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Abstract

Plasma polymenized organic thin films have recently attained considerable attention due to
their extensive application in the fields of electronics, optics. Our prescnt investigation aims
al to study the dc electrical conduction mechanism {rom the voltage, thickness and
temperature depondent current density measurements and structure-property relation of
plasma polymerized 2, 6. diethylaniline (PPDEA) thin film. The uniform, pinhole-free
PPDEA thin films were deposited at room temperature onto glass subslrates by a parallel
plate capacilively coupled glow discharge reactor. The thicknesses of the films were
measured by Multiple Beam Interferometric method. The structure, surface morphelegy,
and compositions of PPDEA thin films were characterized by scanning electron microscopy
(SEM), encrpy dispersive X-ray (EDX) analysis, and Infrared (IR) speciroscopy. ‘The
optical properties ol the thin films were investigated by Ultraviolet visible {UV-vis)
absorption spectroscopic analysis.

1n SEM analysis, a smooth, fawless and pinhole free surface was observed for PPDEA thin
films. No significant change was observed in PPDEA thin films of difTerent thicknesses.
The EDX analysis indicated the presence of C, N and O in the samples. The presence of O
in PPDEA which is not present in DEA implies incorporation of carbonyl and hydroxyl
groups through the reaction of the free radicals. IR analysis reveals that the PPDEA thin
film deposited by plasma polymerization technique does not exactly resemble 1o that of the
DEA monomer and the presence of carbonyl group is detected The absorption coefficient
a, at various wavelengths was calculated using the UV-vis data. The direct transition cnergy
Eg 4 and indirect Lransition energy E, g, were obtained by extrapolating tbe linear portion of
the plots of {ahv)’ vs hv and (n'.hv)”z vs hv rcspectively to intercept the photon energy axis.

The current density-voltage (J-V) characteristics of PPDEA thin films of different thickness
have been studied at different temperatures. In the low voltage region, the conduction
current obeys Ohm’s law while the charge transpori phencmenon appears to be electrode
limited Schottky type conduction in the higher voltage region. The temperature dependence
of the current density for different bias voltages was also investigated. From the arrhenius
plots of ¥ vs. 1/T, it is found that the activation energies (AE) decrease as the bias vollage
increases. The activation energics are about 0.1¢ £ ¢.03 eV and 0.20 £ 0.05 ¢V at the Jower
temperature region and about 0.69 + 0.06 eV and 0.63 + 0.03 ¢V at the higher temperature
region for 8 end 14 V respectively. The low activation epergy in the low temperature Tegion
and the higher activation energy in the higher lemperature region may be atiributed to a
transition from a hopping regime to a regime dominated by distinct energy lovels. -

it
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Chapter 1 Introduction

1.1. Introduction

Plasma polymerization is one of the modem techniques to deposit umform, pﬁale—&ee
and flawless thin polymer film on any surface that is in contact with the plasma of the
organic moncmer. It is a nnigue and rather nnconventional thin film technology which
yields polymers having properties completely different from those of conventicnal
polymers. The plasma polymer films have cross-linked structure and have good chemical
and physical stability. So these are used in the areas where mechanical, thermal, and
electrical strengths are necessary {1-3].

A variety of techniques for prodneing polymer thin films have been studied. Thin polymer
thin films can be prepared in two ways: one includes wet processes like Langmuir-
Blodgett, spreading, dipping, or solvent casiing methods. The other is dry processing, such
as physical vapor deposition (PVD)} and chemical vapor deposition (CVD). Of these
meihods, plasma polymeriztion is frequently used to make polymer thin films [32-34].
The technique of most intercst to plasina polymerization is the glow discharge, in which
free electrons gain energy from an impoesed elcetrical field, and snbsequently looses it
through collisions with neutral molecules in the gas. The transfer of enmergy to pas
molecules leads o the formation of a hosl of chemically reactive species, some of which
become precursors to the plasma polymerization reaction. Although the recognition of thin
film formation by plow discharpe polymerization can be traced back io 1874, and of
chemical reactions in electrical discharges to 1868, systematic invesligation of plasma
polymerization began only in the 1960s.

Plasma potymers are deposited on surfaces contacting a glow discharge of organic or
orgenometallic feed pases in (he form of a thin film and /or as a powder. Plasma
polymerization is a specific type of plusma chemistry, which invelves reactions between
plasma species, between plasma and surface species and between surface species. [n the
cases of a free radical mecbanism, two types of reaction may be postulated: i) plasma
indnced polymerization and ii) plasna stale  polymenzation. Plasma induced
polymerization is the conventional free-radical induced polymmerization of molecules
containing unsaturated carbon-carbon bonds, while plasma state polymerization depends
on the presence, in a plasma, of electrons and other species energetic enough to break any
bond. A cursory survey of the lilerature concerning plasma polymerization reveals that due

10 the complexity of plasma the bulk of the research has been concentrated on establishing




Chapier | frtraduction 2

the dependence of the macroscopic and spectroscopic properlies ef the product on the
major process variables e.g. power, monomer type, pas flow mte, pressure etc.

Yasuda | 2] proposed the CAP (Compefition - Ablation - Polymerization) mechanism for
glow discharge polymenzation. Bell et al [7] by combimng a certain number of kinetic
modeling studies reporied a model for the plasma polymerization of hydrocarbons. A more
general description was given by Yasuda who identified two repumes of plasma
polymerization in which the mechanisms differ dramatically i.e. the monomer - deficient
and the energy deficient plasma.

Yasuda surveyed 28 moncmers and found that monomers containing aromatic groups,
nitrogen {e.g., -NH, -NH3, -CN), silicon and clefmic double bonds are more polymerizable
while thosc containing oxygen (e.g. -C=0, -O-, -OH), chlorine, aliphatic hydrocarbon and
cyclic hydrocarbon tend to decompose.

An increasing number of applications have been found for plasma polymerized thin Blms
in a wide verity of fields. Several excellent papers of the optical, electrical and electrically
conductive mechanism have been published. Most investigators studied the electrode and bulk
limiled conduction processes which are operstive in these [lms. Simullaneously the optical
properties such as direct or indirect transitions and refractive index have also been [requently
reporied.[5-35]

Plasma polymer Alms have been emploved 1o increase the adhesion and compatibility in
mmiscible systems, Their good adhesion to metals, ceramics, and other polymers has
potential applicaiions to adhesion promoters, surface prolective coatings, etc. For this
reason many investigations were made on their morphelogical, structural and chenical

properties.[36-47]

Electronic and photonic properties of polyaniline have atiracted considerable research
inleresi due 1o is polential applications in a wide range of fields. In our laboratory,
investigations have been done on several plasma polymenzed organic thin films including
N. N, 3, 5 tetramethyl aniline thin film. Revicewing the early research work it was found
that DC electrical and structural investigations on 2,6 diethylaniline thin films have not vet
been done. In the present research work, 2,6 dicthylaniline thin film is preparcd by using
the plasma polymerization technique and their electncal and structural properties have

been investigated.
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1.2. Review of earlier research work

Plasma polymerization is a unique iechnique where uniform pinholc-free and flawless thin
layer of polymer filin is deposited on any surface that is in contact with the plasma of the
organic monomer. Plasma polymerized litms have molecular structures different from the
conventional polymers. The most signilicant is that the plasma polymer films have cross
linked structure so that these films are chemically and physically siable and used for the
area in which mechanical, thennal, and electrical strengths are necessary [1,2,3].

Plasma polymers have many applications such as resist in Micro fabrication process,
Electronic ¢lements (thin film transistor, diode switching elements, dielectric sensors, and
capacitors), opto-¢lectronic devices (light guide material, optical fibers, photovoltaic
energy converlers, photodiedes, optical coatings to inhibit corrosion) ete. [1].

Electrical conduction in polymers has been studied extensively during the last couple of
decades to understand the naitore of charpe transpori in these materials. Varioas
mechanisms, such as Schotlky emission, Poole-Frenkel emission, and Space-charpe
timited conduction have been supgested for the charge transport [4, 6]. The first of various
cleetrically conductive polymers was polyacetylene. Other specially polymers in this class
that have been extensively studied includes polyaniline, polythiophene, poly(p-phenylene)
and polypyrmolke [3].

Plasma polymerized thin organic film gains increasing scientific interest for their
remarkable optical and cleetrical properties. FL. Akther and A. H. Bhwyan [5,6] deposiled
plasma polymerized N, N, 3, 5 tetramethylaniline {PPTMA) thin ftlm onto plass substrates
al Toom temperature by a capacilively coupled plasma polymerization system. They
reported from the IR spectroscopy, Elemental analysis (EA), and UV-vis spectroscopy that
this film conlains more conjugation as compared te the monomer. The z-x* transition in
PPTMA thin lilm demonstrated the presence of en increased degree of conjugalion in the
resulting [ilms for different thickness and its current density-voltage (J-V) characteristics
indicated the space charge limited conduciton. Electneal and opiical measurements
suggested that the top of valance band and the bottom of the conduction band may have
gap slates and the middle of the energy gap may be equal io the high-temperature
activation energy. F-U-Z Chowdhury and A. H. Bhuivan [7] mvestigated the optical
propertics and chemical structure of plasma polymerized diphenyl (PPDP) thin {ilms. The
IR spectroscopic analysis revealed that the structure of PPDP thin films are not structurally
the same as Lhat of the monomer and cyclization / aggregation by conjugation occurs in the

PPDP structure ¢n heat treatment which is partially relieved on aging. The band pap was
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not affected appreciably by heat treaiment whereas 1115 modilied on aging. Mustarl Zaman
and A. H. Bhuivan [8] deposiled plasma polymerized tetraethylorthosilicate (FPTEOS)
thin films by a capacitively coupled paralle! plate glow discharge reactor. From LA and IR
spectroscopic analysis they showed that the PPTEOS film deposiled by the plasma
polymerization (echnique does not exactly resemble to that of monomer
tetracthylorthosilicate (TEOS) structurc. From UV-vis spectroscopy it was found that the
extinction co-efficient, K, ¢n pholon energy indicates the probability of electron transfer
across the mobility gap, rises with thc pholon energy. Al-mamun, Islam and A, H.
Bhuiyan [9] used a chemical bath deposition (CBD) technigue for the preparation of thin
films onfo glass substrates and investigaled structural, electrical and optical properties of
these films and their studies revealed that the films with cubic structurc show very low
resistivity and optical absorplion of the films result from free carnier ahsorption in the near
infrared region. F-U-Z Chowdhury and A. H. Bhuivan {10] investigated on plasma
polymerized diphenyl (PPDP) films which were depesited using a capacitively coupled
glow discharge tcactor and showed thal Poole-Frenkel mechanism was operative In the
heat-treated PPDP films. A. II. Bhuiyan and A-B-M Shah Jalal [11] deposited plasma
polymerized m-Xylene thin films using a capacitivcly coupled glow discharge reactor.
From the I-V characteristics they found that Pocl-Frenkel cenduction mechanism was
most probable in these Alms. N. Nagaraj ef.al. [12] studied the [-V characteristics of doped
polyvinyl films as a function of lilm temperature and dopant concentration and found that
the dominant charge transport mechanism 1n this film is Schottky type. C. J. Mathai et.al.
[13, 14] found the Schotiky type conduction mechanism in Polyaniline thin films with
asymmelric electtode configuration. They also prepared the radio frequency (rl) and ac
plasma polymerized aniline thin Alms and found that the oplical band gap of these lilms
differ conmiderably and the band gap was further reduced by in situ doping of iodine. It has
been shown that electrical conduetivily of this film in the case of rf plasma polymerized
thin films has a higher value compared to that of ac. ledinc doping enhanced conductivity
of the polymer thin films considerably. Tamirisa et.al. [15] synthesized polyaniline thin
films on several substrates positioned at varions distance from the center of the coil of an
inductively coupled pulsed-plasma reactor. TR spectroscopy results revealed that the
chemical composition and structure of the films were very dependeni on the substrale’s
position with respect to the rf coil. SEM studies indicaled that as the {ilms became thicker
they developed nodules atep a somewhat smoother underlayer. The impendence

measurements were consisient with relatively rough films possibly contaimng pinholes.
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M. M. Nahass ctal. {16} reported the dependence of electrical conductivity {de.ac) and
dielectric properties on temperature and on frequency of thermally deposited thin films of
N-{p-dimethylamincbenzylidene)-p-nitroantline (DBN). The dc conduciivity indicated a
thermally activated carrier hopping rale which increased with increasing lemperature, The
obtained cxperimental results of ac conductivity showed that the correlated barier
hopping model is the appropriate mechanism for the clectron transport in the DBN flm.
Bolh the dielectric constant and dielectric loss showed a decrease with increasing
frequency. Several investigations were carried out on polypyrrolle thin films. K. Rajan
et.al. [17] found that iodine doping increased the conductivity of the film and decrcased
the opticul band-gap energy. A comparative study of the [R spectra of the monomer and
the polymer pyrrole gave information that the ring structure was retained duning plasma
polymerization. R, Valasky et.al. | 18] demonstrated that the thickness strongly inlluences
the clectrical behavior in the elechodepesifed polypyrrole (PPY) films. Thinner PPy films
presented betler morphological characteristics, which permitted higher charge carrier
maobility. M. 8. Silverstein et.al. [19] investigated structural, electrical, optical properties
of plasma polymerized thiophene (PPTh) and found that the PPTh films differed from the
monomer structure, the band pap for the PPTh films is similar to that for conventional
PTh. Undoped films exhibited nonlinear I-V behavior typical of Schottky metal-
semiconductor barrier with breakdown al reverse bias. lodine doping yielded Ohmic -V
behavior. X. Zhao et.al. [20] mvestigated on the plasma polymenzed 4-phenylbenzonitrile
and FTIR, X-ray photoelcetron spectroscopy (XPS) and Atomic force microscopy (AFM)
characterizations on this filin showed that the homogeneous film with 4 large r—conjugated
systern and high refention of aromatic ring structure was obtained when a low discharge
power was used. A blue emission wth relatively high photoluminescenee intensity for thin
films was observed. Xiao Hu etal. [21] prepared plasma polvmenized 4-cyanopyridine
(PPCPD) thin films of desired thickness through plasma polymenzation under difTerent
clow discharge conditions. The cffcet of the discharge power on this [1im was investigated
by FTIR, UV-vis and XPS measurements. A high retention of aromatic ring structure of
the starting monomer in the deposited plasma films was obrained when a low discharge
power was used. A red shift m the maximum absorption wavelengih for the films was
observed as compared with the monomer absorption spectrum. The AFM showed that the
PPCPD film with quite smeoth surface could be grown under 3 relatively low discharge
power. M.M. El-Nahas etal. [22] investipated on physical characteristics of 4-
tricyanovinyl-N, N-diethylaniline. The differential scannimg calorimetny (DSC) showed
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the stability of this compound up to 423 K. The femperature dependence of the electrical
conductivity was found typical for semiconducting compounds. The J-V characlerislics
revealed that, the conduction cument obeys Ohm’s law while the charge transport
phencmenon appears lo be space-charge limiled in the higher voltage region. 5. Saravanan
etal. {23} prepared polyaniline thin (ilms by employing an rf plasma polymerization
technigue, Measuremenls on capacilance, dielectric constanl, dielectric loss and ac
conductivity which were cvaluated in the frequency renge 100 Hz - 1 MHz showed that
the capacitance and dielectric loss decreased with increase of trequency and inereased
with increase of temperature. The ac conductivity was calculaicd from the observed
dielectric constant and was explained based on the Austin - Mott model for hopping. The
FTIR. studies revealcd that ihe aromatic ring is retained in the polyaniline, thereby
increasing the thermal stability. T. Liang ct.al. {24] demonsirated the effect of film
thickness on the elecirical properties of polyimide thin films. With decreasing film
thickness, the dielectric constant decreased but the conduction current increased. Using TR
spectroscopy, polyimide chains were found o be onented paraliel to the electrodes. The
dependence of the dielechic constants on film thickness was explained by the orienlation
of polymer chains. X. Y. Zhao etal. [25] charactenized the plasma polymerized 1-
Cyanoisoquineline thin films. From IR, XRD and SEM shudics it was found that a high
retention of aromatic ring structure of the starling monomer was found in the films. As the
films were homopenecus it was used for dielecine measurements and it showed a low
diclectric constant which was obtained for this film for the first time. M. Campos et.al.
[26] saw Lhe influence of meihane in the clectrical properties of polypyrrole films doped
wilh dodecylbenzene sulfonic acid. Measnrements on dc electrical current and capacilance
as a function of vollage revealed that a metal with Iow work functien could be usad to
form a non-ohmic conlact with doped polypymole (PPy). The junction parameter, the
saturation cwrent density and the idealily current factor were influenced by he methane
gas. The response to methane was in agreement with these for Schottky diodes using a
thermionic emission theory. The inleraction of the PPy with methane was explained by
changes in the Schottky barrier height and in the camer conceniration of the diedes which
were confirmed by capacitance-voltage measurements. F. Brovelli et.al. |27} synthesized
I-furfuryl pyrrole thin films and characterized them. The surface morphology showed a
high coverage etliciency of the deposition process. I-V characteristics on Indium tin
oxide/polymer/Al structures exhibiled a tum-on voltage of .70 V. The charge injection

mechanism m this structure was related to a Fowler-Nordheim tunneling effect.
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E. Yokuphanoglu [28, 29] determined the optical band gap, refraclive index, optical
absorption properties, type of optical transilions, extinction co-efficient, and dielectric
constant of some organic thin films. For some organic thin films it was found that the
absorption spectra mechanism is due to boih direct and indirect transition. The Urbach
energies were calculated and it was found that the refractive index values were decreased
with wavelength. Jinmo Kim et.al. [30] did a quautitative analysis of the surface density of
amine groups on 2 plasma polymenzed ethylenediamine thin film deposited on a platinum
surface using inductively coupled plasma chemical vapor deposition mcthod. They
showed that the chemical derivatization in FT-IR spectroscopy is o useful way of
quantifying the surface density of amine groups on PPEDA films. Afier a comparative
analysis they indicated that chemical derivatization in all threc independent surface
sensitive analysis (ools (FT-IR, UV-vis, XPS) can be used to quantify surface aminc
density. Tsuyoshi Michinobu etal. [31] investigated the optical and electrochemical
properties of carbazole containing donor-acceptor (D-A) type conjugated polymers by
acceptor moictics and 7 spacer groups. They found that copolymerization with a stronger
electron acceptor leads to more efficient intermolecular D-A coupling, which was
evaluated by the optical absorption spectra of the charge transfer band as well as the
elecirochemical oxidation potential. S.H. Cho L. 8. Bae, M. L. Kim etal. [32-34]
deposited polymer like organic thin films at room temperature and different radio-
frequency powers by PECVD method using ethylcyclohexene as precursor. In this study,
they especially compared the difference of corrosion resistant and opfical propeniics of
plasma polymerized organic thin films gown at varicus r powers. The protective
efficiency, crosslinking density, optical refrective index and conlact angle increased wilh
incrensing tf power. AFM and SEM data showed quite smooth and dense surface
morphology with mereasing rf power. Another preparation with methylcyclohexane and
ethylcyelohexane as organic preeursors and hydrogen and Ar as a bubler and carrier gas
indicated that as the plasma power was increased, the contact angle, refraclive index, and
main absorption peak of thin films were increased while the optical transmittance was
decreased, signifying that the plasma polymerized organic films have more low surface
energy with increasing rf power. The Uv-vis spectra showed an energy band gap shift
from 3.78 to 4.02 ev with increasing rf power. X. Y. Zhao et.al. [35] studied the effect of
discharge power on the chemical strueture and surface compositions of plasma-prepared
poly (4-biphenylcarbonitrile} (PBPCN) thin films using FTIR, U¥-vis and XPS. The
results showed that a larpe 7 conjugated system can he formed in the PBPCN thin films at

