

and ions stay within the inter-electrode volume. This reduces the loss of charged particles 

from t he s ystem s ignificantly, and r egeneration of e lectrons a nd i ons oc curs w ithin t he 

body of the plasma through collisions of electrons with gas molecules. In radiofrequency 

(RF) plasma (13.56 MHz) therefore, no contact between the electrodes and the plasma is 
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required. T he pl asma c an be i nitiated and sustained by external el ectrodes, at a m uch 

lower voltage than is required for maintaining a DC glow discharge [62, 63].  

2.4 Deposition of Thin Films by Plasma polymerization 

Plasma polymerization is e ssentially a  pl asma e nhanced c hemical va por de position 

process. It r efers t o t he deposition of  pol ymer f ilms due  t o t he e xcitation of a n o rganic 

monomer gas and subsequent deposition and polymerization of the excited species on the 

surface of  a  s ubstrate. P olymers f ormed b y pl asma pol ymerization a re, i n m ost c ases, 

highly branched and highly cross-linking.  

In the plasma polymerization process, a monomer gas is pumped into a vacuum chamber 

where it is polymerized by plasma to from a thin, clear coating. The monomer starts out as 

a liquid. It is converted to a gas in an evaporator and is pumped into the vacuum chamber. 

A g low di scharge initiates pol ymerization. The ex cited electrons cr eated in the g low 

discharge i onize t he monomer m olecules. The m onomer m olecules br eak a part 

(fractionate) create free electrons, ions, exited molecules and radicals. The radicals absorb, 

condense and polymerize on the substrate.  

 

Fig. 2.3  A schematic plasma polymerization configuration. 

The e lectrons and i ons crosslink, or  create a c hemical bond, with t he a lready d eposited 

molecules, creating a harder, de nser co ating. A  s chematic pl asma pol ymerization 

configuration is shown in Fig. 2.3. 

The ma terials   obt ained by pl asma pol ymerization are s ignificantly di fferent f rom 

conventional pol ymers and a lso di fferent f rom m ost i norganic m aterials [ 64]. Hence 
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plasma pol ymerization should be  c onsidered a s a  m ethod of forming ne w t ypes of  

materials r ather t han a  method of  pr eparing c onventional pol ymers. Comparison of  t he 

structures of  plasma polymers and conventional polymers i s shown in the Fig. 2.4 . This 

polymerization process covers a wide interdisciplinary area of physics, chemistry, science 

of i nterfaces and materials s cience and  s o on [65]. T hus pl asma pol ymerization i s a  

versatile t echnique for t he de position of  f ilms w ith f unctional pr operties s uitable f or a  

wide range of modern applications 

Monomer molecules

Conventional polymer

Plasma polymer

Monomer molecules

Conventional polymer

Plasma polymer

 

Fig. 2.4 Comparison of the structures of plasma polymers and conventional polymers. 

Though, s ame m onomer i s us ed f or pol ymerization, pol ymers f ormed b y pl asma 

polymerization s how di stinguished c hemical c omposition a nd c hemical a nd ph ysical 

properties f rom t hose f ormed b y conventional pol ymerization. T o a ppreciate t he 

uniqueness of plasma polymerization, it is useful to compare the steps necessary to obtain 

a good coating by a conventional coating process and by plasma polymerization. Coating a 

certain substrate w ith a con ventional pol ymer, at  l east s everal s teps ar e r equired (1) 

synthesis of  a  m onomer, ( 2) pol ymerization of  t he m onomer t o f orm a pol ymer, ( 3) 

preparation of coating solution, (4) cleaning, (5) application of the coating, (6) drying of 

the coa ting and (7) cu ring of  t he c oating. P olymers f ormed b y pl asma pol ymerization 

aimed at s uch a coa ting a re i n most cas es br anched and cross-linked [ 66-68]. Such 

polymers also depend on (1) synthesis of a monomer, (2) creation of plasma medium, (3) 

polymerization of  t he m onomer t o f orm a  pol ymer, ( 4) c leaning, ( 5) a pplication of  t he 

polymer film, and (6) curing of the film. 

Among the many types of electric discharge, glow discharge is by far the most frequently 

used i n pl asma pol ymerization. S ome ot her m odels w ere pr oposed ba sed on i on or  

electron bombardment. The role of ion bombardment is pointed to a competition between 

etching and deposition processes in plasma polymerization was given by Yasuda. 
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2.5 Different Types of Glow Discharge Reactors  

The pl asma pol ymers are s trictly system de pendent. T he m ost w idely us ed reactor 

configurations f or pl asma pol ymerization c an be  br oadly divided i nto t hree classes, 

namely, reactors w ith internal el ectrodes, reactors w ith external el ectrodes and reactors 

without electrodes [69]. 

(i) Reactors with internal electrodes 

Reactors w ith internal electrodes h ave di fferent na mes, e.g., flat be d, pa rallel pl ates, 

planar, di ode e tc. T heir m ain f eatures a re po wer s upply, c oupling s ystem, va cuum 

chamber, electrode, and eve ntually one  o r m ore s ubstrate holders. A mong t he i nternal 

electrode arrangement, a bell-jar type reactor with parallel plate metal electrodes is most 

frequently used, by using AC (1-50 kHz) and RF fields for plasma excitation. The vacuum 

chamber can be made either of  glass or  of conducting materials, such as metal, to better 

shield from external sources. Pump-out is usually is at the base of the bell-jar. Monomer 

injection may be  at the base or  at some other convenient position over the electrodes or  

through t he centre of  u pper e lectrode. T he e lectrodes m ay be  or iented horizontally o r 

vertically as shown in Fig. 2.5. For a DC or low frequency discharges, internal electrodes 

are required. A common set up is to place circular or square electrodes in a bell jar. If the 

electrodes diameter is relatively large and they are placed relatively close together a large 

zone of  uni form electric f ield i s created. For t his r eason t his geometry is favored f or 

industrial application. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.5 Bell-jar reactor with parallel plate metal electrodes (internal reactor). 

P, Pumps 
PS, Power Supply 
S, Substrate 
M, Feed gas inlet 
G, Vacuum gauge 
A, Resonant Cavity 
C, Tubular reactor 
 
Symbols for fig: (2.5, 2.6, 2.7) 
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(ii) Reactors with external electrodes 

External el ectrode r eactors can be either ca pacitive or  i nductively coupled. In t his c ase, 

power is transmitted from the power supply to the gas by a capacitor and coil respectively. 

Insulating t ubular r eactors a re us ually ut ilized ( glass, qua rtz or  a lumina f or r eactor 

materials). Inductively coupled tubular reactors, when operating at low pressure  

(p<<1 Torr), are not uniformly coupled to the power supply; however, coupling uniformly 

increases with increasing working pressure. Fig. 2.6 shows a block diagram of an external 

electrodes reactor. 

   

 

 

 

Fig. 2.6 External electrodes reactor 

Glow di scharge reactor is the  impor tant pa rt of  plasma pol ymerization system. Because 

reactor ge ometry i nfluences t he ex tent of  cha rge pa rticle bom bardment on the g rowing 

films which affects the potential distribution in the system. 

(iii) Electrodeless microwave (MW) or high frequency(HF) reactors  

The na me el ectrode-less r eactor impl ies tha t no impurities c an be s puttered off a nd 

incorporated int o the growing films in these r eactors, mic rowave pow er s ystems 

characterized by t ubular or  P yrex r eactors and by a r esonant cavi ty coupled with power 

supply i n t he G Hz r egion ( typically 2.45G Hz). T he pl asma i s ge nerated i n t he r esonant 

cavity and the polymer is generally collected outside the glow region. Fig. 2.7 represents 

an electrode less microwave reactor. 

 

 

 

 

 

 

 

 

 
Fig.  2.7 Electrode less microwave reactor. 
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2.5.1   Capacitively coupled glow discharge 

If an AC voltage (up to kHz ) is used, the discharge is still basically of a DC type and each 

electrode really acts as a cathode and anode alternatively. The frequencies generally used  

for the alternating voltages are typically in the RF range. Capacitively coupled (CC) 

discharge can also be generated by alternating voltages in another frequency range. 

Therefore, the term AC discharges as opposite to DC discharges might be more 

appropriate. The term ‘ capacitively coupled’ refers to the way of coupling the input power 

into the discharges i.e. by means of two electrodes and their sheaths forming a kind of 

capacitor. The CC RF discharges which also results from the differences in mass between 

electrons and ions, is the phenomenon of self bias. The self bias or DC bias is formed 

when (i) both electrodes differ in size and (ii) a coupling capacitor is present between the 

RF power supply and the electrode or when the electrode is non conductive. When a 

certain voltage is applied over the capacitor formed by the electrodes, the voltage over the 

plasma will initially have the same value as the applied voltage. 

When the applied voltage is initially positive the electrons will be accelerated toward the 

electrode. Hence t he c apacitor w ill be  r apidly charged up by t he el ectron current and 

voltage over the plasma will drop. When the applied potential changes the polarity af ter 

one half cycle, the voltage over the plasma changes with the same amount. The capacitor 

will now be charged up the ion current and the voltage over the plasma will, therefore drop 

as well, this second drop is pronounced, because of much lower mobility of the ions and 

hence the lower ion flux. At the next half cycle, the applied potential, and hence also the 

voltage over the plasma, again changes polarity. The voltage over the plasma drops again 

more rapidly, because the capacitor is again charged up by the electron flux. This process 

repeats itself, until the capacitor is  finally sufficiently negatively charged so that the ion 

and electron fluxes integrated over one RF -cycle, are equal to each other. This results in a 

time-averaged negative DC bias at the RF powered electrode.  

Because of negative DC bias, the ions continue to be accelerated toward the RF-powered 

electrode, and they can, therefore cause sputtering of the RF-electrode material. In fact, the 

CC RF discharge of ten r esembles a D C glow di scharge w ith a s imilar s ubdivision in  

different regions, similar operating conditions and with similar processes occurring in the 

plasma. 
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In the current research, capacitively coupled reactor (glow discharge plasma) system was 

used for the formation of thin films. Fig. 2.8 represents a scheme of a capacitively coupled 

parallel plate pl asma r eactor, similar to the be ll jar reactor. The pos sible species present 

when the plasma is generated are also drawn. Usually plasma reactor can use internal or  

external electrodes. This model uses internal electrodes.  
 

 

Fig. 2.8 A schematic diagram of the capacitively coupled parallel plate plasma reactor. 

The va cuum chambers can be made ei ther of glass or  of  conductive m aterials, such as 

metal. In the case of bell-jar reactors, no particular care is taken for the grounded electrode 

apart from i ts ar ea. On the c ontrary, t he de sign and arrangement o f the cathode r equire 

special attention: a m etallic s hield s urrounding t he e lectrode hi ghly i mproves t he glow 

confinement ins ide int erelectrodic s pace; electrode m aterial and  ar ea greatly affect t he 

extension of sputtering on the target. 

2.5.2 Inductively coupled glow discharge 
 
In the inductively coupled (IC) source, the plasma chamber is mostly also surrounded by a 

coil. Simply s peaking, t he R F currents i n t he c oil generate an RF magnetic f lux, which 

penetrates the plasma region. 
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Following Faraday’s law:  

tBXE ∂−∂=∇ /  

The time  va rying ma gnetic f lux density i nduces a  s olenoidal R F electric f ield, w hich 

accelerates the free electrons and sustains the discharge [70]. 

Basically, t wo di fferent coil c onfigurations c an be di stinguished i n i nductive di scharges 

for processing applications, i .e. cylindrical and planar. In the first configuration, a coil is 

wound a round t he di scharge c hamber, as a  he lix. In t he s econd configuration, w hich i s 

more commonly used for materials processing, a flat helix or spiral is wound from near the 

axis to near the outer radius of the discharge chamber, separated from the discharge region 

by a dielectric. Advantages of the latter are reduced plasma loss and better ion generation 

efficiency; di sadvantage is the  higher sputter contamination, UV-damage and heating of  

neutrals at  t he substrate. M ultipole pe rmanent m agnets c an be  us ed a round t he pr ocess 

chamber circumference to increase radial plasma uniformity. The planar coil can also be 

moved close to the wafer surface, resulting in near-planar source geometry, having good 

uniformity properties, even in the absence of multipole    confinement.  

It should be mentioned that the coupling in IC plasma is generally not  purely inductive, 

but has a capacitive component as well, through the wall of the reactor. Indeed, when an 

inductive c oupling i s us ed, de position on t he w all i s of ten obs erved t o follow a  pa ttern 

matching the shape of the coil. This is an induction of localized stronger electric fields on 

the walls, showing that the coupling is at least partly capacitive through the walls of the 

reactor. 

It i s mentioned that i nductive coupled pl asma are not  on ly used as m aterials processing 

discharges, but they are also applied in other fields. So, IC plasmas are the most popular 

plasma sources in plasma spectrochemistry. 
 

2.6 Growth Mechanism in Plasma Polymerization 

  The term “plasma polymerization” is widely used to denote the process of forming high 

molecular w eight pr oducts i n electrical di scharges. Over t he p ast 40 years pl asma 

polymerization ha s be come a  ve ry us eful m ethod f or s urface m odification a nd 

deposition of va rious materials. Plasma pol ymerization w as f irst ob served i n 1874 

developed at the end o f the 1950,s  and beginning o f the 1960s  in connection with the 

development of  el ectronics, where pl asma pol ymer f ilms w ere i nvestigated 

systematically. In those years plasma polymerization obtained the rapid advancement in 
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Japan, Germany and U.K. 

The mechanism of reaction by which plasma polymerization occurs is quite complex and 

cannot be  s pecifically d escribed for t he general cas e. Operational pa rameters s uch as 

monomer flow rate, pressure frequency, and power affect the deposition rate and structure 

of the plasma film. The electrons or atoms generated by partial ionization of the molecules 

are t he pr inciple s ources f or t ransferring ene rgy from t he el ectric field to the g as i n all 

glow discharges [71]. 

