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ABSTRACT

Nanomaterials offer wide range of applications arising from the tunability of

properties of these materials by size, structure and dimension. Increased surface

to volume ratio and quantum confinement of electrons in nanostructures results

in emergence of different physical, chemical and optical properties. Nanogranular

and nanocluster films are potential materials for tuning the electron transport by

external electric field. In this regard, this thesis discusses on the electron transport

mechanism in FePt-C nanogranular films and Ag nanocluster films by varying the

coverage of granules/clusters on the surfaces. In addition, a simple and cost ef-

fective techniqe of fabricating magnetic tunnel junctions using optical lithography

has been conducted.

FePt-C granular films show huge perpendicular magnetic anisotropy. A set of

films with varying average intergranular separation was prepared and measured

the resistivity. Hopping transport in these films are found to be tunable with inter-

granular separation to different mechanisms such as Mott Variable range hopping,

Efros-Shklovskii variable range hopping and extended critical regime above 25K.

An enhanced conduction was observed below 25 K with a metal insulator transi-

tion shown by reduced activation energy calculation. Further, enhanced conduc-

tion was modelled to spin dependent transport of tunneling electrons.

Ag nanoclusters were deposited at various surface coverage with different de-

position time. Metallic conductivity with emergance of minima was observed as

the deposition time reduces. Metallic conductivity was fitted to Bloch-Gruneisen
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formula modified for different scattering mechanisms such as carrier-carrier inter-

action. The region of resistivity minimum and below was fitting to an additional

−T1/2 dependence proposed by Altshuler and Aronov considering interference

of electron-electron scattering at low temperature. Hall effect measurement of the

film with lowest resistance have shown a Hall coefficient of one order higher com-

pared to the bulk counterpart indicating the emergence of Giant Hall effect. Hall

effect of other samples could not be measured because of the large noice. The Hall

effect can be further improved by engineering the morphology.

Magnetic tunnel junctions offer huge magnetoresistance useful for magnetic

field sensor, read-head, MRAM, etc. A simple and cost effective microfabrica-

tion technique has been explored by using photolithography as the only tool for

patternig the film. Exchange bias of IrMn/FeCo bilayer has been optimized to

pin the reference layer magnetization to single direction. Fabrication process has

been elaborated which consists of four step mask process. The J-V characteristics

of the junctions were fitted to Simmon’s relation for tunneling current. A TMR of

upto 7 % has been obtained. Further, a circuit has been designed integrating the

MTJs into bridge circuit and amplifying using op-amp and measured the output.

Though the TMR ratio is quite less, the given method gives a simple and viable

technique as it can be fabricated in the absence of expensive instruments such as

material selective ion etching.

Two dimensional nanomaterials offer controllable electronic properties suit-

able for various electric and magnetic field controlled devices. The research on

this has to be further explored.
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Chapter 1

Introduction

This chapter introduces nanomaterials as the nanogranular films, nanocluster films and

magnetic tunnel junctions studied in the thesis come under this class of materials. Im-

portance of these materials and the physical and electrical properties of these materials in

comparison with its bulk counterparts are discussed and finally arrives at nanogranular

films, nanocluster films and magnetic tunnel junctions. In addition to that, motivation

for the present work and organization of the thesis have been sketched out.

1.1 Introduction

The materials in the solid form have generally been classified into crystalline and

amorphous. Though most stable form of any material is crystalline as free energy

of the material is the least in this form, it is not easy to make a material perfectly

crystalline. Many methods such as sputtering, molecular beam epitaxy, substrate

heating, annealing, etc. have been adopted by researchers around the world to
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Introduction

make the materials crystalline. On the other side, the theory of crystalline mate-

rials has grown so much with the help of quantum theory, group theory, Fourier

transform, density functional theory, etc. as the fundamental building block in

a crystal (atom) has been arranged in a regular pattern. In such a scenario, the

emergence of nanotechnology has paved the way to a new era of scientific curi-

ousity and understanding with the unique properties of materials in nanoscale

bringing out diverse applications. Many of the fascinating properties of nanoma-

terials are due to the increase in surface to volume ratio and quantum mechanical

effects due to its size. A tremendous increase in the surface to volume ratio oc-

curs in nanoscale as shown in figure 1.1. As the size of the material reduces to

nanoscale the energy level spacing increases and this leads to quantum confine-

ment [1]. This can be understood from the particle in a box model in quantum

mechanics. Energy level spacing increases quadratically as the length of the box

(particle size) reduces. Thus, exploration of quantum mechanical properties hid-

den in nanomaterials can offer ample opportunities to provide applicable results

to facilitate human needs.

1.2 Nanotechnology

The idea of nanotechnology was originated from the well known lecture of

Richard Feynman in 1959, titled "There is plenty of room at the bottom" [3]. Sci-

entists further observed that the properties of the materials drastically change in

nanoscale. For the last three decades, nanotechnology has achieved tremendous

progress in perceiving, fabricating and controlling structures in nanoscale. Thus,

nanotechnology has grown as an area of science endowing a lot of applications

2



Chapter 1

Figure 1.1: Depicts the percentage of surface atoms with respect to the diameter of cluster [2].

useful in daily life. For example, nanoscale films are used in eyeglasses, com-

puter screens, glass windows, etc. as self cleaner, dust repellent, anti-reflection,

scratch resistant, protection from UV radiation, water repellent etc.. The control

over the size in nanoscale, thus, has a key role in modifying physical and chemical

properties of materials. The advent of electron microscopes, electron lithography

system etc. eased the understanding and development of nanotechnology into a

fast growing mode. The main reason behind the tremendous growth of nanotech-

nology is, without any doubt, the innumerable applications coming out from the

hidden physical phenomena exposed in time as a result of the curiosity of the

human kind to know the hidden truths and to miniaturize the utilities.

3
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1.3 Nanomaterials

Nanomaterials are those materials which have atleast one dimension or con-

stituent element in nanosize, i.e., less than 100 nm and they exhibit the size de-

pendent properties generally below 50 nm [4]. In this regard, nanomaterials can

be divided into four groups. They are:

1. Nanoclusters (0 Dimensional(0D))

2. Nanotubes and rods (1D)

3. Nanolayers (2D)

4. Nanostructures (3D)

Figure 1.2 shows the classification of nanomaterials in general. In the repre-

sentation of mDn, m represents the dimension of the system and n represents the

dimension of the constituent element. This thesis mainly focuses on the 2D0 struc-

tures (nanogranular and nanocluster films) and 2D2 structures (magnetic tunnel

junctions).

In terms of the type of constituent materials nanomaterials are classified into

organic nanomaterials, inorganic nanomaterials and carbon based nanomateri-

als [6]. Polymeric and lipid based nanomaterials comes under organic nanoma-

terials. Metal, metal oxide, ceramics and semiconductor nanomaterials are in-

organic nanomaterials and fullerenes, carbon nanotubes, carbon nanofibres and

graphene constitute carbon based nanomaterials.

Atoms on the surface have a great role in the properties of nanomaterials since

the percentage of surface atoms increases with reduced size as shown in figure

4
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Figure 1.2: Showing the classification of nanomaterials based on dimension [5]. Here, in mDn, n

represents the dimension of constituent element and m, dimension of the overall structure.
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1.1. The surface atoms do not have all bonds as the neighbouring atoms are less.

In such a case, they either form new bond with other atoms adsorbed or create

bonds mutually. This process is known as reconstruction as shown in the figure

1.3. The enhanced surface atoms and the reconstruction of these atoms have a role

on the properties of nanomaterials.

Figure 1.3: (a) Before and (b) after reconstruction of unbonded surface atoms.

1.3.1 Synthesis of nanomaterials

Genarally, there are two methods for the synthesis of nanomaterials. They are

top-down and bottom-up approaches. A good analogy to top-down and bottom

up methods are carving the sculpture from stone and building the sculpture us-

ing clay respectively: Making the structure by removing unwanted portions of a

bigger material is the former method, whereas, making the structure by adding

atom by atom or molecule by molecule is the later method. While attrition or

milling is an appropriate example for top-down approach, colloidal dispersion is

an example for bottom-up approach.

The top-down approach uses lithography techniques and etching processes to

6
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make nanomaterials. Advantage of this method is that we have a control over the

arrangements of nanoparticles. However, etching processes and lithography can

damage the crystal structure and create imperfections on the surface of nanos-

tructures. Such imperfections have huge impact on nanomaterials as the physi-

cal properties of these materials largely depend on the surface atoms due to the

increased surface to volume ratio. For example, surface imperfection in nanos-

tructures reduces thermal conductivity because of the inelastic surface scattering,

which in turn produces excessive heat causing challenges to the device design.

The bottom-up approach of making nanostructures is building it atom by atom

or molecule by molecule. This method guarantees less imperfection, short and

long range ordering of the clusters and homogeneity in chemical ordering. These

advantages of bottom-up are mainly due to the reduction of Gibbs free energy

which leads to a thermal equilibrium against the internal stress, imperfections

and contamination occurring in the top-down approach. In the present work,

nanogranular films, nanocluster films and magnetic tunnel junctions have been

prepared through bottom-up approach.

1.3.2 Properties of nanomaterials

Nanomaterials are used in diverse applications because of the tunable nature of

electronic, optical and catalytic properties originating from the size and the ar-

rangement of the constituent elements. Melting point and phase transition tem-

perature reduces as the size of the nanomaterial comes down. This is due to the

increase in surface energy with more number of surface atoms [7]. Nanomaterials

are found to have higher mechanical strength in comparison to its bulk counter-
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part. For example, graphene is treated as the strongest material in the world.

This quality of the nanomaterial is ascribed to crystalline nature of its constituent

elements. Energy level spacing increases as the size of the structure reduces to

nanoscale. Similar to the particle in a box experiment, the electrons are spacially

confined as the size of the nanoparticle reduce to the De-Broglie wavelength. Ex-

pression for the energy of nth level is

En =
n2π2h̄2

8ML2 (1.1)

where, M is the mass of electron and L is the diameter of nanoparticle. As the size

of the particle decreases, the energy increases which result in increased energy

level spacing.

Different optical properties associated with the nanostructures results from the

enhanced energy level spacing and surface plasmon resonance. The surface plas-

mon resonance is the coherent excitation of free electrons in the conduction band

induced by the incident light. The incident light polarizes the negatively charged

electrons and positively charged lattice. The restoring force creates oscillation at

a particular frequency of electrons and thereby the characteristic surface plasmon

resonance [7].

1.3.3 Electron transport in nanomaterials

The electron transport in bulk metals has been well established with the Boltzman

transport equation and related kinetic equations. These theories have its roots

in the following assumptions. Scattering occurs in space locally and at a single

point, they are weak and fields are low such that they can be treated as separate

8



Chapter 1

perturbations and time scale of events are slow compared to the mean free path

of electrons in these systems [8]. In short, potential varies slowly in both spatial

and temporal scales of scattering events.

Nanomaterials are another class of materials whilst electron transport is the

measure. Most of the physical phenomenon associated with these systems are re-

vealed by transport mechanism as interactions play crucial role in these systems.

The assumptions of Boltzman transport equations are broken in the case of nano-

materials as the length scale of material constituents comes down to the mean

free path of electrons in the system. The different mechanisms associated with the

transport mechanism in these structures are surface scattering, grain boundary

scattering, quantized transport (ballistic conduction), tunneling due to coulomb

charging [7].

1.3.3.1 Quantum transport

There are three different ways in which size effect in nanostructure can result

in conduction. In 1980s scientists observed that mean free path of electrons in

GaAs/AlGaAs grows as large as of the order of 100 µm at low temperature. The

structures below this size can show strange electronic properties due to the ballis-

tic electron transport, i.e., electrons tunneling between the structures experiences

very little or no scattering and results in interference of electrons [8]. In ballistic

conduction, there is no elastic scattering involved and thus no reduction in con-

duction and a quantized conduction is observed [7].

The electron tunneling across charged grains can occur when the contact resis-

tance between the grains are larger than the resistance within the grain and the
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capacitance of the grain is small such that adding a single electron needs signifi-

cant charging energy. In such grains, when sufficient voltage is applied, electron

can tunnel one at a time. This leads to the mechanism called coulomb staircase [7].

The nanomaterials showing this property is a good candidate for single electron

transistor.

The tunneling transport is another mechanism when the nanograins are sep-

arated by 1-2 nanometers of insulator. When the insulator is very thin, the elec-

tronic wave function overlaps within the insulator which leads to tunneling of

electrons through the insulating/dielectric medium while electric field is applied

[7]. In general, the tunneling transport exponentially decay as the thickness of the

insulator barrier is increased.

Further, a weak coupling between grains can modify the tunneling of the elec-

trons in nanomaterials. Therefore, electron transport in nanomaterials has a great

significance in understanding quantum mechanical effects played by the electrons

in these systems. Thus, electron transport, here, is controlled by the interplay of

various scattering mechanisms such as interaction between grains, surface scat-

tering, scattering of electrons by phonon and other electrons. Though, a quali-

tative understanding of electron transport in metallic granular system has been

achieved, a quantitative measurement of such a mechanism is still lacking [9].

Further, the transport in 2-D granular films have not been studied enough.
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1.4 Nanogranular films

Nanogranular films consist of granules of nanosize distributed in another mate-

rial. Generally, there are two ways in which granular films are prepared and they

are metal-insulator granular films and magnetic-non-magnetic metal/insulator

granular films. The only condition to form metal insulator granular system is

that they should be immiscible. Here, one acts as the grain growth controller of

the other. Magnetic granular films have been widely studied since the magnetic

moment of the metal granule is enhanced with reduced size. The reason for the

enhancement of magnetic moment is the unpaired surface atoms of the magnetic

nanograins. As the size of the ferromagnetic material is reduced, the favorable low

energy state of the system comes to single domain and further reduction leads the

system to a superparamagnetic state, where the spins of the atoms flip randomly.