N



Chapter [ frtroduciiam &

low plasma discharge power of 30 W, and the plasma polymerization of 4-
biphenylcarbonitrile monomer took place mainly through the opening of the  bonds of the
=N functional group. A high discharge power of 30 W brought about more severc
molecular (aromatic ring) fragmeniation and thus the conjugation length of PBPCN flms
decreases due to the formation of non-conjugated polymer. Wu Li-guang et.al. [36]
deposited 1.1.1-trifluorocthanc thin film using a parallel plate plasma reacter. The
chemical stucture of this film was analyzed by FTIR and XPS which showed that the
polymerization was divided into two regions: encrgy deficient and monomer deficient.
The deposition rate of the film increased with an increase of W/Fm, reached a maximum
value and then decreased. Tamirisa etal. [37] deposited hydrogel films of N-
isopropylacrylamide in a parallel plate capacitivcly coupled 5I plasma reactor. Chemical
bonding structures in these films were studied using FTTR and the thermo responsive
nature of the film was confirmed through contact angle geometry. A reversible
temperature dependent conlact angle change was observed. A. K. M Farid ul Islam ct.al.
[38] studied the effects of temperature on ¢lectrical transport properlies on spray deposited
MnQ; thin films which revealed that thc samples were non-degencratc n-type
semiconduciors and the transpori properties were interpreted in terms of Seto’s model
which was proposed for polyerystalline semiconducting films. Hidenobu Aizawa [39]
prepared plasma polymerized teri-butylacrylate {(pp-t-BA} film using terli-butylacrylate
monomer under 100pa of vapor pressure with varying rf power of 10-230Wand
continuous wave rf power of 13.56 MHz. Deposition amounts of this film were measured
using QCM (quarlz crystal microbalance) technique during polymenzation. They showed
that the deposition mates of pp-t-BA fihn were proportional to the polymcrization tine at
100pa of monomer pressure under the same tf power and increasing the rf power on
plasma polymerization, decreased the amount of ester groups in pp-t-BA films. The FT-
IR, XPS characterizations on lhese film supgested that some ester groups in pp-t-BA
might decomposed during plasma polymerizalion. J. Stepskal etal. [40] exposed
polyaniline to iodine in an ethanol-water suspension. Polyaniline (PANI) base reacied with
iodine and its conductivity increased by five orders of magmitude. The FTIR resulis
cshowed that the increase in conductivity wasg due lo protopation of PANI with the
hydriodic acid that was produced in the oxidation of the emaraldinc basc to the
pemigraniline form,
B. Despax el.al. [41] deposited polysiloxane thin films conlainmg silver particles by an rf

asymmetrigal dischargeThe presence of silver in the gas phase was detected by optical
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cmission spectroscopy. The FTIR spectra revealed the presence of §i-0-8i, §i-C-53, $iCH,
and C=C gronps whose amount varied with the silver content. Transmission eleciton
micrograph {TEM) analysis showed Ag nanoparticles with sices varying from 4 Lo 70 nm
depending on the silver volume fraction. E. Vassallo ctal. [42,43) deposited thiophenc-
like films by Plasma enhunced chemical vapor deposition (PECVD) in pulse mode using
3-methyl-thiophene as monomer and investigated by varying the 1l peak powers in the
range of 30-120 W. XPS and FT-IR showed thiophene-hke structural properties. The
energy gap decreascd from 2.69 to 1.86 ev with increase m rf plasma power and showed
semiconductive polymer properties. They also used XPS, IR and glectrochermcal methods
to characterize the plasma deposited SiO, thin films for iron coatings wilh corrosive
resisiance capabilities. The IR spectroscopic analysis revealed that the increase of power
in the glow discharge resulted in the formation of CO, gaseous species and of mgher
oxidized silicon specics in the ilm. A major oxygen conlent in plasma phase produced
more inorganic compact and cross-linked films, with anticorrosive properties. R.
Clergereaux etal. [44) studied the elfects of oxygen plasma post-lreatment by de and
microwave (mw) processes on plasma polymerized hexamethyldisiloxane (PPIIMDS0})
layers was compared in terms of post-treated layer thickness, composition, structure and
properlies. It was found that mw processes were more ellective than de due to the
diflercnees in the density of the oblained coatings {the oxygen deffusion coefficient
decreascs when the film density increases and the rcaction rale is linked to the film
structure). Furthermore the PPHMDSO film properties, such as band gap cnergies,
refractive index, wetlability and hardness, change with the oxygen post-treatment. V. Cech
et.al. [45] depesiled plasma polymer thin {ilms on silicon wafer using an rf glow discharge
operaled in pulsed mode. Microscopic and spectroscopic technigue revenled that physico-
chemical properties of plasma polymer depend on the eflective power used if the {low rate
was constant. The deposition rate and surface roughness of films varied with the rf power.
The efractive index and extinclion cocfficient increased with of power. IL L. Luo et.al.
[46] did the plasma polymerization of styrene with carhon dioxide under glow discharge
conditions. The XPS8 and FTIR sudies revealed thai chemical compositien of the plasma
polymerized films was dilferent from that of the thermal polymerized film and the oxygen
content on the plasma polymerized films increased with the llow rate of CO;. Furthermore
the presence of oxygen containing groups on the surface of films was confirmed. It was
also found that the compeosition and morpholopy of the plasma polymenzed films were
controlled by the flow rate of COs. R. Jafari etal. [47] deposited plasma polymerized
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acrylia:; acid (PPAA) coating on polyeihylene films, in a 70 kIz low pressure plasma
reactor at various plasma powers. The COOH retention of PPAA coalings and its slability
to washing in water were investigaled by XIS, water contact angle {WCA), FTIR,
ellipsometry and SEM analysis. The resulls showed that the use of higher powers leads to
an increase of stability of the coating due to a high degree of cross-linking. Optical
emission spectroscopy (QFS) measurements showed good comrelation between the CO

density in the gas phasc and the carboxylic content of PPAA coaling.

1.3. Objectives of the Present Study

The objectives of this work are to prepare thin film of 2, & diethylaniline (DEA) by well
established glow discharge polymerization technique and characterizing those using
different physical techniques. To get the desired sample deposition the plasma proccss
parameiers would be controlled properly. The structure, absorption cocfficient, optical
energy paps, direct, and indirect transitions, de clectrical conduction mechanism of Lthe
plasma polymerized 2, 6 dielbylaniline {PPDEA) would be investigated. Finally, the
structure - property relation of the thin Tilms wonld be analyzed with a view Lo Tind its
suilability in elecirical and optical devices.

Scanning electron microscopic (SEM) and an Energy Dispersive X-ray {(EDX) anulysis
would be done to investigate the surface morphology and compositional analysis of
FPDEA thin films. _

The chemical structure of the DEA monomer and PPDEA thin film would be investigated
by Infrared (IR) spectroscopy. A comparative sludy between the two spectra would be
done to asceriain the chemical changes oceurred in PPDEA thin film in contrast to the
monomer DEA.

The Ultra-violet-Visible (UV-vis) optical absorption spectroscopic analysis would be done
to determine the absorption coefficient, direct and indirect tramsition energy gaps in
PPDEA thin [ilms.

In current-voliage measurements, the variation of current with temperature at different
applied vollages of samples of different thicknesses will be measured to specify the charge

transport mechanism in the plasma polymerized 2, 6 diethvlaniline thin film.
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1.4, Thesis Layout

The thesis is comprised of seven chapters which includes following contents.

Chapter 1 presents the introduclion, review of some earlier und recent work of interest,
objectives of the present study.

Chapter 2 gives a brief discussion on plasma, classification of polymers, plasma
polymerization, reaction and growth mechanism in plasma polymerization, dilferent types
of glow discharge, some characteristic differences of plasma polymers from the conventional
polymers etz

Chapter 3 describcs about the monomer and the experimental detils of plasma
polymerization which have been done in the laboratory.

Chapter 4 conlains the experimental procedure, results and discussion ol scanning electron
microscopy, energy dispersive X-ruy analysis and infrared spectroscopic analysis which are
done on PPDEA thin films.

Chapler 5 includes the experimental procedure, resulls and discussions of Ulira violet visible
absorption spectroscopic analysis on PPDEA thin films.

Chapter 6 involves the brief description of de conduction mecbanisms, which are generally
operative in plasma polymerized (hin films. The nature of J-V characteristics and lemperature
dependcnce of current of PPDEA thin films are included in this chapter.

Chapter 7 finally gives the conclusions and suggestions of future research work.
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2.1 Introduction

Fundamental espects of plasma, polymer and plasma pelymerization are discussed in this
chapter. The details of plasma, Clagsification of polymers, reaction and growih mechanism
in plasma polymerization glow discharge plasma, difference between plasma polymer and
conventional polymer are illastrated in this chapter.

2.1. Plasma

The term plasma was [irst applied o ionized gas hy Dr. Irving Langmuir an American
physicist and chemist in 1929. Plasma is a partially ionized pas composed of freely
moving electrons, ions and nculral specics, there being approximatcly the same density of
posilive charges as of negative. In point of fact it is not necessary for both groups of
charge carriers to be mobile for the system to disptay plasma characteristics; one group
can be stationary, as for example, are the positive lattice ions of a melallic solid. For
plasma to display plasma characteristics, however the average dislances, between the
plasma charged particles must be very much smaller than the physical dimensions of the
total plasma.

The term “Founh state of matier” often used to describe the plasma state was coined by
W. Crooke in 1879 to descrihe the ionived medium creaicd in a gas discharge. The term
fourth state of matter follows from the idea that as heat is added to a solid, it under goes a
phase transition usually to a liquid. If heat is added to a liquid the kinetic chergy of the
molecules becomes large and it becormes gaseous. The addition of still more energy to the
gas, results in the tonization of some of the atoms. At a icmperature above 100,000 K most
matter exists in an ionized siatc and this stsle of maiter is called the fourth state of matter.
{n analysis plasmas are far harder to mode] than solids, liquids and gasses because they act
in & seif-consistent manner. The separation of electrons and jons produce elecuic ficlds
and the motion of electrons and ions produce both eleciric and magpelic fields. The
electric fields than tend to accelerate plasmas to very high energies while the mapnetic
fields tend to guide the clecmons.

Although 99.9% of the apparent universe exists in a plasma state, there is very little in the
way of natural plasma here on carth because the low temperature and high density of the
earth and its near atmospherc preclude the existence of plasma. This means that plasma
must be created by experimental means to study its properties.

Plasma can be created by various techmiques such as combustion flames, Elcctrical
discharges, controlled nuclear reactions, shocks and other means. The technique of most

mterest is the glow discharge. Plasmas produced by this technique are called non-
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equilibrium or cold plasmas in contradistinetion to equilibrium plasmas crealed by ares or
plasma jets, The term non-cquilibriurm means that there is no thenmal equilibium between
electrons and other neutral species and ions. The ambient temperature of plasma in a
plasma polymerization reaction however is generally in the vicinity of 380 to 400 K and
remains reasonably constant afier 2 steady-state condition is esiablished.
Plasma properties are sirongly dependent on the bulk parameters. Some of the most
imporiant plasma parameters are—
1.The degree of ionization, [1. The plasma temperature III. The density, IV. The magnetic
hield in the plasma rcgion.
Based on the relative temperatures of the electrons icns end neutrals, plasmas are
classified as thermal or non-thermal. Themmal plasmas have elecirons and the heavy
particles at the same temperature i.e. they are in thermal equilibrium with each other. Non-
thermal plasmas on the other hand have the ions and neulrals at a mnch lower temperature
{ambient temperaturc) whercas electrons are much “hetter’. Plasma is sometime referred to
as being hot if it is nearly fully ionized or cold if only a small fraction (for example 1 %o}
of the gas molecnles is ionized. Even in “cold’ plasma the electron temperature is still
typically several thousand degrees. Plasmas utilized in plasma technology (technological
plasmas} are usually cold in this sense.
2.3. Polymers
The word polymer was derived from the classical Greek words “poly™ meaning “many”
and “mers" meaning “pars”. Simply stated, a polymer is a material whose molecules
comtain a very large number of aioms linked by covalent bonds, which makes polymers
macromolecules. Cerlain polymers available in nature are protein cellulese, silk etc. while
many others including polystyreﬁe, polyethylene and nylon are produced only by synthelic

routes.

2.3.1. Classification bascd upon difTerent factors related to polymers

Thermat processing behavior Thermoplastie, Thermosets.
Polymerization mechanism Ddition (step growth),
Condensation {chain growth)
Chemical structure Homachain (single, double, Tniple bonds
along thair backbone),
Heterochaim
Monomer arrangement Copolymers (bwo different repeating units
in their chain), Ter polymers {three
chemically different repeating units)
Tacticity Isotactic. Syndeotaclic, Alaciic
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2.1.2. Crystalline and amorphous states of polymer
Usually the biggest in polymer properties result from how the atoms and chains are linked
topether in space. Polymers that have a 1D structure will have different properiies than

those that have either a 2D or 3D structure. Thus polymers can also be classified in the

following way.
Form of network Form of molecule
One dimensional | Two dimensional | Three dimensional
Flexible chain | Rubbers {naiural
synthetic}
Amorphous
irrepular Rigid chain Glassy plastics Thermoset plastics
e.g. Polystyrenc e.g. Polysier
Partial Tough plasiics
uonented c.2. Nylon
. Partial Fibers and films | €.g. Carbon [ibre
Crysalline | griented (natural man
regul:u' Ill‘ﬂdﬂ)
Porfect Single crystals e.g. Graphile
c.g. Polyvethylens

The morphology of most polymers is semi-crystalline. That is, they form mixtures of small
crystals and amorphous material and melt over a range of temperature inslead of at a
single melting point. The crystalline material shows a high degree of order formed by
folding and stacking ef the polymer chains. The amorphous or glass-like struclure shows

no long range order, and the chains are tangled as ilustrated below,

=
C

Crystalline Amorphous

Fig. 2.1. Crystalline and amorphous states of polymer




Chapter 2 Fundamental aspects of plasma, pelvmer and plasma polvmerization 13

k

There are some polymers that are complele!y amorphous, but most are a combination with
the tangled and disordered regions surmrounding the crystalline areas. Such a combination is

shown 1o the following diagram.

- I
L e e Il
- TR B

Fig.2.2. Disordered region in amorphous polymer

An amorphous solid is formed when the chains have little orientation throughout the bulk
polymer. The plass transition temperature is the point at which the polymer hardens inte
an anmorpheus solid. This term is used because the amorphous solid has properties simlar

to plass.

In ihe crystallization process, it has been observed that relatively shorl chains organize
Lhemselves into crystalline struchures more readily than longer molecules. Therefore, the
degree of pelymerization (DF) is an important factor in determining the crysiallinity of a
polymer. Polymers with a high DP have difficulty orpanizing into layers because they tend

10 become tanpled.

The cooling rate also influences the amount of crystallinity. Slow cooling provides time
for greater amounts of crysullization to occur. Fast rates, on the other hand, such as rapid
quenches, yield highly amorphous materials.

However, the most common way of classifying polymers 1s to separale them into three

Zroups
Polymers
Thermoplastics Thermosets Elastomers
i |
Crystalline Amorphous
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i. Thermoplnstics:

Moletules in a thermoplastic are held together by relatively weak intermolecular forces so
thm the material softens when exposed to heat and then retumn to its original cordition
when cooled. Thermoplastic polymers can be repeatedly softened by heating and then
solidified by cooling. Most linear and slightly branched polymers are thermoplastic 23
shown in Fig.2,.3(n). All the major thermoplastics are produced by chain polymerization.
ti. Thermaosets:

A thermosctting plastic or thermoset, solidifies or sets imeversibly when heated.
Thermosets cannot be reshaped by heating. Thermosets usually are 3-dimensional
networked polymers es shown in Fig.2.3(b) and are formed by the condensation
polymerization process, These polymers posses & high degree of cross-linking between
polymer chain, which restrict the motion of the chain and lead to a rigid material.
iii,Elastomners:

Elasiomers are rubbery polymer that can be stretched easily to several times their
unstretched length and which rapidly retumns to their original dimensions when the applied
stress is released. Elavlomers are cross-linked but have & low cross-link densiiy as shown
in Fig,2.3(c). The polymer chain still have some freedom to move, but are prevemed from
permanently moving relative to each other by the cross-links. To stretch, the polymer
chain must not be part of a rigid solid either a glass or & crystal. An Elastomer mu=n be
aborve its glass transition temperature T, and have a low degree of erysalliniy.

