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Abstract

Plasma polymerized N, N, 3, 5 tetramethylaniline (PPTMA) thin films were deposited on to
glass substrates at room temperature by a capacitively coupled parallel plate reactor. The
structural and optical properties of as deposited, heat treated and iodine (I) doped PPTMA
thin films of different thicknesses were characterized by scanning electron microscopy,
elemental analysis (EA), infrared (IR) spectroscopy, X-ray photoelectron spectroscopy
(XPS), and ultraviolet-visible (UV-Vis) spectroscopy. The surfaces of the PPTMA thin films
were observed to be smooth and pinhole free. The energy dispersive x-ray observations
indicate the presence of C, N, O in as deposited PPTMA and I doped PPTMA samples. The
structural analyses by IR spectroscopy reveal that PPTMA thin films are formed with certain
amount of conjugation, which modifies on heat treatment and iodine doping. The m—m*
transition in PPTMA thin film demonstrates the presence of an increased degree of
conjugation in the resulting films. The XPS analyses show that C, N, and O are present on
the surface of the PPTMA thin film and possible groups C-H, C=C, C-N, and C=0 are
found in the PPTMA structure. The atomic ratio N/C of the PPTMA thin film bulk and
surface are found to be 0.12 and 0.20 by EA and XPS, respectively. Allowed direct
transition (Eqq) and indirect transition (Eq;) energy gaps were determined from Tauc plots.
The direct energy gap of as deposited PPTMA thin films is 2.8 eV and that of 1odine doped
PPTMA thin films is 2.6 eV. The change of energy gap indicates that there is a charge
transfer complex arising between the host PPTMA and the iodine. It is observed that Eqq
increases a little, E; decreases, on heat treatment of PPTMA.

The current density-voltage characteristics of as deposited PPTMA and iodine doped
PPTMA thin films have been investigated at different temperatures. It is observed that space
charge limited conduction is operative in the higher voltage region in iodine doped PPTMA
thin films. From the experimental studies the carrier mobility, the free carrier density, and
the total trap density of as deposited PPTMA are found to be about 1.3 x 10 m?* V's™, 2.0
x 10*! m™ and 4.0 x 10> m”, respectively and those of iodine doped PPTMA are about 1.5
x 10" m? Vs, 3.7 x 10?2 m™ and 1.2 x 10" m”, respectively . At lower temperatures, the

available thermal energy is not sufficient to ionize the traps, so hopping mobility is

Xxvii



observed. While at higher temperatures, the higher values of activation energy indicate a
transition from a hopping process to a distinct energy level process. The conductivity of
iodine doped PPTMA thin film is higher than that of as deposited PPTMA thin film. The
alternating current (ac) capacitance and electrical conductance of PPTMA thin films were
measured as functions of frequency (100 < f < 10° Hz) and temperature (300 < T< 450 K).
The ac electrical conductivity is more dependent on temperature in the low frequency region
than that in the high frequency region. In PPTMA thin films the conduction may be
dominated by hopping of carriers between the localized states at low temperatures and
thermally excited at the high temperatures. The activation energies are estimated to be about
0.05 eV in the low temperature and 0.23 eV in the high temperature. Dielectric constant
decreases with the increase of frequency but dielectric loss increases with increasing
frequency with a minimum in the low frequency region. The temperature dependence of the
Cole-Cole diagram shows the existence of distribution of dielectric relaxation times in the

PPTMA thin films.
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Chapter 1 Introduction 2

1.1 Introduction

The use of plasma polymerization for synthesis of novel thin film materials has become
attractive and has been an active area of research in the recent past. Plasma polymerization is
an efficient method for organic thin film deposition and surface modification. Thin Films of
organic compounds have attracted a great deal of attention of the researchers for their
applications such as in the fields of mechanics, electronics and optics etc. [1-2]. The plasma
polymerization method is largely recommended because it enables the fabrication of very thin

films and compounds that could not be obtained any other ways.

In a number of applications, both conductivity and transparency are required, for which
metals, inorganic conductors and ion-conducting polymer can be used. In the strive for
reduction in size, costs and weight of electronic equipment, the combination of polymeric
properties and conductivity would be highly advantageous. This has long been recognized by
the scientific and industrial community and has resulted in extensive research in this field.
Due to often weak bonding between organic molecules in the solid state, they share many of
the properties of both semiconductors and insulators, and hence their study has led to a
deepening of fundamental understanding of the electronic and optical properties of polymers.
Generally, thin polymer films can be formed in two ways: one is wet processing, such as the
Langmuir-Blodgett (LB) film method, spin-coating, dip-coating and chemical vapor
deposition (CVD). Although excellent results have been achieved this way, there are a
number of problems that can arise such as pinholes, inclusion of solvents in different polymer
layers, and contaminants. An alternative approach, which can avoid such difficulties, is
plasma polymerization. This type of vapor deposition under vacuum provides a clean

environment. It is solvent free and is well suited to sequential depositions [3-5].

Now a days, material preparation, processing and surface modification have become a
prominent area of research in the development of science and technology. Among different
kinds of polymerization techniques, plasma polymerization emerges as a most important
technique for the preparation of organic thin films. In plasma polymerization the monomer is
fragmented into reactive species, which subsequently recombine, forming a polymer. The

advantages of plasma polymerization include; the environmental friendliness of the solvent-
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free process; the deposition of ultra-thin films, pinhole-free films; the deposition of highly
adherent films with substrate activation in the plasma environment; and the simplicity of the
reactor [5-8]. Plasma polymerization has been dealt as an extension of polymerization from
the academic view point and as a new technology to prepare thin films from a practical view
point. The concept of plasma polymerization has been based on the application of polymers
developed to the formation of organic material under plasma conditions. Plasma
polymerization is an attractive technique, using which it is possible to modify the surface
properties of a substrate, while retaining the transparency and bulk properties of the substrate
materials. Furthermore, it is a solvent-free, fast and versatile process. In the thin film
technology, plasma polymerization is accepted and is preferred owing to the desirable features
of the thin films it yields, because the films produced in plasma have strong adhesion to the

substrate surface [9-14].

In this thesis, preparation of plasma polymerized N,N,3,5 tetramethylaniline (PPTMA) thin
films and study of structural, optical and electrical properties are described. The chemical
structure of PPTMA observed to be little different than that of monomer keeping its aromatic
ring structure. This film was found to be deficit in carbon and hydrogen and contained
oxygen, which was not a part. The surfaces of PPTMA thin films were observed to be
uniform, pinhole and fracture free. From the analyses, it was showed that C, N, and O were
present on the surface of the thin film and possible groups C-H, C=C, C-N, C-O, and C=0
were found in PPTMA structure. The current density-voltage (J-V) characteristics of as
deposited PPTMA and iodine doped PPTMA thin film have been investigated. The
conductivity of iodine doped PPTMA thin film is higher than that of as deposited PPTMA
thin film. The space charge limited conduction is operative in the higher voltage region in
iodine doped PPTMA thin films. The capacitance and ac electrical conductance of PPTMA
thin films were measured as functions of frequency and temperature. Dielectric constant
decreases with the increase of frequency and that decreases with the increase of temperature
but dielectric loss increases with increasing frequency with a minimum in the low frequency

region.

1.2 Review of Earlier Research Work
Glow discharge or plasma polymerization is widely used to prepare polymer thin films. The

plasma polymerization as a plasma assisted deposition process is a well-known and efficient
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method to produce organic thin films and offers good control over the film properties. The
term plasma polymerization should not be limited to the formation of organic materials but
should cover a wider area that includes metallic or inorganic elements. Thus plasma
polymerization is gaining recognition as an important process for the formation of entirely
new kinds of materials. The recent development of science and technology of thin films of
organic compounds produced through plasma polymerization has drawn much attention of the
scientists to investigate their various properties. In these developments, the concept of plasma
polymerization has been based on the application of polymers developed to the formation of
organic material under plasma conditions. Then the process has attracted the attention of
scientists and engineers in different disciplines as an exotic method of polymerization. Today
plasma polymerization is based on the molecular processes by which the size of molecules
increases. The arrangement of the atoms that constitute the molecules of a monomer is

accomplished during the organic synthesis of the monomer.

Polyaniline prepared from aniline, an amine aromatic, shows interesting combination of
properties that make them very attractive. It seems to be a promising material, which exhibits
a good electrical behavior and good environmental stability [15]. The optical and electrical
characterization of plasma polymerized pyrrole (PPPy) films in the presence and absence of
iodine were carried out by Kumar et al. [16]. From the current-voltage characteristics of the
two types of polymer films they found that the conductivity of the doped PPPy was
approximately two times greater than that of the undoped one. It was observed that the optical
band gap energies of the undoped and iodine-doped PPPy film were 1.3 and 0.8 eV
respectively. A comparison of the Infrared (IR) spectra of the two types of films revealed that
almost the same bonds were present in both cases. These results suggest that iodine was not
bonded in any manner to the polymer chain of PPPy due to the doping. The Scanning electron
microscopy (SEM) photograph of the iodine-doped films shows that its surface is smoother
with iodine resulting in an increase in the conductivity of the films. A detailed analysis of the
conduction mechanism showed that the conduction mechanism in the undoped PPPy film is a

schottky type mechanism.

Bhadra et al. [17] reviewed the synthesis, processing and applications of polyaniline (PANI).
These paper provided of the different methods used for the synthesis of PANI along with a

number of special methods used to obtain a nano structured PANI. They observed PANI can
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be applied in different areas such as electrical, electronic, thermoelectric, electrochemical,
electromagnetic, electromechanical, electro-luminescence, electrorheological, chemical,
membrane, sensors, and so on because of its some special properties such as conductive in
nature, the increase of viscosity in solution when under an electric field, its change in
electrical conductivity or color when exposed to acidic, basic and some neutral vapors or
liquids, its easy variation of oxidation states, very high capacitance values, volume changes at

different oxidation state and its ability to emit color under various excitation.

Sajeev et al. [18] investigated the pristine and iodine doped PANI thin films prepared by radio
frequency (rf) and ac plasma polymerization techniques separately for the comparison of their
optical and electrical properties. Doping of iodine was done in situ. Analysis of the Fourier
transform infrared (FTIR) spectra of monomer aniline and PANI prepared under ac and rf
conditions indicate the presence of aromatic ring stretching (1600 cm™) and C-C stretched
vibration (1500 cm™) even after polymerization. A quick comparison between the spectra of
ac and rf thin films exhibit marked structural difference between the polymers evolved by
both polymerization routs. They have observed that the optical band gap of the polyaniline
thin films prepared by rf and ac plasma polymerization techniques differ considerably and the
band gap is further reduced by in situ doping of iodine. The electrical conductivity
measurements on this films show a higher value of electrical conductivity in the case of rf
plasma polymerized thin films when compared to the ac plasma polymerized films. They have
also found that the iodine doping enhanced conductivity of the polymer thin films
considerably. This increase in conductivity can be attributed to the evolution of conjugated
structure during rf plasma polymerization due to benzene ring opening in the presence of
iodine. Typically the mechanism of conduction observed in these films is space charge limited
conduction (SCLC). They reported that PANI is generally considered as a p-type conductor.
The iodine like electron acceptor dopant reduces the binding energy of the polymer. This
reduction of binding energy results in an enhanced mobility of the carriers and the

conductivity is enhanced further.

Elashmawi et al. [19] studied polyvinyldene fluoride (PVDF) and different concentrations of
iodine were prepared by casting method using dimethyl sulfoxide as a common solvent. Their
crystalline structure, optical and dielectric properties were examined. Ultraviolet-visible (UV-

Vis) spectra revealed that the PVDF films filled with iodine show new broad bands at 286 and
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353 nm which are attributed to the formation of charge transfer complex. The conductivity of
the new composites is lower at lower frequency and showed higher conductivity at higher
frequencies. The high values of dielectric constant may be due to the interfacial effects with in
the bulk of the sample and electrode effects.

Chowdhury et al. [20] studied on the chemical analysis of the plasma-polymerized diphenyl
(PPDP) thin films. The PPDP films were characterized by SEM, elemental analysis (EA), IR
spectroscopy, Auger electron microscopy (AES) and X-ray photoelectron spectroscopy
(XPS). The SEM micrograph shows that there are clear grain boundaries of irregular shapes
and the surface morphology of the PPDP film is observed to be and pinhole and fracture free.
The elemental analysis reveals that PPDP film is mainly composed carbon, hydrogen and
oxygen atoms with a small amount of nitrogen atom. It is observed that carbon and hydrogen
replacements occur with the inclusion of oxygen and nitrogen. The IR analysis reveals that the
structure of PPDP thin film is different from that of the monomer diphenyl. From the AES
and XPS investigations, it is observed that plasma polymer of diphenyl prepared by glow
discharge technique is elementally different from the monomer and is seen that there is no
significant variation in the concentration of carbon, oxygen and nitrogen calculated from XPS
and AES spectra. It is found that the surface and bulk atomic concentrations of the constituent
elements are not identical. The bulk atomic concentration determined from elemental analysis

is different in comparison to that obtained by XPS and AES analyses of the film surface.

Nakamura et al. [21] prepared thin films from cobalt tetraphenylporphyin (CoTPP) by plasma
polymerization at different rf power ranging from 10 to 100W. They observed that the plasma
polymerized CoTPP thin films has cross- linked structure in which the original structure
porphyin in CoTPP was retained to some extent depending on the rf power. Then the
chemical structure of the vacuum deposited and plasma polymerized thin film have been
analyzed by Uv-vis, XPS, Atomic force microscopy (AFM) and their hardness, adhesive force
to a glass substrate and current—voltage characteristics were measured. Investigation of a
sandwich type device of Au/ CoTPP/ ITO (Indium Tin Oxide) glass revealed that the plasma
polymerized CoTPP thin film has p—type semi-conducting characteristics.

Bazaka and Jacob [22] studied and examined the fabrication and characterization of polymer
thin films from non-synthetic Terpinen-4-ol monomer using radio frequency plasma

polymerization. The optical properties, thickness and roughness of the thin films were studied
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in the wavelength range 200-1000 nm using ellipsometry. The polymer thin films of
thickness from 100 nm to 1000 nm were fabricated and the films exhibited smooth and defect-
free surfaces. The energy gap was estimated to be 2.67 eV, the value falling into the
semiconducting region. The obtained optical and surface properties of Terpinen-4-ol based
films substantiate their candidacy as a promising low-cost material with potential applications

in electronics, optics, and biomedical industries.

Bae et al.[23] deposited plasma polymerized organic thin films on Si and glass substrates by
plasma-enhanced chemical vapor deposition (PECVD) method using methylcyclohexane and
ethyl-cyclohexane as organic precursors. The optical properties of the polymerized thin films
were investigated by FTIR and UV-Vis spectroscopy. It was observed that as the plasma
power was increased, the main IR absorption peak intensity of thin films was increased while
the transmittance of the UV-Vis spectra was decreased. The later result suggests that with
increasing RF power, high degree cross-linking density of the electrons could be overlapped,
resulting in formation of more stable polymers. The increase of absorption peak intensity with
increasing the rf power can be explained with either the increase of carbon contents or the
scattered reflection caused by plasma bombardment. The optical band gap of the films also
has a decreasing tendency with increasing rf power. Thus the above review studies it is
observed that among many methods of depositing thin films of organic compounds plasma
polymerization can be considered as an attractive one for the formation of new kinds of
material. Thin films prepared by plasma polymerization technique have extensive application
as chemical, physical, and biological sensors, microelectronic devices, nonlinear optical
devices, etc. Therefore high quality polymer thin films should be developed for a variety of

industrial applications.

Bhuiyan et al. [24] described the XPS observations on plasma-polymerized acrylonitrile
(PPAN) thin films and PPAN films pyrolysed at 573 and 773 K. The C (Carbon) Is, N
(Nitrogen) 1s and O (Oxygen)ls spectra of as deposited PPAN indicated that PPAN films are
cross-linked and pyrolysis caused extensive unsaturation and inclusion of O in PPAN
structure. The angle —resolved XPS reveals that PPAN thin film may be a two-layer system
i.e. the surface of the film may have slightly different composition than that of the bulk.

Mitu et al. [25] deposited parylene-like thin films of di-para-xylylene by plasma

decomposition instead of conventional thermal decomposition. Growth rates within the range
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4-250 nm/min were achieved with plasma polymerization, comparing favorably with the low
deposition rates of 5-10 nm min™ for the conventional CVD process. Depending on the rf
power and precursor mass flow values, thin films with various morphology and composition
were obtained, ranging from rough semi-crystalline to smooth amorphous and from polymer-
like to hydrogenated carbon-like films. The electrical properties of the thin films studied by
means of dielectric spectroscopy and charge stability measurements correlated to structural
properties of the films. Films deposited under low applied power/ mass flow rate conditions
showed good charge stability, making plasma deposited films interesting for electrostatic

micro-electromechanical systems applications.

Xiao Hu et al. [26] prepared plasma polymerized 4-cyanopyridine (PPCPD) thin films of
desired thickness through plama polymerization under different glow discharge conditions.
The effect of the discharge power on this film 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 obtained when a low discharge power was used. A red shift in the
maximum absorption wavelength for the films was observed as compared with the monomer
absorption spectrum. The AFM showed that the PPCPD film with quite smooth surface could

be grown under a relatively low discharge power.

Tamirisa et al. [27] synthesized polyaniline thin films on several substrates position at various
distance from the center of the coil of an inductively coupled pulsed-plasma reactor. FTIR
spectroscopy results revealed that the chemical composition and structure of the films were
very dependent on the substrate’s position with respect to the rf coil. SEM studies indicated
that as the films became thicker they developed nodules at somewhat smoother under layer.
The impendence measurements were consistent with relatively rough films possibly

containing pinholes.

Zhao et al. [28] studied a novel conjugated polymer, poly 4-biphenylcarbonitrile (PBPCN)
thin film using a plasma polymerization technique and investigated the effect of the discharge
power on the chemical structure and surface compositions using FTIR spectroscopy, UV-Vis
spectroscopies, and XPS. The results showed that a large m conjugation system can be formed
in the PBPCN thin films at low plasma discharge power of 30 W, and the plasma

polymerization of PBPCN monomer took place mainly through the opening of the © bonds of
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the C=N functional groups. A high discharge power of 50 W brought about more severe
molecular (aromatic ring) fragmentation and thus the conjugation length of PBPCN films

decreases due to the formation of non-conjugated polymer.

Hosono et al. [29] reported the effect of the discharge conditions on the structure and
electrical conductivity of the PPPy films. Comparative studies of the IR, EA and UV-Vis
observations showed that some pyrrole rings were remained in the PPPy films prepared with
10 and 20 W discharge power, whereas almost all the pyrrole rings were cleaved in the PPPy
films prepared with 50 and 100 W discharge power. Silverstein et al. [30] investigated on the
synthesis, the dependence of molecular structure and properties on the polymerization
conditions of plasma polymerized thiophene (PPTh). They found that the transparent

polymerized thiophene films depend on the carrier gas used (if any) and on the plasma power.

Valaski et al. [31] investigated on the influence of electrode material and film thickness on
charge transport properties of electrodeposited polypyrrole (PPy) thin films. They found that
the film morphology, roughness and electrical conductivity are strongly influenced by the
choice of substrate and the choice of electrode materials played a quite important role in
specifying the resistivity as well as the conductivity. The selection of metals with high work
function values imposes an increase in the mobility and the positive free carrier concentration
of semiconductor at thermodynamic equilibrium and consequently, in its electrical
conductivity. They also observed that the films with different electrode materials show
different properties. Au/PPy/Al configuration showed only ohmic conduction behavior; on the
other hand, TO/PPy/Ni and Au/PPy/Al configuration showed ohmic behavior in the lower
voltage region but SCL conduction mechanism in higher voltages. In the study on the
influence of the film thickness on the conductivity, they found that different conduction
mechanisms were shown by the films of different thickness. When PPy film thickness was
increased (~above 300 nm) the charge transport tends to be space charge limited, but for
smaller thickness (d < 300 nm) of the films, the charge transport was limited by thermoionic
emission. The charge mobility was also found to be increased for the smaller thickness. It was
also reported that the film morphology was highly thickness dependent. The morphology was

found to be better (lower roughness) for smaller thickness.

Luo et al. [32] investigated on the plasma polymerization of styrene with carbondioxide

under glow discharge conditions. Polystyrene thin films have been successfully prepared by
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plasma polymerization technique by using carbondioxide, as carrier gas and styrene vapor, as
monomer. The structure and composition of the plasma polymerized films were characterized
by XPS, FTIR and compared with the film prepared by conventional thermal polymerization.
The morphology information of the films was recorded by optical microscopy. XPS and FTIR
results reveal that chemical composition of the plasma polymerized films is different from
that of the thermal polymerized films and that oxygen content of in the plasma polymerized
films increases with the flow rate of CO,. XPS analysis further confirms that the content of

these oxygen-containing groups increases with CO, flow rate.

The plasma polymerized tetracthylorthosilicate (PPTEOS) thin films were deposited by
Zaman and Bhuiyan [33] on to glass substrates at room temperature by a parallel plate
capacitively coupled glow discharge reactor. The J-V characteristics of PPTEOS thin films of
different thickness have been studied at different temperatures in the voltage region from 0.2
to 15 V. In the J-V curves two slopes were observed, one in the lower voltage region and
another in the higher voltage region. The voltage dependence of current density at the higher
voltage region indicates that the mechanism of conduction in PPTEOS thin films is space
charge limited conduction. The carrier mobility, the free carrier density and the total trap
density were calculated from the observed data. The activation energies are estimated to be
about (0.13 £ 0.05) and (0.46 £ 0.07) eV in the lower and higher temperature regions
respectively for an applied voltage of 2 V and (0.09 + 0.03) and (0.43 + 0.10) eV in the lower
and higher temperature regions respectively for an applied voltage of 14 V. The conduction in
PPTEOS may be dominated by hopping of carriers between the localized states at the low
temperature and thermally excited carriers from energy levels within the band gap in the

vicinity of high temperature.

The preparation and characterization of ac PPPy thin films has been studied by Joseph John et
al. [34]. The electrical conductivity studies of the aluminium/ polymer/ aluminium structure
have been carried out and SCLC mechanism is identified as the most probable conduction
mechanism in those polymer films. The electrical conductivity showed an enhanced value in
the iodine doped sample. The reduction of optical band gap by iodine doping is correlated

with observed conductivity results.

Sajeev et al. [35] studied on the carrier transport mechanism of polyaniline (PA) thin films

prepared by rf plasma polymerization. The mechanism of electrical conduction and carrier
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mobility of PA thin films for different temperatures were examined using the AI-PA-Al
structure. It was found that the mechanism of carrier transport in these films was space charge
limited conduction. The J-V studies on an asymmetric electrode configuration using indium
tin oxide (ITO) as the base electrode and Al as the upper electrode (ITO-PA-Al structure)

showed a diode-like behavior with a considerable rectification ratio.

