AC ELECTRICAL PROPERTIES OF PLASMA POLYMERIZED
1-BENZYL-2-METHYLIMIDAZOLE THIN FILMS

A thesis submitted to the Department of Physics of
Bangladesh University of Engineering and Technology (BUET)
in partial fulfillment of the requirement for the degree of
MASTER OF PHILOSOPHY (M. Phil.) IN PHYSICS

By
Md. Masud Reza
Roll No. 040414034 P
Session : April 2004

DEFARTMENT OF PHYSICS
BANGLADESH UNIVERSITY OF ENGINEERING AND TECHNOLOGY (BUET)
DHAKA-1000, BANGLADESH
SEPTEMBLCR 2009

-



BANGLADESH UNIVERSITY OF ENGINEERING AND TECHNOLOGY, DIHHAKA
DEPARTMENT OF PHYSICS

Certilication of Thesis

The thesis titled “AC FLECTRICAL PROPERTIES OF PLASMA POLYMERIZED 1-
BENZYL-2-METHYLIMIDAZOLE TIIIN FILMS” submitied by Md. Masud Reza, Roll
No. (40414034 P. Session: April 2004 has been accepted as  satisfactory in parrial
[ulfillment of the requirement for the degrec of Master ol Philosophy in Physics on
08 September, 2009,

Board of Examiners

1. Wﬁ

Dr. Md. Abu Hashan Bhuiyan (Supervisor) Chairman
Professor,

Depariment of Physics

BUET, Dhaka-1(00

Head Member
Deparrmeni of Physics {Ex-Oflicio)
BULET, Dhaka-1000

3. %M PGGMU/ Member

[\ﬂ", Jiban Podder
Professor

Department of Physics
BUET, Dhaka-1000

-

S = Member
Dr. A.B M Obaidul 15087 07 @7 (External)
Prolessor
Departmeni of Physics
University of Dhaka
Dhaka-1000




Candidate’s Declaration

It is hereby declared that this thesis or any part of it has not been submitted elsewhere for
the award of any degree or diploma.

S1gnature of the candidate

M g2.0909

{Md. Masud Reza)
Roll No. 040414034 P
Scssion: Apnl 2004




CONTENTS

Declaration

Dedication

List of Figures

List of Tables
Abbreviations and Symbols
Acknowledgements
Abslract

CHAFTER 1 Introduction

1.1 Introduction

1.2 Rewiew of Earlier Research Work
1.3 Aim of the Present Study

1.4 The Thesis — al a Glance

Eelerences

CHAFPTERII  Fundamental Concepts of Polymer, Plasma and

Plasma Polymerization
2.1  Introduction
2.2 Polymers
2.2.1  Physical Properiies of Polymers
222 (lassification of Polymers
223  Application of Polymcrs
23 Polymerization

2.4 Dhfferent Polymerizalion Processcs

2.4.1 Chemical or convenllonal polymerization processes

2.4.2 Physical processes for polymer thin film deposition

2.5 Plasma and Plasma Polymerizalion
251 Plasma

2.5.2 Fundamentals of glow discharge processes
2.53 Direct current (dc) glow discharge
2.54  Allemaling current (ac} glow discharge

111

L
4



2.5.5 Plasma polyincrization 24

2.6 Dnfferent types of Reactors 20
2.7 Advantages and Disadvantages of Plasma Polymers 24
2.8 Applications of Plasma-polymerized Organic Thin Films 24
References 30
CHAPTERIII  Expcrimental Details
3.1 Introduction 33
3.2 The-Monomer 33
3.3 Substrate and 1ls Cleaning Process 34
3.4 Capacitively Coupled Plasma Polymenzation Sct-up 34
3.5 Generalion of Glow Discharge Plasma in the Laboratory 37
3.6 Plasma Polymer Thin Filra Deposition 38
3.7  Mcasurcment of Thickness of Thin Films 39
3.7.1  Multiple-beam interferometry 39
3.8 Samples for Different Measurements 41
Refercnce 41
CHAPTER IV Structoral Analyses of PPBMI Thin Films
4.1 Introduction 42
4.2 The Scanning Elcetron Microscope (SEM) 42
4.2.1 Working Principle of SEM 43
4.2.2 Sample Preparation 44
423 Expenimental Details a4
424 Results and Discussion 43
4.3 Founer Transform Infrared Speetroscopy 46
4.3.1 Typical Apparatus 48
4.3.2 Experimental Procedure 49
4.3.3  Results and Discussion 49

References 3

iv



CHAPTER V Ultraviolet-Visible Spectroscopy of PPBMI Thin

Films

5.1 Introduction 53
5.2 Ullraviolet-wisible (LfV-V1s) Spectroscopy 53
5.2.1 The Electromagnetic Specirum 53
5.2.2 Electronic Transitions 54
5.3  The Absorption Law 33
5.31 Beer-Lambert Law 57
5.4  Instrumentation - Ultraviolct-visible spectrophotometer 58
5.5  Results and Discussion o0

Refercnees 4

CHAPTER VI AC Electrical Properties of PPBMI Thin Films

6.1 Introduction 65
6.2 Theory of Dielectnics 63
6.2.1 BrnefDescnption of diclectrics 05
6.2.2 The Debye theory of diclectrics 67
6.4  Expenmental Dctails 69
6.5  Results and Discussion 7
References 78
CHATPTER Y11 Conclusions
7.1 Conclusions 79
7.2 Suggeshions {or Funher Work 80
Appendlix 81



List of Figures

2.1 Structure of lincar, branched and crosslinked polymers......ooooviie o i 16
2.2 Different states of water molcenles. ... s 20
2.3. The plasma systems of typical density and temperature condiions................ . . 21

2.4 Typical selup of Glow Discharge System........oooovvii i 12
2.5 Comiparison of the structures of plasma polymers and conventional polymers. ......23
2.6 Formation of polymer with functional group...........oon s o 26
2.7 Capacitive Coupling S¥SICII. ..o e 27
2.8 Inductive Coupling S¥SIEM. ..o e e e 23
2.9 Electrode less mcrowave SYSIEITL. ...y corrtrimne i sesininiens on = e 25
3.1 Structure of 1-Benzyl-2-Methyhmidazole. ... 33
3.2 Schematic diagram of the plasma polymenzalion system. ..o e J34
3.3 Plasma Polymerizabion system in laboratory.....ooovvvn v v o 30
3.4 Glow discharge plasma during deposition.........ooovr i R
3.5 The Schemalic diagram of mulliple-beam interferometer. ... i)
4.1 Schematic diagram of an SEM.. ... 41

4.2 SEM opened sample Chamber. ........cooverivreumrminossenesiennn e 84
4.3 Micrographs of PPBMI thin hlms onto glass substrate ........... ..o o 45
4.4 Correlation Table of Infrared SpeclroscoPy....ocvieiin i e a7
4.5 Stretching vibratlons ....... cooiiiiiiiiii s s e 47
4.6 Bending VIDrAtIONS. .o .ouuiruirironins —oreer i rr e e e 48
4.7 Typical IR Spectrometer SEIP. .. . e era i 48
4.8 The FTIR spectra of BMI1 and PPBMI thin film. ... o 50
5.1 Visible part of the Elcetromagnetic SPectiliil. . ......vvvveevicininininie e 34
5.2 Vibration and rotational energy levels of absorbing materials. ...l 54
5.3 Summery of electronic cnergy levels. .o 55
5.4 Deckman DUG40 UV Vis spectrophotometer.. .o o ooee 59
5.5 Diagram of the components of a typical speetrometer...... ..o e 59

5.6 Variation of absorbance, ABS, with wavelength, &, inset (monemer)....... . . .....60

5.7 Ahsorption co-efficient, a, as a function of photon energy, hv ... o 0]

0



58 ll:lzlh'n.*]2 versus by curve for PPBMIthin fUms.....ovnvnn e e e 2

5.9 (abv)® versus hy curve for PPBMIthin fIMS. ...ovevevereree e 02
5.10 Plot of extinction co-cfhicient, k, as a functionof hv ... o 3
0.1 Polanzation of dielectrics ... 66
6.2 Debye dielectric dispersion CUIVES. . .. o e o8
0.3 The Edward vacuum coating unit E306A. .. ... .. [
6.4 The electrode asSebDLY. ... e L 7l
6.5 Pholographs of the ac electrical measurement sctup. .....ooooviiie . S
6.6 Conductivity versus [requency of the PPEMI thin films at ... ..o 72
.7 Conductivity versus temperature of the PPBMI thin Almsat ..o T3
6.8 Dicleetric Constant versus requency of the PPBMI thin films ....... ... .. ..... 74
6.9 Dielectnc Constant as a function of temperature of the PPBMI thin films..............73
6.10 Loss Tangent versus frequency of the PPBMI thin films ... 76
6.}1 Loss Tangent as a function of temperature of the PPBMI thin films .. . . . . . . 7

¥ii



List of Tables

2.1 Potential applications of plasna-polymerized films

3.1 General properiies of 1-Bensyl-2-Methylimidazole. ... o0 . 000 0 oL
4.1 Assignments of FTIR absorption bands for BMI and PPBM] thin film

5.1 Values of allowed dircet and indirect transition encrgy aps......ovvvveveririeionans

6.1 Values of 'n” at diffcrent measurcment temperatures of PPDMI thin Glm. ... . . .

6.2 Values of ‘activation energy’ at different frequency of PPBMI thin film...............

viil



Abbreviations and symbols used in this thesis

ADS Absorbance

AClac Alternating Current

Al Aluminum

B Tauc Parameter

BMI 1-Benzyl-2-Methylimidazole
Cr-Al Chromcl-Alumel

CC Capacilively Coupled

d Sample Thickness

DC/dc Direct Current

DTA Differential Thennal Analvsis
FL Fermi Level

FTIR Founer Transform Infrarcd

i Current

i Intensity of Radiation

iR Infrared

J Current Densily

k Boltzmanan Constant

k Extinction Cocfficient

LB Langmuir-Dodgeil

MHz Meza Herlz

PECVD Plasma Enhanced Chemical Vapor Deposition
PF Poole Frenkel

PPBMI Plasma-Polymerized 1-Benzyl-2-Methyhmidasole
PVD Physical Vapour Deposition

rf Radie Frequency

SEM Scanning Electron Microscopy
Te Glass Transition Temperature

T Mclting Point

Tan & Loss tangent

TabkC Thermally Stmuiated Depotlarization Current
IY-¥18 Ultraviolet-Yisible

¥ Voltage

XP5 X-ray Photoelectric Spectroscopy
a Absorption Cocfficient

A Wavelength

AE Activation Energy

Cac AC Electrical Conductivity

£ Diglecine Constant

En Permittivity of Free Space

H Mobility of the Charge Carricr

ix



Acknowledgements

I express my heartiest gralitude and profound respect to Professor Dr. Md. Abu Lashan
Bhuiyan, Depariment of Plysics, Bangladesh Universily of Engineering and Technology
{BUET), Bangladesh for providing the opportunity to work in such a field of study 1 am
mdebied te him for his constant gudance, unportant suggestions, kind supervision of the

rescarch work and also for acquainting me with the world of advance research.

[ am graleful to Prof. Dr. Md. Feroz Alam Khan, Head, Departiment of Physics, BUET
for providing all rescarch [acilities of the department and for encouraging in completing
the work. I am obliged lo Prof. Dr. Mominul Hug, Prof Dr. Navma Zaman, Proll Dr.
Jiban Podder, Prof. Dr. A.JK.M. Akther Hossain, Department of Thysics, BUET for their

inspiration, affection and constructive suggestions during the progress of research.

1 am thankclul 1o Dr. Md. Forhad Mina, Mr, Muhammad Rakibul Islam, Mr BMd. Jellur
Rahman, Mr. Md. Samir Ullah, Department of Physics, BUET for their affection and
ingpiration throughout the work.

1 am: thankful to the authority of Bangladesh University of Engineering and Technology,
BUET, for providing me the (inancial support.

I am grateful to the Head, Depanment of Materials and Metallurgical Engineenng for
permitling me to do SEM. T hike to thank Mr, Md, Yousuf Kbhan, Instrument Enginecr,
Department of Material and Mctallurgical Enginesnng for helping me to take the SEM.

I am thankful to Dr. M. A. Gafur, Senior Engmeer, PP & PDC, and the authonty of the
Bangladesh Council for Scientific and Industrial Rescarch, Dhaka, for giving me the

opporiunily to take the FTIR and UV-VIS spectra.

I ain grateful to Mr. Mohammad Shoyaib, Assistant Professor, ITT, Dhaka University for

helping me to download and print 2 1ot of research papers of this work.



[ would like to give special thanks to Ph.D students Mr. Rama Biyoy Sarker, br
Sunirmal Mujumder, Mr. Md. Ali Ashraf, Mr. Almed Mostofa Kamal, Mrs. Tamanna
Afroze, Mrs. Hasina Aklher and Mrs. Rummana Matin for their kind cooperation. [ want
to thank all of my friends who were direcily ot indirectly related to this werk and for

Eiving supgestions.

I like to thank all the stafl members of the Department of Physics, BUET specally Mr

Md. Idrs Munsi, Assistant Technical Officer for their cooperation.

[ amn grateful 1o fn}f family members for their iove and support o do tlus rescarch work,

Finally, | am grateful to Almghty Allah for giving me the opportunity lo complele the

work.

®1



Abstract

Plasma poiymenized [-Bengyl-2-Methylimidazole (PPBMI) thin {ilms were deposited on
to glass substrates by a parallel plate capacitively coupled glow discharge reactor. The
PPBMI thin {ilms were characterized by scanmng electron microscopy (SEM), Fourier
transform infrared (FTTR} spectroscopy, Ultraviolet-Vistble (UV-Vis) speetroscopy and
ac electnical measurements.

The FTIR spectroscopic analysis indicates that the chemical composition and structure of
PPBMI thin [Gims are different from that of 1-Beonzyl-2-Methylimidazole {BMI)
monomer. The SEM investipation shows a smooth, unifonn and pinhole free surface of
the PPBMI thin films. The optical properties of PPBMI thin filins were investigated by
UV-Vis spectroscopy. From the UV-Yis absorption spectra, aflowed direct transition
(Eqq), allowed indircct transition (Ey) energy gaps, Tavc parameler B and extinction
coellicient k were determined. The Eyg 1s found to be abeout 3.00 eV and E,, 15 about 2.0
eV. The calculated value of Tauc parameier, B, is about 260 cm™™ (V)" The ac
conductvily of the Dilms increascs with the increase of frequency and temperature The
‘n’ values arc caleulated from ac conductivity versus frequency plots and are found to be
aboul 1,50 to 1.87. Toe cstimated activation cnergies are calculated and found 1o be about
0.05 to (.13 eV for PPBMI ihin Nilms. The diclectric constant of PPBMI thin {ilms
increases with increasing temperature and slowly decreases in low frequency and rapdly
decreases in higher frequency (>10"Hz) ranges. The dielectric constant of PPBMI ihin
films does nat dependent significantly on thickness of the films. The dielectrie toss of the
thin films increases exponentially wilh increasing [requency and temperature. The loss

peak may occur at the higher frequency and higher temperature.
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Chapter 1 Introduction

1.1  Introduction

Ve
1} |III
N

Plasma polymerization is a unique technique to fabricate thin=polyifet, filiis. fidm a
Ly IMEL,

?:'pf.;_‘_-._____“_____,_...-r""; *

vanely of organic and organometallic materials. Plusma polymerized films are pinhole-
free and highly crosslinked and therefore arc insoluble. thermally stable. chemically inert
and mechanically tough. Furthermore such films arc often highly coberent and adherent
to a varicty of subsirales including conventional polymer, glass and metal surfaces. Due
lo these excellent propertics they have been undertaken very actively in the last few yeas
for a variety of applications such as per sclective membranes, protective coatings,
biomedical materials, electronic, optical devices and adhesion prometers [1-12]
Now-a-days thin polymer films find wide applications in microelectronics, uoﬂtiﬁgs for
chemical fibers and films. surface hardening of tools, spaceship components and
chemical and physical sensors etc. In the thin film echnology, plasma polvmerization is
accepled and is preferred owing to the desirable features of the thin films it viclds,
because Lhe films produeed in plasma have stwong adhesion to the substrate surface and
pinhole-frec character and pood oplical, electrical. chemical and mechanical properies. It
is an elegant technique to produce synthetic diamond from aliphatic hydrocarbons.
Palymers frequently replace traditional engincering materials such as metals, plasses and
ceramics. The performance of polymers can further be enhanced by applying functional
eoalings, such as protective layers, optical coatings, gas permeation barriers and others.
The desirable bulk properties of polymers are often compromised by unfavorable surface
characteristics, such as low hardness, low resistance to abrasion and seratching. and low
surface energy that generally leads to poor adhesion [13-16].