Fig.2 3, Network structure of {a) thermoplastic, (b) thermoset, (c) clastomer

23.3. Clanification based upon polymerization mechanism
On the basis of processing characteristica, polymers can be <lassified according to the
mechanism of polymerization.

1. Addition 2, Comlenantion
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Adidition:

A chemical reaction in which simple molecules (monomers) are added to each other to
form long-chain molecules (polymers) involving some sort of active centers ond forms no
by-producis. The molecules of the monemer join together to form a polymeric product in
which the molecular formula of the repeating unit is identical with that of the monomer.
'The most commen type of addition polymerization is free radical polymerization.

The following diagram shows the formation of a radical from its initiator, mn this case

benzoyl peroxide.
i 7 ]
AL
Break Bond Here Free Radical
fActive Center)
Condensation:

The monomers fer condensaiion polymerization have two main characteristics.

= Instead of double bonds, these mononers have functional groups (ke alcobol, amine,

or carboxylic acid proups)
= [ach monomer has at least 1wo reactive sitcs, which usnally means two functional
groups.

Condensation polymers are usually formed by the stepwise intermolecular condensation of
reactive groups.
An example if condensation polymerization is the synthesis of nylon -6,6 by condensation
of adipic acid and hexamethylenc diamine, as shewn belew
This polymerization is accompanied by the liberation of two molecules of water which

me:ns condensation polymerization produces by-products.

Depending on polymerization kinetics another classilication adepted over the additien and
condensation calegories,

Step prowih polymerization:

I'he step prowth polymerization is a polymerization process that involves a chemical
reaction between multifunciional monomer molecules. Tn a slep growth reaction, the
growing chains may react with each other to form even larger chains. Thus a monomer or
dimmer may react in just the same way as a chain hundreds of monomer unils long.

In step growth polymerization a linear chamn of monomer residues is obtained by the

slepwise intermolecular condensation or addition of the reactive groups in monomers.

«r
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For example to make a polyester; two monomers, terephthoyl chloride and ethylene glycol

will react to form a dimmcr.

The dimmer can react with a molecule of terephthoyl chloride or it may react with another
dimmer to form a tetramer and continuing like this in every step it can form a large chain.
The characteristics of step growth pelymerization are as follows:
= Any two molecular species in the mixture can react.
= The monomer is almost all incorporated in a chain molecule in ibe early stages of the
reaction i. €. about 1 per cent of mmonomer remains untreated when chain length,
x,=10. Hence polymicr yield is independent of the reaction time in the later stages.
= At any stage all molecutar species are present in a caleulable distribution.
= Long reaction timnes and high conversions are necessary for the production of a
polymer with large x, and high molecunlar weights.
Chain growth polymerization:
In a chain growth pelymerization, monomers become part of the polymer one at a time,
The charactenstics ol ¢chain growth polymenation are as follows:
= Only growth reaction adds repeating units one at a time to the chain.
= Monomer concentration decreases steadily throughout reaction.
= High polymer is formed at once and polymer molecular weight changes little
throughoul reaction.

= Long reaction limes give high yiclds bul affect molecnlar weight litle.

Polymers can be classitied according to the type and arrangement of monomer/monomers
1n & macromolecule.

Homopolymer:

When a polymer 15 made by linking only one type of small molecule or monomer topether,
it is called a homopolymer.

-A-A-A-ACA-

Copolymer:

When two different types of monomers are jeined in the same polymer chain, the polymer
is called a copolymer.

Alternating copolymer: -A-B-A-B-A-B-
Random copolymer: -A-A-D-A-B-B-B-A-
Block copolymer: -A-A-A-B-B-B-
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BB
BB '
Graf copolymer: -A-A-A-A-A-ARA
?
B
B
Fig.2 4. Block Copolymer Grafl Copolymer Randam Copolymer

23.4. Cross-link in polymers

Highly cross-linked structure is the most significant property of plasma polymers to
distinguish it from the conventiona! polymers. Cross linking in polymer means, in addition
to the bonds which hold monomers together in a polymer chain, many polymers form
bonds between neighboring chains. These bonds can be formed directly between the
neighboring chains, or two chains may bond to a third common molecule. Though not as
strong or rigid as the bonds within the chain, these cross-links have an imporiant effect on
the polymer. Polymers with a high enough degree of cross-linking have "memory.” When
the polymer is stretchad, the cross-links prevent the individual chains from sliding past
each other. The chains may straighten out, but once the stress 15 removed they return to

their original position and the object returns to its onginal shape.

2.4. Plasma Polymerization

Plasma polymerization is a procedure, in which gaseous monomers, simulated through
plasma, condense on freely selectable mubsirates, as high cross-linked layers. Condition for
this process is the presence of ¢hain producing aloms, such as carbon, silicium or sulfer in
the working gas. In this process monomer gas is pumped into a vacuum chamber where it
is polymerized by plasma to form a thin, clear coating. The monomer starts out as a liquid.
It is converied o a gas in an evaporator and is pumped into a vacuum chamber. A glow
discharge initiates polymerization. Plasma polymerizetiou occurs due to the dissociation of

covalent bonds in gas phase molecuies, and subsequent reactions between gas phase
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species and surfaces result in the deposition of polymeric materials. Dissociation results
from interactions between monomer and energetic species, such as ions, electrons,
photons, and excited neutrals created in the plow discharge. The gencration of reactive
species which take part in the deposition of polymeric films under vucoum can be
achieved by the inferactions of monomer and energetic species or by thermolysis of
monomet. The energetic species can cause considerable fragmentation of the original
monomer. The number of different reaclive specics resulting from moncmer-energetic

spceies 18 inleractions limiied only by the energy
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Fig.2.3. Competitive ablation and polymerization, scheme of glow discharpe
polymerization.
of the encrgetic species and the number of ways in which the monomer can dissociate, The
activated fragments are recombined, somelimes accompanying rearrangement, and (he
moiccules grow to large melecular weight oues in a gas phase or at the surface of the
substrate. The process is done in a low pressure, low lempemture plasma. This means the
temperature m the chamber never really dses above room temperature. Plasma
polymerization is essentially 2 PECVD (Plasma enhanced chemical vapor deposition)

process. It refers to the deposition of polymer fitms through plasma dissociation and in the
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excitition of an organic monomer gas and subsequent deposition and polymerization of

the excited species on the surface of the substrate.

Plasma polymerization is chamcterized by several featres:

1. Plasma polymers are not charcterized by repeating unils, as is typical for conventional
polymers.

2. The properties of the plasma polymer are not determined by the monomer being used
but rather by the plasma parameters.

3. The monomer used for plasma polymerizalion does not have Lo conlain a functional

group, such as a double bond.

1.4.1. Control parameters of plasma polymer thin film properties:
(A). Monomer: The monomer most commonly used for plasma polymerization are;
1. Hydrocarbons: Consisting of Lriple, double, cyclic structure and saturated

monomers. Also the polar group containing hydroca Gas

2. Flurccarbons IIIE
3. Silicon conlaining monomers W{ﬂp
Aubairgle

4. Volatile organometallic compounds ) gt PSR
1

Fump

(B). Generation of glow discharge:

Fig.2.6. Plasma Polymerization reactor

1. DC glow discharge

2. DC glow discharpe of alternating polarity (at low frequencies e. g. 60 Hz or <500
K Hz).

AC plow discharge

Radio frequency (13.56 MHz) giow discharpe

Microwave (300 MHz to 10 GHz)glow discharge

Pulsed glow discharze

Atmospheric pressure glow discharpe

e I

Dielectric bammer glow discharge

Depending on the reactor geometry there are several types of discharges;
1. Capacitively coupled {(cc) plasmas
2. Inductively coupled plasmas
3. Symmetric and asymmetnic reactor glow discharges.

(C}. Effect of physical plasma process parameters:
1. Frequency of exciting polential Excitation power,
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excitation power W,
monomer(s) flow rate F [Yolume(STP)/unit time],

Plasma pressure Py,

A

Geomerrical factors, e.g. location of monomer mlet and to exciting electrodes,
dimensions of reactor vessel and of electrodes, etc.,

6. Temperatre of deposition site.
The effect of these paramelers can be understood by considering there effect on basic
plasma parameters 1.e, electron density n,, clectron cnergy dismibution {(E), gas density
N, residence lime for a gas molecule in plasma, t.
Yaguda proposed a contrelling parameter of W/FM which is an apparent input energy per
the unit of monomer molecule in J/Kg; therefore, the magnitude of the W/FM parameler is
considered to be proportional to the concentration of aclivated species in plasma.
Depending on this parameter, the rate of formation of polymer; increases or decreases

under cerlain conditions [3].

2.5, Overall reactions and growth mechanism in plasma polymerizotion

In plasma moncmer molecules gain high energy from electrons , ions, and radicals and are
fraginented into activated small fragments, m some cases into atoms, These activated
fragments are recombined somelimes accompanying rearrangement, and the molecules
grow to large- molecular-weight cnes 1n a gas phase or at the surface of substrates. The
repetition of activation, frapmentation, and recombination leads to polymer formation. The
chemical siructure of polymers formed by plasma polymerization, if the same monomer
was used, is pever predicied from the structure of the monemer, because the fragmentation
and rearrangement of the monomers oceur in the plasma.

An clectron with a high kinetic energy, inleracting with atoms, has an approximately equal
probability of producing either excitation or ionization (excitation is slightly more
probable in the casc of interaction with a molecule). The electron passing closely by an
atom produces in it an electric ficld due to coulombic force. This field causes 2 pulse
acting on the ‘atom’ components. This perturbation of the atom can be theoretically
understoed as equivalent to the Fourier components of the pulse. The electron interaction
with molecules, take place in the same way, as described for atoms. The only difference is
that the excilaiion can result in molecular dissociation.

For exampie:

e+ CFy o [CFa] + ¢ [CF.] : excited CF,
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[CFy] = CF'3+F°

ore +CFs o CFy+F~

Such reactions are a major source of free radicals and negative 1ons. These ‘electron
tmpact dissociations’ require less energy than the dircet ionization events where only the
electrons in the high energy tail of the electron energy distribution lake part. As an
example of simple 1onizalion,

e+ 0 0 + 8

Also dissociation ionization can happen:

e CFy = CF+F'+ 2¢

However, molecular species (e.g. radicals) make a coupling reaction casy beeanse the
dissociation energy can be distributed entircly through a large number of degrees of

frcedom. An example is:

CH*3 + CH*;; — Gl

Electric ficld
Low energy High energy
free electrons free electrons
Autachment Inelastic colhisions
Negative lons l
Excilation

Positive ions

Atloms and molecular free radicals

|

Assuciatedlcﬂmplexes

L . Subsirates " |

Fig.2.7. General hierarchy for the production of aclive species in molecular gas plasma,
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A comment on metasiable species explains that a metastable atom (molecule) can transfer
its energy through a collision with another pariicle and, if this is of lower ionization
potential, the result may be an ionizalion or desiccative onzation event. Such processes
arc known as Penning ionizalion process. The general hierarchy for the production of
active species in a molecular gas volume is shown m Fig. 7.

Plasma polymerization consists of several reaction steps:

At first, generation of free tadicals and atoms are occurred by collisions of electrons and
ions with momomer molecules, or by dissociation of monomers absorbed on the surface of
the sample. Secondly, propagation of the formation of polymernic chain which can take
place both in the gas phase (by adding radical atoms to other radicals or molecules) and on
the deposited polymer film (by interaction of the surface free radicals with cither gas
phase or absorbed monomers). Finally, fermination can also take place in the gas phase or
at the polymer surface, by similar process as in the propagation step, but ending either
with the final product or with a closed polymer chain. The individual steps and reaction
(hat occur m plasma polymerization generally depends on the system. This type of
polymerization can be represented by the following staternents.

Initiation or Reinitiation
M; —» M'.-
M~ My
Propagation and Termmination
M, + My = M;-M;,
I"a’l,“r + M = M-M;
In which i and k are the numbers of repeating units ( i.e., i=k=I for the slarting material),

and M’ represents a reactive species, which can be ion of cither charge, an excited
molecule, or a free radical produced by M but not necessanly relaining the molecular
structure of the starting material. [n plasma state polymerization the polymer is formed by
the repealed stepwise reaction.

Yasnda suggested that the growth mechanism of plasma polymerization would vary likely
be the rapid step growth reaction,

[Mp + M, = Mpaq XN

Where 8” is the mono functional reactive species such as a free radical Re, W 15 the
number of repetitions of similar reactions and m ad n represents different reactive spectes.
In case of monofunciional reactive species, a single elementary step is indeed a
termination process and does not contribute without additional elemeniary step.

For a difunctional reactive species. such as a diradical, the polymerization can be

represented by
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N'M" o (M)
Tt shows that as polymerized polymers contain a measurable quanlity of free radicals.
The overall polymerization mechanism based on the rapid siep growth principle is shown

in Fig 2.8.

Cycle - 1

l
/N]i*-i-M — M]+M'
SAMM —— MM —
Mi g M:

L My +M; +—*  Cross-cycle reaction

//' M
!Mk-ti'.‘ ——-—F‘Mk*'M'_—|
T *M]: + 'Mi‘_"’ My - Mi

Plasma
excitation

Cycle-2

Fig.2.8. Schematic representation of bicyclic step-growth mechanism in plasma
polymerization.

Where M, refers to a neutral species, M iz the monofunctional activated species and M*
i¢ the difanctional, The subscripls i, j, k indicale the diffcrence in the size of species
involved. Cycle 1 is via the repeated activation of the reaction products from
monofunctional activaled species, and cyele 1] is that of difunclional.

The species participating in the rapid step growth polymerizalion can be mono- or

multifunctional (radical, cation, cation-radical, diradical, etc.){1.8, 23].

2.6. Glow Discharge

A glow discharge is a kind of plasma. Tt is an iomized gas consisting of equal concentrations
of positive and nepative charges and a large number of ncutral species i.¢. a plasma. In the
simplest case, it is formed by applying a polential difference (of a few 100V to a few kV)
berween two electrodes (hat are inserted in a cell {or that form the walls of the cell). The celf
is filicd with a gas {an inert gas of a reactive gas) at a pressure ranging from a few m Torr to
almospheric pressure. Due to the polential dilference, electrons that arc emitted from the

cathode, give rise to collisions with the gas atoms or molecules (excitalion, icnizahion,
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dissociation). The excitation collisions give rise to excited specics, which can decay 10
lower levels by the emission of light. This process is responsible for the characteristic
name of the “glow discharge”. The lonisation collisions create ion-clectron pairs. The

ions are accelerated

Ary + 2 anode

cathode /
+ )

¥ig.2.9. Schematic representation of the basic processes in a glow discharge.

toward the cathode, where they release secondary electrons. These electrons are
accelerated away from the cathode and can give rise to more ionization collisions. In ils
simplest way, the combivation of secondary electron emission at the cathode and
jonization in the gas, gives rise o self-sustained plasma. The character of the gas discharge
critically depends on the frequency or modulation of the current.

2.6.1. DC glow discharges

For a DU glow discharge, the mechanisim involves the bombardment of the cathode with
positive ions. resulting in the generation of the secondary elcctrons which in tum aceclerated
from the cathode until they have gained encugh energy to ionize a molecule (atom) by
inelastic collision. A DC glow discharge is observed 1o have four distinpuishable lighter and

darker zones which are shown in Fig.2.10.
1. Cathode region: Asion dark space, cathode (Crooke/TTittort) dark space.

2. Negative glow region: negative glow, Faraday dark space.
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3. Positive column region: positive columa.

4. Anode region: ancde dark space, anode glow layer.

Dark space
(_.1 - T a = - - - —  mve=ne R ~
Aston . cathode Ffirada}rr anode-
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Fig.2.10 Normal glow discharge; (a) the shaded areas are luminous, (b)
distribution of polential among luminous zones.

The zone which consists of the Aston dark spacc, the cathode glow and the Cmnke’s‘; dark
space acceleralion of positive ions to the cathode, and electrons away from it, is observed is
that between Lhc calhode and negative glow. The thickness of this zome i3 inversely
proporiional to pressure and decreases with increasing potential drop between the clectrodes
becausc; it is approximately the mean distance travelied by an electron from the cathode
hefore it makes an jonization collision. The negative glow which occurs after the Crooke’s
dark space is a zone of high concentration of positive jons formed by collision with encrgetic
electrons emmerging from the Crooke’s dark space. Thus the operation of the glow discharge
depends critically on the role of" the cathode dark space. [n addition to lons, molecnles in
excited states are formed in the nepative glow (thereby giving rise to bnght glow by
relexation to lower stales) as well as negative fons (combination of neutral and electron) and
free radicals (combination of positive ion and clectron). The positive column may be
considered a conduit of current fromn the negative glow to the anode. This region is the region

of plasma because a parlially ionized gas consisting of cqual numbers of positive and
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negative charges, in additon to neuiral molecules. The current is carried largely by the more
mobile elecons that enwer the positive eclumn from the negaiive glow and Faraday dark
space. The role of the anode is to transform current from the glow discharpe o the external

cireuit. When there is no positive column, the anode is usually in the Faraday dark space.

A decrease of pressure of the glow discharge or of length of the reactor simply resulls in a
decrease of the relative volume assipned  the positive column, which may be eliminated
allogether without extinguisting the glow discharge. The salient characteristic of the TYC
glow discharge is that the negative glow contains a higher concentration of ioms, electrons
and other active species than the positive column and therefore emits a brighter glow
[3,8,23].

