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Abstract

In this study novel type of cobalt � polymer nanocomposites were developed. The goal of

this work was to develop new type of functional cobalt oxide � dielectric matrix nanocom-

posites which are applicable as optoelectrochromic phosphate ion sensors. Cobalt �

plasma polymerized hexamethyldisilazane (Co � ppHMDSN) nanocomposites were pre-

pared using a simple method of hybrid physical vapor deposition/plasma enhanced

chemical vapor deposition. The nanocomposites consisted of nanoparticles embedded

in a polymer matrix. The metal �lling factor was varied from 4% to 34%. Structural

and compositional investigations were performed using various analytical techniques

such as TEM, XRD, XPS, XAS, EDX/SEM, FTIR. Detailed XAS analysis suggested

the presence of both metallic cobalt and cobalt oxides. The prepared Co � ppHMDSN

nanocomposites are suitable as precursors for the next step of calcination. In addition to

the nanocomposite preparation, the plasma process in the reaction chamber was studied

using an active thermal probe. The energy in�ux in the chamber was measured in a pure

argon and an argon+HMDSN plasma using a thermal probe. More energy was con-

sumed by the argon+HMDSN plasma which can be accounted to the energy required

for the monomer decomposition process.

In order to obtain the required spinel type cobalt oxide (Co
3
O
4
) phase, the

Co � ppHMDSN nanocomposite precursors were calcinated. Consequently, nanocom-

posites consisting of crystalline Co
3
O
4
nanoparticles embedded in a dielectric matrix

(i.e. Co
3
O
4
� dielectric matrix nanocomposites) were obtained. These nanocomposite

thin �lms were tested for the applicability as optoelectrochromic phosphate ion sensors.

They displayed electrochromism. The �lms were stable and the electrochromic prop-

erty was reproducible. Co
3
O
4
� dielectric matrix nanocomposites exhibited sensitivity

towards phosphate ions. A linear dependence of change in transmittance on the loga-

rithm of phosphate concentration was found. A novel type of Co
3
O
4
� dielectric matrix

nanocomposite thin �lm which is suggested as optoelectrochromic phosphate ion sensor

was proposed. The sensitivity is su�cient to detect environmental standard phosphate

concentration (10−6M).
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1 Introduction

Metal � polymer nanocomposites consisting of metal nanoparticles embedded in a poly-

mer matrix have attracted a great deal of interest in the recent years [1]. Such nanocom-

posites o�er a wide range of new functional properties, thus having potential uses in many

areas. Notably these nanocomposites are suggested for electrical, magnetic, catalysis,

optical, anti-corrosive, and biomedical applications [1]. Cobalt � polymer nanocompos-

ites are especially interesting both for fundamental research and potential functional

properties. They have been proposed for various catalytic [2, 3], optical [4], magnetic

[5, 6] and gas-sensing applications [7]. A good control over the metallic properties

and the oxidation state of cobalt is crucial for magnetic applications. Cobalt � polymer

nanocomposites are also useful as catalysts which requires very good conductivity be-

tween the metal nanoparticles. Usually conductive polymers such as polyaniline and

polypyrrole are used for this purpose. Calcinated cobalt � polymer nanocomposites have

been suggested for optical gas sensor [8�10], catalytic [3], magnetic [11] and chemoresis-

tive gas sensor [7] applications. When they are investigated as gas sensors the porous

matrix provides the path through which gaseous molecules reach the functional Co
3
O
4

nanoparticles [12]. The gas sensing mechanism is achieved when the resistance/optical

transmittance of the nanocomposites exhibit a reversible change when exposed to gases

such as H
2
and CO [7, 13, 14]. The gas sensitivity of these nanocomposites depend on

the properties of the precursors and the amount of cobalt content in the precursors for

calcination. Moreover, the temperature of calcination plays a crucial role in determining

the gas sensing properties of nanocomposites. The polymer matrix helps in preventing

the agglomeration of cobalt oxide nanoparticles after calcination. Suppression of ag-

glomeration of nanoparticles is important to exploit the unique nanoscale features of the

calcinated cobalt � polymer nanocomposites.

The study of the physical and chemical structure, and the applications of calci-

nated cobalt � polymer nanocomposites have been performed by various groups [7, 8, 11,

13, 14]. The importance of a detailed study of well-dispersed cobalt � polymer nanocom-

posites with various cobalt concentrations as precursors for the next step of calcination is
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1 Introduction

emphasized. The variation of size, shape, crystallinity, and the distribution of the cobalt

nanoparticles in the insulating matrix is crucial to obtain cobalt � polymer nanocompos-

ite precursors with varying properties. The concentration of cobalt in cobalt � polymer

nanocomposite precursors has an impact on the properties of the �nal calcinated sam-

ple [8]. In addition to the cobalt content, the dispersion of cobalt nanoparticles in the

matrix, the preparation method and the synthesis of precursors have an in�uence on

the functional applications of calcinated cobalt � polymer nanocomposites. Therefore, a

detailed study of cobalt � polymer nanocomposite precursors for calcination is important

[13].

Several methods such as chemical synthesis [11], sol-gel techniques [8] and ion

implantation [14] have been used to prepare cobalt � polymer nanocomposites. Hy-

brid PVD/PECVD technique is a combination of physical vapor deposition (PVD) and

plasma enhanced chemical vapor deposition (PECVD) techniques to prepare metal �

polymer nanocomposites with good dispersive ability. In this work the use of a hy-

brid PVD/PECVD technique as a simple and easy method to prepare a system of

homogeneous, well-dispersed cobalt � plasma polymerized hexamethyldisilazane (Co �

ppHMDSN) nanocomposites with a wide range of metal �lling factors is demonstrated.

The hybrid PVD/PECVD method has the advantage compared to other techniques that

only one magnetron is used in this process. Plasma polymerization and magnetron sput-

tering take place simultaneously and there is no requirement of complex equipment to

control both processes. The chamber design is simple and there is no need of high vac-

uum conditions. It is a dry process and does not involve multiple steps like the complex

chemical synthesis processes. By changing the plasma parameters like magnetron power,

gas pressure, and distance between substrate and target the metal �lling factor can be

varied.

In this study Co � ppHMDSN nanocomposites with metal �lling factors ranging

from 4% to 34% were prepared using the hybrid PVD/PECVD technique. The struc-

ture, microstructure, composition, and nanostructural surface conductivity properties

of the Co � ppHMDSN nanocomposites were analyzed using various techniques. The

fundamental study of the Co � ppHMDSN nanocomposites as precursors for the next

step of calcination is emphasized. The use of a hybrid PVD/PECVD technique as a

simple, easy and generalized method to embed metal nanoparticles in a polymer matrix

is introduced. Plasma technology was employed as it o�ers many advantages because is

a dry process and produces no waste chemicals. It allows coating of complex geometry

and has low energy impact and low thermal stress on the substrate.
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The motivation for this thesis is to prepare novel cobalt/cobalt oxide � polymer

nanocomposites using plasma techniques and to study their application as optoelectro-

chemical phosphate ion sensors. Phosphate ions are the major cause of eutrophication

(or water pollution). Moreover, the environmental concentration of phosphate ions is

usually very small and changes constantly [15, 16]. Therefore, it is essential to develop

cheap, sensitive devices to detect phosphate ions. Di�erent types of inorganic phosphate

ion sensors were developed by several groups. They include bio sensors [17�19], poten-

tiometric sensors [20, 21], ion-selective electrodes [22]. A review of phosphate sensors

is given by Engblom [15] and Midgley [23]. The e�ort to develop new type of phos-

phate ion sensors is always increasing. Indeed, this dissertation makes an attempt to

demonstrate a new type of phosphate ion sensor. A detailed analysis and investiga-

tion of cobalt � polymer nanocomposites is presented in this dissertation. The prepared

cobalt � polymer nanocomposites are later used as precursors for calcination. The calci-

nated sample contains Co
3
O
4
nanoparticles embedded in a dielectric matrix. Co

3
O
4
thin

�lms were previously reported as optoelectrochemical phosphate ions sensors [24]. In

this work Co
3
O
4
� dielectric matrix nanocomposite thin �lms were tested for application

as optoelectrochemical phosphate ion sensors. Embedding cobalt oxide nanoparticles

in a matrix increases the surface area of the nanoparticles [25�27], thus increasing the

chemical reaction between phosphate ions and Co
3
O
4
nanoparticles. Consequently, an

increased sensitivity is expected.

The work reported in this dissertation is described as follows:

1. Using a simple PVD/PECVD method Co � ppHMDSN nanocomposites with vary-

ing metal �lling factors were prepared. Cobalt sputtering and simultaneous plasma

polymerization was carried out in an RF sputtering reactor to prepare metal �

polymer nanocomposites. Preparation of Co � ppHMDSN nanocomposites using

simultaneous plasma polymerization and metal sputtering is a new e�ort and has

not been described so far. Furthermore, hybrid PVD/PECVD is introduced as

a simple and easy method to prepare metal � polymer nanocomposites in general.

The nanocomposites prepared are suitable as precursors for the next step of cal-

cination. Calcinated nanocomposites contained Co
3
O
4
nanoparticles embedded in

a dielectric matrix.

11



1 Introduction

2. Co � ppHMDSN nanocomposites were investigated using various techniques. As

both PVD and PECVD processes take place simultaneously, plasma polymeriza-

tion and cobalt sputtering are inter-dependent and a�ect each other. The variation

of properties of nanocomposites with varying metal �lling factor and plasma pa-

rameters was studied in detail.

3. Powerful X-ray absorption spectroscopy (XAS) technique was employed to char-

acterize the bulk of the nanocomposites. The local structure around cobalt was

thoroughly investigated using XAS. As most of the nanocomposites obtained had

amorphous nanoparticles, XAS was employed to acquire the local structure and

electronic information around cobalt.

4. The energy in�ux and power density on the substrate surface during the deposi-

tion process was measured using an active thermal probe. In pure argon plasma,

with the increase in magnetron power the energy in�ux and power density on the

substrate increased. However, in argon+HMDSN plasma sharp peaks were ob-

served in the energy in�ux measurements which makes it complex to investigate

the energy in�ux in argon+HMDSN plasma. Nevertheless, it was noticed that

more energy was consumed by argon+HMDSN plasma when compared to pure

argon plasma.

5. Co
3
O
4
� dielectric matrix nanocomposites were synthesized by the calcination of

Co � ppHMDSN nanocomposite precursors. Detailed structural investigation of

the calcinated samples was performed. Co
3
O
4
� dielectric matrix nanocomposite

thin �lms were tested as optoelectrochromic phosphate sensors. A linear depen-

dence of the change in transmittance on the logarithm of phosphate concentration

was found. Moreover, the absolute transmittance signal (∆T) of the Co
3
O
4
�

dielectric matrix nanocomposites at a particular phosphate concentration was

found to be higher than that of the standard Co
3
O
4
thin �lms. A new type of

Co
3
O
4
� dielectric matrix nanocomposite thin �lm which can be applicable as an

optoelectrochromic phosphate ion sensor is proposed. The sensitivity of the thin

�lms is su�cient enough to detect environmental standard phosphate concentra-

tion (10−6M).
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2 Basics

2.1 Metal � polymer nanocomposites

The use of metal � polymer nanocomposites is suggested for various applications such

as protection against bacteria [28], sensors [29], catalysts and fuel cells [30], optical

[31], capacitor [32], anti-corrosion and passivation applications [33]. Faupel et al. [1]

presented a review of various metal � polymer nanocomposites and their functional ap-

plications. Biswas et al. [34] studied the nanocomposites of te�on and various metals

and also demonstrated their excellent optical properties. The magnetic properties of

te�on/magnetic multilayers studied by Greve et al. [35] displayed high frequency ap-

plications. Metal � polymer nanocomposites have been prepared using various methods

such as sol-gel technique [36], RF magnetron co-sputtering [37], tandem sputtering [38],

electro co-deposition [33] and ion-implantation techniques [39].

Nanocomposites with cobalt nanoparticles embedded in an insulating polymer

matrix are especially interesting due to their various applications in magnetic, electric,

gas sensing and catalytic applications. Various methods have been used to prepare

cobalt � polymer nanocomposites. Laurent and Kay [40] deposited cobalt � plasma poly-

merized propane nanocomposites in an RF sputtering reactor by sputtering of cobalt

and plasma polymerization of propane. Nanocomposites with Ni, Fe, Co nanoparticles

embedded in an SiO
2
matrix were prepared using RF sputter deposition technique [41].

Co � SiO
2
nanocomposites were also prepared by co-sputtering [42, 43], sol gel method

[4], metallic salt reduction [44] and mechanical milling technique [45]. Nanocomposites

of cobalt nanoparticles embedded in an organic polymer were synthesized using chemi-

cal vapor deposition [46]. In this work cobalt � plamsa polymerized HMDSN nanocom-

posites were prepared using simultaneous cobalt sputtering and plasma polymerization

technique in an RF sputtering reactor.
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2 Basics

2.2 Vapor phase deposition

Vapor phase deposition is an atomistic process in which thin �lm deposition takes place

by transporting atoms or molecules (of a source material) in the form of a vapor through

vacuum or plasma to the substrate. Atomistic process means that the thin �lm is

deposited atom-by-atom. Vapor phase deposition techniques can be broadly classi�ed

into two types:

� Chemical Vapor Deposition (CVD)

� Physical Vapor Deposition (PVD)

CVD involves the chemical reaction of the gaseous reactants on the surface of

a heated substrate. The thin solid �lms are synthesized from the chemical reaction of

the gaseous mixture. There are di�erent types of CVD such as plasma-enhanced CVD

(PECVD), metal organic CVD (MOCVD), atmospheric pressure CVD (APCVD) etc.

CVD has the advantage of producing very dense, uniform and pure �lms. However, the

use of potentially harmful chemicals can be hazardous and there is limited precursor

availability.

PVD involves the physical removal of material from a source by using di�erent

processes such as evaporation or sputtering. The material is then transported through

a vacuum chamber by the energy of the vapor particles and gets condensed as thin

�lm on the substrate. In evaporation the source of the material to be deposited and

the substrate both are placed in a vacuum chamber. The source material is heated

to its boiling point so that it evaporates and subsequently condenses on the substrate.

During sputtering the source material (target) and the substrate are placed in a vacuum

chamber into which an inert or reactive gas is entered. A plasma is generated in front

of the target using a power source which ionizes the gas. The ions hit the target and

remove the source material which gets condensed as thin �lm on the substrate. PVD

process produces uniform �lms with good quality. It is environmentally friendly and

highly energy e�cient. However, it is relatively expensive and has lower deposition rates

when compared to CVD.

During a PVD process the vacuum in the chamber, pressure of the gases, and the

chamber geometry play an important role in determining the properties of the deposited

thin �lm. In this work a combination of PVD, i.e. sputtering, and CVD, i.e. PECVD

was employed to prepare cobalt � ppHMDSN nanocomposites. Plasma enhanced chem-

ical vapor deposition (PECVD) is a type of plasma based CVD which can be used to

14



2.2 Vapor phase deposition

deposit polymer �lm using plasma polymerization. It has the advantage of producing

thin �lms with good quality and also operating at much lower temperatures when com-

pared to conventional CVD. During plasma polymerization using PECVD, a monomer

is entered into the reaction chamber. When the plasma is switched on, the monomer

gets dissociated into ions and radicals which hit the substrate with high energy and thus

a polymer �lm is deposited.

2.2.1 Sputtering

During a sputter deposition process ions in the plasma are accelerated towards the target

which then strike it with energy and physically knock o� the target atoms. The removed

target material gets deposited on the substrate as thin �lm. In a sputtering reactor ion

bombardment takes place usually with an inert gas. Ionization of the particles is done

with the help of plasma which is generated by applying power to the target.

Sputtering is dependent on the transfer of physical momentum and kinetic energy

from the incident particle to the target surface atoms. The angular emission distribution

of the sputtered ions is dependent on the angle of incidence of the ionized particles on

the target [47]. When a substrate immersed in plasma is exposed to ion bombardment

several interactions take place which are schematically depicted in Figure 2.1. These

ion surface interactions play an important role in the processing and properties of thin

�lms.

Figure 2.1: Schematic illustrating the energetic particle bombardment e�ects on surfaces

and growing �lms [48].
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2 Basics

A negative bias is applied to the target to attract positive ions in the plasma.

Therefore, the target in sputtering is referred to as cathode. There are di�erent types

of sputtering techniques such as DC, RF, magnetron, ion-beam and reactive. Usually

the common con�guration of all these processes consists of a planar diode with facing

anode and cathode electrodes as shown in Figure 2.2.

Figure 2.2: Simpli�ed schematic description of DC and RF sputtering systems [48].

DC Sputtering: In DC sputtering a high DC voltage is applied to the target i.e. to

the cathode. The plasma is generated and the positive ions are accelerated towards the

target sputtering o� the target atoms. DC sputtering requires an electrically conductive

target otherwise the target surface gets charged up with positive ions and repels other

positive ions. This would eventually stop the sputtering process.

RF Sputtering: In order to overcome the charge accumulation on the cathode target

an AC (RF) voltage is applied to it. The power supply is operated at a high frequency,

mostly 13.56MHz. During RF sputtering the cathode and anode are electrically reversed

for each RF cycle. This eliminates charge accumulation on the cathode by partially

neutralising the charge built up during one half cycle with the opposite charge being

accumulated during the other half cycle. This allows the sputtering of insulators and

metals in a reactive environment. Also the oscillation of �elds in an RF plasma causes

an enhanced electron movement which increases the probability of ionization. This in
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2.2 Vapor phase deposition

turn results in an increase in plasma density compared to DC sputtering. Thus more

ions are impinged on the cathode, and the speed of sputtering process increases. The

RF sputtering system requires an impedance matching network to optimise the transfer

of power from the power supply to the reaction chamber.

Magnetron Sputtering: The sputtering rate can be increased by using magnets under

the target material. The magnets cause the ions and electrons to concentrate at certain

regions near the surface of the target which increases the sputtering rate. The magnetic

�eld extends into the chamber beyond the target, and the electrons in this �eld are

trapped and circulate over it in helical loops. These electrons in the helical loop near

the target cause more ionization of neutral gases which increases the plasma density

and sputter rate. This also means that magnetron sputtering can be operated at low

pressures. A schematic depicting the magnetron sputtering process is shown in Figure

2.3.

Figure 2.3: Simpli�ed schematic description of a magnetron sputtering system [49].

Sputtering targets: The target purity, metallurgy i.e. grain size, crystallographic

orientation and the design of the target for the reaction chamber crucially in�uence the

�nal properties of the deposited thin �lm. Di�erent kinds of PVD target shapes such as

planar, conical and ring-shaped are used for sputtering. During magnetron sputtering

the magnetron consumes energy and gets heated up. This in turn heats up the target

and thus a�ects the PVD process. Target heating can cause thermal stress, cracking,

undesirable outgassing of impurities, and damage to magnetron parts. Therefore, water

17



2 Basics

cooling is employed to control the target temperature.

Advantages of sputtering [50] :

1. Sputtering can be used to deposit any material, element, alloy and compound.

2. Using RF magnetron sputtering reactive sputtering can easily be accomplished

using reactive gaseous species activated in plasma.

3. Sputtering produces �lms with good adhesion.

4. Sputter targets are stable and have a long life time.

5. Sputtering conditions are easily reproducible for every run.

Disadvantages of sputtering [50] :

1. Deposition rate in sputtering is low when compared to other techniques like evap-

oration.

2. Sputtering is not energy e�cient as most of the energy enters the target as heat.

Consequently, the targets require cooling.

3. During RF magnetron sputtering local sputtering takes place which in turn causes

ine�cient usage of the target.

4. Sputter targets are normally expensive.

2.2.2 Hybrid PVD/PECVD process

A hybrid process involves the simultaneous or sequential use of two or more surface

modi�cation techniques to obtain better functional properties when compared to the

single process [51, 52]. There are various vacuum and non-vacuum [53�57] hybrid fab-

rication methods to prepare metal � polymer nanocomposites. Among the vacuum tech-

nologies, hybrid processes such as sputtering and PECVD, evaporation and PECVD,

co-sputtering, plasma polymerization of metal organic compounds are commonly used.

Hybrid PVD/PECVD is a process in which both metal sputtering (PVD) and plasma

polymerization (PECVD) occur simultaneously. In this method competitive deposition

of both polymer and metal takes place, i.e. both materials deposit at the same time and

the growth and deposition of one material is a�ected by the second material [58].
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2.2 Vapor phase deposition

Hybrid PVD/PECVD technique was �rst developed by Kay [59]. Since then it

has been used extensively for various research and industrial purposes. It has been used

to prepare nanocomposites, multilayers, doped diamond like carbon (DLC) or amor-

phous carbon (a:C�H) �lms [60]. Hybrid PVD/PECVD has the advantage of both PVD

and PECVD processes occuring simultaneously. Combining PVD and PECVD is a sim-

ple, easy, cheap and e�cient technique to produce nanocomposite �lms. Because of

the hybridization of two techniques new physical phenomena may occur which strongly

in�uence the growth, structure and properties of the resulting thin �lms. During the

deposition the target is also a�ected and can get poisoned because of the presence of

PECVD precursor. Thus the sputtering process (PVD) is strongly in�uenced by PECVD

and vice versa [51].

A hybrid PVD/PECVD process usually consists of introducing a polymer precur-

sor together with a carrier inert gas into a sputtering chamber equipped with a metallic

target. It can be used to produce nanocomposites with metal nanoparticles embedded

in a polymer matrix. The deposition rate of the thin �lm is dependent both on the sput-

tering rate of the metal and the rate of PECVD. The ratio of carrier gas to monomer

can be adjusted to obtain a varying metal content in the polymer �lm. With the in-

crease of monomer proportion, the sputtering rate of metal decreases. Simultaneously,

the deposition rate of the polymer increases. It is important to control the carrier gas

to monomer ratio so that the target does not get completely poisoned by the monomer.