Thin polymer fulms can be tormed in two ways: one is wet processing, such as the
Langmuir-Blodgen  flm  method, spin-coating, dip-coating and chemical vapor
deposition{CVD} Although excellent results have been achicved this way, there are a
number of problems that can anse such as pinholes, inclusion of solvenis in different
polymer layers, contaninants, ete. An alternative approach, which can avoid such
difficulties, is plasma polymerization. Among different kinds of polymerization
techniques, plasma polymerization emerges as 3 most imporlant and attractive technique
for the preparation of orgame thin flms. It has been dealt as an catension of

polymerization from the academic vicw point and as a new lechnolegy 1o prepare thin
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films from a practical view point. The concept of plasma polymernization has been based
on the application of the concept of polymerization and/or of polymers developed in
preceding decades to the formation of organic iaterial under plasma conditions. 1t 1s
possible to modify the surface properlics of a substrate, while retasining the Lransparency
and bulk properties of the substrate materials using plasma. Furthermore, it 15 a solvent-
free, fast and versalile process. In the (hin [ilm techuolopy, plasma polymerization is
aceepted and s prefemred owing 1o the desirable features of the thin films it yields.
because the ilms produced in plasma have strong adhesion to the substrate surface and
pinhole-free character [14, 16-20].

Rescarch has been performed on several plasma polymenzed organie thin flms [21-23].
From the literature review, it is scen that the plasma polvmerization emerges as a very
imporant technique for thin film deposition and surface medifieation. The plasma
polymerized thin filims have also very different physical and chemieal properties than
their conventionally prepared eounterpart. 8o in the present research work, plasma
polymerization technique has been used for organie thin film preparation. On reviewing
the earlier works, it is also found that 1-Benzyl-2-Methylimidazole (BMI) has not been
used for deposition of plasma polymers. BMI (s an aromatic organic compound. The
other physical properiies will be mentivned in esperimental details. These kinds ol
materials are used as coatings, insulators, diclectrics, ete. That is why this material was
chosen as a potential organic monomer for thin film preparation by glow discharge and
study of its differcnt properties.

1.2 Review of Earlier Rescuarch Work

Masma polymerization today is gwmng recogniion as an important process for the
formation of eptrely new kinds ol materials. The materials obtained by plasima
polymenzation are sigmficantly different from conventional polymers and are also
di{lerent from maost inorganic materials. Thus. plasma polymers he somewhere between
organic polymers and inorganic materials. Plasma polymerization should be considered a
method of forming such new tvpes of matenals rather than a method of preparing
conventional polymers [1]. The structural bebavior of plasma polymerized thin fiims i»
differcnt than that of the conventionally prepared polymer thin films. Fourier trausiorm

infrared (FTIR) spectroscopic analysis, X-ray photoelectron spectroscopy (X)S), X-ray
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diffraction {XRD), scanning electron microscopy (SEMD), elemental analysis (EA) etc
provide information about the chemical structure of the plasma polymers. Ultraviolet
visible (UV-Vis) spectroscopic analysis of organic or inorganic malerials can provide the
information about electronic structure and can ascertain the existence of opticat transition
mechanisms: aflowed direct and indirect (ransitions and forbidden transitions.

Yilun Xu. and Paul R. Berger [26] deposited Dichlorotetramethyldisiloxane (DCTMDS)
Tilms by radio-frquency pulsed plasma polymerization. These {ilms demonstrated very
high dielectric constants in the range of 7-10 for a polymer based system. The variation
of dielectrie constant does not show any trend wilh varying film thickness, indicating tha
the thickness of the deposited films is not significant for controfling permittivity. Poly {3-
hexythiphene} polymer lield effect transistors (PFETs)} using PPP DCTMDS gale
diclectric ilms were fabricated. Duc to the high dielectric constants of PPP DCTMDS.
the PFIETs posses high gate capacilance and operate at low voliage. Kim M.-C. et al.[27]
teporied that thiophene filins produced by piasma enhanced chemical vapor deposition
method at 373 K have highly oriented amorphous polymer structure. The films also have
the same stoichicmetric ratio (8:1) between Carbon and Sulfur, indicating that dimmer-
like thin films were produced. The relative dielectric conslants of the [ilms was increased
from 2.96 to 4.0 when the RF power was increased up to 200 W. Moreover. the leakage
current density was increased with increasing RF power and deposition temperature, The
maximum deposition rate obtained was 110 nm/min for the polymerized thin film
deposited at 300 K and 100 W,

Plasma polymerized N, N, 3, 5 Tetramethylaniline (PPTMA) (hin films were deposited
on to glass substrates al room temperature by a capacitatively coupled paralle] plate
reactor by Akther 11 and Bhuivan A. H. 28], The structural analyses have revealed that
FPTMA thin films are formed with certain amount of conjugation, which modifies on
heat reatment. From the UV-Vis absorption spectra, allowed direct transition (Eyg) and
indirect transition {E,) energy gaps are determuned to be 2.80 and 1.56 eV respectively,
while Ly increascs a little, Eg decreases, on heat treatment of PPTMA thin films. The
calculated values of Tauc paramcter B for all the samples indicate an increase in
structural orderfconjugation in FPTMA thin films improved by hcat treatment. The

allowed direct and indirect transition encrgy gaps arc aiso modified when the samples are
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heat treated. Akther H. and Bhuiyan A. H. |29] reported on electrical and optical
propertics ol PPTMA thin films deposited onto plass substrates al room tempurature,
Elemental analysis, IR and UV-Vis speciroscopy reveled that there are conjugations in
the matnx of the PPIMA thin films. From UV-Vis spectroscopy they found that indinect
energy gap varies from 1.49 to 186 eV with lilm thickness.

Li K. et al. [30] studied the molecular struciure of plasma polymerized organosiloxane
thin films. The results of the analysis evidence that the molecular structure of the growing
film 1s not homogencous. Flectron microscopy analysis showed that the deposition in
HMDSO low pressure rf plasmas on substrates with a porous surluce results in the
formation of films with a morphology demonstrating spherical or hemispherical
structures. The films deposited in an O/ HMDSO plasma at the driven clectrode show the
absorplion lines shifted to shorter wavelengths. The intensive HMDSO frapmentation at
long plasma-on times results in the growth of dense films with slightly lower content of
organic constituent. A mass spectroscopic study of the stable neutral pases products
shows that the HMDSO conversion can be controlled by the power input and (%
admixture. Wrobel et al. [31] analysed the structure of plasma polymerized siloxanes by
means of pyrolysis/gas chromatography and mass spectioscopy and found that plasma
polymenization of lincar siloxanes yields only lincar ohgomers in the volatile fracton
extracted from a film.

Saravanan 8. et al. [32] investigated low dielectric constant k. thin films based on «f
plasma polymerized anilinc. They found that capacitance and diclectric loss decrease
with increase of frequency and increase with increase of temperature. The films exhibit
low dicleciric constant values, which are stable over a wide range of frequencies and are
probable candidates lor low k applications. The FTIR studies have revealed thal the
Aromatic ring is retained in the polyanifine. thereby incroasing the thenmal stability, They
measured dielectric constant and ac conductivity in the frequency ranpe 100 Hz - 1 MHz
and the temperature range 300 — 373 K. The dicicetric permittivity in the high frequency
range is considerably low.

Bae 1-5. et al. [33] deposited Methyleyclohexane and ethylevclohexane plasma
polymerized thin films. The {ilms showed high optical mansmittance up to 80%. FTIR

and UV-VIS5 results show that the as-grown hlms have some oriented structures. AFM
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data show quite smooth and dense surface morphology with increasing RF power, The
optical refractive index of methyleyelohexane polymer films show more higher value
than that of ethylcyciohexane films while the contact angles of metlwlcycln]u:xan;: {ihns
have relatively lower values than that of ethylcyclohexane films, indicating more nih
surface energy for the methyleyclohexane films.

Antonio P. et al. [34] study the species and polarity of the surface of oxygenated organic
thin films which are used in sensors for environmental control. To produce hydraphilic
[ilms, ethanol, acctone and 2-propanol are used. From the gxperiments. il iy showed that
ethanol is not a promising reagent to obtain plasma polymerized hydrophific films. FTIR
analysis pointed out CH,, CHi;, CHi, OH and C=0 absorption. The increase in C=0
ntensity occurs simultancously with OH decrcase, which seems to indicate that =0 was
formed at ihe expense of Ol species. The fiims obtained from 2-propanol and acetone
menomers were hydrophilic. and could be welled by water and organic liquids (2-
propanol and acctone). However, acetonc films showed contact angles higher than 2-
propanol films.

Sajeev U. 8. et al. [35] reported the pristine and iodine doped polyaniline thin filims
prepared by ac and rf plasma polymerization techniques separately for the comparison of
their optical and electrical properties. The structural propertics of these Blms wers
evaluated by FTIR spectroscopy and the optical band gap was estimated from UV-VIS-
NIEK measurements. lhey have found the opticat band gap of polvaniline thin {ilms
prepared by tf and ac plasma polymerization technigues differ considerably and the band
gap is further reduced by in situ doping of iodine. The electrical comductivity
measutements on these films show a bigher value of electrical conductivity in the case of
rf plasina pelymerized thin films when compared to the ac plasma polymerized filins.
Peng He. et al. [36] deposiled carbonfluorine thin flms of aligned carbon nanotubes
using a plasma polymerization treatment. The study of high-resolution transmission
electron microscopy images revealed that a thin film of the polymer laver (20 am} was
unifermly deposited on the surfaces of the aligned carbon unanotubes. Time-of-Night
secondary ion mass spectroscopy and Founer trausformn infrared identified the
carbonlluerine thin films on the carbon nanotubes. The coated film will form a highly

cross-linked and ring like structure which does not exist in the original monomer,

¥
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Meichsner J. and Li K. [37] reported the characterization of thin-film formation in
molecutar low temperalure plasmas. They showed Lhat in low-pressure gas discharpe the
differcnt plasma species like ions, electrons reaclive neutrals and photons interact with
the substrate/film surface simultaneously Due to the interaction of engrgctic plasma
speeies with solid substrates, the surface may be activated and / or free macroradicals
may be formed. These processes resull in the enhanced adsorption of incoming particles
which may considerably influence chemical surfuce reactions and thin-film prowth,

Cech V. et al [38] prepared thin plasma polymer flms from a mixture of
dichloro{methy!phenylsilane (DCMPS) vapour and gascous hydrogen. They investigated
{he mechanical, thermal. optical and electrical propemics of the thin films and revealed
that the plasma polymer film was amorphous and relatively ripid material at room
temperature. The TR spectra revealed a great quantity of oxygen atoms in deposited
layers. A decomposition of the material with increasing temperature results in a shilt of
the lunlinescence spectra to smaller energics, from blue to yellow light for the éase of
emission spectra. PPIXCMPS can be used (o construct a single-layer LED with (he blue
light.

Yifan Xu et al. [39] preparcd tnsulating potymer {ilms of Allylamine at plasma reactor
temperatures of 25° C and 100° C. Multiple frequency capacitance-voliage (C-V)
measurements indicated that an in-situ heat treatment during film deposition ncreased
the msulator dielectric constant. The diclectnie constant, calculated {rom the C-¥ data.
rose from 3.03 for samples with no heat treatment to 3.55 for samples with an in-situ heat
treatment. Yor both sample sets, the 1-V data demonstrates a low leakage current value
(<20fA) up to 100 V. Capacitance-time (C-1} measurements were also used to
characterize the mobile ions in the polymer that migrate over time with applied virllage.
Resulls indicate that the polymer lavers contain few electrically active defect centers and
virtualiy no pinholes.

Lefohn Aaren E. et al. [40] prepared thin nitrogen-containing films from both pulsed and
CW plasmas wsing acetonitrile and acrylomitrile monomer. They reported that with
acctonitnle, [iim composition does not change appreciable by varying applied rf power or
duty cycle. This is in sharp contrast to the fevel of control over {ilm chemistry they have

acneved with pulsed plasma polymerization of other monomers. Films deposited from
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the more complex monomer acrylonitrile, however, do exhibit functional group changes
with both applied power in CW plasmas and duly cycle in puised plasmas, They
suggested that carcful and thoughtful seicetion of starting materials for pulsed plasma
polymerization can result in eiTective molecular tailering of materials.

Ramm M. et al. [41] studied thc polymerization of Ca under different Ar plasma
conditions. Films were either deposited in (he pressure range between 1.3 and 40 Ta
applying inpul power of 50 W or evaporated Cgq films were exposed to Ar plasma and 50
W. The filins werc investigated by Raman spectroscopy, XPS and carbon K near-cdpe X-
ray-absorption {ine siructure spectroscopy (INEXAFS). The films were non-unitorm and
consisted of unpolymerized Cgp, dimmers, hnear chains and polymeric planes. in
comparison with evaporated Cg the XPS C 1s peak is broader and asymmetric for the Cg
polymer and its shake-up sutellites diminished. Optical parameters {re(ractive index.
dispersion energy, optical gap) of polymethylnethacrylate (PMMA) layers has been
studied by Svoreik V. et al. [42]. They reported that electric ficld imposed o lavers
dunng their preparation increases their refractive index.. dispersion energy Eyg increases
with decreasing layer thickness, no significant differences in surface morphology and
roughness between non- and oriented PMMA layers, sharp woerease of light absorption
occurs in PMMA under 220 nm which corresponds to 1 — =* transitions of —COOCH;
structures, a higher level of order in the material causes higher values of optical gap.
Pradhan Dilip K. et al. [43) studied the elfect of plasicizer (PEGe) on dicleetrie and
electrical properlics of plasticized polymer nanocomposite electrolytes. They reported
that at low frequency. the variation of relative diclectric constant with frequency shows
the presence of material electrode interface polarization processes. The loss tangent peaks
appearing at a characteristic frequency sugyest Lhe presence of relaxing dipoles in all the
samples. The frequency dependence of ac conductivity follows the universal power law
with a small deviation in the low frequency region dug o the electrode polarization
effect. The conductivity increases with increase in plasticizer concentration. Analysis of
electrical modulus and diclectne pernutiivity [unclions suggest that ionic and polymcr
segmenial motions are stronuly coupled.

Semiconductor-like thin films were grown using metallic phthalocyanines (MPc) (M=Fe.

Pb, Co} and 1.8 dihydroxiantraquinone by Sanchez MLE. et al. [44] .The effect of
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temperature on conductivily was nicasured of the films and il was found that the
temperaturc-dependent electric cument wn all cases showed a semiconductor behavior
with conductivities in the order of 10 ¢ 'em™. The calculated optical band gap values of
these materials as well as the mapnitude of their electrnieal conductivitics of the thin films
snggcst the possibility of considering them for use in the preparation of clectronic
devices.