Therefore, the limitation of magnetic granules is that the ferromagnetic property

is lost beyond a reduced size of the granule. The magnetocrystalline energy is di-

rectly proportional to both anisotropy constant and volume of granule. Therefore,

as the anisotropy constant of the material is bigger, the size of the single domain

granules becomes smaller. Hard magnetic materials becomes hardest with largest

single domain grain of that and the soft magnetic material become softer as the

grain size reduces [10]. It can be seen that intensive research has been taking place

around the world to reduce size of single domain granule to utilize them for data

storage applications [11].

Though electron transport in granular films is a well discussed area [12–17],

it has not been completely understood. Different transport mechanisms such as

hopping, fluctuation induced tunneling, percolation, etc. have been observed

11
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in different granular systems with various volume percentage of metal grains

in metal insulator composition. However, the origin of different transport phe-

nomenon has not been experimentally understood. Therefore, it is an interesting

field to study observing the possibility of utilizing them in electric field controlled

devices.

1.5 Nanocluster films

Nanoclusters are aggregates of atoms from a few to several thousands in number

which can come upto a cluster size of a few 10 nanometers [18]. The size of them

can be at maximum a few 10 nanometers. In contrast to the nanogranular films,

nanoclusters do not require a matrix material in its formation. Therefore, there is a

direct control over the size of the nanoclusters in comparison to the nanogranular

films. This flexibility in size control offer a wide variety of applications arising

from the modification of geometrical, optical, electronic and magnetic properties

of the material compared to its bulk counterpart [19]. Clusters are sourced us-

ing different methods. They are seeded superzonic nozzle source, gas aggrega-

tion cluster source, laser vaporization cluster source, sputtering source and liquid

metal ion source [20]. All these methods basically condense the metal vapours or

allow the vapours to collide with each other in a pressurized inert gas atmosphere

and these are generally called as the physical vapour deposition methods. There

are sevaral other methods such as chemical vapour deposition, liquid phase de-

position technique such as spin coating, electrochemical deposition, etc. The nan-

ocluster deposition of Ag in the present research is based on the modified form

of gas aggregation technique. The aggregated nanoclusters are flown on to the

12
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substrate kept in a chamber at a lower pressure through the nozzle.

Electron transport in nanocluster films has been an interesting topic consider-

ing the tunability of the cluster size, distribution and inter cluster separation over

the surface [21–28]. A definite control of size and structure of nanoclusters makes

it to tune the electron transport very efficiently in order to use in electronic de-

vices. Further, nanoclusters are potential materials for single electron transistors

which can replace semiconductor electronic technology. Hall effect measurements

in the cluster films have shown strange scaling behaviour. According to the ex-

pected hall effect mechanisms the scaling law can give an exponent between 1

and 2. However, nanocluster films have shown the exponent far greater than this.

Therefore, nanocluster has to be further understood in terms of electron transport.

1.6 Magnetic tunnel junctions

Over the last three decades, Magnetic Tunnel Junction (MTJ) has been an inten-

sive topic of research because of its applications in magnetic field sensor, random

access memory, read head for hard disk drive etc. [29, 30]. MTJ is a sandwich of a

thin insulator layer separated by two ferromagnetic layers. The resistance across

this system varies depending on the relative spin orientation of the ferromagnetic

layers, which can be controlled with external magnetic field. Variation of resis-

tance is due to the spin dependent scattering of carrier electrons. In the absence of

external field, spins of ferromagnetic layers on either sides of spacer layer are anti-

parallel and thus resistance is high, whereas, when a field is applied all the spins

are oriented along that direction and scattering is less, i.e. less resistance. This

13
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kind of systems can be manipulated either for a linear response or a bistable state

switching according to the demands of application. With the amorphous Al2O3

junction layer a tunneling magnetoresistance (TMR) of up to 70% was observed.

Later, a TMR of a few thousand percentage was predicted by taking crystalline

MgO as insulating layer: Currently, a TMR of about 600 % was observed for this

system at room temperature and as high as 1100 % at 4.2 K [31]. However, the

fabrication techniques are quite expensive with the requirements of material se-

lective ion etching. Optimization and manipulation of these properties are still

under serious consideration.

1.7 Motivation

Electron transport in nanostructures is a quite fascinating area as the tunable na-

ture of these structures are useful in various device applications. Though, the

physics behind the transport in these systems is diverse, the research carried out

in this area is very less. An enormous amount of research problems are open to re-

search in these structures which can bring in new multi-functional nanomaterials

based devices. In such a scenario, it is a humble effort to understand the physics

behind the electron transport in metallic nanostructures of very thin form in order

to utilize them in device applications.

14
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1.8 Plan of the thesis

This thesis is organized to six chapters. First chapter -this chapter- aims at giv-

ing the foundation to the research works detailed in this thesis. Starting from

materials in general, this chapter describes the class of materials called nanoma-

terials, classifies them according to the dimension of the system and dimension of

constituent elements of the system. Further, this chapter discusses over the two

dimensional nanostructures (nanomaterials) containing constituent elements of

zero dimension and the electron transport properties pertaining to them. Finally,

a brief overview of the nanamaterials discussed in this thesis such as nanogranu-

lar films, nanocluster films and magnetic tunnel junctions have been established.

Experimental techniques utilized to achieve the experimental results have

been elaborated in chapter 2. This chapter constitutes three sections; sample

preparation, characterization and analysis. First section describes the different

experimental techniques conducted to prepare FePt nanogranular films, Ag nan-

ocluster films and magnetic tunnel junctions and they are magnetron sputtering,

inert gas expansion based nanocluster deposition system, e-beam lithography and

optical lithography. In the second section, i.e., characterization, different meth-

ods to understand the morphology and transport mechanism of the samples have

been elaborated. The techniques used in this regard are transmission electron

microscopy (TEM), scanning electron microscopy (SEM) and resistivity and hall

measurements using four probe and two probe methods in cryogenic magnetic

probe stations and vibration sample magnetometry using physical property mea-

surement system. In the last section, the methods used for analysis have been

briefly discussed. The program built for curve fitting based on the gradient search
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algorithm has been explained in this section.

Electron transport in FePt-C nanogranular films is explained in chapter 3. Sam-

ples are prepared by two different ways. They are co-sputtering and sputtering

FePt and C serially at a heated substrate holder. Intergranular distance of the sam-

ples has been modified by varying sputtering power and substrate temperature.

TEM image shows the morphology of 6 different samples. Sample preparation

and TEM were carried out from NIMS Japan. Resistivity of all the films have been

measured between 6 K to 300 K. The result shows different conduction mecha-

nisms such as Mott variable range hopping and Efros-Shklovskii variable range

hopping. A metal insulator transition was observed at around 21 K and the hop-

ping mechanisms were active only above 25 K. Further, resistivity measurement

at a saturated magnetic field was conducted. The result shows that variation in

conductivity at low temperature is due to intergranular interaction. The chap-

ter concludes possible engineering and use of these films as spin channel in field

effect transistors as the conductivity is tunable.

Chapter 4 deals with the electron transport in Ag nanocluster films. The films

have been prepared by using nanocluster deposition system in which clusters are

formed by gas aggregation technique. A set of films have been prepared by vary-

ing the deposition time such that the films are in between continuous and discon-

tinuous forms. SEM image shows that the clusters form to interconnected chains

as the deposition time reduces. Resistivity measurement shows metallic resistiv-

ity. As the deposition time reduces, an upturn in resistivity is emerged and the

minimum in resistivity moves up in temperature. Resistivity above 45 K fits well

to the modified Bloch-Gruneisen equation (modified to include scattering from

carrier-carrier interaction). In the low temperature region an additional
√

T de-
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pendence in resistivity matches with the data. This is due to electron - electron

interaction in these systems. The additional term is found dominating as the de-

position time reduces. Hall effect measurement in one of the films show that hall

coefficient does not change much but it increases towards low temperature and

saturates.

A simple and cost effective technique of fabricating magnetic tunnel junction

(CoFe/MgO/CoFe polycrystalline trilayer) using optical lithography has been

presented in chapter 5. Growth of MgO (001) underlayer over thermally oxidized

silicon has been studied. Uni-directional pinning of reference layer has been opti-

mized by the study of exchange bias varying the thickness of IrMn/FeCo bilayer.

Further, microfabrication steps have been explained. Current density - Voltage

curves have been fitted to Simmon’s relation for tunneling current and obtained

barrier potential and thickness. Magnetoresistance measurement on microfabri-

cated tunnel junction revealed a TMR of upto 7 %. A circuit has been designed to

utilize these MTJs for sensing low magnetic fields by keeping two MTJs as compo-

nents of bridge circuit and amplifying the output using op-amp. The MTJs were

microfabricated only using optical lithography.

Chapter 6 concludes the results obtained in the research work and presents

future perspectives that can be carried out further in this research. A large number

of research problems are open to understand the transport in nanostructures by

controlling the size and dimensions and make use of them in modern technology.
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Chapter 2

Experimental Techniques

In this chapter, different experimental methods and instruments used to accomplish this

work are explained in detail. Thin film deposition and characterization of the samples

were done using magnetron sputtering system, nanocluster deposition system, electron

beam lithography, photolithography, transmission electron microscope, scanning electron

microscope, cryogenic probe station, cryogenic magnetic probe station and physical prop-

erty measurement system. Finally, the analysis tools have been briefly discussed and the

algorithm of curve fitting coding has been explained.

2.1 Sample preparation

The integral part of thin film preparation is sample cleaning. The substrates were

cleaned with ultra-sonication in Acetone, iso-propyl alcohol (IPA) and distilled

water for 5 minutes each and then blown using Nitrogen gas. The reason be-

hind such a sequential sonication is that Acetone dissolves organic impurities,
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IPA removes inorganic impurities and water is the universal solvent. Utmost care

has been taken to avoid any contamination on the surface of the substrate. FePt-

C nanogranular films were deposited by sputtering and nanoclusters were pro-

duced using nanocluster deposition system which works based on the nucleation

of sputtered atoms with inert gas aggregation.

2.1.1 Sputtering

Sputtering is the removal of atoms from the surface of the required material by

bombarding incident atoms or ions onto the material. The sputtered atoms are

deposited on substrates facing the target. A schematic of sputtering chamber is

shown in figure 2.1. The advantage of sputtering over evaporation methods is the

control of deposition rate which improves the quality of the film. The most signif-

icant parameter in Sputtering is Sputtering yield which is defined as the number

of atoms ejected per incident atom or ion [1]. In order to emit atoms from the sur-

face of the material, there exists a minimum energy which is called as sputtering

threshold and above this energy, sputtering yield increases proportionally until it

reaches a broad maximum beyond which the yield is reduced. Sputtering yield

varies from material to material. It varies with the angle incident particle makes

with the normal of the target surface, target crystallinity, target temperature, sur-

face topography, electric/magnetic field at the surface and gas pressure.

Inert gases are generally used for sputtering. A continuous flow of inert gas

is set to flush out impurities desorbed from the walls during sputtering. Self sus-

tained glow discharge can be obtained when a dc voltage is applied between elec-

trodes at gas pressure from about a few mTorr to 10 Torr. At this gas pressure,
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Figure 2.1: A schematic diagram of sputtering chamber.

as the voltage is increased from zero, initially a current of the order of pico Am-

pere is measured because of the ionization of gas due to cosmic radiation. As the

voltage is increased further, gas collision increases ionization and current and this

region is called Townsend discharge. When the voltage is increased again, the

current increases rapidly and voltage reduces and glow discharge is seen. The

minimum voltage required to produce glow discharge is called ’cathode drop’

which is unique for every gas-cathode combination. If either power or gas pres-

sure is increased further, cathode glow increases in size with cathode current and

voltage remains constant until the glow covers the cathode. Further increase in

power or gas pressure increases the voltage and current density and this region

(called as ’abnormal glow’) is used for film deposition [2]. A magnet on the back
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of the target can direct ions towards the target to increase sputtering yield. This

method is called as ’magnetron sputtering’.

Insulators cannot be sputtered using direct current plasma discharge (DC sput-

tering), as positive ions are accumulated on the surface which stops further ion

bombardment. Therefore, a radio frequency alternating current is supplied (RF

sputtering). Positive ions accumulated on the target in one half cycle is discharged

by electron bombardment in the other half cycle. Therefore, sputtering happens

only in half of the cycle which reduces the sputter yield in RF sputtering.

2.1.2 Nanocluster deposition

Nanocluster films produced in this work are using Oxford Applied Research (UK)

make Nanocluster deposition system which functions by the method of inert gas

expansion. A schematic and an image of the nanocluster deposition system are

shown in figure 2.2 and figure 2.3 respectively.