In plasma polymerization, free electrons gain energy from an imposed electrical field and 

then t ransfer t he e nergy t o ne utral g as m olecules, w hich l ead t o t he f ormation of  m any 

chemically reactive species. By appl ying greater power to the RF source, the energy pe r 

unit mass of the monomer is increased and may bring about changes in the fragmentation 

process. As a result, free radicals may become entrapped in the plasma-polymerized film 

and increase in concentration with increasing RF power. The deposition of polymer films 

in low-pressure plasma is a complex phenomenon involving reactions, which occur both in 

the plasma phase and at the surfaces bounding the plasma. 

The s tudy of  pl asma polymerization ki netics i s c ommonly employed t o e lucidate 

polymerization mechanisms. With this background a comparison of the polymer formation 

rates o f va rious monomers b y plasma pol ymerization would provide an overview of  the 

kind of reaction mechanism responsible for plasma polymerization.  

The probable chain growth polymerization is represented by     

                              Mn* + M      →      M*n+1 

Where Mn* is the reactive chain carrying species and M is the monomer molecules. But 

Yasuda and Lamaze [72], on the basis of their observation on plasma polymerization ruled 

out the chain growth polymerization. The rapid step-growth mechanism is very likely to 

be the reaction in plasma polymerization and this reaction is expressed as:   

                              [Mm*+Mn*  →     Mm+n*] × N 

Where, N  r epresents t he num ber of  r epetitions of  s imilar r eactions. In this c ase, the 

reaction occurs between molecules. 

In case of difunctional reactive species, *M* the overall polymerization can be represented 

by     n*M* →  *(Mn)* 
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If t he r eactive s pecies ar e m onofunctional (M*), s uch a s free r adical R*, the r eaction i s 

given by         Mm*+Mn* → Mm+n  

This is  e ssentially a  te rmination process tha t o ccurs in free radical pol ymerization and 

does not contribute without additional elementary steps. Yasuda and Lamaze  pointed out 

that the  r eactivation of  the pr oduct of  an e lementary r eaction w as bou nd t o oc cur i n 

plasma. 

The overall polymerization mechanism based on the rapid step-growth principle is shown 

in F ig. 2.9 . T he figure shows t he ove rall r eaction, w hich c ontains t wo major r outes o f 

rapid step-growth. C ycle-1 i s vi a t he r epeated activation of  t he r eaction pr oducts f rom 

mono-functional a ctivated species, Cycle-2 i s vi a di -functional or  multifunctional 

activated species. 

 

Fig. 2.9 Schematic representation of bicycle step growth mechanism of plasma   
polymerization. 

Here, Mx refers t o neutral species t hat can be or iginal m onomer m olecule or  an y o f t he 

dissociation pr oducts i ncluding s ome a toms, s uch a s h ydrogen, c hlorine, f luorine a nd 

others; M* activated species; *M* difunctional activated species and the subscripts i, j, k 

indicate the difference in the s ize of  the species involved ( i=j is possible, thus i=j=1 for 

initial monomer.) 

One of  th e mos t impor tant f eatures o f pl asma p olymers is  th at a  l arge quantity of  f ree 

radicals is  of ten trapped i n t he po lymer. A lthough, t he a mount va ries w ith t he t ype of  

monomer a nd t he c onditions of  t he pl asma pol ymerization, i t i s s afe t o c onsider t hat 
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plasma pol ymers c ontain a  c ertain a mount of  t rapped f ree radicals. T herefore, t he f ree 

radicals play important role in plasma polymers.  

2.7 Advantages and Disadvantages of Plasma Polymerization 

The plasma polymerization process offers several advantages over conventional polymer 

synthesis. Several advantages of plasma polymerized films are given below:  

 The main advantage of  plasma pol ymerization is t hat i t can  oc cur at  m oderate 

temperature compared to conventional chemical reaction.  

 Time s aved i n t he c oating a nd c uring pr ocesses a nd i n l oading, unl oading a nd 

transferring parts. 

 The ability to surface modify almost any substrates (glass, polymers, metals, etc.) 

without affecting bulk properties. 

 Plasma-polymerized films are generally chemically inert, insoluble, mechanically 

tough, and thermally stable. 

 Plasma polymer films can be easily produced with thickness of 500 A° to 1 µm. 

 Good surface uniformity and relatively easy procedure.  

 Ultra thin ‘Pinhole’ free films may be prepared. 

 Smooth, clear coating is obtained. 

 Polymerization may be achieved without the use of solvent. 

 Plasma polymerization is usually reliable, reproducible, relatively inexpensive, and 

applicable t o different s ample ge ometries as  w ell as  di fferent m aterials such as 

metals, polymers, ceramics, and composite [73].  

 Plasma t reatment can result in changes o f a  variety of surface characteristics, for 

example, chemical, tribological, electrical, optical, biological, and mechanical. 

Proper applications yield dense and pinhole free coatings with excellent interfacial 

bonds due to the graded nature of the interface [74]. 

 Plasma processing can provide s terile surfaces and can be scaled up to industrial 

production r elatively easily. O n t he c ontrary, t he f lexibility of  non -plasma 

techniques for different substrate materials is smaller [75]. 
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 Plasma t echniques a re compatible w ith m asking t echniques t o e nable s urface 

patterning, a process that is commonly used in the microelectronics industry [76]. 

The main disadvantages of the plasma polymerization are as follows: 

• Low deposition rates. Only very thin films can be deposited economically on high 

production items. 

• The process doesn’t discriminate against what is coated. Everything in the coating 

range of the polymerization process is coated, or can become part of the coating. 

• The process, used in mass production, is still in its infancy. More capabilities will 

likely be available as improvements to the process occur. 

• The c hemistry p roduced on a  s urface i s of ten not  w ell de fined, s ometime a  

complex branched hydrocarbon polymer will be produced,  

• Contamination can be a problem and care must be exercised to prevent extraneous 

gases, grease films, and pump oils from entering the reaction zone. 

• Costly to retrofit equipment. 

• Polymerized coatings have low abrasion resistance. 

In spite of the drawbacks, plasma polymerization is far well developed process for many 

types of modification that simply cannot be done by any other technique. 

2.8  Advantages of Plasma Polymers 

 The specific advantages of plasma-deposited films are summarized below: 

         i) Conformal: Because of t he pe netrating n ature of  l ow-pressure g aseous 

environment in which mass transport is governed in part by both molecular (line of 

sight) diffusion and convective diffusion, complex geometry shapes can be treated. 

        ii) Pinhole-free: Under common r eaction c onditions, t he pl asma f ilm a ppears t o 

coalesce dur ing f ormation i nto a  uni form ove r l ayer f ree of  voi ds. T ransport 

property and electrical property studies suggest this continuous barrier structure. 

       iii) Barrier film: The pi nhole-free a nd de nse, c ross-linked na ture of  t hese f ilms 

suggests they have potential as barrier and protective films. 

       iv) Unique substrates: Plasma-deposited polymeric films can be placed upon almost 

any solid substrate including metals, ceramics, and semiconductors. Other surface 
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grafting or  s urface mo dification t echnologies are hi ghly dependent u pon t he 

chemical nature of the substrate. 

       v) Good adhesion to the substrate: The energetic nature of the gas phase species in 

the pl asma r eaction e nvironment c an i nduce some m ixing a nd i mplantation 

between the film and the substrate. 

       vi) Unique film chemistry: The chemical structure of the polymeric over layer films 

produced by RF plasma deposition cannot be synthesized by conventional organic 

chemical methods. Complex gas phase molecular rearrangements account for these 

unique surface chemical compositions. 

       vii) Easy preparation:   Once the apparatus is set up and optimized for a specific     

             deposition, treatment of additional substrates is rapid and simple. Through careful    

             control of the polymerization parameters, it is possible to tailor the films with    

             respect to specific chemical functionality, thickness, and other chemical and    

            physical properties [77, 78]. 
 

2.9 Applications of Plasma-polymerized Organic Thin Films 

Plasmas are used in a large number of application fields.  The most important application is 

probably in the microelectronics industry and in materials technology, for surface treatment, 

etching of  s urfaces ( e.g., f or t he f abrication of  i ntegrated c ircuits), deposition of  thin 

protective co atings. Applications of  pl asma-polymerized (PP) f ilms a re a ssociated with 

biomedical uses, the textile industry, electronics, optical applications, chemical processing 

and surface modification [79-80]. Typical uses of PP films are listed below: 

• The PP films a re us ed i n pr oducing i ntegrated   c ircuits,   a morphous   

semiconductors,   amorphous   fine ceramic etching. 

• These are used in fabricating insulator, thin film dielectrics, separation membrane 

for batteries in electrical devices. 

• PP t hin f ilms a re us ed as c oating c omponent o f pr otective l ayers, h ydrophobic 

layers, insulating layers etc. 

• In chemical processing the PP films can be appl ied in reverse osmosis membrane, 

perm selective membrane, gas-separation membrane, lubrication, insolubilization. 
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• In electronic industry (quartz manufacturers), and in environmental simulation (UV-

radiation, ozone) PP films are used as artificial aging components. 

• PP films can be used for surface modification such as in adhesive   i mprovement, 

protective coating,   and abrasion resistant coating, anti-crazing and scratching. 

• The PP films a re us eful in anti-reflection coating, anti-dimming coating, 

improvement of  t ransparency, opt ical f iber, opt ical w ave-guide l aser and optical 

window, contact lens. 

• In te xtile indus tries, it ha s frequent us e in anti-flammability, a nti-electrostatic 

treatment, dying affinity, h ydrophilic impr ovement, water repellence, s hrink-

proofing. 

• In biological science the  f ilms are useful in immobilized enzymes, organelles and 

cells, s ustained r elease of dr ugs a nd pe sticides, s terilization a nd pa steurization, 

artificial kidney, blood vessel [81]. 

2.10 Scanning Electron Microscopy 

The Scanning E lectron M icroscopy (SEM) is one  of  t he t echniques us ed t o obtain 

information of surface structure of PP thin films. The surface of PP thin films is smooth, 

pinhole free and highly cross-linked. This technique has also been used to determine the 

granular s ize of  pow der pa rticles, to evidence t he pr esence o f pow der particles in thin 

films, to see the uniformity and defects of the films produced in plasma and to determine 

the location of fracture in adhesion studied by means of the lap-shear test [82, 83]. In this 

work, the surface structure of PPFDH thin film has been investigated by SEM. 

2.11 Energy-Dispersive Analysis of X-ray 

Energy-Dispersive A nalysis of  X -ray (EDAX) is an emerging, analytical t echnique 

employed for the elemental analysis or chemical characterization of a sample. It is one of 

the va riants o f X-ray f luorescence spectroscopy which relies on the in vestigation of a  

sample t hrough i nteractions be tween electromagnetic r adiation and matter. Its 

characterization capabilities are due to the fundamental principle that each element has a 

unique atomic s tructure allowing X -rays t hat a re ch aracteristic of  an element's atomic 

structure to be identified uniquely from one another. 

 To stimulate the emission of characteristic X-rays from a specimen, a hi gh-energy be am 

of charged particles such as electrons or protons , or a beam of X-rays is focused into the 
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sample ar e t o be s tudied. A t r est, a n a tom w ithin t he s ample c ontains ground s tate (or 

unexcited) el ectrons i n discrete en ergy l evels or  electron shells bound t o t he nuc leus. 

When t he be am i s i ncident on t he a tom m ay excite a n e lectron i n an inner s hell, a nd 

ejecting it f rom the shell while creating an electron hole conceptual particle. An electron 

from an outer, higher-energy shell then fills the hole, and the difference in energy between 

the higher-energy shell and the lower energy shell may be released in the form of an X-

ray. The number and energy of the X-rays emitted from a specimen can be measured by an 

energy-dispersive s pectrometer. A s e nergy of  t he X -rays a re t he cha racteristic of  t he 

difference in energy between the two shells, and of the atomic s tructure of  the element, 

from w hich they w ere e mitted, allows the  e lemental c omposition of the  s pecimen. 

Basically t he E DAX i s an a dditional e quipment t o s canning e lectron m icroscopy w hich 

have four pr imary components, namely:  the beam source, the X-ray de tector, t he pul se 

processor and t he a nalyzer. S canning e lectron m icroscopes a re e quipped with a  cathode 

and magnetic lenses to create and focus a beam of electrons, and since the 1960s they have 

been equipped with elemental ana lysis cap abilities. A de tector i s us ed to convert X -ray 

energy into voltage signals; this information is sent to a pulse processor, which measures 

the signals and passes them onto an analyzer for data display and analysis.  

 
2.12 Fourier Transform Infrared Spectroscopy 

Spectroscopy is the study of the interaction of electromagnetic (EM) radiation with matter. 

There a re m any f orms of  s pectroscopy, e ach c ontributing us eful i nformation t o i dentify 

substances a nd t o de termine va rious characteristics of  t heir s tructure. A toms a nd 

molecules can  abs orb el ectromagnetic r adiation, but onl y at  c ertain energies 

(wavelengths). T he di agram i n F ig. 2.10  illustrates the  r elationships be tween different 

energy l evels w ithin a  m olecule. T he t hree gr oups of  l ines c orrespond t o di fferent 

electronic c onfigurations. T he l owest e nergy, m ost s table e lectron configuration i s t he 

ground s tate electron c onfiguration. C ertain e nergies i n t he vi sible (Vis) and ul traviolet 

(UV) regions of the spectrum can cause electrons to be excited into higher energy orbitals; 

some of  t he pos sible a bsorption t ransitions a re i ndicated b y t he ve rtical ar rows. Very 

energetic photons ( UV t o X -ray r egion of t he s pectrum) m ay caus e an  el ectron to be 

ejected from t he m olecule ( ionization). P hotons i n t he i nfra-red (IR) region of  t he 

spectrum ha ve m uch l ess e nergy t han phot ons i n t he vi sible or  U V regions of  t he 

electromagnetic s pectrum. They c an excite vibrations in molecules. There ar e m any 
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possible vibrational levels within each electronic state. Transitions between the vibrational 

levels are indicated by the vertical arrows on the left side of the diagram [84-86].  

