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Abstract

Magnetic tunnel junctions (MTJs), are made by sandwiching a very thin insulating layer between
two ferromagnetic (FM) layers. If the tunnel barrier is replaced by two tunneling barriers around
an intermediate layer of ferromagnetic material it is called a double barrier magnetic tunnel
junction, this type of magnetic tunneling junction could gain new properties. Magnetic tunnel
junctions could be called the key devices in the emerging spintronic technology and they have a
vast application in computer devices such as hard disk drives, Magnetic random access memory
(MRAM) and future spintronic devices. The work presented here is related to the fabrication and
characterization of double barrier magnetic tunnel junction and to observe the phenomenon of
tunneling magnetoresistance (TMR) and the effect of different substrates on the TMR values. We
have also worked on the development of spin hall effect in the junction and found that it could
have effect in the switching of the magnetization direction of FM layers. The fabrication of
CoFeB/Al: O3/ CoFeB/Al;O3/CoFeB was undertaken using the magnetron sputtering system at
base pressure P=10 Torr, photolithography and ion beam etching. Tunneling Magnetoresistance
(TMR) of up to 37% was obtained from MTJs with a layer structure of
Ru/Cu/Ru/IrtMn/CoFe/Ru/CoFeB/Al:O3/ CoFeB/AlO3/CoFeB/Ta/Ru/Si02. We have used two
different substrates 1) glass 2) SiO;. It is found that the change of substrate results in the change
of TMR. We have also studied the magnetic properties of CoFeB thin films. The film deposition,
for the evaluation of spin Hall Effect and magnetic measurements was done and characterized for
required measurements. The values of resistivity for CoFeB thin film shows that for sample
prepared for 5 min deposition time have max resistivity which decreases for higher deposition
time and has gradual increase at the end but still not comparable to the sample 1. Which shows
that the optimized conditions to gain max resistivity are as for sample 1. We conclude that for a
specific thickness of film the resistivity is maximum. The value of resistance for CoFeB thin films
fluctuate between 3 to 17 Q. The magnetic measurements, TMR, spin Hall Effect, carrier
concentration, charge mobility, effect of different variation in sample preparation have been

systematically studied to achieve desired magnetic properties of layer stacks,



Motivation
Magnetic tunnel junctions (MTJ) are one of the main devices in the field of spintronics with the

application in emerging technology of computer hard disc drives, magnetic random access memory
(MRAM) and other spintronic devices. There is always a constant need to increase the storage
density in hard disk drives and MRAM technology and to acquire new MTJ materials and
structures to increase the tunneling magneto resistance (TMR) and more vigorous process
conditions for integration of MTJs. This emerging development inspires the need for the research
to improve the understanding of the science and relevant physical phenomena collaborated with
these devices. The purpose of this work is to provide new approach for the development of MTJ
devices for the applications in different devices. The challenges related includes the development
of basic film deposition for MTJs with CoFeB as FM layer and AlQ barriers and to study the TMR
phenomenon at room temperature and at low temperature as well. Magnetic properties, Spin

transfer torque and spin Hall Effect is also studied.



Thestis outline
The thesis is organized as follows.

Chapter 1 is the motivation and introduction about the magnetic tunnel junction and spin hall
effect. A brief description on the history, background knowledge and recent development in

relevant topics about MTJs is given.

Chapter 2 gives the synthesis techniques and experimental methods adapted for the fabrication of
MTJ and CoFeb thin film which includes thin film deposition techniques, magnetron sputtering,
photolithography and electro deposition.

Chapter 3 present the detail about the characterization techniques employed for obtaining the
desired results these characterizations includes TMR measurements, I-V curve measurements,

SEM, XRD, Hall measurements.

Chapters 4 present detailed results obtained in this work including tunneling magnetoresistance,

[-V curves, Spin Hall Effect occurrence and its effect on the magnetization switching.



Chapter 1 intraduction

~HAPTER T Introduction to Nano Technology

CIntreduction
Over the last six decades electronics technology has been overcome by the idea of developing
charge sophisticated devices for a number of applications which includes digital memory. digital
logic and amplitication ot analog signal manipulation have emerged on the bases of this concept.
The physics of charge transport in different metals and semiconductors has lead the wayv tor the
triumph of twentieth century solid state physics and material science. However, in the past decade,
we have seen a rapid development of @ new phenomenon which employs not only the charge of
electron but also the spin of electron that lay the foundation of spintronics. AlOy is a commoniy
used material for barrier making in MTJs to obtain high TMR at room temperature. AlOy is formed
by the oxidizing the pre deposited Al layer. The MTJ with a sandwich structure it FM/I/FM and
spin dependent transport properties have drawn a wide interest resulting in the large
magnetoresistance MR ratio of 81% at room temperature and 107% at 4.2 K using an AIQ barrier.
There are different types of AIO barrier based MTJs that include spin valve type pinned MTI.
double barrier magnetic tunnel junctions DBMTIJ, perpendicular anisotropic MTJ, Half metal
MT]I, dilute magnetic semiconductor composite MTJ, superconductor composite MTJ, granuilate
hilm composite MTJ and nano ring shaped MTIJ etc. Immense research 1s done in this field for the
practical application in the devices. The field of spintronics has emerged rapidly by the discovery
of spin transter torque SST etfect, it was a remarkable achievement in the development process.
This effect is consistent with development of high density devices and it also provides new strategy
for data writing. The pursuing target is to reduce the critical switching current both in lab and
industry as well. Magnetic read head, magnetic sensors, MRAM, spin and field effect transistors

are some important applications of AIO based MTlJs.

The advancement in the spin based electronic or spintronics paves new ways of manipulating
charge which was previously not possible in charge base electronics. also offering potential
advantages in speed, density, power and reliability [1]. The spintronic devices are mainly
incorporate magnetic materials in the path of conduction of electrons. For example ferromagnetic
materials often incorporated to produce a spin polarized current in which the spin orientation of’

one type is greater than the other among the conduction electron. The spin imbalance can be
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summarized in a number of ways. John Slonczewski and Luc Berger, two theorists predicted that
passing the spin polarized current through ferromagnets results in the absorption ol transverse
component of spin trom electron by the local moment of FM [2 3]. When conduction electron
transfers un angular momentum to ferromagnet it result in a torque on that ferromagnet and this
torque can be used directly tor the switching of magnetization in FM. This etfect is veritied in both

point contacts experimentally [4 5].

A spin valve is a typical structure which includes a large F layer known as tixed layer used to
polarize the electron spin in current. A second small layer which is called free layer, responds to
torque. A large current density of order 107-108 A/cm? is applied to observe the effect in transition
metals because the total spin transter per electron is relatively small. The generation f Oersted field
by the current itself can be an influence on the magnetization of free layer unless the current is
contined to nanoscale dimension (200nm) {6]. The field of spin transter is growing rapidly. This
effect has been studied in the different devices. In 2004, Grandis Corporation and one other group
at Cornetl have demonstrated spin transfer switching in MTJs with a very thin AlOy tunnel barrier
[7 8]. Within the time of a few months, further spin transfer torque have been used to push domain
walls in the ferromagnetic wires of nano scale. [9 10] and also the switch of magnetization in
semiconductors magnetic devices at low temperature [11 12]. There are very promising potential
applications in addition to the nanoscale physics. For example, we can use spin transter torque to
write low power, high speed and nonvolatile dense magnetic memory on the MTJ bits. MRAM.
the application of magnetic memory are used for switching the MTJs magnetic write scheme 15
used for this purpose and the device has been developed by some companies in U.S [13 14]. Since
the cell size is scaled down the power required for the field writing scales up. Therefore, the power

requirements scale up with the cell area so spin transfer writing is considered as the alternative.