If the target is completely poisoned sputtering of the metal does not take place, and a

pure plasma polymer �lm is formed. Nanocomposite �lms with homogeneous vertical

and horizontal particle size distributions can be obtained using simultaneous plasma

polymerization and metal sputtering [58].

Mostly �uorocarbons or hydrocarbons are used as monomers for the plasma

polymerization process. Di�erent types of metals such as Au, Ag, Cu, Mo, Co, Al

are used for sputtering. In this work HMDSN was employed as monomer for plasma

polymerization, and cobalt was sputtered.

Experimental technique: General description of the used experimental tech-

nique

The method of simultaneous plasma polymerization and metal sputtering was developed

by Kay [59]. The reactor design for this hybrid PVD/PECVD process is depicted in

Figure 2.4. The reactor is made up of two horizontal parallel plate electrodes (RF

diode system) which are used for plasma polymerization. Both the electrodes are water
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cooled and thermally controlled. The sputter target is �xed to the lower electrode.

Substrates are placed on the upper electrode. The radio frequency (13.56MHz) power

from the RF generator is coupled to the cathode target with the help of a capacitive

matching network. The anode and all other metal components are grounded. The

power of the RF generator can be varied. The matching network is used to minimize

the re�ected power. The vacuum chamber is initially evacuated to high vacuum. Argon

and monomer are then entered into the chamber. Plasma polymerization takes place

in the glow discharge in between the two electrodes. Simultaneous sputtering of the

metal takes place resulting in the deposition of metal � polymer nanocomposite �lms.

Depending on the ratio of argon to monomer, �lms with 0 to 100% metal �lling factor

can be deposited. When a magnetron is used in addition, the rate of sputtering and

plasma polymerization increases even at the same operating power levels.

Figure 2.4: Schematic of parallel plate electrode (RF diode) system used for simultane-

ous plasma polymerization and metal sputtering [61]. M - monomer, Ar -

argon, S - substrate, SH - shutter, RF - to RF power supply, P - to pumps,

C - to cooling, T - metal target.
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2.3 X-ray absorption spectroscopy (XAS)

2.3 X-ray absorption spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) is a unique tool to study the physical and chemical

structure around a speci�c element of a material at an atomic scale. XAS is a technique

which has gained popularity in the last few decades with the increase in the number of

synchrotron radiation sources. It can be applied not only to crystals but also to materials

which have low or no range of crystallinity. It is based on the principle of photoelectric

e�ect. The basic quantity that is measured is the X-ray absorption coe�cient µ(E). It

describes how strongly the X-rays are absorbed as a function of X-ray energy `E' [62, 63].

The electronic and structural properties around a speci�c element in a material

can be studied using XAS. X-ray di�ractometry (XRD) is also similar to XAS in this

regard but requires long range order crystals [64]. Electronic information can also be

obtained from X-ray photoelectron spectroscopy (XPS) but requires high vacuum condi-

tions. XAS is a technique which can be used to characterize the material geometrically

and electronically even for a short or no range of crystallinity.

2.3.1 Theoretical background

2.3.1.1 Physical principle - absorption and scattering of X-rays

When an X-ray beam of intensity `I0' is passed through a material of thickness `x' a part

of the beam is absorbed by the material and the intensity gets reduced to `I' which can

be expressed as

I = I0 exp(−µ(E)x) (2.1)

where µ(E) is the linear absorption coe�cient as a function of X-ray photon energy, `I0'

is the intensity of incident X-rays, and `I' is the intensity of transmitted X-rays. The

oscillating electric �eld of the incident X-rays interacts with the electrons bound in the

atom. When the incident X-ray energy is large enough to excite a core electron to a

vacant state in continuum a sharp, sudden increase in the absorption intensity occurs.

This sharp rise in absorption intensity is called `absorption edge' and the energy at which

it occurs is called the threshold energy. Figure 2.5 shows the plot of linear absorption

coe�cient µ(E) of a foil of cobalt metal as a function of X-ray energy `E'.
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Figure 2.5: Normalized X-ray absorption spectrum of cobalt metal as a function of X-ray

energy.

2.3.1.2 Absorption edge structure

When an X-ray of energy `E' is incident on an atom with a core electron binding energy

of `E0' the following possibilities can happen:

1. If E < E0 the atom will not absorb the X-ray and the core electron will not be

ejected. Only electronic transitions within the atom can take place which result

in sharp pre-edge peaks before the absorption edge. This is the pre-edge region in

the absorption spectrum.

2. If E∼E0 photoelectrons are ejected to continuum. This is the absorption edge.

The sharp absorption edges in the spectrum of absorption coe�cient correspond

to the characteristic core level energies of the atom.

3. If E > E0 the photoelectron is ejected to continuum with a kinetic energy of Ek =

E - E0. This is the post-edge region in the spectrum.

The ejected photoelectron can be viewed as a scattered wave which is scattered

o� from the neighboring atoms. The outgoing and backscattered waves interfere either

constructively or destructively. The distance between the neighboring atoms a�ect the

process of interference. The measured absorption coe�cient of the absorbing atom is de-

pendent on these interference e�ects between the outgoing and backscattered electronic

waves. These interference e�ects cause an energy-dependent variation in the X-ray ab-
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sorption probability which in turn is proportional to µ(E). These variations are observed

as oscillations in the absorption spectrum µ(E).

2.3.1.3 Regions in X-ray absorption spectrum

Traditionally the X-ray absorption spectrum has been divided into two regions:

1. XANES - X-ray Absorption Near Edge Structure

2. EXAFS - Extended X-ray Absorption Fine Structure.

Illustratively, the two regions of the X-ray absorption spectrum of powdered

Co
3
O
4
sample are shown in Figure 2.6.

Figure 2.6: Normalized X-ray absorption spectrum of Co3O4 powder sample as a func-

tion of X-ray energy. The di�erent regions in the X-ray absorption spectrum

are depicted.

2.3.1.4 XANES

XANES is the region which is ∼50 eV around the absorption edge in the absorption

spectrum. This also includes the absorption edge. Sometimes there is a sharp peak or

a high increase of intensity at the absorption edge. This is called the `white line'. It is

due to the transition of core electrons to unoccupied energy levels near the continuum

[62]. The peaks in the pre-edge region and the position of the absorption edge give

information about the local structure around the element of interest.
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XANES gives information about

� Oxidation state of the absorber

� Coordination number of the absorber, i.e. the local coordination environment

around the absorber

� Covalency of the absorber

� Site symmetry around the absorber

The edge position and the peaks in pre-edge give information about the valency

of the absorber atom. The intensity of the pre-edge peak gives information about site

symmetry. The absorption edge shifts with the change in the oxidation state of the

absorbing atom. The absorption edge shifts to higher energies with increase in oxidation

state. XANES is sensitive to the formal oxidation state and geometry of the absorber

atom.

2.3.1.5 EXAFS

EXAFS is the oscillating part of the X-ray absorption spectrum which lies at ∼50�
1000 eV above the absorption edge. The EXAFS phenomenon is because of the inter-

ference between the wave functions of the ejected photoelectron and the backscattered

electron.

The EXAFS region in the spectrum gives the following information about the absorber

atom:

� the number of neighbors

� the nature of neighbors

� the distance between absorbing and neighboring atoms

EXAFS function χ(E)

The EXAFS modulation function χ(E) represents the modulation in the absorp-

tion coe�cient of the central absorbing atom. The EXAFS function χ(E) is de�ned

as

χ(E) = [µ(E) − µ0(E)]/∆µ0(E0) (2.2)
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where µ(E) is the measured absorption coe�cient, µ0(E) is the atomic background

absorbance or calculated absorption coe�cient of atom without the contribution from

neighboring atoms, ∆µ(E0) is the edge step measured at threshold energy E0, and E0

is the threshold energy of the absorption edge, i.e. energy where the photoelectron is

released.

The steps required in analyzing the XAS spectrum and extracting the EXAFS

function χ(k) are:

1. Pre-edge background removal by subtracting a smooth polynomial function. This

removes the e�ects of instrumental background and absorption from other edges.

2. Normalization of the absorption spectrum µ(E).

3. Edge position determination and identi�cation of the threshold energy E0. E0 is

evaluated as the energy at the value of �rst derivative of χ(E).

4. Atomic background removal or post-edge background removal using a spline func-

tion µ0(E). Transformation of EXAFS spectrum to k-space to extract k-weighted

EXAFS function χ(k).

5. Fourier transform of χ(k) from k to R space resulting in pseudo radial distribu-

tion function (PRDF). The two major peaks correspond to the �rst and second

coordination shells around the absorber atom.

6. Isolation of coordination shell and back transformation to k-space (Fourier back

transform). The contribution of individual peaks in χ(k) can be seen by back

Fourier transform of peaks from R-space to k-space.

A detailed description of the above steps using a cobalt standard analysed at

the BESSY synchrotron radiation center is presented in Chapter 4, Section 4.2.

2.3.2 Experimental methods of EXAFS measurements

2.3.2.1 Synchrotron radiation as a source of tunable energies

Synchrotrons are large, expensive national/international facilities. The growth of syn-

chrotron radiation facilities in the recent years has led to the extensive development of

XAS technique. A synchrotron is a particle (electron, proton, and neutron) accelerator.

Sayers, Stern, and Lytle [65] developed the �rst useful X-ray facilities using synchrotron.
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Synchrotron radiation can be used to produce X-rays with desirable characteristics. It

is produced by accelerating charged particles having a speed close to that of light in

a storage ring of tens to hundreds meters of diameter under high vacuum. When the

electron is travelling at nearly the speed of light in a circular orbit, electromagnetic

synchrotron radiation is emitted tangential to the orbit. Synchrotrons produce intense,

tunable and highly-focused X-ray beams.

The electrons are forced to follow the curvature of the ring using external mag-

netic �elds from strong magnets around the ring. The wavelength of the X-rays can

be tuned by changing the magnetic �eld using wigglers and undulators. A schematic

description of synchrotron is shown in Figure 2.7.

Figure 2.7: Schematic of a synchrotron radiation source

Synchrotron radiation is a source of stable, tunable X-ray beam. As an X-ray

source it possesses the following advantages:

� Tunability: The energy of the X-rays can be tuned from infrared to hard X-rays.

This gives the �exibility to perform X-ray absorption spectroscopic studies speci�-

cally on almost every element in the periodic table. Also the tunable energies help

in obtaining the absorption coe�cient over a range of energies which is important

for the analysis of XAS spectrum.

� Intensity: Good Signal-to-Noise ratio (SNR) is required for EXAFS and XANES

analysis. For this an intense X-ray beam is required for a reasonable amount of
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time (a few minutes to hours). Such requirements are satis�ed by a synchrotron

radiation source [63].

� Brilliance: A high brilliance of the X-rays (photons/volume) can be obtained using

a synchrotron.

� High energy: The high energy beam of synchrotron radiation is used to penetrate

deep into the matter.

� Collimated: The X-ray beam is highly collimated which results in less wastage of

the radiation.

� Speed: The X-ray beam from a synchrotron is of high intensity resulting in much

faster data collection with high resolution.

� Resolution: The resolution range of the X-rays can be varied using various monochro-

mators.

The major disadvantage of the synchrotron facility is that it is very expensive

and rarely available at national/international labs.

Beamline for EXAFS spectroscopy

When electrons move in the storage ring and encounter a trajectory or bend, the electrons

are accelerated. These accelerated electrons emit electromagnetic radiation. This emit-

ted electromagnetic radiation is selected for a wavelength at a beamline. Experiments

are performed at the end of beamlines where shielded user stations called `hutch' are

present. Beamlines are complex instruments which safely convey the X-rays produced

by the synchrotron to the users. They employ appropriate shielding to synchrotron ra-

diation to prevent accidental radiation. Beamlines also prepare the incoming beam for

the experiment by performing various functions such as �ltering, monochromatising and

focussing using X-ray optics [63].

2.3.2.2 Photoelectric e�ect

XAS is based on the principle of photoelectric e�ect. When an X-ray is incident on an

atom it is being absorbed when the energy is transferred to a core level electron and

eventually the core level electron is ejected from the atom. This ejected electron is called

the photoelectron. The photoelectric e�ect is described schematically in Figure 2.8.
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Figure 2.8: Schematic illustration of the photoelectric e�ect.

The empty level of the core electron is called `hole'. To �ll in this empty hole an

electron from higher level drops into the core hole resulting in the emission of Fluorescent

X-ray or Auger electron. X-ray �uorescence occurs when electron from higher level falls

into the core hole and �uorescence radiation is emitted with an energy equal to the

di�erence of the two levels. Auger electron emission takes place when an electron from

higher level falls into the core hole, but the energy gets transferred to another electron of a

higher level which leaves the atom with a characteristic kinetic energy (energy di�erence

between higher level and core level minus binding energy of the leaving electron minus

work function of the material). Thus, an Auger electron is emitted when an electron

is promoted to the continuum from the core level. The X-ray �uorescence and Auger

e�ects are schematically illustrated in Figure 2.9 and Figure 2.10 respectively. The X-ray

�uorescence and Auger emission occur at discrete energies characteristic of the absorbing

atom.

Figure 2.9: Schematic illustration of the X-ray �uoroscence e�ect [66].
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Figure 2.10: Schematic illustration of Auger e�ect [66].

2.3.2.3 XAS experimental modes

When an X-ray beam of intensity I0 is incident on a sample a part of the incident energy

is absorbed by the sample. The intensity of the transmitted beam `I' is related to the

incident �ux as

I = I0 exp(−µt) (2.3)

where µ is the absorption coe�cient and `t' is the thickness of the sample.

Transmission mode

During a transmission mode the X-ray beam intensity is measured before and after the

beam is passed through the sample. In this mode the sample is placed perpendicular to

the X-ray beam and the X-ray intensity is measured before and after the sample. The

ion chambers are mostly �lled with gases or gas mixtures which absorb the X-ray beam

and serve the purpose of detectors. The measured absorption coe�cient in transmission

mode is denoted as

µ = ln(I0/It) (2.4)

where I0 is the intensity of the incident X- rays and It is the intensity of transmitted

X-rays.
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Fluorescence mode

In this mode the incident intensity I0 and the intensity of the �uorescence X-rays emitted

after the X-ray absorption are measured. The �uorescence detector is placed at 90◦ to

the incident beam and the sample is placed at 45◦ to the incident beam. The �uorescence

X-rays are detected by the PIN diode detector. The measured absorption coe�cient in

�uorescence mode is denoted as

µ = If/I0 (2.5)

where I0 is the intensity of the incident X-rays and If is the intensity of �uorescence

X-rays

The schematic description of transmission and �uorescence modes of operation

is illustrated in Figure 2.11. Transmission method is typically used for samples with high

concentration (> 2 weight %) of the absorber, whereas the �uorescence measurement is

used for low concentration (< 2 weight %) of the absorber.

Figure 2.11: Schematic illustration of transmission and �uorescence modes of XAS [63].
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Monochromator

For XAS measurements an X-ray beam of approximately 1 eV bandwidth is required so

that the �ne features of XANES and EXAFS could be resolved. The beam produced

by synchrotron is generally tens to thousands of eV in bandwidth. Monochromators are

used to reduce the bandwidth to about ∼1 eV. Usually a double crystal monochromator
is used in which the crystals are parallel to each other. The �rst crystal is used to

make the incident beam monochromatic and the second one to keep the outgoing beam

parallel to the incident beam.
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techniques

The experimental and characterization techniques used for the synthesis and analysis of

nanocomposites are described in this chapter.

3.1 Experimental

The experimental work performed in this work is as follows:

1. Deposition of Co � ppHMDSN nanocomposites in an RF magnetron sputtering

reactor.

2. Calcination of Co � ppHMDSN nanocomposites to prepare Co
3
O
4
� dielectric ma-

trix nanocomposites.

3. Structural analysis and optoelectrochemical investigations of Co
3
O
4
� dielectric

matrix nanocomposites in Na
2
HPO

4
solutions of various concentrations.

4. Measurement of energy in�ux and power density of the plasma process in the

reaction chamber using an active thermal probe.

The experimental work is described in detail in the following sections.

3.1.1 Cobalt � plasma polymerized HMDSN nanocomposite thin

�lm deposition

Co�ppHMDSN nanocomposites were prepared using a hybrid PVD/PECVD technique.

Cobalt was sputtered from an RF magnetron source which corresponds to the physical

vapor deposition (PVD) process. HMDSN monomer was polymerized using plasma
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polymerization. The polymerization process of HMDSN monomer corresponds to a

plasma enhanced chemical vapor deposition (PECVD) process.

Nanocomposite deposition was carried out in a cylindrical stainless steel chamber

equipped with two radio-frequency (RF) sources operated at 13.56MHz. A schematic

of the sputtering reactor is shown in Figure 3.1. The internal radius of the cylindri-

cal chamber is 30 cm and the height is 20 cm. The chamber was evacuated using a

rotary pump (Trivac, Leybold) to a base pressure of about 0.1Pa. The power sup-

plied to the magnetron can be varied from 0W to 300W by controlling a Cesar 136

generator. Cobalt (Advanced Energy, 103.9mm target, 99.9%) was sputtered from

the RF magnetron source. The monomer used was hexamethyldisilazane HMDSN

(Si(CH
3
)
3
−NH−Si(CH

3
)
3
) without further puri�cation (supplied by Merck). Argon was

employed as a feed gas for the ignition of plasma. The �ow of Argon and HMDSN

was controlled by MKS �ow meters. For the preparation of pure plasma polymerized

HMDSN �lm only the RF electrode (diameter 128mm) was operated. Only the mag-

netron electrode was used to prepare the Co � ppHMDSN nanocomposites. The upper

RF electrode was covered with an aluminum foil for all Co � ppHMDSN nanocompos-

ites. The magnetron was cooled by water. The �ow of Ar and the magnetron power

were varied to obtain nanocomposites with di�erent metal �lling factors. The �ow of

HMDSN was kept constant at 0.06 sccm whereas that of Argon was varied from 1 sccm

to 8 sccm leading to operating pressures of 3.8 � 18Pa. The magnetron power was varied

from 100 to 300W. The substrate was placed on a specially designed substrate holder

facing the magnetron so that the yield of the sputter deposition process is maximized.

The distance between the substrate and the target was 6 cm.

Initially the deposition rate of the cobalt metal was high. But with increase in

time some of the polymer gets deposited onto the surface of the cobalt target which

decreases the deposition rate of cobalt onto the substrate. After a certain amount

of time the deposition rate which was initially high would come to a constant. The

nanocomposites were prepared under such stationary deposition conditions. A shutter

was used for this purpose during the deposition process. The substrate was shielded

from the RF magnetron using the shutter. The shutter was kept closed until stationary

deposition conditions were formed in the chamber. Once these conditions were obtained

the shutter was opened, and the sample/substrate was exposed to the RF magnetron

target. The schematic of the reaction chamber depicting the di�erent valves, rotary

pump and butter�y valve is shown in Figure 3.2. The position of the butter�y valve can

be varied. During the deposition process the the butter�y valve was kept completely

34



3.1 Experimental

open. The cobalt target was cleaned with sand paper and iso propanol after every

deposition process. A photograph depicting the sputtering reactor used is shown in

Figure 3.3.

Figure 3.1: Schematic of sputtering reactor used to prepare cobalt � plasma polymerized

HMDSN nanocomposites.

Figure 3.2: Schematic of sputtering reactor used to prepare cobalt � plasma polymerized

HMDSN nanocomposites. Various valves are also depicted.
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.

Figure 3.3: Photograph of sputtering reactor used to prepare cobalt � plasma polymerized

HMDSN nanocomposites.

3.1.2 Co3O4 � dielectric matrix nanocomposite thin �lm synthesis

Initially Co � ppHMDSN nanocomposites were prepared by the sputtering of cobalt

(PVD) and simultaneous plasma polymerization of hexamethyldisilazane (HMDSN)

(PECVD) (See Chapter4). The process was carried out in an RF magnetron sputtering

system operating at 13.56MHz frequency. These Co � ppHMDSN nanocomposites were

used as precursors for the next step of calcination. They were calcinated in air in a

quartz tube furnace at 500◦C. Calcination proceeded at the rate of 10◦C/min until a

temperature of 500◦C was reached. From a temperature of 500◦C the samples were

calcinated for about 1 hour. After 2 hours the temperature was allowed to come down

naturally. The samples were removed from the furnace after the furnace reached the

room temperature. The process of calcination yielded in the formation of nanosized

spinel type cobalt oxide (Co
3
O
4
) particles embedded in a dielectric matrix.
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3.1.3 Energy in�ux measurements using active thermal probe

Plasma wall interactions have a large in�uence on the plasma process. The interaction

of the plasma on the surface of the substrate plays an important role in the plasma

deposition process. The thermal and energetic conditions on the surface of the substrate

signi�cantly contribute to a�ecting the structural and morphological characteristics of

the nanocomposites [67]. In low temperature plasma process the interaction of the

plasma on the substrate surface is in�uenced by the energy per incoming particle and the

particle �ux density on the substrate surface. During the plasma process the temperature

of the substrate surface varies. This in turn a�ects the various surface processes like

adsorption, desorption, di�usion and chemical reactions [68�71].