The deposition system consists of two chambers; gas aggregation chamber (A)

and deposition chamber (B) which are separated by a manually controlled valve

and a couple of apertures. The chambers are maintained at differential pressure

by evacuating the aggregation and deposition chambers 500 l/s (C) and 1000 l/s

(D) respectively. This is achieved with two Pfeiffer make turbo pumps having re-

spective capacity and supported by Varian rotary scroll pump. Magnetron sput-

tering source (E) is kept at the back end of the aggregation chamber and inert gas

is fed into it for sputtering. Water cooling has been fed to both the turbo pumps

and magnetron to reduce heating. The higher pressure in the aggregation cham-

ber helps nanocluster film formation in two ways. First, in the gas aggregation
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chamber atoms are ejected out from the target by dc sputtering at a higher pres-

sure and this leads higher sputter yield and frequent collision between sputtered

atoms forming clusters and second, these clusters are directed through a small

hole to the deposition chamber since the deposition chamber is at a lower pres-

sure. Clusters are landed on the substrates over the substrate holder (F) kept on

the way of the clusters carried by the gas flow through the deposition chamber. If

the pressure has to be further raised in aggregation chamber just to enhance the

flow of cluster beams to deposition chamber there is an option to supply Helium

in a controlled flow rate into the aggregation chamber.

Figure 2.2: Schematic diagram of Nanocluster depostion system.
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The valve between two chambers consists of two apertures to shape the cluster

beams so that it is focused on the substrate. Length of the aggregation chamber

decides average cluster size as the collision time increases with the length. Ag-

gregation length can be adjusted between 6.5 cm to 20.5 cm. Substrate holder can

be moved in the direction of cluster beam and substrate rotation is enabled for

uniform film deposition. The substrate can be heated using strip heater or give

bias so that the clusters can sit on the substrate properly.

The equipment consists of a load lock chamber (G) with sample transfer arms

to avoid contamination of main chamber by frequent exposure to atmosphere.

Figure 2.3: An image of nanocluster deposition system (Nanodep60).
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2.1.3 Electron beam lithography

Photomasks to pattern the magnetic tunnel junctions have been fabricated using

electron-beam lithography system shown (CABL 9000C) within the clean room

(Class 100) of Center for Nanotechnology, University of Hyderabad as shown in

figure 2.4. By using e-beam lithography, electron beam can be properly focussed

on the suitable resist to produce a pattern resolution of upto a few nanometers. For

commonly used resist, such as PMMA, the polymer chain breaks while the elec-

tron energetically incident on the resist which becomes soluble in certain chemical

called developer.

Electron beam can be exposed to a maximum area of 2 mm and this is called

as field. There are different dots options. As the number of dots increases the

scanning takes more time. The resolution of the pattern is determined by the ratio

of field to dot. E-beam lithography over a bigger area is done by dividing the total

area into different fields and moving the substrate after the exposure of each field.

The substrate has to be moved precisely, so that the fields are attached precisely.

This is called as stitching of fields. Two different ways the electron beam can

be scanned over the resist; raster scan and vector scan. In raster, the beam pass

through all the dots in the field horizontally or vertically and exposes only to the

required dots, whereas, in vector scan, the e-beam passes through the partitioned

features and hops to the next by skipping the unwanted region. Hence, the time

is saved in vector scan.

Though, the wavelength of electrons are about 0.005 nm for a 50 keV e-beam

exposure, the resolution is larger due to forward and backward scattering. For-

ward scattering widens the beam width within the resist, whereas electrons scat-
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Figure 2.4: Showing the electron beam lithography system used to make MTJ photomasks.

tering from the substrate (back scattering electrons) can scatter at random direc-

tion and thus to a wider area. Thus, the resolution of the pattern can be affected by

these scattering and this is called as proximity effect. At the center of the square

feature, the exposure occurs due to scattering from all around but at an edge the

exposure is lesser and at a corner it is further reduced since the scattering is from

about 1/4th of the surrounding regions. Therefore, proximity effect can be re-

solved by exposing different areas at different dose. This is done by converting

the pattern design into different layers and exposing at different dose using a soft-

ware. The dose and variation in the dose depends on the resist and the substrate.

The dose is initially estimated by exposing e-beam through a test design of
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parallel lines with feature size lesser than the smallest feature size of the origi-

nal design to be transferred. A matrix of the test designs are exposed at a set of

different doses and observed after developing to choose the the best one.

For the mask fabrication of MTJs, The PMMA 495B resist was spin coated over

the mask plate at 4500 rpm for 1 minute. This is then heated at 1500C for 3 minutes.

After cooling the mask is transferred to the e-beam sample stage. The field size

was 60 µm and dots are 60000. The scanning was by vector method and the beam

width of e-beam was 100 pA. The optimized dose was 0.11 µsec/dot. After e-beam

exposure, the mask is developed in MiBK developer for 90 seconds and stopped

developing by keeping it in 2-propanol for 1 minute. The exposed resist was then

washes off and the required pattern is obtained.

2.1.4 Optical lithography

Magnetic tunnel junctions have been patterned using optical lithography. Optical

lithography is a technique of patterning thin films upto a few hundred nanome-

ter resolution. This is achieved by directing monochromatic UV-ray on to the

photoresist (light sensitive polymer) coated substrate through a photomask. The

monochromatic light passes through the transparent regions of the photomask

and incident on the photoresist coated wafer. The UV-ray either harden or soften

the photoresist . The softer portion of the photoresist is removed by treating in a

chemical called developer. In the process of MTJ fabrication, the different device

layers have been sputter deposited over the patterned substrate. After the deposi-

tion, the resist is washed off in a chemical and this process is called as lift-off since

the film deposited over the resist is lifted off during this step.
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The magnetic tunnel junctions were patterned in SUSS MicroTech make MJB4

mask aligner (figure 2.5) within the clean room of Center for Nanotechnology,

University of Hyderabad. In the mask aligner, the substrate is in direct contact

with the mask before the exposure of UV-ray which gives a resolution of about 1

µm.

Figure 2.5: Shows the photolithography unit used to pattern the MTJ.
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2.2 Characterization

2.2.1 Transmission electron eicroscopy

Nanoscale features of the materials can be best observed by using transmission

electron microscope. Basic principle of TEM is imaging electron beams transmit-

ted through a thin section of the sample on a photographic sheet. Crystal struc-

ture of materials can also be identified with it as the resolution of the images can

be obtained upto atomic scales [3]. A schematic of transmission electron micro-

scope is shown in figure 2.6. Operation of TEM is illustrated as follows. Electron

beam ejected from the source is focused and adjusted using metal apertures and

electromagnetic lens onto the sample. Thickness of the sample should be 100 nm

or less so that the electron should transmit through the sample. Transmission of

electrons depend on factors such as composition and density. More electrons pass

through the porous part of the material, whereas less through the denser part

of the material. Transmitted electron beam is focused and magnified using elec-

tromagnetic lenses and is incident on a phosphour sheet to convert into image.

Crystal structure of materials can also be acquired by transmitting parallel elec-

tron beams through the sample using condenser lens. The resolution of TEM can

be further increased by accelerating the electron beams applying voltage as the

following equation.

λ(nm) ≈ 1.23√
V

(2.1)

Images can be captured in bright field and dark field mode. In the bright field

mode, the aperture behind the specimen allows the electron beam transmitted

directly. Hence, the denser area of the film is darkened. In the dark field mode,
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Figure 2.6: Schematic of a transmission electron microscope.

only the diffracted electrons pass through the aperture giving rise to a set of bright

spots. These are the different lattice planes in the reciprocal space. Measuring

the distance from each diffracted spot to the direct spot, the crystal structure is

calculated.
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2.2.2 Scanning electron microscopy

Surface morphology of Ag nanocluster films were captured using Carl Zeiss ul-

tra55 field emission scanning electron microscope (SEM). In contrast to the trans-

mitted beam used to image in TEM, scattered electrons are used for imaging and

composition analysis in SEM. A probe scans the small portion of the image at a

time and the probe move serially in a rectangular region of the sample and inte-

grate the total image. A resolution of upto a few nm can be obtained using SEM.

Generally, there are two different ways electron beams are produced; thermionic

emission by heating the target and field emission by applying electric field. A bet-

ter resolution is obtained with a field emission gun.A schematic of SEM is shown

in figure 2.7.

Electron beam emitted from the gun is focussed using two condenser lenses

to reduce the beam width to a spot size of 1 nm. Condenser lenses are electro-

magnetic coils. Magnetic field generated from the current carrying coil controls

the beam width. Scanning coils arranged at the objective lens moves the lens in

linear or raster fashion and collects the image. Another set of electromagnetic coil

arrangement called stigmator is used to correct the irregularities in the x-y deflec-

tion and to make the beam perfectly round. Electrons in the beam impinging on

the sample loose energy inelastically to the atomic electrons and lattice. The scat-

tered primary electrons spread into a teardrop shaped volume with a multitude of

electron excitation. In addition to that, x-ray, light, heat and specimen currents are

produced. They are detected using different techniques. Other than the primary

electrons, electrons are ejected from the surface of the material and they are called

as secondary electrons. These low energy signals are widely used to capture the
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Figure 2.7: Schematic image of Scanning electron microscope.

surface image. In the slope surfaces or the edges, more secondary electrons are

produced at a specific area compared to the same in a horizontal surface. In this

mode, 3d images can be captured using secondary electrons. An amount of elec-

trons are scattered right back, called as back scattering electrons, with the same

energy. Back scattering electrons are proportional to the atomic number of the

specimen, even if this is not so exact. Though these electrons are not sufficient for

elemental identification, a contrast can be obtained when there is a wide difference

in atomic number. Further, x-ray characteristics of the sample is produced from

the specimen surface, which is used for elemental identification and concentration
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of them by finding the energy and amount of corresponding x-rays respectively.

2.2.3 Cryogenic probe station

Low temperature resistivity measurements down to 6K were done in Lakeshore-

4K cryogenic probe station along with the measuring instruments such as Keithley

6221 current source, Keithley 2700 data acquisition system, Keithley 2635 source

measurement system and Keithley 181 nanovoltmeter.

The probe station consists of a vacuum chamber having sample stage with

a heat shield around it to avoid thermal radiation from the outside wall. The

chamber is evacuated upto 5×10−4 Torr by turbo pump prior to cooling. Sumit-

omo closed cycle refrigerator (CCR) is used to cool the sample stage down to 6

K. Working principle of this CCR is based on Gifford-McMohan (GM) refrigera-

tion [4]. The GM cycle is shown in figure 2.8.

Figure 2.8: Schematic diagram of Gifford Mcmahon refrigeration cycle. Courtesy: Sumitomo.
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The refrigerator consists of a displacer, regenerator, gas compressor and inlet

and outlet valves. The displacer is kept in a cylinder and it is three quarter of the

cylinder. The displacer can be freely moved in the cylinder but the lateral surface

is sealed so that gas cannot translate across it. Pressure in the system is controlled

by the inlet and outlet valves. The valves are connected with a rotary drive mech-

anism and is syncronized with the position of the displacer. The regenerator cools

the gas moving down to cold space and warm the gas flowing upward from the

cold space. Operation of the refrigerator can be divided into four stages.

1. Pressure build-up: Displacer moves down, inlet valve opens and outlet

valve closes. Fluid is filled in the regenerator and the space above the dis-

placer. Pressure is increased.

2. Intake stroke: The displacer moves up. This displaces the gas above the dis-

placer to below the displacer through the regenerator. While moving from

top to bottom of regenerator, the gas is cooled, which reduces the pressure.

More gas enters through the inlet to maintain the pressure.

3. Pressure release and expansion: Inlet valve closes and outlet valve opens

with the displacer remains at the top. Fluid passes out through outlet and

pressure decreases. The drop in pressure causes the reduction in tempera-

ture at the bottom of the displacer.

4. Exhaust stroke: The displacer moves to bottom. This displaces fluid from

bottom to top of the displacer through regenerator. the fluid flowing to top

of the regenerator heats the cold fluid to ambient temperature for the further

cycle.
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Figure 2.9: Showing the cryogenic probe station along with its accessories such as temperature

controller, microscope unit, vacuum pump and closed cycle refrigerator.

Heated CCR is cooled using a locally made chiller unit. The probe station can

accomodate a maximum of 4 probes. Temperature of the sample stage can be con-

trolled using a heater and associated Lakeshore 336 temperature controller in 2

modes; PID control and auto-tune. The probe stations along with the assessories

for controlled cooling of sample stage is shown in figure 2.9. Probe station can

accommodate a maximum of 6 probes and as many wire contacts. Two probe re-

sistivity measurements have been done in this system using Keithley 2635 source

measurement system. The measurements have been conducted using labview

automation. The system is cooled to below 6 K prior to measurement. The mea-

surement was taken after the temperature of the sample stages reaches to the set

temperature with a standard deviation of < 0.01 K. IV characteristics of the sam-
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ples are taken at different set temperatures. The resistance was calculated from

the slope of IV data.

2.2.4 Cryogenic magnetic probe station

Microxact make cryogenic magnetic probe station is equipped with in plane mag-

netic field upto 0.5 Tesla produced by electromagnet, out of plane magnetic field

upto 3.5 Tesla by superconducting magnet and sample cooling facility using He-

lium refrigerent CCR of Sumitomo. The probe station is shown in figure 2.10.

Prior to cooling, the chamber is evacuated using Pfeiffer make turbo Pump and

oil pump. The maximum speed of the Turbo pump is 90000 rotation per minute.

A pressure of 2×10−5 Torr is achieved with these units. The sample stage and

superconducting magnet are cooled using two Sumitomo make CCRs. This is to

cool enormous mass which takes 13 hrs to cool the magnet to the working temper-

ature of superconducting magnet, i.e. below 9 K. The cooling line from cryohead

to the sample stage and the magnet are covered using Copper sheet which works

as thermal shield from the outer wall. The superconducting magnet sits vertically

around the sample holder. It is having two rectangular holes in the middle of the

lateral surfaces. This is to pass the probes to the sample stage. There are options

for six probes. The sample stage is attached on a thermal switch so that the stage

can be isolated from the cooling line to do measurement at various temperatures

keeping the superconducting magnet at the lowest temperature. The electromag-

net is attached outside the chamber setting the center of the poles at the sample

stage in order to achieve maximum field at the sample. A couple of crains are set

to put down or lift up and position. The electromagnet and CCRs are cooled using
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Figure 2.10: showing cryogenic magnetic probe station.

a Fluid Chillers Inc. (USA) make chiller unit.