C Saukeround
The central concept of spintronics is to use the spin degree of freedom of electron o develop
devices which are faster with multifunctional properties and which consume less energy as well.
[n the past few years there have been huge developments in the field of spintronics that made a
breakthrough in the conventional electronic technology. Due to its basic research and industrial

apphication MTJ has become most important devices of spintronics, such as MRAMS, hard disc



Chapter 1 Introduction

drive and magnetic sensors. Basic concepts of MTJ and spin hall effect in ferromagnets are

introduced 1n this thesis.

Ceent developments

Nowadays magnetic tunneling junctions are used widely for the structures bascd on the principle
of spintronics. Using the phenomenon of spintronics in different devices we can take the advantage
of both the charge of electron as well as its spin. This phenomenon is used in different devices
like field sensors, magnetic memories or logic devices, Magnetic random access memory MRAM
etc. Magnetic tunneling junctions are composed of two layers of fcrromagnetic material separated
by very thin layer of insulator. Tunneling effect occurs for the transport of electrons through these
junctions. The electrical resistance depends on the relative orientation of the ferromagnetic
material layer which makes 1t very interesting for different applications, The resistance is low
when the magnetization are parallel and high when the magnetizations are antiparallel.

If the tunnel barrier is replaced by two tunneling barriers around an intermediate layer the magnctic
tunneling junction could gain new properties. Double barrier junctions could pave the way towards
new devices such as spin diode [15] or spin transistor [16]. Therefore a clear understanding ot spin
dependent transport properties in these double barrier junctions is necessary. In fact these
structures behave differently from single barrier junction. It is observed that double junctions may
present a specific signature when current flows in the plane of the layers [17]. Moreover an
amplification of spin transfer torque in these double junctions is also observed. It is demonstrate
that the hysteresis-free MR loop can be obtained in a free layer thickness range by controlling the
annealing temperature [18].

The spin conservation in electron tunneling gives rise to the posstbility of spin sensitive tunneling
between two ferromagnets (FM) layers which leads to a large magneto resistance (MR} values >
30% at room temperature. This recent success has led to several fundamental questions regarding
the phenomenon of spin tunneting, besides showing tremendous potential for applications as
nonvolatile magnetic memory elements, read head and picotesla sensors [19 20]. . Thermally
assisted MRAM devices with sizes and electrical properties relevant for nonvolatile memory can
be made to survive the high process temperatures required for embedded CMOS memory and also
have low read and write fields. Devices were shown 1o survive 10® write cycles. This may open up

new applications of MRAM [21].
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Control of the crystallization of the middle CoFeB layer is important for optimizing the MTJ with
double MgQ barriers, and especially for the fabrication of double barrier MT!} on a large area

substrate [22].

Experimental work is reviewed with the emphasis on projected applications. in which external
clectric and magnetic fields will be used to control spin and charge dynamics to create new

functionalities not teasibie or ineffective with conventional electronics.

Spintronics is being used in lot of applications like ferromagnet/insulator/superconductor (F/I/S)
tunneling, F/I/F tunneling, Andreey reflection, Spin-polarized drift and diffusion, Materials
constderations, Spin filters, Spin diodes, Spin transistors, Spin field-effect transistors, Magnetic
bipolar transistor, Hot-electron spin tranststors and Spin qubits in semiconductor nanostructures.

We shall discuss the expertmental results and the current theoretical understanding of spin
dependent tunneling in Spintronics nanostructures: its dependence on bias, temperature and barrier

characteristics [23 24].

A Introduction 10 magnetism
Magnetism exists in almost all the materials and is due to the tiny magnetic moments and there

orientation. These moments are the result of orbital and spin magnetic moments together. Orbital
magnetic moment is the resuit of motion of the electrons around the nucleus constituting current
and gives perpendicular to the orbit plane magnetic moment. Spin magnetic moment is due to
intrinsic angular momentum of electrons. Magnetization M of the material describes the strength
of the magnetism of that material. Which can be defined as the magnetic moment per unit volume
of the particular substance. When the material ts placed in some external magnetic fteld H, there

is a relationship between M and H as

M=xH (1)

Where X is called the magnetic susceptibility. Different material can be categorized as
diamagnetic, paramagnetic, ferromagnetic and anti-ferromagnetic materials depending on the sign
and order of the magnitude of X. For diamagnetic materials we have negative X and of the order
107 that is due to contribution of orbital magnetic moments. Diamagnetism exist in almost all the

materials but it is so weak that it is overcome by Para magnetism or in most cases terromagnetism.
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Magnetization is proportional to the external field and the susceptibility is of the order 10~ to 11
*, for Para magnetism. It is because of the spin moments of unpaired electrons in the atom or ion,
These spin moments produce a very weak magnetization when they are in 2 magnetic field and are
1solated from each other. By the removal of external field the magnetization will be zero due to
the thermal agitation. Even if the order of magnitude of susceptibility is very small in diamagnets
and para magnets, the effect on overall magnetic signal with very thin FM layer containing sample
may not be negligible. [t is therefore very important to choose the right materials for sample holder
or rod for building highly sensitive magnetometers. for example vibrating sample magnetometer
{VSM). We arc mainly focused on ferromagnetism and anti-ferromagnetism for MTJs. Since no
external field is required to introduce the magnetization, the magnetic ordering is spontaneous in
ferromagnets and anti-ferromagnets. Weiss’s molecular field theory and Heisenberg’s quantum
mechanical excbange interaction theory [25 26], in magnetic materials spontaneous magnetization
originates by the exchange interactions in spin moments of unpaired electrons of neighbor atoms.
This internally produces quantum mechanical force by which the moments of individual atom 1s

aligned in parallel or anti-parallel state which 1s known as magnetic ordering.

Fig 1.1 shows two forms of magnetic order which 1s (a) FM ordering (b} AFM ordering

v
4
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F 3
F 3
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— — — > o * »  —
_— —, — —> ‘+-— — — —

{a) Y}

Fig. 1.1: Schematic illustrations of magnetic ordering. (a) The magnetic moments are aligned paralle! in a FM
material due to the strong positive exchange interactions between the spin moments. (b) The magnetic moments

are ahigned anti-parallel in an AFM material due to the strong nepative exchange interactions between the spin

INoments.
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Due to the strong +ve exchange interactions or we can call FM coupling, the spin moments of
adjacent atoms align paratlel in FM ordering, as shown in the Fig. 1.1 (a). These regions are
described as magnetic domains. Even if the magnetic moments in FM materials are aliened
naturally within the domain. there is a possibility that because of the random orientation ot
domain magnetization in the absence of magnetic field no magnetization is exhibited by FM

materials. Saturation magnetization of spontaneous magnetization M

is the magnitude of single domain magnetization. Due to thermal effects the saturation
magnetization vanishes above a critical temperature, which is called Curie temperature( 7c) . In
an antiferromagnetic coupling is negative between the adjacent atomic moments and spin
moments are antiparallel in neighboring layers as shown in Fig.1.1 (b). Which result in zero net
magnetization. Above a certain temperature material becomes paramagnetic and AFM ordering

becomes random, this temperature is known as the Neel temperature (Tw).