 

 

Fig.  2.10 Energy Levels in Molecules. 

IR radiation does not have enough energy to induce electronic transitions as seen with UV. 

Absorption of IR is restricted to compounds with small energy differences in the possible 

vibrational and rotational s tates. For a  molecule to absorb IR, the vibrations or  rotations 

within a  m olecule m ust cause a  ne t c hange i n t he di pole m oment of  t he molecule. T he 

alternating electrical field of the radiation (since electromagnetic radiation consists of an 

oscillating e lectrical f ield and an oscillating magnetic f ield, perpendicular to each other) 

interacts with fluctuations in the dipole moment of the molecule. If the frequency of  the 

radiation matches the  vibrational f requency o f the  mol ecule th en radiation will be  

absorbed, causing a change in the amplitude of molecular vibration [87].  

 

Molecular vibrations 

The pos itions of  atoms i n a  m olecule are not  fixed; t hey are s ubject to a  num ber of  

different vibrations. Vibrations fall into the two main categories of stretching and bending.  

Stretching: Change in inter-atomic distance along bond axis  
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Bending: Change in angle between two bonds. There are four types of bend:  

• Rocking  

• Scissoring  

• Wagging  

• Twisting  

 
Fig. 2.11 Different kinds of molecular vibrations. 

The Effects of Mass on Frequency 

Assignments f or s tretching f requencies c an b e a pproximated b y t he a pplication of  

Hooke  ,s l aw. In the a pplication of the  la w tw o a toms and t here c onnecting bonds  a re 

treated a s a  s imple ha rmonic os cillator j oined by a  s pring. F ollowing equation de rived 

from Hooke,

   

s law states the relationship between frequency of oscillation, atomic masses, 

and the force constant of the bond.                      

            •  =
cπ2

1 [

MyMx

MxMy
f

+

]1/2

Where •  = the vibrational frequency (cm

  

-1

            c = velocity of light (cm/sec) 

), 

            f = force constant of bond (dynes/cm) 

            Mx and My = mass of atom x and atom y, respectively. 
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The value of ‘f’ is approximately 5×105

There are no rigid rules for interpreting an IR spectrum. Certain requirements, however, 

must be met before an attempt is made to interpret a spectrum. 

 dynes per cm for single bonds and approximately 

2 and 3 times of this value for double bonds and triple bonds, respectively. 

i) The spectrum must be adequately resolved and of adequate intensity. 

ii) The spectrum should be that of a reasonable pure compound. 

iii) The spectrometer should be calibrated so that the bands are observed at their 

proper frequencies or wavelengths. Proper calibration can be made with 

reliable standards. 

iv) The methods of sample handling must be specified. If a solvent is employed, 

the solvent’s concentration and cell thickness should be indicated.  

 
2.13 Ultraviolet-Visible Spectroscopy 
 
Molecular absorption i n t he U V-vis region of  t he e lectromagnetic s pectrum de pends on  

the electronic structure of the molecule. Absorption of energy is quantized, resulting in the 

elevation of  e lectrons f rom or bital i n t he ground t o hi gher energy or bital i n a n e xcited 

state. F or m any e lectronic s tructures, t he a bsorption doe s not  oc cur in t he r eadily 

accessible por tion of  t he ul traviolet r egion. T he m ost i mportant a pplication of  U V-vis 

spectroscopy is to determine the presence, nature and extend of conjugation present in the 

material. Increasing conjugation length generally moves the absorption spectrum to longer 

wavelength and finally into the visible region. 

During promotion, the electron moves from a given vibrational and rotational levels within 

one e lectronic m ode t o s ome ot her vi brational a nd r otational l evels within t he ne xt 

electronic mode. Thus there will be a large number of possible transitions responsible for 

change i n electronic, rotational and vibrational l evels. Hence a l arge n umber of  cl ose 

bands a re f ormed. The t otal e nergy o f t he m olecule i s t he s um of  i ts e lectronic energy, 

vibrational energy and rotational energy. The magnitude of these energies decreases in the 

following order: E elec > E vib > E rot. F ig. 2.12  shows the vibrational and rotational energy 

levels of absorbing materials. 

The relationship between the energy absorbed in an electronic transition and the frequency 

(•) of radiation producing the transition is • E=h• , where h is the Planck’s constant, • E is 

the ene rgy absorbed in an electronic tr ansition by a  mol ecule f rom a l ow energy s tate 

(ground state) to a higher energy state (excited state). The energy absorbed depends on the 
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energy difference b etween the ground state and  ex cited state. The smaller t he energy 

difference, t he l onger t he w avelength of  a bsorption. In m ost c ases, s everal t ransitions 

occur resulting in the formation of several bands.  

 

 

Fig. 2.12 Vibrational and rotational energy levels of absorbing materials. 

2.13.1 Different types of transitions  

There are several kinds of transitions when a molecule absorbs UV-Vis light; its electrons 

are p romoted f rom a b onding t o a n anti-bonding o rbital. F ig. 2.13  shows t he va rious 

orbital and probable transitions. The absorption of UV or Vis radiation corresponds to the 

excitation of outer electrons. 

There are three types of electronic transition which can be considered;  

i. Transitions involving π, •  and n electrons, 

ii. Transitions involving charge-transfer electrons, 

iii. Transitions involving d and f electrons. 

Possible electronic transitions of π, σ, and n electrons are given below: 

σ → σ* Transitions 

An electron in a bonding σ  orbital is excited to the corresponding antibonding σ* orbital. 

The energy required is large. For example, methane (which has only C-H bonds, and can 

only undergo σ → σ* transitions) shows an absorbance maximum at 125 nm. Absorption 

maxima due to σ → σ* transitions are not seen in typical UV-Vis. spectra (200 - 800 nm).  
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Fig. 2.13 Different electronic transitions in the UV-Visible region. 

n → σ* Transitions 

Saturated c ompounds c ontaining a toms w ith l one pa irs ( non-bonding e lectrons) a re 

capable of  n → σ* transitions. T hese t ransitions us ually n eed l ess e nergy than σ → σ * 

transitions. They can be initiated by light whose wavelength is in the range 150 - 250 nm. 

The number of organic functional groups with n → σ* peaks in the UV region is small. 

n → π* and π → π* Transitions 

Most absorption s pectroscopy of or ganic c ompounds i s ba sed on t ransitions of  n or π 

electrons to the π* excited state. This is because the absorption peaks for these transitions 

fall i n a n experimentally convenient region of  t he s pectrum ( 200 - 700 nm ). T hese 

transitions ne ed a n uns aturated gr oup i n t he m olecule t o pr ovide t he π electrons. M olar 

absorbtivities from n → π* transitions are relatively low, and range from 10 to100 L mol-1 

cm-1 . π → π* transitions normally give molar absorbtivities between 1000 and 10,000 L 

mol-1 cm-1. The solvent in which the absorbing species is dissolved also has an effect on 

the spectrum of the species. Peaks resulting from n → π* transitions are shifted to shorter 

wavelengths ( blue shift) w ith increasing s olvent pol arity. This a rises from i ncreased 

solvation of the lone pair, which lowers the energy of the n orbital. Often (but not always), 

the r everse ( i.e. red shift) i s s een for π → π* transitions. This is  c aused by attractive 

polarisation forces between the solvent and the absorber, which lower the energy levels of 
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both the excited and unexcited states. This effect is greater for the excited state, and so the 

energy difference between the excited and unexcited states is slightly reduced - resulting 

in a small red shift. This effect also influences n → π* transitions but is overshadowed by 

the blue shift resulting from solvation of lone pairs.  

2.13.2 The Absorption Law 

Two empirical laws have been formulated about the absorption intensity. Lambert’s law 

states that the fraction of the incident light absorbed depends on the intensity of the source. 

Beer’s law states that the absorption is proportional to the number of absorbing molecules 

[88]. For most spectra the solution obeys Beer’s law. This is only true for dilute solutions. 

Combining these two laws gives the Beer-Lambert law. 

deII α−= 0 …………………………………………… (2.1) 

d
I

I
e α=)(log 0 …………………………………………(2.2) 

Where I 0 is the  int ensity of th e inc ident r adiation, I is  the  int ensity of the  tr ansmitted 

radiation, d is the path length of the absorbing species i.e. thickness and •  is the absorption 

co-efficient. The absorption spectrum can be a nalyzed by B eer-Lambert la w, which 

governs t he absorption of  l ight b y t he m olecules. It s tates t hat “When a  b eam o f 

monochromatic radiation passes through a homogeneous absorbing medium then the rate 

of decrease in intensity of electromagnetic radiation in UV-vis region with thickness of the 

absorbing medium is proportional to the intensity of incident radiation”. The intensity of 

transmittance I, is expressed as the inverse of intensity of absorbance. The values •  can be 

calculated from the absorption data using the relation (2.3) [89, 90] as, 

d

A303.2
=α ………………………………………….. (2.3) 

where )(log 0
10 I

I
A = is the Absorbance. 

The extinction co-efficient K in terms of •  can be given by, 
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Π
=

4
αλ

K ------------------------------------------------------ (2.4) 

where •  is the wavelength. 

2.13.3 Direct and Indirect optical transitions 

In solid state physics and related applied fields, the band gap, also called an energy gap or 

stop ba nd, is a r egion where a pa rticle or  quasi-particle is f orbidden f rom pr opagating. 

For insulators and semiconductors, the band gap generally refers to the energy difference 

between the top of the valence band and the bottom of the conduction band. Fundamental 

absorption r efers t o t he annihilation or  a bsorption of  phot ons b y t he excitation of  a n 

electron from the valence band up into the conduction band, leaving a hole in the valence 

band. Both energy and momentum must be conserved in such a transition. 

In the case of an indirect-band gap semiconductor, the minimum energy in the conduction 

band a nd t he m aximum e nergy i n t he va lence band oc cur a t di fferent values of  c rystal 

momentum. Photon energies much larger than the forbidden gap are required to give direct 

transitions of electrons from the valence to the conduction band. However, transitions can 

occur at lower energies by a two-step process involving not only photons and electrons but 

also a third particle, a phonon.  

To e stimate t he na ture of  a bsorption a  r andom pha se m odel i s us ed where t he k 

momentum selection rate is completely relaxed. The integrated density of states N (E) has 

been used and defined by  

                                        ∫
+∞

∞−

= dEEgEN )()(      …………………….. ………(2.5) 

The density of states per unit energy interval may be represented by  

                                        ∑ −= )(1)( nEE
V

Eg δ  

where V is t he vol ume, E is t he ene rgy at w hich g(E) is t o be  e valuated a nd En is the  

energy of the nth  state. 

If gv ∝ Ep and gc ∝ (E-Eopt)
q, where energies are measured from the valance band mobility 

edge i n t he c onduction ba nd ( mobility gap), and s ubstituting t hese va lues i nto a n 

expression for the random phase approximation, the relationship obtained  
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•2 I2 (• ) ∝ (h •-E0)
p+q+1, where I2 (• ) is the imaginary part of the complex permittivity. If 

the density of states of both band edges is parabolic, then the photon energy dependence of 

the absorption becomes  

                                           • h• ∝ •2I2 (• ) ∝ (h •-Eopt)
2. 

So f or hi gher phot on e nergies t he simplified general e quation w hich i s known a s T auc 

relation is,  

                                        • h• = B(h• – Eopt)n  ……………………………….. (2.6)       

where h• is the energy of absorbed light, n is the parameter connected with distribution of 

the density of states and B, a constant or Tauc parameter. Here n = 1/2 for direct and  

n = 2 for indirect transitions [91]. 

Therefore, the indirect t ransition e nergy gap ( Eqi) c an be  obt ained b y plotting ( • hν)1/2 

versus hν curve and then extrapolating the linear portion of the curve to (• hν)1/2 = 0. Also 

from the plots of  (• hν)2 versus hν, direct t ransition energy gap (Eqd)  can be determined 

from t he i ntercept of  t he l inear pa rt of  t he curve ex trapolated to zero •  i n t he phot on 

energy axis. 

2.14 Differential Thermal Analysis 

The t echnique o f Differential t hermal ana lysis (DTA) is a n i mportant t ool t o s tudy the 

structural a nd ph ase c hanges oc curring bot h i n s olid a nd l iquid m aterials dur ing h eat 

treatment. DTA i s a p rocess of  ac curately m easuring t he di fference i n t he t emperature 

between a  t hermocouple e mbedded t o a  s ample a nd a  t hermocouple i n a  s tandard i nert 

material such as aluminum oxide while both are being heated at a uniform rate [92]. 

 The pr inciple of  D TA consists of  m easuring h eat cha nges as sociated with the 

physical or  ch emical ch anges oc curring w hen any s ubstance i s gr adually h eated. The 

thermocouple f or D TA i s i ncorporated at t he en d of e ach of t he b alance be am c eramic 

tubes, and the temperature difference between the holder on the sample side and the holder 

on the r eference s ide i s de tected. This s ignal i s am plified and becomes t he t emperature 

difference signal used to measure the thermal change of the sample. These differences of 

temperatures appear because of  the phase transitions or  chemical reactions in the sample 

involving the evolution of heat and are known as exothermic reaction or absorption of heat 

known as endothermic reaction. The exothermic and endothermic reactions are generally 

shown in the DTA traces as positive and negative deviations respectively from a base line. 

So, DTA offer a continuous thermal record of reactions in a sample. The areas under the 

bands or peaks of DTA spectra are proportional to the amount of heat absorbed or evolved 
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from the sample under investigation, where the temperature and sample dependent thermal 

resistance are t he pr oportionality f actors. Thus, DTA i s ne eded primarily f or t he 

measurement of  tr ansition temperature. A Schematic diagram of  a D TA appa ratus i s 

shown in Fig. 2.14. 

 

 

 

Fig.2.14 A Schematic diagram of a DTA apparatus. 