To quote according to Kersten et al. [72], �the total power input Q̇in at the

substrate surface is the surface integral over the sum of di�erent contributions Jν (energy

�ux per time and area)

Q̇in =

∫
(Jrad,1 + Jch + Jn + Jads + Jreact,1 + Jext,1) dA (3.1)

where Jrad,1 is the heat radiation towards the surface, Jch is the power transferred by

charge carriers (electrons and ions), and Jn is the contribution of neutral species of the

background gas and the neutral particles contributing to the �lm growth. Jads is energy

released by absorption or condensation, Jreact,1 is the reaction energy of exothermic

processes including molecular surface recombination. Jext,1 is the power input by the

external sources which in�uences the thermal balance of the substrate�.

The active probe can be placed at the position of the substrate in the reaction

chamber and the energy in�ux can be measured. It is possible to study and correlate

the e�ect of the plasma parameters on the energy in�ux on the substrate surface. The

thermal probe is sensitive to the process parameters and can be used as a tool to control

the thin �lm growth. A continuously working active thermal probe is used to measure

the total energy in�ux on the surface of the substrate during the sputtering process. The

energy in�ux was measured in two kinds of plasma environments: pure argon plasma

and argon+HMDSN plasma. In pure argon plasma no HMDSN was entered into the

chamber. Sputtering of cobalt target takes place under these conditions. Only argon

plasma in the reaction chamber indicates the physical vapor deposition (PVD) process.

Instead, when both argon and HMDSN are entered into the reaction chamber a hybrid

PVD/PECVD process will take place in the reaction chamber.
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The energy in�ux on the substrate is measured using an active thermal probe.

The power density on the surface of the substrate and the energy in�ux are determined.

With the help of a controlled electrical heating the probe is set to a given working

temperature and then the energy supply supporting the given working temperature is

measured. The energy in�ux by external sources (plasma) is compensated by decreasing

the heating power, and thus the energy in�ux is measured. A photograph of active

thermal probe is shown in Figure 3.4.

Figure 3.4: Photograph of the active thermal probe used to measure the energy in�ux in

the sputtering chamber [73].

3.1.3.1 Principle of operation

An active thermal probe works on the principle of `measurement based on the incoming

energy in�ux'[73]. Using external controllable electrical heating the thermal probe is set

to a given working temperature. When the plasma is switched ON the energy in�ux

on the probe changes. Thus, the temperature on the surface of the probe also changes.

The temperature is kept constant at the set value by varying the energy supplied. The

energy supplied to keep the set temperature constant is measured. The energy in�ux

by external sources is compensated by decreasing the heating power and is directly

displayed in mW.

The operation and working of the thermal probe is depicted in Figure 3.5. Ini-

tially the probe is set to work at a �xed working temperature. When the plasma is

switched ON the temperature of the probe increases and the external control unit re-

acts by decreasing the heating power. After some time the temperature balance level is

reached again. The energy in�ux by plasma is obtained by determining the change in the

heating power. The power density of the plasma on the substrate surface is calculated

by dividing the heating power with the area of the active probe. The area of the active

probe of the thermal probe used in this study is 0.42 cm2. The working temperature of

the active thermal probe was set at 340◦C. The active thermal probe was placed in the
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reaction chamber at the same position as the substrate. Thus the energy in�ux on the

surface of the substrate was measured by placing the active thermal probe on the site

of the substrate. Figure 3.6 depicts the front and back view positioning of the thermal

probe in the reaction chamber.

Figure 3.5: Variation of probe temperature and heating power depicting the working of

the active thermal probe [73].

(a) Thermal probe front view (b) Thermal probe back view

Figure 3.6: a) Front and b) Back view positioning of active thermal probe in the reaction

chamber.
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3.1.4 Optoelectrochemical measurements

Co
3
O
4
� dielectric matrix nanocomposite thin �lms of thickness ∼100 nm were prepared

on thoroughly pre cleaned and dried conductive �uorine-doped tin oxide (FTO) sub-

strates (Solaronix). FTO substrates were cleaned in several stages. Firstly, the sub-

strates were immersed in acetone on an ultrasonic bath for 30 min, then in ethanol on

an ultrasonic bath for 30 min. Later they were placed in 20% nitric acid solution for

5 min. Then the samples were washed several times in double distilled water together

with an ultrasonic bath treatment. After the cleaning process the FTO substrates were

dried at 150◦C for an hour. The size of the substrates was 2.5 cm x 2.5 cm. During

deposition masks were placed on the four corners of the FTO substrate which were

removed after the process. The masks help in establishing the electrical connection

between the Co
3
O
4
� dielectric matrix nanocomposite thin �lm and the three electrode

electrochemical cell.

Electrochemical investigations were performed using an AUTOLAB Type III

potentiostat/galvanostat. Co
3
O
4
� dielectric matrix nanocomposite thin �lms were used

as working electrodes, Platinum (Pt) as the counter electrode and silver/silver chloride

(Ag/AgCl (3M NaCl)) as the reference electrode. A stock solution of 0.1M Na
2
HPO

4

was prepared. Phosphate solutions of concentrations 10−6M, 10−5M, 10−4M, 10−3M,

10−2M mixed with 0.1M ammonium acetate-ammonia bu�er solution adjusted to a pH

= 9.3 were prepared. These solutions were used as the electrolytes. The complete elec-

trochemical cell was mounted in the spectrophotometer in such a way that the UV-Vis

radiation passes through the working electrode (Co
3
O
4
� dielectric matrix nanocomposite

thin �lm). A schematic of the experimental set up is shown in Figure 3.7.

When a potential is applied to the nanocomposite thin �lm electrochemical re-

actions take place. This causes change in the optical transmittance which was simul-

taneously measured by a UV�Vis spectrophotometer. A Perkin Elmer Lambda 850

spectrometer was used. The optical transmittance of the working electrode immersed

in phosphate solutions of various concentrations and at various applied potentials was

measured. A photograph of the experimental set up is shown in Figure 3.8.

Figure 3.9 depicts the placement of the working electrode inside the electrochem-

ical cell. The four corners of the FTO substrate where the masks were removed indicate

the electrical connection between the working electrode i.e. Co
3
O
4
� dielectric matrix

nanocomposite and the electrochemical cell.
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Figure 3.7: Schematic of experimental set up for optoelectrochemical measurements.

WE: Working electrode (Co3O4 � dielectric matrix nanocomposite thin �lm).

Figure 3.8: Photograph of experimental setup for optoelectrochemical measurements.
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Figure 3.9: Photograph depicting the placement of the working electrode (Co3O4 �

dielectric matrix nanocomposite thin �lm) in the three electrode cell.

3.2 Characterization

Phase composition of the nanocomposites was investigated by X-ray di�raction (XRD)

using CuKα radiation (θ-2θ Di�ractometer Siemens D5000). Samples prepared on alu-

minum substrates were used for XRD analysis to estimate the particle size. The measure-

ments were made in grazing incidence (highly asymmetric Bragg case) set at an angle

of 0.5◦ to the sample surface. The determination of the cobalt concentration in the

nanocomposite was made with an energy dispersive X-ray spectroscopy (EDX) system

(Bruker X-Flash spectrometer) with a 30mm2 silicon drift droplet detector speci�ed

with energy resolution of 127 eV. For EDX analysis Co � ppHMDSN nanocomposites

were prepared on aluminum substrates. For the optimal count rate during the EDX

analysis, the acceleration voltage of the electron beam was adjusted to 5 kV. Composi-

tional analysis was performed using X-ray photoelectron spectroscopy (XPS) and Fourier

transform infrared spectroscopy (FTIR). For XPS analysis the samples were prepared

on te�on substrates and for FTIR on aluminum foils. The thickness of the samples was

determined used a Pro�lometer (Dektak 3 ST). Samples prepared on silicon substrates

were used for pro�lometry. The metal volume fraction or the metal �lling factor was

estimated using a combination of EDX and pro�lometry [74]. The microstructure of

the nanocomposites was investigated using transmission electron microscopy (TEM).

For TEM analysis the nanocomposites were prepared on carbon coated copper grids.

TEM analysis was done using the machine Leo 906 (Zeiss, Oberkochen, Germany) at
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80 kV. Surface conductivity properties of nanocomposites deposited on borosilicate glass

substrates were studied using conductive atomic force microscopy (CAFM).

3.2.1 X-ray di�ractometry (XRD)

The crystallography, physical properties and chemical composition of thin �lms can be

studied using tools like grazing incidence X-ray di�ractometry (GIXD). It is a non-

destructive technique. GIXD is used to determine the phase, chemical composition,

crystallographic properties and preferred orientation.

In X-ray di�ractometry (XRD) characteristic X-rays hit a material, and the

X-rays interact with the electrons of the atoms in the material. The de�ected X-rays

from di�erent atomic planes interact with each other. If the atoms are arranged in a

periodic fashion, like in a crystal, the X-rays interfere constructively resulting in a sharp

intensity peak in the XRD pattern. The peaks (peak position and intensity) in an X-

ray di�raction pattern are related to the crystal structure of the material. Consider a

material with crystalline structure in which the atoms are arranged regularly as shown

in Figure 3.10. The peak position is described by the Bragg equation.

Figure 3.10: Bragg's law depicting the condition for constructive interference in X-ray

di�raction.

When a monochromatic and parallel beam of X-rays are incident on the crystal

the de�ected rays from the atoms interfere either constructively or destructively. X-

ray di�raction occurs when constructive interference takes place and when the following

condition is satis�ed

2dsinθ = nλ (3.2)
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where `d' is the distance between the lattice planes, λ is the wavelength of incident

X-rays, θ is the X-ray incidence angle and `n' is an integer.

Di�raction occurs only when the distance travelled by the re�ected rays from

successive planes di�er by `n' number of wavelengths. By varying the angle θ and plotting

the angular positions against the intensities of the di�raction peaks an X-ray di�raction

pattern is produced, which is a characteristic of the crystal lattice of the sample. The

XRD pattern of a crystalline material is its own �ngerprint because it di�ers from the

pattern of every other crystalline material.

The width of the peak in the XRD pattern can be used to determine the average

crystallite size. Normally crystallite size is calculated using the Scherrer's equation.

L = kλ/Bcosθ (3.3)

where `L' is the crystallite size, `K' is the crystallite-shape factor, λ is the X-ray wave-

length, θ is Bragg's angle and `B' is full width at half maximum (FWHM).

Grazing incidence X-ray di�ractometry (GIXD)

XRD of thin �lms possess the problem of weak di�raction intensities due to the smallness

of the di�raction volume. It can be increased by decreasing the angle of incidence which

can be achieved using GIXD. GIXD is schematically illustrated in Figure 3.11 [75] in

which the optical path is depicted.

Figure 3.11: Schematic diagram of grazing incidence X-ray di�ractometry (GIXD) [75].

44



3.2 Characterization

3.2.2 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a powerful and sensitive spectroscopic tech-

nique used to study the elemental and chemical composition on the surface of materials.

XPS is also known as electron spectroscopy for chemical analysis (ESCA) and was de-

veloped for the �rst time by Kai Siegbahn [76]. Surface analysis is performed using XPS

by irradiating the sample with monoenergetic soft X-rays and by analysing the energy of

the emitted electrons [77]. XPS is based on the photoelectric e�ect in which the incident

photons interact with the atoms on the sample surface causing electrons to be emitted.

The energy of the emitted electron can be written as

EK.E = hν − EB.E − φs (3.4)

where ν is the photon energy, EB.E is the binding energy of the atomic orbital from

which the electron originates and φs is the spectrometer work function.

Each element has a unique set of binding energies. Thus, XPS can be used

to identify the elements present on the sample surface. The binding energies can vary

causing `chemical shifts'. This occurs because of the di�erence in the chemical potential

and polarizability of compounds [77]. The chemical state of the material can be analysed

using these chemical shifts.

The mean free path of electrons in solids is very small. Thus, the detected

electrons in XPS originate from the top few nm (∼10 nm) of the sample surface. This
makes XPS a surface sensitive technique for chemical composition analysis. The detected

electrons which originate from the surface produce the peaks in the XPS spectra. The

XPS spectra are plotted such that the Fermi level corresponds to zero binding energy.

Quantitative analysis using XPS

The relative concentration of the various constituents can be determined from peak

heights and peak areas. If a sample that is homogeneous in the analysis volume is

considered, the number of photoelectrons per second in a speci�c peak is given as [77]:

I = nfσθyλAT (3.5)

where `n' is the number of atoms of the element per cm3 of the sample, `f' is the X-

ray �ux in photons/cm2-s, σ is the photoelectric cross section for the atomic orbital

of interest in cm2, θ is the angular e�ciency factor for the instrumental arrangement

based on the angle between the photon path and detected electron, `y' is the e�ciency
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in the photoelectric process for formation of photoelectrons of the normal photoelectron

energy, λ is the mean free path of the photoelectrons in the sample, `A' is the area of

the sample from which photoelectrons are detected and `T' is the detection e�ciency for

electrons emitted from the sample. From equation 3.5 we can write

n = I/fσθyλAT (3.6)

Let the denominator be de�ned as atomic sensitivity factor S. The relative concentrations

between two elements can be written as

n1/n2 = (I1/S1)/(I2/S2) (3.7)

Similarly the atomic fraction of any element `x' in a sample, Cx can be written as

Cx = nx/Σni = (Ix/Sx)/Σ(Ii/Si) (3.8)

The value of S is based on empirical data.

XPS measurements are performed to investigate the chemical bonding nature

and the elements present on the surface of the sample (except hydrogen). The analysis

by XPS is restricted to depths of some nanometers. XPS is not able to detect hydrogen.

In this work XPS analysis was performed using X-ray photoelectron spectrophotometer

Axis Ultra, Kratos, Manchester, GB equipped with an X-ray source monochromator.

Axis Ultra provides a high energy resolution capability for both conductive and insulating

samples through the incorporation of a charge neutralisation system. A photograph

showing the XPS machine is shown in Figure 3.12. For the excitation of the photoelectron

spectra Al Kα (hν = 1.4867 keV) was used. Spectra were recorded using an electron

take-o� angle of 90◦ relative to the sample surface. Charge neutralization was used

for all samples. The analyzed spot size was ∼300 µm2. Two sets of measurements were

performed. Wide scans and individual photoelectron lines were acquired using the X-ray

source operating at a power of 150W and an analyzer pass energy of 80 eV. Moreover high

resolution measurements of the C 1s, Si 2p, N 1s and Co 2p regions with a pass energy

of 10 eV at a power of 225W were performed. Casa XPS 2.3.29 software was used for

the XPS analysis. All spectra were referenced to the aliphatic carbon at binding energy

(BE) of 285.0 eV. The error can be estimated to be around 5%.

For X-ray photoelectron spectroscopy (XPS) analysis samples prepared on te�on

substrates were used. Te�on is not a common substrate for XPS analysis. But the

samples prepared on te�on substrates were used in the another experimental technique
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of X-ray absorption spectroscopy (XAS) complementary to XPS. In order to minimize

the errors in analysis arising from di�erent substrates the same samples prepared on

te�on substrates were used for XPS analysis.

Figure 3.12: Photograph showing the XPS machine used to analyse the Co � ppHDMSN

nanocomposites.

3.2.3 Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectra (FTIR) of the nanocomposites �lms prepared on

aluminum foil were taken using Perkin Elmer spectrometer in attenuated total re�ection

(ATR) mode. The ATR-FTIR spectroscopy was used to investigate the bonding nature

of the nanocomposites. All FTIR spectra were smoothed and baseline corrected.

FTIR spectroscopy is based on the principle that almost all molecules absorb

infrared radiation. IR spectroscopy is a quick and relatively cheap analytical technique.

Moreover, the IR spectrum of a given compound is unique. The IR spectrum can serve

as a �ngerprint for this compound. In IR spectroscopy the sample is exposed to IR

radiation. Absorption occurs when the IR radiation matches the energy of a speci�c

molecular vibration. The absorption of the sample varies as a function of the energy

of input IR radiation. The wavenumber is proportional to energy. The IR absorption

spectrum is plotted as a function of the wavenumber. The shapes and wavenumbers of
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the peaks give useful information about the functional groups and chemical structure

of the material. The infrared region of the electromagnetic spectrum extends from

14,000 cm−1 to 10 cm−1. The region of interest for studying the functional groups is the

mid IR range, i.e. 4000 cm−1 to 400 cm−1.

The theory of infrared radiation is based on the principle of molecular vibrations

[78]. At the temperature above absolute zero, all the molecules are in a state of vibration.

When the frequency of the incident IR radiation matches that of the molecular vibrations

the molecule absorbs the radiation. A polyatomic molecule with `n' atoms has `3n-6'

degrees of fundamental vibrations, i.e. vibrations other than transitional and rotational

modes. There are two types of molecular vibrations: stretching and bending. As an

example the fundamental vibrations of CH2 group are depicted in Figure 3.13 [79]. Not

every possible vibration in a molecule results in an absorption band in the IR spectrum.

For the molecule to be active in the IR region, atleast one vibrational motion must

alter the net dipole moment of the molecule. Then the absorption of the molecule

can be observed in the IR spectrum. The interpretation of the IR spectra is based on

correlation charts and tables of infrared data.

Attenuated total re�ection (ATR-FTIR spectroscopy)

The re�ection technique of ATR-FTIR has been used during the FTIR analysis of the

Co � ppHMDSN samples. Figure 3.14 depicts the ATR technique. In the ATR technique

an ATR crystal is in contact with the sample. It is an optically dense crystal with high

refractive index. The infrared beam incident on the ATR crystal re�ects via total internal

re�ection. The IR light is introduced into the crystal at an angle greater than the critical

angle so that total internal re�ection takes place. The sample is in close contact with

the ATR crystal. The evanescent wave from the total internal re�ection extends beyond

the surface of the crystal into the sample which is in contact with the crystal. This

evanescent wave protrudes only a few microns (maximum 5µm) into the sample. This

means that ATR technique requires good contact between the crystal and the sample.

The sample absorbs the evanescent IR radiation at speci�c wavenumbers corresponding

to the chemical structure of the sample. The altered evanescent wave is passed to the

detector which generates an IR spectrum. For the ATR-FTIR technique to be sucessful

it is important that a) there must be a good contact between the sample and the crystal

and b) the refractive index of the crystal must be greater than that of the sample so

that total internal re�ectance occurs.

48



3.2 Characterization

Figure 3.13: Fundamental vibrational modes for a nonlinear CH2 group (+ indicates

motion out of the plane of paper, - indicates motion into the plane of

paper) [79].

Figure 3.14: Principle of operation of attenuated total re�ection technique [80].
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3.2.4 UV-Vis spectroscopy

Ultraviolet-visible spectroscopy (UV-Vis spectroscopy) is an analytical technique used

to study the chemical structure of materials. UV-Vis spectroscopy utilises the ultraviolet

(UV) and visible (Vis) range of electromagnetic spectrum. When UV-Vis light is incident

on a material, absorption takes place, and the electrons in the atoms and molecules of the

material are excited to higher energy states. As the absorption of the UV-Vis radiation

is dependent on the molecular structure, the UV-Vis absorption spectra can be used to

qualitatively identify atom and molecular species.

When a light radiation of intensity I0 is incident on a transparent solution the

transmitted light intensity `I' can be written according to Beer's law as:

A = −log(I/I0) = ελbc (3.9)

where `A' is the absorbance, `b' is the cell path length in cm, `c' is the concentration of

solution in mol/l and ελ is the molar absorption coe�cient in l/mol/cm. ελ is dependent

on the wavelength.

In UV-Vis spectroscopy the sample is irradiated with a sweeping range of fre-

quencies in the UV-Vis range. UV-Vis spectra are plotted as absorbance versus wave-

length. The absorption spectrum shows absorption bands which correspond to structural

groups within the molecule.

3.2.5 Electron microscopy

Electron microscopy was used to characterize the prepared nanocomposites. An elec-

tron microscope utilises a beam of high energy electrons to image a specimen and to

gain information about structure and composition. A stream of electrons is accelerated

onto the specimen resulting in interactions between the electrons and the atoms in the

specimen. These interactions are detected and transformed to an image. The two types

of electron microscopes used in this work are:

1. Scanning electron microscope

2. Transmission electron microscope

A brief description about the operation and working of both instruments is presented

below.
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3.2.5.1 Scanning electron microscopy (SEM)/Energy dispersive X-ray

spectroscopy (EDX)

Scanning electron microscope (SEM) works on the principle of scanning a �nely focused

beam of electrons with energies of 1�20 keV onto a sample. The various signals that are

produced from the sample interaction are used to analyze the sample. Energy dispersive

X-ray spectroscopy (EDX) is an analytical technique to analyze the elemental concen-

tration in a specimen. When a sample is bombarded with a high energy electron beam

the beam interacts with the sample. The electron beam incident on the sample under-

goes two types of scattering: elastic and inelastic. During elastic scattering only the

trajectory of the electron changes and its kinetic energy and velocity remain constant.

During inelastic scattering the incident electron interacts with the atoms in the sample.

This interaction causes displacement of electrons from the orbits of the atoms and thus

the atoms get excited. The interaction of the electrons with the specimen results in a

range of signals. The di�erent types of signals produced during the interaction of the

electron beam with the specimen is schematically illustrated in Figure 3.15.

Figure 3.15: Schematic illustration of various signals produced when an electron beam

interacts with a specimen [81].

For EDX/SEM analysis the interactions (signals) depicted on the top in Figure

3.15 are utilized while examining bulk or thick specimens. The signals on the bottom of

Figure 3.15 are used for examining thin specimens using TEM. Secondary electrons pro-
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vide topographical image of sample surface. X-rays provide information about elemental

composition of the sample.