1.3  Aim of the Present Study

To the field of materials science and technology, plasma polymenzation is an anportant
technique of synthesis, which produces thin films of polymers that differ slightly ([rom
conventional polymers in terms of their structure and morphology, but retain the mayority
of its properties. Maost polyimers contain some polar groups and the dielectric behaviour
of plasra polyvmerized polymers is a [(unction of frequency. time and teryperature.
Moreover, detailed studies of dielectnc parameters such as the dielectric constant and the
dielectric loss wngent {tand) over a wide range of frequencies and ternperature can
provide some significant information on structural, optical and ac electrical behaviour
about these polymers.

There is no report on experimental studies of clectrical properties on 1-Benzyl-2-
Methylimidazole (BMI) based materials. So BMI was chosen as a potential organic
monotmer for thin film preparation and siudy of the structural. optical and ac electrical
properties of thin films prepared from BMI by plasma palymerization teehnique. The aim
of the present study is to preparc thin films of BMI by plasma polymerization technique
and to characterize thosc using different physical techniques. Plasma polymetized 1-
Benzyl-2-Methylimidazole (PPBMI} thin films arc to be deposited at optimized glow
discharge condition. The surface structure, the chemical structure, the absorption co-
efficient. optical energy gaps and ac electneal conduction and diclectric reluration
processes are investigated.

The ac electrical measurements are performed at different frequencies and temperatures
on samples of differcnt thicknesses. The observed resuits are analyzed using existing
dielectric theories. This helps to understand the ac conduction behaviour and relaxation

properlies of the material. These findings add new knowledge in the ficld of dielectnic
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properties of plasma polymerized organic thin films, which may indicate some suitable
application ol this type of material in the electncal and electronic devices.

1.4 The Thesis - at a Glance

This research worl has been conligured into seven chapters. Chapter one presents a
general intmoduction. Some earlier and a number of literatures of recent works arc
reviewed to understand the sclentific importance of thosc need [or the present
inveshigation and the objectives of the study.

Chapter 1wo  describes the details about polymers, plasma polymers. different
polymerization processes. advantages and disadvantages of plasma polymers. Application
of plasma pnly’merized organic thin films s presented at the end of this chapter.

The experimental technigues arc brieflly explained in chapter three along with the
description of the plasma polymerization set up, generation of glow discharge, {ilm
thickness measurements, sanple formation ete. The monwmer, subsirate matertals and s
cleaning process are also included here.

In chapter four, the experimental details and results of SEM and FTIR are discussed. The
LV-V1S spectroscopic analysis 1s presented in chapter five, The experimental details of
UV-VIS absorption measurcnient and caleulated values of direct and indirecl transition
energy gaps are discussed here,

Chapter six begins with a brief account of the theorics on ac conductivity. The ae
propertics such as variation of ac conductivily, dielectnie constant, diglecine loss langent
with frequency and lemperature are presented to characterize the PPBMI thin films.

Finally the conclusions of the work donc and suggestions for finture research on this

material are included in chapter seven.
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2.1 Introduction

Polymeric materials have a vast potential for cxeiting new applications in the forcaccable
future, Polymer uses are being developed in diverse areas such as: conduction and stmage
of electricity, molecular based information storage and processing. molecular composiies,
unigque separation membranes, new fonns of food processing and packaging. health,
housing and transportation. Indeed, polymers will play an inereasiogly important rale
all aspecls of everyday life. The large number of current and fulure applications of
polymeric matenials has created a great interest for scientists to carry out rescarch and
development in polymer science and enginesning [1].

This chapter presenis a detall of polymers and their general properties and diflerent-
polymenzalion processes. The details of plasma, an overview ol gas discharge plasma,
plasma polymerization, dilferent types of glow discharge reactors, plasma polvmerization
mechanism, advantages and disadvantages of plasma polymenzed thin {itms are
llustrated 1o this chapler. Applicaiion of plasma polymerized organic thin films s
focused at the end of the chapler.

2.2 Polymers [2-4]

Polymers are a very important class of materials. Polymers i the natural world have beon
around since the beginning of time. Starch, cellulose and rubber al) posses polymeric
properties. Man-made polymers have been studied since 1832 Today, the polvimer
industry has grown than the aluminum, copper and steel industries combined.

Polymers are long chain gant orgame molecules arc asscmbled from many smaller
molecules called monomers. Polymers consist of many repeating monenier unis 1o long
chaing, A polymer is analogous to a nccklace made from many small beads (monomicrs).

Lel us imagine that a monomer can be represented by the letter A, Then a polymer made

of that Inonomer would have the struclure:
CAAAA-A A A AAAAAAAA-AA-A-A-A-A-A-A-AA-A
In another kind of polymer, two different monomers might be involved. If the letters A
and B represent those monemers, then the polymer could be represcented as:
-A-B-A-B-A-B-A-B-A-B-A-B-A-B-A-B-A-B-A-D-A-[-A-B-A-B-A

A polymer with two different monomers 15 known as a copolymcr.,
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2.2.1 Physical Propertics of Polymers

The preperiies of pelymers are dependent on many factors including inter and intra chain
bouding, the nature of the backbone, processing events, presence or abscnce of additives
wcluding other polymers, chain size and geometry, and molecular weight distribunon,
While most malertals have melting or freezing and beiling or condensing pounts,
polymers do not boil because ihe energy necessary to put a polyoier inle the vapor state is
greater than the bond energies of the atoms (hat hold the poiyimer together, thus they
degrade poor to boihng [3].

2.2.2 Classification of Polymers [3, 5-14]

Therc arc many ways v which polymer propeniics or behaviors are classified o make
gencral deseriptions and understanding,

Classification based upon the physical property related to heating

Thermoplastics are materials, which can be heated and formed, then re-heated and re-
formed repeatedly. Examples: Polystyrenc, Polycthylene, Recyclable food containers ete.
Thermoser matenals undergo a chemical as well as a phase change when they are heated.
Their molecules form a ibres-dunension cross-linked network. Esample: Phenol-
formaldehyde resins, Mclamine paints, Permanent adhesives, Coatings etc.

Classilication based upon the reaction mode of polymerization

Addition Polymers are the monomer molecules bond to cach other withoul the loss of any
other atoms, Example: Ethylene polymerization to gencrate poly{ethylene).

Condenvation Polymers are usually two different monomers combine with the loss of o

small molecule, usnally waler. FPolyesters and polyamides (nylon) arc in this class ol

polymers.

Classilication based npon the chemical microstructure

Homopolymers are polymers derived from a single monomer (can be hinear, branched or
crosslinked). Example: Pole{ethylene), Poly{butadicne).

Random Copolymers are iwo monomers randemly distributed in chain. Example:
Paly(acrylonilnile-ran-butadiene)

Afternating Copelymers arc two monomers incorporated distributed scquentially,

Example: Polv(styrenc-alt-maleic anhydnde)
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Binck Copolymers ate Linear arrangement of blocks of high molecular weight. Example:
Poly(siyrene-b-butadiene-b-styrenc)

Graft Copolvmers arc differing backbone and side-chain monomoers. UFxample:
Poly{isobutylene-grafi-butadicne)

Classification based upon the Chain Architecturce

Linear pofymers are one without branches.

Branched polymers are one with an appreciable number of side-chaing are elassificd as

branched. These side chains may differ in composition {rom ihe polymer backbone.

S -

P

CAlrs sl

2.1 Structure of linear, branched and crosslinked polymcers

Crosstinked pofymers have a continuous network of polyvmer chains,
Classilication based upon the Crystallinity
Crystalline polymers are nearly lingar structure, which have simple backbones. tend 1o be
flexible and fold up o form sery hghtly packed and ordered crystalline areas.
Amaorphous polvmers are bulkier molecular chains or large branches or tunctional groups
tend to be stiffer and will not fold up tight enough 10 form erystals.
Polymers can also be classified as:
a) Natural Polymers
by Synihectic Polymers
Naturgl polymers are very common in nature; some of the mest widespeead naturally
accurring substances are polymers. Starch and cellulose are examples.
Synthetic polymers arc produced commercially on a very large scale and have a wide

range of propertics and uses. The materials commonly called plastics are all synthetic
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polymers. IDnffetent types of Synthetic polymers are elastomers, thermoscts.
thermoplastics, {ibcrs, plastics, coatings, films, composites cle.
2.2.3 Applications of Polymers [2]
Some commeon apphications of the polymer are in:
Agriculture and Apribusincss
« Polymeric matcrials arc uscd in and on soil 1o improve aeration. provide mulch,
and promote plant growth and health,
Medicine '
+« Mapy biomatenals, especially hecart valve replacements and blood vessels, me

made of polymers like Dacron, Teflon and polyarethane.

Consumet Scichee

" » Plastic containers of all shapes and sizes are Lght weight and econonucally less
cxpensive than the more traditional containers. Clotlung, oot covenings. garbage
disposal bags, and packaging are other polynmier applications.

Industry
+ Automobile parts, windshields for fighter planes, pipes, tanks, packing materials,
msulation, wood subslitutes, adhesives, matrix for composites, and clastomers are
all polymer applications used in the industrial market.
Sports
+  Playground equipment, various balls, golf clubs, swimming pools, and protective
helmets are often produced from polymers.
1.3 Polymerization [15-18])
The process by which polymers are formed from monemers is called polymerization.
Converting monomer o lomg chain polymer is the final step in the pohoe
manufacturing sequence. 1t is possible to look al polvmerization m at least two doferem
ways: the nature of the calalyst used. and the way the chains grow to forn the tinal
product. Polymerizations can be conducted in the gascous. liquid or solid state. and now
in the liquid crystal state to produce highly onented macromolecules. An apprectation of
the kind of advances that have been made is important because of the new possibiliies

lor manufacturing finished produets ihal are becoming availahle.
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24  Dilferent Polvmerization Processes
The process of polymerization may be divided into two ways (i) Chemical process wd
(u) Physical process.

2.4.1 Chemical Process or Conventional polymerization process

A varicty of methods are employed for producing polymer films and some of them are
slep growth, chain growth, addition and free radical polymerization.
Step-Growth Polymerization
In step-growth polymerizalion, a polymer is formed by the stepwise repettion of the
same reaction over and over again. A typical example is the formation of polyamide from
t-aminocaproic acid:

NHA{CH,}sCOOH + NHy{(CH;):COOH - NHo(CH.)sCONH(CH,},COOH +H.0
Chain-Growth Polymerization
In chain-growth polymerization a long-chain melecute is foomed by a serics of
consceulive steps that is mmplete;i 1n a very shorm. in this case, the products arc oniy

inal polymers. Unlike ihe case of step-growth polymerzation, intermediate-sice

molecules cannot besolaled.
Addition Polymerization:
A typical example of chain-growth polymerization is addition pelynerization, which can
be schemalically shown as ipllows:

Truiiation A¥+M —» M+

Propagation M*¥ - M — M*,

Termination M*, +M —* M*.

M*n —» P,

The enlire reaction is carnied by the chain reaction of reactive species M*. Depending on
the nature of the reactive species, the addition polymerization is classified as free radical
polymerization, e polymerization {cationic and anionic), and se on.
Free-Radical Polymerization
A type of polymenzalion, in which the propagating species is a long chain free radical.
usually initialed by the attack of free radicals derived by thermal or photo-chemical

decomposilion of unstable matenals called initiators.
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Ienic Polymerization

In iomic polymerization the propagating species is a long chain of cation or anion.
Radiation Polymerizalion

Polymerization imtiated by ionizing radiation such as y rays from “*Co or mgh-
energy electron beams is known as radiation polymenzation,

2.4.2 Physical Processes for polymer thin Glm deposition

The important processes of film formation arc (i) Evaporation and (1) Plasma

Polymenzation.
{i} Evaporation
The thermal cvaporation melhod 1s simpie and can produce good quantity filn and hence
this method becomes a good techmque for thin film fabrcation Here vacuum

¢vaporation is described, one of the physical methods, which is usuaily used w prepare

thin film.

¥acuum Evaporation

Deposition of thin films by evaporation is very sitmple and convement, and s the most
widely used technigue. One merely has to produce a vacuum environment in which a
sufficient amount of heat is given (o the evaporant to attain the vapor pressurc neccssary

for evaporation, and then the evaporation material is allowed to condensc on a substance

kept at a suilable temperature,

(if) Plasma Polymcrization

As ihis techmque is used in the proparation of the organie thin films to be investigated 1n
the present study, a litle detail about plasma and plasma polymerization is documented in

the following sections.

2.5 Plasmaz and Plasma Polymerization [19-25]

2.5.1 Plasma

Plasina is a parially iomzed gas, in which 4 certain proportion of electrons arc frec rather
than being bound to an atom or molccule. The ability of the positive and negative charves
to move somewhat indcpendently makes the plasma electrically conductive so that it
responds strongly to clectromagnetic Nields. Plasma therefore has propertics quite unlike

those of solids, liquids or gases and is considered o be a distingt state of matter, Like gas,
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plasma does not have a definite shape or & definite volume unless enclosed in a comainer.,
but unlike gas, in the influence of a magnetic ficld, it may form structures such as

filaments, beams and double layers.
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Plasma is sometimes called “the fourth stete of matter”, beyond the familiar three--solid,
liquid and gas. Tt is a gas in which atoms have been broken up into free-floating negative
clectrons and posilive ions, atoms which have lost elecuons and nre left with a positive
¢lectric charge. The transition from a gas to en ionized gas, i.e.. plasma, is nat o phase
transition, since it occurs gradually with increasing temperature. During the process, a
moleculer gas dissociates firsl inlo an atomic gas which, with increasing temperature, i5
jonized s the collisions between atoms are able 10 free the outermost orbital clectrons.
Resulting plasma consists of a mixure of neutrsl panicles, positive ions (atoms or
molecules that have losi one or more electrons), and negative clectrons.

Commen forms of plasma

Artificially prodiced plasmas are used in Plasma TVs, Muorescent lamps, corona

discharge ozon generator, arc lamp, plasma torch, plasma globe, reactive ion etching cte.
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Tervestrial plasimas are lightming, ball lightning, jets, wonosphers, polar aurorae. portions
of fire,

Space and astrophysical plasmas are in the sun and other stars, the solar wind, the
interplanetary medium, the interstellar medium, the intergalactic medium, the accreton

discs.
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Fip 2.3 The plasma systems occur in lenns of typical density and
temperature condibions,
In rceent years, the field of gas discharge plasma applications has rapidly expanded. The
wide varicty of chemical non-equhbrium conditions is possible since parameters can
eas1]y be modified such as the chemical input pressure, eleciromagnetic field structure,
dischargc configuration, and temporal behavior.
Because of this muiti-dimensional parameter space of the plasma conditions, there ex1sts
a large vanetly of gas discharge plasmas employed in a large range of applications. Four
types of plasma i.e, the glow discharge (GD), capacitively coupled (CC), inductively
coupled plasma (ICP), and the micro wave-inductively plasma (MIP) arc commonly used
in plasma speetrochemistry and are therefore familiar to most spectrochemists. However
these plasmas, as well as rclated gas discharges, are more widely used in technological

fields,
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2.5.2 FUNDAMENTALS OF GLOY DISCHARGE PROCESSES [26-33]

The glow discharge owes ity name to the fuminous glow of the plasma. When a
sulhiciently sirong clectric [ield is applied in a pascous medium, atoms and molecules in |
the medium will break down clectrically, permitting current to flow. The initial break
down is created by free electrons generated by collisions. These free electrons are
accelerated in the clectric field. If Lhey gain sufficient energy to cause 1omsulion o

ncutral gas atoms, a chain rcaction starts creating more and mere ige charees The

]
|
|
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Fig 2.4 Typical sctup of Glow Discharge System,
simplest glow discharge confliguration consists ol two parallel cleetrode plates being held
on different clectrical potential. One electrode 1s called cathode and is nepatively
charged, the other is the anode, it is on positive potential. Once the plow discharge 1
eslablished the poiential drops rapidly close to the cathode, varics slowly in the plasma.
and chanpes again close to the anode. Conscquently, the electric Nield 15 strong Wy the
vicinity of the cathode and the anede. The plasma, or more precisely the ncpative glow 1s
virtually field frec. The electric fields in the system arc restricted to sheaths adjacent
gach of the clectrodes. The sheath fields repel elecirons, having a much higher mobility
thant the ioms, lrying 1o reach either electrode. In fact, the plasma potential s always

higher than the adjacent walls, thus reducing the electron loss rate towards the walls,
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Electrons originating at the calhode will be accelerated, collide, ionize, transfer encrgy.

and disappear by rccombination with a positively charged particle. Some elcetrons reach

the anode and pet iransferred into the outside cireuit,

2.5.3 Dircct Current (dc) glow discharge

Plasma polymerization process takes place usually in a low temperature generated by
glow discharge. The spacc between the electrodes becomes visiblc when a slow
discharge 15 established; the actual distribution of light in the glow discharge 15
significant and is dependent on the current-voltage characteristics of the discharge [17,
34-3p].