Different labview programs have been set to measure Hall effect and magne-

toresistance of the films interfacing with keithley 6221 current source, Keithley 181

nanovoltmeter and 2700 multimeter.

2.2.5 Physical Property Measurement System - Vibrating Sample

Magnetometry

Magnetic and magnetoresistance measurements were done in Physical Property

Measurement System equipped with a maximum possible applied magnetic field

of 9 Tesla and a temperature range between 2 K and 400 K.

The instrument is specially designed to minimize the evaporation of liquid He-
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lium as its production is very expensive and evaporation rate is much higher than

that of liquid Nitrogen. Sample is inserted into a narrow column which is sur-

rounded by the sample and Helium liquid chamber which cools both the super

conducting magnet surrounding the sample. The sample is in a Helium vapour

bath and the temperature of the sample is maintained using a heater. The liq-

uid Helium is surrounded by an outer column of liquid Nitrogen. The principle

of vibrating sample magnetometry is the following. The sample is vibrated at a

frequency of 50 Hz and the oscillating magnetic field due to the sample induces

emf in the detection coil surrounding the sample. Since magnetic moment of the

sample is a linear function of the induced emf, measured voltage can be easily

converted to magnetic moment. This voltage is amplified using a lock-in ampli-

fier taking the reference signal from the oscillating frequency of the sample and

this process remove the noice in the signal and make the system capable of mea-

suring smaller moments. Magnetic moment of up to a minimum 1 ×10−6 e. m. u.

can be measured in this system.

2.3 Analysis

Octave, Matlab and Fortran are the different softwares used to analyse the data.

The results were plotted in Origin software.

2.3.1 Curve fitting

Most of the data fittings have been carried out using a self made curve fitting pro-

gram. The program has been made using Gradient-search algorithm. Given a set
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of initial parameters and steps, the program calculates chi-square of each param-

eter and their steps in positive and negative steps. Chi-square of each parameter

is then compared with that of step added and substracted. All the parameters are

modified to those having minimum chi-square value. The process is repeated un-

til the chi-square minimum of all the parameters settles to the parameters without

adding or substracting any steps. These are the fitting parameters. The goodness

of fit is checked by calculating adjusted R-square value

adj.R− sq. = 1− SSR
SST

(2.2)

where, SSR is the sum of the squares of residuals and SSE is the sum of the squares

of the data value. The residual is the difference of the data value to the fit value.

If the adjusted R-square is above 0.99, the fit is acceptable.

2.4 Conclusion

Various techniques used to achieve the results have been explained. Nanocluster,

nanogranular films and thin film deposition for MTJs have been fundamentally

resourced by using sputtering. Further, to create nanogranular films, multiple

targets have been sputtered either by co-sputtering or by sequential sputtering

mode at a raised substrate temperature. Nanocluster films were prepared by the

method of inert gas expansion. The patterning of MTJs were done using pho-

tolithography. Therefore, sputtering, nanocluster deposition, e-beam lithography

and photolithography have been explained in the section of sample fabrication.

Further, working principle of measurement systems used to characterize such as

FESEM, TEM, Probe Station, Cryogenic Magnetic Probe Station and PPMS-VSM
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has been elaborated. Finally, the analysis method has been briefly covered.
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Electron Transport in FePt-C

nanogranular films

In this chapter, dependence of intergranular distance on electron transport of FePt-C gran-

ular films is explained. Sample preparation, microstructure using TEM, M-H measure-

ment, resistivity measurement and its analysis are elaborated.

3.1 Introduction

Metal-nonmetal granular films are well-known materials [1] for its tunability in

size, separation between granules, dimensions and thereby different conduction

mechanisms. Percentage of nonmetal (or metal) in the film decides whether it is

metallic or insulating [2]. In the insulating region, since the amount of metal is

lesser than insulator, the metal forms to grains and is distributed in the insulat-

ing matrix. As we increase the percentage of metal in the insulating region of the
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film, granules comes closer and further addition connects the granules making

percolation of electrons showing metallic conductivity. The boundary between

the metalic and insulating nature of the film is called as percolation threshold.

Percolation threshold varies depending on the material compostion. In the metal-

lic regime, at low temperature upturn in resistivity was observed occuring from

quantum mechanical phenomena such as weak localization or electron-electron

interaction. In the insulating region, electron transport mechanism is explained

with tunneling or hopping mechanism [3]. Hopping was first attributed in doped

semiconductors and later the same mechanism was observed in many granular

systems.

FePt granular films produce huge perpendicular magnetic anisotropy [4] of

about 7×10−6J/m3 arising from the L10 ordering. As deposited FePt films are

cubic with A1 order. While annealing at above 600 K FePt forms to tetragonal

structure with L10 ordering as shown in figure 3.1. This particular condition leads

the system to be of great interest as the coersive field is about 3 Tesla and the criti-

cal grain size for super paramagnetism at room temperature is only 3 nm [5]. The

L10 ordering decreases with decrease in granular size upto a critical size below

which it forms to the cubical structure [6].

A large number of studies on magnetic properties of FePt granular films are

availble in the literture over the optimization of FePt granular films varying the

matrix material [7–10], annealing temperature [11] and substrates to avoid the

diffusion of the matrix material and to raise the columnar growth of FePt as a

potential magnetic recording media [5, 12–16]

A large number of study have been conducted on the magnetism of FePt-C
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Figure 3.1: Schematic of L10 ordering in FePt.

granular films observing the applications in hard disk media. Whereas, its elec-

trical properties have not been examined enough. Allia et.al. have observed a dip

in resistance in FePt-Ag multilayered granular films at about 11 K [17] and below

this temperature, a positive magnetoresistance was found at low fields. Recently,

Electric field induced spin control in the perpendicular magnetic anisotropy films

[18–22] has become an intensive topic of research in spintronics. The advantage

of voltage controlled device is the limited power consumption and reduction in

joule heating in comparison with the current controlled devices. However, elec-

tron transport in such a granular film has not been studied enough to utilize them

in device applications.

FePt granular films might be a potential material for electric field controlled

electron transport, because it has perpendicular magnetic anisotropy and this is
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retained upto a granular size as low as 7 nm. It requires only a little amount of

electrical energy to align moment from perpendicular to in-plane in comparison

with the orientation from in-plane to perpendicular to the plane. Further, elec-

tron transport can be conveniently controlled in granular films. Therefore, FePt

granular films are suitable candidates for electric field controlled spin channel.

Comparing with different segragant materials such as B, SiO2, TiO2, etc. for

FePt granular films, Carbon is found to be the best, as it retains higher coercivity,

smaller grain size distribution and enhanced columnar growth [8]. Hence, FePt-C

has been taken as the suitable material for the research.

3.2 Sample preparation

FePt-C granular films were prepared by two different methods. One is by co-

sputtering FePt and C and the other is by sputtering FePt first and then Carbon as

capping over it. All the films were deposited at substrate temperatures of 6000C,

7500C or 8500C. The films were grown on MgO (001) substrate which was fount to

be the most suitable for the ordering of FePt films [8]. Six different samples were

used for this study. The details of samples are tabulated in Table 3.1.
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sample name volume % Substrate method of thickness

of Carbon temperature (0C) preparation (nm)

FePtC-20850 20 850 Co-sputtering 8

FePtC-20750 20 750 Co-sputtering 8

FePtC-15750 15 750 Co-sputtering 8

FePtC-12600 12.5 600 Co-sputtering 8

FePtCcap-600 – 600 C capping FePt-8, C-5

FePtCcap-600b – 600 C capping FePt-20, C-5

Table 3.1: depicts specifications of the samples used for the present study. FePtCcap-600 and

FePtCcap-600b are FePt films of 8nm and 20 nm respectively capped with 5 nm of Carbon. All the

other samples are of 8 nm thick.

3.3 Characterization and analysis

3.3.1 TEM microstrucure

Microstructure of the films were examined using TEM. The image is shown in

figure 3.2. Figure 3.2 (a) shows the granules well distributed, whereas in figure

3.2 (b) granules are closer with some of them connected and in figure 3.2 (c) the

granules are distributed randomly with many of them connected. Granules are

well connected in Figure 3.2 (d), even though they were well distributed. It can

be summarized that from figure 3.2(a) to (d) the granular sizes are comparable

and the distance between granules gradually decreases. Higher volume % of Car-

bon (30 %) and annealing temperature (8500C) made the FePtC20850 film well

distributed. In figure 3.2 (e) (the image scales of (e) and (f) are four times higher

than the other images) granular distance and granular size are higher and in fig-
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ure 3.2(f) there are grains of the order of 100 nms and nanograins are distributed

in the gap of them. Thus, the image gives the impression that in the films which

were prepared by capping Carbon, the granules are bigger and as the thickness of

the film is increased, the bigger grains are formed.
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Figure 3.2: TEM bright field images of FePt-C granular films having (a) 20 volume % of Carbon

annealed at 8500C, (b) 20 volume % of Carbon deposited at 7500C, (c) 15 volume% of Carbon

deposited at 7500C(d)12.5 volume % of Carbon deposited at 6000C, FePt film capped with carbon

deposited at 6000C having thickness (e) 8 nm and (f) 20 nm.
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3.3.2 Magnetization versus field

Magnetization of the FePt-C film as seen in figure 3.3, shows that the film is having

perpendicular magnetic anisotropy with coersivity of about 3 Tesla. Perpendicu-

lar magnetic anisotropy exhibited by these films are due to the L10 ordering. The

loop in the inplane measurement indicates that a complete L10 ordering has not

been attained. In FePt granular films, granular sizes of above 7 nm gives a com-

plete ordering and that of less than 3 nm gives a complete disorder [23]. In partial

ordering, the core remains ordered and the near surface becomes disordered until

a threshold is reached where the granule is completely in disordered cubial struc-

ture [6]. It is evident from the TEM image that though most of the granules are of

above 7 nm in size, there are granules with size less than 7 nm. This confirms the

absence of a complete L10 order in the film [24].
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Figure 3.3: M-H curve of FePt-C granular film (FePtC20850).
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3.3.3 Resistivity versus temperature

The resistivity of the films is shown in figure 3.4. All the samples show negative

temperature coefficient of resistance throughout the temperatures measured ( 6 K

to 300 K ).
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Figure 3.4: Resistivity of fePt films of FePtC20850, FePtC20750, FePtC15750, FePtC12600,

FePtCcap600, FePtCcap600b
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Electron transport in metals is explained using diffusion of electrons and scat-

tering of them by the interaction of lattice vibration and magnetic impurity. Dif-

fusion of electrons leads to a finite resistance of metals at T = 0, whereas, in non-

crystalline media, a finite resistance is not observed as temperature tends to zero.

A large number of studies have shown that metal-insulator granular films exhibit

hopping mechanism in the insulating regime at low temperatures [25]. Moreover,

this is debated over decades over two well known mechanisms; Mott variable

range hopping and Efros-Shklovskii variable range hopping [26]. Both of these

mechanism have its origin in the picture of localization of electrons.

3.3.3.1 Anderson localization

In 1958, P W Anderson introduced the concept of localization [27] to explain the

electron transport in non-crystalline media. He considered a crystalline array of

random potential wells having depth at a range of ’V0’. At a certain value of V0,

electron wave function is localized with the absence of wave function overlap and

conductivity vanishes at zero temperature when the states at the fermi energy are

localized. Electron transport from one localized state to another can occur at the

cost of thermal energy, Miller and Abrahams first pointed out [28], and this pro-

cess is widely called as hopping or thermally activated tunneling. Though elec-

tron can tunnel far away finding states having same energy and activation energy

reduces as temperature comes down, on an ensemble average the system behaves

as insulator. In other words, an insulator with finite density of states at Fermi level

is possible. Here, Mott came up with the concept of mobility edge. He stated that

in the localization regime, the conduction band can have a band tail with electrons

trapped in it and a sharp energy level exists, called mobility edge, which separates
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the localized states from the non-localized states in the conduction band.

If fermi energy (EF) lies below the mobility edge (EC), conduction can happen

in two ways. One is by excitation of electron to mobility edge as a result of phonon

collision or auger process and the second is by thermally activated hopping. There

are three different ways hopping can occur; Nearest neighbour hopping, Mott-

variable range hopping and Efros-Shklovskii variable range hopping.

3.3.3.2 Nearest neighbour hopping

When thermal energy is higher than the average energy difference between adja-

cent sites, electron with energy less than EF can hop to the nearby states having

energy greater than EF receiving energy from phonon. This transport mechanism

is also called as activated type of hopping. Probability of electron transport in

such a case can be expressed using Boltzman equation and this is proportional to

conductivity of electrons as can be stated below,

σN = σoexp(−∆E/kBT) (3.1)

where, σN is the conductivity by nearest neighbour hopping, σ0 is the proportion-

ality constant, ∆E is the average energy difference between adjacent sites, kB is

the Boltzmann constant and T is the temperature. If ∆E is greater than thermal

energy (kBT), electron cannot hop to nearest neighbour. Possible mechanism in

such a case are Mott variable range hopping and Efros-Shklowskii variable range

hopping.
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3.3.3.3 Mott variable range hopping

In 1968, Mott first argued that at low temperatures the hopping process is not

between nearest neighbours. Assuming density of states around fermi energy as

constant, total number of states per unit energy within a range R of the site can be

expressed as

n(EF) = (4/3)πR3N(EF) (3.2)

where, N(EF) is the density of states around fermi level. Thus lowest activation

energy required to occur hopping process through a distance R is

∆E = 1/n(EF) = 1/(4/3)πR3N(EF) (3.3)

Thus, as the range increases activation energy reduces. However, as the process is

ultimately tunneling of electrons, hopping probability should exponentialy decay

when hopping length increases. Therefore, hopping probability or conductivity

contains an additional term to the equation 3.1 in this case.