When the excited atoms return to the ground state the atom gives away the

excess energy as X-rays, cathodoluminescence and Auger electrons. The EDX X-ray

detector measures the intensity of X-rays versus their energy. The energy of the X-ray

is the �ngerprint of each element. When the electron beam interacts with the atoms in

the sample two types of X-rays are produced:

1. Characteristic X-rays are produced when the beam electrons eject inner shell elec-

trons of the atoms in the sample.

2. Continuum X-rays or Bremsstrahlung are produced when the beam electrons in-

teract with the nucleus of the atoms in the sample.

A schematic description of the construction of SEM is shown in Figure 3.16. The

virtual source represents the source of electron beam (electron gun) which is accelerated

down the column. The lenses are used to control the diameter of the beam and to focus

the beam on the specimen. Apertures are used to construct the beam and to eliminate

high angle electrons. The scan coils are used to scan or sweep the beam in a raster

mode. The whole system is maintained at high vacuum level.

Figure 3.16: Schematic illustration of the construction of an SEM machine [82].
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When the electron beam strikes the sample interactions occur within the sample

and the various signals (as shown in Figure 3.15) are detected using detectors. One of

the uses of SEM is acquiring chemical composition information using EDX. The X-rays

produced during the interaction of electron beam with the sample are detected using the

energy dispersive X-ray detector (EDX). The EDX detector separates the characteristic

X-rays of di�erent elements into an energy spectrum. A spectrum of the histogram of

X-ray intensities versus the X-ray energy is plotted.

EDX systems are usually integrated into an SEM. An EDX detector contains

a crystal. When incoming X-rays are absorbed by the crystal ionization takes place

and free electrons are produced. These free electrons produce an electrical charge bias.

Thus the energy of the individual X-rays is converted into electrical voltage pulses or

counts of proportional size. A typical EDX spectrum is a plot of X-ray counts versus

X-ray energy. The energy peaks correspond to various elements in the sample. The

qualitative analysis of the elements involves identi�cation of lines in the spectrum. The

quantitative analysis, i.e. determination of the concentration of the elements present

involves measuring line intensities of each element. In addition to the characteristic X-ray

lines electron bombardment of the sample also gives rise to continuous X-ray spectrum.

This continuous spectrum contributes to the `background' upon which characteristic

elemental lines are superimposed.

EDX in combination with pro�lometry helps in estimating the metal volume frac-

tion or metal �lling factor of the nanocomposites. For this, in addition to the nanocom-

posite, a uniform cobalt standard thin �lm was prepared under the same conditions as

the nanocomposite. The intensity (cps) of the cobalt line in both the nanocomposite

and the standard thin �lms was measured using EDX. Additionally, thicknesses of both

the �lms were measured. The fraction of cobalt in the nanocomposite was determined

from the ratio of intensities of the nanocomposite to the standard. Furthermore, the

e�ective thickness of cobalt in the nanocomposite was evaluated by multiplying the frac-

tion of cobalt in the nanocomposite with the thickness of the standard �lm. Finally, the

metal �lling factor was estimated from the ratio of e�ective thickness of cobalt in the

nanocomposite to the thickness of nanocomposite [74].
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3.2.5.2 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a versatile and sophisticated technique

used to provide topographical, morphological, compositional and crystalline informa-

tion. TEM usually employs an electron beam accelerated at a voltage of 100�400 kV.

For a TEM analysis the electrons need to penetrate the specimen. Therefore, it must be

very thin (< 50 nm). When a thin specimen is irradiated with an electron beam various

signals are produced (see Figure 3.15). The fraction of the incident beam which passes

through the thin specimen is studied in TEM. The signals which are utilized in TEM are

unscattered electrons (transmitted beam) and elastically scattered electrons (di�racted

beam).

The basic layout and the optics of TEM is schematically depicted in Figure 3.17.

Figure 3.17: Schematic illustration of layout and optics in TEM [83].

TEM consists of a source of electron beam, a series of lenses, the specimen and

the imaging system. The condenser lenses are used to focus the illuminating beam onto

the specimen. When the electron beam hits the specimen a part of it is transmitted.

The transmitted beam is focused on the objective lens which is used to produce the

magni�ed image of the illuminated area. The projector lenses are used to provide further

magni�cation of the image. Apertures are used at various stages to restrict the beam and

also to block out high angle electrons. The image is observed on a �uorescent screen or
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captured using a digital camera. The transmitted electrons hit a �uorescent screen and

emit light. In modern instruments, an electronic imaging device such as CCD (charge-

coupled device) camera is used. The whole system is maintained under high vacuum

conditions.

Di�erent types of images can be obtained using TEM by using the di�erent

apertures and the various signals from the specimen. A bright �eld image is obtained

when the unscattered transmitted beam is selected whereas a dark �eld image is ob-

tained when the di�racted beam is selected. Fewer transmitted unscattered electrons

pass through thicker or denser areas of the specimen. Consequently such areas appear

darker in the TEM image. Thinner or less denser areas have less transmitted unscat-

tered electrons. They appear brighter in the TEM image. In the present work cobalt �

ppHMDSN nanocomposites were investigated using TEM. As the metal nanoparticles

are denser when compared to the polymer they appear as darker spots in the TEM

image. The polymer appears lighter in colour.

3.2.6 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is a technique used for the surface characterization

of the specimen at macroscopic level. The principle operation of AFM is depicted in

Figure 3.18. A very �ne sharp tip is brought into contact or into close proximity of

the specimen being imaged. The length of the tip is a few microns and the diameter is

around 100Å. The tip is located at the free end of a cantilever that is 100�200µm long.

The interactive force between the tip and the cantilever causes the cantilever to bend

or de�ect. The tip de�ects as the cantilever is scanned across the sample surface. This

de�ection is measured using a detector, and a surface topography image is generated.

AFM can be used to study conductors, insulators and semiconductors. A piezo electric

scanner is used to scan the tip with respect to the sample or the sample with respect to

the tip. A split photo diode is used as a detector. A laser beam re�ected o� from the

back of the cantilever is used to monitor the tip-sample interaction. The di�erence of

the photo detector output voltage is used to map the surface topography of the sample.

There are three common modes of operating an AFM: contact mode, non-contact mode

and tapping mode. They are depicted in Figure 3.19.
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Figure 3.18: Schematic illustration depicting operation of AFM [84].

Figure 3.19: Di�erent modes of AFM operation.

In contact mode of operation the tip is in touch with the sample surface. In

this regime the force between the tip and sample is repulsive. There are two modes

of operation in contact mode: constant force and constant height modes. In constant

force mode the tip is scanned across the sample while a feedback loop maintains a

constant cantilever de�ection by vertically moving the scanner. The distance moved

by the scanner at each x, y data point is used to map the topography of the sample

surface. In constant height mode the relative height between the tip and the sample

is maintained constant. The variations in the signal of the photo detector is used to

generate the topography signal.

In non-contact mode the cantilever is oscillated close to its resonant frequency,

and the tip of the cantilever does not touch the sample surface. Due to the van der

Waals attraction force between the tip and the sample the frequency of the cantilever

changes. The feedback loop monitors the changes and controls the tip-to-sample distance
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which in turn generates the surface topography. Tapping mode of operation is similar to

non-contact mode, but the tip lightly `taps' the sample surface during scanning. Using

tapping mode the in�uence of friction, adhesion and electrostatic forces is minimized.

3.2.6.1 Conductive atomic force microscopy (CAFM)

Conductive atomic force microscopy (AFM) was operated in contact mode to study the

topography and surface conductivity [85] of the nanocomposites prepared on borosili-

cate glass. Nanocomposite �lms prepared on borosilicate glass were used for conductive

atomic force microscopy (CAFM) analysis. The AFM images were taken using a Veeco

DI CP II instrument. Commercial AFM cantilevers (SCM-PIC) which are made of n-

doped Si and coated with Pt/Ir are used. The length of the cantilever is maximum

495µm with a spring constant of 0.2N/m and a resonant frequency of 10�16 kHz. The

radius of curvature of the tip is not more than 25 nm. A schematic describing the exper-

imental setup used in conductive atomic force microscopy (CAFM) is shown in Figure

3.20. An electrical connection is established between the surface of the nanocomposites

and the top of the piezo scanner by using a silver paint. Silver paint acts as one elec-

trode to which a DC bias voltage is applied and the cantilever tip as the second electrode

which is grounded. The feedback signal from the scanner is used to measure topography

whereas the current passing between the sample and the tip generates the conductivity

image. The conductivity image is passed through a pre-ampli�er. The whole setup is

controlled using an AFM electronics controller. In this work conductivity and topogra-

phy images were obtained simultaneously for the Co � ppHMDSN nanocomposite thin

�lm with 34% metal �lling factor.

3.2.7 Three electrode electrochemical cell

In a three electrode electrochemical cell, a potential is applied to the electrodes which

causes an electrochemical reaction to take place. The reaction results in the �ow of

current due to the applied potential. A three electrode cell consists of a working electrode

(WE), a reference electrode (RE), and an auxiliary(or counter) electrode(AE). WE is the

electrode under study and to this electrode the potential is applied. The electrochemical

reactions of oxidation or reduction occur at the WE. RE is used as the reference for the

electrochemical potential applied to the WE. RE holds a constant potential during the

electrochemical process. There are several commonly used reference electrodes such as

silver/silver chloride (Ag/AgCl), saturated calomel electrode (SCE). The AE carries the
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Figure 3.20: Schematic of experimental set-up for conductive atomic force microscopy

(CAFM) to map surface conductivity of cobalt � plasma polymerized

HMDSN nanocomposite thin �lms.

Figure 3.21: Schematic representation of a typical three electrode electrochemical cell.

AE: Auxiliary electrode, WE: Working electrode, RE: Reference electrode

[86].
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bulk of the current. It completes the current path by serving as a current source/sink.

Usually inert materials like graphite or platinum are used as auxiliary electrodes. All the

three electrodes are connected in a circuit with precise control of the potential applied

to the WE. The whole set up is called a potentiostat. Figure 3.21 depicts the schematic

of a typical three electrode electrochemical cell.

3.2.8 X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) is a non-destructive, element-speci�c technique.

It can be used to study at the atomic level which makes it suitable for use even for

materials with amorphous structure. XAS study was carried out to investigate the local

chemical environment around cobalt. In particular, XANES was used to �nd out the

oxidation state of cobalt. EXAFS is useful for amorphous materials and nanocomposites

with small metal particles [87]. For the XAS analysis Co � ppHMDSN nanocomposites

were prepared on te�on substrates. Te�on is made up of low atomic weight elements,

and using te�on substrates would not in�uence the X-ray absorption of the heavier

cobalt atoms. XAS studies on Co K-edge at an edge energy of 7700 eV was performed

at the synchrotron radiation facility BESSY II in Berlin. Beamline KMC 2 was used for

this purpose. The synchrotron source D92 was running at a minimal energy of 1.7GeV

with an average �ux of 107�1010 photons/s/100mA. The beamline KMC 2 provides

experimental setup for EXAFS and XANES measurements in the energy range of 5

keV�14 keV [88]. The beam intensity was stabilised using electronics with an accuracy

of 0.3%. A double crystal monochromator with two SiGe 111 graded crystals was used.

The detector system consisted of three ionization chambers, a Si-PIN photodiode for

�uorescence measurements, a scintillation counter and an energy-dispersive detector

(Roente X-Flash) [88]. The top view of BESSY synchrotron radiation source in Berlin

is shown in Figure 3.22.

Co � ppHMDSN nanocomposites were prepared on te�on substrates of size ∼1
x 1 cm. XAS measurements were performed in �uorescence mode because of the low

concentration of cobalt. The te�on substrates were attached to the sample holder using

a double sided tape. The position of the sample holder was adjusted using an X-Y-Z,

θ�2θ goniometer such that the X-ray beam hits the center of the te�on substrate. This

makes sure that the XAS measurements are performed on all samples at the same place.
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3 Experimental and characterization techniques

Figure 3.22: Top view of BESSY synchrotron radiation source in Berlin.

3.2.8.1 Analysis software

The measured XAS spectra were analysed using freely available software ATHENA from

the IFEFFIT 1.2.11 program [89, 90]. IFEFFIT is an interactive program for XAS anal-

ysis. It uses the analysis algorithms AUTOBK and FEFFIT. The AUTOBK algorithm

was used for background removal. FEFFIT algorithm was used for �tting EXAFS func-

tion χ(k). ATHENA was used for XAS data processing and analysis.
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HMDSN nanocomposites

Cobalt/cobalt oxide � polymer nanocomposites have been suggested for potential appli-

cations such as NOx sensors [91], magnetic nanostructures [92], anti corrosion [33] and

catalysis [2]. Various methods such as sol�gel [13, 36], co-sputtering [91, 93], pulsed laser

deposition [94] and dual plasma process [95] have been used to prepare cobalt � polymer

nanocomposites. In this work cobalt sputtering and simultaneous plasma polymerization

of the monomer HMDSN was employed aiming at a new cobalt � polymer nanocomposite

system. The prepared Co � ppHMDSN nanocomposites were investigated using various

analytical techniques.

4.1 Structural investigations

4.1.1 Estimation of metal �lling factor from EDX and

pro�lometry

The metal �lling factor of the nanocomposites was estimated using a combination of

EDX and pro�lometry [74]. A standard cobalt sample was taken as reference. In order to

estimate the metal �lling factor of the nanocomposite, the nanocomposite and standard

were prepared under the same plasma conditions. The thicknesses of both the samples

were measured using a pro�lometer. The value of intensity of cobalt line (in counts/s)

in both nanocomposite and standard was measured using EDX. As an example,

Thickness of Co � ppHMDSN nanocomposite �lm = 90 nm

Thickness of cobalt standard �lm = 40 nm

Intensity of cobalt line in nanocomposite (from EDX) = 1167 cps

Intensity of cobalt line in standard (from EDX) = 1545 cps

Hence, the fraction of cobalt in nanocomposite
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= Intensity of cobalt line in nanocomposite / Intensity of cobalt line in standard

= 1167/1545 = 0.76

Therefore, the e�ective thickness of cobalt in nanocomposite

= fraction of cobalt in nanocomposite * thickness of standard

= 0.76 * 40

= 30.4

Metal �lling factor of nanocomposite

=(e�ective thickness of cobalt in nanocomposite/ thickness of nanocomposite ) * 100

= (30.4 / 90) * 100

= 34 %

The metal �lling factors of the prepared nanocomposites was estimated in this manner.

In this work Co � ppHMDSN nanocomposites with 4%, 17%, 25% and 34% metal �lling

factors were prepared.

4.1.2 Structure and microstructure analysis using TEM and XRD

Cobalt � ppHMDSN nanocomposites prepared on carbon coated copper grids were anal-

ysed using transmission electron microscopy (TEM). The thickness of the �lms was

∼20�40 nm. The morphology of the nanocomposites was studied using TEM which

gives information about the microstructure. The morphology and microstructure of the

nanocomposites play an important role in various applications.

Co � ppHMDSN nanocomposites with four di�erent metal �lling factors of 4%,

17%, 25% and 34% were prepared. Figure 4.1 shows the TEM micrographs of the

Co � ppHMDSN nanocomposites at three di�erent �lling factors. The size, shape, crys-

tallinity and distribution of the nanoparticles vary with the �lling factor. At lower �lling

factors the microstructure consists of amorphous nanoparticles whereas at higher �lling

factors crystalline nanoparticles were observed. The TEM micrographs of nanocompos-

ites with �lling factors of 17% and 25% depict nanoparticles of very small size (∼2�3 nm).
The amorphous and very low distribution is clearly seen. A slight increase in the num-

ber of nanoparticles can be seen in the nanocomposite at 25% metal �lling factor which

appears as more dark spots in the micrograph. Nanocomposite at 34% metal �lling

factor contains nanoparticles of size ∼6 nm homogeneously distributed in the polymer

matrix as indicated by Figure 4.1(c) and the histogram shown in Figure 4.2. The average

size is in close agreement with the domain size calculated from the XRD pattern of the

nanocomposite. XRD patterns of nanocomposites at 25% and 34%
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(a) 17% metal �lling factor (b) 25% metal �lling factor

(c) 34% metal �lling factor

Figure 4.1: TEM micrographs of cobalt � plasma polymerized HMDSN nanocomposites

with varying metal �lling factors: a) 17%, b) 25%, c) 34%.
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4 Cobalt � plasma polymerized HMDSN nanocomposites

Figure 4.2: Histogram of size distribution of nanoparticles of cobalt � plasma polymerized

HMDSN nanocomposite at 34% metal �lling factor with a Gaussian �tting

(line).

(a) 25% metal �lling factor (b) 34% metal �lling factor

Figure 4.3: Grazing incidence XRD patterns (ω = 0.5 ◦) of cobalt � plasma polymerized

HMDSN nanocomposites at metal �lling factors of a) 25%, b) 34%.

metal �lling factors are shown in Figure 4.3. XRD pattern of nanocomposite at 25%

metal �lling factor shows no peak from cobalt re�ecting the x-ray amorphous nature of

the nanoparticles. The peaks only correspond to the aluminum substrate. The TEM mi-

crograph of nanocomposite at 25% metal �lling factor (Figure 4.1(b)) indicates nanopar-

ticles ∼2�3 nm in size which is di�cult to infer from the XRD pattern. Similar results

were reported [96] indicating the presence of amorphous nanoparticles at lower metal
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�lling factors. The XRD pattern of nanocomposite at 34% metal �lling factor depicts

peaks from CoO in addition to the peaks from the aluminum substrate. The average

domain sizes were calculated from the line pro�le of the di�raction peaks by Fourier

analysis using the Warren Averbach method [75]. For nanocomposite at 34% metal

�lling factor the average domain size is estimated to be 6 nm which is in good agree-

ment with the size obtained from the TEM micrograph. The presence of CoO indicates

the in�uence of oxygen either from the atmosphere or from residual water vapor in the

reaction chamber.

4.1.3 Compositional analysis using XPS and EDX

Figure 4.4 depicts the survey scan XPS spectrum of Co � ppHMDSN nanocomposites at

various metal �lling factors. The survey scan indicates that the surface of the nanocom-

posites contains cobalt, silicon, nitrogen, carbon and oxygen. Though there is no oxygen

present in HMDSN, the peaks corresponding to oxygen might be because of the atmo-

spheric attack or due to the in�uence of water vapor deposited on the walls of reaction

chamber.

Figure 4.4: XPS survey spectra of cobalt � plasma polymerized HMDSN nanocomposites

at various metal �lling factors.

The percentage of elements detected on the surface of the samples analyzed by

XPS is summarized in Table 4.1. As XPS is a surface sensitive technique the elemental
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composition depicted in Table 4.1 corresponds to only the upper few nanometers of the

nanocomposites. The elemental composition in the bulk is di�erent from the surface.

Table 4.1: Elemental content of Co � ppHMDSN nanocomposites at various metal �lling

factors measured by XPS

Filling factor C - at% N - at% O - at% Si - at% Co - at%

4% 57 3 25.1 14 0.8

17% 56 2 29 8.3 4.2

25% 47 1.5 34 3 14

34% 41 1 38 0 20

Table 4.1 demonstrates an increase in the amount of cobalt and a decrease in

the amount of silicon with increasing metal �lling factor. Carbon is observed in the

nanocomposites which can be attributed to the in�uence of atmospheric carbon and

also from the methyl group of the HMDSN precursor. Nanocomposites at higher metal

�lling factors contain more oxygen. As more magnetron power was used to prepare

nanocomposites at higher metal �lling factors it results in more breaking of bonds and

thus the presence of more number of unsaturated methyl bonds at higher metal �lling

factors. More number of such unsaturated bonds were attacked by more amount of

atmospheric oxygen [97] which explains the increase in oxygen content at higher metal

�lling factors.

To study the various bindings further, highly resolved measured spectra of C

1s, Si 2p, N 1s and Co 2p3/2 peaks were taken at six points on the Co � ppHMDSN

nanocomposites. The highly resolved measured spectra of C 1s peak of Co � ppHMDSN

nanocomposites at metal �lling factors 4% and 34% are shown in Figure 4.5. They are

studied in detail in order to understand the various bindings present on the surface of

the samples.

Table 4.2 gives a summary of di�erent bindings observed on the surface of the

nanocomposites using XPS analysis. From the C 1s peak four compounds can be re-

solved: C−Si, C−C/C−H, C−O, and COO. The broad Si 2p signal was deconvoluted

into two compounds: Si−C and Si−O. The peaks observed in the binding energy range

of 101.0�103.7 eV in the highly resolved Si 2p signal indicates the presence of Si−C bonds

[98]. From the Si 2p signal it can be inferred that Si−O bond is also one of the bonds in

the plasma polymerized matrix. Although it is di�cult to �t the N binding peak in the
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Si 2p signal the presence of a small amount of Si−N bonds cannot be excluded. This is

because a small amount of

(a) 4% metal �lling factor (b) 34% metal �lling factor

Figure 4.5: A typical highly resolved measured C 1s spectrum of cobalt � plasma polymer-

ized HMDSN nanocomposites at two di�erent metal �lling factors: a) 4%,

b) 34%.