When a constant potential difference is applied between the cathode and anode. a
continuous current will flow through the discharge; giving rise to a dircet cureni {de)
glow discharge. In & de glow discharge the electrodes play an essential role for sustaining
the plasma by secondary electron emission. The potential differcnce applicd between the
two clecirodes 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 applications of dc glow discharges (sputienng, deposition, chemical
ctehing, analytical chemistry etc.), the distance between cathode and anode 15 gencrally
shott. So normally a short anode zone is present beside cathode dark space and nepative
glow, where the slightly positive piasma potential retumns back o zero at the anode. A de
glow voltage can operate over a wide range of discharpe conditions. The presswre cun
vary from below 1 Pa {0 atmospheric pressure. The praduct of pressure and distance {PD)
betwecen the electrodes is a betier parameter to charactenze the discharge. For instance, at
lower pressure, the distance between cathode and anode should b longer to create a
discharge with properties comparable to thesc of high pressure with small distance. The
discharge can operate in a rare gas fmost olten argon or helium) or i a reactive gas (Na,
0;, H;, CHa, S1H,, etc.), as well as in a mixture of these gases.

2.54 Alternating Current (ac) glow discharge

The mechanism of glow discharge generation will basically depend on irequency of (he
alternation. At low frequencics (60 Hz), the effect is simply to form de glow discharges

of altcrnaling polarity. However, the frequency is higher than ¢ GH. the motion of 1ons
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can no longer follow the penodic changes in field polarity. Bul above 500 kHz (e
- ¢lectrode never maintains Jts polarity long enough to sweep all electrons of ions,
originaling at the opposite electrode, out of the inter-clectrode volume. In this case the
regeneration of electrons and ions that are lost to the walls and the electrodes takes place
within the body of the plasma. The mechanism by which electrons pick up sufficient
energy to canse bond dissociation of ionization invelves randoms collisions of electrons
with gas molccules, the electron picking up an increment of energy with cach collision. A
free clectron in a vacuwm under the action of an altcrnating elecinic field oscillates wilh
its velocity 90" out of phase wilh the field, which obtains no energy, on the average. from
the applied field. The electron can gain encrgy from the field only as a consequence of
elaslic collisions with the gas atoms, as the electnie figld converls the clectron™s resull g
random meotion back 1o ordered oscillatory motion. Because of its interaction with the
oscillabing electric field, the eleciron gains energy on cach collision until it acquircs
enough energy to be able to make an inclastic collision with a gas atom. In that case the
process of these inelstic collisions is termed volume iomization.

Thus the transfer of energy from the electric ficld to electrons at high frequencies is
generally accepted as that operalive in microwave discharges. It has alse been put
forward as that applicable to the widely used rf of 13.56 MHu.

2.5.5 Plasma Polymcrization

Plasma polymerization takes place in a low pressure and lemperature that is produced by
a glow discharge through an organic gas or vapor. Plasma polymerization depends on
monomer flow ratc, system pressure and discharge powcer amony other variable
parameters such as the geomcetry of the sysiem, ihe reactivity of the starling mounomer, the
frequency of the excitation signal and the temperature of the substratc.

The overall power input mn plasma polymerization is uscd for two things for crealing the
plasma and for fragmeniation of monomer. Plasma is a dircet consequence of ihe
ionization of the gascs present in the reactor and fragmentation leading to polymcerization
is secondary process. As increasing voltage is applied between two parallel plate
electrodes, an abrupt tnerease in current iniplies the breakdown of the gases in belween

electrodes. High-energy electrons collide with hydrocarbon motecules to produce positive
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ions, CHCH+CHa+ ete., cxcited molecular or atomic [ragments. radicals, now
components ete, Positive ions are accelerated towards cathode and produce sccondary
electrons in the process. Excited atoms emit photons and creale glow. Since remaining
positive iong also flow towards cathede, the most intense glow in the reactor is at
cathode,

The positive colwmn (space spread between cathode and anode) containing electrons, ions
and radicals, is electrically neutral. This is plasma or glow discharze. The major polvimer
deposition occurs onto the substrate surface that makes coniact with the glow. Not all
glow discharges yield polymer deposition though. The plasma of Ar, Ne, Oy, N; are non-
polymer forming and as such can be used to maintin glow in the vacuum chamber while
the monemer vapor is used cfliciently for polymer conversion.

Although plasma polymerization occurs predominantty in the glow region, the volume of
glow is not always the same as the volume of the reactor. Both volume of glow discharge
and the intensity of glow also depend on the modc of discharge, the discharge power and
the pressure of the system. Under plasma conditions, (he monomer molecules underun
fragmentation and deposit as polymer molecules, and a non-pelymer forming by-product
ke hydrogen gas is evolved. Therefore plasma polymerization of an organic monomer

acts as & pump. The plasma polymer dees nol conlain regularly repeating units, the chains

arc branched and are randomly terminated with a high degree of crosslinking. They

Manomer - Y

- O i B% 4
Conwverlons! Polymer e [~} F . Y Re A

Plasma Polymer

Fig 2.5 Comparison of the structures of plasma polymers and conventional polymers
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adhere well 1o solid surfaces. Chemical reactions that occur under plasma conditions aic
gencrally very complex and nonspecific in nalure. Glow discharpe polymerization of
organic compounds scems to proceed by the free radical mechanism and extent of
ionization 15 small. The combination and recombination of these radicals fonn high
melecular weight compounds called polymers. The free radwicals are trapped in these
filims which continue to react and change the polymer network over time. Since radicals

are formed by fragnientation of monomer, some clements and groups may be absent 1o

the resulting polymer. The degree

Functional group

Fig 2.6 Formation of polymer with functional group

of fragmentation depends cn electron density or input power and monomer flow 1ate.
Crosshnking reactions occur on the surface or in the bulk of the newly forming plasma
polymer between oligomers. The {ihm may also be change due to reaction with oxnyeen
and waler vapor i atmesphere. The cresslinking in plasma polymer increases with the
intensity and encrgy of bombarding ions. If the mterelectrode distance is too large, then,
at a given applied potential, the local electric field in the plasma will be too low to deliver
sufficient energy to the clectrons. The atom it o vacuum travels in straight lines, If there
15 residual gas in the chamber, the atoms will collide wilh the gas and would go 0 all
dircetions losing some energy as heat. At higher pressurcs, the collisions will causc atoms
to condense 1n air before reaching the substrate surface giving risc to power deposits [37).
2.6 Different types of Reactors [38]

To reach the plasma state of atoms and melecules, cnergy for the jonization must be input
mte the atoms and molecules from an cxtomal energy source, Further, the plasma state

does not continue al atmospheric pressure, but at a low pressure of 1-107 torr. Thus, we
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must provide three essential items for plasma generation: (1) an encrey souree {or the

lonization, (2} a vacuum syslem for maintaining a plasina state, and (3) a reaction

chamber.

Generally, the electric energy for ionization of atoms and molecules is used as an energy
source beeause of convemence of handling, Dircet current (DC) commercial alternating

current of a frequency of 50 or 60 Hz, and alternating current {AC) with a high irequency

Clecioode
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Fig 2.7 Capacitive Coupling System
of more than 60 Hz, for example, 10 or 20 kHz {(audio frequency), 13 56 MH/ (radio
{frequency) or 2.45 (GHz {microwave frequency), are applicable for the electric encrey.
These electric powers arc basically supplied (o atoms and molecules in the reaction
chamber from a pair of electrodes placed 11 the reaction chamber in a capacitive coupling
manner with the clectne generalors. An inductive coupling manner also is possible for

electric penerators with a lugh frequency of more than | MHEz. Dasic diagrams are shown

schemattically in Fig 2.7, Tig 2.8 and Fig 2.9,
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Fig 2.8 Inductive Coupling System

A vacuum system composed of & combination of a rolary pump and an oil difiusion

pump is frequently used. Although using a rotary pump alone can reach low pressurcs of

1-107 1om, using both rotary and oil diffusion pumps is desirable because of less 13

remaining in the reaction chamber.

3 2 (duwen stem)

s

24543Hz

Fig 2.9 Electrode less microwave systent

A destgn of a reaction chamber can be modified for the convenience of handling of

substrales to be irradiates with plasma. A bell jar or tubular chamber made of ghass or

stainless steel is frequently used as a reaclion chamber. A bell jar-type chamber is

convenient for massive substeates, and a tabular-type chamber is better for long substrates

such as [ibers.
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27  Advantages and Disadvantages of Plasma Polymers |39]

Advantages

The plasma polymerization process olfers several advantages over conventional where

controlling and modifying surface is important. Several advantages of plasma-

polymerized films are:
The films arc thin and clear. It 15 highly crosslinked and low solubility, excellent
resistances to most chemicals, good adhesion to both metallic and plastic surlaces.
Plasma polymer {ilms can be casily produced wiih thickness of S00°A o | TEI
Surfaces formed are relatively pinhole-frec and uniformity.

Disadvantages

The main hsadvantages are:
It 15 costly Polymerized coatings have low abrasion resistance. Low deposition
rates. The process docsn’t discriminate against what is coated. Lverything n the
coating range of the polymenzation process 15 coated, or can become part of the
coating, The process, used in mass production, is still n its infancy
Contamnation can be a problem and care must be exercised to prevent extrancous
gases, grease films, and pump oils from enlering the reaction zene.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 technigue.

2.8 Applications of Plasma Polymerized Organic Thin Films

Rescarch and development of plasma and plasma-polymerized orzanic thin films have

been undertaken very actively in the last few years and some of the products have becn

apphed in a variety of techuoloyies. Surface modification is probably (he most inportant

application field; plasma processes appear (o have some distinct advantages compared to

conventional processes. Typical uses of plasma-polymerized filmms are tisted in Table 2.1,

Tablc 2.1 Potential applicalions of plasma-polymerized films.

Electronics devices Intcgrated circuits, amorphous semiconductor, amomphous

fine ceramic etching.

Electrical devices Insulater, thin film diclectrics, separation membrane for

batteries.
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Polymerization: Coating

of components:
protective lavyers,
hydrophobe layers,

insulating layers.

All conccivable argas.

Chemical processing

Reverse osmosis membrane, perm selective membrane, gas-

separation membrane-lubncation insolubilization

Artificial  aging  of
components (tolerances

of cornponents)

Electronic industry (quartz manufacturers), environmental

simulation {UV-radiation, Ozone).

Surface modification

Adhesive Improveiment, prolective coating, ahrasion-resistant

coating, anti-crazing and scratching.

Bond pretreatment

Semiconductor manufacturers

Sterlization Institutes, medicine, medicine equipment manufacturers,
packing mamifacturers

Cleaning  /  drying /| Research institutes, museums, restorers

reduction of excavation

aricles .

Optical Anti-reflection coating, anii-dimming coating, improvement
of transparency, optical fiber, optical wave guide laser and
ophical window, contact lens.

Textile Anti-flammability, anti-clectrostatic ireatment, dying alfinity.
hydrophilic improvement, water repellence, shrink proafing.

Biomedical Immebilized cnzymes, organclles and cells, sustaincd rolcase

. of drugs and pesticides, sterilization and pasteunzation,
artificial kidney, blood vesscl.
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kS | Introduction

Thas chapter desenbes the details of the monomer, substrates and their cleaning process,
capacitively coupled plasma polymenization sct up for thin film deposition, gencralion of
glow discharge plasma, deposition parameiers, thickness measurement and formation.

3.2 The Monomer [1]

The monomer 1-Benzyl-2-Methylimidazole (BMI) was purchased from Sigma Chenmeal

Company {St. Louis, Mo, USA). It is a pale yellow viscous liquid. Its physical and

chemical properties are given in Table 3.1,

Table 3.1 General propertics of 1-Benzyl-2-Mcthylimidazole

Chemical formula Cy Hy3N;

Physical State Viscous liguid

Appearance : Pale vellow

Beiling point 125.0-127.0 deg C (@3mmHyg
Specific Gravity / Density 1.0500g/cm”

Molecular Weight 172.23

Solubility Soluble in methanol and acetone
Flash point > 110 deg C

PH, Vapor Pressure, Vapor Density, Not available

Evaporation Rate, Viscosity, Freezinyg /

Melting Point, Decompesition

Temperatare, Molccular Formula

Handling: It should be avoid breathing dusi, mist, or vapor, contact with cycs, skin, and
clothing, should keep conlainer tightly closed. We should avoid ingestion and inhalation
and usc with adequate ventilation and wash clothing before reuse.

Storage: 1t should be siore in a cool, dry place and sin a tightly closed container.

The chemical structure of the monomer is shown in Fig 3.1.
=M,
P
-~ e e
TH,

Fig 3.1 Structurce of 1-Benzyl-2-Melhylimidazole.
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3.3 Substrate and their Cleaning Process

The substrates used were pre-cleaned microscope class slides (254 mmx 762 mmx 1.2
mm) of Sail Brand. China purchased from local market. The plasmu polymerized BMI
thin films were deposited onto Lthem,

A thoroughly cleaned substrate is a prercquisite for the preparation of films with
reproducible properties. Before depositing the films, each substrate was chenucally
cleancd. For chemical cleaning, the subsirates were rinsed with distilled water, Finadly.
the cleaned subsirates were rinsed with acetonc and dried properly. Then the substrates
were preserved in desiccators for use.

34 Capacitively Coupled Plasma Polymerization Set-np

Plasma polymerization takes place in a glow discharge cxcited in a monemer gas or
vapor, or their mixiure with argon, providing thus the dielectric (polymeric) component
of the composile [2-6]. The glow discharge plasma deposition sel-up consists of the

lollowing components is shown in [ig.3.2.