When the spin moments in neighboring atoms are antiparalle] due to negative exchangc
interaction while the net magnetization is due to the un equal atomic moments of neighboring

atoms the material is called a ferrimagnet.

By the MH or hysteresis loop as shown in the Fig.1.2. we can understand the behavior ot a
l[crromagnetic material placed in an external applied field H. the magnetization ot the material
that is never been magnetized or demagnetized will follow the dashed line when we start from
H=0 and will reach the saturation point of magnetization Ms as the H increases. The

magnetization is aligned to the field direction for all the domains (a in Fig.1.2)

Magnetization remains non zero even tf the applied field is decreased. Remanent magnetization
M, is the value of net magnetization at this point. Here some domains remain aligned and some
lose their alignment. By reversing the magnetic field to point b the magnetization is reduced to
zero. This magnetic field required to reduce the magnetization to zero is called coercivity .
By reversing the field to point b the magnetization reaches to zero. The magnetic tield value
required for the reduction of magnetization to zero is called coercivity. By the increase in the
strength of field in opposite direction, again, the domains become aligned and at point ¢ they

saturate in opposite direction. Again reversing the field results in magnetization reduction

11
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reaching at point d where, once more, the magnetization is zero and applied field is f..

Examples of ferromagnetic materials are Ni, Co, Fe and there alloys.

M - remanent magnelizaton
M - saturation magnelization
H, - coercivo fiald

Fig. 1.2: Hysteresis loop of a FM material.

S\ agetic tunnel junctions
Magnetic tunnel junction consist of an insulating layer which is sandwiched between two
ferromagnetic layers. The insulating layer is called tunnel barrier it must be very thin (a few nm).
The tunneling magnetoresistance of MTJ depends upon the relative direction of magnetization of
the electrodes. When they have parallel magnetization the resistance is low and when they have

antiparallel direction the resistance is high. The ratio

(Rap — RP)/RP, is defined as the TMR and it is one of the most important parameters of MTJs,
here ®» and Rap are the resistances of MTJ when the direction of magnetizations of the
ferromagnetic layers are parallel and when they are anti-parallel respectively. To understand
the TMR and tunneling effect it would be more appropriate to go through the understanding ot
magnetism before introducing theory of MTJs. The historic development of MTlJs is also given

below.

12
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Where P1 is spin polarization for FM1 and 2 is the spin polarization for FM2. P is calculated

[rom the spin dependent density of sate at £r .

Ni(Ee) = Nu(Fe)

= A=1,2
"N (ER) + Ny (ER)
: : .
L— : :”!,'.‘.'l:'l‘;;‘ﬁu:i?\pm L;f m:'l L‘ﬂkuﬂ"" L
; L ! . A ‘\H
ST M - <1
#‘r:‘—: ‘I R : =L
P 'I’ _ - ' 'l. r
NEY D) =
e Yt Velk) Voik) Viorkr N k) Vil
@) (b)

Fig. 1.3: Schematic illustration of spin dependent tunneling in an MTJ: (a) parallel and (b) antiparalle! alignment

of the two FM electrons.

From equation (27) we can see that TMR is polarization dependent of FM layer. The spin
polarization is an intrinsic property of the ferromagnetic material. When we have nonmagnetic
material # = 0 and when we have half metal material that is spin polarized fully then [Pl =1,
Equation (11) depicts that by higher polarization materials we can get higher TMR. If we use
half metals there will be indefinite TMR. A very high TMR is reported in MTJs using half
metals at low a temperature [28 29]. However, at room temperature high TMR has never been

observed yet for half metal electrodes.

Julliere’s can be said as an approximate description of TMR etfect. The 70% TMR of the MTJs
having 3d FM alloy electrodes is close to the Julliere limit which is estimated from the
experimental values of the spin polarization. However, the model is unable to explain the ultra-
high value of TMR in MTJs having MgO barriers. This could be due that Julliere model does

not censider the effect of the tunnel barrier on the TMR.

14
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Fig. 1.4: Tunneling DOS for Fe(100)/MgO/Fe(100) for parallel alignment of magnetizations majority (a), minarity

(b). and antiparallel alignment of magnetizations (c) and (d)[30].

© 7 Tunneling effect

It is a quantum mechanical effect which means that an electron can transmit through a higher
kinetic energy barrier as compared to the energy of electron itself. Classical physics cannot explain
this phenomenon. According to quantum mechanics we consider that due to wave properties of
electron it is possible that the wave can transmit through barrier. Here, tunneling effect is
demonstrated by a possible current flow through a very thin insulating layer between two M
metals. Fig 1.5 shows a barrier that is rectangular and describes metal/insulator/metal condition.
Electrons having energy £ < Vo travel in x in rectangular barrier. To simplify the problem it is

considered that are identical having perfect interface.
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Where X and K- are the wave numbers with K1 = V2mE/h? o4 ko = \/Zm(VL, —E)/h? 1y

the area of x < 0, both incident wave Aef®1¥ and
Retlected wave Be ~tk1% exist, while in the area of x = a, only the transmitted wave

Fe'*1¥ Exists. Due to the conditions that exist at the boundaries of the barrier, both the wave
tfunctions and their differentials must be continuous, the constants 8. ¢, £ and # are found to be
correlated to A . The ratio of the transmitted current density {F|” to the incident current density

|Al% is defined as the transmission coefficient:

o _IFP? 4k, %k,
=TTz T T 2 2 (8)
Al (K + k; )Psintk,a + dkok
z

- E(_g%;ﬁ‘le—%,mm(%—ﬂ')
4]

It can be seen that the incident electron can be transmitted despite the barrier height exceeding

its energy, and the transmission T is dependent on the barrier width a.