Kumar et al. [36] worked on PPPy in the presence and absence of iodine, and characterized
it’s optical and electrical properties. They studied of IR and SEM revealed that iodine was not
bonded in any manner to the polymer chain of PPPy but that it made the surface morphology
of the PPPy film smoother. An analysis of the electronic spectra gave band gap energies of
1.3 and 0.8 eV for the undoped and doped PPPy films respectively. The current-voltage
characteristics of the two types of polymer films revealed that the conductivity of the doped

PPPy film was approximately two times greater than that of the undoped one.

Hegemann and Schutz [37] determines the activation energy in the active plasma zone to
obtain stable, functional coatings, especially, asymmetrical radio frequency discharges enable
a high conversion of monomer flow into film deposition. They compared the unconfined
asymmetrical set up to a symmetrical reactor with confined geometry supporting the

described concept for the up-scaling of plasma processes.

Mathai et al. [38] prepared PANI thin films of different thickness by ac plasma
polymerization technique. The study of asymmetric electrode configuration showed that
barrier heights play a significant role in the conduction process. An activated process with
activation energy decreased from 0.73 to 0.65 eV as the bias voltage increased. From their
observations, they inferred that electrode limited Schottky-type conduction was dominant in

plasma polymerized PANI thin films.

Bae et al. [39] deposited organic polymer thin films onto glass and Si (100) substrates at room
temperature by plasma-enhanced CVD (PECVD) method. They compared the surface and
optical properties of plasma polymerized organic thin films prepared at various rf power.
They found that the contact angle, refractive index, and the intensity of the main absorption
peak of thin films were increased as the plasma power increased, while the optical
transmittance was decreased, signifying that the plasma polymerized organic films have lower

surface energy with increasing rf power.
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Many researchers have devoted in studying the direct current (dc) electrical conduction
mechanisms in various plasma—polymerized organic compounds. Shah Jalal et al. [40] studied
dc electric conduction mechanism in plasma polymerized m-xylene (PPm-X) thin films. They
found (Poole—Frenkel) PF mechanism to be operative in PPm-X thin films. Measurements of
the temperature dependence of ohmic and SCLC currents on thin films of polycrystalline
particles of B-magnesium phthalocyanine (MgPc) dispersed in a polymer binder in Schottky
junction cells have been carried out by Riad et al. [41]. The square power dependence in
SCLC indicated that current conduction was limited by a discrete trapping level above the
valence band edge. They also determined that the conduction process was Schottky emission

in the lower voltage range and the PF effect for higher voltage levels.

Silva and Amaratunga [42] characterized diamond-like carbon thin films using the SCLC
under electron and hole injection. They showed that the mid gap states were similar to those
in a-Si:H with a large dangling-bond density. Pradhan Dilip et al. [43] studied the effect of
plasicizer (PEGyp) on dielectric and electrical properties of plasticized polymer
nanocomposite electrolytes. They reported that at low frequency, the variation of relative
dielectric constant with frequency shows the presence of material electrode interface
polarization processes. The loss tangent peaks appearing at a characteristic frequency suggest
the presence of relaxing dipoles in all the samples. The frequency dependence of ac
conductivity follows the universal power law with a small deviation in the low frequency
region due to the electrode polarization effect. The conductivity increases with increase in
plasticizer concentration. Analysis of electrical modulus and dielectric permittivity functions

suggest that ionic and polymer segmental motions are strongly coupled.

Gong et al. [44] synthesized PANI thin films of various chemical compositions by rf plasma-
polymerization technique and they showed a correlation between the C/N ratio and their
different properties. The plasma-polyaniline films have been characterized by UV-Vis
spectroscopy, FTIR spectroscopy, electron spin resonance, XPS, SEM and contact angle
measurements, which indicated that the contents of quinoid sequences and aliphatic cross
linking moieties increase with increasing plasma power input and discharge duration.

The electrical conductivity, activation energy and morphology of polythiophene synthesized
by rf resistive plasmas were studied by Olayo et al. [45]. It was reported that the continuous

collisions of particles in the plasma had induced the polymerization of thiophene but also
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broke some of the monomer molecules producing complex polymers with thiophene rings and
aliphatic hydrocarbon segments. These multidirectional chemical reactions were more marked
at longer reaction times in which the morphology of the polymers evolved from smooth
surfaces, at low exposure time, to spherical particles with diameter in the 300-1000 nm
interval. Between both morphologies, some bubbles were observed to be formed on the
surface. The intrinsic conductivity of plasma polymers of thiophene synthesized in this way
varied in the range of 107" to 10® S/m. However, the conductivity resulted very sensitive to
the water content in the polymers, which produced variations of up to 5 magnitude orders.
The activation energy of the intrinsic conductivity was between 0.56 and 1.41 eV, increasing

with the reaction time.

Semiconductor-like thin films were grown using metallic phthalocyanines (MPc) (M=Fe, Pb,
Co) and 1,8 dihydroxiantraquinone by Sanchez et al. [46]. The effect of temperature on
conductivity was measured of the films and it was found that the temperature-dependent
electric current in all cases showed a semiconductor behavior with conductivities in the order
of 10°Qem™. The calculated optical band gap values of these materials as well as the
magnitude of their electrical conductivities of the thin films suggest the possibility of

considering them for use in the preparation of electronic devices.

Pandey et al. [47] fabricated Schottky device by thermal evaporation of indium on chemically
synthesized polyaniline, poly(o-anisidine), and poly(aniline-co-orthoanisidine) co-polymer.
They performed electrical characterization of each of these devices using current (I)-voltage
(V) and capacitance (C)- voltage(V) measurements. Good rectification (0.6 V) was found in

the case of In/Poly (aniline-co-o-anisidine) junction.

Ram et al. [48] studied aluminium-polyaniline-aluminium(Al-PANI-Al) capacitor
configurations and found that the moment of charge carriers under the influence of an electric
field gives rise to the space charge phenomenon, leading to the interfacial polarization. The
relaxation phenomenon seen in this configuration has been attributed to the damping of dipole
oscillators originating due to the application of external electric field. The increase in the
value of mobility both with increasing temperature and thickness observed in the case of Al-

PANI-AI configuration support the formation of space charge in doped polyaniline.
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Yamada et al. [49] investigated poly (vinylsulfonic acid) chains having cation-exchangeable
groups introduced onto a surface of polyaniline film by means of plasma-graft
polymerization. The redox reaction mechanism of the plasma grafted polyaniline film has
been examined with a combination of electrochemical and microgravimetric techniques. The
development of the graft layer of which the thickness was uniformed by increased
polymerization time. Plasma-grafting has effective on cation migration which take place in
order to maintain electrioneutrality of the polyanline film during redox process in the

electrolyte.

Valaski et al. [50] reported their investigation of charge transport properties of thin
electrodeposited polypyrrole (PPy) films. The positive charge carrier mobility was estimated
and demonstrated that its value was higher for thinner films. Yamada et. al. [51] investigated
poly(vinylsulfonic acid) chains having cation-exchangeable groups introduced onto a surface
of polyaniline film by means of plasma-graft polymerization. The redox reaction mechanism
of the plasma grafted polyaniline film has been examined with a combination of
electrochemical and microgravimetric techniques. The development of the graft layer of
which the thickness was ununiformed was realized by increased polymerization time. Plasma-
grafting has effective on cation migration which take place in order to maintain

electrioneutrality of the polyanline film during redox process in the electrolyte.

The dc and ac electrical properties were investigated for thermally evaporated ZnPc thin films
with aluminium(Al)/gold electrical contacts by Saleh et al. [52]. The current density-voltage
(J-V) measurements at room temperature indicated that an ohmic conduction was dominant at
lower applied voltages, while at higher applied voltages a space charge limited conduction (
SCLC) was observed. Bhuiyan and Bhoraskar [53] studied the electrical, optical and ESR
measurements of plasma polymerized acrylonitrile thin film. The electrical resistivity and
optical band gap show a drastic decrease as a result of these structural changes. They found
that the electrical conduction in the thin film and pyrolysed film is dominated by the hopping

mechanism resulting from the thermally activated charge carriers having low mobility.

An electrical study of aging of conductivity of polyaniline-polystyrene (PANI-PSt) blend has

been demonstrated by Jousseaume et al. [54]. Their study showed that the electrical
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conductivity decreased with time following a first order or a non first order kinetic depending

principally on the nature of the dopant.

Han et al. [55] analyzed the dielectric spectra of PANI salt films by changing the dopants and
film-formation methods. In the film-doping method the increase in dopant size resulted in
subsequent displacement of the dielectric relaxation peak toward lower frequency which was
found to be the result of an increased inter-chain distance on the PANI surface leading to

lower carrier hopping.

The ac measurements on organic materials have been used to understand conduction process
in these materials in the presence of ac electric field. Dielectric relaxation studies are
important to understand the nature and the origin of dielectric losses, which in turn may be
useful in the determination of electronic structure in solids. Dielectric constant (¢”) and
dielectric loss of N-P-nitroaniline thin films were studied by El-Nahass et al. [56] and found
that both these parameters were decreased with increasing frequency while increased with
increasing temperature. They also reported the estimated values of the maximum barrier
height. These values were in good agreement with the theory of hopping of charge carriers
over a potential barrier between charge defect states. Saravanan et al. [57] studied plasma
polymerized aniline and found low dielectric constant values, which were stable over a wide
range of frequencies. Dielectric constant and ac conductivity were measured in the frequency
range 100 Hz-1 MHz and in the temperature range 300-373 K. It has been observed that
capacitance and dielectric loss decrease with increase of frequency and increase with increase
of temperature. The ac conductivity increases with increase in temperature and frequency.
The conductivity increases rapidly at higher frequencies rather than at the lower frequencies.
The variation of ac conductivity with temperature as a function of different frequencies is also
studied and activation energies were calculated and are found to be in the range 0.366-0.1435
eV, which is very low. The low activation energies of these films indicate that a hopping
conduction mechanism occurs in rf plasma-polymerized aniline thin films. The IR spectrum
shows that the peaks in the plasma-polymerized aniline are not sharp when compared with the
monomer aniline and most of the IR absorption features of the monomer aniline are
noticeable in the spectrum of polyaniline with the shift in wave numbers. IR studies also
reveal that the aromatic ring is retained in the polyaniline, thereby increasing the thermal

stability.
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The dielectric properties from a set of molybdenum (Mo) containing diamond like carbon
(DLC) films deposited using electron cyclotron resonance chemical vapor deposition (ECR-
CVD) were investigated by Huang et al [58]. It is shown that the film permittivity can be
greatly increased by the introduction of Mo. There is a drastic reduction in the permittivity at
frequencies of up to 10 kHz. The ac conductivity exhibits three characteristic regions in the
frequency range investigated: constant, liner and super liner regions. The high ¢£” and tand at
low frequencies resulted from the high dc conductivity of the films. The relaxation
polarizations in the film are responsible for the peaks of £” and tand. For the film with high
Mo content, the permittivity is frequency dependent at low temperature. However, for the
high frequency of 1 MHz, the film permittivity is weakly Mo dependent at the temperature
below 145 K. The relaxation time was observed to decrease with increasing Mo content in the
films at room temperature. The effect of voltage on the permittivity of the films is

insignificant at frequencies above 10 kHz. Finally, it was concluded that the films have a

potential application in microwave devices.

Zhao et al. [59] studied plasma polymerized 1- cyanoisoquinoline (PPCIQ) thin film of
desired thickness was prepared by plasma polymerization under different glow discharge
conditions. The effect of discharge power on the chemical structure, surface composition and
morphology of the PPCIQ thin films were investigated by FTIR, XPS, Atomic force
microscopy (AFM) and deposition rate measurements. A high retention of the aromatic ring
structure of the starting monomer in the deposited plasma films is obtained at a low discharge
power. The dielectric measurement shows that a low dielectric constant of 2.62 has been

obtained for the PPCIQ thin films for the first time.

Dielectric properties of poly (butylenes succinate) crystalline under different conditions have
been reported in the temperature range of 163-383 K and in the frequency range of 0.01-105
Hz by Tai [60]. Both the dipolar o and B processes have been identified at low temperatures;
the o process is associated with the amorphous fraction while the [ with the relaxations in
both the amorphous and crystalline fractions. The space charge effect dominates the high
temperature dielectric spectra. These spectra have been analyzed in the light of an equivalent
circuit model. The Maxwell-Wagner-Sillars polarization, electrode polarization and free

charge motion are well resolved.
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It has been reported by various researchers [15, 17, 35, 48] that polyaniline, an amine
aromatic CcHs(NH>) as shown in Fig 1.1(a), is a useful and interesting material in its bulk and
thin film form for many applications in electrical, electronic, optical, etc. devices. Ab initio
quantum mechanical investigations have been carried out by Mhin and Park [15] to examine
the effects of constituents on structural deformations and electronic properties. Using a
superposition approximation, they obtained good structural parameter to describe the
electrical properties of push-pull para-disubstituted benzene derivatives. The amount of
charge transfer and the length of the path were important parameters explaining the behavior
of the electronic properties and these two structural parameters have no relationship. They
also predicted that the substitution of electron donor groups like -N(CH3), in aniline might

effect the electronic property.

CH3
N—CH3

CH3 b)

Fig 1.1 The structure of (a) polyaniline and (b) N,N,3,5 tetramethylaniline

In such case it is proposed to investigate experimentally the optical, electrical, etc. properties
of plasma polymerized N,N,3,5 tetramethylaniline (TMA) thin films. From these points of
view, TMA is selected as a monomer for the preparation of thin film by plasma

polymerization technique and to study its structural, optical and electrical properties.

1.3 Objectives of the Thesis

The advantageous and typical characteristics make the plasma polymerized thin films to be
utilized in various disciplines such as, in dielectrics, in electronics, optical, biomedical
devices, etc. TMA, may emerge as a promising material because it contains aniline and the
substitution of electron donor groups in those thin films of TMA might effect the optical and
electrical properties. This work is aimed at preparing thin films of TMA by plasma
polymerization technique. Then the structural, optical and electrical properties of the as-

deposited and modified PPTMA thin films are investigated as follows.
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(a) Film Characterization: The structural information and identification of functional
groups and surface morphology of as deposited and heat treated PPTMA thin films are
investigated.

(b) Thermal Analysis: Thermal decomposition and stability of PPTMA thin films are
studied.

(©) Optical properties: The optical energy gaps and the allowed direct transitions, and
allowed indirect transitions and forbidden transitions of PPTMA thin films are determined
from the UV-Visible spectroscopic study.

(d) Electrical properties:

(i) Direct Current measurements: The current density- voltage (J-V) and thermally
activated current is measured for metal/thin film/metal sandwiched structure samples of
different thicknesses as a function of temperature. The carrier mobility, the free carrier
density, and the total trap density are calculated in PPTMA thin films from these data. The dc
electrical investigation is felicitate to understand the electrical conduction mechanism and

thermally activated conduction mechanism in PPTMA.

(ii) Alternating Current measurements: The ac electrical conductivity, dielectric constant
and loss tangent of PPTMA will be determined at different temperature as a function of
frequency. The results obtained from the ac electrical investigation will be analyzed with the
existing theories to elucidate the relaxation behavior and dielectric loss mechanism in these

materials.

The results observed in electrical investigations in conjunction with the structural, thermal and
optical analyses may help understanding the reasons for the change of the optical and
electrical properties due to modification of PPTMA by heat treatment and iodine doping. This

understanding may indicate some suitable application of these materials.

1.4 Thesis Layout

Organization of this thesis is divided into five chapters.

Chapter 1 gives general introduction followed by a review of earlier research work, the
objectives of the study and the thesis layout.

Chapter 2 illustrates briefly polymers and their general properties, different polymerization

processes, overview of gas discharge plasma, plasma polymerization mechanism, application
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of plasma polymerized organic thin films. Theories on EA, IR, SEM, XPS, DTA/TGA , UV-

Visible, electrical properties are focused at the end of the chapter.

The experimental techniques are briefly explained in chapter 3 along with description of the
plasma polymerization set up, generation of glow discharge, deposition parameters, film
thickness measurements, sample formation etc. The monomer, substrate materials and its
cleaning process are also described here. The experimental procedure on EA, IR, SEM,
DTA/TGA, UV-Visible, electrical formation and electrode deposition of PPTMA thin films

are also described in this chapter.

Chapter 4 begins with results of elemental analysis followed by IR, SEM, XPS, DTA/TGA
spectroscopy. The details of UV-Vis absorption measurement and calculated values of direct
and indirect transition energy gaps are discussed at the end of the chapter and lastly a brief
account of the existing theories on dc and ac conduction mechanism followed by the current
voltage measurements and temperature dependence of current, the analyses of J-V

characteristics and temperature dependence of current data.

Chapter 5 is arranged with conclusions and suggestions for future work. And finally the thesis

is folded up with references and Appendix at the end.
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2.1 Introduction

A literature survey on polymers and their general properties, different polymerization
processes is presented in this chapter. The details of plasma, overview of polymer, plasma
polymerization, different types of glow discharge reactors, plasma polymerization mechanism
of plasma polymerized thin films are illustrated in this chapter. Application of plasma
polymerized organic thin films is focused in the chapter. Description of the theory of different

techniques is described in this chapter.

2.2 An Overview of Polymers

2.2.1 Polymer

A polymer is a material whose molecules contain a very large number of atoms linked by
covalent bonds, which makes polymers macromolecules. Polymers consist mainly of identical
or similar units joined together. The unit forming the repetitive pattern is called a "mer" or
"monomer. In some cases the repetition is linear, such as a chain is built up from its links and
in other cases the chains are branched or interconnected to form a three dimensional network.
The repeat unit of the polymer is usually equivalent or nearly equivalent to the monomer, or
starting material from which the polymer is formed. The length of the polymer chain is
specified by the number of repeat units in the chain, which is known as the degree of
polymerization. Polymers are thought to be colloidal substance i.e. glue-like materials. From
chemical point, the colloidal substances are in fact large molecules and that their behavior
could be explained interns of the size of the individual molecules. Polymer materials, some of
which are naturally occurring are in use from historical time, some are new and of recent

products.

Usually the biggest differences in polymer properties result from how the atoms and chains
are linked together in space. Polymers that have a 1-D structure will have different properties

than those that have either a 2-D or 3-D structure.

One-dimensional Polymers

One dimensional polymer is most common. They can occur whenever reacting two chains
join to make a chain. If the long-chains pack regularly, side-by-side, they tend to form
crystalline polymers. If the long chain molecules are irregularly tangled, the polymer is
amorphous since there is no long range order. Sometimes this type of polymer is called

glassy.
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Fig 2.1 Structure of polymer and polyethylene chain.
Two-dimensional Polymers
Two dimensional polymers are rare; the best example of one would be graphite. It is the
structure of graphite which provides its great lubricating capability. The condition to form this
planar structure is to have three or more active groups all directed in the same plane and
capable of forming a planar network. This structure offers low shear strength and good
lubricating properties.
Three-dimensional Polymers
Crystalline Diamond is an example of the three-dimensional crystalline polymer in which
carbon is linked to four corners of the tetrahedra and these are packed with long range order in
space to form a lattice. Diamond has properties which are much more like ceramics than
polymers in terms of mechanical behavior (high melting point, modulus, hardness, strength,

and fracture behavior).

Highly cross-linked structure is the most significant property of plasma polymers to
distinguish it from the conventional 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 important effect on the polymer.
Polymers with a high enough degree of cross-linking have “memory”. When the polymer is

stretched, the cross-links prevent the individual chains from sliding past each other. The
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chains may straighten out, but once the stress is removed they return to their original position

and the object returns to its original shape [61-63].

2.2.2 Classification of polymers
Depending on the different functional groups and structures in the field of macromolecules,

polymers are classified in various ways listed in table 2.1.

Table 2.1 Classification of polymer

Basic Classification Polymer types

Origin Natural, Semisynthetic, Synthetic

Thermal response Thermoplastic, Thermosetting

Mode structure Addition, Condensation

Line structure Linear, Branched, Cross—linked

Tacticity Isotactic, Syndiotactic, Atactic

Crystallinity Non-crystalline(amorphous),Semi-
crystalline, Crystalline.

A polymer may be completely amorphous in the solid state, which means that the chains in
the specimen are arranged in a totally random fashion. In the region the polymer is a glass, but
as the sample is heated it passes through a temperature, called the glass transition temperature
beyond which it softens and becomes rubberlike. A continuing increase in temperature leads
to a change of the rubbery polymer to a viscous liquid. The crystalline polymer on heating

would become a viscous liquid.

2.3  Plasma Polymerization

2.3.1 Plasma

Plasma is described as an electrically neutral medium of positive and negative particles. It is
highly reactive making it useful for a number of chemical processing applications. Plasma is
created when a neutral gas is given sufficient energy from an electronic discharge source to
create new product ions and radicals. The source of free electrons is generally a high energy
glow discharge such as a high voltage electrode. This resulting collision of electrons and gas
molecules result in a net energy transfer to the molecules producing metastable fragments and

energized ions. The resulting product is a mixture of highly excited ions consisting of
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fragmented portions of the parent molecule. Plasma generated from oxygen (O,) carrier gas
typically consists of O", 07, O," and O3 ions for example. The plasma particles are extremely
unstable and their energetic states cause them to be highly reactive with particles or surfaces
that they contact. Plasma is generally produced in a low pressure environment using a high
vacuum system to promote stability of ionic radicals formed. This low pressure stability is
achieved by effectively increasing the mean free path between the active components. Plasma
may also be produced in an environment near atmospheric pressure without the need for
maintaining an expensive vacuum system. The physics definition of plasma is an ionized gas
with an essentially equal density of positive and negative charges. A gas into which sufficient
energy is provided to free electrons from atoms or molecules and to allow both species, ions
and electrons, to coexist. Plasmas are described as the fourth state of matter and although they
are not perceived as very common in our everyday surrounding, plasma are the most abundant
form of matter in the universe. Gases can become plasmas in several ways, but all include
pumping the gas with energy. A spark in a gas will create a plasma. A hot gas passing through
a big spark will turn the gas stream into a plasma that can be useful. The ionization degree can
vary from 100% (fully ionized gases) to very low values (partially ionized gases). When the
temperatures greater than 10,000K all molecules and atoms tend to become ionized. Plasma is
considered as being a state of materials, and the state is more highly activated than in the solid

liquid, or gas state.

Besides the astroplasmas there are two main groups of laboratory plasmas, i.e. the high-
temperature or fusion plasma and the so-called low temperature plasma or gas discharge [64-
65]. Ionized refers to presence of one or more free electrons, which are not bound to an atom
or molecule. The free electric charges make the plasma electrically conductive so that it
responds strongly to electromagnetic fields. The classical definition of plasma limits the term,
to an appreciably ionized gas or vapor that conducts neutral fluids 4ot and viscous. The

modern definition is less restrictive, plasma simply connoting a more or less ionized gas.