22I:| ‘l.n'l:ul‘ts a0 Hz
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Fig 3.2 Schematic diagram of the plasma polymerization system (1 high veltage
power supply, 2 piram gage, 3 high tension leads, 4 gas mlet valve, 5 gauge head.
6 monomer wyection valve, 7 flowmeter, 8 monomer contaner, 9 Pyrex glass
dome, 10 metal clectrodes, 11 electrode stands. 12 gasket, 13 lower Nange., 14

bottom fange, 15 brass lube, 16 valve, 17 liquid nitrogen trap, 18 rotary panp. 19
switch and 20 varac).

i} Plasma reaction chamber

The plasma chamber consisis of a cylindnical Pyrex glass bell jar having 0.15 m in oner
diaineter and 0.18 m in length. The top and bottom edyes of the glass bell jar are covercd
with two rubber L-shaped {(height and base 0.013 m, thickness, 0.001 m) gaskets, The
eyhindnical glass bell jar is ptaced on the lower [lange. The lower fMlange 15 well fitted with
the diffusion pump by a joinl. The upper flange is placed on the top edge of the bell jar,
The [ange is made up of brass having 0.01 m in thickness and .25 m in diameter. On the
upper flange a lay bold pressure ganpe head, Edwards high vacuum gas mlet valve and a
monomer injection valve are Dilled. In the lower Nange two mghly insulated high voltages

feed-through are attached housing screwed copper connectors of 0.01 m high and (.004

m 1n diameier via Tellon msulation.

ii} Electrode System

In the present set-up capacihively coupled elecirode system was used. Two circular
stainless steel plales of dimmeter 0.09 m and thickness of 0.001 m are comnected o the
high veltage copper connectors, Moving the eleclrodes through the elecirode stands can
change the inter-electrode separation. After adjusting the distance between the eleclrodes

they are fixed with the stands by means of screws. The subsirates are usually kepl on

either of the clectrodes {or piasma deposition.
iii) Pumping Unit
For creating laboratory plasma, first step is pumping cut aiv/gas from the plasma camber.

In this systcm a rotary pump of vacusbrand (Vacuubrand GMBH & Cor. Germany) 1s
used.

iv) Yacuum Pressure Gauge

A vacuum pressure gauge head (Laybold AG) and a meter (TheomotronTM 120} of
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Laybold, Germeny, are used to measure inside pressure of the plasma deposition
chamber,

v) Input Power for Plasma Generation

The input power supply for plasma excitation comprises of step-up high-tension transier
and a variac. The voltage ratio at the output of the high-iension transformer is abont 16
times that of the outpui of the variac. The maximum output of the variac is 220 V and
that of the uransformer 1s about 3.5 kV with 8 maximum current of 100 mA. The
deposition rate increases with power at first and then becomes independent of power at
high power values at constant pressure and flow rate.

vi) Monomer Flowing System

The monomer flowing sysiem 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
melallic tube of the nozzle of the high vacuum needlc valve. The conical Nask with its

components 1s [ixed by stand-clamp ammangement.

Fig 3.3 Plasma Polymerization sysiem in the Isboratory

vii} Supporting Frame

A metal frame of dimension 1.15 5 x 0.76 m x 0.09 m is {abricated with iron angle rods,
which can hold the components deseribed above. The upper and lower bascs of the frame
are madc with polished wooden sheets. The wooden parts of the frame are varnished and

ihe metallic parts are painted lo keep it rust free. The pumpimyg unit is placed on the lowed
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base of the frame. On the upper base a suitable holc is made 1n the wooden shect so that
the boltom flange can be fitted with nut and bolts.

3.5  Generation of Glow Discharge Plasma in the Laboratory

Glow discharges are produced by an applied slalic or oscillating clectric lield where
energy is transferred 1o free electrons in vacuum, nelaslic collisions of the cnergetic (ree
electrons with the gas molecules generate free radicals, fons, and specics in clectronically
excited states. This process also generates more free electrons, which is necessary lor a
self-sustaining glow [7-10]. The excited spceics produced are very active and can rcaet
with the surfaces of the rcactors as well as themselves in the gas phase.

The wmportant feature of glow discharge plasma is the non-equilibrium slale of the
overall system. In the plasmas considered for the purpose of plasma polymerizalion, most
of the negative charges arc cleetrons and most of the positive charges are ions. Due to
large mass difference between clectrons and ions, the electrons arc very mobile as
compared 1o the nearly stationary positive ions and carry mest of the current. Energetic
electrons as well as ions, free radicals, and vacuum ultraviolet fight can posscss cnergies
well in excess of the energy sufficicnt to break the bonds of typical organic monomer
molecules which range from approximately 3 to 10 €V, Some typical energy of plasma
species available in glow discharge as well as bond energies encountered at pressure of
approximately 0.01 mbar.
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Fig 3.4 Glow discharge plasma during deposition
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The mportant feature of glow discharge plasma is the non-equilibrivm static of the
overall system. Tn the plasma considered for the purpose of plasma pelyaierization, most
of the nepative charges arc cleetrons and most of the positive charges are ions Duc to
large mass difference between electrons and tons, the electrons are very mobile as
compared (o the nearly stationary positive ions and carry most of the current. Energetic
clectrong as well as ions, free radicals, and vacuwmn ultraviolet li alit can posses encizics
well in excess of the energy sufficient to break the bonds of typical organic monomer
molccules which range from approximately 3 to 10 eV. Some typical encray of plasma
specics available in glow discharge as well as bond cnergies encountered at prossuce of
approximately (.01 mbar.

The chamber of (he plasma polymerization unit and monomer contatner 15 evacualed (0
about 0.01 mbar. The monomer vapor is then flown to the chamber siowly for some time.
A high-tension transformer atong with a variac is connceted to the feed-through attached
to the lower flange. While increasing the applicd vollage, Light bluish colers nionomer
plasma is produced across the electredes at around 0 15 mbar-chamber pressure. Fig 3.3
shows the photograph of plasma deposition set-up and Fig 3.4 is the pholograph of glow
discharge plasma across the electrodes in the capacitively coupled parailel platc discharge
chamber.

3.6 Plasma Polymer Thin Film Depasition

The electrnic field, when applied 1o the gaseous monomers at low pressures (0.0H o |
mbar}, produces aclive species that may react o fornm cross-linked polymer filins. In this
experiments, air was used as the primary plasma, and the monemer {1-Benzyl-2-
Methyhmizadole) vapor was injecled downstreain of the primary aiv glow discharge, in
laboratory plasma polymenzed of 1-Benzyl-2-Methylimizadole (PPBMI} thin films were
propared using a bell-jar type capacitively coupled glow discharge system described
carlier, The depositien times for these were vaned from 60 to 90 minutes in order 1o get
films of diffcrent thicknesses. The optiniized cenditions for thin {ihm formation for the
present study:
a) Placing the subsirale on the top of the lower electrode.

b} Maximum deposition time 1.5 hours.
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¢} Electrode separation is 3.6 cin.
d) Decpaosition vollage 80V,
&) Pressure during deposition is aboul 1.33 Pa.

3.7 Measurement ol Thickness of the Thin Films

Thickness is the single most sigmficant film paramecter. Any physical quantity refated Lo
film thickness can in ponciple be used to measurc the film thickness. It may be measured
eilher by several methods with varying degrees of accuracy. The methods were chosen on
{he basis of their convemence, simplicity and reliability. Scveral of the common micthods
are 1) Multiple-Beam Interferometry 1) using a Hysleresis graph and other methods used
i film-thickness determination with parlicular reference tw their relative mernis and
accuracics. Multiple-Bean: Interferometry technique was cmployed for the measuretnent
of thickness of the thin Mlms, This technique described below.

371 Multiple-Beam Interferometer |11]

This methed utilizes the resulting inlerference effects when two silvered surfaces are
brought close together and are subjected to optical radiation, This interference techmgue,
which is of great valuc in studying surface topology o general, may be apphed simiply
and directly to film-thickness determination. When a wedge of small angle is {onned
between unsilvered glass plates, which are flomuinaled by monochromatic Tight, mroad
lringes are seem ansing from inlerference between the light beams reflecled from Lhe
glass on the two sides of the air wedge.

Where the path difference is an integral and odd number of wavelengths, bright and dark
fringes occur. 1f the glass surfaces ol the plates arc coated with lughly rellecting layers,
one of which 1s parlially transparent, then the reflected fringe system consisis of very fine
dark lines agmnsi a brnight background. A schematic diagram of the muliple beam

miterferometer along with a typical pattern of Fizeau fringes from a film step is shown in
Fig 3.5.
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Fig 3.5 The Schematic diagram of multiple-beam interlerometer.
As shown in this figure, the film whose thickness is to be measured 18 over coated with
silver layer to give a good reflecting surface and a half-silvercd microscope shide i Tanl
on top of the film whose thickness is to be determined. The thickness of the [ilm d can

then be determined by the relation

Where % is the wavelength and b/a is the fractional discontinuity identified in the Ogure.
In gencral, the sodium light is nscd, for which A=3893 A", In practice. several half
silvered slides of varying thickness and therefore of varying transmission are prepared.
and one of these is selected for maximum reselution. Accurate determinations of fringe
spacing are difficult and time consuming, but a method of lmage comparson. which
considerably improves ihe casc and rapidity of measurement has recently been
developed. Alternatively, a simple flmi-thickness gauge uilizing Newton’s nings may be
developed, which involves no critical adjustment of wedpes, ctc., and which reduces error
in film thickness determination. In conclusion, it might be mentioned that the Tolansky
method of film-thickuess measurement is the moest widely used and in many respects also

the most accurate and satisfactory one.
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3.8  Samples for Different Measurements

PPBMI thin films were deposited on to chemically cleancd glass substrates for

Ultraviolet Visible spectroscopy analyses, For FTIR spectroscopy the films were scraped

off from the substratc. Metal/PPBML/Metal sandwich structures, given in chapter 6 were

prepared for all shorts of electrical investigations. The experimental results are discussed

in respeclive chapters.
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4.1  Introduction

This chapter deals with the study of surface structure and chemical behavior of PPBMI
thin films. The SEM is discussed in the beginning, and struciure of PPBMI thin {ilms
sludied by IR spectroscopy is discussed at the end.

4.2 Scanning Electron Microscope (SEM) [1-9]

The SEM stands for scanning electron microscope. The SEM is a mictoscope thal vscs
electrons instead of light to form an image. A beam of eleetrons 1 produced al the top of
the microscope by an electron gun. The clectron beam follows a vertical path throul Lhe
microscope, which is held within a vacuum. The beam travels throuph cleciromagnetic
fields und lenscs, which focus the beam down toward the sample. Onee the beant hits (he

sample, electrons and X-rays arc ejected from the sample.

Incident Beam

primary baci seaiterae
X-rays i\ '-/|"§

elet rons
Auer electrons F:a"\_r'—\\
Sample

seconday ekecirons
~N

Deteetors collect thesc X-rays, backscattered clectrons, and secondary electrons and
convert them inito a signal that is sent to a screcn similar 10 a television sereen. This
praduces the final image.

Sice its devclopment, SEM has developed new arcas of study in the medical and
physical scicnces. The SEM has allowed examining a much bigger variety of specimens

The scanning electron microscope has many advanlages over traditional microscopes.
The SEM has a large depth of field, which allows mere of a specimen to be in focus at
one time. The SEM also has much higher resolution; so closely spaced specinicns can be
magnilied at much higher levels. Because the SEM uses electromagncts rathcr than

lenscs, the researcher has much more control in the degres of magnification. Al! of these
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advaniages, as well as the actual strikingly clear images, make the scanning eleciron

microscope ene of the most useflu! inslruments in rescarch today.

4.2.1 Working Proccdure of SEM

A detailed eaplanation of how a typical SEM lunctions follows (refer to the diagram

below):

Yirigal Soyree

vz pfm—feesne o Firat Condenver Lens

T Ctndenser Apertere
== —z. Second Dondenser Lens

hyective Lens

Jample

Fig 4.1 Schematic diagram ol an SEM

The Virual Source at the top represents the electron gun, producing u sheam of

monochromatic eleclrons.

1.

The siream 15 condensed by the first condenser lens. This lens is used to both form
the beam and limit the amount of current in the beam. It works in comunclion
with the condenser aperture to climinate the high-angle cleetrons from the beam.
The beam 15 then coustricted by the condenser aperture {(usually not usc
sclectable), climinating some high-angle electrons.

‘T'e sccond condenser lens forms the electrons into a thin. tight, cohereni beam and
is usually contmlled by the fine probe current knob.

A user selectable objective aperfure {urther climinates high-angle electrons from
the beam.

A sct of coils then scan or sweep the bearn 1n a gnid fashion (like a television).
dwelling on points for a period of time detennined by the scan speed {(usuaily in

the microsecond rangc)

The linal lens, the Ohjective, {ocuses the scanning hecam onto the part of the

specimen desired.
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7. When the beam strikcs the sample (and dwells for a few NUCTRSECONAS)
interactions oceur inside the sample and are detected with various instruments

8. Deforc the beamn moves to its next dwell point these instruments count the number
of interactions and display a pixel on a CRT whose intensity is datermined by this
number {the more reactions the brighter the pixel).

9. This process is repeated uniil the grid scan is finished and then repeated, the entire
pattern can be scanned 30 times per sceond,

4.2.2 Sample Preparation

Because the SEM utilizes vacuim conditions and uses cleetrons o [orm an image, special
preparations must be done to the sample. All water must be removed from the samples
because the water would vaporize in the vacuum. All metals are conductive and 1equue
no preparation beforc being used. All non-metals need to be made conductive by

covering the sample with a thin layer of conductive material. Using a device called a

sputler coater does this.

Fig 4.2 SEM opened sample chamber

The sputter coater uses an clectric field and argon gas. The samplc is placed in a smali
chamber that is at a vacuum. Argon gas and an electric field cause an clectron to be
removed from the argon, making the atoms positively charged. The argon ions then
become attracted to a negatively charged gold foil. The arpon ions knock gold atoms
from the surface of the gold foil. These gold aloms fall and settle onto the surface of tie
sample producing a thin gold coaling.

4.2.3 Experimental Details

Scanning cleetron micrographs of the PPBMI thin [1lms surfaces were taken using a
Scanning Electron Microscope (XL-30, Philips, Netherlands). The sample surface was

coated with athin laver of gold-by-gold sputtering (AGAR Auto Sputter Coater) and

placed in the microscope.
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4.2.4 Results and Discussion

The scanming electron micrographs of PPBMI thin [ilms are presented in Fig 4.3. The
micrographs {a} magnification 1000x (b) magnification 5000x and (c) magnification
15000x show smooth, umform and pinhole free surfaces of the PPBMI thin films.

YRR TTITTTY .

:

(a)

{b)

(c)

Fig 4.3 Micrographs of PPBMT thin (ilms onto glass substrate
{a) magnification 1000x (b) magnification 5000x and (c) magnification 15000x
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4.3  Fourier Transform Infrarcd Spectroscopy

Infrared Spectroscopy (TR Spectroscopy) is the subset of speetroscopy that deals with the
infrared region of the electromagnetic spectrum. T covers a range of techmgues, the most
commeon being a form of abserptien spectroscopy. It is an analytical technique {or
chemical compound identification. 1t is based on the fact {hal different chemical
functional groups absorb infrared light at difMerent wavelenpths dependent upon the
nalure of the parlicular chemical functional group. A Fouricr Transform s a
mathematical conversion that allows the split of the entire infrared light spectrum
simultancously, then converting the scanning results mathemabtically nto a wave vorsus
absorbance spectra, Combined together these two functions provide Founer Transform
Infrared Spectroscopy (FTIR) is an instrument that can be used in the identification and
charactenization of organic compounds. It can be used to investigate solids as powdcrs,
films or blocks, Liquids either pure or as solutiens, and gascs. FTTR 15 routinely used for
forensic analysis, for example in the identification of forcign materials m food or
beverage produets by matching the speetra of ihe material in question with the spectra of
known compounds.