σVRH = σ0exp(−2αR)exp(−∆E/kBT) (3.4)

where, α−1 is the attenuation length of the localized electron wave function. First

exponential in the expression reduces with R and the second one increases with

R. Therefore, optimum hopping length is the one where probability is maximum.

The value of R when the probability is maximum is

R = [1/8πN(EF)αkBT]1/4 (3.5)

Substituting the range R in equation 3.4 gives the expression for conductivity as

σM = σ0exp[(−TM/T)1/4] (3.6)
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In general, for a D dimensional system the expression is of the form

σM = σ0exp[(−TM/T)1/(D+1)] (3.7)

Therefore, for a 3 dimensional system, the exponent is 1/4 and for a 2 dimen-

sional system it is 1/3. Mott’s derivation is based on the assumption that hopping

energy is inversely related to the cube of hopping distance. Apsley and Hughes

succeeded in deriving the same expression [29] by combining hopping distance

and hopping energy into a single parameter as they are independent parame-

ters. Mott assumed a constant density of states around fermi energy. However,

electron-electron interaction in disordered systems can result in a reduction in the

density of states at fermi level.

3.3.3.4 Efros-Shklovskii variable range hopping

Accounting the electron electron interaction, A. L. Efros and B. I. Shklovskii ar-

gued that density of states can vanish around fermi energy at sufficiently low

temperature. If Ei and Ej are the states just above and below fermi level, energy

required to jump an electron from the state below to above is

∆E = Ej − Ei (3.8)

But, in the presence of a hole, electron-electron interaction reduces the energy to

∆E = Ej − (Ei + e2/4πεrij) (3.9)

where, ε is the permittivity of the medium and rij is the distance between electron-

hole pair. Now, since ∆E should always be positive, there exists a gap of width

e2/4πεrij. In other words, no states exists within this gap. This gap in the density

59



Electron Transport in FePt-C nanogranular films

of states is called as coulomb gap. Therefore, minimum activation energy to jump

from a state below fermi level to that of above fermi level is

∆E = e2/4πεR (3.10)

Applying this activation energy into equation 3.4 and maximizing the expression

gives

R = [e2/(4πεαkBT)]1/2 (3.11)

Substituting this R in equation 3.4 gives the expression for conductivity as

σES = σ0exp[(−TES/T)1/2] (3.12)

irrespective of the dimensions.

3.3.3.5 Analysis of resistivity data

Resistivity of the FePt film having 20 volume % of Carbon deposited at 8500C,

20 volume % of Carbon deposited at 7500C and Carbon capped and deposited at

6000C with thickness 20 nm (figure 3.5 (b),(c) and (f) respectively) fit to general

expression for hopping mechanism, ρ=ρ0exp((T0/T)x), above 25 K. The data do

not fit to the above expression at low temperatures. Other samples do not fit to

the expression at any range of temperature. Fitting parameters are tabulated in

table 3.2. The exponent values from the fit are 0.576, 0.313 and 0.221 for samples

FePtC20850, FePtC20750 and FePtCcap600b respectively. Thus, the first of these

sample which is well separated with 1 to 2 nanometers separation thus shows ES-

VRH indicating that the electron-electron interaction dominates in it. The gran-

ules which are closer show 2d-MVRH and 3d-MVRH mechanisms for 8 nm and 20

nm thick samples respectively. Noticeably, a change in thickness of the film from
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8 nm to 20 nm modifies electron conduction from 2d to 3d in connection with the

exponent values of 2d and 3d MVRH while fitting to VRH expression. The expo-

nent from the fit to ES-VRH is rather in agreement with the value, 0.55 deduced by

Mobius and Ritcher [30] by means of computer in contrast to the analytical result

(0.5 ) of Efros and Shklovskii.

The cross over between MVRH and ES-VRH has been reported [31], [32].

There, MVRH cross over to long range electron electron interaction dominant

ES-VRH towards low temperatures. In a similar note, controlling the intergran-

ular distance electron transport can be tuned to different regimes. Correlating

the microstructure and the resistivity graph, it we show that the gap between the

granules play the role of modifying the electron transport to different hopping

mechanisms.

The fit to hopping mechanism was extrapolated to low temperatures as shown

in figure 3.5 to know how the resistivity behaves at temperatures below 25 K. The

resistivity was found decreasing from the extrapolated curve. Paolo Allia et.al.

[17, 33] and Paolo Tiberto et.al. [34] also have shown that FePt-Ag multilayered

granular films have a drop in resistivity below 11 K. Those films were metallic

continuous films with positive temperature coefficient of resistance throughout

the temperature regimes, whereas, the films in the present study are granular and

have negative temperature coefficient of resistance. Moreover, the deviation in

the granular films studied here, occurs at a higher temperature (25 K) and it is a

gradual change rather than a sudden change. But the striking similarity in the

enhanced conduction at low temperature indicates that the effect emanate from

the FePt granules.
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Figure 3.5: Resistivity of fePt films of FePtC20850, FePtC20750, FePtC15750, FePtC15600,

FePtCcap600, FePtCcap600b, with fit to general hopping expression. The dashed line is the ex-
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Sample T0(K) x R− square

FePtC20850 152.48 0.576 0.9999

FePtC20750 597.44 0.313 0.9998

FePtCcap600b 2.83E+5 0.221 0.9998

Table 3.2: Shows relevant fitting parameters of the samples which fit to expression for hopping

mechanism.

Extrapolation of the resistivity fits towards temperatures below 25 K shows

that the resistivity deviates to a lower value compared to the extrapolation of fit.

In other words, the conductivity of the sample has been enhanced from the ex-

pected mechanism at low temperatures. The exponent of hopping at every tem-

perature can be found out by calculating reduced activation energy.

3.3.4 Reduced activation energy

Metals generally show positive temperature coefficient of resistance. Metals have

finite conductivity as temperature tends to zero in contrary to insulators. Disor-

dered metals can show negative temperature coefficient of resistance as well as

finite conductivity towards low temperature [35]. According to Anderson crite-

ria, around the critical regime of metal-insulator transition of a disordered sys-

tem, resistivity follows a power law behaviour [36], i.e., ρ ∝ T−β, with β to be

independent of temperature. Reduced activation energy [37, 38] (W) is defined as

W(T) = − dln(ρ)
dln(T)

(3.13)

Subsequently, deriving the W(T) of power-law expression yields W(T) = β,
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i.e, slope of W is zero in the critical regime and therefore, metal-insulator tran-

sition is nothing but a sign conversion in the slope of W. If the slope of W is

negative, the material is insulating and if the slope is positive it is metallic. Figure

3.6 show W versus T plots of FePt films . In Figure 3.6 (a), (b) and (f), there is a

slope change from positive to negative at 21 K and in 3.6 (c) and (e) at 32 K indi-

cating metal-insulator transition. It shows that the hopping transport suppresses

the metalicity and reduces the critical region to a lower temperature. A linear fit

was shown with red lines to the linear portion of the W versus T graph in Figure

3.6. The fit gives the slopes, -0.56, -0.35, 0.09, -0.13, -0.28, respectively from Figure

3.6 (a), (b), (c), (e) and (f). There is no slope change in (f). The negative values of

the slopes of figures (a), (b) and (f) are found comparable to the exponents of the

hopping mechanisms seen from the resistivity fit. The slope change above critical

regime is found deviating depending on the intergranular separation. Therefore,

electron transport mechanism in these films can be tuned by varying the inter-

granular separation at temperatures above critical region.
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Figure 3.6: The image shows plots of reduced activation energy (W) versus tem-

perature of FePt-C granular films of (a)FePtC20850, (b)FePtC20750, (c)FePtC15750,

(d)FePtC12600,(e)FePtCcap600, (e)FePtCcap600b, . The transition temperature is marked with a

vertical dashed line. Positive slope indicates metallic behaviour and negative slope after the peak

indicates insulating nature of film. The line in the curves are the linear fits.
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3.3.5 Model for spin dependent electron transport

From the resistivity data analysis (figure 3.5), an enhanced conductance was ob-

served at lower temperatures with respect to the fit. This enhancement at lower

temperatures can be attributed to the spin-dependent electron transport through

the magnetic intergranular interaction of ferromagnetic type. This has been inves-

tigated from the resistivity measurement of one of the sample (FePtCcap600b) at

a saturating magnetic field of 5 Tesla. The resistivity at zero field and 5 T field are

shown in figure 3.7. The resistivity at 5 T fits to the VRH throughout the tempera-

ture regimes. The exponent obtained from the fit, 0.27, matches to the 3D-MVRH.

This result strengthens the assumption that the enhanced conduction in the zero

field resistivity data is due to spin dependent electron transport.

10 100
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100

200

300

400

r/
r(

20
0 

K)

Temperature (K)

 0T
 5 T
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Figure 3.7: Resistivity of FePtCcap600b at zero field and 5 T field. The resistivity at 5 T fits to the

VRH throughout the temperature regions.
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Lee et. al. attributed the huge magnetoresistance observed in FePt-C granular

films to the spin dependent electron transport between the grains. The granu-

lar film consists of an enseble of granule- insulator- granule sandwiches similar

to the multilayer magnetic tunnel junctions acting as tunnel barriers where the

granules are single domain ferromagnetic structures [39]. Spin dependent trans-

port in Co-SiO2 has been systematically investigated by Sankar et. al. [40]. It was

found that spin dependent transport is prevalent in the insulating region of the

film, i.e., below the percolation threshold and in the region of hopping or tun-

neling transport. The total conductivity of spin dependent transport of electrons

across the granular insulator granular channel as a function of temperature can be

expressed as [41–43]

G = G0(1 + B < cosα >) (3.14)

where, B is a constant, G0 is the conductivity independent of spin orientation

(here, it is the hopping mechanism) and the fraction (G/G0) is decided by the

angle between spin orientation of adjacent granules, i.e. α. G/G0 versus tem-

perature of the sample having 20 volume % of Carbon annealed at 8500C has been

shown in figure3.8(a). The data is obtained by dividing the measured conductance

(G(T)) with the VRH fit extrapolated to low temperature (G0(T)).

For a homogeneous system, < cosα > can be assumed from the model for su-

perparamagnetic particle ensemble as reported to calculate temperature depen-

dent magnetoresistance in magnetic granular films with perpendicular magnetic

anisotropy [43]. If θ1 and θ2 represent polar angles and φ1 and φ2 represent az-

imuthal angles of spin orientation of adjacent granules, then cosα can be expressed

as

cosα = cosθ1cosθ2 + sinθ1sinθ2cos(φ1 − φ2) (3.15)
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Magnetic energy of the pair of granules can be written as

U = −KV(cos2θ1 + cos2θ2)− Jcosα (3.16)

where, K, V and J are anisotropy constant, volume of granule and exchange inte-

gral respectively. The first term in the above expression is the anisotropy energy

and the second term is the energy due to intergranular interaction. < cosα > can

be calculated by taking Boltzmann average of cosα.

< cosα >=

∫
θ1

∫
θ2

∫
φ1

∫
φ2

cosαe−U/KBTsinθ1sinθ2 dφ2 dφ1 dθ2 dθ1∫
θ1

∫
θ2

∫
φ1

∫
φ2

e−U/KBTsinθ1sinθ2 dφ2 dφ1 dθ2 dθ1
(3.17)

Figure 3.8(b) shows numerical simulation of the temperature dependence in <

cosα > at different exchange integral (J) values. The exchange integral, as seen
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Figure 3.8: Depicting (a) the fractional increase in conductivity obtained from the resistance data

of the sample having 20 vol % of Carbon annealed at 8500C divided by the VRH fit extrapolated to

low temperature and (b) simulation of the model showing < cosα > as a function of temperature

at different values of exchange integral.

in the figure, enhances the conductance at low temperature. Hence, intergranular
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interaction can be a key factor in modifying the conductance as thermal energy

reduces.

3.4 Conclusion

FePt-C granular films have been studied by varying intergranular separation. A

mutual correlation was observed between the microstructure and resistivity of the

films. It was observed that the resistivity can be tuned between different hopping

mechanisms such as Mott VRH, ES-VRH and extended critical regime in these

films above 25 K depending on the average intergranular separation. In contrast,

at temperatures below 25 K all the films showed metallic nature from the reduced

activation energy calculation. The resistivity at a saturating magnetic field was fit-

ted to the hopping mechanism throughout the lowest temperatures measured in-

dicating the enhanced transport in comparison with the resistivity of these films at

zero field in temperatures below 25 K. Further, the enhanced conductance at low

temperature was explained using the model for spin dependent electron transport

across the FePt granules having ferromagnetic exchange interaction.
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Chapter 4

Electron Transport in Ag nanocluster

films

In this chapter, the electron transport of very thin Ag nanocluster films is discussed. The

films were deposited with various cluster coverages on the surface by varying the deposi-

tion time . The resistivity measurement shows metallic resistivity with the emergence of

an upturn at low temperature. The data is analyzed by considering the possible scattering

mechanisms. Further, the Hall effect of the film is discussed.