2.6.2. AC and RF glow discharges

If an ac voltage up to (kH7) is used, the discharge is still basically ol a de type and each
electrode really acls as cathode and anode alternalely. However as the frequency is
increased, the motion of ions can no longer follow the periodic changes in ficld polarity.
This resull in a significant reduction in (he loss of charged particles from the system and a
concomitant decrease in the voltage required to maintain the glow discharge. Rising the
frequency of the applied voltage, posilive ions become immobile and the positive space
charge is parially retaincd from one half-cycle to (he next (this helps the discharge to
reinitiate). Above 500 kHz, the regeneration of electrous and ions that are lost (o the walls
and electrodes takes placc within the body of the plasma. When the random collisions of
electron with gas molecule oceur, the electron pick up an increment of energy with each
collision. As a free electron in a vacuum under the action of an alternating electric field
oscillates with its velocity 90° out of phase with the field, and gain no cncrgy, the electron
can get energy from the field only for the elastic collisions with the gas atoms, as (he
electric field converts the electron’s resulting random molion back to ordered oscillatory
motion. Thus from the interaction with the oscillating electric field, the electron gains
energy on each collision until it acquires enough energy to be able to make an melasuic
collision with a pas atom and some fraction of these collisions will result in jonization. An
increase of frequency to the MHz region causes that no significant displacement of either
electrons or positive ions happens and losses of charged species from dillusion and
recombination processes arc rteplaced by elecwron impact ionization of neutral gas

molecules in the discharpe volume. This type of discharge 13 radio frequency (RF} glow



Chapier 2 Fundamental aspecis of plasmu, polymer and plasma polymerzation 33

discharge {100 kl1z-13.56 MIIz) and it does not depend on processes on the elecirodes,
which can be covered with any material, e.g.. an insulator [3,8].

2.6.3. Different variants to glow discharge plasmas

An imporiant type of ac glow discharge, operaling at atmospheric pressure, is the dielectric
barrier discharge (DBD), where the clectrodes are Lypically covered by a dieleciric barrer. A
variation to the ac discharge is the pufsed glow discharge, which also consists of short glow
discharges (with Iengths typically in thc milli - or microsecond range), followed by an
afterglow, which is generally characierized by a longer time-period. The advaniage is (hat
high peak clectrical powers can be reached for a low average power, resulting m high peak

e(ficiencies for various applications.

[n addition o applying an electric ficld {or potential difference), a magnetic feld can also be
applied 0 a glow discharge. The most well-known discharge type with crossed magnetic and
clectric felds is the magnetron discharge. The clectrons circulate in hehices around the
magnetic field lines and give rise to more ionisation. Hence, magnetron discharges are

typically operated at lower pressures and highcr currents than conventional glow discharges.

Recenily, some new discharge types have been developed, winch are also characterized by
low pressure and high plasma densities, and which have their main application in the
semiconductor industry and lor materials lechnology. The major difference with the
conveniional glow discharge is that the electrical power is not applied through a potential
difference batween two electrodes, but through a diclectric window. The two most imporiant
“high-densily sources”, are the inductively coupled discharge, where the f power 13
induciively coupled to the plasma, and the efectron cyclofron resomance redgetor, where

microwave power and & magnetic ficld are applied.

Microwave power can also be applied in so-called microwave induced plasmas. Various
discharge types can be classified under this name, among others the rcsonance cavity
plasmas, free expanding plasma torches and surface wave discharges [21].

2.7. Some characteristic dilferences of Plasma Polymers from the Conventional

Palymers

1. Plasma polymers have a higher clastic modulus than the conventional polymers.

(Muy be due to dense cross-linkage of polymer chains).
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2 Low waler vapour or pas permeability and low decay of walt ability than the

conventional polymers, (Due (o cross linking).

3. The properties of plasma polymer are much more dependent on Lhe processing factors
and morphology than the conventional polymers. For example, properties of plasma

polymers are directly or indircetly related to the number of free radicals.

4. Inlernal stress in a plasma polymer is a characteristic property which is not found

in most conventional polymers.

5. Solvent resistance of plasma polymers 1s generally higher than the conventional

polymers.

6. The surface encrgies of plasma polymers of hydrocarbons are generally higher than

those of conventional hydrocarbon polymers duc to the presence of oxygen

¢onlaining groups [8].
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3.1, Introductlion

This chapter deals with the plasma polymerization scheme of 2, 6 diethylaniline which
includes the details of monomer, substrate, capacitively coupled glow discharge plasma
polymerization set up for polymer formation, the (hickness measurerment method and contact

electrode deposition technique lor clectrical measurement of PPDEA thin films.

A.2. The Monomer

The monomer 2,6 diethylaniline js manufactured by Aldrich Co and is collected from local
market. The chemica! structure of the monomer is shown in Fig 1 and its typical properties are
stated below:

Table 3.1 General propertics of 2,6 diethylaniline.

Form Clear liquid
Color Yellow to red
Chemical formula {CzH35)CaHa N2
Molecular weight 149.20
Freezing poini, "0 3
Yapor pressure sl 20 °C, mm 0.02
Boiling point, °C 243
Density at 20 *Cg/mti 0.959
Flash point(TCC), °C 104
Viscosity at 20°C 4.60
WH2
CH;CH, CH2CHs

Fig.3.1 The structure of 2,6 diethylaniline

2.6 diethylaniline possesses two ethy! groups and ome amine group. 1t is miscible in iso-octane,

toluene, ethyl aleohol and 12% in water.
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3.3. Substrate Materials and its Cleaning Process

The substrates used were precleancd glass slides (254 mm X 76.2 mm X 1.2 nun} of Sail
Brand, China, purchesed from local markei. The samples were preparcd by depositing the
PPDEA thin [ilm and elecirodes onto them.

To get = homogencous, smooth and (lawiess thin polymer [ilm. which is a comman property
of plasma polymers, it is essential Lo make the substrate as clean as possible. The substrates
were chemically cleaned by acctone and thoroughly rinsed with distilled water then dried m

hot air.

3.4, Capacitively Coupled Plasma Polymerization Set-up

A glow discharge is a kind of plasma and the plasma polymerization setup has been used
enormously in recent years to form various kinds of plasma polymers. Different configuration
of polymerization set up varies the properlics of plasma polymers i.e. the geometry of Lhe

reaction chamber, position of the clectrodes, nature of inpul power elc.

.LE /E/ﬁT B

]
- g
-3 10 <,
11 e 12
_ : i3

o :H—“‘—H’

—— 17

T— 18
Ezn T
_ 220 Voltg, 50 H=z

A

F="

Fig.3.2. Schematic diagram of the plasma polymerization set-up.
1 high voliage power supply, 2 pirani gage, 3 high tension leads, 4 gas inlet
valve, 5 guage head, 6§ monomer injection valve, 7 flowmcter, 8 monomer
container, 9 Pyrex glass dome, 10 metal elecirodes, 11 clectrode stands, 12
pasket, 13, lower Mange, 14 bottom flange, 13 brass tube, 16 valve, 17 liguid
nitrogen trap, 18 rolary pump. 19 swilch and 20 vanac.

A4



Chaprer 3 Experimeriio! Details 35

The glow discharge plasma polymeriztion setup which was used o depesit the PPDEA thin
films comsists of the following components is shown in Fig 3.2,

- r—-—- = - —
: ) FIJ -+— ==
- ;i .I.' : | —— il T .

T~ -
-,
Fig.3.3. Plasma polymerization set-up

i. Plasma reaction chamber

The glow discharge reactor s made up of a cylindrical Pyrex glass bell-jar having 0.15 m in
inner diameter and 0.18 m in length. The wp and bottom edges of the glass belljar are
covered with two rubber L -shaped (height and base 0.015m, thickness, 0,001 m} gaskets. The
cylindrical glass bell jer wes placed on the lower flange. The lower flange is wetl fitted with
the diffusion pump by an I jomt. The upper flange is placed on the top edge of the bell-jar.
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The flange is made up of brass having 0.01 m in thickness and (.25 m in diameter. On the
upper Mange a laybold pressure gauge head, Edwards high vacuum gas inlet valve and a
monomer injection valve are fitted. In the Jower fange two highly insulated high voltage
feed-through are atlached housing screwed copper connectors of 0.01m high and 4.004 m in
diameter via Tellon™ insulation,

ii. Electrode system

A capacitively coupled electrode system is used in the system. Two circular stainless sleel
plates of diameter 0.09 m and thickness of 0.001m are cornected to the high voltage copper
connectors. The inter-electrode separation can be changed by moving the electrodes through
the elecirode stands. Afler adjusting the distance between the electrodes they are fixed with
the stands by means of screws. The suhsirates were kept on the lower electrode for plasma
deposition.

Hi. Pumping unit

For creating laboratory plasma, first step is pumping out the air/gas Irom the plasma chamber.
T this system a rotary pump of vacuubrand (Vacumbrand GMBH & Co: Germany) is used.

iv. Yacumm pressure gauge

A vacuum pressure gauge head (Laybold AG, Germany) and a gauge meter (ThermoironTM
120} are uscd to measure inside pressure of the plasma depesition chamber.

v. Input power for plasma generation

The input power supply for plasma excilation comprises of a step-up high-tension transformer
and a variac. The vollage ratio at the output of the high-tension transformer is about 16 times
(hat of the output of the variac. The maximum output of the vatiac is 220V and that of the
wransformer is about 3.5 KY with a maximum cument of 100 mA. The deposition ratc
increascs with power at first and then becomes independent of power at high power values at
consiant pressure and flow mate.

vi. Monomer injecting system

The manomet injecting system consisis of a conical Bask of 25 ml capacity and & Pyrex glass
ke with capillarity at the end portion. The capillary portion is well fitted with metallic tube
of the nozzle of the high vacuum needle valve. The conical flask with its components is fixed
by stand-clamp arrangement.

vii. Supporiing frame
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A metal frame of dimension 1.15mX0.76mX0.09m is fabricated with iron angle rods, which
can hold the compements described above. The upper and lower bases of the frame are made
with polished wooden sheets. The wooden parts of the frame are vamished and the menllic
parts arc painted 1o keep it rust free. The pumping unit is placed on the fowed base of the
frame. On the upper base & suitsble hole i made in the wooden sheet so that the bottom
flange can be fitted with mot ard bolts,

viiL. Flowmeter

The system pressure of & gas flow is determined by the fead in rate of & gas and the pumping
out mte of 1 vacuum sysiem. The monomer flow rtte is determined by a flowmeter. In the
plasma polymerization set up 8 fiowmeter (Glass Precision Engintering LTD, Metemte,
Englnnd) ix attnchred between the needle valve and the monomer bonle,

ix. Liquid nitrogen trap

Cold trap, particultarly a liquid Nz rap, ncts g3 & trap pump for different type gas. The liquid
N; trap system s placed in the fore line of the reactor chamber before the pumping unit in the
plasma deposition system. It comists of a cylindrical shape chamber having 6.4 cm diameter
and 11.5 ¢m in length using bress material.

3.5. Generation of Glow Discharge Plasma in the Laboratory
.Glow discharges are produced by an applied static or oscillating electne field where energry is

Fig.3.4. Plasma polymerizmion set-up.
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transferred to free electrons in vacuum. Inelastic collisions of the energetic free elecirons with
the gas molecules generate free rdicals, rons, and species in electromcally excited states. This
process also generates more free electrons, which is necessary for a self-sustaining glow. The
excited spemes produced are very ective and can react with the surfaces of the reactors as well
as themselves in the gas phase.

The chamber of the glow discharge reactor is evacuated to about .01 mbar. A high-tension
trapsformer along with a variac is connecled to the feed-through atiached to the lower flange.
While increasing the applied voltage, the plasma is produced across the electrodes at around
0.15-mbar-chamber pressure. Fig 3.4 shows the pholograph of glow discharge plasma across
the electrodes in the capacitively coupled parellel plate discharge chamber.

3.6. Deposition of Plasma Polymerized Thin Film

The imporiant feature of glow discharge plasma is the non-equilibrium slate of the overall
systern. In the plasmas considered for the purpose of plasma polymerization, most of the
negative charzes are clectrons and nost of the posibve charges are ions. Due to Jarge mass
difference between electrons and ions, the electrons are very mobile as compared to the nearly
stalionary positive ions and carry most of the currern Energetic electrons as well as ions, free
radicals, and vacuum uliraviolet light can possess energies well in excess of the energy
sufficient to break the bonds of typical organic monomer molecules which range from
approximately 3 o 10 €V, Some typical energy of plasma species available in glow discharge

as well as bond enerpies encountered at pressure of approximately 0 .01 mber.

Fip 3.5 Glow discharge plasma duning depostion
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After finding the desired plasma glow in the reactor the monomer vapor is injected
downsiream to the primary air glow plasma for some time. Incorporation of monomer vapor
changed the usual color of plasma into a light bluish color. Figd.5 is the photograph of light
bluish color monomet plasma in the plasma reactor. The deposition time was varied from 50-
115 minute to get the PPDEA thin films of different thicknesses. The optimized conditions of

thin film formation for the present study are:

Separation belween two electrodes 4 cm

Pasition of the subsirate Lower electrode
Depaosition voltage 15W

Pressure in the reactor 10 Torr
Maximum deposition time | br 15 min

3.7. Contact Electrodes for Electrical Measurements

i. Electrode material

Aluminium (A} {purity of 4N Dritish Chemical Standard) was used for electrode deposition.
Al has been reported 10 have good adhesion with glass slides. Al [ilm has advantage of easy
self-healing bumn out of MNaws in sandwich strucrure.

ii. Electrode deposition

Electrodes were deposited using an Edward coating unit E-306A{Edward, UK). The system
was evacualed by an oil diffusion pump backed by an oil rotary pump. The chamber could be
evacuated 1o a pressure less than 107 Torr. The glass substrates with mask were supported by
a metal rod Q.1 m above the tungsten filament. For the electrode deposition Al was kept on the
wngsten filament. The filament was heated by low-tension power supply of the coating unit.
The low-lension power supply was able 1o produce 100 A current 2t 4 potential drop of 10 V.
During cvacuation of the chamber by diffusion pump, the diffusion unit was cooled by the
Mlow of chilled water and its outlet temperature was nol allowed to rise above 305K, When the
penning gauge reads about 107 Tor, the Al on tungsten filament was heated by low-tension

power supply until it was melted.
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Fig 3.6. Electrode assembly

Fig3.7. Samples for electrical measurement (2 samples from lefl) and for thickness
measurement (sample on right).
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3.8, Measurement of Thickness of the Thin Films

Thickmess is the single most significant film parameter. Any physical quantity related 1o film
thickness can in principle be used to measure the film thickness, 1t may be measured either by
severa! methods with varying degrees of accumcy. The methods are chosen on Lhe basis of
their conveniance, simplicity and reliability. Since the film thicknesses are genenally of the
order of a wavelength of light, various rypes of optical interference phenomena have been
found to be most useful for measurement of film thicknesses. Severnl of the commeon methods
are i) During Evapomtion, ii) Multiple-Beam Inwerferometry, (Tolansky Fezeau fringes
method, Fringes of equal chromatic order, Donaldson metiod etc) iii) Michelson
interferometer iv)Using & Hysteresis graph and other methods used in film-thickness
determinavion with particular reference o their relative merits and accuracies. Muhiplte-Beam
Interferomerry rechnique wes employed for the measurement of thickness of the PPDEA thin
films. This rechnique is described below,

Fig.3.8. Multiple Beam Interferometric set-up in Jaboratory

39. Multiple-Beam Interferometry

This method utilizes the resulting interference effects when rwo silvered surfaces are brought
close wgether and ere subjected to optical mdiation. This interference rechnique, which is of
great value in studying surface topology in genenal, may be applied simply and direcily to
film-thickmess determination. When 8 wedge of small angle is formed berween unsibvered
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glass plates, which are illuminated by monochromatic light, broad fringes are seen arising
from interference between the light beams rellected from the glass on the two sides of the air
wedge. At points along the wedge where the path difference is an integral and odd number of
wavelengihs, bright and dark fringes occur respectively. If the glass surfaces of the plates are
coated with highly relecting layers, one of which is panially transparent, then the reflected
fringe system consists of very fine dark lines against a bright background. A schematic
diagram of the multiple-bcam interferometer along with a typical patiem of Fizeau fringes

from a film step is shown in Fig.3.9. As shown in this figure, the film whose thickness is o be

Image plane

Microscope

Monochromatic
source

W

¥
\'\ (ilass plate

,./_
[ —re——
W
"]

'

Collimating
Reference
plate

Film to be measured —*

sphstrate

Step height (b} " M % Fringe spacing (a) -

Fig. 3.9. Interferometer arrangement for producing reflection Fizeau fringes of equal
thickness. '
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measurcd is over coated with a silver layer to give a good reflecting surface and a half-
silvered microscope slide is laid on top of the film whose thickness is to be determined. A
wedge is formed by the two microscope slides, and light multiply reflected between the two
silvered surfaces forms an interference pattern with a discontinuity at the film edge as shown

in Fig.3.9. The thickness of the film o can then be delermined by the relation,

where,  is the wavclength and A/a is the fractional discontinuity identified in the figure. Tn
general, the sodium light is vsed, for which & = 5893 A®. In measurement one half silvered
glass slide is selected for maximum resolution. A resolution of about 20 A® may be obtained
in a careful measurement. Tn conclusion, it might be mentioned that the Tolansky method of
film-thickness measurement s the most widely used and in many respecis also the most
accurate and satisfactory one [5].
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4.1 Introduction
This chapter includes the study of surface structure, elemental analysis and chemical

cheracierization of PPDEA by means of SEM, EDX and IR analysis.