Both inorganic and organic materials can be examined in the crude or pure state, and
useful analysis can be camed out on mixtures. Materials can be exammined 1 solid, liquid.
or gaseous statc. The commen applications of IR ineludes: (1) determuination of the type
and amount of an mmpurity in an organic compound, (11) determination of the monomer
composilion or microstructure of a copolymer, (iii} idemificabion of the coustituents and
compasition of a mixture, (iv) determination of the extent to which a reaction has
proceeded, (v) determination of the structure of a compound, (vi) 1dentification of a
structure introduced in a compound by a pbysical treatiment or environmental aging
Infrared refers to that part of the clectromagnetic spectrum between the visible and
microwavce regions, IR is typicatly opcrated in the Mid-IR range betweon 4000-400 em”!
when it is used for compound identification purposes. IR in either the Far — IR range
between 400-10 ¢cm™ and ihe Near-1R 14,000-4,000 cm’' is typically carried out [or
special purposges.

Infrared radiation is absorbed by organic molecules and converted into energy of

molecular vibration. In IR spectroscopy, an organic molecule is eaposed to infrared
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radiation. When the radiant coergy malches the energy of a specific molecular vibration.

absorplion oceurs [10-13].
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IR radiation does not have enough energy to induce clectronic transitions as with Uy,
Absorption of IR is restricted to compounds with small differences in the possible
vibrational and rotational slates. For a molecule to absorb IR, the vibrations or rotations
within a molecule must cause a net change in the dipole moment of the molccule. The
alternating electrical field ol the radiation interacts with (luctuations i the dipole
moment of the molecule. If the frequency of the radiation matches the vibrational
frequency of the molecule then radiztion will be absorbed, causing a change 10 the
amplitude of molecular vibration,

The positions of atoms in 2 molecule are not fixed; they are subjeet to a number of
different vibrations. Vibrations fall into two main categories of stretching and bending
f14].

Stretching: Change in inter-atomic distance along bond axis.

Stretching vibrations

Symmetnic Asymmetric
Yig 4.5 Stretching vibrations
Bending: Change in angle between two bonds. There are four types of bend:
(i) Rocking

{ii)  Scissoring
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{(n) Wagging
{iv)  Twisting

Bending vibrations
Near Mear
¥

A

In-plane rocking In-plane scissoting  Out-of-plane wagging  Cut-of-plane twisting
Fig 4.6 Dending vibrations

Stretching frequencics are higher than corresponding bending frequencies. (It is easier 10
bend a bond than o stretch or compress it.} Bonds to hydrogen have higher stretehing
frequencies than these lo heavier atoms. Triple bonds have higher stretching frequencics
than comresponding double bouds, which in turn have higher frequencies (han single
bouds.
The general regions of the infrared speetrum in which vartous kinds of vibrational bands
are observed are outlined in the following cham. The upper section above the dashed line

refer to stretching vibrations, and the lower scction below the line encompasses bending

vibrations.
4.3.1 Typical Apparatus

A beam of infrared light is produced and split into two separate beams. One is passed

through the sampie, the other passed through a relerence which 1s often the substance the

' r) e Cpliter Detector

4 Processor Truntout
Source 1
Hef,

Fig 4.7 Typical IR Spectrometer schup

oy W
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sampic is dissolved in. The beams are both reflccted back towards a detector, however

first they pass through a sphiter which quickly altemnates which of the two beams enters
the detector [15].

4.3.2 Experimental Procedure

A drop of liquid monomer was placed between two thin potassium bromide (KB pellets
to record the FTIR spectrum, PPBMI thin [ilm deposited on glass substrate was used for
the FTIR analysis, Specimens were scraped off from the substrates and a little amount of
sample was taken to prepare pellets after mixing with KBr. The strength of an FTIR
absorption spectrum is dependent on the nuwmber of molecules in the beam.

FTIR spcetra of the BMI and PPBMI thin films were recorded at room temperature usin u
a double-beam IR Spectrophetomer Shimadzo —IR 470 (Shuimadza, Tokyo, Japan). All
the spectra were recorded in transmittance (%) mode in the wavenumber range is 4000-
400 em™,

4.3.3 Results and Discussion

The FTIR spectra of BMI and PPBMI thin {ilms are represented in Fig 4.8, It shows a
well matehing with the standard IR spectrum of the monamer supplicd by Sigma Aldrich
Co., USA excepl for a few extra bonds (3645 - 3625 cm™), which may be duc to absorbed
water and hydrogen bonded OH stretching. The characteristic absorption band at 3030
cm’’ may be assigned to aromatic C-H stretching vibration. The bands obscrved at 2628
and 2872 ¢m in the monomer spectrum may be atiributed to CH; and CHi asymmetnic
and symmetnc stretching vibrations respectively. There are some overoncs or a
cormbination of bands n the 2000-1800 cm’™ region. The strong absorption bands
between 1634 -1496 and 1454-1427 cm™ are due to C=C and C=N stretching vibrations
in the aromatic nng respectivcly. The absorption bands between 1358 and 986 cm™
indicate C-H in plane (symmetrical) bending vibration in BMIL The sharp absorplion
peaks at 727 and 698 em’ are duc to C-H oul-of-plane bending vibrations. The
absorptions at 631 em” indicale C=C out of plane bending. The FTIR spcctrum of the
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Fig 4.8 The FTIR spectra of BMI and PPBMI thin films (Curves are lincarly shifted
upward for convenience)
PPBMI thin films are net well resolved compared to that of BML It is observed that a
new prominent band at 3421 em™ comresponding lo O-H stretching has arisen due to
absorbed water. It is plausible because the PPBMI ihin films react with oxyecn when
exposcd 1o anmosphere. The characteristic absorption bands at 3030 em™ presented in the
monomer spectrum due to C-H strelching vibration 15 not present 1n this spectrum. The
ahsence of C-H band (3030 cm™ and 727 - 677 em’™) may be duc Lo the chain formation
in abstraction of H from monemer structure. The absorption bands assi goed to CH; and
CH; stretching vibrations are shifted to 2924 and 2854 cm’! comparced to that of the
monomer. The absorption bands between 1653 and 1610 cm™ present in spectra is duc o
C=C aromatic streiching vibrations, The absorplion band due to C=C streiching
vibrations within 1636-1611 cm™ is shified slightly to higher frequency with lngher
intensity in PPBMI spectrum. This may be due to inclusion of oxygen as C=( in the
struciure along with some conjugalion. The strong absorption band for C-H m-plane
bending at 1283 cm”' in the monomer spectrum is shifled to 1273 cm’' and become very
weak in the PPBMI. The absorption band present at 1024 em™ due to C-H in-planc

bending becomes very weak compared o 1030 cm™ in the monomer.
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Table 4.1 Assignments of FTTR absorption bands for BMI and PPBMT thin film.

Band Wavenumber (cm )

BM1 PPLEMI
O-H siretching 3645 - 3626 3421
C-H aromatic sivelching 3030 -
CH; asymmetric stretching 2928 2024
CH; symmetnic stretching 2872 2854
C=0 siretching vibration - 1700
C=( stretching vibration 1634 -1496 1633 -1alp
C=N stretching vibration 1454-1427 1436, 1419
(C-H in-plane bending vibrations 1358-886 1273
C-H out-of-plane bending vibralions 127 - 677 -
C=C out-of-plane bending 631-575 577

From lhe FTIR analysis, it is revealed {hat the chemical structure of PEPBMI thin filngs

cotlsists ol aromalic conjugated chaing which are formed due to abstraclion of hydrogen.

It is also evident that hydroxyl and carbonyl groups is present owing to the exposure of

PPBMI thin films (o ihe atmosphere alter deposition and during experimentation, So, the

structure of PPBMI thin hlms is chemically some what different from that of BMI

MONOMET.
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5.1 Introduction

The ultraviolel-visible (UV-Vis} spectroscopic analysis of PPBM] thin films is preseited
m this chapter, The absorbance, absorption coefhicient, direct and indircet transition
energy gaps, cxtinclion coctficient for PPBMI thin [itms are discussed.

3.2 Ultraviolet-visible {UV-Vis) Spectroscopy

UV-Vis involves the spectroscopy of photons in U¥-region, This means it uses light in
the visible and adjacent (near ultraviolet and near infrared) ram ges. The absorption in the
visible ranges directly affects the color of the chemicals invoived. Tn this region of the
eleciromagnctic spectrum, molecules undergo electronic (ransitions. This technique is
complementary to fluerescence spectroscopy, in that fluorescence deals with transitions
from the exeited state to the ground state, while abserption measures transitions from the
ground state 1o the cxcited state [1].

UV-¥is spectroscopy is useful as an analytical technigue for two reasons. First 1t can be
used to identify some functional groups in molecules and secondly, it can be used or
assaylng. This second role detennining the content and strength of o substance 15
extremely usciul [2].

It corresponds to electronic excitations between the energy lovels that correspond Lo the
molecular orbitals of the systems. In particular, transitions involving # orbitals and long
pairs (n = non-bonding) are imponant and so UV-Vis spectroscopy 15 of the most use for
identifying conjugated systems that tend to have stronger absorptions. The lowest ENeryEy
transttion is that between the highest occupied molecular orbital (HOMO) and the lowest
unoceupied nolecular orbital (LUMO) in the ground state. The absorption of the EM
radiation excites an electron to the LUMO and creates an cxcited state. The more mghly
conjugated the system, the smaller the HOMO-LUMGQ gap, AE, and therefore the lower
the frequeney and longer the wavelength, A. The unil of the molccule that 15 responsible
for the absorption is called the chromophore [3],

3.2.1 The Electromagnetic Spectrum

The visible spectrum constulutes but a small part of ihe total radiation spectiuim. Most of
the radiation that surrounds us cannot be seen, but can be delected by dedicated sensing

instruments. This electromagnelic spectrum ranges from very shom wavelengths
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Ln
N

{including gamma and x-rays) o very long wavelengths {including microwaves und

broadceast radio waves).

icy |
Higher Yizible Spectrum

Lower
Fraguanecy

Fraquancy

1 1 I I 1
#00 00 &0 700 Q0o

¥avelength in nanomsters

Fig 5.1 Visible part of the Electromapnctic Spectrum

5.2.2 Electronic Transitions
The absorplion of UV or visible radiation cormesponds to the excitation of outer electrons,
There are three types of electronic transition, which can be considered:

(i) Transitions involving 7, o, and n elecirons

(1)  Transitions mvolving charge-transfer electrans

(1)  Transitions involving d and f electrons
When an atom or molecule absorbs energy, clectrons are promoted from their grownd
state to an exciled state. ln a molecule, the atoms can rotate and vibrate with respect to
cach other. These vibrations and rotations alsp have discrete encrgy levels. which can be

considered as being packed on top of each electronic level,

s
E Rotaaesl W beabgral
| elaziron's [ewals alestr s leals
- = =
EI:I

Fig 5.2 Vibration and rotational energy levels of absorbing materials
Absorbing species containing m, o, and n clectrons
Absorption of ultravielet and visible radiation in organic molecules is restricted to certain

functional groups (chromophores) that contain valence electrons of low excitation
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encrgy. The spectrum of a molecule containing thesc chromophores is comples. This is
because the superposition of rotational and vibrational transitions gives a combinabion ol
overlapping hines. This appears as a continuous absomption band.

Possible clectronic transilions of x, o, and n electrons are:

)r - Anibordng o
h-tg" o=
- ——  Ambandng "
‘g?—rﬂ GLL NS
8] ran-handing £
‘& Bonding r

(& Bording <

Enaroy

Fig 5.3 Summery of electronic enerey levels,
6 - o*  Transitions
An electron in a bonding o orbital is excited to the corresponding antibonding orbital
The energy required is large. Absorption maxima due to @ — o* transitions are not scen
in typical UV-Vis spectra (200 —800 nm).
n — o* Transilions
Saturated compounds containing atoms with lone pairs {non-bonding electrons) are
capable of n — o* transitions. These transitions usual ly need less energy than o — g*
transions. They can be initiated by light whose wavelength is in the ran ge 150-250 nm.
The number of orgamc functional groups wilh n — g* peaks in the UV region is small,
o—>7n* and 1 — n* Transitions
Most absorptien speciroscopy of organic compounds is based on transibons of n or
electrons lo the n* excited state. This is because (he absorption peaks for these transitions
fall in an experimentally convenient region of the speetrum (200 — 800 nm). These
transitions need an unsaturated group in the molecule to provide the 1 electrons.
Molar absorbtivities from n — w* transitions are retalively low, and range from 10 o 100

Lmol'em™. = - n* transitions normally give molar absorbtivities between 1000 and
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10,000 L mol’em™, The cnergy required for various transitions obey the following
oider:

OO0 *pna0f >a—-na* > no ot
The solvent in which the absorbing specics is dissolved also has an effect o the spectrum
o[ the species. Peaks resulting from n — n* transitions are shified to shorter wavelenaths
{blue shifi} with increasing solvent polarity. This arises from increased solvation af the
lone pair, which lowers the energy of the n orbital. Often (but not always), the 1everse
(1.e. red shifl) is scen for = — 7* transitions. This is caused by attractive polarization
forces between the solvent and the absorber, which lower the energy levels of hoth the
excited and unexcued states. This cffect is greater for cxcited state, and so the encryy
difference bolween the excited and unexcited states is slightly reduced-resulting in a
small red shifl, This effect also influences n — n* transitions bul is overshadowed by the
blue shift resulting {rom solvation of lone pairs [4].
5.3  The Absorption Law
Many compounds absorb ultraviolet (UV) or visible (Vis) light. The diagram below
shows a beam of monochromatic radiation of radiant power P.. dirccted al a sample..

Absorption takes place and (he beamn of radiation leaving the sample has radiant power P,

—

P, p

The amount of radiation absorbed may be measured in a number of ways:
Transmittance, T = P/T,
% Transmittance, % T=100"T
Absorbance, A = lopyy Py/P
A=log)y I'T
A=logy 100/%T
A=2-log % T
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The equation, A=2-log,y®%T allows to easily calculate absorbance from poicentage
transmuttance data.

So, il all the light pusses through a solution without any absorption, then absorbance is
zero, and porcentage iransmillance is 100%. If all the light is absorbed, then percent
transmittance is zero, and absorption 15 mfinite [5].

5.3.1 The Beer-Lambert Law

Two empirical laws have been formulated about the absorption intensily. Lambert’s law
statcs that the fraction of the incident light absorbed is independent of the miensity of the
intensity of the source. Beer's law states that the absorption is proportional te the nuniber
of absorbing molecules [6]. For most spectra the solution obeys Beer’s Law, This 1s onky

true for dilute solutions. Combining these two laws gives the Beer-Lambert law:

10&[5:_] = B e e (5.2)
i

Where I, is the intensity of the incident radiation. 1 is the intensity of the transmitted
radiation, d is the path length of the absorbing specics and a is the absorphon coefficicnt
The absorption spectrum can be anatyzed by Becr-Lambert law, which governs the
absorption of light by the molecules. It stales that, “When a beam of monochromatic
radiation passes through a homogeneous absorbing medium the rate of decrease in
intensity of electromagnelic radiation in TFV-VIS region with thickness of the absorbing
medium is proportional to (he intensity coincident radiation™.

The absorption co-efficient «, can be calculated from the absorplion data using the
relation (5.2) [7,8].

2.3034

= U ORURRRY A 0.
o

where A= lﬂgm[{r_ﬁ] 15 the Absorbance.