(Vo — £, incident particle mass m, decreasing exponentially as a increases.

i3 Vlagnetoresistance
The change in the resistance of some conductor with the applied magnetic field is called

magnetoresistance MR. large MR effects up to several 100 % are observed in magnetic materials

due to spin polarization of electrons. The GMR and TMR effects are explained below.

cLrant Vagneloresistance
The conduction electrons are un-polarized in a normal conductor wire. If we insert a ferromagnetic

material into the wire we impose a direction quantization on the electrons in the wire through the

exchange interaction the ferromagnetic material. The quantization direction is the direction of

17
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local magnetization in ferromagnet. Spin polarized current ts generated in F bulk and F/N interface
through spin dependent scattering. In terms of two paraliel resistance channels the system can be
modeled where the orientation of each spin feels different resistance for F/N and F layer [31]. An
F'/N/F multilayer stack is shown in fig. 1.5 where the resistance is depending upon the relative
angle between the F layers. The devices are patterned with an elongated shape otten as shown in
lig 1.6 c, it is to align the equilibrium position of F layer either parallel or antiparallel w.r.t each
other. The resistance is low if the F [ayers are parallel aligned for typical F & N layers since the
two spin channels are scattered by the two F layers. If the F layers are aligned antiparallel, in both
channels a strong scattering occurs which causes a large resistance fig 1.5. This effect allows us to
interpret the measurements 61" resistance in terms of relative angle of magnetization and is known
as giant magnetoresistance GMR [32]. The two F layers are made of different thickness to break
the symmetry between tbe layers. The layer which is thicker is referred as tixed layer while the
layer which is thin is referred as free layer. A typical measurement of the GMR response is shown
in Figure 1.6(b). As the magnetic field is cycled about the free layer magnetic hysteresis loop, the
deferential resistance {dV/dI) is measured before starting the measurements the orientation of fixed
layer is set 1o positive magnetic field direction. Within the range of applied field this layer does
not switch in this measurement. The Nano magnets which make the fixed and free layer, exert
magneto static field called dipolar field (Hs;,) on each other. From the field offset in GMR loop of

free layer, magnitude of fixed and free layer (Hujp) can be measured fig 1.6 b.
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Fig. 3.4: Schematic diagram of Scanning electron microscope

Different parts used in SEM are heating filaments conducting lenses, objective lenses, electron
gun and aperture. Electron gun emits the electrons which are accelerated through gaining KE by
applying high voltage of 100eV to 100 KeV between anode and filament. Verity of pulses of
signals are produced by the emitted electrons when they gain KE,

Backscattered electrons, diffracted electrons, secondary electrons, heat, visible light and photons
are parts of these pulses of signals. For sample imaging back scattered and secondary electrons are
used. For topography and surface morphology secondary electrons are used. Elemental
composition is determined by the help of back scattered electrons. Magnifying power of SEM
ranges from 20X to 50000X with 50nm to 100nm resoilution. The resolution of SEM is adjusted
by the spot size of electron which depends on the electron wavelength. Vacuum is necessary for
the working of SEM which is applied by the vacuum pumps. The sampie tor SEM must be

conductive. The nonconductive samples are coated with very thin layer of gold or Cu.
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© 7 Pwea Pomt Probe Method:
Two point probe and four point probe methods are commonly used for the measurements
of resistance in conductors. By measuring the current and potential difference across the conductor

we can measure the resistivity as shown in fig (3.5).

POWS Suppry

Fig 3.5: Setting of two probe system
Probe 1 is used to supply current across the sample and exit through probe 2 which is measured
by ammeter. Resistivity can be measured by finding the potential difference between two probes
using a voltmeter. We have the formula for resistivity as |
VA

Where | is length between probes and A is correction of sample.

A Problems of two probe method:

1) “Increase in resistance due to the contact of measuring lead connection”

2) It cannot be used for irregular shapes™

3) “Itis difficult to solder some materials with lead contact like nanomaterials™

4) “While soldering the heating of sample like semi-conductors resull in injection of
impurities into material and affect the electrical property”.

Four point probe is a better technique for resistivity measurements and to overcome these

problems. [ can be used over different shapes of sample and pressure contacts instead of soldering

contacts help preventing the heating of sample.
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32 vhe TMR eftect
The MTJ consist of a very thin layer of insulator sandwiched by two FM layers. It is designed in
such a way that the field for switching is different tor each layer. Which concludes that each ‘M
layer have different /lc . The layer with tower fc is called soft layer or free layer and the other
with the higher He is hard or pinned layer. There are a number of methods for producing /e tor the
FM layers. For example to choose the FM materials having different Hc, The other is to use
different shape anisotropy for the same FM layers but having difference in thickness or shape. The
magnetization of one of FM layer is fixed or pinned by the exchange bias of an adjacent AFM
layer is one of the most effective way to get switching at low field ( as considered in practical
application). The layer which 1s unpinned is called free layer while the pinned layer is exchange
bias layer. As shown in the Fig.1.7. the dependence for the magnetization alignment of pinned and
tree layers on the applied field is shown in fig 1.8 {a) in which the hysteresis loops that are one
which is around the zero field is from free layer contribution and other around er is from the
contribution of pinned layer due to the bias effect. Hex is the exchange bias fied that is produced
in AFM or FM bilayer sysytem. In fig 1.8 (b) is shown the dependence of resistance of MTJ on
the magnetic field alignment of r¢lative to the pinned and free layer. The MTJ is at low state when
the magnetization of two FM layers are parallel and at high state when the magnetizations are anti

parallel. TMR is defined as

R.. — R
TMR =22 __"F

®)
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Fig. 2.4: Diagram representation of three stages involved in photolithography.

First the organic photoresist is coated on the cleaned film and is allowed to dry. Then the
UV light is exposed on film to form a geometrical pattern through the mask (fig 2.4a). Secondly
the part of photo resist which is exposed to the UV light is removed because it becomes un stable.
it is developed in the photo resist developer for optimized time (fig 2.4b), un covered hlm is
removed by etching after doing the pattern [52-53]. In last the photo resist remained is removed

by dipping in to solvent suitable for that purpose (fig 2.4c).

Crof-pCam eleinmy:

It is a dry etching p;ocess in which momentum is transferred between the incident ion and
target atom. Argon ion with sufficient energy are radiated on the surface. These argon ions with
sufficient energy help to eject the material from the surface. A vacuum pump exhausts the ejected
material and gases to avoid any deposition on the sample. Sputtering yield depends on the incident
ion energy, mass of species, target atom mass and angle of incidence [54-56]. The energy of the
incident atom must be greater than the binding energy of the target atoms it could range from 10
to 100 KV depending on the matenal. Etching rate(R} is a function of sputtering yield(S) and
written as
R(8) = 9.6 x 10%x J x (S(8)/n) x cos (0) 2.2y

Where J is current density, n is atomic number density and () is the angle of incident with normal
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2o blectro deposition Technigue

Deposition of material by passing current between two electrodes which are placed in some
clectrolytic solution is called electrodeposition. This technique is most commonly used for
the growth of nano wires with high aspect ratio and also for the thin film growth. It is
convenient and low cost as well. It is considered more beneficial over the physical method
because it is casier to handle and has high deposition rates, it also does not require any vacuum
for its working and uniform films can be casily grown. We can grow a verity of materials
including metals, alloys and metal matrix compounds. NWs and thin films are included in
materials fabricated electrochemicaily. The current distribution is better to be known on the
electrode to design the best device suitable for the generation o required items because metals
and alloys are fabricated by ED. There are a number of parameters which should be taken in
to account to have the best deposition. These are as follow.

 Electrolyte concentration

e Current density

s pH

e bufter capacity

» leveling agents

e temperature

s substrate properties

e contaminants

¢ cleaning procedure

The process of electrodeposition is illustrated in the fig. the structure and deposition depends
on these parameters. In this work we have used electrodeposition technique for the fabrication of

thin film on home-made AAO templates.
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Fig 2.5: illustration of Electrodeposition process.
S Tempiate assisted electrochemical deposttion
Electrochemical deposition is a versatile and low cost effective technique for the
fabrication of nanostructures. We require AAO or polycarbonate templates for this process. Both

membranes can be easily found commercially and can also be prepared in the laboratory.