2.3.2 Glow Discharge Plasma

2.3.2.1 Capacitively Coupled Radio-Frequency Discharge

If an ac voltage (Up to kHz) is used, the discharge is still basically of a dc type and each
electrode really acts as a cathode and anode alternatively. The frequencies generally used for

the alternating voltages are typically in the radiofrequency (rf) range. Capacitively coupled


http://education.jlab.org/glossary/electron.html

Chapter 2 Theories on Characterization Techniques and Electrical Properties 25

(cc) discharge can also be generated by alternating voltages in another frequency range.
Therefore, the term ,,aternating current (ac)* discharges as opposed to dc discharges might be
more appropriate. The term ,,capacitively coupled” refers to the way of coupling the input
power into the discharges ie by means of two electrodes and their sheaths forming a kind of
capacitor. The rf discharges which also results from the differences in mass between electrons
and ions, is the phenomenon of self bias. The self-bias or dc-bias is formed 1) when both
electrodes differ in size and ii) when a coupling capacitor is present between the rf power
supply and the electrode or when the electrode is non conductive (because it then acts as a
capacitor). When a certain voltage is applied over the capacitor formed by the electrodes, the
voltage over the plasma will initially have the same value as the applied voltage. Capacitively
coupled plasma is similar to glow discharge plasmas, but generated with high frequency RF
electric fields, typically 13.56 MHz. These differ from glow discharges in that the sheaths are
much less intense. These are widely used in the microfabrication and integrated circuit

manufacturing industries for plasma etching and plasma enhanced chemical vapor deposition.

When the applied voltage is initially positive the electrons will be accelerated toward the
electrode. Hence the capacitor will be rapidly charged up by the electron current and the
voltage over the plasma will drop. When the applied potential changes polarity after one half-
cycle, the voltage over the plasma changes with the same amount. The capacitor will now be
charged up by the ion current and the voltage over the plasma will, therefore drop as well, but
this second drop is less pronounced, because of the much lower mobility of the ions and hence
the lower ion flux. At the next half-cycle, the applied potential, and hence also the voltage
over the plasma, again changes polarity. The voltage over the plasma drops again more
rapidly, because the capacitor is again charged up by the electron flux. This process repeats
itself, until the capacitor is finally sufficiently negatively charged so that the ion and electron
fluxes integrated over one rf-cycle, are equal to each other. This results in a time-averaged

negative d.c. bias at the rf-powered electrode.

Because of the negative dc bias, the ions continue to be accelerated toward the rf-powered
electrode, and they can, therefore cause sputtering of the rf-electrode material. In fact, the cc
rf discharge often resembles a dc glow discharge with a similar subdivision in different

regions, similar operating conditions, and with similar processes occurring in the plasma.
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Fig.2.2 Typical sinusoidal voltage in a cc-rf discharge in the case of a large negative dc bias.

2.3.2.2 Inductively Coupled Glow Discharges
In the inductively coupled source, the plasma chamber is mostly also surrounded by a coil.
Simply speaking, the rf currents in the coil (inductive element) generate an rf magnetic flux,
which penetrates the plasma region. Inductively coupled plasma is similar to a CCP and with
similar applications but the electrode consists of a coil wrapped around the discharge volume
which inductively excites the plasma.
Following Faraday*s law:

Ax E=-0B/ot
the time-varing magnetic flux density induces a solenoidal rf electric field, which accelerates
the free electrons and sustains the discharge. Basically, two different coil configurations can
be distinguished in inductive discharges for processing applications, i.e. cylindrical and
planar. In the first configuration, a coil is wound around the discharge chamber, as a helix. In
the second configuration, which is more commonly used for materials processing, a flat helix
or spiral is wound from near the axis to near the outer radius of the discharge chamber,
separated from the discharge region by a dielectric. Advantages of the latter are reduced
plasma loss and better ion generation efficiency; disadvantage is the higher sputter-
contamination, UV-damage and heating of neutrals at the substrate. Multipole permanent
magnets can be used around the process chamber circumference to increase radial plasma
uniformity. The planar coil can also be moved close to the wafer surface, resulting in near-
planar source geometry, having good uniformity properties, even in the absence of multipole
confinement.
It should be mentioned that the coupling in IC plasma is generally not purely inductive, but

has a capacitive component as well, through the wall of the reactor. Indeed, when an inductive
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coupling is used, deposition on the wall is often observed to follow a pattern matching the
shape of the coil. This is an indication of localized stronger electric fields on the walls,
showing that the coupling is at least partly capacitive through the walls of the reactor. It is
mentioned that inductively coupled plasma are not only used as materials processing
discharges, but they are also applied in other fields, albeit in totally different operating

regimes. So IC plasmas are the most popular plasma sources in plasma spectrochemistry.

2.3.2.3 Direct Current Glow Discharge

Plasma polymerization process takes place usually in a low temperature generated by glow
discharge. The space between the electrodes becomes visible when a glow discharge is
established, the actual distribution of light in the glow discharge is significant and is
dependent on the current-voltage characteristics of the discharge [66-67].

When a constant potential difference is applied between the cathode and anode, a continuous
current will flow through the discharge; giving rise to a direct current (dc) glow discharge. In
a dc glow discharge the electrodes play an essential role for sustaining the plasma by
secondary electron emission. The potential difference applied between the two electrodes is
generally not equally distributed between cathode and anode, but it drops almost completely
in the first millimeters in front of the cathode. However, for most of the other applications of
dc glow discharges (sputtering, deposition, chemical etching, analytical chemistry etc.), the
distance between cathode and anode is generally short. So normally a short anode zone is
present beside cathode dark space and negative glow, where the slightly positive plasma
potential returns back to zero at the anode.

A dc glow can operate over a wide range of discharge conditions. The pressure can vary from
below 1 pa to atmospheric pressure. The product of pressure and distance between the
electrode is a better parameter to characterize the discharge. For instance, at lower pressure,
the distance between cathode and anode should be longer to create a discharge with properties
comparable to these of high pressure with small distance. The discharge can operate in a rare
gas (most often argon or helium) or in a reactive gas (N, O,, Hy, CHa, SiH4, SiF4, etc.), as

well as in a mixture of these gases.

2.3.2.4 Alternating Current Glow Discharge
The mechanism of glow discharge generation will basically depend on the frequency of the

alternation. At low frequencies (60 Hz), the effect is simply to form dc glow discharges of
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alternating polarity. However the frequency is higher than 60 Hz the motion of ions can no
longer follow the periodic changes in field polarity. But above 500 KHz the electrode never
maintains its polarity long enough to sweep all electrons or ions, originating at the opposite
electrode, out of the inter-electrode volume. In this case the regeneration of electrons and ions
that are lost to the walls and the electrodes takes place within the body of the plasma. The
mechanism by which electrons pick up sufficient energy to cause bond dissociation or
ionization involves random collisions of electrons with gas molecules, the electron picking up
an increment of energy with each collision. 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, which
obtains no energy, on the average, from the applied field. The electron can gain energy from
the field only as a consequence of elastic collisions with the gas atoms, as the electric field
converts the electron‘s resulting random motion back to ordered oscillatory motion. Because
of its interaction with the oscillating electric field, the electron gains energy on each collision
until it acquires enough energy to be able to make an inelastic collision with a gas atom. In

that case the process of these inelastic collisions is termed volume ionization.

Thus the transfer of energy from the electric field to electrons at high frequencies is generally
accepted as that operative in microwave discharges. It has also been put forward as that

applicable to the widely used rf of 13.56 MHz.

2.3.3 Plasma Reactors

A plasma reactor was constructed for the purpose of ionizing gases above a polymer substrate
placed on a grounded sample holder. Different kinds of reactors including capacitatively and
inductively coupled rf reactors, microwave and electron cyclotron reactors can be used for
plasma polymerization. In the current research, capacitatively coupled rf plasma (glow
discharge plasma) system was used. Glow discharge reactor is the important part of plasma
polymerization system. Because reactor geometry influences the extent of charge particle
bombardment on the growing films which affects the potential distribution in the system.
Different kinds of reactors including capacitively coupled and inductively coupled rf reactors,
microwave, dual-mode (MV/rf), etc. can be used for plasma polymerization processes. The
presence of insulating layers on the electrodes deflects plasma current into any surrounding

conducting areas and thus leads to gross plasma non-uniformity or plasma extinction.
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Therefore, when insulating materials are involved, ac power is usually employed so that

power may pass through the insulator by capacitive coupling.

Reactors with internal electrodes have different names, e.g. flat bed, parallel plates, planar,
diode etc. Their main features are power supply, coupling system, vacuum chamber, rf driver
electrode, grounded electrode, and eventually one or most substrate holders. Among the
internal electrode arrangements a bell-jar-type reactor with parallel plate metal electrodes is

most frequently used by using ac(1-50 kHz) and rf fields for plasma excitation.

Fig.2.3 Different types of reactor configuration used for plasma polymerization (a) internal electrode
reactor, (b) external electrode reactor, (c) electrode less microwave reactors.

The vacuum chambers can be made either of glass or of conductive materials, such as metal.
In the case of bell-jar reactors, no particular care is taken for the grounded electrode apart
from its area. On the contrary, the design and arrangement of the cathode require special
attention: a metallic shield surrounding the electrode highly improves the glow confinement
inside interelectrodic space; electrode material and area greatly affect the extend of sputtering
on the target. In the current research, capacitively coupled reactor (glow discharge plasma)

system was used for the formation of thin films.

2.3.4 Plasma Polymerization

Plasma polymerization is a process in which organic materials are reacted in an ionizing gas
environment to form cross-linked polymer films. An ultra thin film can be formed by this
process where thin films deposit directly on surfaces as comprising the vacuum deposition of
covalently bonded materials. In this process, the growth of low-molecular-weight molecules
(Polymer) occurs with the assistance of the plasma energy, which involves activated
electrons, ions and radicals. Condition for this process is the presence of chain-producing

atoms, such as carbon, silicium or sulfur, in the working gas.
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Fig.2.4 A schematic plasma polymerization configuration

The mechanisms of plasma polymerization and that of free radical polymerization have some
similarity but the fundamental processes are vastly different. The materials obtained by
plasma polymerization are significantly different from conventional polymers and also
different from most inorganic materials. Hence plasma polymerization should be considered
as a method of forming new types of materials rather than a method of preparing conventional
polymers. This polymerization process covers a wide interdisciplinary area of physics,
chemistry, science of interfaces and materials science and so on [68-70]. Thus plasma
polymerization is a versatile technique for the deposition of films with functional properties

suitable for a wide range of modern applications.

Plasma Polymerization process usually takes place in low temperature plasma, which is
generated by glow electrical discharges operated in a molecular gas under low pressure. The
energy transfer from electrons to gas molecules leads to the formation of a host of chemically
reactive species such as radicals and ions, which along with photons cause a variety of
plasma-chemical reactions. Plasma polymerization is an ultra-thin film processing technology
and covers very important subject area that can be recognized as comprising the vacuum

deposition of covalently bonded materials.
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2.3.5 Plasma Polymerization Mechanism

The process by which a polymer is formed from its corresponding monomer can be
categorized into two major groups.

1) Steps growth polymerization

In this process the polymer is formed from the monomer by the stepwise repetition of
particular reaction. This involves the condensation of two poly functional molecules to

produce a larger molecule during which small molecules like water are eliminated.

2) Chain growth polymerization

This is a very rapid process where a series of consecutive steps results in a long chain of
molecules. Contrary to the step growth process, here the growth is completed within a very
short time and also intermediate size molecules are not eliminated.

In these reactions the chain is carried by an ion or a free radical. Free radical is a reactive
substance with a unpaired electron formed by the decomposition of an unstable molecule
called initiator. The chain growth is initiated by initiators which initially undergo

decomposition to form free radicals.

Studies on plasma polymerization mechanisms suggest that free radical are the most likely
reactive species involved in polymer formation under plasma conditions. Here the whole
process consists of three steps namely initiation, propagation and termination. In the first step

an initiator radical is formed the decomposition of the initiator.
[—Se
Where K, is the constant of decomposition rate. The initiator radical formed now acts on the
monomer molecules forming monomer radicals.
Z*+M —S— M|
Where M is the monomer, K; is the initiating rate and M, is the monomer radical. The first
monomer radical can react with a monomer molecule to produce a dimer radical.

M +M L5 M

K, is the rate of polymerization and M, is the dimer radical formed in the first process of

polymerization.
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This polymerization process proceeds as
M, +M 2> M,
M, +M—>M:
Two termination processes are identified.

(1) Combination (2) Disproportionation. Combination can be represented as
M, +M,—>M,,,
Disproportion can be represented as
M+ M —>M +M,
K,and K, are the termination rates of polymerization process and they depend on the
external conditions of the process. In radical polymerization, the termination is a second order

reaction in M~ and the radical can be terminated by collision with the initiator radical. But
this may be ignored due to the low concentration of the initiator. Radical polymerization is the
dominant process in plasma-polymerization. The initiators here are the accelerated positive
ions and the electrons formed by the high electric field. These collide with monomer
molecules and produce radicals. The initiator concentration in such a process is very high. In
this kind of plasma-polymerization the termination reaction can occur as a result of a

collision.

2.3.6 The Effect of Plasma Process Parameters on Film Properties

The deposition rate of plasma polymerization and the physical and chemical properties of
these films depend upon following process parameters. Generally, when the other parameters
are kept constant (power, pressure, etc), deposition rate rises monotonically with increasing
flow rate at first because the polymerization rate is limited by the supply of fresh feed gases.
At high flow rates, the deposition rate decreases because the residence time of the feed gases
decreases and even activated species may be prevented from reaching the substrate by being
drawn away and pumped out.

Effect of power

Increase of power will result in an increased density of energetic electrons and in an increased
bombardment of the electrodes by energetic ions. With pressure and flow rate held constant,
the deposition rate increases with power at first and then becomes independent of power at

high power values.
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Effect of pressure
The pressure of the system affects
a) Residence time of the gases.
b) Average electron energy in the system.

c) Mean free path of the molecule inside the reactor.

2.3.7 Comparison between Conventional Polymerization and Plasma Polymerization

In contrast to conventional polymerization, polymer formation in glow discharge sometimes
may be characterized as elemental or atomic polymerization. That is, in glow discharge
polymerization, the molecular structure of a monomer is not retained, and the original
monomer molecules serves as the sources of elements from which large molecules are
constructed. A polymer formed by plasma polymerization cannot usually be identified from
the starting material, i.e., plasma polymerization is a system-dependent process. However, it
is possible to predict the breakdown of monomer molecules, based on the bond strength of
their chemical bonds. Then, the polymerization mechanism of these fragments may be
deduced. Another important point is that characterization techniques of the final film need to
be developed for the plasma polymer film, which is different from polymers in conventional
sense. In conventional polymerization, the properties of the polymer are determined by the
monomer being used, but the properties of the plasma polymer are not determined by the
monomer being used but rather by the plasma parameters. The surface energies of plasma
polymers of hydrocarbons are generally higher than those of conventional hydrocarbon

polymers containing groups.

maonomer B84

plasma polyrmer

Fig. 2.5 Structure of conventional polymerization and plasma polymerization.
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Unlike conventional polymerization, most of the reactions in plasma polymerization are one-
step reactions between two reactive species. Some other reactions are between an activated
species and a molecule, which are essentially the same as the propagation reaction of the
conventional addition polymerization. Such reactions can proceed in a chain mechanism if the
reacting molecule has the appropriate molecular structure. Thus plasma polymerization is

vastly different from conventional polymerization.

2.3.8 Applications of Plasma polymerized Thin Films

Research and development of plasma and plasma-polymerized organic thin films have been
undertaken very actively in the last few years and some of the products have been applied in a
variety of technologies. Surface modification is probably the most important application field,
plasma processes appear to have some distinct advantages compared to conventional
processes. Plasma polymers are used as dielectric and optical coating to inhibit corrosion. A
number of different plasma technologies are essential to different steps in the fabrication of
ICs. The use of plasmas as lamps, more specifically fluorescent lamps is probably the oldest
application. Nowadays, new types of so-called electrode less lamps are being developed, and
the use of low temperature plasmas for displays as large and flat television screens.
Applications of plasma-polymerized films are associated with biomedical uses, the textile
industry, electronics, optical applications, chemical processing and surface modification
[3,5,71-74]. The main advantage of plasma polymerization is that it can occur at moderate
temperatures compared to conventional chemical reactions because of cracking of monomers
and the formation of radicals occurs by electron impact reactions in the plasma. Segui
described two applications and the problems that prevent their industrial application, ie the
reactor geometry and neutralization of free radicals in the case of microcapacitors and contact
openings and mobile charge quantity reduction in the case of component passivation.
The chemical reactions in low temperature plasma have been studied extensively over the past
few decades. A large number of applications have been proposed in terms of plasma
modification of polymers and thin film deposition. Typical uses of plasma-polymerized films

are listed in Table.2.2.
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Table 2.2 Potential applications of plasma-polymerized films.

Electronics Integrated ckt, amorphous semiconductor, amorphous fine ceramic
etching.

Electrics Insulator, thin film dielectrics, separation membrane for batteries.

Chemical processing Reverse osmosis membrane, permselective membrane, gas
separation membrane-lubrication insolubilization.

Surface modification Adhesive improvement, protective coating, abrasion-resistant
coating, anti-crazing and scratching.

Optical Anti-reflection coating, anti-dimming coating, improvement of

transparency, optical fiber, optical wave-guide laser and optical
window, contact lens.

Textile Anti-flammability, anti-electrostatic treatment, dying affinity,
hydrophilic improvement, water repellence, shrink-proofing.

Biomedical Immobilized enzymes, organelles and cells, sustained release of
drugs and pesticides, sterilization and pasteurization, artificial
kidney, blood vessel, blood bag, anti-coating.

2.4 Techniques for Structural and Thermal Analyses

2.4.1 Differential Thermal Analysis and Thermogravimetric analysis

The thermal properties of plasma polymerized thin films are important from the technological
point of view. The term thermal analysis is frequently used to describe analytical
experimental techniques, which is used to investigate the behavior of a sample as a function

of temperature [83, 84].

Differential Thermal Analysis ( DTA)

Differential thermal analysis (DTA) is the simplest and most widely used thermal analysis
technique. The difference in temperature, T, between the sample and a reference material is
recorded while both are subjected to the same heating programme. The technique of DTA is
used to study the structural and phase changes occurring both in solid and in liquid materials
during heat treatment. These changes may be due to dehydration, transition from one

crystalline form to another, destruction of crystalline structure, oxidation, decomposition etc.

The principle of DTA consists of measuring heat changes associated with the physical or
chemical changes occurring when any substance is gradually heated. The
thermocouple(platinum-platinum rhodium 13%) for DTA measurement is incorporated at the

end of each of the balance beam ceramic tubes, and the temperature difference between the
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holder on the sample side and the holder on the reference side is detected. This signal is
amplified and becomes the temperature difference signal used to measure the thermal change

of the sample.

Fig 2.6 A schematic diagram showing different parts of a DTA apparatus

Thermogravimetric Analysis ( TGA)

Measurements of changes in sample mass with temperature (thermogravimetry) are made
using a thermobalance (sometimes referred to as a thermogravimetric analyzer). The TGA is a
branch of thermal analysis, which examines the mass change of a sample as a function of
temperature in the scanning mode or as a function of time in the isothermal mode under a
variety of conditions, and to examine the kinetics of the physico-chemical processes occurring
in the sample. Sample weight changes are measured as described below in Fig. 2.7.

Figure shows the sample balance beam and reference balance beam are independently
supported by a driving coil/pivot. When a weight change occurs at the beam end, the
movement is conveyed to the opposite end of the beam via the driving coil/pivot, when
optical position sensors detect changes in the position of a slit. The signal from the optical
position sensor is sent to the balance circuit. The TGA is used to characterize the
decomposition and thermal stability of materials. The balance circuit supplies sufficient
feedback current to the driving coil so that the slit returns to the balance position. The current
running to the driving coils on the sample side and the current running to the driving coil on

the reference side is detected and converted into weight signals.
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Fig 2.7 TGA measurement Principle.

2.4.2 Scanning Electron Microscopy

2.4.2.1 Principal

A scanning electron microscope (SEM) is a powerful microscope that uses electrons rather
than light to form an image of objects such as fractured metal components, foreign particles
and residues, polymers, electronic components, biological samples, and countless others. The
shorter wavelength of electrons permits image magnifications of up to 100,000, as compared
to about 2,000x for conventional light microscopy. An SEM also provides a greater depth of
field than a light microscope, allowing complex, three-dimensional objects to remain sharp
and in focus. This capability reveals details that cannot be resolved by light microscopy. SEM
is a very versatile technique employed for the examination and analysis of the micro structural
characteristics of solid objects. SEM is capable of high resolution (values of the order of 10
nm), and its greater depth of focus allows more three-dimensional information to be gathered
than optical microscopy. The technique uses a electron beam (typically 2 to 30kV) to strike a
solid sample and cause secondary electrons, back-scattered electrons, x-rays and Auger
electrons to be emitted. The intensities of the emitted secondary electrons vary with
topography and may be detected and displayed using a cathode ray tube screen, producing a

detailed image of the surface.

Small samples up to several 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, Au etc).
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(a) Working Function of an Electron Microscope [75,76]
Electron Microscopes function exactly as their optical counterparts except that they use a
focused beam of electrons instead of light to "image" the specimen and gain information as to

its structure and composition.

Virtual Source

é) First Condenser Lens

Condenser Aperture
< Second Condenser Lens

Objective Aperture

Scan coils

< Objective Lens

Samples

Fig. 2.8 Schematic diagram of a scanning electron microscope.
The basic steps involved in all Electron Microscopes are:

1. A stream of electrons is formed (by the Electron Source) and accelerated toward the
specimen using a positive electrical potential.

2. This stream is confined and focused using metal apertures and magnetic lenses into a thin,
focused, monochromatic beam.

3. This beam is focused onto the sample using a magnetic lens.

4. Interactions occur inside the irradiated sample, affecting the electron beam .These
interactions and effects are detected and transformed into an image. The above steps are

carried out in all EMS regardless of type.

2.4.2.2 Energy Dispersive X-ray (EDX) analysis
EDX Analysis stands for energy Dispersive X-ray analysis. It is sometimes referred to also as
EDS or EDAX analysis. It is a technique used for identifying the elemental composition of

the specimen, or an area of interest therefore. The EDX analysis system works as an
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integrated feature of a scanning electron microscope, and can not operate on its own without
the latter. During EDX analysis, the specimen is bombarded with an electron beam inside the
scanning electron microscope. The bombarding electrons collide with the specimen atoms™
own electrons, knocking some of them off in the process. A position vacated by an ejected
inner shell electron is eventually occupied by a higher-energy electron from an outer shell. To

be able to do so, however, the transferring outer electron must give up some of its energy by

emitting an X-ray.

The amount of energy released by the transferring electron depends on which shell it is
transferring from, as well as which shell it is transferring to. Furthermore, the atom of every
element releases X-rays with unique amounts of energy during the transferring process. Thus,
by measuring the amounts of energy present in the X-rays being released by a specimen
during electron beam bombardment, the identity 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
ejected for each energy level. An EDX spectrum normally displays peaks corresponding to
the energy levels for which the most X-rays had been received. Each of these peaks is unique
to an atom, and therefore corresponds to a single element. The higher a peak in a spectrum,

the more concentrated the element is in the specimen.