 

2.15 Thermogravimetric Analysis  
 

Thermogravimetric analysis (TGA) is a s pecial branch of thermal analysis, which 

examines the mass change of a sample as a function of temperature in the scanning mode 

or a s a  function of  t ime i n t he i sothermal m ode. N ot a ll t hermal events br ing a bout a  

change in the mass of the sample (for example melting, crystallization or glass transition), 

but t here are s ome v ery important e xceptions which i nclude a bsorption, s ublimation, 

vaporization, oxidation, reduction and decomposition. The TGA is used to characterize the 

decomposition a nd t hermal s tability of  m aterials unde r a  va riety o f c onditions a nd t o 

examine t he ki netics of  t he ph ysico-chemical p rocesses o ccurring i n the s ample [93]. 

Sample weight changes are measured as described below in Fig. 2.15. 

 Fig. 2.15  shows t he s ample ba lance be am a nd reference ba lance b eam ar e 

independently supported by a driving coil/pivot. When a weight change occurs at the beam 

end, the movement is conveyed to the opposite end of the beam via the driving coil/pivot, 

when optical position sensors detect changes in the position of a slit. The signal from the 

optical position sensor is sent to the balance circuit. The balance circuit supplies sufficient 

feedback current t o t he driving coil s o that the  slit r eturns to the b alance pos ition. The 
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current r unning t o t he d riving c oils on t he s ample s ide a nd t he c urrent r unning t o t he 

driving coil on the reference side is detected and converted into weight signals.   

 

 
Fig. 2.15 A pictorial set-up for TGA measurements. 

 

2.16 Theory of Direct Current Conduction Mechanism  

Direct C urrent (DC) electrical conduction in plasma pol ymerized materials, the c arriers 

may either be electronic or ionic in nature and conduction is considered through the film, 

rather t han a long t he plane of  t he f ilm. N o known pol ymer i s c ompletely free of  

conduction processes, however small the quantity of charge carriers it may possess. Low 

level conduction in insulating polymers can take a variety of forms. Conduction may very 

often be contributed by impurities that provide a small concentration of charge carriers in 

the form of electrons or ions. At high fields, the electrodes may inject new carriers (holes 

and e lectrons) into pol ymers. At very high f ields, these and other processes will lead to 

complete breakdown of polymers as insulating materials. The imposition of an electrical 

field upon a  polymer will cause a redistribution of any charges in the polymer, provided 

they are mobile enough to respond in the t ime scale in the applied f ield. If some of  the 

mobile charges are able to diffuse through out the specimen and charge migration through 

the electrode sample interface is possible, then the charges will support a DC conductance. 

The m echanisms conc erned with electron transport a re classified i n four w ays. T he 

discussion of the four ways is given below: 

a) Band conduction: Thermally activated electrons can be injected from the valence band 

to t he c onduction ba nd of t he i nsulator i f t he f orbidden ba nd g ap is s mall e nough. The 
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electrons m ay be  t hermally a ctivated over t he reduced potential ba rrier at  t he m etal 

insulator interface and by thermal excitation into the conduction band from trapping levels 

in the dielectric. 

b) Tunneling Process: The tunneling of electrons may take place from metal cathode into 

the conduction band, f rom t rapping levels in the dielectric, di rectly between the valence 

band and the conduction band, from the valence band directly into the metal electrode. 

c) Impurity Conduction: In this process electrons hop from one trapping (impurity level) 

center to another without going up into the conduction band. 

d) Space Charge Effects: In s ome cases charge i njection i nto t he c onduction ba nd, 

tunneling or impurity conduction may result in a build up of space charge with in the bulk 

material, which sets a  limit on the charge transport. When the injected carrier density is  

greater than the free carrier density, current becomes space-charge-limited. 

Many s cientists ha ve inve stigated three worth-mentioning e lectrical conduction 

mechanisms which are operative in the thin films of various organic compounds [94-97]:  

 The i njection of c arriers f rom t he el ectrode b y m eans of  t hermal or  f ield assisted 

emission usually referred to as Schottky emission. 

 The process, in w hich carriers a re pr oduced b y the di ssociation of  do nor-acceptor 

centers in the bulk of the material, is called Poole-Frenkel (PF) generation. 

 If the generation process is slower than transport by the carriers through the material, 

the conduction is controlled by generation, specifically by either the Schottky, or PF 

mechanism. Conversely, when the transport is slower than generation, it constitutes the 

rate-determining step, and the conduction is described by the theory of Space Charge 

Limited C onduction (SCLC). The ph enomenon is, if a charge i s i njected at the 

electrode pol ymer i nterface, a large ex cess c arrier de nsity at  t he i njecting electrode 

will e xist a nd a SCLC w ill f low [98, 99]. A b rief e xplanation of  t hese c onduction 

mechanisms is stated below. 

 

2.16.1 Schottky mechanism 

Charge injected from a metal to an insulator or semiconductor at medium fields may take 

place b y f ield-assisted t hermionic e mission, a  process know n a s R ichardson-Schottky 

effect or simply Schottky emission. This is a procedure of image force induced lowering 

potential energy for charge carrier emission when an electric field is applied. The potential 

step changes smoothly at the metal insulator interface as a r esult of the image force. This 

happens w hen the m etal s urface be come pol arized (positively ch arged) b y an escaping 
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electron, which in turn exerts an attractive f orce 2
0

2

16 x•• •

e
im ′

−=φ  on t he e lectron. T he 

potential energy of the electron due to the image force is thus    

 
x•• •

e
im ′

−=
0

2

16
φ ……………………………………… (2.7) 

where, x is t he di stance of  t he e lectron from t he el ectrode s urface, e i s t he el ectronic 

charge, •0 is the permittivity of free space and •′ is the dielectric constant of the insulator. 

The potential step at a neutral barrier with attendant image potential as a function of the 

distance x from the interface is given by, 

                 
x•• •

e
•• •• (x) im ′

−=+=
0

2

00 16
…………….............. (2.8) 

where 0•  is the Coulombic barrier height of  the electrode-polymer interface. The barrier 

potential φ(x) in the p resence o f image forces is  illus trated b y the l ine AB in Fig. 2.16 . 

Schottky assumed that the image force holds only for x greater than some critical distance 

x 0. F or x  < x 0, he  as sumes a cons tant i mage f orce, i.e. the pot ential en ergy is a  line ar 

function of x, and such that it matches the bottom of the electrode conduction band at the 

surface. It is clear that eq. (2.7) is not valid at the electrode surface, since • = -•  there.  

 

 
Fig. 2.16 Schottky effect at a neutral contact. 

 

When an electric field exists at a metal-insulator interface, it interacts with the image force 

and lowers the potential barrier as shown in Fig. 2.16. The line CD represents the potential 

due t o a  uni form f ield, w hich w hen a dded t o t he ba rrier pot ential • (x) pr oduces t he 
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potential s tep shown b y the dot ted l ine which i s seen to be  • • s, l ower t han without t he 

electric field. The pot ential ene rgy of  t he b arrier unde r t he i nfluence o f t he f ield with 

respect to the Fermi level of the electrode is given by 

             eFx
x

e
x −

′
−=

0

2

0 16
)(

εεπ
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This equation has a maximum at  
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The change • • s =• 0 – • (xm) in the barrier height due to the interaction of the applied 

field with the image potential is thus given by 
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where, 
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εεπ

β e
s is the  S chottky c oefficient, ε ′ is t he hi gh f requency di electric 

constant. Because o f i mage-force l owering of t he ba rrier, t he electrode-limited current 

does not saturate according to the Richardson law  
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but rather obeys the Richardson-Schottky law 
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where 32 /4 hekA π= is the Richardson constant, F static electric field =V/d, V = applied 

voltage, d = film thickness, T = Temperature in K, k = Boltzmann constant. 

The R ichardson-Schottky effect i n i nsulators a ppears t o ha ve be en f irst obs erved b y 

Emptage and Tantraporn [100], who reported a log I vs. F1/2 relationship in their samples; 

since  there have been many other reported similar observations. It was suggested that the 

plot should have to be linear in nature for Schottky type conduction mechanism. 

 

2.16.2 Poole-Frenkel mechanism 
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Poole-Frenkel ef fect i s also known as f ield-assisted thermal ioni zation pr ocess. This 

process i s t he bul k analog of  t he S chottky effect at  an interfacial ba rrier. This ef fect i s 

lowering of a Coulombic potential barrier when it interacts with an electric field as shown 

in Fig. 2.17. 

 
Fig. 2.17   Poole-Frenkel effect at a donor center. 

Since the potential energy of an electron in a Coulombic field 
x

e
επε ′

−
0

2

4
 is four times that 

due to the image-force effects, the Poole-Frenkel reduction of a Coulombic barrier • • PF in 

a uniform electric field is twice that due to the Schottky effect in a neutral barrier:  
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Here, • PF is the PF coefficient defined by 
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This r esult w as f irst a pplied b y Frenkel t o t he host a toms i n bul k s emiconductors and 

insulators. He argued that the ionization potential Eg of the atoms in a solid is lowered by 

an amount given by eq. (2.16) in the presence of a uniform field. Thus the conductivity is 

obtained b y s ubstituting E g-• • PF for E g in I=eµNcF exp(-Eg/2kT) yielding a  f ield-

dependent conductivity of the form  

         •  = • 0 exp (
kT

FPF

2

2/1β )……………………………………………….. (2.17) 

where • 0 = eµNcF exp (-Eg/2kT) is the low-field conductivity, e is the electronic charge, µ 

is the mobi lity, F is  the  field in the insulator, Nc is t he ef fective density of s tates in t he 

insulator, Eg is t he i nsulator gap, k is B oltzmann’s c onstant, a nd T is the  absolute 

temperature. 

 Equation (2.17) may be written in the form  

Bottom of Conduction Band 

Donor Level 
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                 J=J0 exp (
kT

FPF

2

2/1β )…………………………………………. (2.18) 

where J0 = • 0 F is the low-field current density.  

It is to be noted that although sPF φφ ∆=∆ 2 , the coefficient of F1/2 in the exponential is the 

same f or bot h R ichardson-Schottky and P oole-Frenkel J-F characteristics. Since t raps 

abound in an insulator and that a trap having a Coulombic-type barrier would experience 

the P F effects at hi gh fields, thereby increasing the probability of es cape of  an electron 

immobilized therein, the current density in thin film containing shallow traps is given by   

            






 −
=

kT

F
JJ cPF φβ 2/1

0 exp ………………………………........ (2.19) 

where, φc is the ionization potential of the PF centers. 

Therefore, the general e xpression f or t he c urrent de nsity, J, that hol ds equally well f or 

both the PF and the Schottky mechanisms is of the form 

           






 −
=

kT

F
JJ

φβ 2/1

0 exp ………………………………………… (2.20) 

For a constant applied voltage a t a  particular t emperature the current density expression 

(Eq. 2.20) can be written as                                                

                                    log J •  d1/2 

Thus, for the PF or the Schottky mechanism the plot of logJ against the square root of the 

film thickness, d1/2, should be a straight line. 

 

2.16.3 Space charge limited conduction mechanism 

The m echanism of  e lectrical c onduction i n t hin insulating f ilms ha s be en di scussed b y 

Lamb and several i mportant t heoretical mode ha ve be en put  forwarded [ 101]. When an 

Ohmic contact is made to the insulator, the space charge injected into the conduction band 

of t he i nsulator i s c apable of  c arrying cur rent and when t he t ransport i s s lower t han 

generation, it constitutes the rate-determining step, and the conduction is described by the 

theory of  SCLC. In order to gain physical insight into this process, let us  consider what 

happens when a bias is applied to system shown in Fig. 2.18, that is, an insulator having 

two ohmic contacts on its surfaces. 
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Fig. 2.18 Energy diagram for different regions under SCLC mechanism. 
 

When a bias voltage is applied to the metal electrodes, this results an addition of positive 

charge to the anode and negative charge to the cathode. If now the voltage bias increases, 

the ne t pos itive c harge on t he a node i ncreases a nd t hat on t he c athode de creases. 

Assuming t hat t he a node r egion e xtends t hroughout the i nsulator a nd ne glecting t he 

diffusion effect the current can be interpret by the Mott and Gurney relation [102]. 

                        3

2
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8
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d

V
J

εεµ ′
= …………………………………………… (2.21) 

Where, µ is the mobility of charge carriers, ε the dielectric constant, ε0 the permittivity of 

free space, V the applied voltage and d the thickness. Equation (2.21) predicts that SCLC  

is directly proportional to V2 and inversely proportional to d3.  

 If t he i nsulator contains N t shallow traps pos itioned an energy E t below the conduction 

band as shown in Fig. 2.19 and Nc is the effective density of states in the conduction band, 

then the free component of the space charge can be given by  
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and trapped component of space charge can be written as  
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Fig. 2.19 Energy diagram showing shallow traps in an insulator. 

 

Thus trapping factor, θ is defined as 
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The SCLC current density with traps is defined by 

        θ
εεµ
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d

V
J

′
= ………………………………………………. (2.25) 

For a shallow trap SCLC and trap-free SCLC, θ = 1. According to eq. (2.25), J varies as  

d-1 in the Ohmic region and as d-3 in the SCLC region for the trap-filled SCLC part. For a 

fixed V, the dependence of ln J on ln d should be linear with slope m ≥ -3. 

Lampert c alculated the voltage at w hich the tr ansition from the  O hmic to shallow tr ap 

SCLC region (Vtr) occurs is given by 

    
ε

2

09
8 ed

nVtr = ………………………………………….……… (2.26) 

where volume generated free carrier density, n0 is independent of both µ and J . 

Lampert has pointed out that if sufficient charge is injected into the insulator, the traps will 

become filled (trap-filled limit, VTFL). Further injected charge then exists as free charge in 

the c onduction ba nd a nd c ontributes i n to t he c urrent. B eyond t he T FL, t he J-V 

characteristic can be given by eq. (2.21) rather than eq. (2.25). 