2 Uepes ol Bdectrodeposition

There are three main types of ECD for the NW and thin film growth which are

1. Alternating current electrodeposition (ACECD) [57 58]

2. Direct current (DC) electrodeposition

3. Pulse current electrodeposition
The AAO templates are mainly prepared by DC voltage between Al electrodes. In DC method a
direct current is applied through-hole AAO that is isolated from Al substrate. Also a conductive
film should be sputtered on one side of the templates before the start of deposition. We require
only a few nm thick AAQO templates for nanostructure application. However, it is better to use
20um thick templates for easy handling and transfer. In AC and PED methods metal NW and thin
film can easily be deposited directly into pores of AAO templates with Al substrate. AC method

is considered as the most convenient and popular method for the fabrication of NW and thin film

[59].
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(TMR) data for the free layer hysteresis in a typical MTJ with an 4/0 tunnel barrier
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Figure 1.9: Plot of differential resistance vs. Ha for the free layer hysteresis of a rypical AIO, MTV.

Figure 1.9 gives an example of tunnel magnetoresistance

Crspin-Transter Torque (STT) Domain Wail Motion

The spin of electron becomes polarized in the direction of magnetization (e.g., spin up or spin
down) when it passes through a magnetized material (fig 1.10). When these spin polarized
clectrons reaches a region of different orientation of magnetization, as in domain wall, 1o align
with the magnetization, its spin is again polarized. This re alignment of spin results in an electron
angular momentum. A torque is exerted on the local magnetic moment of the magnetic material to
conserve this angular momentum. To align it with the initial polarization of electron this spin
transfer toque acts on the magnetization [34 35].for example the spin transfer torque will act to
pull the magnetization down if an electron with spin down enters in an up orientation
magnetization region. For the movement of domain walls in direction of electron flow this
phenomenon can be used in magnetic materials. This phenomenon has been used in racetrack
memory [36] and in various magnetic memories to drive the switching. [t is also used for the

switching single domain pillar MRAM [37].
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-}

ledon flow

M '

Figure 1,10 lllustration of spin-transfer torque-driven domain wall motion. The demain wall moves in the direction of’

the electron tlow.

Let's consider a sample slice having thickness dx, in the direction of current flow (one
dimensional). The time rate of change of spin angular momentum or spin torque can be calculated

by equating the time evolution of the local magnetization and amount of the angular momentum

deposited by spin polarized conduction electrons.

ds” 1 au” oM™ ] R M (x+dx)—- M (x)

e = (—)—
dt y ot y Ot x dy az P e Zdydz[

Ms
9

Here, ¢ is the magnetic moment, Ms the saturation magnetization of the material, y¥ the

4its
gyromagnetic ratio (equal to » , where g is the Landé factor and us the Bohr magneton), P the

clectron spin polarization,  the charge current density, e the electron charge, k the reduced Planck

constant, and M the magnetization vector. The resulting time rate of change of the magnetization
aF
due to the spin current is obtained by solving the above equation for ar
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because Neel walls are unfavorable due to internal demagnetization energy associated to them.
[40]. However, additional force that is Dzyaloshinskii-Moriya interaction (DMI) is found to
dominate in some cases. [41 44]. This effect tends to produce stable Neel walls which are suitable
for moving with the spin hall effect (SHE). Domain wall motion with high velocity has been
demonstrated experimentally in these systems [40 44]. We can set the way in which domain walls
moves with response to the current by reversing the chirality. In other words it is possible to flow
the electron along SHE-DWM if DMI or some external field sets the wall chirality in the correct

direction.
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CHAPTER 2 Svnthesis and Fabrication

_ U Svathests of Nanomaterials
[n this chapter the synthesis techniques adopted for the sample preparation and device fabrication

are explained. In general the two common techniques used tor the synthesis are top down and

hottom up approaches as explained below.

2.2 Top-down and Bottom-up approach:

When we synthesize the nano materials by machining or crushing the bulk material this
type of approach is called top down approach. For example the manufacturing of integrated circuits
by crystal growth, lithography, ion beam etching etc. the most common example for the synthesis
of nano materials s ball milling process. In this process the microcrystalline structures are broken
without disturbing the integrity of the material in to nano crystalline materials. Kinetic energy is
supplied for the preparation of the nanostructure metal oxide by chemical rcaction bctween the
constituents in crushing by milling process.

(n contrast, the assembly of materials by the atoms or molecules to form the nano materiats
is called bottom up approach. It is a non-lithographic technique having great potential to overcome
the lithographic process. Sole gel, PVD, CVD. laser ablation, electrodeposition, epitaxial growth

ctc. are examples of bottom up approach.

L Sputiering:

Sputtering is a PVD process in which we can deposit thin films and multilayers on
substrates. In this process highly energetic particle which could be electron, an ion or an alpha
particle etc. are targeted on the surface of the material to be deposited the incident particles must
have enough energy to eject the surface atoms. The sputtered atoms are deposited on the substrate.
The ratio of number of atoms ejected to the incident atoms is called sputter vield.

SRS TR L H RN ) F

DC sputtering is a process in which the discharge occurs between target and substrate under
suitable conditions of voltage and pressure. A neutral gas at low pressure is inserted in to the
vacuum chamber. A discharge under suitable pressure ( Ito 10m torr ) and voltage conditions
occurs between target and substrate in DC diode sputtering. Argon gas which is electrically neutral

is inserted in low pressure vacuum chamber. Argon gas is ionized in to plasma by the DC voltage
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Fig. 2.4: Diagram representation of three stages involved in photolithography.

First the organic photoresist is coated on the cleaned film and 1s allowed to dry. Then the
UV light is exposed on film to form a geometrical pattern through the mask (fig 2.4a). Secondly
the part of photo resist which is exposed to the UV light is removed because it becomes un stable.
it is developed in the photo resist developer for optimized time ({ig 2.4b), un covered film is
removed by etching after doing the pattern [52-53]. In last the pheto resist remained is removed

by dipping in to solvent suitable for that purpose (fig 2.4c).

Cron-oCi etening:

It is a dry etching p'rocess in which momentum is transferred between the incident ion and
target atom. Argon ion with sufficient energy are radiated on the surface. These argon 1ons with
sufficient energy help to eject the material from the surface. A vacuum pump exhausts the ejected
material and gases to avoid any deposition on the sample. Sputtering yield depends on the incident
ion energy, mass of species, target atom mass and angle of inctdence [54-56]. The energy of the
incident atom must be greater than the binding energy of the target atoms it could range from 10
to 100 KV depending on the material. Etching rate(R) is a function of sputtering yield(S) and
written as
R(8)=9.6 x 10¥x J x (S(8)/n) x cos (8) (2.2)

Where J is current denstty, n is atomic number density and (0} is the angle of incident with normal
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2o lectro deposition Technigue

Deposition of material by passing current between two electrodes which are placed in some
clectrolytic solution is called electrodeposition. This technique is most commonly used for
the growth of nano wires with high aspect ratio and also for the thin tilm growth. [t is
convenient and low cost as well. It is considered more beneficial over the physical method
because it is easier to handle and has high deposition rates, it also does not require any vacuum
for its working and uniform tilms can be easily grown. We can grow a verity of materials
including metals, alloys and metal matrix compounds. NWs and thin films are included in
materials fabricated electrochemically. The current distribution is better to be known on the
electrode to design the best device suitable for the generation o required items because metals
and alloys are fabricated by ED. There are a number of parameters which should be taken in
to account to have the best deposition. These are as follow.