Table 4.2: Binding energies used to �t the C 1s, Si 2p, and Co 2p3/2 high res peaks

S.No Photoelectron Chemical Binding Reference

line bond energy (eV)

1 C 1s C−Si 283.8 [98]

2 C 1s C−C/C−H 285.0 [99]

3 C 1s C−O 286.5 [99]

4 C 1s COO 288.8 [99]

5 Si 2p Si−C 101.0 [100]

6 Si 2p Si−N 102.2 [100]

7 Si 2p Si−O 103.7 [100]

8 Co 2p3/2 Co 778.7 [101]

nitrogen was detected in the survey scan of the nanocomposites (Figure 4.4). Thus, the

polymer matrix can be considered to be a mixture of bonds Si−C and Si−O.
The amount contributed by each bond to the total chemical composition of the

polymer matrix can be analyzed from the high resolution peaks. Figure 4.6 gives a
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summary of percentage of each binding in the C 1s and O 1s highly resolved peaks

of Co � ppHMDSN nanocomposites at various metal �lling factors. The bindings in C

1s peak depict that the number of C−Si bonds decreases with increasing metal �lling

factor. This is perhaps because of the breaking of C−Si bond with increasing power as

higher power was used at higher metal �lling factors. The bindings in O 1s peak indicate

the presence of Co−O bonds in the nanocomposites. The number of Co−O bonds is

less in nanocomposites at 4%, 17% and 25% metal �lling factors. But the number of

Co−O bonds is more in the nanocomposite at 34% metal �lling factor. This con�rms

the presence of Co−O bonds as shown from XRD.

(a) C 1s bindings (b) O 1s bindings

Figure 4.6: Summary of percentage of bindings of: a) C 1s and b) O 1s highly re-

solved peaks of cobalt � plasma polymerized HMDSN nanocomposites at var-

ious metal �lling factors.

Figure 4.7 depicts the Co 2p3/2 highly resolved peak of nanocomposite with

34% �lling factor. The presence of both oxides and metallic cobalt is observed. A

peak at ∼780 nm indicates the presence of CoO [41]. From XRD patterns of these

nanocomposites (Figure 4.3) one cannot see the presence of any Co metal. But the XRD

pattern of nanocomposite with 34% �lling factor suggested the presence of crystalline

cobalt oxide (CoO) nanoparticles. XPS spectra revealed the presence of Co metal and/or

cobalt oxide while XRD patterns showed the presence of CoO only in the nanocomposite

with 34% �lling factor. This suggests that Co metal is in amorphous phase. The presence

of metallic cobalt and CoO is also con�rmed by the Fourier transform peaks from XAS

(see Section 4.2).
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Figure 4.7: Co 2p3/2 hi res peaks of Co � ppHMDSN nanocomposite with 34% metal

�lling factor.

The elemental content of the Co � ppHMDSN nanocomposites at the bulk level

was analyzed using EDX. The relative atomic percentages of various elements of Co �

ppHMDSN nanocomposites at various metal �lling factors analyzed from EDX is shown

in Figure 4.8. The increase in metal �lling factor correlates with the decrease in the

amount of carbon. The amount of silicon is higher at lower �lling factors and decreases

at higher �lling factors. Oxygen is present in all nanocomposites which might be due to

the in�uence of atmospheric oxygen or from water molecules deposited on the walls of

the reaction chamber. The elemental analysis results from EDX are in agreement with

the results from XPS (Table 4.1).

Figure 4.8: Column chart representation of bulk relative atomic concentrations of vari-

ous elements of cobalt � plasma polymerized HMDSN nanocomposites at var-

ious metal �lling factors analyzed by EDX
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4.1.4 ATR-FTIR investigations

The structure and bondings of the Co � ppHMDSN nanocomposites were studied using

ATR-FTIR spectroscopy. The FTIR spectra showed characteristic peaks which can be

attributed to several bonds. Table 4.3 gives a summary of the characteristic infrared

absorption bonds of organo-silicon compounds from literature.

Table 4.3: Characteristic infrared absorption bonds of organosilicon compounds. The

label numbers correspond to the peak numbers in Figure 4.9.

Wavenumber Mode Label Reference

(cm−1)

3370 N−H stretching 1 [102]

2960 C−H stretching 2 [102]

in CH
3

2900 C−H stretching 3 [103]

in CH
2

1705 C=O stretching 4 [103]

1410 CH
3
asymmetric bending 5 [104]

in Si(CH
3
)

1260-1250 C−H symmetric deformation 6 [102]

in Si−CH
3

1181 N−H bending 7 [102]

∼1000 Si−O asymmetric stretching 8 [103]

960-900 Si−N stretching 9 [105]

880-850 Si−C stretching 10 [105]

∼780 Si−C stretching 11 [98]

The measured FTIR spectra of the Co � ppHMDSN nanocomposites of various

metal �lling factors are illustrated in Figure 4.9. The FTIR spectrum of the pure plasma

polymerized HMDSN �lm is also given. Several distinct peaks are observed in the pure

HMDSN spectrum which are listed in Table 4.3. The label numbers in Table 4.3 corre-

spond to the peak numbers in Figure 4.9.
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Pure plasma polymerized HMDSN �lm

Pure plasma polymerized (pp) HMDSN �lm was obtained by using only the upper RF

electrode of the reaction chamber (see Figure 3.1). The obtained pure pp HMDSN �lm

deposited on borosilicate glass substrates was transparent. A summary of organosilicon

peaks from literature is given in Table 4.3. The di�erent peaks in Figure 4.9 correspond

to the labels in Table 4.3. Several distinctive peaks are observed in the FTIR spectrum

of pure pp HMDSN �lms. They are:

� N−H stretching vibrations are seen at ∼3370 cm−1. This is a very broad

Figure 4.9: ATR-FTIR spectra of cobalt � plasma polymerized HMDSN nanocomposites

at various metal �lling factors and pure plasma polymerized (pp) HMDSN

�lm. The spectra are o�set by the same value for better clarity. The labels

correspond to Table 4.3

peak and can be hardly seen (Label 1).

� C−H stretching vibrations in CH
3
are seen at ∼2960 cm−1. This peak is seen as a

narrow, sharp, distinctive peak (Label 2).
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� C−H stretching vibrations in CH
2
are seen at ∼2900 cm−1. This is observed as a

small peak (Label 3).

� The weak, broad peak at ∼1705 cm−1 is due to the C=O stretching vibrations

(Label 4).

� A small peak at ∼1410 cm−1 is seen which is due to CH
3
asymmetric bending in

Si(CH
3
) (Label 5).

� The sharp peak at ∼1260�1250 cm−1 is due to the C−H symmetric deformation

in Si−CH
3
(Label 6).

� The very small peak at ∼1181 cm−1 is due to the N−H bending vibrations (Label

7).

� Si−O asymmetric stretching vibrations are seen as the sharp, intense peak at

∼1000 cm−1 (Label 8).

� The peak at ∼960�900 cm−1 is due to the Si−N stretching vibrations (Label 9).

� The sharp peak at ∼880�850 cm−1 is due to the Si−C stretching vibrations (Label

10).

� The sharp peak at ∼780 cm−1 is due to the Si−C stretching vibrations (Label 11).

FTIR spectra of Co � ppHMDSN nanocomposites

Di�erent peaks are observed in the FTIR spectra of the Co � ppHMDSN nanocomposites:

1. A broad peak in the range 750�1150 cm−1 is observed in all Co � ppHMDSN

nanocomposites. This peak is an overlap of peaks due to Si−C stretching vi-

brations at 880�850 cm−1, Si−N stretching vibrations at 900�960 cm−1 [105�107]

and Si−O asymmetric stretching vibrations at around 1000 cm−1 [102].

2. The peak obtained from C−H symmetric stretching in Si−CH
3
is seen at 1256 cm−1

[102] at 4% metal �lling factor.

3. The typical peaks at around 2950 cm−1 and 2900 cm−1 correspond to the C−H
stretching in CH

3
and CH

2
bonds respectively [102, 103].

4. The peak at 2285 cm−1 is due to the presence of atmospheric carbon dioxide.
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There are many variations observed in the intensities of peaks and chemical

structure as a function of metal �lling factor. With respect to the Co � ppHMDSN

nanocomposites the following points can be noted:

1. With the increase in metal �lling factor there is a shift of the peak at ∼1000 cm−1

to the higher wavenumbers. The peak was observed at 1048 cm−1 at 4% metal

�lling factor which shifted to 1084 cm−1 at 25% metal �lling factor. The left shift

of peak at 1000 cm−1 with increasing �lling factors can be ascribed to hydrolysis

caused by water vapor [108].

2. With the increase in �lling factor the polymer tends to get modi�ed. More methyl

groups are broken at higher metal �lling factors because more magnetron power

was used to prepare these nanocomposites. The degree of methyl abstraction

increases as more methyl groups recombine and form volatile hydrocarbons which

get pumped out of the chamber [109]. Accordingly, the intensity of the peak at

1256 cm−1 decreases with an increase in the metal �lling factor.

3. The N−H bond at ∼1180 cm−1 is not observed in the Co � ppHMDSN nanocom-

posites suggesting the decomposition of the N−H bond. Additionally, the Si−N
bond at ∼960�900 cm−1 gets dissociated in the Co � ppHMDSN nanocomposites

due to its lower bond energy [109]. Thus, with the increase in �lling factor the

Si−N, CH
3
bonds in the polymer matrix tend to get destroyed.

4. The peak at 2285 cm−1 in all �lms is due to the presence of atmospheric carbon

dioxide.

5. The in�uence of water is observed in all nanocomposites as Si−O vibrations

at 1000 cm−1. Consequently, the broad peak at 1000 cm−1 in all investigated

nanocomposites corresponds to a mixture of Si−O and Si−C bonds.

4.1.5 Surface conductivity map using CAFM

Conductive atomic force microscopy was employed in contact mode to study the surface

conductivity properties of Co � ppHMDSN nanocomposites. Surface conductivity was

observed only in the nanocomposite with 34% metal �lling factor. At other �lling factors

no signal was observed in the conductivity mode. The 3D topography and conductivity

images taken simultaneously for the nanocomposite at the 34% �lling factor are shown

in Figure 4.10. A DC bias voltage of 4V was applied.
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(a) Topography (b) Surface conductivity

Figure 4.10: 3D a) topography and b) surface conductivity images of cobalt � plasma

polymerized HMDSN nanocomposite at 34% metal �lling factor. DC bias

voltage applied = 4V.

In Figure 4.10 the conductive areas are indicated by bright regions, and the

non-conductive areas by dark regions. The conductivity image in Figure 4.10(b) depicts

that the surface of the nanocomposite is almost conductive with a few dark spots or

holes which might correspond to the non-conducting regions. The size of the CoO par-

ticle as evaluated from XRD and TEM is ∼6 nm. However, the features in conductivity

image are more than 6 nm in size. This is because of the limitation of the radius of the

cantilever tip. As the tip radius is ∼25 nm and when the tip encounters a conducting

region it maybe in contact with several CoO nanoparticles. Thus the feature size in

conductivity image corresponds to the tip radius. Therefore, the conductivity map from

Figure 4.10(b) is an indication that the Co � ppHMDSN nanocomposite with 34% metal

�lling factor exhibits surface conductivity. No surface conductivity signal was observed

in nanocomposites with 17% and 25% metal �lling factors. Using conductive AFM the

surface conductivity properties of the Co � ppHMDSN nanocomposites was qualitatively

studied. Thus, Co � ppHMDSN nanocomposites with varying surface conductivity char-

acteristics were prepared.
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4.2 X-ray absorption spectroscopy analysis

4.2 X-ray absorption spectroscopy analysis

Co�ppHMDSN nanocomposites were analysed using various techniques like XRD, XPS,

EDX, and FTIR. However, it was observed that cobalt was present mostly in amorphous

form in these nanocomposites. In order to study the local structure around the cobalt

atom powerful XAS technique was employed. Co � ppHMDSN nanocomposites were

analysed at the BESSY synchrotron radiation center in Berlin.

4.2.1 Steps and parameters in analysing an XAS spectrum

Several standards were used for comparison in the XAS analysis. Co on foil, Co
3
O
4
,

CoO, and Co
2
O
3
powder standards were analysed. For all the standards and the Co �

ppHMDSN nanocomposites deglitching was performed prior to analysis. For some spec-

tra truncation was done at the higher energy range to avoid the noise at the higher end

of energies. An example depicting the steps in analysing the XAS spectrum of cobalt

standard is shown in Figure 4.11. The cobalt foil standard is taken as an example. The

detailed description of the steps is explained previously in Section 2.3.1.5.

The various parameters involved in the analysis of XAS spectra using the soft-

ware ATHENA are discussed below.

Background removal section:

� E0 - threshold energy of the absorption edge - This is the energy where the pho-

toelectron is released. E0 is determined by IFEFFIT as the �rst peak of the �rst

derivative of χ(E).

� ∆µ(E0) - edge step: This is measured as µ0(E0). It is the value of background

function evaluated at edge energy [89]. It is the di�erence of values at E0 of pre-

and post-edge lines extrapolated to E0.

� Rbkg - Background removal parameter: This parameter describes the frequency

cuto� between the background and data. ATHENA uses AUTOBK algorithm for

background removal. The part of µ(E) with low frequency Fourier components

is the background, whereas the high frequency Fourier components contain the

data. The `rbkg' parameter determines the value below which the AUTOBK algo-

rithm removes the Fourier components [89]. `Rbkg' should be chosen so that the

necessary data should be present and also the low R peaks be minimized.
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(a) Pre-edge removal (b) Normalization

(c) Post edge background removal using

spline

(d) EXAFS function χ(k)

(e) Fourier transform of χ(k) to R-space

resulting in Radial Distribution Function

(RDF)

Figure 4.11: Steps involved in the analysis of X-ray absorption spectrum - example

using a cobalt metal foil standard. The detailed description of the steps is

explained previously in Section 2.3.1.5.
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� Spline range: The range of spline function used to approximate the background

function can be varied. Spline range should be chosen carefully as the EXAFS

function χ(k) will be zero outside the spline range. When the spectrum has a

sharp, white line it makes background removal easier by choosing the lower end of

the spline range a little above the white line. In this way the AUTOBK algorithm

can overcome the di�culty of following the swiftly changing spectrum at the edge

[89].

Forward Fourier Transform section:

� k-weight: This parameter is varied such that the size of oscillation of the EXAFS

function χ(k) is roughly constant over the range of data. Since the oscillations

attenuate quickly after the edge, k-weight is used to amplify the data at high

k-values.

� k-range: This is the range of data of the EXAFS function χ(k) which would be

transformed to R-space using Fourier transform. k-range is chosen such that there

are no glitches present and all the necessary data is present in the selected k-range.

� Window: This is the window function used in the Fourier transformation of the

EXAFS function χ(k) to the R-domain as χ(R).

Co � ppHMDSN nanocomposites prepared using a hybrid PVD/PECVD process

were thoroughly investigated using X-ray absorption spectroscopy. Nanocomposites pre-

pared at di�erent metal �lling factors were analyzed using EXAFS and XANES. Addi-

tionally, the variation of the x-ray absorption spectra of the nanocomposites with the

variation of the plasma parameters like power of magnetron, �ow of gases, and distance

from the target were studied using EXAFS and XANES. It is shown that by tuning

the plasma parameters nanocomposites containing metallic cobalt, cobalt oxide and a

mixture of both metallic cobalt and oxides can be produced.

4.2.2 XAS investigations of cobalt standards

In addition to the Co � ppHMDSN nanocomposites XAS measurements were also per-

formed on the standard Co, CoO, Co
2
O
3
and Co

3
O
4
samples. The normalized absorption

spectra of the standards are shown in Figure 4.12. The normalized XANES spectra of

the standards are shown in Figure 4.13. The various peaks from the XANES spectra

of the cobalt standards are tabulated in Table 4.4. The edge energies (E0) are also
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indicated. The edge energies and the XANES peaks are consistent with the values in

literature as mentioned in Table 4.4.

Figure 4.12: Normalized absorption spectra of cobalt standards.

Figure 4.13: Normalized XANES spectra of cobalt standards.

Figure 4.14 gives the EXAFS function χ(k) of the various cobalt standards. The

EXAFS function χ(k) of the cobalt standards was transformed into R-space using Fourier

transform to obtain the radial distribution function (RDF). Kaiser-Bessel window was

used for all standards. The Fourier transform (FT) plots are shown in Figure 4.15 and
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Table 4.4: Edge energies and XANES peaks of cobalt standards

Sample E0(eV) XANES peaks (eV) Reference

Co 7709.28 7726.61, 7735.80, 7759.60 [110]

Co
3
O
4

7728.32 7729.75, 7737.05, 7743.80, 7775.00 [110]

Co
2
O
3

7718.68 7731.56, 7745.72,7777.37 [111]

CoO 7717.28 7727.9, 7743.5, 7775.3 [110]

(a) Co (b) Co
3
O
4

(c) Co
2
O
3

(d) CoO

Figure 4.14: EXAFS function χ(k) of the cobalt standards.
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the peaks in Table 4.5. The RDFs and the peaks in the FT plots of the standards are

consistent with the values in literature as mentioned in Table 4.5.

The peak at 2.2Å in the RDF of the cobalt standard corresponds to the �rst

coordination sphere [110]. The peak at 1.62Å in the RDF of CoO corresponds to Co−O
bond in the �rst coordination shell, whereas the peak at 2.64Å corresponds to Co−Co
bond in the second coordination shell [112, 113]. Co

3
O
4
has a spinel type structure with

Co2+ ions in tetrahedral interstices and Co3+ ions in octahedral interstices. The peaks

in the RDF of Co
3
O
4
do not always correspond to a single coordination shell. The peak

at ∼1.45Å in the RDF of Co
3
O
4
corresponds to the Co−O bonds of the �rst shell of

both Co3+ and Co2+ ions. The peak at 2.5Å in the RDF of Co
3
O
4
corresponds to the

Co−Co bond of the second coordination shell around Co3+ ions. The peak at ∼3.05Å
in the RDF of Co

3
O
4
corresponds to both Co−O and Co−Co bonds of higher order

coordination shell of both Co3+ and Co2+ ions [111].

Figure 4.15: Radial distribution function (RDF) of cobalt standards.

Table 4.5: Fourier transform (FT) peaks of cobalt standards

Sample FT peaks (Å) Reference

Co 2.2 [110]

Co
3
O
4

1.45, 2.45, 2.95 [112]

Co
2
O
3

1.57, 2.53, 3.05 [111]

CoO 1.62, 2.64 [111], [113]
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4.2.3 XAS investigations of Co � ppHDMSN nanocomposites

with di�erent metal �lling factors

XAS investigations was performed on three nanocomposites with metal �lling factors of

34%, 25% and 17%. The normalized absorption spectra of Co � ppHMDSN nanocom-

posites at three di�erent metal �lling factors are show in Figure 4.16. Cobalt standards

are also illustrated for comparison.

Figure 4.16 depicts that the absorption spectra of the three nanocomposites are

quite similar to each other. When compared with the standards, all three spectra appear

to be identical to the spectrum of CoO. The presence of high peak, i.e. the white line

after the edge in the spectra of all three nanocomposites suggests the in�uence of oxygen.

A closer look can be had by observing the XANES spectra in Figure 4.17.

Figure 4.16: Normalized absorption spectra of cobalt standards and Co � ppHMDSN

nanocomposites at various metal �lling factors (34%, 25% and 17%).

By comparing the pre-edge region of all nanocomposites and the standards it can

be said that the pre-edge region in the XANES spectra of the nanocomposites closely

follow CoO. The width of the absorption edge in XANES increases with decreasing

metal volume fraction pointing to higher disorder around cobalt [114]. The various

peaks in the XANES spectra are tabulated in Table 4.6. The edge energies (E0) are also

indicated. Table 4.6 indicates a shift in the absorption edge E0 of the nanocomposites

when compared to the standards Co, Co
2
O
3
, CoO, and Co

3
O
4
(see Table 4.4). This

infers that the e�ective valence state of cobalt in the nanocomposites is more than that
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of the standards. The valency of Co in CoO is +2 and in Co
2
O
3
is +3. The movement

of the absorption edges to higher energies in the XANES spectra of the nanocomposites

suggests an increase in the e�ective valence state of cobalt in the nanocomposites [111].

The XANES peaks of the nanocomposites are close to the peaks of CoO spectrum.

Additionally, when compared to the Co
3
O
4
standard, the absorption edge is shifted and

the valence state is not higher than in Co
2
O
3
. This indicates that besides the main CoO

component a smaller fraction of Co
3
O
4
is present. Upon observing the pre-edge features,

XANES peaks and the shift of the absorption energies it can be said that +2 is one of

the valence states of cobalt and CoO is one of the probable chemical con�gurations of

Co in all three nanocomposites.

Figure 4.17: Normalized XANES spectra of cobalt standards and Co � ppHMDSN

nanocomposites at various metal �lling factors (34%, 25% and 17%).

Table 4.6: Edge energies and XANES peaks of Co � ppHMDSN nanocomposites at var-

ious metal �lling factors.

Filling factor E0(eV) XANES peaks (eV)

34% 7721.4 7728.00, 7743.12, 7775.56

25% 7721.21 7727.00, 7742.77, 7778.30

17% 7723.36 7727.00, 7743.34, 7776.92
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Figure 4.18 gives the EXAFS function χ(k) of the nanocomposites. The EX-

AFS function χ(k) of each nanocomposite was transformed into R-space using Fourier

transform. Kaiser-Bessel window was used. Upon transformation the radial distribu-

tion function (RDF) χ(R) was obtained. The Fourier Transform (FT) plots are shown

in Figure 4.19. The FT plots of the standards are also depicted for comparison pur-

pose. The peaks in the FT plots are tabulated in Table 4.7. From the FT plots and

peaks it can be said that there is an in�uence of oxides in the nanocomposites. The

nanocomposite with 34% metal �lling factor has two peaks. The �rst peak at ∼1.56Å
overlaps with peaks corresponding to cobalt oxides. The second peak at ∼2.54Å has an

overlapping area both with cobalt oxides and metallic cobalt. Because of the complex

FT plot it is di�cult to determine exactly what species comprise the �rst and second

coordination shells. However, by observing the XANES and the RDF it can be said that

in the nanocomposite at 34% �lling factor the �rst and second coordination shells are

comprised of a mixture of cobalt and cobalt oxides.