Fig. 2.20 is a schematic current-voltage (I-V) characteristic curve for an insulator having a 

shallow di screte t rapping l evel. T his t ype of  c onduction pr ocess e xhibits t hree or  f our 

distinct r egions i n t he c urrent-voltage ch aracteristics cur ve. At t he l ower vol tage r egion 

(V<Vx), the I -V characteristic i s O hmic w here the va riation of cur rent w ith voltage i s 

linear, because t he bul k g enerated current ex ceeds t he S CL cu rrent. When the appl ied 

voltage is increased the injected carriers out  number the thermally generated ones and in 

the voltage region (Vx<V<VTFL) the SCLC predominates and I •  V2, (Eq. 2.25).  

When V= VTFL, sufficient charge has been injected into the insulator to fill the gaps. 
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Fig. 2.20 SCLC  I-V characteristic for an insulator containing shallow traps. 
 

Hence, as  V  j ust ex ceeds VTFL the c urrent r ises rapidly s uch t hat f or V> V TFL, t he I-V 

characteristic obeys the trap-free law, (Eq. 2.21). 

 Clearly, from t he s tructure e xhibited i n t he c haracteristic, m uch i nformation a bout t he 

traps i n i nsulators c an be de duced f rom t he experimental d ata. Thus S CLC t echnique 

provides a powerful means to interpret the number and energies of trapping sites present. 

 

2.17  Thermally Activated Conduction Process 

2.17.1 Electronic Conduction 

Electronic conduction in organic, molecular compounds differs in several ways from the 

more f amiliar kind in metals and inorganic semiconductors like  s ilicon and germanium. 

The well-known band theory of atomic lattices has provided the essential basis of concepts 

and language for the discussion of conduction in molecular solids. An important feature of 

the ba nd system i s t hat el ectrons ar e d elocalized or s pread over t he l attice. Some 

delocalization is na turally ex pected when an at omic or bital of  an y at om ove rlaps 

appreciably w ith t hose of m ore t han one  of  i ts n eighbors, but  de localization r eaches a n 

extreme form in the case of a regular, 3-dimensional lattice. The band theory assumes that 

the electrons are delocalized and can extend over the lattice. When electronic conduction 

is c onsidered i n pol ymers, ba nd t heory i s not  t otally s uitable be cause t he a toms a re 

covalently bond ed t o one  a nother, f orming p olymeric chains t hat e xperience w eak 
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intermolecular interactions. But macroscopic conduction will require electron movement, 

not only along the chain but also from one chain to another. 

The carrier mobility in organic molecules is usually very low. This is due to the fact that 

electrons, w hile j umping f rom one  m olecule t o a nother, l ose s ome e nergy. B ut t he 

mobility’s of  e lectrons a re f ound to i ncrease w ith m olecular s ize i n s uch t ype of  

compounds. In pol ymer s ystem, t he conductivity is i nfluenced b y t he factors s uch a s 

dopant l evel, morphology of pol ymer, concentration of  conducting species, temperature, 

etc. [103]. The temperature dependence of conductivity can be described by an Arrhenius 

type of equation. 

                        )exp(0 kT

E∆−
= σσ ……..……………………………………. (2.27) 

where 0σ is a constant and ∆E is the activation energy for carrier generation. The plot of 

log σ  vs 1/ T m ust be  l inear f or t hermally a ctivated c onduction. W hatever t he O hmic 

mechanism, a l ogσ  vs. 1/ T pl ot ( Arhennius pl ot) will us ually e xhibit i ncreasing l inear 

slopes (activation energies) as T is raised [104]. 

 

2.17.2 Hopping Conduction 

In amorphous semiconductors hopping between localized states is well known. A group of 

states or levels due to impurities, physical disorder, or band tails in the band gap may exist 

close to the Fermi level resulting in an adequate concentration of electrons in these states 

and adequate con centration of em pty s tates. Thermal ex citation and de-excitation of an 

electron f rom a  f ull s tate t o a n e mpty one  now  c an oc cur.  T hat i s, f or a  r andom 

distribution of atoms the density of electronic energy states tails into what is normally the 

forbidden z one, a nd electrons i n t hese t ails a re l ocalized. T here i s t hen not s o m uch a n 

energy gap as a mobility gap. In other words there is an intermediate range of electronic 

energy states in which the mobilities are very low.When the electrons are excited to higher 

energy, conduction via localized electrons implies discrete jumps across an energy barrier 

from one site to the next as shown in Fig 2.21.  

 An e lectron m ay e ither hop ove r, or  t unnel through, t he t op of  t he ba rrier, t he r elative 

importance of  t hese t wo m echanisms de pending on  t he s hape o f t he barrier a nd t he 

availability of thermal energy. 

For variable range hopping the electrical conductivity is given by 
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σ= σo exp
1

1
+







−

d
o

T

T
……………….......................................... (2.28) 

where “ d” i s t he di mensionality o f t ransport, σ the c onductivity, σo the i nitial va lue of  

conductivity, T  the abs olute temperature and To the activation energy in te rms of  

temperature. 

 

 

 
Fig. 2.21 Diagram of electron-transfer mechanisms between adjacent sites separated by a 

potential energy barrier. 
 

 2.17.3 Ionic Conduction 

Ionic conduction consists of the transit of ions (atoms of positive or negative charge) from 

one s ite t o another vi a poi nt de fects cal led vacancies i n the cr ystal l attice. At am bient 

temperatures very l ittle i on hoppi ng t akes pl ace, since t he at oms ar e at  r elatively l ow 

energy. For ionic conductivity, transport of one or more types of ions across the material is 

necessary. In an ideal crystal all constituent ions are arranged in regular periodic fashion 

and are o ften stacked in a cl ose-packed f orm. T hus t here i s l ittle s pace f or a n i on t o 

diffuse. O ften, t he a vailable s pace i s j ust e nough f or vi bration a round its e quilibrium 

position. H owever, a t any non -zero temperature t here ex ist de fects. These c ould, for 
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example, be positional disorder due to deviation from ideal stacking. The degree of such 

disorder can vary from one material to another or even from one temperature or pressure 

to another in the same material. The current density J flowing through a specimen across 

which an electric field E is applied can be expressed as 

                J=sinh (eaE/2kT)……………………………………………. (2.29) 

where E is t he electric f ield, a t he di stance b etween neighbouring pot ential w ells, e t he 

electronic charge. Although it is not possible to identify the ions experimentally, it may be 

assumed that the y are ma inly d erived from f ragments o f pol ymerization catalyst, 

degradation and dissociation products of the polymer itself, and absorbed water.  
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3.1  Introduction 

 This chapter describes the details of monomer and substrate and their cleaning 

process, capacitively coupled glow discharge plasma polymerization set up for polymer 

formation, generation of  g low di scharge pl asma, de position pa rameters, thickness 

measurement method, formation and electrode deposition. 

3.2  The Monomer 

2-furaldehyde (FDH) is a n or ganic compound de rived f rom a va riety o f a gricultural 

byproducts, i ncluding corncobs, oa t, w heat br an, a nd s aw dus t. T he n ame of  FDH 

comes f rom t he Latin word f urfur, m eaning br an, r eferring t o i ts us ual s ource. The 

monomer FDH is m anufactured b y BDH C hemicals Ltd., P oole, E ngland a nd i s 

collected from local market. The chemical structure of  the monomer is shown in Fig. 

3.1 and its typical properties are stated in Table-3.1:  

Table 3.1 General properties of 2-furaldehyde. 

Parameters Condition/Value 

IUPAC name Furan-2-carbaldehyde 

Appearance Colorless oil 

Molecular formula C5H4O2, OC4H3CHO 

Molecular weight 96.08 g/mol 

Density 1.16 g/cm3 

Boiling point 161.7 °C 

Solubility In methanol 
 

 
Fig. 3.1 Chemical Structure of 2-furaldehyde  
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3.3  Substrate Materials and its Cleaning Process 

The substrates used were pre-cleaned glass slides (25.4 mm × 76.2 m m × 1.2 m m) of 

Sail B rand, C hina, pur chased f rom l ocal m arket. T he s amples w ere pr epared b y 

depositing the plasma polymerized 2-furaldehyde (PPFDH) thin films onto them. 

To ge t hom ogeneous, s mooth a nd f lawless t hin pol ymer f ilm, w hich is a  c ommon 

property of plasma polymers, it is essential to make the substrate as clean as possible.  

The substrates were chemically cleaned by acetone and thoroughly rinsed with distilled 

water then dried in hot air. 
 

3.4  Capacitively Coupled Plasma Polymerization Set-up 

 Glow di scharge pl asma a nd t he pl asma pol ymerization s etup ha s be en us ed 

enormously i n r ecent years t o f orm va rious k inds of  pl asma pol ymers. D ifferent 

configuration of polymerization set up varies the properties of plasma polymers i.e., the 

geometry of the reaction chamber, position of the electrodes, nature of input power etc 

[105-108]. The glow discharge plasma polymerization setup used to deposit the PPFDH 

thin films consists of following components is shown in Fig. 3.2. 

Plasma reaction chamber 

 The glow di scharge r eactor i s m ade up  of  a cylindrical P yrex g lass b ell-jar 

having    0.15 m  in inner diameter and 0.18 m in length. The top and bottom edges of 

the g lass be ll-jar are c overed w ith t wo rubber L -shaped ( height and b ase 0.015 m , 

thickness 0.001 m ) gaskets. T he cylindrical glass be ll j ar w as pl aced on t he l ower 

flange. T he l ower f lange i s w ell f itted w ith t he di ffusion pum p b y an ‘ I’ j oint. T he 

upper flange is placed on the top edge of the bell-jar. The flange is made up of  brass 

having 0.01 m  i n t hickness a nd 0.25 m  i n di ameter. O n t he uppe r flange a  l aybold 

pressure gauge he ad, Edwards hi gh vacuum gas inlet va lve and a  monomer i njection 

valve are fitted. In the lower flange two highly insulated high voltage feed-through are 

attached using screwed copper connectors of 0.01m high and 0.004 m  in diameter via 

Teflon™

Electrode system 

 insulation. 

 A cap acitively coupl ed electrode s ystem i s us ed i n the s ystem. Two circular 

stainless steel plates of diameter 0.09 m  and thickness of 0.001m are connected to the 
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high vol tage c opper connectors. T he i nter-electrode s eparation can be cha nged by 

moving t he e lectrodes t hrough t he e lectrode s tands. A fter a djusting t he di stance 

between t he electrodes t hey a re f ixed with the s tands b y m eans of  s crews. T he 

substrates were kept on the lower electrode for plasma deposition. 

Pumping unit 

 For c reating la boratory plasma, first s tep is pu mping out  the  a ir/gas f rom the  

plasma chamber. In this system a rotary pump of vacuubrand (Vacumbrand GMBH & 

Co: Germany) is used. 

Vacuum pressure gauge 

A va cuum p ressure gauge he ad ( Laybold AG, Germany) and a gauge meter 

(ThermotronTM 120)  are us ed t o m easure i nside pr essure of  t he pl asma de position 

chamber. 

Input power for plasma generation 

 The i nput pow er s upply f or pl asma ex citation comprises of  a s tep-up hi gh-

tension t ransformer and a va riac. T he vol tage r atio a t t he out put of  t he hi gh-tension 

transformer is about 16 t imes that of the output of the variac. The maximum output of 

the variac is 220V and that of the transformer is about 3.5 KV with a maximum current 

of 100 m A. T he de position r ate i ncreases w ith pow er a t f irst a nd t hen be comes 

independent of power at high power values at constant pressure and flow rate. 

Monomer injecting system 

 The monomer injecting system consists of a conical flask of 25 ml capacity and 

a Pyrex glass tube with capillarity at the end portion. The capillary portion is well fitted 

with m etallic t ube of  t he noz zle of  t he hi gh va cuum ne edle va lve. T he conical f lask 

with its components is fixed by stand-clamp arrangement. 

Supporting frame 

 A metal frame of dimension 1.15 m  × 0.76 m × 0.09 m is fabricated with iron 

angle r ods, w hich can hold t he c omponents de scribed a bove. T he upp er a nd l ower 

bases of  t he f rame ar e m ade w ith polished wooden sheets. The w ooden pa rts of  t he 

frame are varnished and the metallic parts are painted to keep it rust free. The pumping 
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unit is placed on the lowed base of the frame. On the upper base a suitable hole is made 

in the wooden sheet so that the bottom flange can be fitted with nut and bolts. 

 
 Fig. 3.2  A s chematic di agram o f t he pl asma po lymerization set-up (1 h igh vol tage 

power supply, 2 pirani gauge, 3 high tension leads, 4 gas inlet valve, 5 gauge head,  

 6 monomer injection valve, 7 flowmeter, 8 monomer container, 9 Pyrex glass dome, 10 

metal e lectrodes, 11 e lectrode s tands, 12 rubber gasket, 13, l ower f lange, 14 bot tom 

flange, 15 brass tube, 16 va lve, 17 l iquid nitrogen trap, 18 rotary pump, 19 switch and 

20 variac.). 

Flowmeter 

 The system pressure of a gas flow is determined by the feed in rate of a gas and 

the pumping out rate of a vacuum system. The monomer flow rate is determined by a 

flowmeter. In the pl asma pol ymerization set up a f lowmeter ( Glass P recision 

Engineering LTD, M eterate, E ngland) i s a ttached be tween the ne edle va lve and the 

monomer bottle. 

Liquid nitrogen trap 

 Cold t rap, pa rticularly a  l iquid N 2 trap, acts as  a t rap pump for di fferent t ype 

gas. The liquid N2

the pum ping uni t i n t he pl asma d eposition s ystem. It c onsists of  a  cylindrical s hape 

chamber having 6.4 cm diameter and 11.5 cm in length using brass material. 

 trap system is placed in the fore line of the reactor chamber before 
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Fig. 3.3 The plasma polymerization set-up 

3.5  Generation of Glow Discharge Plasma  

Glow di scharges ar e pr oduced by a n applied static or  os cillating e lectric f ield where 

energy is t ransferred to free electrons i n vacuum. Inelastic col lisions of  t he ene rgetic 

free electrons w ith the g as m olecules ge nerate f ree r adicals, ions, and species i n 

electronically excited states. This process also generates more free electrons, which is 

necessary for a s elf-sustaining glow [109-111]. The excited species produced are very 

active and can react with the surfaces of  the reactors as well as  themselves in the gas 

phase.  The important feature of glow discharge plasma is the non-equilibrium state of 

the overall system. In the plasmas considered for the purpose of plasma polymerization, 

most of  t he negative charges a re e lectrons and most of  t he pos itive charges a re i ons. 