The relation of extinction co-efficient k with « is
L 142 {5.4)

where 3, is the wavelength.
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Tao estimate the nature of absorption a random phase moedel is used where the momentum

selection rule is completely relaxed. The integrated density of states N{E) has been used

and defined by

N(E}= j ELEMIE oo ) (5.5)

The density of statcs per umt energy interval may be represented by
1 . .
g(E]=FZS{E—E”), where ¥V 1s the volume, E is cnergy at which z(E) 15 1o be

cvaluated and E, 1s the energy of the nth state.
If g, o« EF and g(E} o (BE-Ep)?, where energies are measured from the valance

band mobility edge in the conduction band (mobility gap), and substituting these values
into an expression for the randomn phase approximation, the relationship obtained v*la(v)
% (hv ~E )", where Iy{v) is the imaginary part of the complex permittivity. If the
density of states of both band cdges 15 parabolic, then the photon cnergy dependence ol
the absorption becomes av == vz (v) « (b —Eum}z, So for higher photon encreics the
simplified general equalicn is
ahv = B{hv — Egp))"

Where hy  is the energy of absorbed light, n 15 the parameter connected with distribution
of the density of statcs and B 15 the proportionality factor. The index n equals % and 2 for
allowed direct (ransition and indirect transilion energy gaps respectively [9].

Thus, from the straight-line plots of (ahv)’ versus hv and {ahv}'*  versus hy the direct
and indirect energy gaps of insulators and / or dielecines can be determined.,

54  Instrumentation — Ultraviolet visible spectrophotometer

The instmment used in ultraviolet-visible spectroscopy 15 called a UVY-Vis
speclrophotommeter. It measarcs the intensity of light passing through a sample (1), and
compares it to the intensity of light before it passes through the sample (I,). A diagram of
the components of a typical spectrometer is shown in the following diagram. The
functiomng of this instrument is relatively straightlorward. A beam of light from a visible
or UV light source 1s separated into its component wavelengths by a prism of diffraction

grating. Cach mencchromatic beam in lum s split into two equal intensity beams by o
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half~mirrored device. One beamn, the sample beam, passes lhrough a small iransparent
container containing a solution of the compound bewng studied n a transparcnt solvent.
The other beam, reference, passes through an identical cuvette containing only the

solvent. Electronic detectors then measure the intensitics of these light beams
ssgagmanns g

P PR a OO TV

Diffraction l L’fi—ﬁﬂ\* 7
Grating A [ 3 Mrror 1
Siit 1 9:/‘
) it
Slit 2 e Light Saltce vis
Filter nsdEd
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Cuveite Detactor 2

Fafersnce .

Bear ’ i‘j -’ qu
Lens 1
Half P-*hrmr
% Mirror 2 Sample

Cuveatte Dekector 1

th:br’:l #eam Ll UL.EHSE

..I.-HAI

Fig 5.5 Diagram ol the componcnts of a typical spectrometer
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and comparcd. The intensity of the reference beam, which should have suffered hutle or
no light absorplion, 1s defined as I,. The intensity of the sample beam is defined as L
Over a shor period of time, the spectrometer automatically scans all the componcnt

wavclengths, The ullraviolet (UV) region scanned is nomially from 200 nm to 400 nm.,

and the visible pomion is from 400 to 800 nm [10].

5.5  Results and Discussion

Fig 5.6 shows the variation of absorbance with wavelength of BMT liquid and PPBMI
thin films. L is seen that the absorbance increases with increasing thickness of the thin
[lms and the absorplion peak broadens as thickness increases. There 1s sharp rising of

absorption in the wavelength range from 280 to 320 nm, rapid decrcase of absorphion m

the range fiom 320 1o 300 nm and then that deercascs above 500 nn.

1.00 .
080 Il .
F g,
0.80 | .,LﬁL
- F o] o
""E“ 050 ; Linmg
T o
E’ 0.60 E ) —=—150nm
5 053 '-'_ i ORI
£ b —i— 200nmn
g 040 £
L o
< pao | ‘I
020 E
040 £
0.00 : 3

200 300 400 a00 600 700 &on
Wavelength, (nm)

Fig 5.6 Variation of ahsorbance, ABS, with wavelength, &, inset (monomer} of PPBMI

thin films of different thicknesscs.

It is obscrved that the absorption peaks of PPBMT than [ilms shift to higher wavelength
compared to the peak of BMI (295 nm, insct of Fig 5.6). Thus there is a red shill of the
absorption peak of PPBMI thin films 1 comparison to BML It 1s well known that

presence of conjugation generally moves the absorption maximum to longer wavclength
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[11]. This red shifi in PPBMI thin films may demenstrate presence of conjugation in the
resulling films.

The dependence of absorption coeflicient on photon cnergy is presented in Fig 5.7, 1t is
revealed thal in low energy region the edges follow an exponential fall for values of a
below about 10000 cm™, So the curves have two different slopes indicating the presence
of dwrect and mdirect transitions in PPBMI thin films. These exponential {alling edzes
may either be due to lack of long-range order or due 1o the presence of defecls 1o the thin

fitms [11].

8.0E+04

S.05+04 | —a: 150nm

—— b 175nm
o 200 om

40E+04 |

J.0E+04

20E+04

Absorption Co-efficient, a {om™)

1.0E+04

0.0F+00 L=
id 1.5 2.0 25 3.0 39 4.0
Photon Energy, hv (eV)

Fig 5.7 Absorption co-cfficicnt, @, as a function of photon energy, hv. {or PPBMI thin

films of different thicknesses.

(zhv)® as a function of photon cnergy, hv, is plotted in Fig 5.8 by which the aliowed
dircet transition encrgy gap (Eqq) is calculated. Eyq 15 determined from the intercept of the
extrapolation of the curve to zero ¢ 1n the photon energy axis. In Fip 5.9 |[{111\"}”2 as a
function of photon energy, hv, 15 plotied (o obtain the allowed indircet transition energy
gap (Eq). The values of Egq and B oblained from the plots of Figs 5.8 and 5.9 are given
in Table 5.1, In the table, 1{ 1s seen that the band gap valucs arc not very much dependent

on the [ilm thickness used in the present investigation.
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Table 3.1 Values of allowed direct and indirect transition energy gaps

Sample Film Direct Transition | Indirect Transifion
Thickness | “T;;mm En;i&; 5?] cn;:lgi;%%pj
d (mmn)
150 3.00 2.00
PPBMI 175 300 3.00 2.00
200 310 2.10

Physical processes thal control behavior of pap states in non-crystalhive matenals are
structural disorder responsible in the tail states and structural defeets in deep states [11].
The Tauc parameter, 13 is a measure of the steepness of band tail (Urbach region) density
of states. Comparatively a higher value of B in this film may be due 10 less structural
disorder. The value of B calculated for PPBMI thin films is about 260 {em) (V)"

The varation of the extinction co-cfficient, k with photon energy, hv, is shown in Fig
5.10. It is scen that the value of k increases with incrcasing pholon energy which

indicates that the probability of electron transfer across the mobility pap nscs wath the
phaton cnergy.
14E+06

E —a— 150nm
1.2E+0% * 178am

1.0E408 [ 2000

8.0E+05 |
6.0E+05 [

4.0E405 |

Extinclion Co-efficient, k

2U0E4Q5

0.0E+00 L
140 1.5 2.0 2.5 30 35 40
Photon Energy, hy {eV)

Fig 5.10 Plot of cxtinction co-efficient, K, as & function of hy {or PPBMI thin films.
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6.1 Introduction

The ac cleetrical propertics of PPBMI thin films are discussed wn this chapter The ac
conductivity and dielectric properties of PPBMI tlun films have been discussed in the
subscquent sections. This provides information regarding (he conduction mechanism and
dicleclnc propertics of PPBMI thin films.

Because of pood dielectric properties, plasma-polymerized thin films have heen found to
be useful as thin [ilm insulators and capacitors in electrical and electronic devices like
thin {itm dielectrics, scparation membrancs for batteries ctc. As the materials have rood
dielectric properties, plasma polymenzed thin films have been found o be useful as
dielectrics in integrated microclectromics and insulaling layers for scmiconduclors. Thin
films produced through glow discharge ar: known to have free radicals or polar groups
independent of the nalure of monomers. Owiny to this reason, these polymers are pood
candidates for the investigation of dielectric properties. A dielectric study throws Huht on
the molceular structure and relaxation behaviers of the polymers.

The detail investigation of the ac conductivily and diclectric properties of plasma
polymenzed thin films provide information about the conduction process, dicleetric
constant, relaxation process elc which arc dependent on frequency and temperature.

6.2  Theory of Dielectrics

6.2.1 Brief Description of dielectrics |1-6]

A dicleetne i a nonconducting substance, ie. an insulutor. Alithough diclectric and
insulator are generally considered synonymous, the term dielectric is more often used
when considering the effect of alternating clectric felds on the substance while insulator
15 more oficn used when the material is being used to withstand a high electric field.
Dielectric materials can be solids, liquids, or gases. In addition, a high vacuum can also
be a useful, lossless dieleciric even though its relative dielectric constant is only wmty.
Sohd dielectrics arc perhaps the most commonly used diclectrics in electrical
enpincering, and many solids are very good insulators for example porcclain, parylene,
glass, and plastics, mineral oil, piczoelectric material, {erroclecine materials cte. Alr,
nitrogen and sulfur hexafluoride arc the three most commonly used gasecus dielectrics. If
a material contains polar molecules, they will generally be in random orientations when

no electric field is applied. An applied electric feld will polarize the material by oricnting
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the dipoic momcnts of polar molecules, This decreascs the cficctive clectric held

bctween the plates and will increase the capacitance of the parallel plate struclure

Unpmarized

T R S T O IR R L T e R ST IR TR ST T AR SN TR IR TR

Polarized by an applied electric field.
++++++++++++

e .-

oy T iu...m. e ey B B e e e A e

Fig 6.1 Polatization of diclectrics

One imporiani property of a dielectric malerial is its permittivity. Permitiivity (£) is a
measure of the ability of a material to be polarized by an electric field. The dielectric
constant (k) of & material is the ratio of its permittivity € to the permittivity ol vacuum g,
so k = £/ &,. The diclectric constant is therefore also known as the relative permittivity
of the material. The dielectric constant of vacuum is one. Any material is ablc to polanze
more than vacuum, so the k of & material is always greater than onc. The diclectne
constant is alse a fanction of frequency i some materials, e.g., polymers, primarily
because polarization is affecied by frequency. A low-k dielectric is a diglectric that has a
low penmiltivity, or low ability to polarize and hold charge. Low-k diclectrics are very
good insulators for isolating signal-carrying conductors from each other. A high-k
diclectric, on the other hand, has a high permittivity, Becausc high-k dielectnes arc
good at holding charge, they are he preferred diclectric for capacitors. High-k
dielectrics are also used in memory cclls that store digital data in the form of charge.

Diclectrie losses result from the Lealing effect on the dielectric material bebween the
conduclors. Power from the source is used in heating the dielectric. The beat produced is

dissipated into the surrounding mediwn. When there is no poteatial difference between
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two conductors, the atoms in the dielecinic material between them are normal and the
orbits of the clectrons are circular. When ihere is a potential dhifference between two
conductors, the orbits of the clectrons change. The excessive negative charge on one
conductor repels electrons on the diclectric toward the pesitive conductor and thus
dhstorts the orbits of (he electrons. A change in the path of clectrons requires more
cncrgy, mntroducing a powcer loss.

6.2.2 The Debye theory of diclectrics

Thc capacitance of a parallel plate capacitor having a dicleetric medium is cxpressed as

whore £,15 the permittivity of free space, £' is the diclectric constant of the mediun, A is
a p ¥ T

the surface area of each of the plates/electrodes and d is the thickness of the dielectric.

A real capaeitor can be represented with 2 capacitor and a resistor. The parameters such
as angular frequency (@) of the applied field, the parallel resistance R, parallel
capacitance C, and the senes resistance Rg and series capacitance C; arc related (o the

dielecinc constant £", dielectric dissipation factor £" and loss tangent as:

E = (6.2}
G,
T e (6.3)
R G
" G
and and=S=nl o P (6.4)
& RCw 2IrfC,
The ac conductivity of o, was calculated using equation
T, =Gpd /A (6.5)

The dependence of ac conductivity, 7., 01 flequency may be described by the power law
[7]:

o, @)= Ao
where 4 is a proportionality constant and @ (=2af, f is the lincar {requency) is the

angular frequency and n 15 the exponent, which gencrally takes the value less than unity
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for Debye type mechanism and is used to understand the conduction / refanation

mechanism in amorphous materials.

The dielectric bechavier of” a malerial is usually deseribed by Debye dispersion
equation [8]:

&l =r"~ic"

where £'is the complex dielectric permittivity, £ {energy dissipated per cyele) is the

rcal pant of complex dielectric permittivity and £" (energy stored per cycle} is the

imaginary part of the complex dielectric permittivity.

, C,—E.

=K, +1.:W ............................................ {68}

a":% ............................................ (6.9)
oar

where &£, is the static or relaxed dielectne constant at {@ =¢), &, is the high frequency

or unrelated diclcetrie constant and the quantityr is a characterisiic time constant,
usually called the dielectric relaxation time. it refers to a4 gradual chanee in the

polarization lollowing an abrupt change in applicd field.

1
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Fig 6.2 Debye dicleetric dispersion curves,

The dielectric loss tanpent is expressed by
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tan:h‘=g—': .......................... * ..... | .................. (6.1
£
The graphs of £'and =" agansi frequency of the applied ficld (logarithmic scale)
through the dispersion regions show that thc maximum loss value occurs when er = 1,
corresponding to a eritical frequency @, =1/1, and location of this peak provides the

casicst way of obtaining the relaxation time from the experimental results.

6.3  Experimental Details

Sample preparation

The APPBMI/AL sandwich structure samplcs were prepared for ac measurements. ‘The
thicknesses of the thin films for ac measurements are 150 nm and 200 mm.

Contact Eleetrodes for Electrical Measurements

Electrode Material

Aluminium {Al} (purity of 4N Bnush Chemical Standanl) was used [or electrode
deposition. Al has been reporred 10 have good sdhesion with glass slides, Al film has
advantage of casy sell“healing bumm out of flaws in sandwich structure [9].

Electrode Deposition

Electrodes were deposited usimg an Edward coating unit E-306A (Edward, UK). The
system was evacuated by an ml diffusion pump backed by an oil rotary pump. The
chamber could be evacuated to a pressure less than 107 torr. The glass substratcs wre
masked with 0.08 m X 0.08 m X 0.001 m engraved brass sheet for the electrode

deposition. The electrode asscmbly used in the study is shown in Fig 6.4

Fig 6.3 The Edward vacuum coaling unit E306A,
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The glass subsirates with mask were supported by a metal rod 0.1 m above the tungsten
filament. For the elcctode depostion Al was kept on the tungsten filament. The filament
was heated by low-tension power supply of the coating unit. The low-tension power
supply was able to produce 100 A current at a potential drop of 10 V. During evacuation
of the chamber by diffusion pump, the diffusion unit was cooled by the flow af chilled
water and is outlet lemperature was not allowed to rise above 305 K. When the peiing
pauge reads about 107 Torr, the Al on tungsten filament was heated by low-tension
power supply unit it was melted.

The Al was evaporated, thug lower eleetrode onto the glass slide was deposited. Al coated
glass substrates were taken out from the vacuum coating unit and were placed on the
middle of the lower electrode of the plasma deposition chamber for PPBMI thin film

depositien under optimum condition.The top Al electrode was also prepared on PPBMI

thin film, 7.5em

F 7
A

Lelt I | em Right

Lower electrode

7.5¢m
Le ol
I il
Left }\.*e i Righl
% 2l
Lower electrode T Sample

Lower electrode and the sample

T.5cm
e .
|
Left T T Sample
S g l jﬁ = Right
Lower electrode LA ‘\

Upper clecirode

Fig 6.4 The clectrode assembly
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Measurement of diclectric properties by an Impedance Analyzer

The ac measwrement was performed in the frequency range from 10' to 10° Hz and.
temperature range 298 — 398 K, by a low frequency (LLF) Impedance analyzer, Agilent

41924, 5Hz-13MHz, Agilent Technologies Japan, Ltd. Made in Japan.