FT plots of nanocomposites at 25% and 17% �lling factors indicate only one

major peak at 1.43Å and 1.47Å respectively. These peaks have an overlap with the

1.45Å peak of Co
3
O
4
. But, the peaks in the nanocomposites at 25% and 17% �lling

factors have a very little overlap with the peak of the Co metal at 2.2Å. This suggests

that the oxide content is dominant over the metallic content in these nanocomposites.

The XANES spectra of nanocomposites at 25% and 17% �lling factors point to the

presence of CoO con�guration. If the RDF and the XANES of the nanocomposites

at 25% and 17% �lling factors are taken into consideration it can be said that these

two nanocomposites are chemically dominated by cobalt oxides with a small amount of

metallic cobalt. The overlap of the nanocomposite at 34% �lling factor and the metallic

cobalt in the RDF is higher when compared to the overlap of other nanocomposites with

metallic cobalt. This infers the presence of more cobalt in the nanocomposite at 34%

�lling factor when compared to the other two nanocomposites. The nanocomposites at

25% and 17% �lling factors also have an overlap with the metallic cobalt in the range of

R = 1�2Å. However, this is less when compared to the overlap of the nanocomposite at

34% �lling factor with the metallic cobalt in the range of R = 2�3Å. Thus it can be said

that the nanocomposite at 34% �lling factor has more metallic cobalt than oxide, and

nanocomposites at 25% and 17% �lling factors have more oxide than metallic cobalt.

A trend is observed such that with the increase in the �lling factor the metallic cobalt

dominates over cobalt oxides.
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(a) 34% �lling factor (b) 25% �lling factor

(c) 17% �lling factor

Figure 4.18: EXAFS function χ(k) of Co � ppHMDSN nanocomposites at various metal

�lling factors (34%, 25% and 17%).

Table 4.7: FT peaks of Co � ppHMDSN nanocomposites at various metal �lling factors.

Filling factor FT peaks (Å)

34% 1.56, 2.54

25% 1.43

17% 1.47
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Figure 4.19: RDF of cobalt standards and Co � ppHMDSN nanocomposites at various

metal �lling factors (34%, 25% and 17%).

4.2.4 In�uence of the variation of plasma parameters - XAS

investigations of Co � ppHMDSN nanocomposites

prepared with varying plasma parameters

The e�ects of the variation of plasma parameters such as the �ow of HMDSN, power of

magnetron and distance between the source and target on the X-ray absorption spectra

were studied. Various nanocomposites were prepared at varying plasma parameters as

shown in Table 4.8. Figure 4.20 shows the normalized absorption spectra of the Co �

ppHMDSN nanocomposites a�d. The spectra from cobalt standards are also depicted

for comparison.

Figure 4.20 illustrates the presence of white line in nanocomposites `a' , `b' and

`d'. However, it is not prominent in nanocomposite `c' when compared to the other

nanocomposites. This is perhaps because of the higher amount of cobalt introduced in

nanocomposite `c' as it is more close to the target when compared to the other nanocom-

posites. The presence of more cobalt reduces the in�uence of oxygen as evidenced by

the lesser peak of the white line in nanocomposite `c'. The normalized XANES spectra

of samples a�d and the standards are depicted in Figure 4.21. The pre-edge features

and XANES spectra after the edge demonstrate that the spectra of nanocomposites `a'

and `d' are similar to CoO spectrum. The pre-edge features of nanocomposites `b' and

`c' are similar to each other and also to Co
2
O
3
. However, their spectra after the edge
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Table 4.8: Co � ppHMDSN nanocomposites prepared at various plasma parameters.

Nanocomposite Flow Flow Power of Distance from

of Ar of HMDSN magnetron target

(sccm) (sccm) (W) (cm)

a 8 0.06 300 6

b 8 0.06 200 6

c 8 0.06 300 3

d 8 0.2 300 6

Figure 4.20: Normalized absorption spectra of cobalt standards and Co � ppHMDSN

nanocomposites a�d.

are not similar. Additionally, the peak of the white line in nanocomposite `c' is much

less when compared to the others suggesting less in�uence of oxygen or more presence

of cobalt. Table 4.9 gives a summary of the edge energies E0 and the XANES peaks of

nanocomposites a�d. The edge energies E0 of all nanocomposites a�d are shifted to the

right when compared to the Co and cobalt oxide standards. As the XANES peaks of

nanocomposites `a' and `d' are close to CoO it can be said that CoO maybe a part of the

chemical con�guration of nanocomposites `a' and `d'. The onset and rising of the peak

in the pre-edge region of nanocomposites `b' and `c' look similar. The peak of the white

line is less in nanocomposites `b' and `c' when compared to nanocomposites `a' and `d'.
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Therefore, it indicates that nanocomposites `b' and `c' have more metallic cobalt than

nanocomposites `a' and `d'.

Figure 4.21: Normalized XANES spectra of cobalt standards and Co � ppHMDSN

nanocomposites a�d.

Table 4.9: Edge energies and XANES peaks of Co � ppHMDSN nanocomposites a�d.

Nanocomposite E0(eV) XANES peaks (eV)

a 7721.4 7727.85, 7743.42, 7774.99

b 7722.25 7728.04, 7743.17

c 7724.61 7729.4

d 7722.54 7726.68, 7743.25, 7775.6

Figure 4.22 depicts the EXAFS function χ(k) of nanocomposites a�d. The

Fourier transform (FT) of χ(k) was performed using Kaiser-Bessel window, and the

obtained RDFs for nanocomposites a�d are shown in Figure 4.23. The RDFs of the

cobalt standards are also illustrated. The peaks from the FT plots are shown in Table

4.10.
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(a) Nanocomposite `a' (b) Nanocomposite `b'

(c) Nanocomposite `c' (d) Nanocomposite `d'

Figure 4.22: EXAFS function χ(k) of Co � ppHMDSN nanocomposites a�d.

The FT peaks and the FT plots depict the in�uence of oxides in all nanocom-

posites. Nanocomposite `a' has two peaks which overlap with the peaks from both the

cobalt oxides and metallic cobalt. Therefore it is di�cult to distinguish exactly what

species contribute to the �rst and second coordination shells. The FT plots of nanocom-

posites `b' and `c' are similar. Both of them have peaks at ∼2Å which are close to the

peak in the cobalt standard. Nanocomposites `b' and `c' have more overlap with the

metallic cobalt in the range R = 2�3Å than with cobalt oxides in the range R = 1�2Å

or 2�3Å. This infers that the metallic cobalt species dominate over the oxide species in

the �rst coordination shells of the nanocomposites `b' and `c'. Nanocomposite `d' has a

major overlap with CoO peak and very little with metallic cobalt. This suggests that

the �rst coordination shell of nanocomposite `d' is dominated by cobalt oxide. These
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observations from the RDF analysis are in agreement with the XANES analysis.

Figure 4.23: RDF of cobalt standards and Co � ppHMDSN nanocomposites a�d.

Table 4.10: FT peaks of Co � ppHMDSN nanocomposites a�d

Nanocomposite FT peaks (Å)

a 1.56, 2.54

b 1.25, 2.00

c 1.93

d 1.47

To summarize the e�ect of variation of plasma parameters on the X-ray absorp-

tion spectra we can say that:

� With the decrease of the distance between the target and the substrate (compare

nanocomposites `a' and `c' ) when all other plasma parameters are kept constant

the in�uence of oxygen is reduced. The �rst coordination shell is dominated by

metallic cobalt species. More amount of metallic cobalt is introduced and the

in�uence of cobalt oxides is reduced as evident from the FT plots and the white

lines in the absorption spectra.

� Upon increasing the �ow of HMDSN the amount of Co is reduced as seen from the

very little overlap of the 1.47Å peak of nanocomposite `d' with the 2.2Å peak of
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the metallic cobalt standard. In nanocomposite `d' it is clear that cobalt oxide is

the dominant species in the �rst coordination shell. But in nanocomposite `a' even

the contribution of metallic cobalt is appreciable and is in comparison to that of

cobalt oxides.

� By reducing the power of magnetron the in�uence of oxygen in nanocomposite

`b' is less when compared to that in nanocomposite `a'. This is evident from the

XANES peak of nanocomposite `b' which is similar to that of nanocomposite `c'.

Additionally, the FT plot indicates the presence of more oxygen in nanocomposite

`a'. This might be because at higher magnetron power more bonds are broken

in nanocomposite `a' which results in more unsaturated bonds. Therefore, the

in�uence of oxygen is higher.

4.2.5 In�uence of the variation of �ow of Ar - XAS

investigations of Co � ppHMDSN nanocomposites

prepared with varying �ow of Argon

Three nanocomposites e, f and g were prepared by varying the �ow of Argon as 8, 5,

and 1 sccm respectively. All three were prepared at 300W magnetron power and at 6

cm distance from the target. The �ow of HMDSN was kept constant at 0.06 sccm. The

normalized absorption spectra of the three nanocomposites are shown in Figure 4.24.

The spectra of cobalt standards are also shown.

A white line is observed in all three nanocomposites e�g indicating the in�uence

of oxide. The normalized XANES spectra are shown in Figure 4.25, and the peaks are

shown in Table 4.11. The edge energies E0 of all nanocomposites e�g are shifted to the

right when compared to the standards cobalt, CoO and Co
2
O
3
.

Table 4.11: Edge energies and XANES peaks of Co � ppHMDSN nanocomposites e�g.

Nanocomposite E0(eV) XANES peaks (eV)

e 7721.4 7727.80, 7743.12, 7774.88

f 7722.31 7727.50, 7742.37

g 7721.2 7727.33, 7742.33, 7779.68
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Figure 4.24: Normalized absorption spectra of cobalt standards and Co � ppHMDSN

nanocomposites e�g.

Figure 4.25: Normalized XANES spectra of cobalt standards and Co � ppHMDSN

nanocomposites e�g.
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This suggests that the e�ective valence state of cobalt in the nanocomposites is more

than that of the standards. The valency of Co in CoO is +2 and in Co
2
O
3
is +3.

The movement of the absorption edges to higher energies in the XANES spectra of

the nanocomposites points to the increase in the e�ective valence state of cobalt in

the nanocomposites [111]. The XANES peaks of the nanocomposites are close to the

peaks of CoO spectrum. An observation of the pre-edge features, the XANES peaks

and the shift of the absorption energies depicts that +2 is one of the valence states

of cobalt, and CoO is one of the probable chemical con�gurations of Co in all three

nanocomposites. The onset of peak in the pre-edge region of the nanocomposite `f'

illustrates the presence of more amount of metallic cobalt. This is also supported by

a weaker white line in nanocomposite `f'. This can be explained because of the lower

pressure in the chamber (due to less �ow of Ar). Consequently, there are less number of

collisions resulting in fewer energetic ions. This leads to lesser number of unsaturated

bonds which must have reduced the in�uence of oxygen. Figure 4.26 depicts the EXAFS

function χ(k) of nanocomposites e�g. The Fourier transform (FT) of χ(k) is performed

using Kaiser-Bessel window and the obtained RDFs for nanocomposites e�g are shown

in Figure 4.27. The RDFs of the cobalt standards are also shown. The peaks from the

FT plots are shown in Table 4.12.

The FT peaks and the FT plots suggest the presence of oxides in all nanocom-

posites e�g. Nanocomposite `e' has two peaks which overlap with the peaks of both

cobalt oxides and metallic cobalt. Therefore it is di�cult to distinguish exactly what

species contribute to the �rst and second coordination shells. However, it can be said

that nanocomposite `e' has a complex con�guration of �rst and second coordination

shells with both metallic cobalt and cobalt oxides. When the �ow of Ar is reduced to

5 sccm (nanocomposite `f' ) the FT plot contains only one peak at ∼2.1Å which has

overlapping areas with both metallic cobalt and cobalt oxides. It is di�cult to determine

exactly the di�erent species of the �rst coordination shell of nanocomposite `f'. However,

it can be said that there are both metallic cobalt and cobalt oxides present. When the

�ow of Ar is further reduced to 1 sccm Ar (as seen in nanocomposite `g') the peak at

∼1.44Å corresponds to both cobalt oxide and metallic cobalt.

To summarize, with the increase in the �ow of Ar the pressure in the chamber

increases resulting in more number of unsaturated bonds, and thus there is more in�uence

of oxygen. Furthermore, the chemical con�guration of the �rst coordination shell around

cobalt gets more complex, and the contribution from cobalt oxide increases.
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(a) Nanocomposite `e' (b) Nanocomposite `f'

(c) Nanocomposite `g'

Figure 4.26: EXAFS function χ(k) of Co � ppHMDSN nanocomposites e�g.

Table 4.12: FT peaks of Co � ppHMDSN nanocomposites e�g.

Nanocomposite FT peaks (Å)

e 1.56, 2.54

f 2.10

g 1.44
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Figure 4.27: RDF of cobalt standards and Co � ppHMDSN nanocomposites e�g.

4.2.6 Summary of XAS analysis

XRD and XPS analyses provided a little information about the nature of cobalt in the

nanocomposites. However, XAS analysis demonstrated the nature of cobalt which could

not be evidenced from the other techniques. The EXAFS and XANES analysis of the

Co � ppHMDSN nanocomposites revealed the presence of metallic cobalt, cobalt oxide

and a mixture of both. The structure of the nanocomposites is complex and it is di�cult

to distinguish between the contribution from metallic cobalt and cobalt oxides. However,

the following conclusions can be made:

� With the increasing metal �lling factor the metallic phase dominates over the oxide

phase.

� With the decrease of distance between the target and substrate more amount of

metallic cobalt is introduced, and the in�uence of oxygen is decreased.

� With the increase in the �ow of HMDSN the amount of metallic cobalt is reduced.

� With the increase in �ow of Ar there is more in�uence of oxygen.
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4.3 Energy in�ux measurements using active thermal

probe

An active thermal probe was used to study the plasma process and the interaction of

plasma on the surface of the substrate. The variation of energy in�ux and power density

with respect to time and magnetron power was measured in two plasmas: argon plasma

and argon+HMDSN plasma.

4.3.1 Argon plasma

In this mode the chamber was only operated with the feed gas argon. Cobalt was sput-

tered at a constant �ow of argon. The energy in�ux and power density were measured.

The increase in �ow of argon would only quantitatively increase the energy in�ux and

power density values. Of course, qualitatively there would be little di�erence in the

variation. Thus, the experiments were performed only at one �ow of argon,i.e. at 1 sccm.

The working pressure in the chamber was 0.024mbar. Figure 4.28 depicts the measured

heating power and power density of the active thermal probe in the argon plasma at a

magnetron power of 100W.

(a) Heating power in argon plasma (b) Power density in argon plasma

Figure 4.28: Heating power and Power density in argon plasma measured by active

thermal probe at a magnetron power of 100W.

Figure 4.28 shows that when the plasma is switched ON the heating power

supplied to the active thermal probe is reduced in order to compensate the increase in

energy in�ux. The plasma is kept ON until there is a temperature balance,i.e. the
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heating power is balanced. When the plasma is switched o� the energy in�ux on the

active probe gets reduced, and thus the heating power supplied to the probe is increased

in order to keep the temperature constant. The change in the heating power is measured

as the energy in�ux by the plasma. The temporal graph of power density in Figure 4.28

(b) shows the input power density on the surface of the active thermal probe starting

from when the plasma is switched ON (t=0 s) till when it is switched OFF (t∼1200 s).
The power density value at the time when the plasma is switched ON is calculated by

extrapolating the curve in Figure 4.28 (b) to t= 0 s. For 100W magnetron power in a

pure argon plasma at a working pressure of ∼0.024mbar this value is calculated to be

∼60mW/cm2. The energy in�ux is calculated as the di�erence in the heating power (in

Figure 4.28(a)) when the plasma is switched ON. This value is calculated to be ∼30 mW
for 100W power at 0.024mbar pressure in a pure argon plasma.

The energy in�ux and power density values are calculated by varying the mag-

netron power from 10W to 300W and at the same �ow of argon (or same working

pressure) of ∼0.024mbar. The variation of energy in�ux and power density with the

variation of magnetron power in argon plasma is depicted in Figure 4.29. It shows an

exponential increase in the energy in�ux with the increase in magnetron power. A simi-

lar trend is observed in the power density values. This increase is expected because with

the rise in magnetron power more number of argon atoms get transformed into ions and

radicals. Furthermore more such number of particles impinge on the substrate or the

active thermal probe which eventually causes increase in the power density.

4.3.2 Argon+HMDSN plasma

In this mode the chamber is operated with both the feed gas argon and the monomer

HMDSN. Cobalt was sputtered and HMDSN was simultaneously plasma polymerized.

This represents the deposition of Co � ppHMDSN nanocomposites on the surface of the

active thermal probe. The temporal change of energy in�ux and power density was

measured. The increase in �ow of argon would only quantitatively increase the energy

in�ux and power density values. However, qualitatively there would be little di�erence

in the variation. Thus, the experiments were performed only at one �ow of argon, i.e. at

1 sccm. The �ow of HMDSN was kept constant at 0.2 sccm. The working pressure in

the chamber was 0.04mbar. Figure 4.30 depicts the measured heating power and power

density of the active thermal probe in argon+HMDSN plasma at a magnetron power

of 100W.
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(a) Energy in�ux as a function of magnetron

power in argon plasma

(b) Power density as a function of magnetron

power in argon plasma

Figure 4.29: Energy in�ux and power density as a function of magnetron power in argon

plasma measured by active thermal probe.

(a) Heating power in argon+HMDSN plasma (b) Power density in argon+HMDSN plasma

Figure 4.30: Heating power and power density in argon+HMDSN plasma measured by

active thermal probe at a magnetron power of 100W.

In pure argon plasma exothermic reactions take place on the surface of the active

thermal probe. This increases the energy in�ux due to external sources on the probe

surface. The external control circuit decreases the heating power in order to compensate

this increase in energy in�ux. This is what was observed in pure argon plasma in Figure

4.28. However, the types of reactions are di�erent in argon+HMDSN plasma as shown
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in Figure 4.30. When the plasma is switched ON a sharp increase in the heating power

supplied by the external circuit is observed. This sharp peak is only for a very short

duration. This means that the external circuit had to increase the heating power supplied

to the probe. This suggests that an endothermic reaction has taken place on the probe

surface. Thus, the probe surface has cooled down and is compensated by increase in the

heating power which is shown by the sharp peak. The decomposition of the monomer

and the methyl groups and the polymerization process requires energy. This is indicated

by the endothermic reaction, i.e. the sharp peak in Figure 4.30.

A small peak is also observed when the plasma is switched o�. Normally in

an argon plasma (Figure 4.28), when the plasma is switched o�, the external circuit

increases the heating to the probe. That is because the energy input to the probe from

the external plasma decreases. The same trend is also observed in argon+HMDSN

plasma. An initial sharp peak is observed just when the plasma is switched o�. This

means that a little bit more heating power is supplied to the probe by the external circuit

just when the plasma is switched o�.

The power density is calculated by dividing the heating power with the area

of the active probe and is displayed in 4.30 (b). As peaks are observed in the power

density graph it is di�cult to �t a curve to obtain the exact power density value when

the plasma is switched ON.

In Figure 4.30 sharp peaks are observed when the plasma is switched on and o�.

Such peaks are always found in these cases. Figure 4.31 depicts the temporal variation

of heating power and the various peaks observed when the plasma is switched on and o�.

The �ow of HMDSN and argon is varied between ON1 and ON2 in order to study its

in�uence on the heating power. The variation of argon and HMDSN as seen in between

∼3000�5000 s does not seem to in�uence the heating power and does not cause any

peaks. A detailed graph of heating power in the time range ∼3000�5000 s is shown in

Figure 4.32.

Figure 4.32 depicts that when the �ow of HDMSN is kept zero and argon is

varied no peaks are observed in the heating power. The peaks are only noticed when

the plasma is switched on and o� and when HMDSN is present. This implies that the

peaks are due to the presence of HMDSN. It can be proposed that, when the plasma is

switched on, some chemical reactions take place with respect to the monomer HMDSN so

that there is an endothermic reaction at the active probe. Thus, in order to compensate

the reduction in temperature the external circuit increases the heating power supplied

to the probe. Furthermore, the variation of argon and HMDSN do not seem to be the
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4.3 Energy in�ux measurements using active thermal probe

Figure 4.31: Heating power in argon+HMDSN plasma plasma measured by active ther-

mal probe at a magnetron power of 100W. Several sharp peaks are seen

when the plasma is switched on and o�.

Figure 4.32: Heating power in argon+HMDSN plasma plasma measured by active ther-

mal probe at a magnetron power of 100W. The in�uence of the variation

of HMDSN and Ar is studied.
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reason for the sharp peaks. But the reactions that happen when the plasma is switched

ON causes the peaks.

A qualitative comparison between the energy in�uxes in argon (Figure 4.28) and

argon+HMDSN plasmas (Figure 4.30) can be performed. Energy in�ux is measured

as the di�erence of heating powers when plasma is switched on and o�. For 100W

magnetron power in the pure argon plasma it was estimated to be 30mW whereas in

argon+HMDSN plasma it is 15mW. Due to the presence of spikes it is not easy to

estimate the exact value of energy in�ux in argon+HMDSN plasma plasma when the

plasma is switched on. However, the di�erence between the heating power levels when

plasma was switched on and o� can be considered as the energy in�ux. The energy

in�ux is greater in pure argon plasma than in argon+HMDSN plasma. This suggests

that during nanocomposite deposition more energy is consumed for monomer decompo-

sition. Thus, active thermal probe measurements indicate that more energy is utilized

in the argon+HMDSN plasma for the monomer decomposition when compared to pure

argon plasma where no monomer was used. The thermal probe results show that the

plasma reactions in a pure argon plasma are simple and straightforward. The energy

in�ux and power density increase exponentially with the increase in magentron power.