Due to large mass difference between electrons and ions, the electrons are very mobile 

as c ompared t o t he ne arly s tationary pos itive i ons a nd c arry m ost of  t he c urrent. 

Energetic el ectrons as  well as  i ons, free r adicals, and vacuum ul traviolet l ight can 

possess energies well in excess of  the energy sufficient to break the bonds of  t ypical 

organic monomer molecules which range from approximately 3 to 10 eV. Some typical 

energy of pl asma s pecies av ailable i n glow d ischarge as  well as  bo nd energies 

encountered at pressure o f approximately 1.0 P a. The chamber of  the glow di scharge 

reactor is evacuated to about 1.0 Pa. A high-tension transformer along with a variac is 

connected t o the f eed-through a ttached t o t he lower flange. W hile i ncreasing the 

applied voltage, the plasma is produced across the electrodes at around 15 Pa chamber 

pressure. Fig. 3.3 shows the photograph of plasma deposition set-up and Fig. 3.4 shows 

the phot ograph of  glow di scharge pl asma a cross t he e lectrodes i n t he capacitively 

coupled parallel plate discharge chamber. 
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Fig. 3.4 Glow discharge plasma during deposition. 

3. 6  Plasma Polymer Thin Film Deposition 

The electric field, when applied to gaseous monomers at low pressures (0.01 to 1 mbar), 

produces active s pecies t hat m ay r eact t o form cr oss-linked pol ymers films. In m y 

experiment, a ir w as us ed a s t he pr imary pl asma, a fter pr oducing t he d esired pl asma 

glow in the reactor the monomer FDH vapor was injected downstream to the primary 

air glow pl asma. Incorporation of  monomer vapor changed the usual color of  plasma 

into a light bluish color as shown in Fig. 3.4. The deposition time was varied from 40-

90 min. to get PPFDH thin films of different thicknesses. The optimized conditions for 

thin film deposition in the present study are shown in Table-3.2. 

Table 3.2 The optimum plasma polymerization conditions for PPFDH. 

 

 

 
 
 
 
 

 
3.7 Contact Electrodes for Electrical Measurements  
 

Electrode material 

Aluminium ( Al) ( purity of  4N , British chemical s tandard) w as us ed as el ectrode 

material prior to deposition Al has been reported to have good adhesion to glass slide 

Separation between two 
electrodes 

4 cm 

Position of the substrate                    Lower electrode 
Power 40W 
Pressure in the reactor                       1.33 Pa 
Deposition time                                 40 min -90 min 
Line frequency 50 Hz 
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[112].  Al f ilm ha s adv antages o f e asy s elf-healing bur n-out o f f laws i n sandwich 

structure. 

Electrode deposition  

Metal electrodes of aluminium were deposited using an Edward coating unit E-306 A 

(Edward, U K) as s hown i n F ig. 3.5 . The s ystem w as evacuated b y an  oi l di ffusion 

pump backed by an oil rotary pump. The glass substrates were masked with a 0.08m x 

0.08m x  0.001m e ngraved br ass s heet f or t he e lectrode d eposition. T he e lectrode 

assembly used in this study is shown in Fig. 3.7. The glass substrates with mask were 

supported b y a  m etal r od 0.1 m  a bove t he t ungsten f ilament.  F or t he e lectrode 

deposition A l w as ke pt on t he t ungsten f ilament. T he f ilament w as he ated b y l ow-

tension power s upply of  t he c oating uni t. T he l ow-tension pow er s upply w as a ble t o 

produce 100 A current at a potential drop of 10 V. During evacuation of the chamber 

by diffusion pump, the diffusion uni t was cooled by the flow of  chilled water and i ts 

outlet temperature was not allowed to rise above 305 K. When the penning gauge reads 

about 1.33×10-3

 

 Pa, the Al on the tungsten filament was heated by low-tension power 

supply unt il i t w as e vaporated. Fig. 3.6  shows a  schematic di agram of  s andwich 

Al/PPFDH/Al film. 

 

 

Fig. 3.5 The Edward vacuum coating unit E 306A 

After deposition of the 1st Al electrode on t he cleaned glass substrate by conventional 

thermal evaporation t echnique under a  pressure of 2.66  x10-3 Pa, t he glass substrates 

were t aken out of  t he v acuum coa ting uni t a nd placed on t he l ower e lectrode of  t he 

plasma polymerization chamber [113]. 
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Fig. 3.6 Schematic diagram of sandwich Al/PPFDH/Al film 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.7   Electrode assembly 

Al Electrode 
PPFDH Film 
Al Electrode 
Glass Substrate 

Lower Lower electrode 

Right 

7.5 cm 

Left 

1 cm 

1 cm 

Lower electrode and the sample Lower  

Left 

Sample 

Right 

7.5 cm 

Left 

  Right 

Upper  Lower  

Sample 

7.5 cm 

Sample in between the lower and upper electrode 
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Then the PPFDH thin films were deposited on the top of the Al electrode surface. After 

the deposition of  the PPFDH thin films on the f irst e lectrode the  samples were taken 

out of the polymerization chamber and brought to the vacuum coating unit. The counter 

electrode (2) of aluminum was deposited in the same condition as described above, by 

using a suitable mask such that the effective area of the M-I-M structure is 10-4 m2

 

. 

3.8  Measurement of Thickness of the Thin Films 

Thickness is the single most significant film parameter. It may be measured either by 

in-situ monitoring of the rate of deposition, or after the film is taken out of deposition 

chamber. Techniques of  the f irst type often called as monitor method generally allow 

both m onitoring a nd c ontrolling of  t he de position r ate a nd f ilm t hickness. O ther 

techniques a re also used for thickness m easurement. Any ph ysical qu antity r elated to 

film thi ckness c an in principle be  us ed to measure the  f ilm thi ckness. It ma y b e 

measured either by several methods with varying degrees of accuracy. The methods are 

chosen on t he ba sis of  t heir c onvenience, s implicity and r eliability. S ince t he f ilm 

thicknesses are generally of the order of a wavelength of light, various types of optical 

interference phe nomena ha ve be en f ound t o be  m ost us eful f or m easurement of  f ilm 

thicknesses. Several o f t he common methods are i ) During Evaporation, ii) Multiple-

Beam Interferometry, iii) Michelson interferometer iv) using a H ysteresis graph. Here, 

Multiple-Beam Interferometry method is employed for the measurement of thickness of 

the thin films. The technique is described below. 

 

This method utilizes t he r esulting i nterference effects when two silvered surfaces ar e 

brought c lose t ogether a nd a re s ubjected t o opt ical r adiation. T his i nterference 

technique, w hich i s of  g reat value i n s tudying s urface t opology i n general, may b e 

applied simply a nd di rectly to film-thickness de termination. W hen a  w edge of  s mall 

angle i s f ormed between unsilvered glass pl ates, which are i lluminated by 

monochromatic light, broad fringes are seen arising from interference between the light 

beams reflected from the glass on t he two sides of the air wedge. At points along the 

wedge where the path difference is an integral and odd number of wavelengths, bright 

and dark fringes occur respectively. If the glass surfaces of the plates are coated 
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Fig. 3.8 Interferometer arrangement for producing reflection Fizeau fringes of equal thickness. 

 

with hi ghly reflecting l ayers, one  of  which i s pa rtially t ransparent, t hen t he r eflected 

fringe system consists of very fine dark lines against a bright background. A schematic 

diagram of  the  mul tiple-beam i nterferometer al ong w ith a t ypical pa ttern of F izeau 

fringes from a f ilm s tep is shown in Fig.3.8. As shown in this f igure, the f ilm whose 

thickness is to be measured is over coated with a silver layer to give a good reflecting 

surface and a half-silvered microscope slide is laid on top of the film whose thickness is 

to be determined. A wedge is formed by the two microscope slides, and light multiply 

reflected between the t wo silvered surfaces f orms an interference p attern with a 
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discontinuity at the film edge as shown in Fig.3.5. The thickness of the film d can then 

be determined by the relation,    

a

b
d

2
λ

=  

where, λ is t he w avelength a nd b/a is the  f ractional di scontinuity id entified in the 

figure. 

In general, the sodium light is used, for which λ = 589.3 nm. In conclusion, it might be 

mentioned that the Tolansky method of film-thickness measurement is the most widely 

used and in many respects also the most accurate and satisfactory one [114].  

 

3.9  Samples for Different Measurements 

PPFDH t hin films w ere deposited on to chemically cl eaned microscope glass 

substrates for optical and electrical properties. For Energy dispersive analysis of X-ray 

(EDAX), Differential the rmal a nalysis ( DTA), Thermogravimetric an alysis (TGA) 

study and Fourier transform infrared (FTIR) spectroscopy, the films were scraped off 

from the substrate and kept into the glass bottle. 

3.10  Scanning Electron Microscopy 

The surface of PPFDH thin films deposited onto chemically cleaned glass substrates by 

plasma pol ymerization t echnique w ere coated with a  t hin l ayer of  gold b y gold 

sputtering. Scanning e lectron micrographs of  t he PPFDH thin f ilm surface was t aken 

using a n SEM (Inspect F50, E FI C ompany, Netherlands) with a maximum ope rating 

voltage of 20 kV and with two magnifications (× 5,000 and ×10,000). EDAX which is 

connected to the Microscope also performed for the elemental analysis of the samples. 

3.11  Fourier Transform Infrared Spectroscopy 

FTIR spectrum of PPFDH was recorded at room temperature by a double beam FTIR 

spectrophotometer ( SHIMADZU, FTIR-8900 s pectrophotometer, J APAN) in the 

wavenumber range of  400-4000 cm-1. The FTIR spectrum of  the monomer FDH was 

obtained by putting the liquid monomer in a potassium bromide (KBr) measuring cell. 

PPFDH powder was collected from the PPFDH deposited substrates and then pellets of 

PPFDH powder m ixed w ith K Br w ere pr epared f or r ecording the FTIR s pectra of  
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PPFDH sample. F TIR s pectra of  the F DH and t he P PFDH were r ecorded i n 

transmittance (%) mode. 

3.12  Thermal Analyses 

The P PFDH f ilms w ere scrapped of f from t he s ubstrate t o use as t he s ample f or t he 

DTA/TGA inve stigation. Melting and degradation temperatures o f the  neat P PFDH 

samples w ere m onitored b y a D TA and TGA (Seiko-Ex-STAR-6300, J apan). T he 

measurements using DTA and TGA were carried out from room temperature 300 K to 

873 K a t a  he ating rate of 10 K /min under ni trogen gas f low. W hile t he DTA t races 

give t he m elting a nd d egradation temperatures a s de termined from the  e xothermic 

versus t emperature c urves, t he T GA r uns e xhibit t he w eight-loss of  the  s ample w ith 

temperature. 

3.13  Ultraviolet-Visible Spectroscopy  

The PPFDH thin films were deposited on to glass substrates (Sail brand, China) having 

a dimension of 18mm×18mm×1mm. The UV-Vis spectrum of the monomer FDH and 

the as -deposited P PFDH thin films w ere r ecorded in a bsorption m ode using a  du al 

beam UV-Vis spectrophotometer (SHIMADZU UV-1601, JAPAN) in the wavelength 

range of 200-800 nm at room temperature. For measuring the optical absorption of the 

monomer, it was kept in a quart cell and for the PPFDH films a similar glass slide was 

used as the reference. 

3.14  DC Electrical Measurements 

Suitable electrical contacts were made with the Al electrode by fine conducting wire of 

Cu using silver paste. Now the samples are ready for DC measurements. The electrical 

measurements were c arried out  i n t he P PFDH films b y lo ading the  s amples in a 

cylindrical metal holder. The measurements were carried out under dynamic vacuum of 

about 1.33 P a. The current f lowing t hrough t he films w as m easured b y using a  hi gh 

impedance Keithley 61 4 electrometer. DC bi as vol tage w as appl ied b y an Agilent 

6545A stabilized DC power supply. The DC measurements were carried out at different 

constant temperatures (298, 348, 398 a nd 423 K). The sample chamber as well as the 

samples w as he ated by a he ating coi l w rapped around the s pecimen chamber. A 

Chromel-Alumel t hermocouple m ounted on t he sample hol der, w ith t he fused end i n 

contact with the PPFDH thin film, permitted temperature measurements using a 197A 
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digital mic rovoltmeter ( DMV).The bl ock diagram f or DC measurements and DC 

measurement set up are shown in Fig. 3.9 and Fig. 3.10 respectively. 

  
Fig. 3.9 A schematic circuit diagram of DC measurements. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.10 DC measurement set up. 
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4.1 Introduction 

Structural characterization of plasma polymerized thin films may be possible by several 

methods, such as scanning e lectron microscopy (SEM), energy di spersive ana lysis of  

X-rays ( EDAX), Fourier t ransform i nfrared  (FTIR) spectroscopy, Ultraviolet vi sible 

(UV-Vis) spectroscopy, differential t hermal an alysis ( DTA) and thermogravimetric 

analysis (TGA). For i nspection of  surface m orphology of s pecimens at ve ry high 

magnifications S EM is  e mployed. The composition of  P PFDH thin f ilms ha ve be en 

studied by EDAX. The FTIR analysis is  a  digital technique that may be used for the  

investigation of molecular structure, bonding and identification of chemical functional 

groups in organic compounds. The DTA is applied to study structural and phase change 

that occurs during heating a polymeric sample. The TGA is to measure the weight loss 

of the sample as a function of temperature. 