4.1 Introduction

Metal nanoclusters are quite fascinating entities as they exhibit strange electronic

properties owing to the emergence of quantum phenomenon associated with the

reduced size [1]. When the cluster size is comparable to the characteristic wave

length of electron, they show a discrete spectrum of energy similar to atomic spec-
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trum due to quantum confinement. Energy level separation in a nanocluster con-

sisting of number of atoms, N and fermi energy, EF is δ = 4EF/N. Therefore,

energy level spacing increases as the cluster volume is reduced [2]. Metal nan-

oclusters offer a large variety of phenomenon as the synthesis of these structures

are controllable in size and distribution.

The electron transport in metal nanoclusters is a widely discussed area as the

wave nature of electrons becomes prominent in such a narrow scale. Electron

scattering in nanoscale metal interconnects has been well discussed by Josell et.

al. [3]. Electron scattering in these structures can arise from intrinsic contribu-

tions such as bulk resistivity, electron-phonon interaction, electron-electron inter-

action, localization and quantization, grain boundary scattering and surface scat-

tering. Metal-insulator transition in 2-dimensional layered Ag nanoparticles has

been previously reported [4], in which the upturn in resistivity was fitted to log-

arithmic dependence of temperature. Though the authors explains this with 2D

Mott-Hubbard model, they do not exclude the possible mechanism of hopping in

this region. In contrast, Muller et. al. theoretically explained [5] that in Au nan-

oclusters, the minimum in resistivity observed is due to coulomb blockade energy

and thermal expansion. By varying intercluster distance of Ag in 2 dimensional

film, Bansal et. al. [6] studied electron transport and showed that the resistivity

can be tuned between metal to insulator as the intercluster separation is increased

and at a particular separation the resistivity is independent of temperature. With

such a background, electron transport around metal-insulator transition in nan-

oclusters are an area that has to be further explored in various dimensions. Here,

a set of nanoclusters with different deposition times were prepared at the bound-

ary of monolayer cluster film. As the deposition time is decreased at this region,
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the clusters form to connected chains since the deposition is random.

4.2 Sample preparation and Measurements

The Ag nanoclusters were deposited on commercially available Si/SiO2 substrates

in Nanodep60 Nanocluster depostion system. Aggregationation chamber dis-

tance was set to 18 cm for all the samples to obtain clusters of similar size. Base

pressure, Sputtering power and Argon gas flow rate are common for the set of

samples prepared. Deposition conditions are tabulated in table 4.1. Four differ-

ent samples were prepared by depositing the clusters at various deposition times.

The deposition times were set in such a range that the continuity in electron trans-

port reduces drastically. After deposition, the films were kept in a glove box filled

with Argon gas in order to avoid oxidation of the film.

sample name Deposition time (second) Common parameters

Ag120s 120 Base Pressure : 1 E-8 Torr

Ag90s 90 Sputtering power : 85 Watts

Ag75s 75 Ar flow rate : 100 sccm

Ag68s 68 Aggregation length : 18 cm

Table 4.1: Details of the Ag nanocluser films deposited using Nanodep 60.

Inorder to measure the resistivity and Hall effect of Ag nanocluster films, the

films were deposited using a shadow mask of six-contact Hall bar prepared by

laser cutting on stainless steel sheet. The width of the Hall bar channel is 1.5 mm.

The schematic of resistivity and Hall effect measurement connections are depicted
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in figure 4.1. Vxx is the voltage measured in the direction of current and Vxy is

the voltage measured in the direction perpendicular to the current direction. For

Hall effect measurement, a magnetic field was applied in the direction perpen-

dicular to the plane of the film. It is not possible to judge the thickness of these

films, because, the film primarily consists of one or two layers of clusters. There-

fore, resistance of these films can be found out at maximum rather than resistivity.

Longitudinal resistance,

Rxx =
Vxx

I
(4.1)

Current was applied in opposite directions to remove contribution of voltage from

thermal gradient. Hall resistance,

Rxy =
Vxy

I
(4.2)

Current and magnetic field were applied in both the directions to remove contri-

butions to voltage from magnetoresistance, thermal gradient and misalignment.

Figure 4.1: Hall bar sample measurement scheme for resistivity and Hall effect on similar sample.
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4.3 Characterization and Analysis

4.3.1 FESEM characterization

The Ag nanocluster films were observed using FESEM. Images of the samples are

shown in figure 4.2. The size of the clusters are about 20 nm. It can be seen that as

the deposition time decreases the voids increase. The clusters are quite random in

comparison with the films deposited previously by Bansal et, al [6]. They obtained

uniformly distributed cluster films with the help of Trichlorocyclohexile Silance as

underlayer. The random clusters obtained in the films under the current study are

due to the absence of any restructuring of the clusters after landing it on the sub-

strate. This process clearly depends on the kinetic energy of the clusters arriving

on the substrate and the kind of surface of the substrate. As the deposition time

reduces, the clusters are not enough to fill the whole substrate. The clusters are not

distributed uniformily and it appears that they have been randomly connected.
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Figure 4.2: FESEM images of Ag nanocluster films deposited at (a) 120 seconds, (b) 90 seconds,

(c) 75 seconds and (d) 68 seconds. A random deposition with increase in voids is observed as the

deposition time reduces.
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4.3.2 Resistivity of Ag nanoclusters

Resistance data of Ag nanoclusters are shown in figure 4.3. All the films are found

showing metallic resistance. The emergance of an upturn is visible in the resis-

tance at low temperatures as the deposition time decreases. Bid et. al, have earlier

studied the applicability of Bloch-Gruneisen formula in Ag and Cu nanowires of

15 to 200 nm diameter [7]. It was shown there that the data fits well to the given

model with significanly less Debye temperature which was attributed to the soft-

ening of phonon modes occuring in disordered systems from surfaces, interfaces

and impurities.

4.3.2.1 Resistivity of Metals

In a perfectly crystalline matal, at 0 K electrons are expected to flow without any

resistance and this mechanism is called as diffusive transport. But, at a non zero

temperature, lattice vibration (phonon) creates scattering of electrons (electron-

phonon interaction). In an impure metal or disordered substance there can be

other contributions to resistivity. In summary, the resistivity of a metal orig-

inates from diffusion and scattering of electrons in the material. According to

Matthiesen’s rule contribution to resistivity from different scattering mechanisms

are independent and hence, they are additive [8]. Therefore, for a perfect crys-

talline material, resistivity

ρ(c, T) = ρ0(c) + ρi(T) (4.3)

where, ρ0(c) is the contribution to resistivity from impurity scattering, which de-

pends on the concentration of impurity in the material and is independent of
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Figure 4.3: Resistance measurement of Ag nanocluster films at different deposition times. An

upturn towards low temperatures is emerged as the deposition time is reduced.

temperature and the second term is the contribution from the intrinsic scattering

mechanisms such as electron-phonon interaction, electron-electron interaction etc.

Intrinsic contribution to resistivity, ρi, matches to the theoretical expression called

as Bloch-Gruneisen formula,

ρi(T) = A
(T

θ

)5 ∫ θ/T

0

z5

(ez − 1)2 dz (4.4)

where, T is the temperature, θ is Debye temperature of electrical resistivity and

A is a constant which depends on the material. This model was originally de-

rived for monovalent metals having spherical fermi surface and Debye phonon
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spectrum. However, this model was found valid for a large range of metals and

metallic compound.

One can notice that at low temperature the resistivity is proportional to the fifth

power of temperature (ρi ∝ T5) and as temperature tends to infinity, resistivity

follows a linear behaviour with temperature (ρi ∝ T). However interactions at low

temperatures such as carrier interaction can reduce the power over temperature

to as low as 2. Including this, the resistivity expression can be modified as [8]

ρ(T) = ρ0 + A
[
1 + B

( θ

T

)p](T
θ

)5 ∫ θ/T

0

z5

(ez − 1)2 dz (4.5)

where, B and p are constants. When the value of p is positive, the added term

is sufficiently high at low temperature and the resistivity becomes proportional

to T(5−p). The integration covers the whole phonon spectrum upto the Debye

temperature of the material. Whereas, the the maximum phonon wavelength is

limited by the size of the nanocluster. This may introduce a non zero lower limit

to the ingegral part of the equation since

θmin/T = hc/λmaxkBT (4.6)

where, h is the planck’s constant, c is the average velocity of acoustic phonon

modes, λ is the phonon wavelength and kB is Boltzmann constant. However, this

does not have a pronounced effect for a cluster diameter of 15 nm in the fit or

parameter values as observed in Ag nanowires of 15 nm diameter [7]. Therefore,

the lower limit has been retained to zero in the model.

Resistivity of the films show emergence of an upturn in the resistivity at low

temperatures as the deposition time comes down. In those films the data fits to the

equation 4.5 from 45 K to the whole temperatures above that. The film deposited
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for 120 seconds does not show a minimum and the data fits to the resistivity model

throughout the temperature range measured. The fits are shown in figure 4.4
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Figure 4.4: Fits to the resistivity data using the equation 4.5. clusters deposited for 120 seconds

fits to the whole ranges of temperatures. Other data fit from 45 K to the temperatures above.

The fitting parameters are tabulated in table 4.2. Cheng et. al. observed that

though the Debye temperature of bulk Silver is 235 K, for Silver nanowires with

the Bloch-Gruneisen model it was found reduced to 151 K in comparison with the

bulk counterpart [9] and this has been attributed to the softening of phonon modes

at the surfaces, interfaces and impurities due to disorder. Ag120s which fits to the
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whole ranges of temperatures gives the Debye temperature as 171 K. However,

other films which have been fitted from 45 K to above, results in a higher values

of Debye temperature compared to the result from Ag120s showing a reduction in

Debye temperature as deposition time comes down. Ag90s has a Debye tempera-

ture of 231.8 K which is close to the bulk value and Ag75s and Ag68s have Debye

temperatures 215 and 210 respectively. Over all, Debye temperature of these films

has come down in comparison with the bulk Ag.

Sample A B θ p

Ag120s 1.546 ×10−2 9.329 ×10−1 171 0.2153

Ag90s 3.356 ×10−2 7.332 ×10−2 231.8 1.8051

Ag75s 2.124 ×10−2 1.621 ×10−1 215 0.0859

Ag68s 2.118 ×10−2 1.570 ×10−2 210 1.483

Table 4.2: Shows the fitting parameters of Ag nanocluster films in the metallic side.

4.3.2.2 Minumum in the resistivity

In disordered metal, ocassionaly a minimum is observed in resistivity with a neg-

ative temperature coefficient of resistance at low temperatures [10–24] as we see

in the resistivity data of Ag nanocluster films. In magnetic films, this has been

explained with logrithmic temperature dependence attributing to Kondo effect,

whereas, resistivity independent of magnetic field insisted others to prefer it to see

a structural origin [22] as the cause. This minimum occurs at wide range of tem-

peratures. It is independent of magnetic field and it is seen far below the magnetic

curie temperature in case of magnetic materials. Because of these reasons appear-

ance of a minimum at low temperature in these systems are different from kondo
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effect [23]. Zhang et. al. observed [24] in Cobalt nanoclusters of different sizes

of the order of 10nm and 1µm thick films, minimum in resistivity in broad ranges

of temperatures and they fit to a combination of scattering terms such as fluctua-

tion induced tunneling, electron-electron, electron-phonon and electron magnon

interactions. However, the films prepared are very thin and further they does not

make a complete surface coverage as the deposition time reduces.

Many amorphous alloys was found showing this T1/2 dependence in resistiv-

ity. However, they were contained either magnetic element or superconductivity.

This hinder the generality of such a temperature dependence. To understand this,

Cochrane and Strom-Olsane studied [22] this in Y-Al alloy glass which is neither

magnetic nor supercoducting down to 60 mK. They found that the resistivity from

10 K to below shows T1/2 dependence. In the Ag nanocluster films studied here,

the upturn in the resistivity is found to match with the additional T1/2 depen-

dence along with the equation 4.5 as expressed below.

ρ(T) = ρ0 + A
[
1 + B

( θ

T

)p](T
θ

)5 ∫ θ/T

0

z5

(ez − 1)2 dz− CT1/2 (4.7)

where, C is a constant. The fit is shown in figure 4.5 and the fitting parameters are

tabulated in table 4.3. A clear trend of dominance of T1/2 term is visible from the

increase in the constant C as the deposition time reduces. Hence, instead of a log-

arithmic temperature dependence a power law dependence of 1/2 matches quite

well at low temperatures and dominates as the films form into connected chains of

clusters. The Debye temperatures obtained from the fit are lower than that of the

bulk value. However, they are not as low as previously reported in Ag nanowires

(151 K). It is observed that the minimum in the resistivity data is moving up in

temperature as the deposition time decreases. The minimum value is taken from
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Figure 4.5: Resistivity minima at low temperature of the Ag nanocluster films deposited for 68, 75

and 90 seconds. The data is represented with open circle and the continuous lines over the data are

the fits.