¢ Electrolyte concentration

¢ Current density

. pH

e butfer capacity

e leveling agents

* temperature

» substrate properties

e contaminants

e cleaning procedure

The process of electrodeposition is illustrated in the fig. the structure and deposition depends
on these parameters. In this work we have used electrodeposition technique for the fabrication of

thin film on home-made AAO templates.
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Fig 2.5: illustration of Electrodeposition process.
2ot Femplate assisted electrochemicat deposition
Electrochemical deposition is a versatile and low cost effective technique for the
fabrication of nanostructures. We require AAO or polycarbonate templates for this process. Both

membranes can be easily found commercially and can also be prepared in the laboratory.

Sl hpes of dddectrodeposition
There are three main types of ECD for the NW and thin film growth which are

|. Alternating current electrodeposition (ACECD) {57 58]

2. Direct current (DC) electrodeposition

3. Pulse current electrodeposition
The AAO templates are mainly prepared by DC voltage between Al electrodes. In DC methed a
direct current is applied through-hole AAO that is isolated from Al substrate. Also a conductive
tilm should be sputtered on one side of the templates before the start of deposition. We require
only a few nm thick AAO templates for nanostructure appliication. However, it is better to use
20um thick templates for easy handling and transfer. In AC and PED methods metal NW and thin
film can easily be deposited directly into pores of AAO templates with Al substrate. AC method

is considered as the most convenient and popular method for the fabrication of NW and thin film

~ [59)
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Fig 2.6: Diagram represents multilayer stack of DBMT]

The huge tunneling spin polarization, high anisotropy and soft magnetic behavior of CoFeB makes
it the best candidate for synthesis of MTJ which was employed in our work. We have used AlO as
the insulating barrier in this MTJ. The mobility of s-type electrons is increased by the interaction

of transition electrodes and insulating barrier which leads to the spin current in MTJ [66-67|
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['he thin tilms were deposited under following conditions given in the table 2.2.

Table 2.2 Conditions for CoFeDB thin film preparation.

Sample Material Voltage (V) | Time (min)of | PH of Concentration
no. deposited applied deposition sol. in 100 ml

CoSo4 H3Bol

FeO4S7H20
1 CoFeB 15 5 45 |0.025M 0.05M 02M
2 CoFeB 15 6 45 ] 0025M 0.05M 02 M
3 CoFeB t5 7 45 | 0.025M 0.05M 0.2M
4 CoFeB 15 3 45 | 0.025 M 0.05M 0.2 M
b CoFeB 15 9 45 | 0.025 M 0.05M 0.2M
6 CoFeB 15 10 4.5 | 0.025M 0.05 M 02ZM
|

The thickness of the films is varied by changing the time of depositton. The effect of thickness
variation is studied and the detailed analysis of magnetic properties variation and Hall Effect

occurrence is given in corresponding headings.
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PoN-Ray ittraction ¢ XRD:
Lattice is the building block that all materials have, lattice have two or three dimensions.
The interatomic length and three interfacial angles of lattice ae shown in the fig. Crystals have
regular arrangement of lattice which is repeated. XRD peaks are obtained by the regular and

repeated arrangement of the lattice.

Fig 3.1: Geometrical shape of lattice with angles and lengths

The arrangement of molecules and atoms in crystal structure are found by diffraction
process. The X-ray beam of suitable wave length gives the information ot crystal structure by
scattering back from sample after incidence. Bonding and other parameters are found by this beam
of X-ray. We get the information about crystal and amorphous nature of material by diffraction
method. Bond length, atomic spacing and particle size can be found by crystallographic method.
The process of diffraction is used to study DNA structure, proteins and vitamins. There are
different methods for X-ray diffraction. The X-rays produced for diffraction must have wavelength

equal to the interatomic spacing.

S Production of X-rays:
A German physicist named Roentgen discovered X-rays. By X-rays we can find the

crystallographic nature of material, nature and bonding composition, lattice parameters, and
orientation of crystals, grain size and defects in materials. Diffraction technique can be appiied on

both bulk and nano levels.
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Thermionic emission of electrons occurs by a heavy target like tungsten when 2 beam of electrons

produced by the filament strikes the target Fig.3.2. [61]

e . .
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Fig.3.2:X-ray cooling tube

For this purpose cooling tube is used. X-rays are electromagnet in nature having
wavelength from 0.5 A° to 2.5 A® This value of wavelength is equal to wavelength in solid
materials [63]. X-rays diffrometer works on principles of Bragg's law.

S0 Brage s 1aw;

Monochromatic beam of X-ray with suitable wavelength falls on the target and scatters in
different directions after interacting with the material atoms. Diffraction of X-ray is known as
scattering of x-rays in preferred directions by the crystalline material. By determining the ~d
spacing” of material we can analyze the crystal structure of material with the help of diffracted x-

rays directions.

Bragg law is given by.
2dsin8 = mi (3.1
Where,
m = fringeorder 1,2,3........., A = wavelength of beam of X-rays
d = spacing between planes, 6 = angle between plane and beam of light

Experimental arrangement of Bragg’s Law as shown in Fig. 3.3
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Fig.3.3: Experimental arrangement of the Bragg Law
[For cubical spinel structure the lattice parameter a can be calculated by tormula
a=d/ V(h?+K+1}) ——— (3.2)

Where h. k, | are called miller indices.

S2oSeanning Blectron Micrascopy:

For detailed structural analysis SEM is an important characterization method. By scanning
electron microscopy we can find the particle size, structure, grain size and surface can be analyzed.
SEM show the direct image of material which is the main advantage of SEM over XRD. It is
similar 1o the optical microscopy. A beam of electrons is produced by a filament or an electron
tunneling source, These emitted electrons gain kinetic energy by high electric fields which are
used to control the movement of thee electrons. The beam of electrons passes through several
lenses to get a highly focused beam on the target. There are two main type of microscopies used
that are SEM and TEM. SEM is used for the three dimensional image of very high resolution
which is helpful to understand the morphology of the material. The beam of electrons emitted from
the sample is studied with the help of detectors after amplification. Some of the electrons are back
scatiered and some secondary electrons are also emitted which gives important information about

the sample. The surface of SEM is grounded to avoid any distortion. Fig. 3. 4 shows schematic

diagram of SEM.
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Fig. 3.4: Schematic diagram of Scanning electron microscope

Different parts used in SEM are heating filaments conducting lenses, objective lenses, electron
gun and aperture. Electron gun emits the electrons which are accelerated through gaining KE by
applying high voltage of 100eV to 100 KeV between anode and tilament. Venty of pulses of
signals are produced by the emitted electrons when they gain KE.