But, during the nanocomposite preparation (i.e. in Argon+HMDSN plasma) spikes

were observed when the plasma was switched ON and OFF. This suggested that the

monomer decomposition and plasma polymerization processes in�uence the energy in-

�ux on the substrate surface. The active thermal probe measurements were performed in

order to study the energy �ux density in di�erent plasma conditions (i.e. pure argon and

argon+HMDSN plasmas). This would aid in a better understanding of the nanocompos-

ite formation. The qualitative study pointed to lesser energy in�ux in argon+HMDSN

plasma when compared to the argon plasma. This suggests that the monomer decom-

position consumes some energy in the argon+HMDSN plasma. However, the thermal

probe measurements illustrated complex reactions which made it di�cult to determine

the exact value of energy in�ux when plasma was switched on. A separate and in-depth

study is required to shed further light on the matter. Nevertheless, the active thermal

probe experiments performed in this work provide an example of how the study of a

plasma process could be employed to understand the relation between energy in�ux and

the nanocomposite �lm formation.
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4.4 Conclusion

Cobalt � plasma polymerized HMDSN nanocomposites with varying metal �lling factors

were prepared by using RF magnetron sputtering of cobalt and simultaneous plasma

polymerization of HMDSN monomer. TEM and XRD results indicate the presence of

small, amorphous nanoparticles of size ∼2�3 nm at lower metal �lling factor and crys-

talline nanoparticles of size ∼6 nm at higher metal �lling factor. TEM micrographs

reveal the homogeneous distribution of the nanoparticles in the polymer matrix. The

composition of the polymer matrix determined by XPS and FTIR reveals a mixture of

Si−O and Si−C bonds. The increase in metal �lling factor correlates with the decrease

in the amount of carbon and silicon. Cobalt is mostly oxidized in the nanocomposites.

Additionally, the polymer matrix tends to get signi�cantly modi�ed with the increase

in metal �lling factor. The surface conductivity of the Co � ppHDMSN nanocomposites

has been qualitatively studied using conductive AFM. The surface conductivity image

of the nanocomposite at 34% metal �lling factor shows the presence of conductivity. A

thorough and in-depth XAS analysis of the nanocomposites was performed. The EX-

AFS and XANES analysis indicate the presence of metallic cobalt, cobalt oxide and

a mixture of both. The local structure around cobalt seems complex and it was di�-

cult to distinguish between the �rst and second coordination shells. Nevertheless, the

variation of metallic cobalt and oxide content in the di�erent nanocomposites could be

qualitatively studied. A set of Co � ppHMDSN nanocomposites were prepared which are

suitable as precursors for the next step of calcination. The calcinated cobalt � polymer

nanocomposites were suggested for various magnetic, catalytic and gas sensor appli-

cations. Co � ppHMDSN nanocomposites as precursors for calcination are studied in

detail as the functional properties of the calcinated sample depends on the precursors.

It is also demonstrated that hybrid PVD/PECVD is a simple, easy and generalized

technique to introduce �nely dispersed metal nanoparticles in a polymer matrix. Active

thermal probe was used to measure the energy in�ux and power density of the plasma in

the reaction chamber. Active probe was employed in pure argon and argon+HMDSN

plasmas. The energy in�ux measurements in pure argon plasma was quite straightfor-

ward. But, in argon+HMDSN plasma sharp peaks were observed when the plasma was

switched on and o�. This can be accounted to the various chemical reactions due to the

monomer HMDSN. More energy was consumed by the argon+HMDSN plasma which

can be accounted to the energy required by the monomer decomposition process.
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nanocomposites

The Co � ppHMDSN nanocomposites with varying metal �lling factor were used as pre-

cursors for the next step of calcination. The plasma process could not yield the desired

spinel type cobalt oxide (Co
3
O
4
) nanoparticles. The XRD patterns of Co � ppHMDSN

nanocomposites depicted CoO nanoparticles (Figure 4.3) in the nanocomposite with 34%

metal �lling factor. In addition, the detailed XPS and XAS analysis investigations did

not clearly provide the information about the exact oxide form of cobalt. Thus in order

to obtain the required oxide of cobalt, the Co � ppHMDSN nanocomposites obtained

from the hybrid PVD/PECVD process were annealed. Some groups performed such

a similar annealing step to crystallize CoO to Co
3
O
4
. Guyon et al. [115] used cobalt

nitrates in a plasma technique to prepare cobalt oxide thin �lms. After the plasma pro-

cess, the deposited thin �lm was annealed at 650◦C in air in order to eliminate nitrates

and to obtain crystalline Co
3
O
4
nanoparticles. Similarly, Wang et al. [116] showed that

in order to convert CoO to Co
3
O
4
it is essential to perform an annealing step at 600◦C

in air. It is also shown that annealing cobalt in air at a temperature of 500◦C would

yield spinel type cobalt oxide (Co
3
O
4
) [117]. The literature indicates a calcination tem-

perature range from 500-650◦C to obtain Co
3
O
4
phase. The aim of this study was to

prepare Co
3
O
4
�matrix nanocomposites. Therefore, the choice of temperature is not

signi�cant when the end result of Co
3
O
4
phase is considered. Accordingly, in this work

the Co � ppHMDSN nanocomposite precursors were calcinated at a randomly selected

temperature of 500◦C for 2 hours in air.

Phosphate ions are a major cause of water pollution. Research to develop new

types of phosphate ion sensors is always growing. The motivation for this work was to

develop a new type of optoelectrochemical phosphate ion sensor. Shimizu et al. [24]

have already shown that Co
3
O
4
thin �lms display optoelectrochemical sensitivity to

phosphate ions. Our aim was to prepare Co
3
O
4
� dielectric matrix nanocomposite thin

�lms with better phosphate sensitivity when compared to the pure Co
3
O
4
thin �lms.

103



5 Co3O4 � dielectric matrix nanocomposites

The increased sensitivity is expected due to the increase in the surface area of the Co
3
O
4

nanoparticles when embedded in the matrix. During calcination the agglomeration of

the Co
3
O
4
nanoparticles is prevented by the matrix [27]. This reduces the grain size of

Co
3
O
4
nanoparticles in the calcinated nanocomposite when compared to the pure Co

3
O
4

thin �lms. Thus the surface area is increased which in turn helps in increased sensitivity

[7, 10, 12]. Additionally, by the process of calcination a porous structure is formed which

helps in the increased migration of phosphate ions to reach the Co
3
O
4
nanoparticles [118].

The sensing properties of Co
3
O
4
nanostructures (such as nanosheets, nanorods) are more

compared to the Co
3
O
4
agglomerated nanopowders as shown by Choi et al [119]. Thus,

by preventing the agglomeration of the Co
3
O
4
nanoparticles an improved gas sensitivity

was observed. Li et al. [120] showed that Co
3
O
4
� carbon nano tube nanocomposites

display better gas sensing properties when compared to Co
3
O
4
thin �lms. Aggregation

of Co
3
O
4
nanoparticles can be minimized by embedding them in a polymer or carbon

to form nanocomposites [6, 121, 122].

Out of the prepared Co � ppHMDSN nanocomposites the one with the highest

�lling factor, i.e. 34%, was selected for the next step of calcination. This particular

sample was chosen as it contained the highest amount of cobalt which would help in

obtaining maximum sensitivity as phosphate sensor. In order to study the phosphate

sensing properties of the Co
3
O
4
� dielectric matrix nanocomposites a standard Co

3
O
4

thin �lm was also prepared for comparison. The following section describes the charac-

terization of both the Co
3
O
4
� dielectric matrix nanocomposite and Co

3
O
4
standard thin

�lms. Moreover, the optoelectrochemical properties of these �lms in phosphate solutions

of di�erent concentrations were studied in detail.

5.1 Structural investigations

5.1.1 Structural analysis using XRD

The XRD patterns of the calcinated Co � ppHMDSN nanocomposite and Co
3
O
4
stan-

dard prepared on FTO substrates are shown in Figure 5.1. Figure 5.1(a) depicts the

XRD pattern of the standard Co
3
O
4
thin �lm. The mean particle size calculated from

the Co
3
O
4
re�ections (220), (311), and (400) is about 12 nm. Additional peaks corre-

sponding to the FTO substrate (denoted as S) are also observed in the XRD spectrum.

The XRD spectrum of the calcinated Co � ppHMDSN nanocomposite is shown in Figure

5.1(b). After calcination, the oxide form of cobalt is converted from CoO to spinel type
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Co
3
O
4
. Thus, the desired spinel type Co

3
O
4
crystalline phase was achieved by calci-

nating the nanocomposite. The particle size was estimated using the pure physical line

pro�le (Fourier transform method). The mean particle size calculated from the re�ec-

tions (111), (220), and (311) is 3.5 nm which is less when compared to the mean size

of 12 nm of Co
3
O
4
nanoparticles in the standard �lm. This means that the dielectric

matrix helped in preventing the crystal growth of the nanoparticles. Thus the grain size

of the nanoparticles is reduced by embedding them in a dielectric matrix. Similar results

are also reported by Wang et al. [27].

(a) Co
3
O
4
standard (b) Nanocomposite

Figure 5.1: Grazing incidence XRD patterns (ω = 0.5 ◦) of a) Co3O4 standard, b) Cal-

cinated Co � ppHMDSN nanocomposite thin �lms. Peak corresponding to

the FTO substrate are denoted as S.

5.1.2 Optical investigations using UV-Vis absorption

spectroscopy

The UV-Vis absorption spectra (in air) of the standard and Co
3
O
4
� dielectric matrix

nanocomposite thin �lms deposited on FTO substrates are depicted in Figure 5.2.

From pro�lometry the thicknesses of nanocomposite and standard were∼100 nm.
The optical absorption spectrum of the nanocomposite is similar to that of the Co

3
O
4

standard. Signi�cant peaks are observed at ∼450 nm and ∼750 nm. These peaks indi-
cate a spinel structure, Co

3
O
4
with the formation of Co3+ octahedral sites and Co2+

tetrahedral sites [8]. The UV-Vis optical absorption spectra con�rm the results from

XRD indicating the presence of spinel type Co
3
O
4
nanoparticles.
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Figure 5.2: Optical absorption spectra of Co3O4 standard and Co3O4 � dielectric matrix

nanocomposite thin �lms in air.

5.1.3 ATR-FTIR investigations

ATR-FTIR spectroscopy was performed in order to study the bonds present in the

nanocomposite �lms. The ATR-FTIR spectrum is shown in Figure 5.3. There are

many peaks observed in the FTIR spectrum. The broad peak from 3500�3000 cm−1 is

due to a combination of O−H stretching vibrations at ∼3400 cm−1 and N−H stretching

vibrations at ∼3370 cm−1 [102]. The bands corresponding to C−C linkages are hidden

in this broad band [115]. The noisy peaks at ∼2300 cm−1 correspond to the atmospheric

carbon dioxide. A zoomed in version of the FTIR spectrum at lower wavenumbers is

shown in Figure 5.4.

The sharp, narrow band at ∼680 cm−1 corresponds to Co−O bond stretching

[115, 123]. The broad band at ∼960 cm−1 can be interpreted in various ways. It can

correspond to the Si−OH bonds [124�126]. Due to the broad width of the peak it can

also correspond to Si−O bonds [125]. The small broad peak appearing as a shoulder at

∼1100 cm−1 can correspond to the Si−O stretching vibrations [127]. Bonds correspond-

ing to C−H vibrations were absent (at ∼2900 cm−1). This is observed because these

must have broken due to calcination. The analysis of the FTIR spectrum revealed the

presence of various bonds such as Co−O, Si−O, Si−OH, O−H, N−H and C−C bonds

in the nanocomposite thin �lms.
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Figure 5.3: ATR-FTIR spectrum of Co3O4 � dielectric matrix nanocomposite.

Figure 5.4: Zoomed in ATR-FTIR spectrum of Co3O4 � dielectric matrix nanocomposite.
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5.1.4 Elemental analysis using EDX

An EDX analysis was performed to estimate the atomic percentage of each element

present in the nanocomposite. Figure 5.5 depicts the atomic percentage of elements

present in Co
3
O
4
� dielectric matrix nanocomposite.

Figure 5.5: EDX estimation of elemental atomic percentage of Co3O4 � dielectric matrix

nanocomposite.

Figure 5.5 indicates that oxygen and cobalt possess large atomic percentages.

There is also a considerable amount of carbon in the nanocomposite. When compared to

the uncalcinated Co � ppHMDSN nanocomposite precursor (see Figure 4.8, 34% metal

�lling factor) the atomic percentage of carbon has not varied much. The large amount

of carbon (due to the starting Co � ppHMDSN precursor) has remained even after cal-

cination in air.

5.1.5 Surface analysis using SEM

SEM was used to study the surface of the nanocomposite �lms. Figure 5.6 presents

the SEM micrographs of Co
3
O
4
� dielectric matrix nanocomposite thin �lms. The SEM

micrographs depict the presence of cabbage-like structures. The nanocomposite �lm

appears porous. The porosity can be attributed to the process of calcination. The

development of porous structure after the annealing process is similar to the work pre-

viously reported [118, 128�130]. The porous structure aids in increased di�usion and
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migration of the phosphate ions to reach the functional Co
3
O
4
nanoparticles. Thus, the

reduced di�usion path and increased speci�c surface area results in faster chemical re-

actions. Consequently, the electrochemical performance of the nanocomposite increases.

Indeed, the enhanced electrochromic performance of porous cobalt oxide thin �lms [131],

porous NiO thin �lms [128] was reported previously.

Figure 5.6: SEM micrographs of Co3O4 � dielectric matrix nanocomposite thin �lms.

Scale is shown in the �gure.

5.1.6 Characterization summary

Co�ppHMDSN nanocomposites prepared by the plasma process could not yield the

desired spinel type Co
3
O
4
phase. Therefore, a further annealing was performed. Co �

ppHMDSN precursor with 34% metal �lling factor was used as the precursor for cal-

cination. After calcination crystalline cobalt oxide Co
3
O
4
nanoparticles of mean size

∼3.5 nm were obtained. XRD analysis and optical absorption spectra revealed the pres-

ence of crystalline Co
3
O
4
phase in the nanocomposite. FTIR spectrum depicted peaks

corresponding to Si−O, and EDX elemental analysis showed a signi�cant amount of

carbon. Thus, the matrix can be interpreted as an amorphous, carbonaceous silicon

oxide matrix (a-Si−O:C). The calcinated nanocomposite consists of Co
3
O
4
nanoparti-

cles embedded in an amorphous Si−O:C matrix. The mean particle size of the Co
3
O
4

nanoparticles embedded in the dielectric matrix is less when compared to that of pure

Co
3
O
4
thin �lms. This is because of the suppression of the increase of the grain size

of the Co
3
O
4
nanoparticles by the surrounding dielectric matrix. With decreased grain
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size the surface area of the Co
3
O
4
nanoparticles increases which aids in improving the

electrochemical performance. Moreover, the calcination procedure resulted in a porous

structure.

The high porosity structure is bene�cial in improving the reaction kinetics by

decreasing the path of di�usion and increasing the surface area for reaction. When the

Co
3
O
4
� dielectric matrix nanocomposites are tested as phosphate sensors an increased

sensitivity to the phosphate ions is expected. This is because of the increase in surface

area of the Co
3
O
4
nanoparticles embedded in the dielectric matrix when compared to

Co
3
O
4
nanoparticles in pure Co

3
O
4
thin �lm. Thus, Co

3
O
4
� dielectric matrix nanocom-

posite thin �lms and Co
3
O
4
thin �lms were prepared on FTO substrates which were

further tested as optoelectrochromic phosphate sensors. The pure Co
3
O
4
thin �lm was

prepared to compare its performance as a standard with the Co
3
O
4
� dielectric matrix

nanocomposite.

5.2 Optoelectrochemical properties - phosphate ion

sensor

The synthesized Co
3
O
4
� dielectric matrix nanocomposite thin �lms were tested for their

optoelectrochemical properties. The electrochemical properties were investigated in a

three electrode electrochemical cell. The optical properties were studied using a spec-

trophotometer. The optoelectrochromic properties were investigated by applying poten-

tial to the nanocomposite and simultaneously observing the optical properties. Elec-

trochromism is the process of reversible change in optical transmittance of a material

upon the application and removal of potential. The reversible optical response of elec-

trochromic sensors are based on electrochemical oxidation and reduction reactions [132].

Optoelectrochromic measurements were carried out in Na
2
HPO

4
solutions of

di�erent concentrations: 10−6M, 10−5M, 10−4M, 10−3M, 10−2M. Initially the optical

transmittance of the nanocomposite thin �lm was measured at zero applied potential.

The spectra were measured in the wavelength range of 400 to 800 nm. An initial change

in the transmittance with respect to the phosphate concentration was observed. But,

with the application of potential there was a signi�cant change in the transmittance.

Moreover, the change was dependent on the applied potential. Potentials of 0.2V, 0.4V,

0.6V, 0.8V vs Ag/AgCl were applied to the Co
3
O
4
� dielectric matrix nanocomposite

thin �lm. Figure 5.7 shows the variation of optical transmittance in 10−3M Na
2
HPO

4
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solution with the application of potential.

Figure 5.7: Optical transmittance values of Co3O4 � dielectric matrix nanocomposite

thin �lm at di�erent applied potentials in 10−3M Na2HPO4 solution. The

transmittance values are reversible and reproducible upon the application

and removal of potential. `Forwards' indicates increase and `Backwards'

indicates decrease in applied potential respectively.

As the applied potential increases the �lm becomes darker and the transmittance

value is decreased. The maximum change in transmittance was found at an applied po-

tential of 0.8V vs Ag/AgCl. The potential was not increased beyond the value of 0.8V

vs Ag/AgCl as too high potential can cause damage to the electrochemical cell and the

reference Ag/AgCl electrode. When the applied potential was reversed, i.e. when it was

reduced from 0.8V vs Ag/AgCl to 0.2V vs Ag/AgCl the optical transmittance values

were reproducible and reversible. This demonstrates an interesting electrochromic prop-

erty of the Co
3
O
4
� dielectric matrix nanocomposite thin �lms. The response is reversible

as the increase of voltage makes the �lm darker, and decrease of voltage brings the orig-

inal colour to the �lm. This means that the �lm is stable and exhibits electrochromic

properties in phosphate solutions. Such reproducible and reversible phosphate sens-

ing properties were observed also in Na
2
HPO

4
solutions of other concentrations. Thus,

the prepared Co
3
O
4
� dielectric matrix nanocomposite �lms exhibited an electrochromic

property in the phosphate solutions.

As a further step, the applicability of the Co
3
O
4
� dielectric matrix nanocompos-

ite thin �lms as phosphate sensors over a range of phosphate concentrations was tested.

111



5 Co3O4 � dielectric matrix nanocomposites

The potential at which the maximum change in transmittance occured, i.e. 0.8V vs

Ag/AgCl, was applied to the cell containing phosphate solutions of di�erent concentra-

tions. The transmittance spectra in di�erent Na
2
HPO

4
concentrations at an applied

potential of 0.8V vs Ag/AgCl is depicted in Figure 5.8.

Figure 5.8: Transmittance spectra of Co3O4 � dielectric matrix nanocomposite thin �lm

at three di�erent Na2HPO4 concentrations at an applied potential of 0.8V

vs Ag/AgCl.

Figure 5.8 displays that with the increase in phosphate concentration the trans-

mittance decreases. The transmittance spectra dependence on the phosphate concen-

tration is similar to the work reported by Shimizu et al. [24] who showed that pure

Co
3
O
4
thin �lms deposited on ITO substrate exhibit optoelectrochromic sensitivity to

phosphate ions. Following their work this dissertation aims to develop a new type

of phosphate sensor based on Co
3
O
4
� dielectric matrix nanocomposite thin �lm. By

embedding the Co
3
O
4
nanoparticles in a matrix an improved optoelectrochromic perfor-

mance is expected. In the case of Co
3
O
4
� dielectric matrix nanocomposites, Figure 5.8

shows that the change in transmittance below 550 nm was not much signi�cant. But the

region between 550 and 800 nm displays an appreciable change. Moreover, this change

in transmittance was dependent on the phosphate concentration. This property could

make the Co
3
O
4
� dielectric matrix nanocomposite thin �lms a suitable choice for opto-

electrochemical phosphate ion sensors. The wavelength at which maximum change in

transmittance occured was observed at 620 nm.

112



5.2 Optoelectrochemical properties - phosphate ion sensor

To characterize the Co
3
O
4
� dielectric matrix nanocomposites as phosphate ion

sensors the change in transmittance at 620 nm of the nanocomposite was plotted against

the phosphate concentration. Figure 5.9 depicts the change in transmittance (∆T)

versus the concentration of phosphate solutions. Each data point of ∆T is normalized

to the transmittance value at 0V. ∆T is calculated as the di�erence of T0V and T0.8V at

620 nm at each Na
2
HPO

4
concentration. T0V corresponds to the optical transmittance

value at 0V, i.e. no applied potential and T0.8V corresponds to the transmittance value

at 0.8V vs Ag/AgCl.