2.4.3 Elemental Analysis

The chemical compositions of plasma-polymerized materials can be characterized by
elemental analyses technique. The elemental composition of plasma-polymerized materials
generally differs substantially from that of monomer, which does not usually happen in case
of conventional polymers. The technique used for the determination of CHN is based on the
quantitative “dynamic Flash Combustion” method as shown in Fig.2.9. The samples are held
in a tin container, placed inside the auto samples drum where they are purged with a
continuous flow of helium and then dropped at certain intervals into a vertical quartz tube
maintained 1293K (Combustion reactor). When the sample dropped inside the furnace, the
helium stream is temporarily enriched with pure oxygen and the sample and its container melt
and the tin promotes a violent reaction (Flash Combustion) in a temporary enriched

atmosphere of oxygen.
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Sample in a tin capsule
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Fig. 2.9 The principle of operation of elemental analyzer.

Under these favorable conditions even thermally resistant substances are completely oxidized.
The resulting combustion gases are separated and detected by a thermal conductivity detector,
which gives an output signal proportional to the concentration of the individual components
of the mixture.

2.4.4 Infrared Spectroscopy

Infrared (IR) spectroscopy is used to obtain information on the molecular structure of virtual
all type of samples in any physical state (solid, liquid or gas). Infrared spectroscopy is based
on the fact that all molecules vibrate and can absorb energy in the infrared region. Most of the
vibrational absorption states correspond to the wavelength in the order of 2.5 to 25 pm (4000-
400 cm™). When a beam of electromagnetic radiation of intensity is passed through a
substance, it can either be absorbed or transmitted, depending upon its frequency, and the
structure of the molecules. If a transition exists which is related to the frequency of the
incident radiation by Planck®s law, then the radiation can be absorbed. The type of absorption
spectroscopy depends upon the type of transition involved and accordingly the frequency
range of the electromagnetic radiation absorbed. If the transition is from one vibrational
energy level to another, then the radiation is from the infrared portion of the electromagnetic

spectrum and the technique is known as infrared spectroscopy [77, 78].
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Fig. 2.10 The electromagnetic spectrum

Atoms and molecules can absorb electromagnetic radiation, but only at certain energies
(wavelengths). The diagram in Fig. 2.10 illustrates the relationships between different energy
levels within a molecule. The three groups of lines correspond to different electronic
configurations. The lowest energy, most stable electron configuration is the ground state
electron configuration. Certain energies in the visible and UV regions of the spectrum can
cause electrons to be excited into higher energy orbitals; some of the possible absorption
transitions are indicated by the vertical arrows. Very energetic photons (UV to x-ray region of
the spectrum) may cause an electron to be ejected from the molecule (ionization). Photons in
the infrared region of the spectrum have much less energy than photons in the visible or uv
regions of the electromagnetic spectrum. They can excite vibrations in molecules. There are
many possible vibrational levels within each electronic state. Transitions between the
vibrational levels are indicated by the vertical arrows on the left side of the diagram.
Microwave radiation is even less energetic than infrared radiation. It cannot excite electrons
in molecules, nor can it excite vibrations; it can only cause molecules to rotate. Microwave
ovens are tuned to the frequency that causes molecules of water to rotate, and the ensuing
friction causes heating of water-containing substances. Fig 2.11 illustrates these three types of

molecular responses to radiation.

A molecule absorbs infrared radiation when the vibration of the atoms in the molecule
produces an oscillating electric field with the same frequency as the frequency of incident IR
“light”. All of the motions can be described in terms of two types of molecular vibrations.

One type of the vibration, a stretch, produces a change of bond length. A stretch is a rhythmic
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movement along the line between the atoms so that the interatomic distance is either

increasing or decreasing.

shorter longer
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Fig 2.11 Molecular responses to radiation

The second type of vibration, a bend, results in a change in bond angle. These are also

sometimes called scissoring, rocking, etc. motions. Each of these two main types of vibration

can have variations. A stretch can be symmetric or asymmetric. Bending can occur in the

plane of the molecule or out of the plane; it can be scissoring, like blades of a pair of scissors,

or rocking, where two atoms move in the same direction.

A molecule absorbs only those frequencies of IR light that match vibrations that cause a

change in the dipole moment of the molecule. In a complicated molecule many fundamental

vibrations are possible, but not all are observed. Some motions do not change the dipole

moment for the molecule; some are so much alike that they coalesce into one band. Even

though an IR spectrum is characteristic for an entire molecule, there are certain groups of

atoms in a molecule that gives rise to absorption bands at or near the same wave number,

v,(frequency) regardless of the rest of the structure of the molecule. These persistent

characteristic bands enable to identify major structural features of the molecule.

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

be meet before an attempt is made to interpret a spectrum.

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

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

i) The spectrophotometer should be calibrated so that the bands are observed at their
proper frequencies or wavelengths. Proper calibration can be made with reliable

standards, such as polystyrene film.
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1i1) The methods of sample handling must be specified. If a solvent is employed, the

solvent, concentration, and the cell thickness should be indicated.

2.4.5 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface analytical technique, which is based
upon the photoelectric effect. Each atom in the surface has core electron with the
characteristic binding energy that is conceptually, not strictly, equal to the ionization energy
of that electron. When an X-ray beam directs to the sample surface, the energy of the X-ray
photon is adsorbed completely by the core electron of an atom. If the photon energy, Av, is
large enough, the core electron will then escape from the atom and emit out of the surface.
The emitted electron with the kinetic energy of Ej is referred to as the photoelectron. The
binding energy of the core electron is give by the Einstein relationship:

E =hv-E, —¢

Fig.2.12 A typical atomic model with a scheme of emission of photoelectrons and of X-ray.

Where /v i1s the X-ray photon energy (for monochromatic Al Ka, v = 1486.6eV); E is the
kinetic energy of photoelectron, which can be measured by the energy analyzer; and @is the
work function induced by the analyzer, about 4~5eV. Since the work function, #, can be
compensated artificially, it is eliminated, giving the binding energy as follows:

E, =hv-E,
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For insulating samples, once the photoelectrons are emitted out of the sample surface, a
positive charge zone will establish quickly in the sample surface. As a result, the sample
surface acquires a positive potential (varying typically from several volts to tens of volts) and
the kinetic energies of core electrons are reduced by the same amount, C.

E,=hv—(E,-C)

It can be seen that the surface charging results in the shift of the XPS peaks to higher binding
energy. In this case, the binding energy has to be calibrated with an internal reference peak.
The C 1s peak from the adventitious carbon-based contaminant, with the binding energy of
285 eV, is commonly used as the reference for calibration. In order to neutralize the surface
charge during data acquisition, a low-energy electron flood gun is used to deliver the electrons
to the sample surface. The electron flood gun can be tuned to provide the right current to push

the XPS peaks back to the real position.

The core electron of an element has a unique binding energy, which seems like a
"fingerprint". Thus almost all elements except for hydrogen and helium can be identified via
measuring the binding energy of its core electron. Furthermore, the binding energy of core
electron is very sensitive to the chemical environment of element. The same atom is bonded
to the different chemical species, leading to the change in the binding energy of its core
electron. The variation of binding energy results in the shift of the corresponding XPS peak,
ranging from 0.1eV to 10eV. This effect is termed as "chemical shift", which can be applied
to studying the chemical status of element in the surface. Therefore, XPS is also known as
electron spectroscopy for chemical analysis (ESCA). Since the number of photoelectron of an
element is dependent upon the atomic concentration of that element in the sample, XPS is
used to not only identify the elements but also quantify the chemical composition. When the
monoenergetic soft x-rays (normally Mg Ko(1253.6 eV) or Al Ka (1486.6 €V) x-rays are
used) reach the surface of sample, they interact with atoms in the surface region, cause
electrons to be emitted by the photoelectric effect. The photons of soft x-rays have limited
penetrating power in a solid on the order of 1-10 micrometers. The emitted electrons have

measured kinetic energies given by:

KE =hv
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Where hv is the energy of the photons, BE is the binding energy of the orbital from which the

electron originates, and is the spectrometer work function [79-82].

The binding energy may be regarded as the energy difference between the initial and final
states after the photoelectron has left the atom. Because there is a variety of possible final
states of the ions from each type of atom, there is a corresponding variety of kinetic energies
of the emitted electrons. The spectrum is obtained as a plot of the number of detected
electrons per energy interval versus their kinetic energy. Each element has a unique set of
binding energies, so XPS can be used to identify the elements and determine their
concentration in the surface. Quantitative data can be obtained from peak heights or peak
areas. Variations in the elemental binding energies (the chemical shifts) arise from differences
in the chemical potential and polarizability of compounds. These chemical shifts can be used

to identify the chemical state of the materials being analyzed.
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Fig.2.13 Basic components of a monochromic XPS system.
Fig.2.13 shows the basic components of a monochromic XPS system. XPS is a quantitative
spectroscopic technique that measures the elemental composition, empirical formula,
chemical state and electronic state of the elements that exist within a material. XPS spectra
are obtained by irradiating a material with a beam of aluminium or magnesium X-rays while
simultaneously measuring the kinetic energy (KE) and number of electrons that escape from
the top 1 to 10 nm of the material being analyzed. XPS requires ultra-high vacuum (UHV)

conditions. XPS is a surface chemical analysis technique that can be used to analyze the
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surface chemistry of a material in its "as received" state, or after some treatment such as:
fracturing, cutting or scraping in air or UHV to expose the bulk chemistry, ion beam etching
to clean off some of the surface contamination, exposure to heat to study the changes due to
heating, exposure to reactive gases or solutions, exposure to ion beam implant, exposure to
ultraviolet light, for example.

2.3.9 Ultraviolet-Visible Optical Absorption Technique

Ultraviolet/visible (UV-Vis) spectroscopy is useful as an analytical technique for two reasons.
First it can be used to identify some functional groups in molecules and secondly, it can be
used for assaying. This second role - determining the content and strength of a substance is
extremely useful. The UV-Vis spectroscopy is being widely to study the optical properties of
plasma polymerized thin films. Using UV-Vis spectroscopy, the precise information about
atomic and molecular structure obtained by investigating the interactions between ultraviolet
or visible electromagnetic radiation and matter, some functional groups in molecules can be
identified. Moreover, the impurity states, optical absorption coefficients, refractive index,
extinction coefficients, optical energy gaps, the allowed direct and indirect forbidden
transitions of optically active substances can also be evaluated by using this spectroscopic
method. These properties refers to the potential applications such as light guide materials,
optical fibers, photo diodes, optical coating to inhibit corrosion, etc. The optical energy gaps
and the allowed direct transitions and allowed indirect transitions and forbidden transitions of
optically active substances can be determined from the UV-Vis spectroscopic studies for the
potential applications such as light guide material, optical fibers, optical coating to inhibit
corrosion, etc. [85]. The most important application of UV-Vis spectroscopy is to determine
the presence, nature and extent of conjugation present in the material. Increasing conjugation
length generally moves the absorption spectrum to longer wavelengths and finally into the

visible region.
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Fig 2.14 The visible region of light in an electromagnetic spectrum
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Spectral lines observed in the UV-Visible region correspond to the energy difference between
two well-defined electronic energy levels of the absorbing atom or molecule. As the direct
relationship between energy and frequency shows that light of lower frequency will carry
fewer energetic photons than light of a higher frequency. Therefore, when an atom or
molecule absorbs energy in that region, its electrons are promoted from a state of lowest
energy, i.e. the ground state, to states, or orbitals, of higher energy. When light either visible
or ultraviolet is absorbed by valence electrons these electrons are promoted from their ground
states to higher energy states. The energies of the orbital involved in electronic transitions
have fixed values. Because energy is quantized, it seems safe to assume that absorption peaks
in an UV/Vis spectrum will be sharp peaks. This is because there are also vibrational and
rotational energy levels available to absorbing materials, shown in Fig.2.15. These vibrations
and rotations also have discrete energy levels, which can be considered as being packed on

top of each electronic level.

The absorption of UV-Visible radiation corresponds to the excitation of outer electrons. There
are three types of electronic transition, which can be considered,

1) Transitions involving 7, ¢, and » electrons

i) Transitions involving charge-transfer electrons

1i1) Transitions involving d and felectrons

7'y 7'y Antibonding o*
A n—G* A 60 Antibonding m*
n—>7* m—>T* Non-bonding n
Bonding
Bonding

Fig 2.15 Summery of electronic energy levels.

Absorption of UV-Visible radiation in organic molecules is restricted to certain functional
groups(chromophores) that contain valence electrons of low excitation energy. The spectrum

of a molecule containing these chromophores is complex. This is because the superposition of
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rotational and vibrational transitions on the electronic transitions gives a combination of
overlapping lines. This appears as a continuous absorption band. Possible electronic
transitions of 7, &, and # electrons are

c — ¢ Transitions
An electron in a bonding ¢ orbital is excited to the corresponding antibonding orbital. The

energy required is large. Absorption maxima due to 6 — & transitions are not seen in typical
UV-Vis spectra (200-800 nm).

n — ¢ Transitions

This transition needs less energy than ¢ — o~ transitions. They can be initiated by light whose
wavelength is in the range 150-250 nm. The number of organic functional groups with n — ¢~
peaks in the UV region is small.

n—n and © — n Transitions

Most absorption spectroscopy of organic compounds is based on transitions of n or =«
electrons to the n'excited state. This is because the absorption peaks for these transitions fall
in an experimentally convenient region of the spectrum (200-800 nm). These transitions need
an unsaturated group in the molecule to provide the 7 electrons.

Molar absorbtivities from n — 7" are relatively low, and range from 10 to 100 L mol™ cm™. 7
— 7" transitions normally give molar absorption. Spectral lines observed in the UV-Visible
region lies between 1000 and 10,000 L mol™ ecm™.

The solvent in which the absorbing species is dissolved also has an effect on the spectrum of
the species. Peaks resulting from n — m" transitions are shifted to shorter wavelength (blue
shift) with increasing solvent polarity. The reverse (red shift) is seen for 1 — n transitions.
This effect is greater for the excited state, and so the energy difference between the excited
and unexcited states is slightly reduced resulting in a small red shift. This effect also
influences transitions but is overshadowed by the blue shift resulting from salvation of lone
pairs [ 86, 87].

Many inorganic species show charge-transfer absorption and are called charge-transfer
complexes. For a complex to demonstrate charge-transfer behavior one of its components
must have electron-donating properties and another component must be able to accept
electrons. Molar absorption from charge transfer absorption are large(greater that 10,000 L

mol™ ecm™).
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2.3.9.1 Beer-Lambert Law

For most spectra the solution obeys Beer's Law. This states that the light absorbed is
proportional to the number of absorbing molecules. This is only true for dilute solutions.

A second law- Lambert"s law tells us that the fraction of radiation absorbed is independent of

the intensity of the radiation. Combing these two laws gives the Beer-Lambert law:

I=1e" 2.1

1
log,| = |=ad 2.2
%]

where is [, the intensity of the incident radiation, / 1is the intensity of the transmitted

radiation, d is the path length of the absorbing species and o is the absorption co-efficient.
The absorption spectrum can be analyzed by Beer-Lambert law which governs the absorption
of light by the molecules and states that, “When a beam of monochromatic radiation passes
through a homogeneous absorbing medium the rate of decrease in intensity of electromagnetic
radiation in UV-Vis region with thickness of the absorbing medium is proportional to the

intensity of incident radiation”.

The intensity of transmittance is expressed as the inverse of intensity of absorbance. The
absorption co-efficient a, can be calculated from the absorption data using the upper relation

2.3034
o =
d

23

1
where 4 = loglo(Toj is the Absorbance.

2.3.9.2 Direct and Indirect Optical Transitions

In solid state physics and related applied fields, the band gap, also called an energy gap or
stop band, is a region where a particle or quasiparticle is forbidden from propagating. For
insulators and semiconductors, the band gap generally refers to the energy difference between
the top of the valence band and the bottom of the conduction band. Fundamental absorption
refers to the annihilation or absorption of photons by the excitation of an electron from the
valence band up into the conduction band, leaving a hole in the valence band. Both energy

and momentum must be conserved in such a transition.


http://en.wikipedia.org/wiki/Solid_state_physics
http://en.wikipedia.org/wiki/Quasiparticle
http://en.wikipedia.org/wiki/Electrical_insulation
http://en.wikipedia.org/wiki/Semiconductor
http://en.wikipedia.org/wiki/Valence_band
http://en.wikipedia.org/wiki/Conduction_band

Chapter 2 Theories on Characterization Techniques and Electrical Properties 50

In the case of an indirect-band gap semiconductor, the minimum energy in the conduction
band and the maximum energy in the valence band occur at different values of crystal
momentum. Photon energies much larger than the forbidden gap are required to give direct
transitions of electrons from the valence to the conduction band. However, transitions can
occur at lower energies by a two-step process involving not only photons and electrons but
also a third particle, a phonon.

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

defined by
N(E) = j 2(E)dE 2.4

The density of states per unit energy interval may be represented by

¢(E) = %25@—@) 25

where V is the volume, E is the energy at which g(E) is to be evaluated and E, is the energy of
the nth state.
If g, o E” and g, o (E-E,,), where energies are measured from the valance band mobility
edge in the conduction band (mobility gap), and substituting these values into an expression
for the random phase approximation, the relationship obtained
VI (v) o (h v-Ep ™ where I, (v) 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
ahv oV’ (v) o (h v-Eop,)Z. 2.6

So for higher photon energies the simplified general equation which is known as Tauc relation
18,

ahv = B(hv — Eqy)" 2.7
where Av 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 here » = 1/2 for direct and n = 2 for
indirect transitions [88].
The above equation can be written as

d[In(ahv)] n
d[hv]  hv-E

opt
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When finding the n, type of transition can be obtained from the absorption spectrum. A
discontinuity in the d[In(aAv)]/d(hv) versus Av plot at the band gap energy (Eop or Ey), i.e. at
hv = E4 can be observed. The discontinuity at a particular energy value gives the band gap E,,
Thus from the straight-line plots of (ahv)’ versus hv and (ahv)"? versus hv the direct and
indirect energy gaps of PPTMA thin films can be determined.

There are two kinds of optical transition at the fundamental edge of crystalline and non
crystalline semiconductors, direct transitions and indirect transition, both of which involve the
interaction of an electromagnetic wave with an electron in the valance band, which is then
raised across the fundamental gap to the conduction band. For the direct optical transition
from the valence band to the conduction band, it is essential that the wave vector for the
electron be unchanged. In the case of indirect transition the interactions with lattice vibrations
(phonons) take place; thus the wave vector of the electron can change in the optical transition
and the momentum change will be taken or given up by photons. In other words, if the
minimum of the conduction band lies in a different part of k-space from the maximum of the
valence band, a direct optical transition from the top of the valence band to the bottom of the

conduction band is forbidden.

2.6 Theories on Electrical Conduction Mechanism
2.6.1 Direct Current Electrical Conduction Mechanism
In the dc electrical conduction in plasma-polymerized materials, the carriers may either be
electronic or ionic in nature and conduction is considered through the film, rather than along
the plane of the film. The low field properties, which are usually ohmic in nature, but the high
field electrical properties cannot describe by a single conduction process; usually the various
field strength ranges manifest different electrical conduction phenomena. The materials,
which have energy gaps more than 2 eV or above, the electrical properties may bear no
resemblance to what is intrinsically expected of such an insulating material. So this is clear
that the electrical properties of thin film insulators are determined not only by the intrinsic
properties of the insulator but also by other properties, such as the nature of the electrical-
insulator contact. The dc conduction mechanisms in different plasma-polymerized thin films
have reported is the following :

1) Schottky mechanism: In this mechanism, the injection of carriers from electrode

is performed by means of thermal or field-assisted emission.



Chapter 2 Theories on Characterization Techniques and Electrical Properties 52

i1) PF mechanism: If the carriers are produced by the dissociation of donor-acceptor
centers in the bulk of the material, the process of conduction is then called PF
mechanism.
i) SCL conduction mechanism: In case of SCL conduction the transport by the
carriers is slower than the generation and it constitutes a rate-determining step.
In general, if the carrier generation process is slower than transport of the carriers through a
dielectric, the conduction is controlled either by Schottky or PF mechanism.[89-92].
At reasonable applied fields there will normally be a sufficient supply of carriers available to
enter the insulator from the cathode(negatively biased electrode) to replenish the carriers
drawn out of the bulk of the insulator. Under these conditions the J-V characteristics of the
sample will be controlled primarily by conditions existing at the cathode-insulator interface;
this conduction process is referred to as being emission-limited or contact-limited.

A power law can express the variation of current density with voltage in a material generally:

Joc V" 2.10
where, n is a power factor. When n is unity, the conduction is ohmic. If the value of n is more
than unity, then the conduction process is other than ohmic. These are described in the

following sections.

2.6.1.1.Schottky mechanism

The Schottky effect is the image force induced lowering potential energy for charge carrier
emission when an electric field is applied. The image force effect plays an important role in
the conduction process. The potential step at a neutral barrier in the presence of image force

as a function of distance (x) from the metal-insulator interface is given by

2

e
P(x) =@y +P(xX) = Py ———— 2.11
lore, €x
eZ
where, @;n(x) = — ————1is the potential energy of electron due to image force. The barrier

l67e X

¢(x) in the presence of image forces is illustrated by the line AB in Fig. 2.16 is not valid at the

electrode surface.

The potential energy with respect to the Fermi level of the electrode is now given by
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P(x) = @o— ———— - eFx 2.12

The change Aps = @, — ¢(x) in the barrier height due to the interaction of the applied field

with the image potential is given by

63 1/2
Aps= — F'? =p F'? 2.13
4re, &' '
3 1/2
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Fig 2.16 Schottky effect at a neutral contact.

is Schottky coefficient. Because of the image force lowering of the barrier, the electrode-

limited current obeys the Richardson-Schottky law
J=AT? exp[- (o - AQs) / kT] 2.15

This equation was first applied successfully to metal-vacuum interfaces.

2.6.1.2 Poole-Frenkel mechanism

The PF effect is the bulk analog of the Schottky effect at an interfacial barrier. This effect is
also known as field-assisted thermal ionization process. As the potential energy of an electron
in a Coulombic field —e’/47z¢’x is four times that due to the image force effects, the Poole-
Frenkel attenuation of a Coulombic barrier A ., uniform electric field is twice that due to

the Schottky effect at a neutral barrier:
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3
e

1/2
AP, = 2Aq>5=2( ] F'"? =p,.F"* 2.16

Are &'
With the applied field, the Coulombic barrier height between electrode and the film is

lowered, and the carrier can escape more easily giving rise to field assisted conductivity:

PorF"”
2kT

c=o0, exp{ 2.17

where F = V/d, is the dc applied field, k is Boltzmann constant, T is the absolute temperature,

G, is the low field conductivity, B ,. is the Poole-Frenkel co-efficient and is given by

63 1/2
Bor =2 =2, 2.18

Donor Level

Fig 2.17 Poole-Frenkel effect at a donor center.