Backscattered electrons, diffracted electrons, secondary electrons, heat, visible light and photons
are parts of these pulses of signals. For sample imaging back scattered and secondary electrons are
used. For topography and surface morphology secondary electrons are used. Elemental
composition is determined by the help of back scattered electrons. Magnifying power of SEM
ranges from 20X to 50000X with 50nm to 100nm resofution. The resolution of SEM is adjusted
by the spot size of electron which depends on the electron wavelength. Vacuum is necessary for
the working of SEM which is applied by the vacuum pumps. The sampie for SEM must be

conductive. The nonconductive sampies are coated with very thin layer of gold or Cu.
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T2 oo Point Probe Method:
Two point probe and four point probe methods are commonly used for the measurements

of resistance in conductors. By measuring the current and potential difference across the conductor

we can measure the resistivity as shown in fig (3.5).
probe 2

sample

Fig 3.5: Setting of two probe system

Probe 1 is used to supply current across the sample and exit through probe 2 which is measured

by ammeter. Resistivity can be measured by finding the potential difference between two probes

using a voltmeter. We have the formula for resistivity as

VA
p=1% (3.3)

Where 1 is length between probes and A is correction of sample.

221 Problems ot two probe method:

1} “Increase in resistance due to the contact of measuring lead connection”

2) It cannot be used for irregular shapes™

3) *“ltis difficult to solder some materials with lead contact like nanomaterials”

4) ~“While soldering the heating of sample like semi-conductors result in injection of
impurities into material and affect the electrical property”.

Four point probe is a better technique for resistivity measurements and to overcome these

problems. 1 can be used over different shapes of sample and pressure contacts instead of soldering

contacts help preventing the heating of sample.
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Fig.4.13 Graph for conductivity response with deposition time

The above graph is for conductivity for samples having different thickness. It can be seen that for
sample 1 we have min conductivity which increases for sample 2 and then gradually decreases.
This graph confirms the result from the graph of resistivity as we have min conductivity when the
resistivity is maximum this again proves the conditions for sample 1 are the best to prepare the
thin Alm.,
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4 Four point probe method:
Tungsten metal tips with spring supports having finite radius are used in this technique.

They are spaced equally as shown in the tig (3.6). Springs prevent any damage to the sample by
not pressing too hard on it and they can move up and down according to surface while

characterization.

Fig 3.6: Diagram of four point probe setting.

Current of high impedance is supplied to the probe 1 and 4. Inner two probes 2 and 3
measure potential difference using voltmeter. Finally resistivity is determined. The spacing
(s=1lmm) is adjusted between the probes [62 63].

The current doesn’t draw through inner probes because input impedance is high in the
circuit. By measuring the potential difference, unwanted potential drop between contacts 2 and 3

and sample is eliminated. Resistivity is given by.

4
p=7 2ns (3.4)
Ck STeasurme resistanee ot M by Fowr point Probe method:
Four point probe is an effective method for the characterization of MTJs current in plane properties
and different properties e.g. TMR and low RA etc.
As shown in the fig (3.7) four probes are placed over the junction. Outer probes are used

for current and inner probes measure potential drop for the measurement of the resistance ot

junction [64]
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] Tup Electrode
Tunnel Barrier
jBottom Electrode

il Substrate

Fig 3.7: Schematic representation of current in plane tunneling method by four point probe.

Some part of current passes through the bottom electrode crossing the barrier. Probe
spacing is important for the amount of flow of current through bottom clectrode. All current flows
through top electrode for small spacing and for large spacing between probes there will be
proportion of current flow between top and bottom electrode. Distance between the probes is very
important. By varying the probe distance the resistance of junction can be measured. For different

barrier thickness the junction characteristics can be measured.

> Vibratng Sample Magnetometer ( VAM)

Vibrating Sample Magnetometer (VSM) is a device invented by Simon Foner in 1955 in
Lincoln laboratory MIT [65]. It 1s a device widely used for the characterization of magnetic
properties of a number of magnetic material types like paramagnetic, diamagnetic, ferromagnetic
and anti-ferromagnetic materials. An electromapnet provides magnetizing tield (DC) in VSM. A
vibrator vibrates the sample sinusoidal in the presence of magnetic field, it is done with the help
of piezoelectric material. Due to the change in flux that is generated by the vibrating sample the
detectton coils generates a signal voltage. The mapgnetic moment of sample can be measured by

lock-in amplifier which is directly proportional to the induced voitage in pick up coils. Fig 3.8.
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CHAPTER 4 Results and conclusion

1 Lransport Properies of ColeBAAL-O Col ¢B:
Four probe technique is employed to calculate the TMR value of double barrier magnetic

wnnel junction with SiOz and glass substrates. Readings were taken at room (emperature and

resistance of junction against applied magnetic ficld along the plane was measured.

E2OUMR tor the M T with glass substrate:
The figure 4.1 depicts the TMR values for the MTJ with glass substrate which was obtained

10%. The curve explains the switching of free electrode as well. The switching field depends on

the coercivity of FM electrodes.
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Fig: 4.1 Resistance Curve of DBMT) at room temperature.
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RN Characteristic Curve tor DRMT) with S10-substrate:
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Fig. 4.8 Graph for 1-V characteristic of DBMT) with Si0O: substrate.

The graph between applied voltage and current is linear for the double barrier magnetic
tunnel junction deposited on SiO2 substrate. Which is a different behavior compared to the -V
curve of DBMTJ with glass substrate. Which shows that the substrate also have effects on the [-V

characteristics. The resistance of the junction is 100 Q.

We have used the four point probe technique to measure the resistance of DBMTJ in anti-
parallel state and obtained [-V curves which show nonlinear behavior in the device with glass
substrate and linear behavior with the 510z substrate which shows that the resistance is ohmic. It

also justifies the tunneling process in DBMT]J.

Cebarl e shenrents tor DIENT L
The following measurements are done from Nano-Chip Reliability grade Hail Effect System, with
approx. 65nm thickness model for DBMT]J.
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Table 4.1 Hall measurements of BDMT]
Sample Condition Rs Rho Con Ns Ns us
(ohm/sq) {ohm-cm | (l/ohm-
(fem~2) {/cm"3) {cm"2/Vs)
cm)
DBMTI B=100G; [=IlmA | 3.16E+00 2.05E-05 | 4.87EHM4 4.07E+16 | 6.26E+21 | .0SE+02

The measurements confirm that the phenomenon of Hall Effect is occurring in the DBMTJ which

could lead to the in-field switching of magnetic layers.
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structure has been successfully deposited. The further zooming of the film revels the desired
nanostructure more clearly in fig (¢} we can see the smooth tbin film structure as it was glued to
the substrate. The surface looks wavy or as in an interwoven textile. As the thin films were grown
over the AAQ templates so we expect that the tilms were grown over the 1-D nano structures. We
located two tiny spots where the deposition did not went as required. revealing the underneath
structure of thin lm which are NWs that can be seen in fig 4.9 (b) and (d). By the above data it

can be considered that we can grow the NWs by decreasing the time of deposition.