The w avelength of  l ight t hat a  c ompound w ill absorb is the  c haracteristic of  its  

chemical s tructure. Specific r egions of  t he electromagnetic spectrum are absorbed by 

exciting s pecific t ypes of m olecular and  at omic m otion to higher energy l evels. 

Absorption of UV-Vis radiation is associated with excitation of electrons, in both atoms 

and m olecules, t o hi gher e nergy s tates. Light i n t he UV-Vis region i s adequate f or 

molecules containing conjugated electron systems.  

4.2 Surface Morphology 

The SEM of PPFDH thin films were recorded at different magnifications (5k×, 10k×) 

at accel erating vol tage of  25  kV a re s hown i n F ig. 4.1. F rom t he m icrographs i t c an 

easily be  visualized that the  surface of  the  plasma polymerized thin films is  uni form, 

flawless, pinhole free and fracture free.  

     

(a)       (b) 

Fig. 4.1 SEM micrographs of as-deposited PPFDH thin film (a) 5k× and (b) 10k×. 

40 µm 20 µm 
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Fig. 4.2 EDAX spectra of PPFDH thin film. 

Table 4.1 Composition of elements in PPFDH thin films 

Element At% 

C 60.60 

O 22.50 

Na 2.9 

Si 10.5 

Ca 2.3 

 Mg 1.1 
 

From the results it is  clear that carbon (C) has the highest percentage and the presence 

of oxygen ( O) follows a  ve ry good ratio a s w e can pr edict f rom t he m onomer. T he 

higher percentage o f O in the polymer is due to the incorporation of  ambient oxygen 

when samples were taken out s ide from the reactor chamber. The presence of  sodium 

(Na) a nd s ilicon (Si) in EDAX though i t w as not pr esent i n t he m onomer FDH is 

because t he f ilms w ere de posited ont o g lass s ubstrate. In a ddition, f rom t he E DAX 

result it is  obs erved t hat it cannot identify t he h ydrogen present i n t he PPFDH thin 

films.  

4.3 Infrared Spectroscopy 

Fig. 4.3  shows t he F TIR s pectra o f t he F DH a nd PPFDH. These s pectra r eveal t he 

structural changes due to plasma polymerization of the FDH. In the spectrum of FDH 

and of PPFDH a broad band at about 3133 a nd 3407 c m-1 (A), respectively are due to 

the pr esence of  O-H s tretching vi bration f or absorbed w ater. T he c haracteristic 
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absorption ba nd i n P PFDH at 2926 c m-1 (B) ma y be assigned to aromatic C -H 

stretching vibration. T he w ider ba nds obs erved at 2850, 2811 ( C) i n F DH s pectrum 

may b e O=C-H stretching vibration attached t o FDH. The ba nd at 2214 cm-1 (D) i n 

PPFDH m ay be  arisen due t o C≡C stretching v ibration dur ing pl asma polymer. T he 

aliphatic c onjugation C =C s tretching vi bration ba nd a t 1689 a nd 1674 c m-1 (E) i s 

observed in FDH. The band at 1603 cm-1 (E) in PPFDH is observed due to conjugation 

during pol ymerization. T he ba nd a t 1569 cm-1 (F) i n F DH i s du e t o C=O be nding 

vibration. T he a bsorption ba nds a t 1472 a nd 1464 c m-1 (G) correspond t o t he 

asymmetric C -H be nding vi bration a nd 1393 a nd 1367 c m-1 (H) c orrespond t o t he 

symmetric C-H bending vibrations. A band at around 1278 cm-1 (I) in FDH and at 1262 

cm-1 (I) i n P PFDH i s d ue t o C -H t wisting. T he ba nd a t 1157 c m-1 (J) i n onl y FDH 

represents a C -C skeletal vibration. In spectrum of FDH, the bands at 1082 a nd 1020 

cm-1 (K) correspond to the C-H in plane bending. The absorption bands at 930 and 883 

cm-1 (L) in FDH and at 877 and 806 cm-1 in PPFDH may be arisen due to C-H rocking 

vibrations. T he s harp a bsorption pe aks a t 755 c m-1 (M) i s due  t o = C-H out-of-plane 

bending vibrations and the absorptions at 594 cm-1

 

 indicate C=C out of plane bending. 
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Fig. 4.3 FTIR spectra of FDH and PPFDH. 
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For comparison, the assignments to the different FTIR absorption bands of these two 

samples ar e pr esented in Table 4.2 . F rom Table 4.2 , it i s s een that t he che mical 

structure of  P PFDH thin films c ontains C=C and C≡C conjugation i nstead of  C -C 

skeletal structure.  

Table 4.2 Assignments of FTIR absorption bands for FDH and PPFDH. 

Assignments Wavenumber (cm-1) 
FDH PPFDH 

O-H stretching (A) 3133 3407 

Asym. C-H stretching (B) ------- 2926 

O=C-H stretching (C) 2850, 2811 ------- 

C≡C stretching (D) ------- 2214 

C=C stretching (E) 1689, 1674 1603 

C=O bending  (F) 1569 ------- 

Asym.C-H bending (G) 1472, 1464 ------- 

Sym. C-H bending (H) 1394, 1368 ------- 

C-H twisting (I) 1278 1262 

C-C skeletal (J) 1157 ------- 

C-H in plane bending (K) 1082,1020 ------- 

C-H rocking (L) 930, 883 877-806 

=C-H out of plane bending (M) 755 ------- 

C=C out-of-plane bending (N) 594 ------- 

 

4.4        Thermal analyses 

DTA and TGA traces of  the as  deposited PPFDH thin films taken in the temperature 

range 300-873 K at a s can rate of 10 K/min in nitrogen atmosphere are shown in Fig. 

4.4 and Fig. 4.5 respectively. 

It is seen that the TGA trace of PPFDH has showed different stages of mass loss due to 

heating. In the low temperature region, i.e. up to about 360 K, the weight loss may be 

due the removal of absorbed surface water/ non-constitutional, which is not associate 

with any change in the PPFDH structure. After that there is a small plateau region up to 

450 K, i.e. the PPFDH is stable upto 520 K. After that the mass decreases gradually. 

This decrease in mass of PPFDH above 520 K may be due to evolution of hydrogen 

and/or low molecular mass hydrocarbon gases like CO and CO2 etc. 
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Fig. 4.4 TGA thermogram of as deposited PPFDH. 

 
 

 

Fig. 4.5 DTA thermogram of as deposited PPFDH. 

It is observed in the DTA trace around a temperature 335 K a transition occurs that may  

be due to the removal of water content. The DTA thermogram shows an exothermic  

broad band which has a maximum centered around 600 K indicating a gradual change  

of its original properties. The corresponding TGA trace shows a uniform weight loss up  

to 760 K. 
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4.5  Ultraviolet-visible spectroscopic analyses 

The w avelength of lig ht tha t a  c ompound will a bsorb is the  c haracteristic of  its  

chemical s tructure. Specific r egions of  t he electromagnetic spectrum are absorbed by 

exciting s pecific t ypes of m olecular and  at omic m otion to higher energy l evels. 

Absorption of ultraviolet and visible (UV-Vis) radiation is associated with excitation of 

electrons, in both atoms and molecules, to higher energy states. Most molecules require 

very high e nergy r adiation. Light in  the  U V-Vis region is adequate f or m olecules 

containing conjugated electron systems and as the degree of conjugation increases, the 

spectrum shifts to lower energy.   

Amorphous f ilms ha ve a r andom ne twork i n c ontrast t o t he crystalline structure. In 

these m aterials no long range or der i s pr esent. The di sorderness associated with the 

deficiency of long range order in these materials introduces a l ow density of localized 

electronic s tates i n t he ba nd gap w hich i nfluence t he electronic pr operties of  t he 

material. 

Fig. 4.6 shows t he UV -Vis s pectral be havior of  a s de posited P PFDH thin films f or 

various t hicknesses at r oom t emperature (300 K ). From Fig. 4.6  it is  seen that the  

absorbance increases with t he i ncrease of  t hickness of  t he PPFDH thin f ilms and the 

absorption pe ak br oadens w ith i ncreasing t hickness. It i s also obs erved t hat t he 

absorbance r ises ve ry r apidly be fore 300 nm , attains i ts m aximum va lue a nd t hen 

decreases rapidly up to 700 nm.  

The a bsorption c oefficient ( • ) i s cal culated from t he m easured absorbance da ta f or 

different wavelengths corresponding to di fferent photon energies at room temperature 

by using equation, 

d
A303.2=α ………………………………………………… (4.1) 

where, )(log 0
10 I

I
A =  is the absorbance and d i s the thickness of the film. The spectral 

dependence of •  on hν for all the as-deposited samples is presented in Fig. 4.7.  
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Fig. 4.6 Wavelength versus absorbance plot for different PPFDH thin films.  
 

The dependence of  optical absorption coefficient on t he photon energy helps to study 

the band structure and the type of electron transition involved in absorption process.The 

absorption edge starts increasing around 1.9 eV and there is a r apid rise in absorption 

coefficient from 2.8 eV. It is observed that in the low energy region the curves are non-

linear and the edges have an exponential fall for values of •  below about 2×104 cm-1

 In crystalline and amorphous materials the photon absorption is observed to obey the 

Tauc relation equation [115], 

 for 

all the  s amples. It c an be not iced t hat t he c urves ha ve t wo di fferent slopes i n t he 

experimental photon energy range. This may indicate the presence of direct and indirect 

optical transitions in the PPFDH thin films. These exponential falling edges may either 

be due to lack of long-range order or due to the presence of defects in the films. 

• hν=B (hν-Eopt) n

where, hν is the incident photon energy, h Planck constant, ν  the frequency of 

   ……………………………………………(4.2) 
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incident radiation, B an energy independent constant, Eopt  the optical band gap and n is 

an  index depending on the type of optical transition caused by photon absorption. The 

index n e quals ½  a nd 2 f or a llowed di rect and i ndirect t ransitions r espectively. 

Therefore, the indirect transition energy gap (Eqi) can be obtained by plotting (• hν)1/2 

versus hν curve and then extrapolating the linear portion of the curve to (• hν)1/2 
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Fig. 4.7 Plot of •  with h• , for as-deposited PPFDH thin films of different thicknesses. 

 
 

In Fig. 4.8 (• hν)2 as a  f unction of hν is plotted to obtain the E qd of the  as deposited 

PPFDH thin films. The E qd is de termined from the int ercept of  the  linear part of  the  

curves extrapolated to zero •  in the energy axis. (• hν)1/2 as a  function of hν is plotted 

in F ig. 4 .9 to obt ain t he E qi of t he  as  d eposited PPFDH thin films. The E qi is 

determined from the intercept of the linear part of the curves extrapolated to zero •  in 

the energy axis. The values of  the E qi and E qd for as deposited PPFDH thin films are 

recorded in Table 4.3.  
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Fig. 4.8  (• h• ) 2

thicknesses. 
 vs. h•  curves for as deposited PPFDH thin films of different 
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Fig. 4.9 (• h• ) 1/2 versus h•  curves for as deposited PPFDH thin films of different 

thicknesses. 
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The spectral dependence of •  was studied at photon energies less than the energy gap 

of t he films, i.e. in the region of the so called Urbach spectral tail, which 

characterizes the slope of the exponential edge and is expressed as [116], 

                                          •  = • 0 exp (E/EU)…………………………………(4.3) 

where • 0 is a constant and EU  the Urbach energy. Thus, the plots of ln•  vs h•  should 

be linear whose slope gives Urbach energy (EU), interpreted as the width of the tails of 

localized states in the band gap. An increase in the optical band gap of the amorphous 

thin films can be explained due to the decrease of the band tails in the gap. The ln•  

vs h•  plots for the thin films of different thicknesses are shown in Fig.4.10 and the 

corresponding values of EU are also listed in Table 4.3. It can be noticed that the values 

of EU, which is the  band width of the localized states, decreases as the thickness 

increases, except the film having thickness of 200 nm. This behavior may be due to the 

decrease in the degree of disorder [117] and decrease in density of defect states. 
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Fig. 4.10 The Urbach plots for PPFDH thin films of different thicknesses. 
 

The steepness p arameter • , which characterizes the b roadening of t he opt ical 

absorption edge due to electron phonon or  exciton-phonon interactions [118], can be 

calculated by the equation, 
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                                   •  = kT / EU…………………………………………(4.4) 

where k is the Boltzmann constant and T is the absolute temperature. The values of •  

were calculated by taking T= 298 K and are noted in Table 4.3.                                      

The extinction coefficient, K, can be calculated from •  using the relation,  
 

                                           •  = 4• K/• ……………………………………….(4.5) 
 

where •  is the wavelength. The variation of K for PPFDH thin films with h•  is shown 

in Fig.4.11. It is seen from the plot that the  increase of K with the increase in h•  

indicating the probabilities of electron transfer across the mobility gap raises with h• . 
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Fig. 4.11 Plot of K with h•  for PPFDH thin films of different thicknesses. 

 
Table 4.3 The optical parameters of PPFDH thin films of different thicknesses. 

 
Film 

thickness, d 
(nm) 

Direct transition 
energy gap, E

(eV) 
qd 

Indirect transition 
energy gap, E

(eV) 
qi 

Urbach 
energy, EU 

(eV) 

Steepness 
parameter, •  

160 3.23 2.26 0.56 0.046 
200 3.28 2.21 0.61 0.042 
300 3.24 2.09 0.55 0.047 

420 3.31 2.30 0.51 0.050 
 



Chapter 4                      Results and Discussion 75 

 

4.6 Electrical Properties 

4.6.1 J-V characteristics 

The J -V cha racteristics cur ves of  P PFDH thin films of  160, 220, 280 a nd 330 nm  

thicknesses at the temperatures of 298, 348, 398 and 423 K in the voltage range 0.5 to 

49 V are represented in Fig. 4.12, 4.13, 4.14  and 4.15 r espectively. The variation of J 

with V seems to be linear in the low voltage region, but at higher voltages, the rate of 

increase of current density is faster. The J-V characteristics follow a power law of the 

form J •  Vn  

4.6.2 Conduction mechanism in PPFDH thin films    

with different values of ‘n’ (slopes), where n is a power factor. In the low 

voltage r egion the va lues of  s lope a re 0.79  •  n  •  1.12 and s lope i n the hi gh vol tage 

region lie between 1.81 •  n •  2.58 as shown in Table-4.4. These observations indicate 

that the current conduction is Ohmic in the low voltage region and non-Ohmic in the 

high voltage region. In addition, at the higher temperatures the current density increases 

significantly, revealing a strong temperature dependence of the current density.  