The general expression for J that is equally valid for both the PF and Schottky mechanisms is

of the form

,BFI/Z _¢
J=J, exp| —— 2.19
0 Xp|: kT

where J, is the low field current density; S is the coefficient: F is the static electric field and ¢
is the ionization energy of the localized centers in Poole-Frenkel conduction (it involves the
emission of trapped electrons (holes) from localized centers or potential wells within the
dielectric) and Coulomic barrier height of the electrode-polymer interface in Schottky
conduction (it results from injection of electrons or holes from the electrodes into the

conduction band of the dielectric.
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2.6.1.3 Space charge limited conduction mechanism

Space charge is a concept in which excess electric charge is treated as a continuum of charge
distributed over a region of space (either a volume or an area) rather than distinct point-like
charges. This model typically applies when charge carriers have been emitted from some
region of a solid the cloud of emitted carriers can form a space charge region if they are
sufficiently spread out, or the charged atoms or molecules left behind in the solid can form a
space charge region. Space charge usually only occurs in dielectric media (including vacuum)
because in a conductive medium the charge tends to be rapidly neutralized or screened. The
sign of the space charge can be either negative or positive. This situation is perhaps most
familiar in the area near a metal object when it is heated to incandescence in a vacuum. This
effect was first observed by Thomas Edison in light bulb filaments, where it is sometimes
called the Edison effect, but space charge is a significant phenomenon in many vacuum and

solid-state electronic devices.

The mechanism of electrical conduction in thin insulating films has been discussed by Lamb
and several important theoretical modes have been put forwarded. Dielectric materials, which
are basically insulators, are capable of carrying electric currents by virtue of carriers injected
at one or both the electrodes. According to the basic assumptions, if an ohmic contact is made
at the surface of an insulator, electrons flow from the metal to the conduction band of the

insulator.

Conduction Band

Eq

\4

o N
FL

Fig 2.18 Energy diagram showing shallow traps in an insulator.

Due to the injected charges near the electrodes, there is a generation of space charge near the
electrodes, which affect the conduction mechanism. As an effect, ohmic conduction changes
into SCL conduction as the applied electric field is increased. When a bias is applied to the

system, an insulator having two ohmic contacts on its surface. The result of the applied bias is
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to add positive charge to the anode and negative charge to the cathode. As the voltage bias
increases, the net positive charge on the anode increases and that on the cathode decreases

then the current density would be

2

J= gg’gn,u 2.20

8 " d
Where p is the mobility of charge carriers, ¢ is dielectric constant, €, is the permittivity of
free space, V is the applied voltage, d is the thickness. Eqn 2.20 predicts that SCL current is
directly proportional to V* and inversely proportional to d°.
Practically, the character and the magnitude of SCL conduction are modified due to the
presence of localized trapping centers which try to immobilize the injected charge carriers. If

the insulator contains N, shallow traps positioned an energy E; below the conduction band and

N, is the number of charge carriers, shown in Fig.2.18 then the free component of the space

charge
-E
- =eN,_ex F 2.21
and trapped component of the space charge
€, -E
=eN, exp| - —F—"L= 2.22
v es] €

thus the trapping factor, 0 is defined as

_E
GXp( th j 2.23

The SCL current density with traps is defined by:

Py _N,
p, N

0=

t

= %8’60;12—239 2.24
For a shallow trap SCLC and trap-free SCLC, 0 =1. According to eqn 2.24 J varies as d”' in
the ohmic region and as d” in the SCLC region except for the trap-filled SCLC part. In eqn
2.24 it can be seen that for a fixed V, the dependence of In J on In d should be linear with
slope 1 >-3.
The voltage at which transition from the ohmic region to the shallow trap SCLC region (V)

occurs is given by
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2
V, = §n0 ﬁ 2.25
9 P

where 7, is independent of both x and J. This value will be defined from the extrapolated
parts of the respective current region in the /nJ - InV curves.

Traps are locations that arise from disorders, dangling bonds, impurity etc. Very often, the
traps capture free charge carriers and thus play a very significant role in the conduction
process. However, generally in amorphous and polycrystalline organic material, electrical
charge transport is always accompanied by more or less frequent capture of charge carriers in
these localized states. Such trapped carriers may be released after specific retention period or
may recombine with opposite charge carriers. Traps may be classified into two types: electron

traps and hole traps.
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Fig.2.19 Trap process in space charge limited conduction mechanism.

There are several experimental methods for the detection of trap state, but most of them
allowing only for an indirect conclusion on the energy distribution. Some of the most
common methods are optically simulated current (OSC), thermally stimulated current (TSC),
thermally stimulated luminescence (TSL) and J-V characteristics. Among them J-V
characteristics method is widely used (Fig.2.19). In this method, space charge limited current
with traps model is applied on experimentally observed electrical properties of the sample. By
applying analytical method to this model, both information on the charge carrier mobility and

the trap energy distribution are determined. Therefore a J-V characteristics method is used to



Chapter 2 Theories on Characterization Techniques and Electrical Properties 58

determine the trap depth as well as trap distribution. It gives very precise information related
to the trap energy distribution and depth as compared with other experimental trap detection

techniques.

2.6.2 Thermally Activated Conduction Process
2.4.2.1 Electronic conduction

Electrical conduction is the movement of electrically charged particles through a transmission
medium. The band theory of solids has been applied to understand the electrical behavior of
polymers. An important featured of the band system is that electrons are delocalized or spread
over the lattice. Some delocalization is expected when an atomic orbital or any atom overlaps
appreciably with those of more than one of its neighbors, but delocalization reaches an
extreme form in the case of a regular 3-D lattice. The band theory assumes that the electrons
are delocalized and can extend over the lattice. When electronic conduction is considered in
polymers, band theory is not totally suitable because the atoms are covalently bonded to one
another, forming polymeric chains that experience weak intermolecular interactions. But
macroscopic conduction will require electron movement, not only along the chains but also

from one chain to another.

The carrier mobility in organic molecules is usually very low. This is due to the fact that
electrons, while jumping from one molecule to another, lose some energy. But the nobilities
of electrons are found to increase with molecular size in such type of compounds. In polymer
system, the conductivity is influenced by the factors such as dopant level, morphology of
polymer, concentration of conducting species, temperature, etc. The temperature dependence
of conductivity can be described by an Arrhenius type of eqn.
o= o, exp[-AE/kT] 2.26

where AE is the activation energy for carrier generation. The plot of logc vs 1/T must be

linear for thermally activated conduction.

2.6.2.2 Hopping Conduction

Disorder in a lattice affects both the energetic and spatial distribution of electronic states. For
a random distribution of atoms the density of electronic energy states tails into what is the

electrons in these tails are localized. When the electrons are excited to higher energy,
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conduction via localized electron implies discrete jumps across an energy barrier from one
site to the next as shown in Fig.2.20.

An electron may either “hop” over or “tunnel” through the top of the barrier; the relative
importance of these two mechanism depending on the shape of the barrier and the availability
of the thermal energy.

For variable range hopping the electrical conductivity is given by

1

T \d+l
o= 0, exp— (?"J 2.27

Where “d” is the dimensionality of transport, ¢ is the conductivity, ©, is the initial value of
conductivity, T is the absolute temperature and T, is the activation energy in terms of

temperature.

Fig 2.20 Diagram of electron-transfer mechanisms between adjacent sites separated by a
potential-energy barrier.

2.6.3 Alternating Current Electrical Properties
2.6.3.1 Theory of Dielectrics

A dielectric is an electrical insulator that can be polarized by an applied electric field. When a

dielectric is placed in an electric field, electric charges do not flow through the material, as in
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a conductor, but only slightly shift from their average equilibrium positions causing dielectric
polarization. Because of dielectric polarization, positive charges are displaced toward the field
and negative charges shift in the opposite direction. This creates an internal electric field that
partly compensates the external field inside the dielectric. If a dielectric is composed of
weakly bonded molecules, those molecules not only become polarized, but also reorient so

that their symmetry axis aligns to the field [92-95]

Thin films produced through glow discharge are known to have free radicals or polar groups
independent of the nature of monomers. Owing to this reason, these polymers are good
candidates for the investigation of dielectric properties. The ac conductivity and dielectric
properties of plasma polymerized thin films provide information about the conduction
process, dielectric constant, relaxation process, etc. which are dependent on the frequency and
temperature. The capacitance of a parallel plate capacitor having a dielectric medium is
expressed as

&' A
d

C 2.28

where g, is the permittivity of free space, &'is the dielectric constant of the medium, A is the

surface area of each of the plates/electrodes and d is the thickness of the dielectric. The
parameters such as angular frequency (o) of the applied field, the parallel resistance R,,
parallel capacitance C, and the series resistance R and series capacitance C; are related to the

g', dielectric dissipation factor &” and loss tangent as

C
g =L 2.29
CO
- 2.30
R,C,0
1
and tané':g—/: ! 2.31
e RCo
The conductivity of o,., was calculated using equation
Ouc()=Gprd/A 2.32

The dependence of ac conductivity, o, , on frequency may be described by the power law,
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Ouc(W)=A" 2.33

where A is a proportionality constant and @ (=27f, f is the linear frequency) is the angular
frequency and n is the exponent which generally takes the valve less than unity for Debye
type mechanism and is used to understand the conduction/relaxation mechanism in

amorphous materals.

The dielectric behavior of a material is usually decribed by Debye dispersion equation
g (o,T)=¢'—ig" where & is the complex dielectric permittibity, &' (energy dissipated per
cycle) is the real part of complex dielectric permittivity and &" (energy stored per cycle) is

the imaginary part of the complex dielectric permittivity,

£=¢, +150_% 2.34
+w° T
8" — (go —goo)a)z. 235

1+&%c?

where &, is the static or relaxed dielectric constant at (w=0). Dielectric relaxation is the

momentary delay (or lag) in the dielectric constant of a material. This is usually caused by the
delay in molecular polarization with respect to a changing electric field in a dielectric medium
(e.g. inside capacitors or between two large conducting surfaces). Dielectric relaxation in
changing electric fields could be considered analogous to hysteresis in changing magnetic
fields (for inductors or transformers). Relaxation in general is a delay or lag in the response of
a linear system, and therefore dielectric relaxation is measured relative to the expected linear
steady state (equilibrium) dielectric values. The time lag between electrical field and

polarization implies an irreversible degradation of free energy.

In physics, dielectric relaxation refers to the relaxation response of a dielectric medium to an
external electric field of microwave frequencies. This relaxation is often described in terms of
permittivity as a function of frequency, which can, for ideal systems, be described by the
Debye equation. On the other hand, the distortion related to ionic and electronic polarization
shows behavior of the resonance or oscillator type. The character of the distortion process

depends on the structure, composition, and surroundings of the sample.
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2.6.3.2 The Cole-Cole Function

The difference in dielectric constant measured al low and high frequencies is called the
strength of the relaxation. The Cole-Cole equation is a dielectric relaxation model that
constitutes a special case of Havriliak-Negami relaxation when the symmetry parameter (f) is

equal to 1 - that is, when the relaxation peaks are symmetric:

L‘gﬁ_ 236
1+ (wr)™

Where £"is the complex dielectric constant, g,and g are the "static" and "infinite frequency"

g(w)—¢, =

dielectric constants, ® is the angular frequency and T is a relaxation constant. The parameter
o, which takes a value between 0 and 1, is an experimentally determined correction factor.

When o = 0, the Cole-Cole model reduces to the Debye model. The dielectric behavior of a

material is usually described by using Debye dispersion equation [95-97]

o "8y 237

e=¢g —ig" =g, +———=
1+ (w71)

where ¢, is the static or relaxed dielectric constant at (@ =0), ¢, is the high frequency or
unrelaxed dielectric constant and the quantity 7 is a characteristic time constant, usually
called the dielectric relaxation time. For distribution of relaxation time, the complex
permittivity can be represented by Cole and Cole law

g =¢, G 2138
1+ (iot,)”

The parameter £ is the representative of relaxation-time distribution. The Cole-Cole curve is
useful to understand the degree of the distribution of the relaxation times. The variation of
real and imaginary parts of & for a PPTMA thin film as functions of temperature and
frequency in the form of Cole-Cole plots. In general, a full, or a partial or no arc is observed
depending on relaxation strength in the sample with in experimentally available frequency
range. When the angle between the two radii of the Cole-Cole curve is defined as Pm, the

factor B indicates the degree of distribution of the relaxation time.
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Fig: 2.21 Cole-Cole circular plot.

2.6.3.3 Temperature dependent relaxation

Since the relaxation times are found to be temperature dependent, a complete study of the
dielectric properties might be represented by contour maps of & and &" against frequency f
and temperature T. The frequency fiax, at which &” is maximum, is determined and is treated
as analogous to rate constant. Thus, a convenient summary of the effect of temperature on the
relaxation process is a plot of logfn.x versus 1/T or relaxation map [97, 98]. If the
characteristic of a specimen is the principal goal, the loss verse temperature plot is required.
For this, a number of relaxation curves logf,... versus 1/7T are to be presented, and then the

activation energy can be calculated.

The various dielectric relaxation may be observed in the scan of dielectric loss at constant
frequency as presented in Fig.2.22. With the increase in temperature, the molecular mobility*s
of various kinds of a material become successively energized and available for dipolar
orientation. By convention, the dielectric relaxation processes are labeled as o3,y and so on,
beginning at the high temperature end. The same relaxation processes were generally
responsible for dispersions in mechanical properties too, although a particular molecular
rearrangement process may produce stronger dielectric than mechanical effect or vice versa.
In case of amorphous solid polymer, there is always a high temperature a-relaxation
associated with the micro-Brownian motion of the whole chains and in addition, at least, one

low temperature (3, y etc.) auxiliary relaxation may occur.
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Temperature (T)
Fig: 2.22 The various dielectric relaxations in the scan of dielectric loss with temperature at constant

frequency.
The relative strength of o and P relaxations depends on how much orientation of the tail
groups can occur through the limited mobility allowed by the S process before the more
difficult but more extensive mobility of the o process comes into play; there is a partitioning
of the total dipolar alignment among the molecular rearrangement processes.
The high frequency S, y auxiliary peaks in amorphous polymers are characteristically very
broad with half height width of several decades, although, a good linear Arrhenius plot is

usually obtained suggesting a non-cooperative mechanism.
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3.1 Introduction

This chapter describes the details of the monomer, substrates materials, capacitively coupled
plasma polymerization set up for thin film deposition, modification of the system, generation
of glow discharge plasma, thickness measurement, experimental procedure on EA, IR, SEM,

DTA/TGA, UV-Visible, electrical formation and electrode deposition of PPTMA thin films.

3.2 The Monomer

N,N,3,5 tetramethylaniline (TMA) was used as a organic precursor (Aldrich-Chemie D-7924,
Steinheim, Germany). Its chemical formula is (CH3),CsH3N(CHj3),. It is a colored (orange)
liquid with boiling point 499 + 2 K. Its density is 0.913 ml and refractive index is 1.5443. It
was used without further purification. TMA contains four methyl groups where two groups
are attached to the nitrogen atom. The chemical structure of the monomer is shown in Fig.3.1.

The ionic form of TMA was dissolved in the organic phase after formation of a salt soluble.

o
N—CHj;

CHj; CHj;
Fig 3.1 The structure of N,N,3.,5 tetramethylaniline

3.3 Substrate Materials

Glass (Clear Glass, Sail Brand, China) was used as substrates. The substrates used were pre-
cleaned glass slides (25.4mm x 76.2mm X 1.2mm) purchased from local market. Electrodes
and PPTMA thin films were deposited onto them.

Before depositing the films, each substrate was chemically cleaned. For chemical cleaning,
the substrates were kept in concentrated nitric acid for an hour and then cleaned with distilled
water. After rinsing with distilled water the substrates were put in concentrated sodium
hydroxide solution for more than half an hour and then washed with distilled water. The

substrates were then kept in potassium dichromate solution for more than half an hour and
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then rinsed with distilled water. Finally, the cleaned substrates were rinsed with carbon
tetrachloride and distilled water. Then the substrates were dried in the vacuum oven for 10

min at 453 K and were preserved in desiccator for use.

3.4 Capacitively Coupled Plasma Polymerization Set-up
Plasma polymerization takes place in a glow discharge excited in a monomer gas or vapor, or

their mixture with argon, providing thus the dielectric (polymeric) component of the

composite.
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Fig.3.2 Schematic diagram of the plasma polymerization system ( 1 high voltage power
supply, 2 pirani gage, 3 high tension leads, 4 gas inlet valve, 5 guage head, 6
monomer injection valve, 7 flowmeter, 8 monomer container, 9 Pyrex glass dome, 10
metal electrodes, 11 electrode stands, 12 gasket, 13, lower flange, 14 bottom flange,
15 brass tube, 16 valve, 17 liquid nitrogen trap, 18 rotary pump, 19 switch and 20
variac).

r

Plasma reaction chamber
A cylindrical Pyrex glass bell-jar having 0.15m in inner diameter and 0.18 m in length was
used as a plasma chamber. The top and bottom edges of the glass bell-jar are covered with

two rubber L-shaped (height and base 0.015m, thickness, 0.001 m) gaskets. The cylindrical
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glass bell jar is placed on the lower flange. The lower flange is well fitted with the diffusion
pump by a I joint. The upper flange is placed on the top edge of the bell-jar. The flange is
made up of brass having 0.01 m in thickness and 0.25 m in diameter. On the upper flange a
laybold pressure gauge head, Edwards high vacuum gas inlet valve and a monomer injection
valve are fitted. In the lower flange two highly insulated high voltage feed-through are
attached housing screwed copper connectors of 0.01m high and 0.004 m in diameter via
Teflon™ insulation.

Electrode system

In the present set-up capacitively coupled electrode system was used. Two circular stainless
steel plates of diameter 0.09 m and thickness of 0.001 m are connected to the high voltage
copper connectors. The inter-electrode separation can be changed by moving the electrodes
through the electrode stands. After adjusting the distance between the electrodes they are
fixed with the stands by means of screws. The substrates are usually kept on either of the
electrodes for plasma deposition.

Pumping unit

For creating laboratory plasma, first step is pumping out the air/gas from the plasma chamber.
In this system a rotary pump of vacumbrand (Vacumbrand GMBH & Co: Germany) is used.
Vacuum pressure gauge

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

Input power for plasma generation

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

Monomer injecting system

The monomer injecting system consists of a conical flask of 25 ml capacity and a pyrex glass

tube with capillarity at the end portion. The capillary portion is well fitted with metallic tube
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of the nozzle of the high vacuum needle valve. The conical flask with its components is fixed

by stand-clamp arrangement.

Fig.3.3 Plasma polymerization system.

Supporting frame

A metal frame of dimension 1.15mX0.76mX0.09m is fabricated with iron angle rods, which
can hold the components described above. The upper and lower bases of the frame are made
with polished wooden sheets. The wooden parts of the frame are varnished and the metallic
parts are painted to keep it rust free. The pumping unit is placed on the lowed base of the
frame. On the upper base a suitable hole is made in the wooden sheet so that the bottom
flange can be fitted with nut and bolts.

Flowmeter

The system pressure of a gas flow is determined by the feed in rate of a gas and the pumping
out rate of a vacuum system. The monomer flow rate is determined by a flowmeter. So
flowmeters are used in plasma polymerization system to control the monomer deposition rate.
In the plasma polymerization set up a flowmeter (Glass Precision Engineering LTD, Meterate,
England) is attached between the needle valve and the monomer bottle.

Liquid nitrogen trap

Cold trap, particularly a liquid N, trap, acts as a trap pump for different type gas. The liquid

N, trap system is placed in the fore line of the reactor chamber before the pumping unit in the
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plasma deposition system. It consists of a cylindrical shape chamber having 6.4 cm diameter
and 11.5 cm in length using brass material. The cross-sectional view of the liquid N, chamber

is shown in Fig 3.4.

Fig. 3.4 The cross-sectional view and photograph of liquid nitrogen trap.

3.5 Generation of Glow Discharge Plasma

Glow discharges are produced by an applied static or oscillating electric field where energy is
transferred to free electrons in vacuum. Inelastic collisions of the energetic free electrons with
the gas molecules generate free radicals, ions, and species in electronically excited states. This
process also generates more free electrons, which is necessary for a self-sustaining glow [5, 6,
96]. The excited species produced are very active and can react with the surfaces of the

reactors as well as themselves in the gas phase.

Fig.3.5 Glow discharge plasma during deposition.

The important feature of glow discharge plasma is the non-equilibrium state of the overall

system. In the plasmas considered for the purpose of plasma polymerization, most of the
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negative charges are electrons and most of the positive charges are ions. Due to large mass
difference between electrons and ions, the electrons are very mobile as compared to the nearly
stationary positive ions and carry most of the current. Energetic electrons as well as ions, free
radicals, and vacuum ultraviolet 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 to 10 eV. Some typical energy of plasma species available in glow discharge
as well as bond energies encountered of approximately 0 .133 Pa.

The chamber of the plasma polymerization unit and monomer container is evacuated to about
0.13 Pa. The monomer vapor is then injected to the chamber slowly for some time. A high-
tension transformer along with a variac is connected to the feed-through attached to the lower
flange. While increasing the applied voltage, light bluish colors monomer plasma is produced
across the electrodes about 13.3 Pa. Fig. 3.3 shows the photograph of plasma deposition set-
up and Fig. 3.5 is the photograph of glow discharge plasma across the electrodes in the

capacitively coupled parallel plate discharge chamber.

3.6 Plasma Polymer Thin Film Formation

The electric field, when applied to the gaseous monomers at low pressures (0.01 to 1 mbar),
produces active species that may react to form cross-linked polymer films. In this
experiments, air was used as the primary plasma, and the monomer TMA vapor was injected
downstream of the primary air glow discharge. In laboratory PPTMA thin films were
prepared using a bell-jar type capacitively coupled glow discharge system described earlier.
The boiling point of TMA is about 499 K. So in order to deposit good PPTMA films the
natural flow of monomer gas during deposition is not suitable. To increase the flow rate the
container filled with TMA liquid is heated using a heating mantle. The conditions to prepare
PPTMA thin films were 40W rf power, 0.15 mbar system pressure, and the monomer flow
rate was kept 20cm’/min. The deposition times for these films were varied from 30 minute to

120 minute in order to get films of different thicknesses.

3.7 Measurement of Thickness of the Thin Films
Thickness is the single most significant film parameter. Any physical quantity related to film
thickness can in principle be used to measure the film thickness. It may be measured either by

several methods with varying degrees of accuracy. The methods chosen on the basis of their
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convenience, simplicity and reliability. Several of the common methods are i) During
Evaporation, ii) Multiple-Beam Interferometry, iii) Using a Hysteresisgraph and other
methods used in film-thickness determination with particular reference to their relative merits
and accuracies. Multiple-beam interferometry technique was employed for the measurement

of thickness of the thin films. This technique described below.