The use of SEM can be found in numerous investigations dealing with the surface
morphology of different polymer meterials. In the case of plesma polymer the main
interest is to find a homogeneous, dense, without pinhole thin films which are useful as
comrosion  profective  coatings for microelectronic devices and selective layers in
sensors [1-5]

It is rarely, if ever, possible to identify an unknown compound by using IR spectroscopy
mlone, Its principal sirengihs are: (i) it is e quick znd reletively cheap spectroscopic
technique, (i) it is useful for idendfying certain funcrional groups in molecules and (jii) an
IR spectrum of a given compound is unique and cen therefore serve rs a fingerprint for
this compound. Researchers apply this technique enormously because it involves
collecting sbsorption information and analyzing it in the form of a spectrum.[1, 6-17]

42, Scanning Electron Microscopy (SEM)

In SEM p beam of electrons is genersted in the electron gun, located at the top of the
column, which is pictured to the left, This beam is antrected through the anode, condensed
by a condenser lens, and focused as a very fine point on the sample by the objective lens.

Blactron gun
Gun akgnment contra

@611 = Objactive apertre
Scanning call

Objective: lans

otorized stage

Fig 4.1. Schematic dingram of a scanning electron microscope

s
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The scan coils are energized (by varying the voltage produced by the scan generator) and
create & magnetic field which deflects the beam back and fortlyin a controlled pattern. The
varying vollage is also applied to the coils around the neck of the Cathode-ray tube {CRT}
which produces a pattern of Jight deflected back and forth on the surface of the CRT. The
pattern of deflection of the elecison beam is the same as the partern of deflection of the
spot of light on the CRT. The electron beam hits the sample, producing secondary
electrons and backscattered electrons from the sample. These electrons are collected by a
secondary detector or a backscatler detector, converled to a voliage, and amplified. The
amplified vollage is applied to the grid of the CRT and causes the iniensity of the spot of
light to change. The image consists of thousands of spots of varying intensity on the face
of a CRT that correspond to the lopography of the sampte.

4,2.1. Theoretical background

At any given moment, the specimen is boinbarded with clectrons over a very gmall area;
several things may happen (o these clectrons. They may be elastically reflected from the
specimen, with no loss of energy or absorbed by the specimen and give rise Lo secondary
electrons of very low energy, together with X- rays. They may be absorbed and give rise
to the emission of visible light (an ¢ffect known as cathodoluminescence). And they may

pive rise to electric currents within (he specimen. All these effects can be used to produce

an image.
Characieristic Secondary
X-ray ¢lectrons
Secondary Backscattered
X-ray \ electrons
' - Sample -

Transtnitted rays  Sample current

Fig 4.2. Phenomena oceurring in scanning electron microscope.

Sccondary electron imaging is the most common because it can be used with almost any

specimen, Moving electrons are not only moving particles. but also behave as waves,; this
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is called in quantum mechanics “particle/wave duality”’. Therefore, electrons obey all the
optical laws of diffraction. If there are two small sliis beside each other, on one side of the
slit a small clectron source and at the other side of the slit a {luorescent sercen, il the
electron were only particles, two illuminated lines would he seen on the screen. However,
in reality the screen will show a large number of black and while lines, which is only due
t0 the wave like nature of electrons. The wavelength of an electron is much smaller than
that of visible light. Therefore, the electron microscope has a possibility of showing much
smaller details.

Small samples up to scveral millimeters and sometimes even larger can be investigated
directly in the SEM if the sample material has a sufficiently high electric conductivity to
prevent charging produced. For insulating samples, it needs to be coated with an

extremely thin layer of an electrically conducting material {Ag, Auete).

4.2.2. Energy Dispersive X-ray (EDX) analysis

EDYX Analysis stands for Energy Dispersive X-ray analysis. It i5 sometimes refemmed 1o
also as EDS or EDAX analysis. It is a technique used for identifying the elemental
composilion of the specimen, or an area of interest thereof. The EDX analysis syslem
works as an integrated fealure of a scanning eleciron microscope {SEM), and can net
operate on its own without the latter.

During EDX analysis, the specinen is bombarded with an electron beam inside the
scanning electron microscope. The bombarding electrons collide wilh the specimen atoms'
own electrons, knocking some of them off in the process. A position vacated by an g¢jected
inner shell clectron is eventually occupied by a higher-cnergy electron from an outer shell.
To be able to do so, however, ihe transferring outer electron must give up some of 15
energy by emitting an X-ray.

The amount of energy released by the transferring electron depends on which shell it 1s
(ransferring from, as well as which shell it is transferring t0. Furthermore, the atom of
every clement releases X-rays with unique amounts of encrgy during the transferring
process. Thus, by measnring the amounts of energy present in the X-rays being released
by a specimen during clectron beam bombardment, the jdentity of the atom from which
the X-ray was emitted can be established.

The EDX spectrum is just a plot of how frequently an X-ray is received for each energy
jevel. An EDX spectrum normally displays peaks comesponding to the energy levels for
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1

which the most X-rays had been received. Each of these peaks is unique to an aftom, and
therefore corresponds to a single element. The higher a peak in a spectrum, lhe more

concentrated the element is in the specimen.

4.2.3. Experimental procedure

The PPDEA thin films were deposited onto small pieces of chemically cleaned glass
subsirates. Two samples of different thicknesses werr sorted out for the analysis. To avoid
the charging effect the PPDEA films were coated with a thin layer of gold by gold
sputlering (AGAR Auto Sputter Coater). The SEM and EDX were performed by a

scanning electron microscope (S-3400 N Hitachi, Japan).

4.2.4. Results and discussion

The SEM micrographs of thin films of PPDEA were tken in various magnificanons (0.5,
1, 6, 8, 12, 35 K) and various accelerating voltages (10, 15 KV), which are shown in
Figd.3 o 4.5. Smooth, (lawicss and pinhole free surfaces are observed for PPDEA thin
films. No significani change is observed in PPDEA thin films of different thicknesses.

The compositional analysis was laken for the same samples by EDX, which is atlached to
the SEM. The EDX spectra and weight percentages of the samples arc shown in Fig 4.6.
The weight percentage of DEA monomer is shown in Table 4.1. The obscrvations indicate
the presence of C, N and O in the samples, The main obstacle of EDX is that 1t cannot
detect the presence of H. The presence of O in PPDEA fmplies incorporalion of carbonyl
and hydroxyl groups (hrough the reaction of the free radicals or from the chamber during
plasina polymerization and these two phenomena are common in plasma polymer. It is
also predicted that the PPDEA films are deficient in carbon and nitrogen with respect to
monomer, which may bo due Lo the breakdown of bonds owing to the complex reaclion

during plasma polymerizalion.
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Table 4.1 Weight % of monomer (DEA)

Monamer (DEA} 80.5 9.5 10
Full acale covmis: 1393 B TR Fllm )
B symbale Spechum
Ko
15000 e
Ex
m ‘
o]

L

: Y N * ) "
Net Counts
Thin Film 3 15414 671 2790
Weight %o
Thin Film 3 79.27 8.51 12.22
Weight % Error
Thin Film 3 +{-1.58 +/-3.21 +/-0.65

Fig 4.6 EDX spectrum and weight percentages of PPDEA thin films.
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4.3. Infrared Spectroscopy

The term "infrared” covers the range of the electromagnetic spectrum between 0.78 and
1000 pm. In the context of infra red spectroscopy, wavelength is measured in
"wavenumbers”, which have the unit em’,

wavenumber = 1 / wavelength in centimelers

Tt can also take the wavenumber as being a unit of energy, thus 1 e’ corresponds to
1.9855 x 107" erg/molecnlc, or 11.959 x 107 ergs/mole.

Itis useful 1o divide (he infra red region into three scctions; near, mid and far infra red.

Region Wavelength range (pm} Wavenumber range {em™)

Near 0.78-2.5 12300 - 4000
Middle 2.5-350 4000 - 200
Far 50-1000 200-10

The most useful IR region lies between 4000 and 670cm’™.

4.3.1. Molecular rotations

Rotational trapsitions are of little use to (he spectroscopist. Rotational levels are quantized,
and absorption of IR by gases yields line specira. However, in liquids or solids, these lincs

broaden into a continuum due to melecular collisions and other inleractions.

4.2.2. Molecular vibrations

The posilions of atoms in a molccule are not fixed; they are subject 1o a number of
different vibrations. Vibrations fall into the two main categories of stretching and bending.
Stretching: Change in inter-atomic distance along bond axis.

Stretching vibrations

SEymmettic Agymimeino

. Bending: Change in angle between two bonds, There are four types of bend:
Rocking, Scissoring, Wagging, Twisting

ol
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Bending vibrations
MNear Taar Mear
Far
In-plange rocking In-plane scissering Out-ofplare wagging  Qut-of-plane twasting

Fig 4.7. Dilferent vibrational modes

4.3.3. Vibrational coupling

In addition to the vibrations mentioned above, interaction between vibrations ¢an occur
(coupling) if the vibrating bonds are joined to a single, central atom. Vibratiomal coupling
is influenced by a number of faciors;

. The vibration must be of the same symmetry species if mteraction is to occur.

Strong coupling of stretching vibrations occurs when there is & common atom between

the two vibrating bonds.

. Coupling of bending vibrations occurs when there is a commeon bond between vibrating
EIOUpPS.

. Coupling between a stretching vibration and a bending vibration oceurs if the smeiching
bond is one side of an angle varied by bending vibration.

. Coupling is greatest when the coupled groups have approximalely equal cnergies.

No coupling is scen between groups separated by two or more bonds.[2]

L ]

4.3.4. Theory of infrared absorption

IR radiation docs not have enough energy to induce electronic (ransitions as seen with UV,
Absorption of IR is testricted to compounds with small energy differences in the pessible
vibrational and rotational states. For a molecule 1o ahsorb IR, the vibrations or rotations
within a molecule must cause a net change in the dipole moment of the molecule. The
alternating electrical field of the radiation (eleciromagnetic radiation consists of an
oscillating electrical ficld and an oscillaling magnetic feld, perpendicular to cach other)
interacts with fluctuations in the dipole moment of the molecule. If the frequency of the
radiation matches (he vibrational frequency of the muwolecule then radiation will be
absorbed, causing a change in ihe amplitude of molecular vibration. The bonds that hold a
molccule together and the masses of the constiluents are so related that the molecule exerts

radiation of a frequency, corresponding to one of its normal vibrating frequencies, Tor the
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incident bearn. Therefore, the absorption bands in an infrared spectrum are at frequencies
corresponding to the frequencies of vibration of the molecule concerned [3].

Each atom has three degrees of freedom, comesponding to motions along any of the three
Carlesian coordinate axes {x, y, z). A polyatomic molecule of # atoms has 3» total degrees
of freedom. However, 3 degrees of freedom are required 1o describe translation, the
motion of the entire molecule through space. Additonally, 3 degrees of freedom
correspond Lo rotation of the entire molecuie. Therefore, the remaining 37 — 6 degrees of
freedom are true, fundamental vibralions for nonlinear molecules. Linear molecules
possess 3n — 5 fundamenial vibrational modes because only 2 degrees of freedom are
sufficient to describe rolation. Among the 3z — 6 or 3m — 5 fundamental vibrations (also
known as normal modes of vibration), those that produce a net change in the dipole

moment may result in an IR activity,

4.3.5. Summary of absorptions of bonds in organic molecules

_ 6=0
C=C =N
C=N c=C
400 N—H O—H 3200 2800 200 2100 1800 1500 Fingerpsi
I;{,H mmnﬁm:lii cﬁ*iﬂ ' g s
'IIII)lI_iIIIIII:zlmilllilli!illi__|1
1450, 1280 i
3000 ¢y 2000 fud 1l:'JCFTl

Fig 4.8, Infrared Spectroscopy Cometation Table

4.3.6, Infrared activity

Not all possible vibralions within a molecule will result in an absorption band in the
infrared region. To be infrared active the vibration must result in a change of dipole
moment during the vibration, This means thet for homonuclear diatomic melecules such as
Hydrogen (Hz), Nitrogen (N2) and Oxygen {Oz2) no infrared absorption is observed, as
these molecules have zero dipole moment and stretching of the bonds will not produce one.
For heleromuclear digtomic molecules such Carbon Monoxide (CO) and Hydrogen
Chleride (HCI), which do possess a permanent dipoie moment, infrared aclivity occurs
because stretching of this bond tends to a change in dipole moment (since Dipole Moment
= Charge x Distance). It is importiant 1o remember that it is not necessary for 2 compound

to have 2 permanent dipole moment o be infrared active, In the case of Carben Dhoxide
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(CO2) the molecule is linear and cenirosymmetric and therefore, does not have a
permancnt dipole moment. This means that the symmermic stretch wall not be infrared
active, However, in the case of the asymmetric stretch a dipole moment will be
periodically produced and destroyed resulling in a changing dipole moment and (herefore
infrared active.

=harter isnger
waovelrnglh e

nravniet vicibie 4 Hicruwave
//

t

9 O- Q@9 &'

5

Halecule Diganrianths Holccule Vibrates Mulvcula Ruloles

Fig.4.9. Molecular responses to radiation

Assignments for strelching vibrations can be approximated by the application of Hook’s
law, In the application of ihe law, 2 atoms and (heir connecting bond are Ireated as a
simple harmomic oscillalor composed of 2 masses joined by a spring. The following

equation, derived from Hook’s law, states that, the vibrational frequency

H

. L
2re| MM,
M, o+ M,

Where ¢ = velocity of light (cm/sec). F = Force constant of bond (dynes/cm}, My and M, =
mass (g) of atom x and atom ¥, respectively.

i. Factors Influencing Number of Absorption Bands

Infrared absorption occurs as a resuit of vibrational and rotalional transitions within the
molecule, Beeanse only 2 few compounds exhibit pure rolational bands, the vibrational
absorption bands are of more practical interest. There arc olher factors influencing the
number of absorption bands.

* Overione bands: Absorption at frequencies representing the fundamertal frequencies at
the multipjes of the fundamentals.

* Combination bands: Two fundamental vibrations intcract and are influenced by radiation

at Lhe combined frequency.
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% Vibraticnal-Rolational bands: The single vibrational band is accompanied by a serics of
subsidiary bands both at lower and higher frequencies. (as spectra arc COMmOonly
characicrized by very complex vibration-rotation systems.

* Harmonic coupling bands: Interaction from adjacent groups of ncarly identical
oscillation frequencies produces a series of bands quite aparl from (hose normally
expected. This phenomenon is relatively uncommon.

ii. Factors limiting the number of abserption bands

The total number of observed absorption bands is generally different from the total
number of fundamental vibrations. Tt is reduced because some modes are not IR active and
a single frequency can cause more than one mode of motion to occur. Conversely,
additional bands are generated by the appearance of overlones (integral multiples of the
fandamental absorplion frequencies),combinations  of fundamental freguencies,
differcnces of fundamenial frequencies, coupling interactions of two fundamental
absorption frequencies, and coupling interactions between fundamental vibrations and
overtones of combination bands (Fermi resemancc). The intensities of overlone,
combination, and different bands are less than those of the fundamental bands. The
combination and blending of all the factors thus create a unique IR spectrum for each
compound.

Infrared radjation is absorbed and the associated energy is converted into these types of
motions. The absorption involves discrete, quantized energy levels. However, the
individual vibrational motion is usually accompanied by other rotational motions.

* No change in dipole mownent duc to syinmetry.

* Degencracy: Vibrational frequencies located too closely.

* Weak absorphions.

4.3.7. Sample Preparation

There are a variety of techniques for sample preperation dependent on the physical form of
the sample to be analyzed.

i. Solids

There are two main methods {or sample preparation involving the use of Nujol mull or
potassivm bromide disks, However therc is also a third option of preparing a solution in a
suitable solvent {not infrared active in the region of interesi).

ii. Nujol Mull
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The sample is ground using an agatc mortar and pestle to give a very fine powder. A small
amount is then mixed with nujol to give a paste and several drops of (his paste are then
applied between two sodium chloride plates (these do not absorb infrarcd in the region of
interest). The plates are then placed in the instrument samplc holder ready for scanming.

iii. Potassium Bromide disk

A very small amount of the solid (approximatcly 1-2 mg)} is added to pure potassium
bromide powder (approximately 200 mg) and ground up as fine as possible. This is then
placed in a small die and put under pressure mechanically. The pressure is maintained for
several minutes before removing the dic and the KBr disk formed. The disk is then placed
in a sample holder ready for scanning. The success of this technique is dependent on the
powder being ground as fine as possible (o minimize infrared light scattering off the
surface of the particles. 1t is also important that (he sample be dry before preparation. KBr
has no infrared absorplion in the region 4000 — 650 cm.

iv. Thin Films

The infrared spectrum of a thin film can be casily oblained by placing a sample in a
suitable holder, such as a card with a slot cut {or the sample window. This method is olten
used for checking the calibration of an instrument with a polystyrene sample as the bands
produced by this malerial are accurately known.

v. Liquids

This is possibly the simplest and most common method of sample.preparation. A drop of
the sample is placed between two potassium bromide or sodium chloride ¢ircular plates to
produce a thin capillary film. The plates are then placed in a holder ready for analysis.

vi, (zases

To obiain an infrared spectrum of a gas requires the use of a cylindrical gas cell with
windows at each end composed of an infrared inactive material such as KBr, NaCl or Calz.
The cell usually has an inlet and outlet port with a tap to enable the ccil to be easily filled
with the gas to be analyzed.