In order to compare the performance of Co
3
O
4
� dielectric matrix nanocomposite

with the standard Co
3
O
4
thin �lm, the whole experiment was repeated for Co

3
O
4
thin

�lms. The graph of ∆T versus Na
2
HPO

4
concentration for the standard Co

3
O
4
thin

�lm is also presented in Figure 5.9. The linear �ts of the curves are also depicted. With

the logarithmic increase in Na
2
HPO

4
concentration ∆T rises almost linearly for both

the nanocomposite and the Co
3
O
4
standard. The sensitivity of the Co

3
O
4
standard at

lower concentrations was not much appreciable. But on a whole, the increase of ∆T

with the increase in concentration was observed for the Co
3
O
4
standard. In the case of

nanocomposite, the linear dependence of ∆T on the logarithm of Na
2
HPO

4
concentra-

tion indicates that the Co
3
O
4
� dielectric matrix nanocomposite can be applicable as a

novel type of optoelectrochromic phosphate ion sensor. To determine the sensitivity of

the thin �lm sensors, the slope of the graph was calculated [133]. For the nanocompos-

ite it was ∼0.03Abs/dec. For the standard the �tted line was not satisfactory owing

to the slight non-linearity of the points. Nevertheless, the calculated sensitivity for

the standard was ∼0.05Abs/dec which is a little more than the nanocomposite. Even

though the sensitivities across the concentrations could not be satisfactorily compared,

the value of absolute transmittance signal (∆T) at a particular concentration is higher

for the nanocomposite when compared to the standard. In this sense, it can be said

that the nanocomposite has more absolute transmittance signal when compared to the

standard. This observation presents an enhanced phosphate sensor at a particular phos-

phate concentration when compared to standard Co
3
O
4
. It has to be noted that ∆T

was calculated as the di�erence of T at 0V and 0.8V applied potential. Moreover, the

thickness of both the nanocomposite and standard �lms was almost the same. This

ensures that the comparison of ∆T at a particular concentration of both the �lms is

sensible. By embedding Co
3
O
4
nanoparticles in a matrix a reduced grain size (3.5 nm)

was obtained when compared to the grain size of the standard Co
3
O
4
thin �lm (12 nm).

The matrix has performed an important role in suppressing the agglomeration of Co
3
O
4
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5 Co3O4 � dielectric matrix nanocomposites

nanoparticles. Thus, reducing the grain size. The surface area of the Co
3
O
4
nanoparti-

cles is signi�cantly increased due to the reduction of the grain size, and increased surface

area helps in enhancement of the electrochemical response. Moreover, with the process

of calcination a porous structure has formed which improves the probability of di�usion

of phosphate ions to the functional Co
3
O
4
species. Consequently, the porous structure

can help in the improvement of the kinetics of reaction.

Figure 5.9: Plot of ∆T vs Na2HPO4 concentration of Co3O4 � dielectric matrix

nanocomposite and Co3O4 standard thin �lms together with the �ts. ∆T

= T0V - T0.8V
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5.3 Conclusion

5.3 Conclusion

Co�ppHMDSN nanocomposite precursor with 34% metal �lling factor was calcinated to

obtain Co
3
O
4
�a-Si−O:C nanocomposite. The mean particle size of the Co

3
O
4
� dielectric

matrix nanocomposite was ∼3.5 nm when compared to the mean particle size of ∼12 nm
of the Co

3
O
4
standard. Particle aggregation was prevented by the dielectric matrix

which reduced the grain size. FTIR spectrum revealed peaks from Si−O, Co−O and

C−C bonds. Additionally, EDX analysis showed the presence of Co, O, C, N, and Si. The

matrix consists of amorphous carbonaceous silicon oxide. SEM micrographs revealed a

porous structure. Co
3
O
4
� dielectric matrix nanocomposite �lms displayed sensitivity

towards phosphate ions. A linear sensitivity to the logarithm of Na
2
HPO

4
concen-

tration was observed. At a particular phosphate concentration, the Co
3
O
4
� dielectric

matrix nanocomposite thin �lms exhibited more absolute transmittance signal (∆T)

when compared to the standard Co
3
O
4
thin �lm. A novel phosphate ion sensor which

is sensitive enough to detect environmental level phosphate ion concentration (10−6M)

was proposed. The results indicate the potential for an improved sensor.
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6 Summary

Cobalt � plasma polymerized HMDSN nanocomposite thin �lms with varying metal �ll-

ing factors were prepared using a simple and easy hybrid PVD/PECVD process. The

microstructural, physical, chemical and surface conductivity properties of the nanocom-

posites were studied in detail. The fundamental study of Co � ppHMDSN nanocompos-

ites was presented.

Well dispersed Co � ppHMDSN nanocomposites with metal �lling factors varying

from 4% to 34% were prepared. The variation of the properties of the nanocomposites

in correlation to the metal �lling factor was studied. The morphology investigated

using TEM indicated the size of the nanoparticles to be 2�3 nm at lower �lling factor

and 6 nm at higher �lling factor. The TEM micrographs depict a homogeneous and

narrow distribution of the nanoparticles. XRD analysis supported the TEM results and

indicated amorphous nanoparticles at lower �lling factors and crystalline nanoparticles at

higher �lling factors. EDX and pro�lometry were employed to determine the metal �lling

factor. Cobalt is mostly oxidised in the nanocomposites. The presence of oxygen is also

seen from the EDX results. It has to be noted that the process of hybrid PVD/PECVD

was carried out at a pressure of ∼3.8�18Pa. This high pressure, the rough vacuum

conditions, and the water molecules deposited on the walls of the reaction chamber

accounted for the presence of oxygen. As a result, the in�uence of oxygen is observed in

the nanocomposites as evidenced from the XRD (CoO phase), FTIR (Si−O bonds), and

EDX results. HMDSN was used as the monomer precursor for polymerization. When the

plasma is switched ON the monomer HMDSN gets dissociated into reactive fragments

of high energy. Plasma polymerization proceeds when these fragments hit the target

with high energy and recombine to form a plasma polymerized �lm on the substrate

[134]. As both PVD and PECVD processes occur simultaneously in the chamber, they

are inter-dependent and a�ect each other. The deposition of cobalt and the plasma

polymerization of HMDSN are a�ected by various factors such as the magnetron power,

the pressure in the chamber, reactor geometry, distance between the target and substrate

and the �ow of gases. The polymer matrix was characterized using XPS and FTIR. It
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was signi�cantly modi�ed with the increase in the �lling factor. Distinct Si−C, Si−N
and Si−O peaks were observed in pure plasma polymerized HMDSN thin �lm. However,

the FTIR spectra of the nanocomposites lack distinct peaks indicating a mixture of Si−O
and Si−C bonds in the polymer matrix. For the phosphate sensor application, the nature

of the polymer matrix and the oxidation state of cobalt are not signi�cant as the process

of calcination would yield Co
3
O
4
nanoparticles embedded in a matrix.

XRD and TEM analyses revealed that by varying the plasma parameters it is

possible to obtain nanocomposites with varying metal �lling factors and nanoparticle

size distributions. The chemical structure of the deposited polymer �lm is dependent

on various plasma parameters such as the power density, reactor geometry and the dis-

sociation of the monomer. From the XPS and FTIR spectra it can be inferred that the

polymer matrix contains a mixture of Si−O and Si−C bonds. Higher magnetron power

was used to deposit nanocomposites with higher �lling factor. Consequently, the energy

in the plasma increases which increases the bombardment of particles and the number of

collisions per volume. Subsequently, the dissociation of the bonds in the polymer matrix

becomes higher. As a result, the Si−N, N−H, and CH
3
bonds tend to get more disso-

ciated with the increase in �lling factor as more magnetron power was used at higher

�lling factors. Furthermore, the in�uence of water vapor is seen in all nanocomposites

as con�rmed by the peak at 1000 cm−1 corresponding to Si−O vibrations. Moreover,

the FTIR spectra of Co � ppHMDSN nanocomposites lack distinct peaks because of the

overlap of peaks due to Si−C and Si−O bonds. The oxygen content of the nanocompos-

ites increases with increasing �lling factor as the peak at ∼1000 cm−1 shifts to higher

frequencies. Also the decrease of peak intensity at ∼1256 cm−1 corresponding to C−H vi-

brations indicates that nanocomposites with higher �lling factor are free of C−H groups

[58]. Even though the polymer matrix is signi�cantly modi�ed with increasing metal

�lling factors the matrix is dominated by the presence of Si−O and Si−C bonds.

The x-ray amorphous nature of cobalt in the Co � ppHMDSN nanocomposites

was observed. XRD patterns revealed that cobalt is mostly amorphous in almost all

Co � ppHMDSN nanocomposites. X-ray absorption spectroscopy (XAS) was employed

to study the local structure around cobalt in detail. XAS is a technique which can be

used to study amorphous, low or no crystalline samples. Co � ppHMDSN nanocompos-

ites prepared at di�erent plasma parameters were analyzed using XAS. XANES analysis

revealed the information about the valency of cobalt in the nanocomposites. XANES

spectra of the nanocomposites were compared to that of the standards Co, CoO, Co
2
O
3
,

Co
3
O
4
. Parameters such as the rise of the pre-edge before the absorption edge, pre-
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edge features, XANES peaks, the shift of the absorption edge, and the shape of the

XANES spectra were used to obtain local structure information and chemical con�gura-

tion of cobalt. EXAFS analysis was performed to obtain information about the nature

and number of neighbours around the absorbing cobalt atom. The radial distribution

functions (RDF) (obtained after Fourier transformation) or the Fourier transform plots

of the Co � ppHMDSN nanocomposites were compared to the standards. Distinctive

peaks corresponding to speci�c standard could not be identi�ed. The peaks in RDF of

the nanocomposites comprised of a combination of peaks from one or more standards.

As the Fourier transform plots of the nanocomposites were complex, it was di�cult to

distinguish between the �rst and second coordination shells. Consequently, determina-

tion of the exact composition of the �rst and second coordination shells around cobalt

atom was not simple. However, the presence of both metallic cobalt and cobalt oxides

was observed in all nanocomposites. But the overlap area of the peaks with di�erent

standards was not the same for all nanocomposites. The di�erence in the number of

peaks, the amount of overlap with the peaks of standards, the shapes of the radial distri-

bution function can be used to distinguish various properties of di�erent Co � ppHMDSN

nanocomposites. Even though the structure of the nanocomposites is complex, an in-

depth study of XANES and EXAFS spectra, a careful study of the variation of spectra

among di�erent nanocomposites, and a comparison of XANES and EXAFS spectra gave

some valuable information about the local structure of cobalt in the nanocomposites.

For example, with rising metal �lling factor the metallic content of the nanocomposites

increased which could not be observed from other analyses like XRD and TEM. Simi-

larly, with the decrease of distance between substrate and target the amount of metallic

cobalt increased. The increase in the �ow of gases or monomer reduced the amount of

metallic cobalt. Thus, a detailed XAS analysis of the Co � ppHMDSN nanocomposites

was performed to understand exactly the local structure around cobalt and also the oxi-

dation state of cobalt. As much of the cobalt was amorphous the XAS technique indeed

proved very useful for the qualitative structural investigations.

It is emphasized here that Co � ppHMDSN nanocomposites with varying cobalt

concentrations are suitable as precursors for calcinated cobalt � polymer nanocompos-

ites [13]. Even though cobalt is partly oxidized in the Co � ppHMDSN nanocomposite

precursors, the further step of calcination would completely oxidize the cobalt nanopar-

ticles. Therefore, the oxidation state of cobalt in the precursors is not important. It

is signi�cant that the Co � ppHMDSN nanocomposites precursors have well-dispersed

cobalt nanoparticles with varying amount of cobalt which is clearly indicated by the
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TEM and EDX results. The ability to disperse �nely the cobalt nanoparticles in the

polymer matrix and the variation of the metal �lling factors are important for Co �

ppHMDSN nanocomposites as precursors for the next step of calcination [8]. For the

calcinated cobalt � polymer nanocomposites it is not signi�cant to have a good control

over the properties of the polymer matrix of the precursor. The polymer matrix is

used to prevent agglomeration of the cobalt nanoparticles and hence, the variation of

polymer matrix is not important when using Co � ppHMDSN nanoparticles as precur-

sors for calcination. Using the simple and easy method of hybrid PVD/PECVD with

only one magnetron source for metal sputtering, simultaneous plasma polymerization

of monomer and without the use of high vacuum conditions it is demonstrated that

�nely dispersed metal�polymer nanocomposites with varying metal �lling factors can

be prepared. A generalized method to introduce �nely dispersed cobalt nanoparticles

in a polymer matrix is presented which can be used as precursor for the next step of

calcination.

During this dissertation work an attempt was made to study the energy in�ux

of the plasma process on the substrate surface. Indeed, it is important to consider

the interaction of the plasma with the substrate. The morphological and structural

properties are dependent on the power density on the substrate surface. Two di�erent

kinds of plasma were considered for the energy in�ux study. A pure argon plasma and

an argon+HMDSN plasma were investigated using an active thermal probe. In the

case of pure argon plasma, the energy in�ux increased exponentially with the increase in

magnetron power. This can be a consequence of the increased number of active species

(ions and radicals) in the plasma. However, the relationship between energy in�ux and

magnetron power was not simple in the argon+HMDSN plasma. The heating power

curve in the argon+HMDSN plasma (see Figure 4.30) illustrates sharp peaks when the

plasma was switched on and o�. The peaks could be ascribed to the decomposition of

HMDSN monomer and the chemical reactions on the substrate surface. A qualitative

comparison between the two plasmas indicated that more energy was consumed by the

argon+HMDSN plasma. This maybe because of the energy required by the monomer

dissociation process.

The prepared Co � ppHMDSN nanocomposites contained both metallic cobalt

and cobalt oxides (as evidenced by XRD, XPS, and XAS analyses). The motivation

for this work was to develop a new type of cobalt/cobalt oxide � polymer/dielectric ma-

trix nanocomposite system and to test the applicability as phosphate ion sensors. The

sensing mechanism employed was similar to that of Shimizu et al. [24]. Accordingly,
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an optoelectrochemical method was used. Shimizu et al. [24] described the phosphate

sensing properties of Co
3
O
4
thin �lms deposited on conductive indium tin oxide (ITO)

substrates. In this work, Co
3
O
4
� dielectric matrix nanocomposite thin �lms were pro-

posed as phosphate sensors. Moreover, an increased sensitivity of the nanocomposite

when compared to the pure Co
3
O
4
standard is expected. As the required spinel type

cobalt oxide (Co
3
O
4
) could not be obtained by the plasma process, calcination of Co �

ppHMDSN nanocomposites was performed to obtain crystalline Co
3
O
4
phase. The

process of calcination resulted in Co
3
O
4
nanoparticles embedded in an amorphous, car-

bonaceous silicon oxide (a-Si−O:C) matrix. XRD analysis revealed crystalline Co
3
O
4

nanoparticles of mean size ∼3.5 nm in the nanocomposite �lm and a mean size of ∼12
nm in the Co

3
O
4
standard �lm. The matrix helped in the prevention of aggregation

of the Co
3
O
4
nanoparticles during calcination. Consequently, the grain size of Co

3
O
4

nanoparticles decreased by embedding them in a matrix. As a result, the surface area

of the Co
3
O
4
nanoparticles is more in the nanocomposite when compared to the Co

3
O
4

standard �lm. Therefore, an increased electrochemical activity and subsequently, an im-

proved phosphate sensing activity can be expected. There is a large in�uence of carbon

in the uncalcinated sample. The presence of carbon was also observed after calcina-

tion. In addition, calcination would develop porous structures facilitating more space

for faster di�usion of phosphate ions to reach the functionally active Co
3
O
4
species.

Furthermore, it was observed that calcinated �lms possess greater mechanical stability

in the phosphate solutions when compared to the uncalcinated �lms.

A detailed structural investigation of the Co
3
O
4
� dielectric matrix nanocompos-

ite �lms was performed before testing the optoelectrochemical properties. This is to

ensure the presence of a crystalline Co
3
O
4
phase. Additional investigations revealed the

properties of increased surface area of Co
3
O
4
nanoparticles and the greater mechani-

cal stability of the Co
3
O
4
� dielectric matrix nanocomposite �lms. Di�erent potentials

were applied to the nanocomposite �lm to determine the potential at which maximum

change in transmittance occured. The transmittance values were reproducible as the po-

tentials were applied and reversed . A reversible and reproducible electrochromism was

observed in the Co
3
O
4
� dielectric matrix nanocomposite thin �lms. The reproducibilty

and reversibility con�rm the stability of the nanocomposite �lms even under the ap-

plication of potential. The nanocomposite �lm displayed the required electrochromic

sensing property in Na
2
HPO

4
solutions of various concentrations. The potential at

which the maximum change of transmittance occured (0.8V vs Ag/AgCl) was chosen

for further studies. As the next step, the nanocomposite thin �lms were tested for the
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applicability as phosphate ion sensors. Furthermore, a Co
3
O
4
standard �lm was also

tested for the purpose of comparison. The change in transmittance (∆T) at 0.8V vs

Ag/AgCl with respect to the transmittance at 0V was measured at di�erent Na
2
HPO

4

concentrations. The linear dependence of ∆T on the logarithm of Na
2
HPO

4
concentra-

tion demonstrates the applicability of the Co
3
O
4
� dielectric matrix nanocomposite thin

�lms as a phosphate ion sensor. Moreover, the value of absolute transmittance signal

(∆T) at a particular phosphate concentration was found higher for the nanocomposite

when compared to the Co
3
O
4
standard �lm. The sensitivity (∼0.03Abs/dec) of Co

3
O
4
�

dielectric matrix nanocomposite �lm presented in this work is less when compared to

that of (∼2.5Abs/dec) Co
3
O
4
thin �lm sensor of Shimizu [24]. However, the results

point to the potential of an improved sensor. A new phosphate sensor (nanocomposite

thin �lm of Co
3
O
4
nanoparticles embedded in a dielectric matrix) is suggested based

on the research in this work. The sensor is sensitive enough to detect environmental

standard phosphate ion concentration (10−6M).

The performance and functional applications of metal oxide � polymer nanocom-

posites were also reported by other groups [7, 27, 120]. Previous literature proposed

that the change in the microstructure was the reason for the enhanced sensitivity. The

microstructure can be controlled by embedding the nanoparticles in a matrix, by using

carbon nano tubes, and by increasing the surface area. Some groups [27, 120] showed

that the performance of the nanocomposite is better than that of the standard. The

Co
3
O
4
� dielectric matrix nanocomposites developed can be used as a new type of func-

tional nanocomposite for optoelectrochemical phosphate sensing. The size of the Co
3
O
4

nanoparticles, the nature of the matrix can be further adjusted and more improvements

can be made to test these nanocomposites for other functional applications.
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7 Outlook

Research in the �eld of novel metal/metal oxide � polymer nanocomposites is an expand-

ing �eld of nanotechnology. Moreover, the use of plasma techniques to develop novel,

functional nanocomposites is extensive due to the various advantages of the plasma pro-

cess. The simple, cheap, and one-step process described in this dissertation can be used

to develop new types of metal � polymer nanocomposites. The idea is applicable to other

metallic targets such as copper, gold, silver. Additionally, various other monomers such

as HMDSO, thiophene, polyaniline can be used. The applicability of di�erent silver �

polymer nanocomposites [29, 34, 135�138], copper � polymer nanocomposites [139�142],

gold � polymer nanocomposites [143�146] has already been shown. Therefore, the hybrid

PVD/PECVD procedure demonstrated in this thesis can be used to prepare other kinds

of nanocomposites. Indeed, other types of cobalt/cobalt oxide � polymer nanocomposites

can also be prepared which could be used for potential catalytic applications. Improved

catalytic performance is observed when the surface area of the active species increases

[147�150]. It is shown in this work that by embedding nanoparticles in a matrix, aggre-

gation is prevented and surface area increases. Therefore, new types of nanocomposites

with increased surface area can be prepared using the generalized method presented in

this dissertation.

The conductive AFM images re�ect the presence of surface conductivity. Many

gas sensor applications require good surface conductivity [151] as the basic criterion. The

variation of the surface conductivity of the nanocomposite is dependent on the composi-

tion and concentration of the gaseous environment. The Co � ppHMDSN nanocomposite

with 34% metal �lling factor prepared in this work demonstrated surface conductiv-

ity. Furthermore, detailed I-V characteristics at the nanometer scale can be studied

using CAFM. Co � ppHMDSN nanocomposite with 34% metal �lling factor indicates

conductivity beyond percolation threshold. Also, the TEM micrograph displays a ho-

mogeneous distribution. Thus, it is indeed worthwhile to consider the applicability of

Co � ppHMDSN nanocomposites as gas sensors [10, 13, 91]. As surface conductivity was

observed in the nanocomposites, they may also possess a large potential for electrical
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applications [29]. The use of cobalt � SiO2 nanocomposites is particularly feasible in the

�eld of heterogeneous catalysis [3] and hydrogenation/dehydrogenation catalytic reac-

tions [152]. Co � ppHMDSN nanocomposites prepared in this work are suitable to be

analysed to estimate their e�ciency in heterogeneous catalytic reactions.

The possible application of Co
3
O
4
� dielectric matrix nanocomposites as phos-

phate ion sensors has been demonstrated in this work. Further investigations in this

direction can be undertaken by varying the type of matrix. Some reports propose

an increased gas sensitivity by the incorporation of gold particles in Co
3
O
4
thin �lms

[153, 154]. Indeed, such a model can also be implemented in the Co
3
O
4
� dielectric ma-

trix nanocomposites developed in this work. The variation of the sensor properties with

di�erent polymers and precursors would be an interesting attempt in extending the re-

search of this thesis. Thus, the results presented here contribute to further exploit the

potential of nanocomposites to improve various technological applications in terms of

sensitivity and e�ciency.
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