Multiple-Beam Inferferometry [103]
This method utilizes the resulting interference effects when two silvered surfaces are brought

close together and are subjected to optical radiation.

Image plane

Microscope
Monochromatic
source
(\ ¢\\\ Glass plate

&
T

Collimating Lens ¢
Reference plate
(Half silvered)
Film to be measured —Vm
Glass plate ——
Step height (b) _’i -« " Fringe spacing (a)

Fig 3.6 The schematic diagram of multiple-beam interferometer.
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This interference technique, which is of great value in studying surface topology in general,
may be applied simply and directly to film-thickness determination. When a wedge of small
angle is formed between unsilvered glass plates, which are illuminated by monochromatic
light, broad fringes are seen arising from interference between the light beams reflected from
the glass on the two sides of the air wedge. Where the path difference is an integral and odd
number of wavelengths, bright and dark fringes occur. If the glass surfaces of the plates are
coated with highly reflecting layers, one of which is partially transparent, then the reflected
fringe system consists of very fine dark lines against a bright background. A schematic
diagram of the multiple-beam interferometer along with a typical pattern of Fizeau fringes
from a film step is shown in Fig 3.6.

As shown in this figure, the film whose thickness is to be measured is over coated with a
silver layer to give a good reflecting surface and a half-silvered microscope slide is laid on top
of the film whose thickness is to be determined. A traveling microscope measures the step
height and width of the Fizeau fringes that are formed due to the interference of light reflected
from the glass and the thin film surfaces having path difference an integral or odd number
multiple of wavelength. A monochromatic sodium light source of wavelength, A=589.3 nm
was used for this purpose and the thickness of the film “d” can be determined by the relation

=

2a
where b= step height of the fringes and a= fringe width. In practice, several half-silvered
slides of varying thickness and therefore of varying transmission are prepared, and one of
these is selected for maximum resolution. Accurate determinations of fringe spacings are
difficult and time consuming; but a method of image comparison, which considerably
improves the ease, and rapidity of measurement has recently been developed. In conclusion, it

might be mentioned that the Tolansky method of film-thickness measurement is the most

widely used and in many respects also the most accurate and satisfactory one.

3.8 Experimental Procedure

3.8.1 Differential thermal analysis and thermogravimetric analysis

The PPTMA films were scrapped off from the substrate to use as the sample for the
DTA/TGA investigations. The DTA/TGA scans of PPTMA thin films were taken using a
computer controlled TG/DTA 6300 system connected to an EXSTAR 6000 station, Seiko
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Instruments Inc., Japan. The TG/DTA module uses a horizontal system balance mechanism.
The specifications of the instrument are: sample weight < 200mg, Temperature range; 300 K
to 1573 K, Heating rate; 0.01°K/min. to 100.00 °K/min., TGA Measuring Range; =+ 200
mg(0.2 ng), DTA Measuring Range; = 1000 uV(0.06 nV), Gas flow; < 1000m/min.

Fig 3.7 The photograph of a DTA/TGA instrument.
3.8.2 Scanning electron microscopy
Small pieces (I cmx 1 cm) of glass were cut at first for thin film deposition. To avoid the
charging effect, before SEM recording the sample surface was coated with a thin layer of gold
by sputtering (AGAR Auto Sputter Coater). As deposited, heat treated (at 573 and 673 K for 1
hour) and iodine doped PPTMA thin films were used in this investigation. Scanning electron
micrographs of PPTMA thin film surfaces were obtained by using a scanning electron

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

Energy dispersive X-ray (EDX) analysis

The PPTMA thins films were deposited onto small pieces of chemically cleaned glass
substrates. Two samples of as deposited and iodine doped were sorted out of the analysis. To
avoid the charging effect the PPTMA films were coated with a thin layer of gold by gold
sputtering (AGAR Auto Sputter Coater). The EDX also were performed by a scanning
electron microscope (S-3400 N Hitachi, Japan).

3.8.3 [Elemental analysis
The PPTMA powder was collected from the monomer deposited substrates by scrapping
process. The scrapped PPTMA was then made fine powder using agate mortar and pastle. The



Chapter 3 Experimental Details 75

C, H and N contents of PPTMA films were determined by an elemental analyzer EA 1180 of
Carlo Erba Instruments, TYCHN, Milan, Italy. The analyzed has the following specification:
Measuring range 100 ppm; accuracy<0.3% absolute; repeatability<0.20%; sample required

0.1 to 100 mg.; analysis time CHNS<12 min.; CHN<7 min.

3.8.4 Infrared spectroscopy

IR spectra of the monomer liquid and plasma polymerized thin films of as deposited, heat
treated (at 573 and 673 K for 1 hour) and iodine doped TMA thin films were recorded at room
temperature using a double-beam IR spectrometer Shimadzu-IR 470 (Shimadzu Corporation,
Tokyo, Japan). A drop of each of the respective liquid monomer was placed between two thin
KBr pellets to record the IR spectrum of the monomers. Plasma polymerized films of different
precursors prepared on glass substrates were used for the IR analysis. Specimens were
scraped off from the substrates and a little amount of sample was taken to prepare pallets after
mixing with potassium bromide (KBr). The strength of an IR absorption spectrum is
dependant on the number of molecules in the beam. With a KBr disk the strength will be
dependant on the amount and homogeneity of the sample dispersed in the KBr powder. The
spectrometer has its repeatability of the transmittance, 0.5%, except the wavenumber range,

where the absorption bands of the water vapor exist. Its wavenumber range is 4000-400 cm .

3.8.5 X-ray photoelectron spectroscopic (XPS)

The XPS of PPTMA was done with a soft X-ray absorption spectroscopy beamline BL13 in
Hiroshima, Japan. The UHV chamber was equipped with a semispherical XPS analyzer
(Omicron ,Germany). For XPS measurements the MgK,, (1253.6 eV) sources was used. After
degassing the MgK, —X ray sources all the parameters can be controlled by using a PC

running with Ph/PC explorer software.

3.8.6 Ultraviolet Visible spectroscopy

Instrumentation

When A beam of light from a visible and/or UV light source (colored red) is separated into its
component wavelengths by a prism or diffraction grating. Each monochromatic (single

wavelength) beam in turn is split into two equal intensity beams by a half-mirrored device.
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One beam, the sample beam (colored magenta), passes through a small transparent container
(cuvette) containing a solution of the compound being studied in a transparent solvent. The
other beam, the reference (colored blue), passes through an identical cuvette containing only
the solvent. The intensities of these light beams are then measured by electronic detectors and
compared. The intensity of the reference beam, which should have suffered little or no light
absorption, is defined as Iyp. The intensity of the sample beam is defined as 1. Over a short
period of time, the spectrometer automatically scans all the component wavelengths in the
manner described. The ultraviolet (UV) region scanned is normally from 200 to 400 nm, and
the visible portion is from 400 to 800 nm. If the sample compound does not absorb light of a

given wavelength, I = 1.
Light Source L

Diffraction I \ .
Grating Mirrar 1

Shit 1
St 2 m—— Light Source Vis
Filter
Referance
Mirrar < Cuvette Detectar 2
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L II'rLens 1
Half Mirrar

& Mirror 2 Sample
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Fig 3.8 Diagram of the components of a spectrometer

However, if the sample compound absorbs light then / is less than /;, and this difference may
be plotted on a graph versus wavelength. Absorption may be presented as transmittance or
absorbance. If no absorption has occurred, T = 1.0 and 4= 0. Most spectrometers display
absorbance on the vertical axis, and the commonly observed range is from 0 (100%
transmittance) to 2 (1% transmittance). The wavelength of maximum absorbance is a
characteristic value, designated as Amayx. Different compounds may have very different
absorption maxima and absorbance. Intensely absorbing compounds must be examined in
dilute solution, so that significant light energy is received by the detector, and this requires the
use of completely transparent (non-absorbing) solvents. The most commonly used solvents

are water, ethanol, hexane and cyclohexane.
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For UV-Vis measurements, the samples were deposited on to cover glass slide. UV-Vis
spectra of TMA, PPTMA as deposited, heat treated (at 473, 573 and 673 K for 1 hour) and
iodine doped PPTMA thin films were obtained in absorption mode with a Shimadzu UV-
160A spectrophotometer (Shimadzu Corporation, Tokyo, Japan) in the wavelength range 200
to 1100 nm at room temperature. The optical absorption was measured in the above
wavelength region for the PPTMA films on substrate against a blank cover glass slide as the

reference.

Fig 3.9 The photograph of UV-Vis spectroscopic instrument.

3.8.7 Contact electrodes for electrical measurements

Electrode materials:

Aluminium(Al) (purity of 4N British Chemical Standard) was used for electrode deposition.
Al has been reported to have good adhesion with glass slides. Al film has advantage of easy
self-healing burn out of flaws in sandwich structure.

Electrode deposition:

Electrodes were deposited using an Edward coating unit E-306A (Edward, UK). The system
was evacuated by an oil diffusion pump backed by an oil rotary pump. The chamber could be
evacuated to a pressure less than 1.33x10 Pa. The glass substrates were masked with 0.08mx
0.08m x 0.001m engraved brass sheet for the electrode deposition. The electrode assembly
used in the study is shown in Fig.3.10. The glass substrates with mask were supported by a
metal rod 0.1 m above the tungsten filament. For the electrode deposition Al was kept on the
tungsten filament. The filament was heated by low-tension power supply of the coating unit.

The low-tension power supply was able to produce 100 A current at a potential drop of 10 V.
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During evacuation of the chamber by diffusion pump, the diffusion unit was cooled by the
flow of chilled water and its outlet temperature was not allowed to rise above 305 K. When
the penning gauge reads about 1.33x10™ Pa, the Al on tungsten filament was heated by low-

tension power supply until it was melted [100, 101].

(a)
FPPThIL
thin film
Left Lower &1 -~ | >
electrode Right Upper Al
electrode

(b)
Fig.3.10 (a) Photograph of PPTMA thin film (b) the electrode assembly.

The Al was evaporated, and finally lower electrode onto the glass slide was deposited. Al
coated glass substrates were taken out from the vacuum coating unit and were placed on the
middle of the lower electrode of the plasma deposition chamber for TMA thin film deposition
under optimum condition. The top Al electrode was also prepared on the PPTMA film as
described above.

3.8.8 Direct current electrical measurements

The current across the AI/PPTMA/AI thin film structures of different thicknesses was
measured by a high impedance electrometer (Model: Keithley 614, Keithley Instruments Inc.,
USA) and the dc voltage was supplied by a stabilized dc power supply (Model: E 3610A,
Hewlett Packard, England). The measurements were carried out under dynamic vacuum of

about 1.33 Pa. Sample temperature was measured using a chromel-alumel thermocouple
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attached to a digital microvoltmeter (Model: 197A, Keithley Instruments Inc., USA). The
thermally activated current or the temperature dependence of current across the PPTMA thin
films was measured at applied voltages 2.0 and 30 V using the above-mentioned electrometer.
The measurements were performed from 300 to 450 K. In both measurements the samples
were heated by heating the specimen chamber externally by a heating coil. To avoid

oxidation, all the measurements were performed in a vacuum of about 1.33 Pa.

(a)

3.11(a) The photograph of dc measurement and (b) ac measurement.

3.8.9 Alternating current electrical measurements

The ac measurements were performed using a LF impedance analyzer Agilent, 4192 A
(Agilent Technologies, Japan Ltd. Tokyo, Japan). The ac electrical conductivity (o), and
dielectric constant (&”) of PPTMA thin films were calculated using the relations,

ou(®) = G, d/ A
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g'=C,d/e, A
where G, is the measured parallel conductance, C, is the measured parallel capacitance, &, is
the permittivity of free space, A is the effective electrode area of each of the electrodes and d
is the thickness of the dielectric. The o,., &, and tand were calculated from the measured

values of G, and C,,.

3.9  Modification of PPTMA thin films by Iodine

Plasma polymerization of TMA was carried out in the presence of TMA monomer and then
exposed to iodine for doping. Complex formation between PPTMA and iodine may happened
by chamber method. lodine doping of plasma polymerized TMA thin films of different
thicknesses was affected by iodine vapor into the chamber. lodine crystals are placed in a
desiccator and the films to be doped were kept this chamber. The time of doping is 60 min.

Due to doping, the color of the PPTMA thin film changes from light to dark brown.
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4.1 Introduction

This chapter deals with the investigations of structural, thermal, optical, electrical behaviors
and iodine modification of PPTMA thin films. The surface morphology, structural, thermal
properties of PPTMA were investigated by Scanning electron microscopy (SEM), Infrared
(IR) spectroscopy, X-ray photoelectron spectroscopy (XPS) and Differential thermal analysis
(DTA) and Thermogravimetric analysis (TGA). The investigation of the composition and
structure of PPTMA by Elemental analysis (EA) and IR spectroscopy respectively are
discussed. The XPS measurements were carried out to determine the relative amounts of C,
N and O on the PPTMA thin film surface. The DTA and TGA of PPTMA are also discussed.
The optical energy gaps, the allowed direct transition and allowed indirect transitions have
been determined from the UV-Vis spectroscopic studies and are discussed in this chapter.
This chapter describes dc electrical conduction mechanisms which are followed by the
measurements of current density-voltage (J-V) and thermally activated current in the
successive sections. The ac electrical conductivity (c,.), dielectric constant (¢), and loss
tangent (tand) were investigated as functions of frequency and temperature. In this chapter
the finding of the electrical studies in conjunction with the other observations is described
and are tried to explain the relaxation behavior and ac conduction mechanism in PPTMA thin

films.

4.2 Differential Thermal Analysis and Thermogravimetric Analysis

The DTA and TGA traces taken at 10 K/min for PPTMA are shown in Fig. 4.1(i). The DTA
thermogram shows an exotherm, which reaches a maximum at around 571 K. The
corresponding TGA trace of PPTMA has been taken from 303 to 1023 K and showed
different stages of thermal decomposition, which divided in three regions ( A, B, and C).
Every region may be associated with a different rate of weight loss. The weight losses in A,
B, and C regions are about 3 %, 3 %, and 28 %, respectively. In the first region A, the weight
loss may be due to the removal of water content, which is not necessarily associated with any
change in the structure. The 3% of weight loss in the region B may be attributed to the loss of
non-constitutional or adsorbed water and unreacted monomer settled on PPTMA films

surface and/ or due to evolution of hydrogen and low molecular mass hydrocarbons gases.
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Fig 4.1 The DTA/TGA traces of (i) as deposited and (ii) heat treated PPTMA thin films.
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The maximum change in the PPTMA structure has been occurred in the region C. The weight
loss of 28% in this region is important because the DTA curve exhibits a wide peak. In
region C the weight loss may be caused by the thermal breakdown of the PPTMA structure
and expulsion of higher molecular mass hydrocarbons, oxygen containing compounds, etc.
Thus, it may be attributed that PPTMA films are thermally stable up to about 505 K. A
comparative study of as deposited PPTMA and heat treated PPTMA shows characteristics
differences, which indicates that the monomer has undergone the re-organization during
plasma polymerization.

It is observed by DTA and TGA in Fig. 4.1(ii) that heat treated PPTMA lose approximately
5.2%, 5.6% and 17.4% of their initial mass. The weight loss in PPTMA and heat treated
PPTMA is much higher than that of its components even at relatively lower temperature.
This behavior suggests that less breakdown thermal energy is needed for heat treated
PPTMA samples than those of its components. The significant loss in the mass in heat treated
PPTMA samples suggests that in the heat treated structure the bonds require more thermal
energy to dissociate in comparison to the bonds formed in the PPTMA chains which need

greater thermal energy to dissociate the bonds.

4.3 Scanning Electron Microscopy

4.3.1 SEM Micrographs as Deposited and Heat Treated PPTMA Thin Films

The SEM micrographs of as deposited and heat treated PPTMA thin films were recorded at
various points at various magnifications (1kx, 10kx) at accelerating voltage of 10 kV are
shown in Fig 4.2 - Fig 4.3. From the micrographs it can easily be visualized that the surface
of the plasma polymerized thin films is smooth, flawless and pinhole free. The absence of
pinholes was also demonstrated by the high electrical breakdown strengths of the sandwich
cell (AI/PPTMA/ALI) structure. A comparison between the micrographs of the as deposited
and heat-treated films shows that no significant change is observed in the surface

morphology upon heat treatment.

4.3.2 SEM Micrographs of lodine Doped PPTMA Thin Films
The SEM photograph of the iodine doped PPTMA films shows that its surface is smoother
with iodine, possibly indicating that closely connected blocks of polymer chains develop in

the polymer when plasma polymerization is carried out in the presence of iodine.
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Fig 4.2 SEM Micrographs of (a) as deposited and heat treated at (b) 473 and (c) 573 K PPTMA thin
films (i) magnification 1000x, (ii) magnification 10000x
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Fig 4.3 SEM Micrographs of PPTMA thin films (d) heat treated at 673 K and (e) iodine doped
PPTMA thin films (i) magnification 1000x, (ii) magnification 10000x

4.4 Energy Dispersive X-ray Analysis

The compositional analysis was taken for the PPTMA thin films by Energy Dispersive X-ray
(EDX), which is attached to the SEM. From EDX the weight percentages of monomer and as
deposited samples are shown in table 4.1. The observations indicate the presence of C, N, O

and I in the samples. The main obstacle of EDX is that it cannot detect the presence of H.

Table 4.1 Weight percentages of the elements for as deposited PPTMA and Iodine doped PPTMA
obtained by EDX analysis.

Sample Elements (wt %)

C N O H I
Monomer (TMA)* 80.53 9.39 - 10.07 -
PPTMA 47.62 18.89 33.49
Iodine Doped PPTMA | 34.29 12.39 27.92 2541

*Calculated from Chemical formula
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Fig. 4.4 EDX of (a) as deposited and (b) iodine doped PPTMA thin films.

The presence of O which was not present in TMA implies incorporation of carbonyl and
hydroxyl groups in PPTMA through the reaction of the free radicals or due to the breakdown
of bonds owing to the complex reaction during plasma polymerization. From the weight
percentage of TMA, PPTMA and lodine doped PPTMA, it is seen that the amount of C
decreases due to the breakdown of bonds owing to the complex reaction during plasma
polymerization. The incorporation of O and iodine in PPTMA and iodine doped PPTMA
may be due to the post-deposition reaction of the PPTMA after exposure to air and iodine
owing to complex reactions with radical species and dangling bonds in the structure and /or
from the glow discharge chamber during polymerization and iodine vapor exposing iodine in

desiccator.

4.5 Elemental Analysis
The chemical composition of PPTMA thin film was determined by elemental analysis, a

useful technique for chemical investigation of organic inorganic materials. The weight
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percentages (wWt%) of carbon (C), hydrogen (H) and nitrogen (N) in PPTMA detected by EA
and the percentage of O content calculated on subtraction from the wt (%) values of other

elements [104] are presented in table 4.2.

Table 4.2 The weight percentages of C, H, N and O in as deposited PPTMA thin film

Sample Elements detected (wt %) Empirical formula
C H N 0O

It is seen from the table 4.2 that the amounts of C, N, and H in PPTMA are decreased relative
to the amount of constituent elements in the monomer, C;oH;sN, TMA. From the EA the
atomic ratio is found to be N/C=0.12 for PPTMA, which is just same to that of the monomer
i.e. N/C=0.12. It is thus seen that there is no change of N/C ratio because N and C are
decreased relative to the amount of constituent elements of TMA. The deficiency of C, N,
and H contents in PPTMA may be due to the breakdown of bonds owing to the complex
reaction during plasma polymerization. The incorporation of O and decrease in the amount of
N in PPTMA may be due to the post-deposition reaction of the PPTMA after exposure to air
owing to reactions with radical species and dangling bonds in the structure and /or from the

glow discharge chamber during polymerization.

4.6 Infrared Spectroscopy

4.6.1 IR Spectroscopic Analysis of as Deposited and Heat Treat PPTMA

Fig. 4.5 shows the IR spectra of TMA, PPTMA as deposited and heat treated PPTMA in air
at 473, 573 and 673 K which are represented by M, N, O, P and Q, respectively. The
asymmetric N-H stretching band at 3475 cm™ (A) and the symmetric N-H stretching band at
3340 cm™ (B) are observed in the spectrum M of TMA. Relatively strong bands at 2935 (C)
and 2793 cm™ (D) correspond to the C-H stretching vibrations. The wide band at 1680-1645
cm” (E) and the absorption peaks at 1484 and 1595 cm™ (F) may be attributable to C=C in
aromatic ring stretching vibration of the benzenoid and quinoid rings, respectively.

Bands at1351 (G) and 1307 cm™ (H) are observed due to conjugation of the electron pair of
the nitrogen atom with the ring imparting double-bond character to the C-N bond and a lower
frequency band at 1223-1030 cm™ (I) may be due to aliphatic C-N stretching. The band

character of tetra substituted benzene is present between 814-776 cm™ (J) in the spectrum.
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In spectrum N of the as deposited PPTMA film in Fig.4.5, the absorption bands at around
3435, 2935, 1850-1603, 1570, 1472 and 1340 cem™ in the wide absorption envelope
correspond to the regions A, C, E, F and G of TMA spectrum, which results from the N-H
stretching vibration, C-H stretching vibration, an aromatic ring C=C stretching vibration in
benzenoid and quinoid rings and C-N stretching vibration respectively. The wide band
around 1850-1603 cm™ may also include the contribution due to C=0 stretching vibration

which is typical for plasma polymers.
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Fig 4.5 The IR spectra of TMA, as deposited PPTMA, PPTMA heat treated at 473, 573, and 673 K,
which are represented by M, N, O, P, and Q, respectively (Curves are linearly shifted for
convenience). The IR spectra were taken at room temperature.

The formation of carbonyl group is usually attributed to the oxidation of the hydrocarbon part
of the PPTMA after exposure to air giving rise to oxygen reactions with radical species

(dangling bonds) trapped in the structure of the plasma polymer. Cross-linking may also
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occur between different carbons of the chains due to the loss of hydrogen, particularly in the

plasma polymerized films, because of the impact of energetic particles within the plasma

during deposition.

Results And Discussion

Table 4.3 Assignments of IR absorption peak for TMA and heat treated PPTMA samples

Vibrations Wavenumber (cm'l)
Monomer | PPTMA [ 473K* [ 573 K* | 673 K*

Asymmetric N-H stretching 3475 3435 3490 3510 3540
vibration (A)
Symmetric N-H stretching vibration 3340 3380 3390 3390
(B)
C-H. stretching vibration (C, D) 2935, 2793 2935 2950,2800  3005,2895  3030-2910
C=C stretching vibration (E) 1680-1645  1850-1603  1890-1645  1888-1645  1888-1645
C=C stretching vib. in benzenoid 1595, 1484 1570, 1472  1591,1483 1576, 1474 1572, 1475
and quinoid (F)
C-N stretching vibration (G, H) 1351, 1307 1340 1358 1351 1357
C-N stretching vibration (1) 1223-1030 1231-1043  1229-1028  1223-1011
Tetra substituted Benzene (J) 814-776 824-787 829781 808-784

*heat treated for 1 hour in air.