87



Electron Transport in Ag nanocluster films

Sample A B θ p C

Ag90s 4.164 ×10−2 3.072 ×10−2 221 1.5141 6.912 ×10−4

Ag75s 3.334 ×10−2 5.963 ×10−3 200 1.8171 7.055 ×10−4

Ag68s 3.465 ×10−2 1.107 ×10−2 210 1.1760 9.342 ×10−4

Table 4.3: shows the fitting parameters of resistivity of Ag nanocluster films in the region of

upturn at low temperature.

the curve fitting to the corresponding region and is shown in figure 4.6. Therefore,

it can be stated that the T1/2 dependent electron-electron interaction is enhanced

as the cluster coverage on the surface reduces.
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Figure 4.6: Minimum in the resistivity as a function of deposition time.
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4.3.3 Hall effect

Hall effect is the appearance of potential difference perpendicular to the flow of

electrons when a constant magnetic field is applied perpendicular to the con-

ductor as shown in the figure. This transverse potential difference is due to the

Lorenz’s force experienced by the moving electrons. If a current density jx is ap-

Figure 4.7: Showing the schematic of development of Hall voltage perpendicular to both current

and magnetic field.

plied in- plane of a thin metal and a magnetic field BZ is applied perpendicular to

the plane, appearance of the transverse electric field due to Lorenz’s force can be

expressed as

Ey = vxBz (4.8)

where, vx is the velocity of electron in the direction of applied current and Bx is the

external magnetic field normal to the conducting surface. For a conductor current

density, Jx can be expressed as

Jx = nevx (4.9)

where, n is the density of electron. Applying vx from equation 4.9 into equation

4.8 gives,

Ey =
JxBz

ne
(4.10)
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The transverse potential can be found as

Vy = Eyb =
1
ne

JxBzb = RH
IxBz

t
(4.11)

where, RH = 1/ne is the property of the system called Hall coefficient and t is the

thickness of metal. There can be potential in y direction such as thermal emf (Vth)

arising from thermal gradient and magnetoresistance (Vm): The former is indepen-

dent of current direction and the later is independent of magnetic field direction.

Current is applied both the directions and substracted to eliminate thermal emf.

Hall resistance can be expressed as,

R(B) =
RHB

t
+ Rm (4.12)

where, Rm is the magnetoresistance. The slop of the plot of Hall resistance(R(B))

versus B gives RH/t from which Hall coefficient is obtained.

4.3.3.1 Hall effect of Ag nanocluster film

Hall effect of non-magnetic nanogranular or nanocluster films are quiet fascinat-

ing as a hall coeffeicent of 3 to 4 orders higher is observed around percolation

threshold and this is generally called as giant Hall effect [25–27]. This effect has

been understood as due to the interference of conduction electrons when the mean

free path of electrons are higher than the lenght scales of nanogranules. Therefore,

this is quantum mechanical in origin. The peak of Hall coefficient as a function of

metal concentration is called as quantum percolation threshold. It was found that

quantum percolation threshold is at a higher metallic concentration compared to

the percolation threshold [25]. Ag nanoclusters deposited in this work should be
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near the percolation threshold but in the metallic side as visible from the resistivity

graph.

The Hall effect measurement of the Ag nanocluster film deposited at 120 sec-

ond was measured in Cryogenic Magnetic Probe Station at different temperatures

between 250 K and 25 K. The Hall resistance data have been taken applying cur-

rent and magnetic field in either directions to remove misalignment contribution

and magnetoresistance contribution. The data is shown in figure 4.8.
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Figure 4.8: Hall resistance ( Rxy) of Ag120s as a function of magnetic field at different tempera-

tures.
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Rxy versus B in the figure 4.8 is a straight line passing through the origin.

Therefore Rxy
B is the slope of the above curve. As the thickness of the film is of

the order of 10 nm, taking this as the thickness of the sample, Hall coefficient

versus temperature is shown in figure 4.9. Hall coefficient of noble metal Ag, re-

ported in literature [28, 29], is 8.81× 10−11m3/As. Thickness of Ag120s should be

a few 10 nm as the size of a single granule itself is about 20 nm. Therefore, it can

be stated that the Hall coefficient in Ag120s is one order higher than that of a thick

polycrystalline Ag film. The Hall coefficient is stable between 25 and 50 K but af-

ter that it was found reducing with temperature. A similar behaviour was found

in polycrystalline Ag, where, the Hall coefficient is constant and then grows until

about 30 K and then slightly reduces as temperature comes down further [29].
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Figure 4.9: Hall coefficient as a function of temperature.
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4.4 Conclusion

The resistivity and Hall effect of Ag nanocluster films at the deposition times

corresponding to a continuous to discontinuos transport were analyzed in this

chapter. FESEM images show that the clusters form connected chains as the de-

position time reduces. Resistivity measurement shows metallic nature in all the

samples which fit to the modified Bloch-Gruneisen equation. An upturn in re-

sistivity was found emerging which moves up in temperature as the deposition

time reduces. An additional T1/2 dependence in resistivity was found fitting well

in this region and this dependence shows a necessary connection with electron -

electron interaction. The coefficient of this additional term is found growing up

as the deposition time reduces which is the result of dominance of electron elec-

tron interaction as the deposition time reduces. The Hall measurement of the Ag

nanocluster film deposited for 120 seconds shows that the Hall coefficient is one

order higher compared to the polycrystalline Ag film. Further, Hall coefficient is

temperature independent though a trend of decrease in Hall coefficient is visible

as temperature increases above 50 K.
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Chapter 5

Microfabrication of Magnetic Tunnel

Junction using Photolithography

This chapter discusses the Microfabrication of MgO barrier Magnetic Tunnel Junction

(MTJ) using photolithography. Optimization of MgO(001) growth on thermally oxidized

silicon, Optimization of exchange bias in IrMn/FeCo bilayer, fabrication of MTJ, J-V Char-

acteristics, Magnetoresistance (MR) measurement and circuit design and implimentation

for low magnetic fields are elaborated here.

5.1 Introduction

When two ferromagnetic layers are separated by an insulator facilitating the tun-

neling conduction, electron transport is spin dependent, since the spin orientation

of electrons are preserved in tunneling process. Probability of electron transport

across the barrier is proportional to the product of the fermi level density of states
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Figure 5.1: Schematic diagram showing the increased resistance when the moment of ferromag-

netic layers are antiparallel in comparison with them parallel.

of spin up(spin down) electrons of both the electrodes. Therefore, when the spin

orientations are opposite, resistance (RAP) is maximum and when the spin orien-

tations of the electrodes are in similar direction, resistance (RP) is minimum as

shown in figure 5.1. When the relative orientation of spin direction is θ conduc-

tance in MTJ can be expressed as [1]

G(θ) =
1
2
(GP + GAP) +

1
2
(GP − GAP)cosθ (5.1)

where, GP and GAP are conductance when relative spin orientation is parallel and

antiparallel respectively. Further, the tunneling magnetoresistance is defined as

[1]

TMRratio =
GP − GAP

GAP
=

RAP − RP

RP
(5.2)

where, RP and RAP are the resistance when the spin of electrodes are parallel and

antiparallel respectively. Compared to Al2O3 amorphous layer, crystalline MgO

exhibited huge TMR ratio which was explained as coherent tunneling of electrons

occuring through crystalline MgO barrier [2].

Spin polarization of magnetic electrode can be written as

P =
N ↑ (EF)− N ↓ (EF)

N ↑ (EF) + N ↓ (EF)
(5.3)
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where, N ↑ (EF) (N ↑ (EF)) is the density of states of spin up (down) electrons at

fermi level. In terms of spin polarization, equation 5.2 can be written as

TMRratio =
2P1P2

1− P1P2
(5.4)

where, P1 and P2 are the spin polarization of electrodes at both sides of the tunnel

barrier. This is an empirical relation obtained by Julliere and is called as Julliere

model.

5.2 Optimization of the growth of MgO (001) over

Si/SiO2 substrate

Though MgO (001) substrate is the suitable candidate for the fabrication of MTJ

with MgO as barrier while considering the lattice match of the device layers, it is

very expensive. An alternative is to grow MgO (001) over some other substrates.

The growth of MgO(001) over thermally oxidized Si(001) substrate has been stud-

ied. Base pressure of the sputtering chamber was 6 ×10−8 Torr. 20 nm of MgO

has been sputter deposited over the substrate at 100 Watts power varying the Ar-

gon gas pressure, substrate temperature and post annealing temperature. From

the X-ray diffraction images of the samples shown in figure 5.2, it is clear that

when annealing temperature is above 5000C a broad peak is seen. MgO is still

polycrystalline and it could be further optimized.
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Figure 5.2: X-ray diffraction of MgO deposited over Si/SiO2 at various deposition conditions.

5.3 Optimization of exchange bias in IrMn/FeCo bi-

layer

Pinning of the spin alignment of the reference layer to a single direction is

achieved by exchange bias of ferromagnetic-antiferromagnetic bilayer. Exchange

bias is an interface effect, where, the spins of antiferromagnetic layer is coupled

with the spins of ferromagnetic layer at the interface [3, 4]. This is the reason for

the shift in the hysteresis loop to one side. Different theories have been estab-

lished to explain the exchange bias phenomenon. However, it is hard to examine

the interface effect experimentally to confirm any of the theories [3].

Exchange bias in IrMn/FeCo bilayer was studied by varying the thickness of

both IrMn and FeCo. The films are annealed at 2500C for 1 hour applying 1 k Oe

field using electromagnet in a vacuum furnace at a pressure below 5× 10−6 Torr.
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Coupling of interface layer to a single direction is achieved with this process.

Exchange bias has been studied at various antiferromagnetic thicknesses. The

sequence of the multilayer is Ta(10)/Cu(15)/IrMn(x)/FeCo(5)/Ta(5), where the

numbers in brackets are thickness in nanometers. The value of x are 4, 6, 8, 10 and

12. The M-H measurements of the films are shown in figure 5.3.
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Figure 5.3: Exchange bias at various antiferromagnetic (IrMn) thicknesses.

It is seen that exchange bias reaches to a maximum as plotted separately in

103



Microfabrication of Magnetic Tunnel Junction using Photolithography

figure 5.4. The maximum shift in the loop has been achieved with 10 nm of IrMn

thickness. Further, fixing the IrMn layer thickness to 10 nm, thickness of FeCo

layer has been varied (3, 5, 8 and 10 nms). M-H loop of them are shown in figure

5.5. The exchange bias and width of the hysteresis loop monotonically increases

with decrease in FeCo thickness. This is shown in figure 5.6. However, the mo-

ment of FeCo decreases with the decrease in its thickness. Therefore, for the device

fabrication, the thickness of the IrMn was set to 10 nm and FeCo thickness 5 nm.
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Figure 5.4: Showing exchange field and coersive field as a function of thickness of antiferromag-

netic layer.
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Figure 5.5: Exchange bias by varying the ferromagnetic layer thickness.
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5.4 Microfabrication of magnetic tunnel junction

A four set mask process of optical lithography patterning has been designed for

the fabrication of MTJ. Designs were done in AutoCAD and the masks were pre-

pared on a 5 sq.inch chrome coated quartz glass using e-beam lithography. A

1 sq. cm sample consists of 41 devices with 5 different dimensions. Each mask

process consists of sample cleaning, photoresist deposition, patterning and film

deposition.

Each mask process consists of the following. The sample is ultrasonically

cleaned in acetone, iso-propanol and distilled water 5 minutes each. Afterwards,

it is washed in running water and blown with Nitrogen gas.It is then annealed at

1050C for 10 minutes to remove water molecules over the surface. Photoresist is

spin coated over this surface and baked at 1000C for 4 minutes. UV light is ex-

posed through the mask over the sample and then wash out the exposed portion

using developer and cleaned using distilled water. Sample is now ready for the

deposition of required film with the desired portion free from photoresists. Af-

ter the films are sputter deposited, remaining photoresists are removed from the

sample along with the deposited films over the resist while washing in acetone.

Now, a patterned film is obtained.

In the beginning, the lateral dimensions of the deposited device layers from

the SEM image of the device have been compared with the designed dimensions.

These are elliptical structures with five different dimensions as shown in figure

5.7. Table 5.1 shows the full length along the major and minor axis of the pil-

lars measured from the FESEM image with designed dimensions in bracket. The

measured values are found close to the designed dimensions.
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Figure 5.7: FeSEM images of the 5 different device dimensions.

MTJ device layers are deposited at a base pressure of 5 ×10−8 Torr and Ar-

gon pressure of 2 ×10−3 Torr. Each mask processes of MTJ Microfabrication is

conducted as follows.

In the first mask process of the fabrication, bottom electrode is fabricated

over the 1 sq. cm thermally oxidized Si(001) substrate. The layer sequence are

Ta(10)/Cu(15). Optical micrograph after the process is shown in figure 5.8(a).

Tandalum is a good adhesive and this set of underlayers have been optimized for
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Sl.No. length along the axis (µm)

Major axis minor axis

1. 8.15 (8) 16.54 (16)

2. 13.27 (13) 26.90 (26)

3. 24.50 (24) 49.92 (48)

4. 34.71 (34) 70.34 (68)

5. 44.98 (44) 87.78 (88)

Table 5.1: The designed dimensions of Major and minor axis of elliptical junctions are depicted in

the table. The length measured from the FeSEM image of the fabricated pillar are shown in bracket.

the exchange bias of IrMn/FeCo bilayer.

In the second mask process, the elliptical structures are transferred and

the device layers are deposited with exchange bias at the bottom such as

IrMn(10)/FeCo(5)/MgO(2,3)/FeCo(5). Micrograph of the device after the second

mask process is shown in figure 5.8(b). The elliptical shape facilitates to orient

the spins of electrodes towards the length of major axis by utilizing the shape

anisotropy.

Third step is the deposition of insulating layer to avoid direct contact between

top and bottom electrodes. 20 nm of MgO is deposited which is not observed

from optical microscope since it is transparent. Therefore, micrograph shown in

figure 5.8(c) is that taken just after patterning. Pillar is capped with resist to give

top contact.