A
& Bl el 1

Fig 6.5 Photlographs of the ac electrical measurement set-up.

The temperature was recorded by a Chromel-Alumel thermocouple placed very close to
the sample which was connected to a Kcithley 197A digital micrevoltmeter. To avoid
oxidation. all ineasurements were performed in a vacuum of about 107 Torr. Photographs

of the Impedance analyzer and ac measurement set-up are shown in Fig 6.5.

6.4 Results and Discussion

6.4.1 Variation of ac conductivity with frequency and temperature

The dependence of ac conduclivity on frequency at different temperature of PPBMI thin

films is shown in Fig 6.6. From the figurc it is revealed that the conductivity of the thin
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films increases lincarly with frequency. The dependence of ac conductivity on frequency
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Fig 6.6 Conduclivity versus frequency of the PPBMI thin films of

thicknesses (a)1 50 nm and (b) 200 nm at different teniperatures.

follows the power law o (w)= 4e", whete n < 1 for Debye type mechanism and n ~1

for other mechanisms. The values of the exponent *n” for PPBMI thin (ilms are found 1o

be 1.50 to 1.87 which arc depicted in Table 6.1. Thesc suggest that the Debye type of loss

mechanism is not operative in this materials.

Table 6.1 Values of *n’ at different measurement temperatures of PPBMI thin fiims ol

vanous thicknesses,

Sample Thickness Measurement Walues of ‘n’
{nm) Temperature (K)
298 1 64
323 1.61
150 373 1.50
398 1.64
298 1.81
323 1.80
200 373 1.87
398 1.82
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The variaticn of ac conductivity with temperature is plotted in Fig 6.7 using the equation

T
og. =08 e . The wvaluc of ac conductivity increases slowly at low lemperature

Activation energies from these curves have been calculated and 15 recorded in Table 6.2.
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Fig 6.7 Conduclivity versus lemperaiure of thc PPBMI thin films of thicknesses (a}15¢

mm and (b) 200 nm at diffcrent frequencies.

These are found to be 0.05 1o 0.13 eV, These small values of activation enery indicate
hopping type of conduclion mechanism in the PPBMI thin films due lo motion of the

carmicrs within the defect states present in the band tails of thc PPBMI thin films.

Tablc 6.2 Values of ‘activation energy’ at diflcrent frequency for PPDMT ihin films of

diffcrent thicknesses

Thickness Frequency Activation Encrgy

(nm) (kHz) (eV)

1 kH= 0.05

150 20 kH. 0.06

40 kH 0.07

1 kHz {(1.10

10 kHz 0.13

200 20 kHz 0.12

50 kHz 0.06
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6.4.2  Variation of dielectric constant with frequency and temperature
The change of dielectric constant with frequency and temperature of PPBMI thin films is

shown in Fig 6.8 and Fig 6.9 respectively. The & decrcases with increasing frequency.
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Fig 6.8 Dielectric Constant versus frequency of the PPBMI Alms of
Thicknesses (a) 150 nm and (b} 200 um at different temperatures.

But this decreasing rate is less al the low frequency region and higher at the high
frequency {=10" Hz) region. The rapid decreasc of £ around 10* Hz may be duc to non-
respense of the pelaring spacies in PPBMI thin {1lms.

It is revealed that the dielectng conslant of the thin films increases wilh increasing
temperaturg and it 1s found to be 5 to 12 for 298 to 398 K at low frequency. 1t is also
revealed that the £ of the material does nol dependent sigmificantly on thickness of the
PPBMI thm films.
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The dependence of diclectric constant with temperature of PPBMI thin films is shown

in Fig 6.9. From the figure it 15 revealed that the rate of increase of £ is less in the low
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Fig 6.9 Dielectric Conslant as a function of temperaturc of the PEBMI thin fitms of

thicknesses (a) 150 nm and (b) 200 nm at different froquencies.

temperature rcgion and mgher in the high temperature (>380 K) region. There are reports
of thickness dependence of diclectric constant of plasma polyinerized 1,1,3,3 -
Tethramcthoxypropane thin films [11]. It is to be mentioned here (hat the optical band
gap of this thin {ilm 15 also not significantly dependent on thickness. This supports the

independency of dielectric constant with thickness of this material.
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6.4.3 Variation of diclectric loss tangeat with frequency and temperature
The Fig 6.10 shows the vanation of dieleetric losy tangent with frequency at difteren

temperature. It shows that the diclectric Toss of the thin films increases exponentially with

frequency.

3.0

2.5

2.4

15 |

(a)

Loss Tangent

0.5

0.0

1002 1.0E+03 1.0E+04 1.0E+05
Freguency {(Hz)

3.0

ot
o

—— 208K

far ]
o=

(b)

Loss Tangent
& b

=
th

0.0

1.0E+02 1.0E+033 1.0E+04 1.0E+05
Frequency {Hz)

Fig 6.10 Loss Tangent versus frequency of the PPBMI thin films of

Uncknesses (a) 150 nm and (b) 200 nm at different temmpcratures.
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‘The dependence of dielectric loss tangent with temperature at different frequencics is
plotted in Fig 6.11. From the figure, it is revealed that the loss tangent of the material
increases with increasing tempermture. The dielectric losses inereases slowly at the low

temperature region (<380 K) and increases rapidly at the higher temperature (»380 K.
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Fig 6.11 Loss Tangent as a function of temperature of the PPBM] thin films of
thicknesses (a) 150 run and (b} 200 am at different frequencies.

It is observed that the loss peak may occur al Ingher frequency and higher temperaturc.
The high loss value at the high frequency and temperature may be due o the presence of

carbenyl group in the sample. The presence of oxygen in the sample recorded by FTIR
analysis supporis this fact.
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7.1 Conclusions
7.2 Suggestions for Further Work
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71 Conclusions

The PBMI thin films were prepared by plasma polyincrization technmique using a
capacitively couple reactor. The structural, optical and ac electrical propertics of PEBMI
thin fims were studied. Bascd on the resulls and discussion the following conclusions
¢an be drawn.

The SEM investigation reveals that the PPBMI thin film deposited on to glass substrates
are smooth, uniform and pinhole free. FTIR investigation shows that the chentical
structure of PPBMI thin films is different from that of BMI monomer. This ohservation
reveals that the PPBMI thin (ilms may conlain conjugation n the aromatic structure,
C=0 and OH groups. The conjugation proceeds through abstraction of hydrogen from the
BMI specira owing io plasma polymenzalion. The oxygen incorporated from the
atmosphere when the BMI was exposed to atmosphere.

UV-¥Yis absorption specira show a red shifi for ail PPBMT thin films as compared to the
menomer, which indicates the presence of cerain amount of conjugation. Both aliowed
dircet (Egq) and indirect (E,,) transitions were identified in PPBMI thin {ilms. The E. is
about 3.00 eV aud Equ is about 2.0 ¢V . The calculated value of Tauc paramcter, B, 15 260
{cm)™”? (eV)'"%. The dependence of k on pholon energy indicated that the probatulity of
electron transfer across the maobility pap rises with the photon energy.

The ac conductivity of PPBMI thin films increases lincarly with frequency., The

dependence of ac conduclivity on frequency follows the power law o (m}= Aw”.

where n < 1 for Debye type mechanism and n=1 for other mechanisms. Thesc suwgest
that the Debye type of loss mechanism is not operative in these materials.

The ac conductivity increases slowly at low temperature, Activation energies are found to
be (.05 to 0.13 eV. These small values of activation cnergy indicale hopping type of
conduction mechanisin in the PFBMI thin Glms.

The & decreascs with inereasing frequency. But this decrcasing rale is less ai the low
frequency region and higher at the high frequency (>10* Hz) region. The rapid decrease
of £ aronnd 10" Hz may be due to non-response of the polarzing species in PPBMI thin
films. Tt is revealed that the dielectnc constant of PPBMI thin films increase with

incrcasing {emperature and it is found te be 5 (o0 12 for 298 to 398 K. It is also revealed
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that the & of PPBMI thin films does not dependent significanty on  thickness of (he
films for the {ilm thicknesses used in this investigation.

It 15 seen that value of dielectric loss incrcases wilh increasing frequency and
temperaturc. The loss peak may occur at the higher frequency and higher temperature.
The high loss value al the high frequency and tempoerature may be due to the presence of
C=0 in the samples. The presence of oxygen in the sample rccorded by FTIR analysis
supports ihis fact,

Finally it can be inferred that the optical and clecctrical property of PPRBMI thin films is
not significantly dependent on thickness for the PPBMI thickness up 1o 200 nm. This
signifies that PPBMI thin (ilms are uniform through the bulk.

7.2 Suggestions for Further Work

The present work shows the investigation of the structural, optical and ac e¢lcetrical
behavier of PPBMI thin films, But more investigations on PPBMI thun films are required
to know the different charactenstics, which will help finding suitable applications of
these matenals. The following investigations may be carried out for further study.

The thermal analysis by differential scanning calorimetry (DSC), differential thermal
analysis (DTA) and thermogravimeinc analysis (TGA) at diffcrent heating rates wal! be
helpful to asceriain the reaction kinetics in the PPBMI thin films. To observe the natwe
and source of radicals in PPBMI thin films, the clectron spin resonance {ESR) study may
be carried out.

DC elecircal measurements can be carmed out to find the J-¥ characteristics and
conduction mechanism. For studying the chargze storage and charge relaxation, the

thermally stimulated depolarization current (TSDC) can be measured.



Appendix

The following program is developed 1o interface the Low Frequency Agll:m impedance ¢

Analyzer 4192 fornc mcuur:ml:-nls
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Code for the proprom:

Option Explicit .
Dim ] As Integer, m As [nteger
Dim strResTrim
Dim surRest
Diim surRes2
DYm strRes3
Sub movemenl{)
1f Data) .Recerdset.RecordCount = 0 Then
MsgBox "There is no record!”
cmdAddTaDatabase, Se1Focus
Exit Sub
End If
End Sub
Sub Main()
Dim defrm As Long
Dim vi As Long
Dim strRes As String * 200
Dim sttRes2 As String

On Error Resume Next

Call ¥viOpenDefautRM(defrm)
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Call viOpenidefrm, "GPTBO:: 1 7::INSTR", 0, 0, vi)

Call wiVPrint{v1, "*RST" + Chr¥(10}, 0}
Call viVPrntf(vi, "“*1DN?" + Chr${10}, 0)
Call viVScanf({vz, "%ut", strRes)

"MsgBox "Result is: " + sttRes, vbOK Only, "*1DN? Result™
strResTnim = RTrim(strR.es)
sttRest = InStr(1, strResTrum, ",", 0

strRes? = Le{strtResTrim, strRes] - 1)
txtVarl Text = Val{Mid{strRes2, 3))

sttRes3 = Val{RTrim{Mid(strResTnm, strtRes! + 5)))
txtVar2. Toext = strRes3

Cull viClase(vi)
Call viClosc{defrm)
End Sub

Private Sub choFrequency DropDown{)
choFrequency.Clear
Dim Counler As Long
Dim x i

If Counter = 0 Then
Forx1l =10To 100 Step 10
choFrequency. Addllem Sir(x1)
Next x1
Counter = 100
End If
If Counter = 100 Then
For x1 =200 To 900 Step 100
choFrequency. Addltem Ste(x1)
Mext x1
Counter = 1000
End If
If Counter = 1000 Then
Forxl=1To 9 Step 1
cboFrequency, Addlem Sir(x1) & "K“
Next x1
Counter = 10000
End If



If Counter = 10000 Then
Forx1 =10 To 100 Step 10
chboFrequency. Addltem Str{x1) & "K"
MNWexl %1
Counter = 100000
End If
If Counter = 100000 Then
TFor x1 =200 To 900 Step 100
choFrequency. Additem Sir(x!) & "K"
Nextx1
Counter = 1000000
End If
1f Counter = 1000000 Then
Forx!=1To 13 Step 1
choFrequency. Addltem Str(x 1) & "M"
MWexa x1
End If
End Sub

Private Sub cndAddToDatabase Click()
On Emor Resume Next

If Raght{cboFrequency. Text, 1) ="K" Then
choFrequency. Text = Val(cboFrequency. Text}) * 1000
Elself Right{choFrequency.Text, 13 ="M" Then
choFrequency. Text = Val{choFrequency. Text) * 1000000
End If

Datal Recordset. AddNew

choFrequency. Enabled = True
cboFrequency. SetFocus
End Sub
Private Sub cmdClear Chek()
choFrequency, Text =""
txtVarl Text=""
txtYar2. Text ="
End Sub

Private Sub cndClose_Click()
Unload Mc
End Sub

Private Sub emdDelete Chek{)
If Datal Recordset. RecordCount = 0 Then

-



MsgBox "There 15 no record!*
cmdAddTolxatabase. SetFocus
Exit Sub
End IT
Dim conlirm
confirm = MsgBox("Are you sure?", vbY csMNo + vbQuestion, "Delete™)
Il conhrm = vbYes Then
Datal.Recordset.Delete
Datal.Recordsct.MoveNext
If Datal.Recordset RecordCount = () Then
choFrequency. Enabled = False
End If
End If
End Sub

Private Sub cmdEdit Click()
Datal .Reeordsei Edil
End Sub

Private Sub cmdFirst Click()

Cn Ermor Resume Next

If Datal Recordset. RecordCount = (3 Then
MsgBox "There is no record!™
cmdAddTeDatabase. SetFocus
Exit Sub

End If

Datal .Reccordset. MoveFirst

End Sub

Private Sub emdLast Click{()
On Error Resume Next
1f Datal Recordset. RecordCount = § Then
Msgbox "There is no record!!
cmdAddToDatabase SetFocus
Exit Sub
End If
Datal . Recordset. MaveLast
End Sub

Privatc Sub emdNext_Click()
Cm Ermor Resume Next
If Datal.Recordsct. RecordCount = O Then
MsgBox "There 1s no record!"
emdAddTeDatabasc.SctFocus
Exit Sub
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End If

Datal .Recordsct. MoveNext

If Datal Recordset. EOF = True Then
MsgBox "This is last record!"
Datal.Recordset. MoveLast

End If

End Sub
Poivaie Sub cmdPrevious Chck()
On Error Resume Next
If Datal.Recordsct. RecordCount = 0 Then
MsgBox "There 15 no record!"
cind AddToDatabase. SctFocus
Exit Sub
End If

Datal .Recondset. MovePrevious
If Datal .Recordset. BOF = True Then
MsgBox "This s ftrst record!"
Datal Recordsat. MaveFirst
End If
End Sub
Private Sub emdRead_Click()
Main
End Sub
Private Sub cmdReSet_Click()

Dim reset As Integer
Dim x

If choFrequency. Text="" Then
cmdAddToDatabase.SetFocus
Exit Sub

End If

Datal .Kecordset MoveLast
resel = Datal . Recordset. RecordCount
x=1
Hreset =0 Then
cmdAddToDatabase.SetFocus
Exit Sub
Else
Do While x <=reset
Datal .Recordset. MoveFirst
Datal.Recordset. Delete
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Datal.Recordset. MoveNext
x=x+1
Datal Refresh
.Loop
cmdAddToeDalabase.SctFocus
End If

Fud Sub

Private Sub cudSearch_Click(}

Dim search

search = InputBox("Eunter a Frequency:")

Datal.RecordSource = "Selecl * from VisaProgram Where Frequency =" &
Val{search) & ""

Datal.Refresh
End Sub

Private Sub cindShowAll Click()
Datal RecordSource = "Select * from VisaProgram"
Datal .Refresh

End Sub

Private Sub Form_Load(}
Me. Height = 6000
e Width = 10500
End Sub
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