Here the PPTMA films show a widening of the band corresponding to the C=C stretching
vibration of benzenoid and quinoid and slight down-shifting of C-N stretching vibrations,
probably caused by cross-linking interactions intrinsically associated with plasma polymers.
The above observations reveal that the PPTMA films contain an aromatic ring structure with
NC and CH side groups.

It 1s seen that in the IR spectra of PPTMA heat treated at 473, 573 and 673 K represented by
O, P and Q, respectively (Fig.4.5), the overall sharpness of the absorption bands decreases,
because some of the bands are superimposed in the wide absorption bands. The peak area for
N-H stretching of the sample heat treated at 473, 573 and 673 K decreases and shifts to
higher wave number compared to those of the PPTMA. The overall peak intensity decreases
slowly due to heat treatment up to 573 K. This means the bands are overlapped to each other
and create a large band. Whereas the sharpness of these peaks reappear on heat treatment at
about 673 K, which may be due to the structural rearrangement. It can be noticed in table 4.3
that the wvibration positions are slightly shifted to lower or higher wave numbers
corresponding to the PPTMA. Thus, further modification occurs in the PPTMA structure on

heat treatment at higher temperatures by conjugation and cross-linking.
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4.6.2 IR Spectroscopic Analysis of lodine Doped PPTMA

The IR spectra of iodine doped PPTMA is shown in Fig. 4.6. The assignments of the IR
absorption bands for as deposited PPTMA and iodine doped PPTMA are given in table 4.4.
The sharpness of the absorption bands increases in the iodine doped IR compared to as
deposited PPTMA. The structure corresponding to the iodine doped PPTMA shows
absorption peaks at 1683 and 1577 cm™, which indicates the presence of aromatic ring
stretching and C-C stretched vibration even after iodination of PPTMA thin film
respectively. The presence of iodine in PPTMA increases the conductivity of plasma

polymerized thin films [18, 19].

C-1 stretc%g;
) vibration
Iodine doped PPTMA

Transmitance (%o) arb. units

W As deposited PPTMA

3900 3400 2900 2400 1900 1400 900 400

. -1
Wavenumber (cm )

Fig 4.6 The IR spectra of PPTMA and iodine doped PPTMA thin film, taken at room temperature
(Curves are linearly shifted for convenience).

From In table 4.4, it is seen that in the iodine doped PPTMA the N-H stretching shifts
towards higher wave number 3384 cm™ and C-N stretch at 1351 cm™ for TMA shifts towards
1384 cm™. The shifts indicate that the iodine atoms might get attached to amine nitrogen site
of TMA [16]. The bands corresponding to the aromatic rings and tetra-substituted benzene in
the iodine doped PPTMA are found to be shifted to lower frequencies 1128, 877, 669 cm™.
The band for C-I stretching of the sample appears at 500-470 cm™. This is an indication that
iodine doping is affecting bond length and facilitates shifting of functional groups of PPTMA

samples.
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Table 4.4 Assignments of IR absorption peak for as deposited PPTMA and iodine doped PPTMA

samples
Vibrations Wavenumber (cm™)
PPTMA Iodine doped PPTMA
Asymmetric N-H stretching vibration (A) 3435 3384
Symmetric N-H stretching vibration (B) 2935 3263
C-H. stretching vibration (C, D) 1850-1603 2918, 2848
C=C stretching vibration (E) 1683-1610
C=C stretching vib. in benzenoid 1570, 1472 1577
and quinoid (F)
C-N stretching vibration (G, H) 1340 1384
C-N stretching vibration (I) 1128
Tetra substituted Benzene (J) 877, 669
C-I stretching vibration 500- 470

4.7 X-ray Photoelectron Spectroscopy

4.7.1 XPS Analyses of as Deposited PPTMA Thin Films

The XPS measurements were carried out to determine the relative amounts of C, N and O on
the PPTMA thin film surface. The Cls, N1s and Ols XPS spectra of the PPTMA thin films
are shown in Figs. 4.7 (i,i1,iii), 4.8 (i,11,1i1) and 4.9 (i,ii,iii), respectively. The envelopes of all
the spectra were analyzed by fitting Gaussian peaks. It has been reported that the full width at
half maximum (FWHM) for plasma polymers is expected to be relatively large, about 1.8 eV
due to their random assemblies of molecular fragments [79, 81, 82]. The Cls spectrum in
Fig. 4.7(1) contains peaks those represent the presence of C, N, and O. The Cls spectrum for
these films consists of peaks those are not only close together but also relatively broad, thus
yielding significant overlapping the peaks associated with N and O, which are at higher
binding energies than the C-C and C-H peaks. The XPS data of PPTMA thin films revealed
that besides C and N there is also significant amount of O in PPTMA films. The presence of
O in the PPTMA thin films is expected in the plasma-polymerized films owing to the
existence of traces of oxygen and/or water vapor adsorbed on the walls of the reaction
chamber, which would then be desorbed during the gas discharge. Another reason for the
presence of oxygen is the reaction of long lived radicals in the deposited films with
atmospheric oxygen and/or water after being exposed to the atmosphere.

The Cls spectrum of PPTMA film can be deconvoluated into three component peaks as

indicated in Fig.4. 7(i). The binding energies (BE’s) for aromatic C-H (285.0 eV) and C=C,
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C-N and C-0O, (286.1 eV) and C=0 (288.0 e¢V) were assigned in the present material. The
asymmetric region in the high BE side of the Cls spectrum could be attributed to the
presence of the shake—up 7 - 7* structure arising from the transition from the aromatic rings
in PPTMA film. This feature is also observed in the UV-Vis spectroscopic investigations
[10]. The N1s XPS spectra for PPTMA samples are demonstrated in Fig. 4.8 (i). The Nls
spectrum of PPTMA thin films may involve carbon and nitrogen bonds only. The spectra in
Fig.4.8 (i). reveal that N1s shifted to form three separate peaks, which can be attributed to
different groups. The peak at 398.6 eV represents N-H; the peak at 399.9 eV is assigned to
N-C, N-O group; and the peak at 401.5 eV represents N=C. The Ols spectra for PPTMA
films are shown in Fig.4.9 (i) which are quite similar with maxima at 530.8+1 eV. The Ols
signal is the envelope of three components due to oxygenated structures such as O-N, O=C,

O-C at about 529.0 eV, 530.9 eV and 532.0 eV, respectively.

The composition of the PPTMA thin films could be estimated from the XPS spectra. A
generalized expression for the determination of the atomic fraction Cy of any contribution in
a sample, utilizing peak area and sensitivity, can be written as

n, _1./p,

X

Zni - Z]i/loi

Atomic fraction, C, = 4.1)

where n is the number of atoms of an element, / is the area of the photoelectric peak and p is
the corresponding photoionization cross section. The necessary photoionization cross-
sections have been obtained from the article of Scofield [105]. The nitrogen-to-carbon atomic
ratio, calculated using the eqn.(4.1), is found to be 0.20 for PPTMA thin films. From the XPS
investigation, it is seen that plasma polymer of TMA prepared by glow discharge technique
is elementally different from the monomer. The atomic concentration determined from
elemental analysis is 0.12, which differs from value estimated by XPS analysis. It is
suggested that on the film surface some carbon-nitrogen bonds in PPTMA were replaced by
carbon-oxygen bonds. From the above observations, it is seen that there is quantitative
variation in the surface and bulk compositions in the PPTMA thin films. On the surface of

this film an increase of nitrogen content is observed with a drop of carbon concentration.
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Fig.4.7 The C 1s XPS spectra of (i) as deposited PPTMA and PPTMA heat treated at (ii) 473 and (iii)
573 K. The measurements were recorded at room temperature.
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Fig.4.8 The N 1s XPS spectra of (i) as deposited PPTMA and PPTMA heat treated at (ii) 473 and (iii)
573 K. The measurements were recorded at room temperature.
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Fig.4.9 The O 1s XPS spectra of (i) as deposited PPTMA and PPTMA heat treated at (ii) 473 and
(iii) 573 K. The measurements were recorded at room temperature.



Chapter 4 Results And Discussion 97

4.7.2 XPS Analyses of Heat Treated PPTMA Thin Films

The Cls spectra of PPTMA thin films heat treated at 473 an 573 K have been recorded and
are presented in Figs.4.7.(i1)) and 4.7.(ii1) respectively. The Cls spectrum of PPTMA in
Fig.4.7(i1) is deconvoluated into three peak components. The three component envelopes
have different BE’s, peak height and peak areas. The contents of aromatic C=C and C=0
components in PPTMA films are found to increase substantially compared with those in the
as deposited PPTMA films. Meanwhile the relative contents for C-H, C-O, and C-N
components were found to increase significantly, indicating more intensive monomer
fragmentation process promoted during plasma polymerization. In Fig.4.7 the Cls spectra
showed there peaks [C=C (284.3), C-H, C-O, C-N (285.8 ¢V) and C=0 (287.7)] all of peaks
has more intensity than as deposited and 473 K PPTMA thin films. The high intensity of
PPTMA heat treated at a higher temperature may be due to the probable development of
conjugation in the structure on heat treatment. The modifications on heat treatment were also

observed in the IR and UV-Visible analyses of PPTMA.

Table 4.5 Peak position, peak area of Cls, N1s and Ols XPS spectra of PPTMA thin films.

Sample Cls spectrum N1s spectrum Ols spectrum FWHM
Peak (B.E eV) Peak (B.E eV) Peak (B.E eV)
1 st 2nd 3rd 1 st 2nd 3rd 1 st 2nd 3rd
H C:C, H N'Ca N
C- on |0 N O - |oN |o=c |ocC
C-0

As deposited

2850 2861 288.0 | 3986 399.9 4015 | 5289 5303 5320 | 1.8eV
PPTMA
Heat treatment 2847 2857 287.6 |398.6 3998 4014 | 5288 5299 5326 | 18eV
temp. 473 K
Heat treatment 2843 2858 2877 | 3977 3988 4003 | 5284 5295 5313 | 18eV
temp. 573 K

The N1s XPS spectrum for PPTMA is demonstrated in Figs. 4.8 (i,ii,iii). After heat treatment
there is no change in the 1* peak (N-H) in N 1s spectrum for 473 K and slightly shifting
397.7 eV for 573 K. It may be due to nitrogen decrease on the surface of the PPTMA film. In
case of 2" peak the BE 1.1 eV decrease for 473 K but no change for 573 K temperature. The

The Ols signal comprises the envelopes of three components due to oxygenated structures
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such as O-N, O=C, O-C at about 529.0, 530.9 and 532.0 eV, respectively. The nitrogen-to-
carbon atomic ratio, calculated using the eqn.4.1, is found to be 0.124, 0.087 and 0.098 for as
deposited 473 and 573 K, respectively. The decrease of deviation may be indicative of either
nitrogen contamination from unknown sources or deficit of nitrogen. It suggested that at the
film surfaces some carbon-nitrogen bonds were replaced by carbon-oxygen bonds during
plasma polymerization.

For N1s spectrum the nitrogen-to-carbon atomic ratio are 0.45, 0.39 and 0.56 for as deposited
473 and 573 K, respectively. Here the concentration of nitrogen was high on the surface of
the PPTMA thin films increase of nitrogen content is observed with a tremendous drop of

carbon concentration.

Table 4.6 N/C ration in XPS spectrum of PPTMA thin films

Sample Peak number N/C ratio Cls spectra
(N/C)/Total area
As deposited PPTMA L 0.12
2" 0.45 0.20
31 0.14
Heat treatment 1* 0.09
temperature 473 K 2n 0.39 0.20
31 0.12
1 0.10
Heat treatment P 0.56 0.26
temperature 573 K 31 0.39

4.8 Ultraviolet-Visible Optical Absorption Spectroscopic analysis

4.8.1 UV-Vis Spectroscopic Analyses of as deposited PPTMA of Different Thicknesses

The spectral behavior of absorbance in the wavelength range 200 to 800 nm of PPTMA thin
films of thicknesses 300, 400 and 500 nm are shown in Fig.4.10(a). Here the absorbance
increases with increasing thickness of the PPTMA thin films. In the absorption process, a
photon excites an electron from a lower to a higher energy state, which is called an
absorption edge. The absorption co-efficient was obtained from the absorbance spectra of the
PPTMA thin films.

In the spectra, it is observed that there is a sharp rise in the absorption in the low wavelength
side which rapidly decreases up to about 500 nm with a peak at around 370 nm; above 500

nm absorption decreases slowly.
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Fig. 4.10 (a) Variation of absorbance (ABS), with wavelength, for PPTMA thin films of different
thicknesses (b) Plot of absorption co-efficient, a, as a function of photon energy (eV).
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It is well known that increasing conjugation generally moves the absorption to longer
wavelength [86, 104]. The absorption coefficient,«, is calculated from the absorbance data
(Fig.4.10b) for samples of different thicknesses. It is found that in the low energy region
follows an exponential fall for values of « below about 10,000 cm™ for all the samples.
These exponential falling edges may either be due to lack of long-range order or due to the

presence of defects in the thin film.

One of the most significant optical parameters, which are related to the electronic structure, is
the optical band gap. The optical band gap, Ep, can be calculated between the bottom of the
conduction band and the top of the valence band [86, 87]
ahv = B(Egp-hv )" 4.2)

where B is the Tauc parameter, n is the parameter connected with distribution of the density
of states which can assume values of 2, or 1/2 depending on the nature of the band to band
electronic transitions (direct or indirect transition), # is the Planck constant, v is the
frequency of radiation and E, is the optical band gap obtained from the extrapolation of the
linear part of the curve. Two different slopes could characterize all the curves in Fig. 4.10
(b). This may indicate the presence of direct and indirect transitions in PPTMA films. The
Eqq can be evaluated from the plots of (o v)* as a function of ~v shown in Fig. 4.11(a). The
Eqq was determined from the intercept of the linear part of the curves extrapolated to zero o
in the photon energy axis. In Fig.4.11(b), (ch \/)”2 as a function of A v was plotted to obtain
the Egi. The intercept of the linear part of the curves extrapolated to zero « in the photon
energy axis was taken as the Eg;. It is evident from the Fig. 4.11(a) and Fig. 4.11(b) that there
is a considerable reduction in the direct and indirect energy gap for PPTMA thin films at
different thicknesses which shown in table 4.7. This means that the thickness affects the
optical band gap due to the change of some of the bonds. The band gap change may also

arise from the photon-lattice interaction.

Table 4.7 Allowed direct and indirect transition energy gaps for various PPTMA thin films.

Film thickness (nm) Direct transition energy | Indirect transition
gap, Eqq (eV) energy gap,Eq; (V)
300 2.8 1.86
400 2.8 1.56
500 2.7 1.49
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4.8.2 PPTMA Thin Films Heat Treated at Different Temperatures
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Fig. 4.12 (a) Variation of absorbance (ABS), with wavelength, for as deposited and heat treated
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Fig 4.14 Variation of absorbance (ABS) with wavelength, A, for as deposited and heat treated
PPTMA thin films; measured at room temperature, thickness is about 500 nm ( inset: Monomer).

The UV-Vis absorption spectra for TMA, as deposited and heat treated PPTMA thin films at
473, 573 and 623 K have been recorded at room temperature and are presented in Fig.4.12.
4.13 and 4.14, respectively. It is seen that the peak value shifts to the higher wavelength
compared to the peak wavelength value, 300 nm of TMA. Thus, there is a red shift of about
79 nm in Ap. as compared to TMA peak. This red shift in PPTMA demonstrates an
increased degree of conjugation present in the resulting films. It is observed that absorption
of PPTMA does not much change on heat treatment up to 473 K. Whereas there is an overall
increase in the absorption of the PPTMA heat treated above 473 K. It can be noticed that a
small peak appears at around 420 nm (d=300 nm), 430 nm (d=400 nm), and 440 nm (d=500
nm), in the spectra of PPTMA heat treated at 573 and 623 K. The peaks are shifted to higher
wavelength depending on thicknesses. An increase of the absorption intensity in the 380-600
nm region of PPTMA heat treated at higher temperature may indicate a structural
rearrangement most probably by the removal of dangling bonds and/or formation of

conjugation in the structure.
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Fig 4.15 (a) (ahv)* versus hv curves and (b) ()" versus hv curves of PPTMA thin films of 500
nm thick heat treated at different temperature.
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Fig 4.16 (a) (ahv)* versus hv curves and (b) ()" versus hv curves of PPTMA thin films of 400
nm thick heat treated at different temperature.
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Fig 4.17 (a) (ahv)’ versus hv curves and (b) ()" versus hv curves of PPTMA thin films of 300
nm thick heat treated at different temperature.
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The appearance of the absorption peak (d=500 nm) at around 440 nm in the PPTMA thin
film heat treated at a higher temperature may be due to m-m  transition because of the
probable development of conjugation in the structure on heat treatment. The results of
dependence of a on Avindicate that in the films of lower thickness the intensity of light is
reduced. The values of Eqq and Eg; obtained from the plots of Figs.4.15, 4.16 and 4.17 are
documented in table 4.8. It is noticed that Eqq value is slightly increased when heat treated at
573 K and remains almost constant when heat treated above this temperature, whereas, Eg;
gradually decreases with the increase of the heat treatment temperature. From table 4.8 it is
seen that both the direct and indirect bands for 400 nm thick are higher than 300 nm and 500
nm thick. That means band gaps more than resistivity increase for the sample. So its
conductivity is lower than other two samples. The effect for heat treatment it is seen that
higher temperature the band gaps for all samples increases. Thus, it can be inferred from the
variation of Eqq and E; that the bands in PPTMA become wider on heat treatment. From the
comparative study of as deposited and heat treated PPTMA thin films of different
thicknesses, it is observed that higher values for lower thick samples and opposite for higher

thickness. That means high thickness samples give higher conductivity.

Table 4.8 Allowed direct and indirect band gaps for different thicknesses heat treated PPTMA thin

films.
Temperature” (K) | As-deposited and heat treated PPTMA films
Thickness Direct transition energy gap | Indirect transition energy
(V) gap (eV)
500 nm as deposited 2.80 1.56
473% 2.80 1.50
573%* 2.88 1.44
623* 2.88 1.36
400 nm As deposited 2.70 1.70
573%* 2.88 1.70
623* 2.88 1.49
300 nm as deposited 2.80 1.86
573*% 2.94 1.58
623* 2.94 1.60

*heat treated for 1 hour in air.
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4.8.3 Iodine doped as deposited PPTMA

The UV-Vis absorption spectra in the range 200 to 800 nm of as deposited PPTMA thin films
and PPTMA thin films doped with iodine of thicknesses 300, 400 and 500 nm are shown in
Fig. 4.18(a). The spectra of the films exhibit a sharp absorption peaks at about 390 nm and
there are no absorption peaks at the longer wavelengths. It is seen that the intensity of the
absorption peak increases for the increase of PPTMA film thickness. UV-Vis spectra of
PVDF films filled with iodine show new broad bands at 286 and 353 nm which are attributed
to the formation of charge transfer complex [19]. After exposing the film to iodine doping
process may be occurred due to the formation of iodine complex. In the PPTMA films doped
with iodine also show a new broad band which can be attributed to the formation of charge
transfer complex.

The absorption co efficient is plotted against the photon energy for as deposited PPTMA thin
films and PPTMA thin films with iodine doped PPTMA thin films and is shown in Fig.
4.18(b). The optical transition energies corresponding to the films prepared under various
deposition conditions are given table 4.9. The intercept of this plots on the photon energy
axis give the direct band gap for all iodine doped PPTMA samples and one indirect band gap
for one sample. It can be seen that the iodine doping decreases the direct transition energy
gap from 2.6 eV to 2.4 eV (Fig.19a). The energy gap of as deposited PPTMA thin films is
2.8 eV and that of doped PPTMA thin films is 2.6 eV. The indirect transition energy gap is
found 1.6 for 300 nm thick PPTMA (Fig.19b) but not get for 400 and 500 nm. The changes
of energy gap indicate that there is a charge transfer complex arising between the as

deposited PPTMA and the iodine.

Table 4.9 Allowed direct and indirect transition energy gaps for iodine doped PPTMA thin films.

Film thickness (nm) Direct transition energy | Indirect transition
gap, Eqq (eV) energy gap,Eq; (V)
300 2.6 1.6
400 2.4 -
500 2.4 -
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PPTMA thin films with iodine of different thicknesses (b) Plot of absorption co-efficient, a, as a

function of photon energy (eV).
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4.9 Reaction of PPTMA with iodine

In a glass beaker the PPTMA thin film was exposed to iodine crystals. The reaction between
PPTMA thin film and iodine takes place because the color of the PPTMA thin film changes
from light to dark brown. After the reaction of PPTMA with iodine the iodination of benzene
rings might be anticipated in Fig.4.20. During such a reaction, the iodine replaces the
hydrogen atoms in the benzene rings, but not replaces the hydrogen in the methylgroup of

PPTMA thin film. Hydrogen atoms recombine with iodine and produce hydriodic acid.
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Fig 4.20 The proposed structure of PPTMA polymer with iodine.

4.10 Direct Current Electrical Conduction Mechanism in PPTMA Thin Films

4.10.1 Current density-Voltage characteristics of PPTMA thin films

J-V characteristics of PPTMA thin films of thicknesses 300, 350, 400 and 500 nm at
temperatures 300, 373 and 423 K were recorded in the voltage region from 0.2 to 15.0 V.
The observed room temperature J-V characteristics of the PPTMA thin films are presented in
Fig. 4.21. The J-V curves follow a power law of the form J «c V" with different slopes in the
lower and higher voltage regions, where n is a power index. In the lower voltage region the
values of slope are 0.80 < n < 1.26, correspond to the ohmic region, whereas in the higher
voltage region the values of slope lie between 1.70 < n < 2.20, represent the non-ohmic
region. Fig. 4.22 presents the representative J-V curves for one sample at three different
temperatures. It is observed that the slopes of both the voltage regions are increased slightly
with increasing temperature. This increase may be due to increased molecular motions in
PPTMA at higher temperatures. The thickness and voltage dependence of current density at
the higher voltage region suggest that the current may be due to SCLC, Schottky or PF

mechanisms in PPTMA thin films. To differentiate the type of conduction mechanisms, the
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dependence of J on film thickness, d, for the samples of different thicknesses at a constant
voltage (10 V) is presented in Fig. 4.23. The thickness dependence of the current follows
the relation, J oc d ' where 1 is a parameter depending upon the trap distribution. A slope 1 <
3 suggests the possibility of Schottky or PF mechanism and 1 > 3 reveals the possibility of
SCLC mechanism. The linear slope derived from these data has a value of about 3.5, which
is much higher than that corresponding to Schottky and PF conduction mechanism. Thus
the type of conduction mechanism in PPTMA most probably is SCLC. The current density

for SCL conduction can be presented as

J= gg’ao,ug—j 4.3)

where p is the mobility of charge carriers, €' is the dielectric constant of the dielectric

material, g, is the permittivity of free space, V is the applied voltage, d is the thickness. The

analyses of J-V curves (Fig. 4.23) for PPTMA thin films yield the p value to be about 1.3 x

107 m*> V's' using the relation (4.3). The intrinsic free carrier density, n,, can be

determined by the relation

_ 8n.ed 2
9 g¢

t

4.4)

where V is the threshold voltage and e is the electronic charge. The €’ is required to calculate
n,. So the capacitance of the sample was measured at 30 KHz and the €’ was calculated out to
be about 2.5. Using the values of the ¢, €', e, d (=350 nm) and V; = 2.7 V (from Fig. 4.23),
the n, is calculated out to be about 2 x 10*' m™. The transition from the ohmic region to the
SCLC region occurs at a threshold voltage, Vi, which may be derived from each J-V
characteristics in Fig. 4.23. The values of V between ohmic and SCL conduction dependence
on d is shown in Fig. 4.24. The slope of about 2 derived from the figure further supports the

interpretation of SCLC dominated by an exponential trap distribution.
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Fig 4.23 Plots of (a) current density (J) against different thicknesses (left hand scale) and (b) V,
against different thicknesses (right hand scale) for PPTMA thin film in the non-ohmic region.
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Fig 4.24 Plots of J -1/T for PPTMA thin film in the ohmic and non-ohmic regions ( d = 300 nm).
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Considering the linearity of curves in Fig. 4.24 at higher temperatures to results from an
exponential trap distribution the total trap density, Ny may be determined from the intercept

on the log J axis as described by Gould [106]. The value of N; = 4 x 10** m™ was obtained

assuming N, = 1 x 10" m™.