4.3.8. Instrumentation

In simple lerms, TR spectra are obtained by delecting changes in transmittance {or
absorption) intensity as a function of frequency. This instrument uses a source of infrared
radialion such as a michrome wire or cooled rod of silicon carbide to produce a range of
frequencies which are then separated into individual frequencies using a monochromator

diffraction grating. The beam produced is then split into two; and one passes through the
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sample whilst the other is used as a reference beam. The two beams then converge on Lhe
detector which measures the difference in intensity and then scnds a proportional signal to
(he recorder. The resulting plot is a measure of iransmission against frequency which 1s
usually plotied as wavenumber {(cm-). Most commercial instruments separate and measure
IR radialion using dispersive spectrometers or Fourier transform spectrometers. This
method has some obvious advantages. Firstly, it is much quicker, taking seconds instead
of minutes to record a complete specirum. A further advantage is Lhal it is possible 1o get a
spectrum from very small or very dilute samples by perferming multiple scans and adding
the data to improve the signal-to-noise ratio. Slow scans using diffraction gratings are
inefficient. Almost all modemn IR spectrometers use a different approach. the Fourier

transform method. to scan the full spectral range at the same time.

Reference
Relerence beam
IR Source Detector Processor || Print
B out
Incident beam * Transmitted beam
Sample

Fig4.10. Schematic Diagram of a double beam Inirared Speclrometer

4.1.9. Experimental procedure

The IR speciroscopic analysis was carried out by a double beam SHIMADZU FTIR-8908
spectrophotometer. The PPDEA saniple was collected from the clectrode surface by
scrapping method. The sample for IR measurement was prepared by above mentioned KBr
technique. All the spectra werc recorded in transmitlance modc and the wave number
range was from 4000 o 500 em!. The TR spectrum of DEA lignid monomer was also

recorded by placing the liquid between two thin KBr pellets.

4.3.10, Results and Discussion

Reflecliug the various extent of fragmenlation and rearrangement of atoms and legends

during the process of polymer formation in plasma, IR spectra also vary with the
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conditions of the plasma polymerization. In general the [R spectrum of the plasma
polymer in comparisen with the conventional polymer of the monomer may contain most
major peaks characteristic of the conventional polymer, but not elways nor in a
quantitative manner. Sharp peaks in the spectrum of the conventional polymer generally
become lcss resolved broader bands and some peaks are significantly reduced. The FTIR
spectra of DEA monomer and as deposited PPDEA arc shown in Fig 4.11 as curves M and
P respeclively, In spectrum M the weak absorption peak at about 3550-3420 cm” in fig
indicates N-H asymmctric stretching and that at about 3395cm” represents N-H symmetric

stretching. These frequencies are normally related to the non-hydrogen bonded -NHz

N-H C-H C=C Benzene C-H
strelching  stretching stretching N-H Bending C-N Rin bending
B * L4
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Fig .4.11. The IR spectra of DEA monomer, spectrum M and PPDEA, spectrum P.
aronp and show similarities to the ¢changes observed in hydroxyl absorption accompanying
changes in concentration, solvent and environment. But in spectrum P a wide absorption
band is found at about 3364 em™', which can originale from a primary amine, a secondary

amine or an imine a5 well and (he asymmeiric stretching band is merged in the broad band.
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Multiple bands at 2964 em” and 2934 em™', 2871 cm’” in spectrum M, correspond to Lhe
C-H stretching vibration and retained in reduced form at 2926 et in spectrum P. This is
indicative of monomer [mpmentation during the plasma polymerization. A weak
absorption at 1844 em” of C=0 asymmetric stretching is identified in spectrum M and is
also detected in spectrum P. This indicates that there arc trapped free radicals in the
PPDEA which reacts with the almmospheric oxygen. Clearly, there appears 2 considerably
stronger absorption band at 1620 cm’ in spectrum M, which became stronger and broader
in P spectrum, which may be alidbuted to the conjugated C=C stretching vibration
indicating presence of conjugation during plasma polymerization of DEA. It can be scen
from curve P that the intensity of absorption band corresponding Lo aromatic ring N-H
bending vibrutions (1545, 1456 cm™) (s diminished in PPDEA which is significantly
present in the DEA. This is indicalive of monomer (aromalic ring} fragmentation during
the plasma polymerization. In curve M the C-N (saturated carbon) stretching vibration is
observed at 1213 em™ and 1167 cm™', which is found to be merged in the broad band in
curve P. This vibration is usually a doublet due to asymmetric and symmetric vibrational
possibilities. When an aromalic ring is present, two bands arc observed at high frequency
band due to conjugation of electron pair of the nitrogen atom with the ring, imparting
double-bond

Table 4.2. Assignments of IR absorption peaks for DEA and PPDEA

Type of vibration Wavenumber cm™
DEA monomer PPDEA
N-H asyrnmetric streiching 3490 Marged in broad band
3600-3400
N-H symmctric stretching 3395 3363
C-H stretching 29064, 2934, 2871 2926
C=0 asymmeiric stretching 1627 1620
C=C stretching 1620 1628
N-H bending 1545, 1456 1558
C-N stretching 1213, 1167 Marged in broad band
1200-1000
Tetrasubstitated Benzene 837,812 Broad band
stretching 850-800
N-H Out of plane bending 744 Broad band
750-600

(o the C-N bond (1232 em™) and a lower frequency band (1213, 1165, 1107, 1039 em™)
due to atiphatic C-N band was present in curve M, which was obtained in reduced form in
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spectrum P. Telrasubstituicd benzenc bands (837, 812, 745 cm’') present in the DEA
spectrum are found as a broad band in PPDEA spectrum 13}

From the IR spectra in Fig 4.11. it is depicted that the peaks in the PPDEA are oot sharp
when compared with those in DEA and most of the IR absorption features of DEA are
noliceable in the spectrum of PPDEA with the shifi in wavenumbers. Thus the [R analysis
reveals thal the PPDEA thin film deposited by plasma polymerization technique doas noi
exuetly resemble to that of the 2, 6 dicthylaniline monomer i.c. the plasma techmgque
affects the chemical structure of the depesited films. The presence of =0 indicates that
there are trapped free radicals in the PPDEA which reacts with the atmospheric oxygen.
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£.1. Introduction

For plasma polymerized thin films, Ultraviolet and visible spectroscopic methods is being
widely used by meny invesligatnrs to determine she presence, nalure and extent of
conjugation in materials, impurity states, optical energy gaps, direct and indirect transitions,
refractive index and extnction coefficients, etc. These propemies refers to the potential
applications such as light guide matenals, optical fibers, photo diodes, optical coating
inhibit corrosion, etc.[2-11]

5.2, Uktraviolet Visible Optical Absorption Spectroscopic Analysis

Most materials absorb some light, and the degree 1o which they absorb hght 15 a function of
the wavelength of the light. Because optical absorption in the visible and near-UV portions of
the spectrum is generatly the mesult of absorption of light by electrons in atoms, ions or
molecules, the absorption characteristics can yield & considerable amount of information

regarding their electronic struciure,

¥isible Spectrum

Highar Lower
Fraquancy Fraquancy
I T I 1 I
400 s00 &00 700 803

wavalength in nanometers

The visible region of the spectrum comprises photon energies of 36 w 72 keal/mole, and the
near nltraviolet region, out o 200 nm, extends this energy mnpe 10 143 keal/mole. In the most
important region where most investigations are carried out, namely between 200 and 600 nm,
there are cleconic transitions of double bands. Whereas, noneromatic polymers show no
specific absorption in the near UV and usvally none in the visible region either.

The energies noted above are sufficient o promote or excite a molecular electron to a higher
encrgy orbilal Consequently, absorption spectroscopy camed out in this region s sometimes
called "electronic spectroscopy”. An incident photon can also be absorbed by a molecule and
then the photon energy is converted into an excitation of that molecule's eleciron cloud. This

type of interaction is sensitive to the mremal swucture of the molecule, since the laws of
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quantum mechanics anly allow for the existence of a limiled number of excited states of the
electron cloud of any given chemical species. Each ot these excited stales has a defined
cnergy; the absorption of the photon has to bridge the energy gap between the ground state
(lowcst emergy state) and an allowed excited state of the electron cloud. Molecules can

therefore he identilied by their absorption specirum. [12]

5.2.1. UV-vis spectrophotometer

A spectrophotometer is an instrument that measures the amount of optical ahsorption in a
material, as a function of wavelengih.

There are four main components of a spectrophotometer:

A light source: This is usually a tungsten-filament or gas-discharge lamp. Diffcrent light
sources are used in different regions of the spectrum.

A monochromator: The input to the monochromator is the broadband light from the light
source; the output is unable, highly monochromatic light.

A sample chamber: The material under investigation is placed here.

A delector: The detector measures the amount ol light that passes through (he sample.
Typically, detectors are eilher solid-state photodiodes (silicon, germanium, etc.) or
photomultiplier fubes.

In Fig 5.1. Light of intensity 1 incident upon a sample of thickness 1 undergoes a loss in

intensity upon passing through the sample. The intensity measurcd atier passing through a

sample of thickness,t” is [.

Monochromwady __
{priem or RN o :
In gt
feeen o | Dintactor
@ ﬂ} PO S o JAV,W
ros Photomuluplher
Lighuwource gt Sample Tuke ar Racomsr
g sten —a b Phondrde
HyorDy —= UV I<l,
Dnflerence is
ahaoried

Fig. 5.1. Schematic of a uv-vis spectrophotemeter
The basic setup of measuring the absorption or transmission of light through a sample is

shown in Figure 5.1. Light of some wavelength . having reference intensity 1 is incident

normally on some sample of interest. Upon passing through the sample the intensity of the

light is reduced to some value 1, perhaps due to absarption within the sample and reflection at
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the surfaces of the sample. A measurement of T, and I can then be used Lo determine the

transmission of the sample at wavelength &.

There are two basic types of spectrophotometers, single-beam and dual-beam. In a single-

beam specirophotometer ihe reterence intensity I and the intensiry of the light, I, aftcr passing

throuph the sample arc oblained sequentially. The dual-beam design greatly simplifies this
process by simultaneously measuring I and 1y of the sample and reference cells, respectively.
Most spectrometers use a mirrored rotating chopper whee! to alternately direct the light beam
through the sample and reference cells. The detection electronics or software program can
then manipulate the I and J; values as the wavelength scans to produce the spectrum af

absorbance ot transmittance as a function of wavelength.

The advantage of the dual beam instrument is that any time-dependent variations in the
intensity of the light emitted by the source can be compensated thus improving sensitivity and
reditcing unceriainty.

Tn addition to transmission, another useful way to report the optical absorption is in units of
optical absorbance or optical density. Absorbance is a dimensionless quantity defined as the
negative of the base-10 logarithm of the transmission:

A=log 1, (1/T) 5.1

An ahsorbance of | corresponds to a transmission of 0.1; an abserbance of 2 comresponds Lo a
transmission of 0.01, and so on. Most spectromelers, after measuring T, use internal circuitry
or, common nowadays, operaling software to obtain the absorbance.

Absorbance units are useful when working with Beer's Law, which states that the absorbance
of a solution is proportional o the concentration, C, of the absorber in that solwtion:

A=kC. 5.2
Most simple molecules obey Beer's Law, particularly at low concentration. Others, such as
organic dyes, often exhibit a significant depariure from Beer's Law at high concentration. This
occurs because at higher concenlrations, the molecules begin to interact with cach other, and
can no longer be treated as independent absorbers.

Another quantity that can be measured is the absorption coefficient. The absorption
coelficient is a useful quantity when comparing samples of varying thickness. The absorption

coeffictent is typically the only value reporied when discussing the absorption characteristics
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of absorbing media. To determing the absorption coeflicient we first start with Bounger’s Law
which relates [ to luvia the eguation

I=Ipe™ 53

In this expression “d” is the thickness of (he sample in units of centimeters (cm} end,

consequently, the absorption coefficient @ is (o be reported in units of cm’.

5.2.2. The Beer-Lambert law

The Beer-Lambert law can be derived from an approximalien for the absorption cocfficient
for a molecule by approximating the molecule by an opaque disk whose cross-sectional area,
o represents the etfective area seen by a photon of frequency v. If the frequency of the light is
far from resonance, the area is approximately 0, and if v is close to resonance the area is a

maximum. l'aking an infinitesimal slab, ¢z of sample:

I, is the intensily entering the sample at z=0, £ 15 the intensity enlering the infinitesimal slab
at z, 1 is the intensity absorbed in the slab, and | is the intensity of light leaving Lhe sample.
Then, the total opaque area on the slab dus to the absorbers is oNA dz. Then, the fraction of
phatons absorbed will be eNA 4z / A so,

% = —oNdz >4
[ntegrating this equation fromz = Qloz = b pivesand T = o f =1
in (1) — Infl o) = -oNb 55
Or

- ln(IT“) = —aoiNb 5.6

Since N {molmulesfcmj) {1 mole/ 6.023x10% malecules) 1000 em’ f liter = ¢ (moles/liter) i.c.

concentraiion, and 2.303 log(x) = In(x), them

n
o o) [ 6023X107) <7
] 2.303

ar
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total area A absorbing species of
N cross-sectional area G
B | ), (oo |
|| g molecules
-t 2 —- N= 3
—-— path length b —me tm
I CHF
5.8

Where £= a(6.023x10% / 2.303) = o (2.61x10%), and & is a constant of proportionality, called
the absorbiivity.
This equation can be writlen as

23034
F =
ef

3.9

where @ is the absorplion co-efficient, A is the absorbance, and d is the thickness of the
matedal.

Thus the Beer Lambert law states that. “When a beam of monochromatic radiation passes
through a homogencous sbsorbing medivm; the rale of- decrease in iIntensity of
electromagnetic radiation in UV-vis region with thickness of the absorbing medium is
proportional Lo the intensity of the incident radiation™.

The relation of extinction co-efTicient & wilh a is

o= 2ok 5.10
1

whete & is the wavelength.

£.2.3. Electronic transitions

The absorption of UV or visible radiation corresponds to the excitation of outer electrons.
There are three tvpes of electronic transition which can be considered;

Transitions involving x, o, and # electrons

Transitions involving charge-ransfer electrons

Transitions involving & and felectrons
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Fig.5.2. Vibrationa! and rotational energy levels of absorbing materials.

When an alom or molecule absorbs energy, electrons are promoted from their ground state to
an excited stale. [n & molecule, the atoms can otate and vibrate with respect to each other.
These vibrations and rotations also have discrete energy levels, which can be considered as

being packed on top of cach eleclronic level.[11]

5.2.5. Absorbing species containing =, o, and # electrons

Absorption of ultraviolet and visible radiation in organic molecules is restricted to certain

functional groups {chromophores) that contain valence electrons of low excitation cnergy.

a*iantl—hnhdmg)

'

A" (antibonding)

& 3 - &
. . N~ ¥
"—= -
i b ] :I'l‘ e U—fﬂ'
% N [hon-bonding)
] L
«F —= 7T
T (bondiig)
o (bondinig)

Fig.5.3. Electronic transitions in different energy level
The spectrum of a molecule containing these chromophores is complex. This is because the

superposition of miational and vibrational transitions on the electronic (ransitions gives a
combination of overlapping lines. This appears as a continuous absorption band. Pessible

electronic transitions of m, o, and » clectrons are,

o—a ] ransifions
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An electron in a bonding o orbital is excited to the corresponding antibonding orbital. The
energy required is Jarge. For example, methane (which hes only C-H bonds, and can only
undergo o—atransitions) shows an absorbance maximum at 125 nom. Absorption maxima
due to g—¢" transitions are riot seen in typical UV-Vis. specira (200 - 700 nm)

n—q" Transilions

Saturated compounds containing atoms with lone pairs {pon-bonding clectrons) ure capable of
n—+¢" transitions. These tronsitions usually need Jess energy than o—¢” Iransitions. They can
be initiated by light whose wavelength is in the range 150 - 250 nm. The number of organic
functional groups with n—o” peaks in the UV region is small.

n—a and a—n Transitions

Most absorption spectroscopy of organic compounds is based on (ransitions of 7 or =
glecmrons to (he n° excited state. This is because the absorption peaks for these transitions fall
in an experimentally convenient region of the spectrum (200 - 700 nm). These transitions

need an unsaturated group in the molecule to provide the x electrons.

)

n* "
- hw AE
El'l -------------------------------- W\-ﬁ-* ......................................
g Jd—r X
L
x & x
o=

Fig.5.4. Examples of t —> a* Excilation
Molar absorbtivities from n— transitions are relatively low, and range from 10 to100 L mol’
em” . r—n" ransitions normatly give molar absorptivitics between 1000 and 10,000 L. mol”
em’.
The solvent in which the absorbing species is dissolved also has an effect on the spectrum of
the species. Peaks resulting from n—a’transitions are shified to shorer wavelengths (blue
shiffy with increasing solvent polarity. This arises from increased solvation of the lone patr,

which lowers the energy of the nr orbilal, Often (but nor always), the reversc (i.e. red shiff) is

seer, for m—n  transitions. This is cavsed by altractive polarization forces between the
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solvent and the absorber, which lower the energy levels of both the excited and unexcited
stales, This effect is greater for the excited stale, and so the energy dillerence between the
excited and uncxcited states is shightly reduced - resulting in a small red shift. This effect also
infuences n—n transitions but is overshadowed by the blue shift resulting from solvation of

lone pairs [14].

5,2.6, Direct and indirect optical transitions

For a direct pap material if it absorbs light and the light source is then removed, the optically
generated electrons and holes recombine. Since the minimum in the conduction band has the
same k value as the maximum in the valance band. The electron can drop back easily into the
hole in the valance band and the energy lost in the process is emitted as radiation of
wavelength &, = ho/F, where By is the band gap. i.e. the tolal energy and the momentum of
the electron-photon system must be conserved.

For the indirect gap material the momentum has to be adjusted by a cooperative process
involving a phonon (quantized laitice vibration). Such a process docs not emit radiation at the
band gap wavelength and the encrpy fost during a recombination process is efleciively
dissinated as heat i.e. indirect transition involves the absorption or emission of a phomon to
converse momentum. Thus in this case the top of the valence band and the bottom of the
conduction band take place at different wave vectors in the Brillouin zone. In this respect it is
unforunate therefore that k is not eMectively a good quantum number in amorphous non-
crystalline materials and such materials are usually regarded as indircet gap materials.