Last step is the deposition of top electrode, which comes over the MgO insu-

lation layer deposited in the previous step and touches the top of the pillar. Top
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layers are Ta(10)/Cu(15)/Ta(10)/Cu(15)/Ta(10)/Cu(15). After washing out the

resist, the final image of a single device is shown in figure 5.8(d). A set of MTJs on

a substrate is shown in figure 5.9(a) and a zoomed view of the pillar is shown in

5.9(b).

The sample is then annealed at 2500C for 1 hour in 1 k Oe magnetic field to pin

the bottom electrode. Major axis of the pillar layer is aligned to the magnetic field

to utilize the shape anisotropy.

Figure 5.8: Optical image of the MTJ device after each step of lithography process.
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Figure 5.9: Optical image of (a) multiple MTJ devices on a substrate and (b) the zoomed view of

elliptical device of a junction

5.5 J-V characteristics of MTJ

Current density - voltage (J-V) characteristics of the MTJs were measured in

LakeShore make probe station using Agilent 1500B semiconductor device ana-

lyzer. The nonlinear curve obtained was fitted to Simmon’s relation for tunneling

current approximated to low voltages [5]. Current density, J, according to the

above relation is,

J = β(V + γV3) (5.5)

where,

β =
3
2

e2(2mϕ)1/2

h2s
exp (−Aϕ1/2), (5.6)

γ =
(Ae)2

96ϕ
− Ae2

32ϕ1/2 (5.7)

and

A = 4π(2m)1/2s/h (5.8)
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Here, V is the voltage applied across the junction, ϕ the barrier height, s the thick-

ness of the barrier, e the charge of electron, m the mass of electron and h is the

plank’s constant.

The fits of Simmons relation to the J-V characteristics of 2 nm and 2nm junction

MTJs at 300 K and 3 nm junction MTJ at 70 K are shown in figure 5.10, 5.11 and

5.12 respectively. The parameters α and β were obtained by fitting the IV data

with equation 5.5 using levenberg-marquardt algorithm in matlab. Equation 5.7 is

a quadratic in A, which yields β in equation 5.6 as a function of ϕ alone. Bisection

method is then used to find out the value of ϕ and from this, value of A and s are

found.
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Figure 5.10: IV characteristics of 2 nm MgO tunnel junction measured at 300 K fitted to Simmon’s

relation for tunnel current.
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Figure 5.11: IV characteristics of 3 nm MgO barrier measured at 300 K and fit to Simmon’s

relation for tunneling current.

-1.0 -0.5 0.0 0.5 1.0

-2

-1

0

1

2

 

 

C
ur

re
nt

 D
en

si
ty

 (k
A/

m
2 )

Voltage (V)

 data
 fit

Figure 5.12: IV characteristics of 3 nm MgO barrier junction measured at 70 K and fitted to

Simmon’s relation for tunneling current.
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Barrier thickness Temperature Parameters from fit R-square

(nm) (K) s (nm) ϕ (eV)

2 300 1.9677 0.9416 0.9994

3 300 2.4388 0.8825 0.9998

3 70 2.6489 0.7726 0.9983

Table 5.2: The fitting parameters of IV characteristics of MTJ with 2 nm and 3 nm thick barriers

are depicted here.

Barrier thicknesses obtained from the fits are found to be close or less than

the expected thickness. This has been understood as due to image forces which

reduces the lateral area of the potential barrier [6].

Quantum mechanically, there is a finite probability for electrons to tunnel

across the potential barrier as elucidated with the WKB approximation [7]. Trans-

mission probability in one dimension can be expressed as,

T(E) ≈ exp
(
− 2

∫ t

0

√
2me[U(x)− E]/h̄dx

)
(5.9)

where, me and E are mass and energy of electron respectively and t is the thick-

ness of the barrier. Tunneling probability exponentially decay with increase in the

barrier thickness and barrier height and it is independent of temperature. From

the J-V characteristics it can be seen that the current is independent of temper-

ature and current density has been decreased with increase in barrier thickness.

Therefore, the conditions for quantum mechanical tunneling have been satisfied

in these films.

114



Chapter 5

5.6 Tunneling Magnetoresistance of MTJ

Tunneling Magnetoresistance has been measured in cryomagnetic probe station

using Keithley 2635 source meter following the equation 5.2. Tunneling magne-

toresistance of a 2 nm MTJ device has been shown in figure 5.13. A TMR of 7 %

has been obtained.
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Figure 5.13: TMR of a 2 nm MgO barrier MTJ.
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5.7 Circuit design for MTJ sensor

Magnetic field sensors based on MTJ are much better compared to that from Hall

sensor. This is due to a better response to a small change in magnetic field from

a MTJ compared to a hall sensor. A circuit design has been established to use the

MTJ for magnetic field sensor applications as shown in the figure 5.14.

Figure 5.14: Circuit design of low field magnetic field sensor using MTJs.

Two MTJs have been kept with their zero field magnetization of reference layer

antiparallel to each other. They have been used as two resistor component of

bridge circuit. Voltage is supplied to the diagonal ends of the nodes of the bridge

and the output is taken from the other two nodes. Other two resistors are suitably

chosen so that the output voltage becomes the least without an external magnetic

field. The output of the bridge circuit is shown in figure 5.15. the output is ampli-

fied using LM741 op-amp for a gain of 200 by choosing R1 as 50 Ohm and R f as

10 K Ohm. The output, thus obtained as a function of magnetic field is shown in

figure 5.16.
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Figure 5.15: Output voltage obtained from the sensor circuit.
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Figure 5.16: Output voltage obtained from the sensor circuit after amplification using LM-741

op-amp.
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5.8 Conclusion

A method of fabricating Magnetic Tunnel Junction with photolithography as the

only patterning unit has been established. This is a cheaper and simple method in

comparison with the usual fabrication processes of MTJ using ion etching. Growth

of MgO (002) over thermally oxidized silicon substrate has been studied as this is

the best underlayer for MgO barrier MTJ. Exchange bias of IrMn/FeCo bilayer

has been optimized to achieve unidirectional anisotropy at maximum range from

zero field on positive and negative axis. Optimum thickness of IrMn found is 10

nm. Device pillar dimensions have been verified using SEM micrograph. Further,

the MTJ fabrication process has been explained. IV characteristics of the resulting

device has been measured, which shows properties of tunneling. This was fitted

to Simmon’s relation for tunneling current. A TMR of 7 % has been obtained

from a 2 nm film. A circuit has been designed for sensor application embedding

two MTJs as components of wheatstone bridge and amplifying the output. The

outputs before and after amplifying have been characterized.
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Conclusion

This chapter summarizes the results discussed in this thesis. Further, future direction to

be continued in this research is analyzed here.

6.1 Summary

The use of nanomaterials can be traced back to 600 B. C. Wootz steel manufac-

tured those times in ancient India consisted of Carbon nanotubes and cementite

nanowires and it was exported around the world. The pottery in the middle ages

and renaissance often shows metallic glitter produced using Copper and gold

nanoparticles [1]. However, it took long years until 1959 - when Richard Feyn-

man pointed out the significance of the materials at reduced size in his talk "There

is plenty of room at the bottom" to bud the thought that there are fascinating phe-

nomena hidden in the nano-world [2]. Further, Invention of Scanning Tunneling

Microscope in 1981 offered a stepping stone for scientific community to really
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move in to the nanoscales and see the mysterious properties of the nanomateri-

als. Progress of nanoscience, afterwards, was tremendous with a large variety of

applications drawing out from the research [3].

In the modern world, the electronic industry is still ruled by the semiconductor

technology. However, it won’t be too long to replace the electronic technologies

from semiconductor to metallic and magnetic nanomaterials while looking at the

tunable nature of these materials in the quantum world. The progress of research

and publications show that a large amount of research is conducted in laboratories

across the world and imbibing this into technology can miniaturize with enhanced

properties of the devices.

The nanostructures have been widely studied to explore the properties to con-

vert into applications. A considerable amount of theoretical works has been come

out to perceive the transport mechanisms in nanomaterials, for example single

electron transistor, spin FET, etc. Further, electron transport in nanomaterial films

have shown diverse mechanisms. This diversity arises from the size, structure and

dimenstions of nanostructures. As the size of the constituent element in a mate-

rial comes to nanoscale, surface to volume ratio of atoms increases drasticall and

the energy level separation increases causing quantum confinement. Electronic

conduction can be tuned in granular films by controlling the percentage of the

amount of metal or insulator and in nanocluster films by reducing the thickness

of the film. Metal-insulator transition in these structures have not yet been under-

stood propertly. A vast amount of research is in progress over magnetic tunnel

junctions observing huge applications owing to the giant TMR ratio. This shows

the relavance of the thesis as it explains the transport mechanism in nanogranular

and nanocluster films around metal-insulator transition by controlling the inter-
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cluster separation and dimensionality and a simple and cost effective technique

of microfabricating magnetic tunnel junction using optical lithography.

FePt-C is a strong candidate to study as the superparamagnetism occurs only

at a size less than 3 nm because of the huge perpendicular magnetic anisotropy

associated with the L10 ordering in these films. Intergranular distance of FePt-C

nanogranular film has been modified by co-sputtering or sequential sputtering

at various substrate temperatures. The resistance measured in these films show

varying so much, i.e., from a kΩ to a few hundred kΩ at room temperature. De-

pending on the intergranular separation, different conduction mechanisms such

as ES-VRH, M-VRH and extended critical region have been observed above 25 K.

This explores the possibility of tuning the conduction regimes by varying inter-

granular distance. In disordered films metal-insulator transition is decided by the

Anderson criteria. This has been simplified by Zenavova and Zebrodskii. This cal-

culation shows that below 21 K the samples are metallic. An extrapolation of VRH

fit to low temperatures shows that conductivity is enhanced at low temperature

comparing to the hopping mechanism. The enhanced conduction at zero field

was attributed to the intergranular interaction between perpendicular magnetic

ordered granules. This was explained with a model. The tunablility of conduc-

tion in these structures can be utilized for spin dependent electron channel in spin

FET.

Noble metals such as Au and Ag are the most suitable materials to study con-

duction in nanoclusters as the oxidation is comparably limited. Ag nanocluster

films of near monolayer has been prepared by varying deposition time. A contin-

uous to quasi continuous Ag nanocluster films have been obtained in this manner.

Electron transport in these films show normal metallic behavior to a resistivity
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minimum which moves up in temperature as deposition time reduces. Electron

transport in the metallic regime fits to Bloch-Gruneisen equation modified to in-

clude carrier scattering. The minima in resistivity was fitted with an additional
√

T dependence of resistivity responsible for electron-electron interaction. The

deybe temperature associated with electric resistance was found reduced as previ-

ously observed in silver nanowires. As the deposiion time reduces the minimum

in resistance moves up in temperature as well as the contribution from e-e inter-

action enhances. Though a logarithmic dependence was observed in nanoclusters

previously, the mechanism has to be further understood along with Hall effect.

Hall effect measurement of the film which does not show a minima is found to

have the Hall coefficient enhanced for one order. Further, Hall coefficient was

found showing similar trend previously reported in metallic Ag film.

Magnetic tunnel junctions have been one of the leading research topic resulting

from huge magnetoresistance produced in them. A versatile fabrication technique

has been established to microfabricate MTJs using only optical lithography. The

best underlayer for MgO barrier tunnel junction is MgO (001). The growth of MgO

(001) over thermally oxidized silicon has been studied by varying the Argon pres-

sure and annealing temperature. Exchange bias of IrMn/FeCo bilayer has been

optimized to achieve unidirectional reference electrode. The optimized thickness

of IrMn is 10 nm. The microfabrication technique has been elaborated step by

step. J-V characteristics of fabricated tunnel junctions fitted to Simmon’s relation

for tunneling current. A TMR of upto 7 % has been obtained. Further, a circuit has

been designed and implemented using MTJs to use it as magnetic field sensor for

low fields. This has to be further studied to engineer them for measuring higher

magnetic fields.
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6.2 Future perspectives

The nanostructures offer wide applications in daily life due to its modified phys-

ical properties, in comparison with its bulk counterparts or atomic form, arising

from the large surface to volume ratio as well as the quantum confinement. Since

these structures can be carefully controlled over the size, structure and dimen-

sionality, it can be properly tuned for various applications.

The electron transport in nanogranular and nanocluster films has been stud-

ied at large. However, there are different preparation methods and dimensions.

Electron transport in lower spacial dimensions is an area that has to be further

explored. The physics responsible for different conduction mechanisms has to be

understood to unify them. This requires further study in these systems by variy-

ing different controlling parameters. The metal nanogranular films have shown

giant Hall effect, where Hall coefficient increases upto 4 orders compared to its

bulk form. This enhancement has been attributed to the interference of conduc-

tion electrons when the size of the granule becomes comparable to the dephasing

lenght of electrons. Scaling law of anomalous Hall effect is violated in nanoclus-

ter and nanogranular films. Nanoclusters are the suitable candidate to understand

these studies as there is a proper control over the size of the clusters.

Invention of magnetic tunnel junction has a huge impact in modern technol-

ogy. Spin dependent transport and spin filtering has been efficiently utilized in

these devices. As the quality of the devices are improved the expenditure of man-

ufacturing also has to be considered. Huge TMR ratio in MTJs can be properly

utilized for magnetic field sensor applications with efficient engineering ways.
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The two dimensional nanomaterials are promising materials to replace many

of the semiconductor technologies as these films can be tuned at large. Explo-

ration of the physical mechanism associated with these structures have a great

importance to modify the structure for different requirements. This thesis pro-

vides a glimpse of this great truth.
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