One of  t he three different c onduction m echanisms w ill be  dom inant f or a s pecific 

polymeric m aterial. The pr obable c onduction m echanisms are space charge limite d 

conduction, electrode limited  Schottky type conduction and bulk limited Poole-Frenkel 

conduction.  

(a) Space Charge Limited Conduction (SCLC): The s teady-state SCLC current 

density (J) in a  pl ane-parallel di electric s ample w ith an electrode s eparation d i s 

proportional to the square of the applied voltage (V). That is, the current density obeys 

an equation of the form [119] 

  3

2
0

8
9

d

V
J

εεµ ′
= ….………………………....... (4.6)   

where ε ′  is the dielectric constant of the material, • o

 

 the permittivity of the free space 

and µ the mobility of charge carriers. Therefore, for SCLC mechanism the slope of the 

J-V characteristics should be greater than or equal to 2.  
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Fig. 4.12 Variation of J with V at different temperatures for PPFDH thin film 

(d=160 nm). 
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Fig. 4.13 Variation of J with V at different temperatures for PPFDH thin film 
(d=220 nm). 
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Fig. 4.14 Variation of J with V at different temperatures for PPFDH thin film 

(d=280 nm). 
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Fig. 4.15 Variation of J with V at different temperatures for PPFDH thin film 

(d=330 nm). 
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Table-4.4 Values of ‘n’ at different temperatures for PPFDH sample 

Thickness 

(nm) 

Temperature  

T (K) 

Values of the slope, n 

Low voltage region High voltage region 

 

 

160 

 

298 0.79 1.98 

348 1.00 2.28 

398 0.94 2.29 

423 0.94 2.58 

 

 

220 

 

298 0.88 2.56 

348 1.10 2.13 

398 1.10 2.51 

423 0.99 2.58 

 

 

280 

 

298 0.80 1.96 

348 0.99 1.81 

398 1.00 2.23 

423 1.12 2.24 

 

 

330 

 

298 0.98 1.89 

348 0.99 2.02 

398 1.00 2.14 

423 1.02 2.24 

 

From the J -V plots in Fig. 4.12, 4.13, 4.14 and 4 .15, it i s observed that in the higher 

voltage region the calculated values of n (Table-4.4) are 1.81 •  n •  2.58, which suggest 

the possibility of SCLC or PF or Schottky type mechanisms in the PPFDH thin films. 

According t o S CLC t heory, t he t hickness de pendence of  t he s pace c harge l imited 

current follows the relation J •  d-m , where m is a parameter which depends on the trap 

distribution and is equal to or greater than three in the presence of traps. The thickness 

dependence of  the current density for PPFDH th in films is  shown in Fig. 4.16. From 

Fig. 4.16 it is seen that the J varies as d-2.7

 

. The value 2.7 is much less than the required 

exponent value for SCLC. So, SCLC conduction mechanism is ruled out. 
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Fig. 4.16 Variation of J with d for PPFDH thin films. 

(b) Poole-Frenkel mechanism/Schottky mechanism 

The general expression for both Schottky and PF type conductions is expressed by the 

equation of the form [120],   

                                                






 −
=

kT

F
JJ

φβ 2/1

0 exp ………..……………….. (4.7) 

where J0 is the low-field current density, F the applied electric field, k  the Boltzmann 

constant, T the absolute temperature and φ the ionization energy of localized centers in 

PF c onduction a nd C oulomb ba rrier he ight of  t he e lectrode pol ymer i nterface i n 

Schottky t ype c onduction a nd β the coe fficient o f t he s tatic el ectric f ield. The 

coefficient β for t he S chottky t ype c onduction i s known a s S chottky coefficient ( βs

2/1

0

3

4 







′

=
εεπ

β e
s

) 

and defined as                              ……………………………. .( 4.8

 )                                                       

For the PF mechanism, it is called the PF coefficient (βPF

                                   

) and is defined as 

sPF

e β
εεπ

β 2
4

2
2/1

0

3

=







′

=   ……………………… (4.9) 

where, e i s the electronic charge. Therefore according to equation (4.7) a plot of  LnJ 

versus V1/2 (Schottky plots) should be a straight line in the higher voltage region with a 

positive slope. Fig. 4.17, 4.18, 4.19 and 4.20 show the plots between LnJ versus V1/2 for  

PPFDH thin film of different thicknesses (160, 220, 280 and 330 nm).  

At voltage, 40 V 
Slope = -2.7 
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Fig. 4.17 Variation of Ln J with V1/2

 
 for PPFDH thin film (d=160 nm). 
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Fig. 4.18 Variation of Ln J with V1/2 for PPFDH thin film (d=220 nm). 
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Fig. 4.19 Variation of Ln J with V1/2

 
 for PPFDH thin film (d=280 nm). 
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Fig. 4.20 Variation of Ln J with V1/2 for PPFDH thin film (d=330 nm). 
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It is observed from Fig. 4.17, 4.18, 4.19 and 4.20 that Schottky plots are approximately 

straight line with positive slopes indicating the probable conduction mechanism to be of 

Schottky or PF type. Therefore, from the voltage dependence of current density data at 

different el evated temperatures i t i s f ound that t he m echanism of  c harge t ransport i n 

PPFDH thin films may be due to Schottky or PF type. 

To differentiate be tween these t wo conduction m echanisms, βs and βPF have been 

calculated theoretically and then compared them w ith the β calculated from 

experimental r esults. The r elation βexpt = s kTd1/2 were us ed to calculate ex perimental 

values of the β, where, s is the slope (s = ∆Ln J/∆V1/2) of the graph plotted between Ln 

J and V1/2

 

. The theoretical values of the β were calculated from the equations (4.8) and 

(4.9) and tabulated in table-4.5. 

Table-4.5 Comparison between the theoretical (β th) and experimental (βexp

coefficients (β). 

) 

 

Thickness 

(nm) 

Dielectric   

constant 

f =1000 Hz 

Theoretical, β
Experimental, β

th 

(eV-m
exp 

1/2V-1/2) β

(eV-m
S 

1/2V-1/2

β

) (eV-m
PF 

1/2V-1/2) 

160 6.7 1.47×10 2.92×10-5 1.25×10-5 -5 

220 6.2 1.52×10 3.04×10-5 1.34×10-5 -5 

280 5.7 1.59×10 3.18×10-5 1.40×10-5 -5 

330 4.5 1.79×10 3.58×10-5 1.49×10-5 -5 

 

From the values of data in Table- 4.5, it is clearly seen that the values of βexp are close 

to the values of β th

 

 which indicate that the probable mechanism of charge transport in 

the PPFDH thin film is Schottky type. Furthermore in Schottky-Richardson mechanism 

the current density (J) shows strong temperature (T) dependence but not in the case of 

PF m echanism. Therefore a n a lternative w ay t o i dentify w hether t he c onduction 

mechanism is PF or Schottky, it is appropriate to investigate the T dependence of  J.  

4.6.3 Temperature dependence of current density  

The t emperature de pendence of  t he cur rent de nsity, J, can be ex pressed by t he w ell-

known Arrhenius law 
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                                                 )exp(0 kT
EJJ ∆−= …………………….. (4.10) 

where J0

It is seen that both the curves can be characterized by two different slopes in the low 

and high temperature regions. The curves have varying s lope at  low temperatures but  

become a lmost l inear i n t he hi gh t emperature r egion, c orresponding t o w ell-defined 

activation energy (• E). T he a ctivation energies as sociated with two t emperature 

regions w ere cal culated f rom t he s lopes of  

 is a cons tant, • E the thermal activation energy of electrical conduction and k 

the Boltzmann constant. Fig. 4.21, 4.22,  4.23 and 4 .24 show the dependence of  J on 

inverse a bsolute t emperature, 1/ T, f or va rious PPFDH thin films of di fferent 

thicknesses ( 160, 220, 28 0 and 33 0 nm ). In these f igures t here are two curves, 

corresponding to the temperature dependence in the low voltage region (V= 5V) and in 

the hi gh vol tage r egions ( V= 35V) r espectively. It i s obs erved that t he J i ncreases 

slowly for T <340 K and above this J increases rapidly with T. This increase in J with T 

may be due to the increased movement of the ions and/or electrons.   

T
J

1
−  plot f or s amples of  di fferent 

thicknesses and are depicted in Table-4.6. From Table-4.6, for applied voltage of 5V, at 

low temperature region the activation energies are found to be around   0. 13 ± 0.02 eV 

and at hi gher te mperature r egion it is  0.50 ±  0. 05 eV. Where a s, t he l ow a nd hi gh 

temperature region activation energies are found to be 0.11 ± 0.01 eV and 0.55 ± 0.02 

eV, respectively for an applied voltage of 35 V. 

These small values of  the activation energies in the low and high temperature regions 

suggest the  existence o f the  s hallow tr aps l evels in PPFDH thi n films. The low  

activation energies in  the low temperature region indicate that the thermally activated 

hopping c onduction i s ope rative i n t his m aterial. T his c hange i n • E from l ower t o 

higher va lues ma y b e a ttributed to a tr ansition from a  hoppi ng r egime to a r egime 

dominated by distinct energy levels [121].  
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Fig. 4.21 Variation of J with 1/T for PPFDH thin film in ohmic and non-ohmic regions 

(d=160 nm). 
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Fig. 4.22 Variation of J with 1/T for PPFDH thin film in ohmic and non-ohmic regions 

(d=220 nm). 
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Fig. 4.23 Variation of J with 1/T for PPFDH thin film in ohmic and non-ohmic regions 

(d=280 nm). 
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Fig. 4.24 Variation of J with 1/T for PPFDH thin film in ohmic and non-ohmic regions 

(d=330 nm). 
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Table 4.6 The values of activation energy • E for PPFDH thin films of different 

thicknesses. 

 

 

     Thickness 

d (nm) 

Activation energy, • E (eV) 

5 V 35V 
Temperature Temperature 

Low High Low High 

160 0.11 0.47 0.11 0.57 

220 0.12 0.46 0.10 0.57 

280 0.15 0.55 0.12 0.53 

330 0.12 0.45 0.11 0.56 
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5.1  Conclusion 

Based on the results and discussion, the following conclusions can be drawn: 

It i s obs erved t hat t he s urface of  t he PPFDH thin films is  uni form, flawless, pinhole 

free and fracture free. The FTIR analyses show that the PPFDH is structurally different 

from t he m onomer a nd contains C=C and C≡C conjugation i nstead of  C -C s keletal 

structure. The TGA trace of PPFDH shows that up to about 360 K, the weight loss may 

be due  t o t he removal of  a bsorbed surface w ater. The P PFDH i s stable up t o 

temperature 520 K. After t hat t he m ass de creases g radually which m ay be due  t o 

evolution of  h ydrogen and/or l ow m olecular mass h ydrocarbon gases. The D TA 

thermogram shows an exothermic broad band which has a m aximum centered around 

600 K indicating a  gradual change of i ts or iginal properties. The corresponding TGA 

trace shows a uni form w eight l oss up t o 76 0 K . UV-vis s pectra show that the  

absorbance increases with the i ncrease of  t hickness of  t he P PFDH t hin films. The 

values of  Eqd and E qi were f ound to be  a bout 3.23 -3.31 eV and 2.09-2.30 eV 

respectively for as deposited PPFDH thin flims. The values of EU and •  were 0.51-0.61 

eV a nd 0.042 -0.050 respectively for di fferent t hicknesses of PPF DH thin films. 

Theoretically cal culated va lues βs and βPF

 

 and t he va lues o f t hese coe fficients 

calculated from the  e xperimental J-V cha racteristics ha ve lead t o c omment on t he 

conduction mechanism as  S chottky t ype. The temperature de pendence of  c urrent 

density also suggests Schottky type mechanism. So it may be concluded that the most 

probable conduction mechanism in the PPFDH thin films is of Schottky type.   

5.2 Suggestion for Future Research 

For qu antitative inf ormation of the  element p resent in the thi n films of  di fferent 

thickness, X PS i nvestigation c ould be  c arried on t o s tudy t he bondi ng of  di fferent 

functionalities and chemical states. For more accuracy about the surface morphology 

XPS is most essential. The electron spin resonance (ESR) study may be carried out to 

go insight the nature and source of radicals in this material. 

For precise information about the chemical structure of the materials, the XRD analysis 

might be performed.  
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In order to know more precisely the probable structural change due to the change of the 

thickness, t he FTIR s pectra c ould b e t aken for t he films of  di fferent t hickness 

separately and analyzed to study the thickness dependence.   

The opt ical s tudy r evealed that band gap i s i ndependent of  t hickness but  depends on  

temperature. It was observed that the electrical properties are thickness and temperature 

dependent. A  ve ry few literature w as f ound t hat emphasizes on t he pr operties w ith 

thickness variation.  

Asymmetric configuration of M/I/M sandwich structure is essential to comment on the 

conduction mechanism in thin films. So we tried to use Ag as one of the electrode in 

metal/Polymer/metal s andwich structure for el ectrical m easurement but  we f ailed for 

several times to deposit Ag as it flashes and evaporation is not so easy. Next time Au 

may b e us ed as an electrode f or el ectrical m easurements. In el ectrical measurement 

heat treated sample may be taken into consideration. The aging effect of a large number 

of s amples m ay be  s tudied. A ll t he r esults of  t he a bove a nalyses m ight t hen be  

correlated w ith t he t hickness de pendent opt ical a nd e lectrical pr operties of  t he t hin 

films. 
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