Loy DS results ot Cobe3 thin 11lm

The EDS measurements for CoFeB thin film deposited on Al substrate are given in fig. 4.10.
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Fig. 4.10 EDS results of CoFeB thin film

It s confirmed by the EDS analysis that our required material has been deposited successfuly. it

can be seen that Fe and Co peaks are quite strong with a small peak of B because it is a lighter
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clement and difticult to detect. The Al peak is due to the aluminum substrate. The EDS results

confirms the deposition of CoFeB which is the required thin film.

PO -V charactersties of CoFeB thin him
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Fig. 4.11 -V graph for CoFeB thin film with varying thickness,

The above graph shows the I-V data for the 6 samples of CoFeB thin film with varying thickness.
The thickness of the samples was increased by increasing the time of deposition. The data of
deposition is given in table 2.2. Sample 1 is deposited by giving the deposition time for 5 minutes.

All other samples were prepared by a time gap of 1 minute each. The I-V graph shows that for
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sample | the current increases almost linearly with increase in Voltage with a siight inclination
between 4 and 5 volts, The I-V curves tor other 5 samples having more thickness than the sample
| responded differently as compared to the sample 1 and gave uncertain fluctuations between
voltage and current. The graph shows that the current does not respond to the voltage for samples
other than 1 as it does with the sample 1. The possible reason for this uncertain behavior could be
the resistance response by increasing the thickness. The resistance tluctuates between 3-17ohms
with variation in thickness. The curves which shows large amount of current upon the smaller
value of voltages 1s because of larger concentration ot iron as compared to boran and cobalt. We
can also say that at this situation the charge density is larger due to which there is a trend of gradual
increase in current in different samples of the compound and the corresponding curves as shown

in the above graph.

.10 Hall measurements for DBMTI and Col-eB thin film;
The following measurements are done from Nano-Chip Reliability grade Hall Effect System, with

assumed thickness of 70nm model for CoFeB thin film. We have taken the hall measurements both
with the applied magnetic field and without the magnetic field. We have found that the Halt Effect
occurs in the CoFeB thin film without any external applied field. This leads to the main
phenomenon of spin Hall Effect for which no field is required for the spin accumulation on the

lateral boundaries.

St B measorements Tor Coleld thin 1ilm:

Table 4.2. Hall measurements for the confirmation of spin Hall Effect.

Sample Condition Rs Rho {ohm- Con VH Ns Ns us
{ohm/sq} cm) (1/ohm-
(V) {(/em™2) {fem™3)} (cm”™2/Vs)
cm}
CoFeB  WithB 424E+05  2.97E-01 3.39E+00 -1.27E- - - 5.64E+0I
04 2.74E+11  3.92E+17
CoFeB  Without 3.57E+05  2.50E-01 4.09E+00 -1.99E- - - 6.50E+04
B 04 2.95E+08 4.21E+14
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Fig 4.12 Graph for resistivity response with deposition time

The graph of resistivity shows that for sample prepared for 5 min deposition time we have max

resistivity which decreases for higher deposition time and has gradual increase at the end but still

not comparable to the samplé 1. Which shows that the optimized conditions to gain max resistivity

is as for sample 1. We conclude that for a specific thickness of film the resistivity is maximum.
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Fig.4.13 Graph for conductivity response with deposition time

The above graph is for conductivity for samples having different thickness. It can be seen that for
sample 1 we have min conductivity which increases for sample 2 and then gradually decreases.
This graph confirms the result from the graph of resistivity as we have min conductivity when the
resistivity is maximurn this again proves the conditions for sample 1 are the best to prepare the

thin film.
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Fig 4.13 Graph for carrier mobility with deposition time
The charge carrier mobility graph has fluctuating values for different film thickness. The min
value for mobility is for sample 1. This condition again confirms the above results of resistivity
and conductivity as the mobility is lower when the resistivity is max and conductivity is min.
We can conclude that the sample 1 has all the characteristics to achieve higher TMR values as it
has max resistivity and low conductivity and carrier mobility.
&
.-
eg
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Fig 4.14 VSM measurements of CoFeB thin films.
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The above graphs shows the VSM data acquired by characterizing the CoFeB thin films using

(Quantum Design PPMS VSM) at various thickness. The thickness was varied by prolonging the

deposition time. The obtained parameters form VSM are given below in the table 4.3.

Table 4.3 parameters obtained from VSM

i

RCLOAETTES

AT IEE)

CEY

Wit

I E1.85
2 11.62
3 11.63
4 [0.85
3 2.06

6 10.15

[4.64

14.92

16.3

241

25.5

18.1

1.220E-1

1.284E-1

1.401E-1

2.715E-1

2.813E-1

2.988E-1
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As we know that the squareness is Mr/Ms and here we characterize the sample along two angles.

One is parallel and other is perpendicular external applied field (H) for each sample as shown in

fig 4.14 (a-f). We correlate the squareness of each sample for which the thickness gradually

increases (sample 1-6). By co relating we observed that the squareness along the perpendicular

axis remains aimost same and the squareness along parallel axis of the sample gradually decreases

hence we conclude that the easy axis is out of plane for each sample. By comparing the 6 samples

tor squareness. We have found that for out of plane applied field the value of Ms and Mr has slight

but constant increase with increasing the thickness. This effect is attributed to the Neel Wall

maotion.
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elllt_‘lll.\i(lll

Double barrier magnetic tunnel junction

Ru3/Cu20/Ru5/1rMn10/CoFe2.5/Ru0.8CoFeB3/AllnmOx/CoFeB3/All nmOx/CoFeB4/Rul0Ta5
/CoFe8/IrMn10/Ta3 was synthesized by the magnetron sputtering system, ion beam etching and
photolithography on Glass substrate as well as on SiO» substrate at P=10"Torr pressure. With the
help of four point probe we have measured the Tunneling Magnetoresistance (TMR) and |-V
curves at room temperature. The resistance of the junction is found to be from 40-100Q from [V
curve. The TMR value for DBMTIJ with glass substrate is found to be 10% with 3000e applied
lield in the plane of MTI. After annealing at H-4000¢ at T=265C for an hour and changing the
substrate from glass to Si0z it is observed that TMR value has increased up to 37%. This increase
in the TMR value is considered as a result of interface smoothing and crystallinity ot FM layers.
also the substrate may have effect on the buffer layer which led in the change of magnettzation of
junction. We have prepared CoFeB thin films by electrodeposition using AAO templates under
varying conditions and taken different measurements. We have taken magnetic measurements
which gave outstanding results. We concluded by squarenes that the easy axis is out of plane for
CoFeB thin film and the material showed ferromagnetic behavior. We have taken [-V curves and
the hall measurements both with the applied magnetic field and without the magnetic field. We
have found that the Hall Effect occurs in the CoFeB thin film without any external applied field.
This leads to the main phenomenon of spin Hall Effect for which no field 1s required for the spin
accumulation on the lateral boundaries. The confirmation of Hall Effeet in the junction could lead
a new approach in which spin Hall Effect can generate spin currents which are intense enough for
the induction of spin transfer torque switching. It could be used for controlling the device that can
be much better than the existing technologies. It is also concluded that the film thickness couid

have effect on the TMR values and has optimized values for max TMR.
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