4.10.2 Current density-Voltage characteristics of iodine doped PPTMA thin films

The SEM, band gap energy, and literature studies mentioned in the chapter as before have
indicated that the electrical conductivity of PPTMA would be enhanced upon iodine doping.
Fig.4.25 shows J-V characteristics of the undoped and iodine doped PPTMA thin film. It
may be noted that as a result of iodine doping, the current increases with the voltage and
significantly similar behaviors were observed in films of different temperatures. Fig.4.26
presents the representative J-V curves of iodine doped PPTMA thin films of as deposited
PPTMA 300, 400 and 500 nm. J-V characteristics of iodine doped PPTMA thin films of
different thicknesses at temperatures 300, 373 and 423 K were recorded in the voltage region
from 0.2 to 30.0 V. The value of current density is enhancing by iodine doping in PPTMA
thin films. The observed J-V characteristics of the films are presented in Figs. 4.27 to 4.29.
The J-V curves follow a power law, with different slopes in the lower and higher voltage

regions. The values of the slopes are depicted in table 4.10.

Table 4.10 The slopes in the two voltage regions at different thicknesses and different temperatures.

Thickness  of | Measurement Value of slopes
iodine  doped | temperature
PPTMA  thin Low voltage region | High voltage region
films d (nm) (ohmic) (non ohmic)
300 300 0.54 1.59
373 1.03 1.55
423 1.00 1.64
400 300 0.63 1.70
373 0.80 2.08
423 0.95 2.28
500 300 0.61 1.97
373 1.00 2.10
423 1.21 2.37
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Fig 4.25 Plots of J-V for as deposited and iodine doped PPTMA thin films of 400 nm thick recorded
at room temperature.
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Fig 4.26 Plots of J-V for iodine doped PPTMA thin films of different thicknesses recorded at room
temperature.
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Fig 4.27 Plots of J-V for iodine doped PPTMA film, measured at different temperatures ( Thickness ;
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Fig 4.28 Plots of J-V for iodine doped PPTMA film, measured at different temperatures ( Thickness ;
400 nm).
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Fig 4.29 Plots of J-V for iodine doped PPTMA film measured at different temperatures ( Thickness ;
500 nm).
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Fig 4.30 Plots of (a) current density (J) against different thicknesses (left hand scale) and (b)
V. against different thicknesses (right hand scale) for iodine doped PPTMA thin film
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To ascertain the type of conduction mechanism, the dependence of J on film thickness d for a
series of different samples at constant voltage (10V) is presented in Fig. 4.30. The linear
slope derived from these data has a value of about 6.2. It is seen that in the non-ohmic region
the slope is much higher than that corresponding to Schottky and PF conduction mechanism.
This value satisfied the condition for SCLC mechanism as discussed in section 4.10.1 Thus,
it is seen that the type of conduction mechanism in iodine doped PPTMA most probably be
SCLC. The analyses of J-V curves (Fig.4.26) for iodine modified PPTMA thin films yield

the p value to be about 1.2x 10> m* V''s™ using the relation (4.3).

4.10.3 Thermally activated current in PPTMA and iodine doped PPTMA thin films
Figs.4.31 to 4.33 show the dependence of J on inverse absolute temperature, 1/T, for iodine
doped PPTMA thin films of different thicknesses. There are two curves, one in the ohmic
region with an applied voltage, 2 V, and other in the SCLC region with an applied voltage,
10V. Each of the curves has two different slopes in the low temperature and the higher
temperature regions. The intrinsic free carrier density, n,, and the total trap density of iodine
doped PPTMA are about 3.7 x 10*' m™ and 1.2 x 10’ m~, respectively.

Table 4.11 Values of carrier mobility, free carrier density, total trap density and electrical
conductivity for as deposited and iodine doped PPTMA thin films (d=400 nm).

Sample Carrier mobility, Free carrier Total trap density, | Conductivity,
u, m’ V's! density, 71,, m™ N, m” (ohm-m)

As deposited | 1.30 x 10" 2.00 x 10! 4.00 x 10*° 7.80 x 107

PPTMA thin film

Todine doped | 1.50 x 107" 3.70 x 10* 1.20 x 10% 3.10x 108

PPTMA thin film

The electrical conductivity measurements on as deposited and iodine doped PPTMA thin
films of 400 nm thickness show a higher value of electrical conductivity in the case of iodine
doped PPTMA thin film when compared to the as deposited PPTMA thin film. Also, it is
found that the iodine doping enhance conductivity of the polymer thin films considerably
[16].
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Fig 4.31 Plots of J-1/T for iodine doped PPTMA thin film the ohmic and non-ohmic regions ( d =
300 nm).
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Fig 4.32 Plots of J-1/T for iodine doped PPTMA thin film the ohmic and non-ohmic regions ( d =
400 nm).
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Fig 4.33 Plots of J-1/T for iodine doped PPTMA thin film the ohmic and non-ohmic regions ( d =
500 nm).

4.10.4 Explanation of the Correlation between the Activation Energy and Optical Band
Gap of the PPTMA Thin Film

The dependence of J on inverse absolute temperature, 1/T, for PPTMA thin films of different
thicknesses (300, 400, and 500 nm) in the SCLC region with an applied voltage, 10 V, which
studied in my M.Phil thesis. The activation energies are about 0.21 + 0.05 eV at the lower
temperature and 0.93 + 0.08 eV at the higher temperature regions. The AE values of lower
and higher temperature regions suggest that there may be a transition of the conduction

process from a hopping regime to a regime dominated by distinct energy levels.

The band gap between the valence and conduction band can be explained in terms of the
observed SCLC and optical absorption results. PPTMA thin films deposited using identical
conditions have an indirect optical band gap of 1.86 eV of as deposited PPTMA thin films of
400 nm thickness discussed M.Phil thesis and activation energy for conduction of 0.93 eV. It
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is seen that the activation energy is about half of the indirect band gap. It may be imagined
that the energy gap may be filled up partially from top of the valence band and bottom of the
conduction band where the Fermi level may be situated at the middle of the gap. Similar
results have been reported by Silva and Amaratunga [42] for dimond like carbon and for

disorder solids [40].

4.11 Alternating Current Electrical Conduction Mechanism
4.11.1 Variation of ac Electrical Conductivity with Frequency and Temperature
The o, curves of PPTMA thin films against frequency from 100Hz to 100 kHz in the
temperature range from 300 to 450 K are presented in Figs.4.34 —4.36. It is observed that the
o4 increases as frequency increases and slightly change depending on thicknesses (300 to
450 nm). The o, increases rapidly in the higher frequencies compared to that in the lower
frequencies. This can be interpreted by the following empirical relation (1)

Cuc(®)=A 0" 4.5)
where o is the angular frequency and » the index that is used to understand the type of
conduction mechanism in amorphous materials. The values of exponent for PPTMA are
found to be 0.77-1.04 below 10° Hz and 1.79 - 1.83 above 10’ Hz. The values of the slope n,
is around 1 in the lower frequency region which corresponds to the ohmic region and in the
higher frequency region the slope is around 2 for all samples corresponding to the non ohmic
region. The values of n for PPTMA thin films at different temperatures are recorded in Table
4.12. The values of n in the lower frequency region are in accordance with the theory of
Debye type loss mechanism and other mechanisms may be operative in the high frequency
region.

Table 4.12 The values of n for different temperatures.

Sample Measurement Values of ‘n’ in the frequency region
Temperature (K)
100 to 10° (Hz) 10° to 10° (Hz)
300 0.77 1.79
PPTMA 350 0.85 1.84
400 0.97 1.83
450 1.08 1.79
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Fig 4.34 ac conductivity, G, as a function of frequency of the PPTMA films at different
Temperatures (d= 300 nm)
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Fig 4.35 ac conductivity, o, as a function of frequency of the PPTMA films at different
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Fig 4.36 ac conductivity, G, as a function of frequency of the PPTMA films at different
temperatures (d=450 nm)
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To elucidate the temperature dependence of o, behavior at different frequencies and
different thicknesses (300 to 450 nm), the data of Fig. 4.34 to Fig 4.36 are plotted as o,
against inverse of absolute temperature in Figs. 4.37-4.39. It is seen that the o,. is weakly
dependent on temperature below about 400 K and then gradually increases with temperature
in the low frequencies. The temperature effect on the o, of PPTMA thin films is weak in the
higher frequencies. It is seen that the activation energy is about 0.05 eV in the low
temperature at low frequencies and throughout the whole temperature range in the higher
frequencies. This very low activation energy of the carriers in the low temperature and strong
dependence of the o,. on frequency are indicative of a hopping conduction mechanism. The
activation energy calculated for 100 Hz in the high temperature region is 0.23 eV for PPTMA
thin films. These observations suggest that the conduction may be dominated by hopping of
carrier between the localized states at low temperatures and movements of thermally excited
carriers from energy levels within the band gap in the high temperature region. Saravanan et
al. [56] studied rf plasma polymerized polyaniline thin films and activation energies were
reported to be 0.356-0.1435 eV which indicated hopping conduction in these films. These
values are close to the activation energies determined in the present investigation of ac

electrical conduction in PPTMA.

4.11.2 Variation of Dielectric Constant with Frequency and Temperature

The variation of &’ with frequency at different temperatures is plotted in Figs. 4.40-4.42. The
&’ decreases slowly with increasing frequency and £”increases with increasing thickness. It is
seen in Fig. 4.40 that the &’ decreases in the high frequencies. As the frequency increases,
dipoles begin to lag behind the field, and as a result " decrease. It can be seen that in the
whole frequency region there is a decrease in the &” with an increase in frequency. This
characteristic dependence of the &” on frequency could be explained with space charge
accumulation at the structural interface of the PPTMA thin films. The charges present in the
PPTMA thin films can migrate under the influence of an electric field. It is possible that they
get blocked at the electrode dielectric interface, which leads to space charge polarization.

Such distortion causes an increase in £’ of PPTMA thin films at the low frequencies.
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Fig 4.42 Dielectric constant,&”, as a function of frequency of the PPTMA films at
different temperatures (d=450 nm).

The dielectric relaxation time refers to a gradual change in the polarization following an
abrupt change in applied field. When frequency reaches the characteristic frequency
(w=1/7), the &’ drops means relaxation process. At very high frequency (@ >1/7)dipoles
can no longer follow the field,e’'~&_. Relaxation may be occurred above 1 MHz
(1/7 21MHz). This is indicating of a fast polarization mechanism and the polarization
process will be labelled the y process. The y process dominates the behavior of ¢’ from
100 Hz to 10° Hz. Figs.43-46 presents the £’ as a function of temperature of the PPTMA thin
films. The general trend of £”1is to decreases with increasing temperature. In Fig.4.43 it is
seen that the £”decreases with temperature up to 350 K and above this temperature £’ tends
to increase up to 10 kHz and above 10 kHz &’ decreases with temperature throughout. In case
of thickness variation the &” decreases up to 400 K and than increases but in higher thickness
(450 nm) thin films the &” decreases up to 350 K and above this temperature £’increases. The

variation of &” with temperature is related to the charge carriers, which in most cases can not

orient themselves with respect to the direction of applied field, therefore they posses a weak
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contribution to the polarization and hence to the &’ As the temperature increases, the space
charge carriers get enough thermal excitation energy to be able to respond to the change in
the conductivity. This conductivity change in turn decreases their contribution to the

polarization leading to decrease of the £”due to high dielectric loss.
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Fig 4.43 Dielectric constant,&”’, as a function of temperature of the PPTMA
films at different frequencies (d= 300 nm).
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Fig 4.45 Dielectric constant,&”’, as a function of temperature of the PPTMA films
at different frequencies (d= 450 nm).

4.11.3 Variation of Dielectric Loss Tangent with Frequency and Temperature

A real capacitor can be represented with a capacitor and a resistor. The parameters such as
angular frequency (®) of the applied field, the parallel conductance G, parallel capacitance
C, are related to tandas

G
tand = L (4.6)

27C,

Where f'is the linear frequency in Hz. The dependence of the tand on frequency at different
temperatures (300 to 450 K) is shown in Fig.4.48 for a PPTMA thin film.
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Fig.4.46 Dielectric loss tangent, as a function of frequency of the PPTMA at different
temperature (thickness ; 300 nm).
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Fig 4.47 Dielectric loss tangent, as a function of frequency of the PPTMA at different
temperature (thickness ; 400 nm).
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Fig 4.48 Dielectric loss tangent, as a function of frequency of the PPTMA films at different
temperature (thickness ; 450 nm).

Eqn (4.6) shows that the loss has a peak at (w=1/7). The loss increase observed at high
frequencies 1s the low-frequency tail of the loss peak associated with y polarization. As
temperature increases the y loss peak shifts toward higher frequencies, so that the loss
measured around 10°-10° Hz decreases (low-frequency tail of the y peak). The tand
increases with frequency with a deep in the low frequency region. The relaxation peaks in
the low frequency region are not clear and not progressively moving with increasing
frequency. The relaxation peaks decreases in the higher frequencies with increasing
thicknesses. These weak relaxation peaks may occur owing to the slow motion of molecular

groups in the PPTMA thin film structure.

4.10.4 Dependence of £”7on g” (Cole-Cole plot)
The Cole-Cole curve is useful to understand the degree of the distribution of the relaxation
times. Fig.4.49 shows the variation of real and imaginary parts of &’ for a PPTMA thin film

as functions of temperature and frequency in the form of Cole-Cole plots. In general, a full,
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or a partial or no arc is observed depending on relaxation strength in the sample with in
experimentally available frequency range. When the angle between the two radii of the Cole-
Cole curve is defined as fr, the factor £ indicates the degree of distribution of the relaxation

time.
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Fig 4.49 Cole-Cole plots of PPTMA films at different frequencies (thickness; 400 nm).

The values of B are found to be in the range 0.75 to 0.85 for PPTMA thin films. The values
of B are thus found smaller than the value (unity) of the Debye model with a single
relaxation, indicating the presence of distribution of relaxation times in this material. The full
semicircles formed suggesting a distribution of relaxation times in the sample [101, 107]. It is
evident from Cole Cole plots that there is a tendency of deformation of the semicircular
shape with increase of temperature. This implies that the relaxation time distribution increase

with temperature.
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5.1 Conclusions

Plasma polymerization technique was successfully used to prepare good and reproducible thin
films of desired thickness from TMA. TMA is an aniline derivative with -N(CHj3), group.
Although studies on polyaniline have been reported, there are scanty of reports on
experimental studies on aniline derivatives in thin film form. So TMA was chosen as a
potential organic monomer for thin film preparation and study of its different properties. Here
the main findings of the structural, thermal, optical and electrical properties of as deposited

and iodine doped PPTMA produced from TMA are summarized.

The surfaces of the as deposited PPTMA thin films are observed to be smooth and pinhole
free. A comparison between the SEM micrographs of the as deposited and heat treated films
show that the surface morphology of the PPTMA heat treated at higher temperature becomes
smoother. The surface is smoother with iodine, possibly indicating that closely connected
blocks of polymer chains develop in the thin film. The energy dispersive x-ray observations

indicate the presence of C, N, O and I in iodine doped PPTMA samples.

The empirical formula of the PPTMA film was determined to be C7.70H1030N0.8001.50 from the
EA data. It is found that the N/C ratio is 0.12 for as deposited PPTMA, which is very close to
N/C of TMA. Non-monomeric oxygen was incorporated into the PPTMA films due to the
post-deposition reaction with radical species (danging bonds) trapped in the structure and
from the glow discharge chamber during polymerization. The deficiency of carbon and
hydrogen contents in PPTMA may be due to the breakdown of bonds owing to the complex
reaction during plasma polymerization. The IR investigation shows that the as deposited
PPTMA is structurally different from monomer and the PPTMA may contain an aromatic ring
structure with NC and CH side groups. It is observed that definite structural modification
occurs by further conjugation in the PPTMA structure on heat treatment. The IR spectra of
iodine doped PPTMA indicate that the iodine atoms might form charge transfer complex to

amine nitrogen site in PPTMA.

The XPS analyses of PPTMA thin films also show the presence of possible groups, C-H,
C=C, C-N, C-0, C=0 on PPTMA surface. The atomic ratio N/C of the PPTMA thin film bulk
and surface are found to be 0.12 and 0.20 by EA and XPS respectively. It is suggested that on
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the film surface some carbon-nitrogen bonds in PPTMA were replaced by carbon-oxygen
bonds. From the above observations, it is seen that there is quantitative variation in the surface
and bulk compositions in the PPTMA thin films. On the surface of this film an increase of
nitrogen content is observed with a drop of carbon concentration. The peak height of PPTMA
heat treated at 473 and 573 K may be due to the probable development of conjugation in the
structure on heat treatment. The modifications on heat treatment of PPTMA are also observed
in the IR and UV-Visible spectroscopic analyses. The maximum change in the PPTMA
structure has been occurred in the temperature region 373-873 K, where the DTA curve
exhibits the exothermic peak. In the TGA, the weight loss might occur by thermal breakdown
of the PPTMA structure and expulsion of higher molecular mass hydrocarbons, oxygen
containing compounds, etc. above 505 K. The weight loss in heat treated PPTMA is much

higher than that of its components at relatively higher temperature.

The UV-Vis absorption spectra for TMA, as deposited and PPTMA thin films heat treated at
473, 573 and 623 K have been recorded at room temperature. It is seen that there is a red shift
of about 79 nm in Ayax as compared to TMA peak. It can be noticed that a small peak appears
at around 420 — 440 nm, in the spectra of PPTMA of different thicknesses heat treated at 573
and 623 K. This peak i1s shifted to higher wavelength with increasing film thickness. The Eyq
and Eg; are found to be 2.80 and 1.56 eV, respectively for as deposited PPTMA. While Eyq
increases a little, Eq; decreases, on heat treatment of PPTMA. It is concluded that PPTMA thin
film with conjugation can be produced by plasma polymerization and the structural order can
be improved by heat treatment. The direct band gap of iodine doped PPTMA thin films is 2.6
eV. The changes of energy gap indicate that there is a charge transfer complex formation

between the host PPTMA thin films and the iodine.

The J-V characteristics of PPTMA thin films with Al contacts show ohmic behavior at the
lower applied voltage region and SCLC dominated by exponential trap distribution at the

higher voltage region. The p value of the charge carriers is found to be about 1.3 x 107 m?

Vs The values of n, and N; are calculated to be about 2.0 x 10" m? and 4.0 x 10°*° m™® ,
respectively at room temperature for PPTMA thin films. The J-V curves of iodine doping also
follow power law and is seen that in the non-ohmic region the slope is much higher than that

corresponding to other conduction mechanism. The carrier mobility, the free carrier density,
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and the total trap density of iodine doped PPTMA are about 1.5 x 10> m* V''s™, 3.7 x 10%
m™and 1.2 x 10" m™, respectively. The activation energy indicate that there is a transition in
the conduction process from a hopping process to a distinct energy level process from lower
to higher temperature regions. The electrical conductivity shows a higher value, (7.8x10™*
ohm-m™) of iodine doped PPTMA thin film compared to that of the as deposited PPTMA thin
film (3.1 x 107> ohm-m ™).

The ac electrical conductivity is more dependent on temperature in the low frequency region
than that in the high frequency region. It is found that the ac conduction may be dominated by
hopping of carriers between the localized states at low temperature and thermally excited in
the high temperature region. Dielectric constant increases with increasing film thickness and
decreases with increasing frequency of the PPTMA films which may be due to the complex
nature of the deposition process of thin films in glow discharge. The characteristic
dependence of the &” on frequency could be explained by space charge accumulation at the
structural interface of the PPTMA thin films. The dielectric loss decreases up to a certain
frequency and then increasing with frequency with a minimum in the low frequency region,
the frequency minima shifts to lower frequency with film thickness. The temperature
dependence of the Cole-Cole diagram reveals the existence of several types of dielectric

relaxation distribution with respect to temperature and frequency.

The PPTMA has been modified by heat treatment and iodine doping. These modifications
affect the structure of PPTMA and thereby there is optical and electrical properties change.
The band gap decreases and the electrical conductivity increases to some extent. The
conduction mechanism and relaxation processes are also evaluated. These results may help in

searching for some application of this material.

5.2 Suggestions for Future work

The present work shows the investigation of the structural, optical and electrical behavior of
PPTMA thin films. But more investigations on PPTMA thin films are required to know
different characteristics, which will help finding suitable applications of these materials. The
following investigations on PPTMA thin films may be carried out for further study. In this

thesis iodine modification occurred by chamber method but it can be done in situ iodine



Chapter 5 Conclusions 139

doping. Because in situ method of doping is more reliable and the change effected in the
bandgap is permanent. For in situ iodine doping, an additional iodine container is incorporated
in the plasma deposition chamber. Both monomer and dopant iodine are injected
simultaneously into the plasma zone, so that the polymer films deposited on the substrates

have iodine incorporated in the structure.

The conductivity of the PPTMA thin films increases after reaction with iodine can be used for
the sensing of halogens in general and of iodine in particular. In general, the chemistry of the
halogen interaction with PANI, although complex, could be used in the sensing of these
elements, even though additional research would be needed to develop a sensor suitable for

practical application.

The interesting properties of multi layer composite thin films played a vital role in
determining the physical characteristics of the composite thin films. The probable
inhomogeneities, irregularties and disorderness of the interface may be affected the optical

band gaps as well as the electrical conductivity of the composite thin films.
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