To estimate the nature of absorption a random phase model is used where the k momentum
selection rate is completely relaned. The intcgrated density of states N(E) has been used and
defined by

4o
NE) = [g(B)E
The density of states per unit energy interval may be represented by

g{ﬁ)%.ZﬂE—E.,)

where ¥ is the volume, £ is the energy at which g(£) is to be evaluated and E,is the energy of
the nth state.
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If g, o EF and g. e (E-E,,J). where cnergies are measured from Lhe valance band mobility
edge in the conduction band {mobility gap}, and substituting these values into an expression
for the random phase approximation, the relationship obtained

VI () e (h wEof ™, where I; () is the imaginary part of the complex permittivity. If the
density of states of both band edges is parabolic, then the photon energy dependence of the
absorption becomes

av o vily () o (B v-Eopd".

So for higher photon energies the simplified general equation, known as Tauc relation is,

ahv = B — Eon)”

where, hv is the energy of absorbed light, n is the parameter connected with distribution of the
density of states and B, a constant or Tauc parameter and herc # = 1/2 for direct and r = 2 for
indirect transitions.[1]

The above equation can be written as

dlin(ahv)] _ n
dlhv]  hv-E,,

when finding the n, Lype of transition can be obtained from the absorption spectrum. A
discontinuity in the d[In{ahv}}/d{hv) versus fv plot at the band gap cnergy (Eqpor Eg), i.e. at

hv = E, can be observed. The discontinuity al a particular energy value gives the band gap E,.

5.3. Experimental Procedure

The PPDEA thin hlms of different thickness for UV-vis spectroscopy were prepared in a
glow discharge reactor onto chemically cleaned glass substrates. The optical absorption
measurements were made in the waveclength range 190-1100 nm by using a dual beam
Shimadzu UY-1601 {UV¥-visibe spectrophotometer) al room temperature. The spectrum of
DEA monomer was also recorded with the same spectropbotometer. An identical, uncoated

glass subsirale in Lhe reference beam made 2 substrate absorption correction.

5.4. Results and Discussion

The UV-Vis spectra of PPDEA thin h[lms of differcnt thicknesses are presented in Fig 5.5.
From this ligurc it is observed that the absorption peak inlensity increases and broadens with

increasing thickness of the PPDEA thin {ilms. 1t is found that the ynaximum peak value of the
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wavelength of PPDEA (hin films is about 290nm whereas, for DEA monomer is 320nm. The
absorption edge shifts to the lower wavelength by about 30nm and absorption intensity also
became much weaker than that of DEA monomer. This phenomenon indicates a lower
conjugation in the polymer. This can occur due to the plasma polymerization where the
aromatic rinps of monomers may be dissociated and fragmented, which resulis in maore non
conjugated polymers being formed in the plasma polymerized (ilms {8]. The absorption
coelficicnt, @ at various wavelengihs were also calculated using the eqn 5.9.Plot of absorption
co-eflicient, o, as a function of photon energy, hv, for PPDEA thin films are shown in fig
5.6.The figure shows exponential falling cdges, which may either be due to the lack of long-
range order or due to the presence of defccts in the thin (ilms, Thus, the optical band gap E of
the film can be obtained by using absorption co-efTicient. The plot of (ehv)'? as a function of
hy for indirect transition and the plot of (ahv) as a function of hy for dircct transilion of the
films of different thicknesses are shown in Fig.5.7 and Fig.5.8 respectively. The L, values
were obtained by extrapolating the Jinear portion of the plofs to intercept the photon cnergy

axis and calculated E, values for direct and indirect transilion are given in table 3.1.

Table 5.1. The optical parameters of thin films of PPDEA

Film thickness, d (nm) | Direct transition energy gap, | Indirect transition energy
E giay (€V) gap, E 5 (V)
100 3.47 2.30
150 iol 238
200 3.54 2.36
250 354 2.20
350 3.63 2.46

From Table 5.1 it is observed that the values of E , g and E g increased with increasing
thickness. The values of allowed direct transition energy pap, E (4 i3, 3.56 €¥ and that of
allowed indirect transition enerey gap, L 4 ¢y is 2.34 eV. Physical processes that control the
behavior of gap states in non-crystalline materials are structural disorder responsible for the

tail states and siructural defeets in deep states.
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6.1. Introduction

Our modern life style increasingly demands more from the polymers than their traditional role
of insulators for heat and electric current. To satisfy this purpose much more attentions have
been made in the research ectivities to investigate the electrical responses of the polymer
insulators. This chapter includes the brief description of the existing theories of DC electrical
conduction mechanisms which are usually operative in thin insulating polymer and other thin
films and the experimental techniques used in the measurements of current density—voltage
(1-V) and thermally activated current to ascertain the conduction mechanism operative in the

investipated PPDEA thin films.

6.2. DC Electrical Conduction Mechanism

Electrical properties of insulating polymers are there responses when an electric Meld is
applicd to them. The subject of elecirical properties of polymers covers an extremely diverse
range of molecular phenomena. In contrast to metals, in which the electrical field response is
one of clectronie conduction, polymers may respand in a more varied manner, and a wholc set
of delicate clectrical effects may be observed. No known polymer is completely free of
conduction processes, however small the quantity of charge carmiers it may possess. Low level
conduction in insulating polymers can take a variety of forms. Conduction may very oflen be
contributed by impurities that provide a small concentration of charge carriers in the form of
elecirons or ions. At high felds, the electrodes may inject new carriers (holes and electrons)
into polymers. At very high ficlds, these and other processes will lead to complete breakdown
of polymers as insulating materials. The imposition of an electrical field upon a polymer will
cause a redistribution of any charges in the polymer, provided they are mobile enough to
respond in the time scale in the applied ficld. If some of the mobile charges are able to difTuse
threnghout the specimen and charge migration through the clectrode sample interface is
possible, then the charges will support a de conductance. 1t should be mentioned that Lhe
vacuum-deposited thin flm msulators can contain a large density of both impurily and
teapping centers. A well judged study of electrical conduction in vacuum deposited thin films
cannoi be accomplished wilhout consideration of these possibilities.[1] A power law can
express the variation of eurrent density with vollage in a material generally:

Jao " .1
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where, n is a power factor. When n is unity, the conduction is ohmic. If the value of n is less
ot more than unity, then the conduction process is other than ohmic.
Many scientists have investigated (hree worth-mentioning electrical conduction mechanisms

which are operative in the thin films of various organic compounds {2-17):

» The injection of carriers from (he electrode by means of thermal or field assisted emission
usnally referred to as Schottky emission.

% The other process in which carriers are produced by the dissoclation of donor-acceplor
centers in the bulk of the material, is called Poole-Frenkel generation.

% If the generation process s slower than transporl by the carriers through the material, the
conduction is controlled by generation, specifically by either the Schottky, or Poole-
Frenke! (P¥) mechanism. Conversely, when the transport is slower than gencration, it
constitules the rate-determining step, and the conduction is described by the theory of
space~charge-limited current (SCLC). The phenomenon is, if a charge is injected at the
electrode polymer interface, a Jarge cacess carricr density at the injecting etectrode will
exist and a space-charge-limiled current will flow.[1,2]

A brief explanation of these conduction mechanisms is stated below.

6.2.1. Schottlky mechanism

Charge injected from a mel to an insulator or semiconductor at medium fields may take
place by field-assisted thermionic emission, a process known as Richardson-Schotthky effect
ot simply Schottky emission. This is a procedure of image force induced lowering potential
encrey for charge carrer emission when an electric field is applied. The potential step
changes smoothly at the metal insulator interface as a result of the image force. This happens

when the metal surface become polarized (positively charged) by an escaping electron, which

EZ

in torn exerts an attractive lorce &, =— — on the electron. The potential energy of the

1ome s

electron due to the image force is thus

EZ

B = 6.1

l6gz,ex
where x 15 the distance of electron from the electrode surface.

The potential step al a ncutral barrier with attendant image potential as a function of the

distance x from the interface is given by,

'Y
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1
£

W) = &y +dn=f—7 o 6.2

where ¢ 4 = Coulombic barrier height of the electrode-polymer interface in Schottky
conduction, The barrier potential ¢ (x) in the presence of image forces is illustrated by the line
AD in Fig 6.1. Schotiky assumed that the image force holds only for x preater than some
critical distance ¥ ,. For ¥ <x,, he assumes a constant image force, i.c. the putential cnergy is a
linear function of x, and such that it maiches the bottom of the electrode conduction band at

the surface.

ldeal Barriel 13 o1om of the Insulator Conduction band

£ i

i

i

T ——

Electrad Insulator

.
o

Fig. 6.1. Schotiky effect at a neutral contact.

When an electric licld exists at a metal-insulator interface, it interacts with the image force
and lowers the potential barrier. The line CD represents the petential due 10 a uniform applied
field. The doted linc represents the poteniial Agh, when the potential due Lo a uniform electric
field is added to the barrier potential ¢ (x) and thus it is lower than that of without the electric

field. Under the influence of the field the potential energy of the barrier with respect to Fermt
level of the electrode can be given by

1
[

Px) =g, - —efx 6.3

1615 ,x
tens'e, F

162
This equation has a maximum at x, = [_‘?_]

Therefore, the change A¢, = ¢, —¢(x. ) in the barrier height due lo (he interaction of the

applied ficld with the image potential can be given by

vt
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3

[el
ﬁ'ﬁs :[ e’ J FU: Eﬂstz 6.4
d7es,

Decause of image force lowering of the barrier, the clectrode limited current does not salurate

according to the Richardson law

J=dAT? cxp[-iﬁ-@uJ 6.5
kT

but rather obeys the Richardson-Schottky law

J=AT ex —M) 6.6
kT
2

Je= AT exp BF_—% 6.7
%

where, 4= 4mzm(kT}2 /4% is the Richardson conslant, , F = siatic electric field and is equal to
Vid, V = applied voltage, d = film thickness, T = Tcmperature in Kelvin, k = Boltzmann
constant and £, is the Schotky cocfficient which is given by,

1 il
2. { ¢ ] 6.8
dme'c,

where, e = elementary charge of the glectron and €' is the high frequency dielecteic constani of

the material.

The electrode limited Richardson-Schottky cflect in insulators appears to have been first
observed by Emptage and Tantraporn, who repotted a log § vs. F'” relationship in their
samples. Tt was suggested that the plot should have to be lmear in nature for Scholttky type

conduction mechanism.{ 1§]

6.2.2. Poole-Frenkel mechanism

The Poole- Frenkel (PF} conduction mechanism is a field assisted thermal ionization process
and is the bulk analogue of the Schottky effect at an interfacial barrier. This effect is lowering
of a Coulombic potential barrier when it interacts with an electric field, as shown in fig 6.2.

The PF lowering of a Coulombic barrier Ager in 2 uniform electric field is twice that due Lo

the Schottky effect at 8 neutral barrier, because the potential energy of an electron in a
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1
Coulombic ficld —

is four times that due to image force effects in Schottky

dxe £x
mechanism; i.e.
1 1
Ay = 248, :2[ . . ) F'% = B 6.9
dreeg,

where, Bp is PF coclficient.

=
N :
\\\ Bottom of Conduction Band
N e

Fig.6.2. Poole-Frenkel cffect at a donor center.

From this we can conclude that,

3 1.2
e
.=2l =240,.
ﬁpf' 4 rrn] ﬁ.f

ie. 2fds = Brr 6.10

In the bulk limited P¥ mechanism, the thermal emission of trapped carriers fram the bulk

material gives rise o conductivity

B, F" -4
J=ag,F L 6.
Ty E-"P[ T 1]

where, ¢, is the lonization potential of the PF centers.

Consequently, a general expression of the form

Ld
s=dyexp ¢ 6.12
k7

holds equally well for both Schottky and PF mechanisms. Where, J is the current density at a
biased voltage.

By taking natural logarithms of Eqn.. 6.12 we can write,
Pexp = skTd"? 613
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where, Peyp denctes the value of B obtained experimentally and s[= Alnd ) is the slope of

Vl'l

praph plotied between Ind and V'2.

6.2.3. Space charge limited conduction (SCLC) mechanism

When an Ohmic cantact is made to the insulator, the space charge injected into the conduction
band of the insulator is capable of carrying currcnt and when the transport is slower than
generation, it constitutes (he rate-determining step, and the conduction is described by the

theory of space-charge-limited current (SCLC) [1].

Cathnde Anode
Repion . Region
|
b— Virual Cathode
- Ql Ny
FL
= L

Fig. 6.3. Energy diagram for differcnt regions under space charge limited conduction
mechanism.

When a voliage bias is applied to the metal clectrodes, this results an addition of positive
charge to the anode and negaiive charge to the cathode. I now the voltage bias increases, the
net pasitive charge on the anode increases and thal on the cathode decreases. Assuming that
the anode region extends thmughout the insulator and neglecting the diffusion effect the
current can be interpreted by the Mott and Gumey relation

_ueE

J
8

Where, | is the mobility of charee carricrs, & is dielecitic constant, g is the permitlivity of

free space, ¥ is the applicd vollage and d is Lhe thickness. If the insulator contains N, shallow



Chapter DO Electriced propertics af PEPDEA 85

traps positioned an energy E, below the conduction band then the lrec component of the space

charge

E
=eN -t 6.13
py=e cex[{ kT]

and trapped compoenent of space charge

)
=eN -+ 6.16
pmonof )

thus trapping factor, 8 is defined as

p—f :ﬁex;{—i] &.17
2 N, kT

where N, is the effective density of states in the conduction band, and N; the density of

#

i

trapping levels situated at an energy Es below the conduction band edge.
The SCLC current density with traps is defined by

J= Mﬂ 6.18

8d®
For a shaliow trap SCLC and trap-tree SCLC, 8 = 1. According to Eqn. 6.18 , J varies as d'in
the QOhmic region and as 47 in the SCLC region for the trap-filled SCLC part. For a fixed V,
the dependence of In J on 1n d should be lincar with slope 12 -3.
Lampent calculated the voltage at which the transition from the Ohmic to shallow trap SCLC
region (Vi } occurs is given by

8 ed?
v, =—n, o 6.19
g E

Where, volume generated free carrier density, ng is independent of both p and 1 {18].
According to Fig, 6.4 it was found that the second linear region would extend up (o a certain
voltage, called as the crossover voltage, and beyond which the current would vary with the
voltage as a power law:

fxV? 6.20
Which would continue until the current is close to the saturation current, i.e. the maximum
current that the electrode could supply. However in real samples which conlain several trap
sites to capture the electrons that had been injected inside the sample. There are two types of

traps; the
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Fig. 6.4 Space charge !imited conduction characteristic for an insulator
containing shallow teaps.

ones above the Fermi level arc the shallow traps, and the others below the Fermi level being
the deep traps. During trapping both shallow and deep traps would get filled. The voltage at
which all the traps would get completely filled is called the trap filled limit {TFL). Beyond
Y, all the excess charges would be injected into the conduction band and the current would

approach the trap free square law as described in Eqn. 6.20 {17, 18].

6.3, Thermally Activated Conduction Processes

Electronic conduction in organic, molecular compounds difTers in several important ways
from the more familiar kind in metals and semiconductors. An imporant feature of the bend
system is that clectrons are delocalized and spread over the lattice. Some delocalization are
naturally expected when an atomic orbital of any atom overlaps appreciably with those of
more than one of its neighbers, but dclocalization reaches an extreme form in the case of a
regular 3 dimensional lattice. The band theoty assumcs that the electrons are delocalized and
can extend over the lattice. When electronic conduction is considered in polymers, band
theory is not totally suilable because the atoms are covalently bonded io one another, forming

polymeric chains that expenence wcak intermolecular interactions. Bu! macroscopic
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conduction will require electron movement, not only along the chain but also from one chain
to anolher.

If two solids are put in contact, the Fermi levels equalize at the interface, the other energy
levels moving to accommodate this. In pure insulator the Fermi level bisects the forbidden
band. Impurities may introduce allowed levels into the forbidden band, and this moves the
Fermi level up and down.,

As the temperaturs is incressed the charge carder concentration increases strongly with
temperaturc. This dominates the temperature dependence of the conductivity, giving it an
Arrhenius - like character.

It is diMcult 1o gencratize about the lemperature dependence of de conduction whether it is
ionic or electronic since so many processes are possible. Ohmic (low ficld) conduction

whether ionic or electronic, gives exponential temperature dependence, given by

p— T

J=J ex a.21
p BXF T

where Jy is a constant and AE is the activation energy for carrier generation. Now

J = Ney 6.22

where N is the number of charge carriers, ¢ their charge, and p their mobility. With extrinsic
ionic conduction, it is the mability i.e. the activated process, AX being the energy for the ion
to hop. With extrinsic electronic conduction, the electrons may move by hopping. However, if
the clectronic conduction is by excitation inte the conduction band, the production of free
clectrons, it not their mobility, p is activated. Whatever the Ohmic mechanism, a log J vs. I/T
plot {Archenius plot) will usually exhibit increasing linear slopes (activation energies) as T is
raised [18]

For variable range hopping the electrical conductivity is given by

Tin' m
g=a,eap—| — 623

where “d” is the dimensionality of transpor, ¢ is the conductivity, o, is the initial value of
conductivity, T is the absolute temperature and T, is the activation cnergy in terms of
temperalure.

In bulk material ionic conduction occurs due 1o the dnft of defect under the influence of an

applied electric lield. The degrees of ionic impuritics that may be lotally ignored in the
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conteat of other properties may have a significant effect on conductivity. A theoretical

expression may

Wk aﬁ/ onductio
%i%%f;ﬁid///' e

—l—

23 /—j _[._/ _-L_ . Fermi leve] } Localised
g i 4 - . levels
o Variable ranpe
g hopping
{q'?} F Ea
z /5 - v
e pand 7 77, Vﬂlwy/
Transporl band
Enfrg}f ~——~, Hopping

Tunneling

Site-1 Sile-2

Fig. 6.5. Diagram of electron-transfer mechanisms between adjacent
sites separated by a potential-energy barrier.

be derived for the current density,
J=sin h (eaE2KT) 6.24
where E is the electric field, a is the distance bevween neighboring polential wells,

e = electronic charge.

6.4. Experimental Procedure

For elecirical measurements, Al elecirodes were deposited on the both sides of the sample, i.e.
after the lower electrode was deposited, the PPDEA film was deposited onto the clectrode and
then the upper clectrode was deposited on the [ilm in the opposite direction of the lower
elecirode using an Edward coating unit, £-306A(Edward, UK}. The systein was evacuated by
an oil diffusion pump backed by an oil rotary pump al a pressure of about 10 Torr. The
current across the thin Mlms was measured by a high impedance Keithley 614 electrometer

and the dc vollage was applied by an Agilent 6345A slabilized de power supply. The

L=
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measurements were caried out under dynamic vacwum of about 107 Torr to avoid any
embient effect The block dingram for dc measurements and dc measurement set up are shown
in Fig. 6.6 and Fig. 6.7. The thermally activated cutrent or the temperature dependence of
current across the PPDEA thin films was measured at applied volinges of 8 and 14 V using
the above mentioned ele@rometer. The messurements were performed from 298 1o 398 K. For
these mensurements the samples were heated by & heating @il which was wrapped around the
specimen chamber. The tempermture was measured by & Chromel-Alumel (Cr-Al)
thermocouple placed very close (o the sample which was connected to & 197 A digiml
microvolt (DMV) meter.

Themmocouple A Digitl

MYM
Sample
Elecrometer + U +
{Ketthley 614) DC power supply

Fig. 6.6. A schematic circuit diagram of DC measurement.

Fig. 6.7. Amengemem for DC measurement
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6.5. Results and Discussion

6.5.1. Current density-voltage {(J-¥) characteristics

1.V characteristics of thin films of dilferent thicknesses (150, 250, 300, and 400nm) were
studied in AUPPDEAJAI sandwich configuration, in the voltage range O.1 - 25.0¥ in the
temperatures of 298, 303, 373 and 398 K. The observed J-V characteristics of the Nlms are
presenied in Fig. 6.8 to Fig. 6.11. Each curve shows two different slopes in the lower and
higher voltage regions, comesponding to different conduction processes according to the
power law of the form J & V7 wherc n is a power index. At lower voltapes the slopes of 0,365
n <1.3 indicates approximate Ohmic region while at higher vollages the slopes of 1.725n =
4.00 represents the non-Ohmic tegion. The values of the siopes are tabulated in Table. 6.1
The voltage dependence of current density at higher voltage region suggests that the current
may be due to Schottky, PF or SCLC mechanism in PPDLA thin (iims. From the relation J o«
d’, where 1 is a parameter depending upon the trap distribution, a slope | < 3 at a higher
voltage region suggests the possibility ol Schottky or PF mechanism and | z 3 evaluates the
possibility of SCLC mechanism. Fig.6.12 illustrates the dependence of current densily on

Table. 6.1 The slopes in the two volitage regions at difierent temperatures for samples of

difTerent thicknesses.
Thickness of | Measurement Values of slopes
PPNEA thin temperature Low voltage region High voltage region
films d {nm} (K} {Ohmic) {non Ohmic)
293 1.03 2.13
150 303 1.G3 244
373 1.50 2.38
398 1.20 2.83
298 0.72 2.36
250 303 .78 3.22
373 1.00 3.55
398 1.08 4.00
208 0.92 2.36
300 303 1.30 2.92
373 1.20 3.15
308 1.10 3.51
208 0.65 2.34
400 303 0.77 1.72
373 {).88 1.68
368 0.20 1.73
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PPDEA film thicknesses ranging from 150 to 400 nm at higher voltage region of 20 V. The
plot has yielded a negative slope with a value of L5, which is much smaller than that for
SCLC mechanism. These observations ruled out the possibility of SCLC mechanism and it
conld be predicted that the conduction mechanism operative in these films is probably either
Schottky or PE.

According to Eqn. 6.12, for Schottky or Poole-Frenkel mechamsm the expression for the
carrent should give rise to a linear graph if In J is plotied against V2, From the plots of InJ vs
v1? for PPDEA films of dilferent thicknesses in Fig. 6.13 and at differert temperature in Fig.
&.14 for 2 PPDEA thin [ilm, which indicate in J is proportional o V" and gives a siraight fine
in (he higher voltage region. Thus, the conduction mechanism in these films is of Schottky or
FF type.

For Schottky or PF mechenism it is also necessary that a graph plotted between In J vs a?
should be a straight line with a negative slope. Fig. 6.15 shows that this is aiso satishied in our
' case,

Using the slope of the straight line of the plot of In J vs V' the experimental value of the [}
coefficient, B, can be evaluated by Eqn. 6.13. The theoretical values of fis and fpr were
obtained from Eans. 6.8 and 6.10 respectively, taking the high frequency dielectric comstant,
which is about 4.90. The valuc of P, is compared with the theoretical values of fs and Bprin
Table 6.2. It is seen that the experimental Py, value coincides with the theoreticul s vaiue for
the Schortky type mechanism. Thus it can be inferred that the conduction mechanism in

PPDEA thin films is most probably a Schottky type mechanism.

Table 6.2 ; Comparison of experimental and theoretical B coefficients.

Fiim thickness | Temperature Bex Bs E
d. nm K eV mi vl | @V v | eV m't Vs
150 090X 107
250 208 1.06 X 107 171 X 1070 342 X 107
300 .15 X 107
400 316 X 107 B
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Fig. 6.8. log J-log V plot for PPDEA thin [ilm at different temperatures {d = 400 nm).
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Fig. 6.9. log J-log V plot for PPDEA thin film at different temperatures (d = 300 nm).
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Fig. 6.10. log J-log ¥ plot for PPDEA thin film at differcnt temperatures {d =250 nm).
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Fig. 6.11 Tog J-og ¥ plot for PPDLA thin flm at different temperatures (d= 150 nm).
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Fig. 6.14. InJ vs. V' at different temperatures for a PPDEA thin film {d = 150 nm}.
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Fig. 6.15. Plots of In J vs d'” for PPDEA thin films at the higher voltage region.
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6.5.2. Temperature dependence of current

Figs.6.16 to 6.19 shows the dependence of J on inverse absolute temperature, 1/T, for PPDEA
thin films of different thicknesses. There are twa curves, one in the ohmic region with an
applied voltage, 8 V, and the oiher in the Schotiky region with an applied voltage, 14V, Each
of the curves has two different slopes in the low temperature and in the higher temperature
regions. The activation encrgies calculated Irom the slopes of plots of Figs.6.16 o 6.19 [or all
samples are reporied in lable 6.3

Table.6.3: Valucs of activation energy AE (cV¥) for PPIDEA thin [iims of different

thicknesses.
Thickness Activation energies AE {eV)

d {nm} 8.0V 140V
‘Temperature Temperatore
low high low high
150 .20 .76 0.25 0.71
250 (.07 (.68 0.22 .66
300 0.03 0.63 0.19 0.61
400 0.11 0.68 0.13 0.54

From Table.6.3, for applicd voltage 3V (Ohmic), the activation energy is observed W be
around 0.10 + 0.03 eV at the low temperature region and that at the higher temperature region
is 0.69 + {1.06 eV. Whereas for 14V (Schottky) applied voliage, the activalion energies were
observed to be around 0.20 £+ 0.05 eV at the low temperature region and 0.63 + 0.03 ¢V at the
higher temperature region. The lower activalion energies of about 0.10 £ 0.03 eV and 0.20 £
(.05 eV for B and 14 V respectively, at the lower temperature region and the higher activation
energies of about 0.69 + 0.06 ¢V and 0.63 1 0.03 &V for 8 and 14 V respectively, at the higher
temnperature region may be attributed to a (ransition from a hopping regime lo a regime
dominated by distinet encrgy levels. In this Kind of transition process, Lhe localized carrier
may be bound with the agglomerates itself. As a result the carriers cannot take part in the
conduction through out the bulk of the material. As the hopping behavior, which have an
activation enerpy of few 1n eV, the low temperature activation energy cannol be explained as
hopping behavior but the decrease of activation cnerpy with decreasing temperature can be

explained as 2 gradual transition to the hopping regime.
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Fig. 6.16 Plots of Currcnt density vs. inverse of absolute temperatire for PPDEA thin
filen i Ohmic and non-Ohmic regions (d = 400nm).

1.E-05

|-

w3

-

& 1E06+

Z .

=

W

-

a

£

=

&

AEQT s e e e
25 27 2.9 3.1 33 35
1000/T (K)

Fig. 6,17 Plots of Current density vs. inverse of absolute temperature for PPDEA thin
film in Ohmic and non-Ohmie regions {d = 300nm).

9



Chapter DC Electrica! properiies of PPDEA

1.E-d

-
m
o,
h

1,606 1

Correat density, J (A-m™)

1LED7 drm i e

1000/T (K

Fig.6.18 Plois of Current density vs. inverse of absolute temperature for PPDEA (hi
film in Ohmic and non-Ohmic regions {d = 250nm).

1.E-04

1.E-05

1.E08 ¢

Current density, J (A-m™)

1.E07

1000/T (K)

Fig.6.19 Plots of Curreni density vs. inverse of absolute temperature for PPDEA thin film
in Ohmic and non-Ohmic regions {d = 150nm).

o8



Chapter § DO Efectrical properites of PFDEA og

Refercnces

[1] Chen C. Ku and Raimend Liepins, ‘LClectrical Propertics of Polymers’; Hanser Publishers,
Munich - Vienna — New York (1987).

[2] Yasuda H., ‘Plasma Polymerization™; Academic Press, Inc, New York (1985).

[3] Mathai C. J., Sarovanan 5., Jayalckshmi 5., Venkatachalam $S., Anantharaman M.
R.. ‘Conduction mechanism in plasma polymerized aniline thin films” Mater. Le, 57,2253
2257, (2003).

[4] Nagaraj N., Subba Reddy Ch. V., Sharma A. K., Narasimha Rao V. V. R.. L, *DC conduction
mechanism in polyvinyl alcohol [iims doped with potassium thiocyanate’, Power Sources,
112, 326-330, (2002).

[5] Sajeev U. S., Mathai, C. 1., Saravanan §, Ashokan R, Venkatachalam 5., Anantharaman, ‘On
the oplical and elcctrical properties of tf and a.c. plasma polymerized aniline thin [ilms’, Bull.
Mater. Sci., 29, Wo.2 (2006).

[6] Sayed W. M. Salem. T. A, ‘Preparation of polyaniline and studying its elecirical
conductivity’, J. Appi. Polym. Sci., 77, 1658-1665.(2000)

[7] Chowdhury F-U-Z, Bhuiyan A. H., ‘The de elcctrical conduction mechanism of heat-treated
plasma-polymerized diphenyl (PPDP) thin films’, indi. J. Piys., 76, 239-244,(2002).

[8] Akther H. and Bhuiyan A. H. “Space charge limiled conduction in plasma polymerized N, N,
3, § tetramethylaniling thin films® New ). Phys. 7, 173, {20053,

[9] Shah Jalal A.D.M., S. Ahmed, A.H. Bhuiyan and M. lbrahim, “On the conduction mechanism
in plasma-potymerized m-Xylene thin films’, Thin Solid Films, 288, 108111, (1996}

[101 Kumar. S., Nakamura K., Nishiyama 5., Ishii S., Noguchi H., Kashiwagi K., Yoshida Y., *
Optical and electrical characterization of plasma polymerized pyrrole Lilms’, J. Appl. Phys.
93, 2705-27 11, (2003).

[11] Silverstein M. S., Visoy-Fisher L., ‘Plasma polymerized thiephene: molecular struclure and

electrical properties’, Polymer, 43, 11-20, (2002).

[12] John R. K., Kumar 1. K., ’Structural, Electrical and Optical studies of plasma polymerized
and iodine doped polypyrrole’, . Appl. Polym. Sci., 83, 1856-1839, (2002).



Chapter & B Electrical propertics of PEDEA iog

[13] Valaski R., Ayoub S., Micaroni L., Hummelgen LA, “ Influence of thin thickness on charge
transport of electrodeposited polypyrrole thin films”, Thin Solid Films, 415, 206-210, (2002).

[14] El-Nahass M. M., Abd-El-Rahman XK. F., Darwish A. A. A., "Electrical conductivity of 4-
teicyapovinyl-N,N-diethylaniline’, Physica B 403, 219-223, (2008).

115] Bae 1.-8., Jung C.-K., Cho §.-)., Song Y.-H., Boo J-H., "A comprehensive study of plasma
polymerized organic thin films on their clecirical and optical properics”, J. Alloys and
Compounds, 449, 393-396, (2008).

{16] Gould R.D. and Lopez M.G., “Poole-Frenkel conductivity prior ta electroforming in
evaporated Au-Si0,-Au-sandwich structures”, Thin Solid Films 342-344, 94-97, (1999).

[17] Bhattacharyya S., Laha A., and Krupanidhi 8. I3, *Analysis of leakage current conduction
phenomenen in thin $tBl;Ta;0q {ilms grown by excimer laser ablation.” I. Appl. Phys. 91,
4543-4548, (2002).

[18] Maisel Leon T, and Glang R., ‘Hand Book of Thin Film Technology” McGraw [1ill Book
Company, NY, (1970}.



CHAPTER 7
CONCLUSIONS

7.1 Concluzions

7.2 Sugpestions for Further Research



Chapier 7 Conclusians 12

7.1 Conelusions

The PPDEA thin films of dilferent thicknesses were prepared from DEA by using a
capacitively coupled plasma polymerization technique. The DEA is an aniline derivative with
two ethyl group and one aniline group, Although studies on polyaniline have been reported,
there are no reporis on cxperimental studies on DEA. So DEA was chosen as & potential
organic monomet for thin [lm preparation and study of its dilferent properties. Conclusions
of the rosults of morphological, structural, optical and de electrical properties of PPDCA
produced from DEA are given below.

The surface morphology and chemical composition of PFDEA are analyzed by SEM and
EDX respectively. The SEM micrographs of thin films of PPDEA were taken in various
magnifications and various accelerating voltages. Smooth, lawless and pinhole free surface is
observed for PPDEA thin films of different thicknesses and no significant dillerence is
observed. EDX analysis indicates the presence of C, N and O in the samples. The main
obstacle of EDX is that it cannot detect the presence of H. The presence of O in PPDEA
implies incorporation of carbonyl and hydroxyl groups through the reaction of the frce
radicals. Tt is also predicted that the PPDEA films are deficicnt in carbon and nitrogen wilh
respect to the monomer, which may be due 1o the breakdown of bonds owing to the complex
reaction during plasma polymerization.

From the IR spectra it is observed that the absorption peaks in the PPDEA are not sharp when
compared with those for DEA and most of the LR absorption features of DEA are noticeable
in the spectrum of PPDEA with the shift in wavenumbers ie. the plasma technique has
alTected the chemical structure of the deposited films. The presence of C=0 indicates that
there are trapped free radicals in the PPDEA, which reacts with the atnospheric oxygen.

The values of both allowed direct transition, Eggy, and allowed indircet transition, Eq,y were
identified in PPDLA thin [ilms. The values of Ega and Eyy, incrcase with increasing
thickness. The average values of Egg, is, 3.36 eV and that of Eg is 2.40eV.

The J-V characteristics of PPDEA revealad (hat the dependence of I on ¥ is Ohmic in the
lower vollage region and non Ohnaic at higher voltage levels. The thickness dependence of
current density in the higher voliage repion has predicted a contact Hmited Schottky type

conduction mechanism in PPDEA. The experimental fleg, value coincided with the theoretical
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Bs value for the Schottky type mechanism. Thus il is concluded ihat the conduction
mechanism in PPDEA thin films is most probably a Schotiky type mechanism.

For applied voltape 8V (Ohmic), the activation energy is observed to be around 0.10 £ 0.03
eV at the Jow temperature region and that at the higher temperature region is 0.69 £ 0.06 e¥.
Whilc for applied volagel4V (Schottky}, the activation energies arc observed io be arcund
0.20 £ 0.05 ¢V at the low temperature region and 0.63 £ 0.03 eV at the higher temperature
region. The low temperature activation enerpy cannot be explained as hopping behavior but
the decrcase of activation cnergy with decreasing temperature can be explained as gradual
transition to the hopping regime and conduction may be due 10 movement of carrier between

distinct energy level in the high iemperature region.

7.2 Suggestions for Future work

Tn this work an attempt was made to investigate the structural, optical and the dc electrical
behavior of PPDEA. But, more characteristics of PPDEA thin [ilms can be investigated,
which will help [inding suitable applications of these materials. The following invesligations
on PPDEA thin (ilms may be carried out.

The chemical investigation can be done by Elemental analysis. The thermal analysis by D3C,

DTA and TGA at different heating rates will be helpful to ascertain the reaction kingtics in the

FPDEA [ilms. The XPS investigation should be carried out in order to see the bonding of e

differemt functionalities In the PPDEA thin films. 1t also can provide quantitative information
of the element present. The clectron spin resonance { ESR) study may be carried out o see the
naiure and source of radicals in this material.

The diclectric consiant, loss factor and the diclectric strength may be measured to find the
dielectric application of ihe materials. For studying the charge storage and charge relaxation
the thermally stimulated depolarization current(TSDC} can be measured.

PPDEA can be modified io change electrical properties by heat treatment and doping. Doping
of these [ilms ean be carried out while preparing those films in the plasma chamber or by
exposing them in dopant gases. [L can be also deposited as a coating on other polyiners. The
PPDEA can be preparcd in an asymmetric clcctrode confliguration or inductively coupled,
plasma polymerizaiion sei-up with of power and can be characterized by the above mentioned

technigues.
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