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Abstract

This thesis is devoted to the study of spin dependent trahbpbtwveen CoFeB electrodes
through an MgO barrier in ordered and disordered multilagyestems. The local electri-
cal integrity of the MgO barrier was studied using Ru and CoFeBon electrodes by a
modified conducting atomic force microscopy. The qualityhef MgO barrier was charac-
terized by measuring the hotspot density and using a stalistodel proposed by F. Bardou
for different thicknesses of MgO. This model studied thaatérns in tunneling transmis-
sion due to inhomogeneity of the barrier. The results shove@ehse of the density of
the hotspots with the thickness of MgO barrier and that agodsf insulating barrier is ob-
tained at 1 nm thickness. For the study of the disordere@systdiscontinuous multilayers
of CoFeB/MgO were prepared by sequential sputtering of CoFeBwgO from the indi-
vidual targets. The granular tunneling magnetoresistépddR) and transport properties
were studied between 1.25 K and 330 K. The transport of chzatyeeen CoFeB in this sys-
tem was dominated by hopping processes which obeyed diffareneling laws in different
temperature regions. The enhanced g-TMR value observed & mperature was attributed
to higher order tunneling. The study also focused on thatians in g-TMR, electrical re-
sistivity and microstructures by post deposition anneglifhe magnetic properties of this
system were also investigated between 5 K and 350 K. A supmarzagnetic transition was

found with a blocking temperature of 130 K.
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Chapter 1

Introduction

Spintronics is the study of phenomena related to the spiteofrens and of devices that take
advantage of the spin of the electron along with its chargecohventional electronic de-
vices the spin of the electron has been ignored and theseesawlied only on the transport
of electrical charge carriers. Spintronics is a newly enmgrgechnology in which the spin
of electrons along with their charge is manipulated to fzdig novel devices like magnetic
sensors, MRAM and read heads for the hard disk. In these despa dependent effects
arise by the interaction of the spin of electrons with the nedig moments of the materials.
Nonvolatile nature, increased data processing speedcgaksml electric power consumption
and increased integration densities are the advantaggsnifanics devices over the con-
ventional semi-conductor devices. These advantages rhalgpintronics devices attractive
for high density memory storage devices and magnetic sgagpmiications.

Several experimental groups at different universities ianelectronic industry are in-
volved in the study of new spintronics materials and geoyrfetrthe application purposes.
A number of examples for the application of these devicesbeaguoted here. One of them
are hard disks, where the magnetoresistive read headsrcamiggmation stored in high
density recording media by a small magnetic stray field inéatecal signal with a high
spatial resolution [1,12,]3]. Another example is the comtiamaof tunnel magnetoresistance
elements in read heads with perpendicular recording whiebp$y increases the storage
density [4]. Magnetic random access memory (MRAM), magrfetld sensors, lab-on-chip

and reconfigurable magnetic logic are a few examples amongnder of novel spintronics
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devices.

In 1988, the group of Peter Griinberg and Albert Fert disax/ére Giant Magnetoresis-
tance effect in Fe/Cr trilayers and multilayers by resigtivheasurement [5,/ 6]. The GMR
effect is due to the spin dependent scattering of condueiectrons in the vicinity of the
interface of magnetic and nonmagnetic spacer layers. Dtieettarge magnetoresistance
value compared to the usual anisotropic magnetoresisi®&MR) this effect is refered as
giant magnetoresistance. The discovery of the GMR effestavgreat breakthrough in the
field of spin dependent transport and thin film magnetism. Beeaf their large effect and
sensitivity to a small magnetic field, GMR based sensors heplaced the AMR based read
heads in hard drives and also found their applications ia farmonitoring of rotation of
wheels, current monitors and velocity and accelerationson@ag sensors [7,/ 8] 9]. Peter
Grunberg and Albert Fert both were awarded the Nobel PriZZ06# in Physics for their

discovery.

In 1992, two groups in USA also observed the GMR effect in glansystems of ul-
trafine ferromagnetic particles dispersed in non-magmattrix [10,[11]. The individual
particles in the granular systems are either not free but@wpled with each other or have a
large anisotropy so they are magnetically hard. Due to tlagmatic hardness, a large mag-
netic field is required to achieve the saturation magnetizadf these particles. This feature
makes the technical applications of granular systemsdumit

Julliere had already discovered tunneling magnetoresistel MR) effect in tunnel junc-
tions in which two ferromagnetic layers were separated byraihsulating layer[[12]. The
TMR effect was due to the spin dependent tunneling of elastfoom one ferromagnetic
layer to an other through an insulating barrier. This effeact been extensively studied in
Al;O5 based MTJs since the discovery of room temperature TMRtgi&;14]. In these
MTJs a TMR ratio up to 70% has been experimentally achieveolcsh temperature [15].

Like the GMR effect, the TMR effect is also observed in gramdystems (disordered
system) of magnetic particles (Co, Fe, Ni) embedded in itisigianatrices (AJO3, SiO, and
MgO). The applications of granular films include high coeedilms for information storage,
high permeability and high resistivity films for shieldingdabit writing at high frequencies
[16,17,18].



The biggest breakthrough during the last five years was teodery that the spin po-
larization of the tunnel current depends not only on thetedee properties of the magnetic
layers but is also influenced by the choice of the materialafiér layer [19/ 20]. By
changing the barrier material from a thin amorphous layeal@minum oxide (AJO;) to a
crystalline layer of magnesium oxide (MgO), the degree af golarization of the current
increases from 50% to 90% for the same magnetic electroderimaCoFe). Therefore,
the TMR value correspondingly increases from 70% to 500%@nrtemperature [1, 21].

In recent years, therefore, AD; barrier has been replaced by MgO because of the fol-
lowing reasons:

1) Al;,O5 based MTJs have not been free from unwanted factors likeretkx barrier
interface roughness, incomplete or excessive oxidati@x which result in remaining Al or
oxidation of the underlying ferromagnetic electrode [23]. X hese factors reduce the TMR
ratio. On the other hand, such problems are not faced in the @aMgO because of e.g.,
direct sputtering of MgO from a target.

2) MgO based tunnel junctions are more reliable thagOAlbased tunnel junction be-
cause the MgO tunnel barriers are more hydrogen tolerantAh#; tunnel barriers. Fur-
thermore, MgO tunnel barriers have ten years longer lifeetthan ALO5 tunnel barriers
[24].

3) The ultrahigh TMR value in MgO based MTJs is due to cohdremieling of electrons
through the MgO barrier. However, the tunneling of elecsrdmough AYO; barrier is not
(completely) coherent.

The high TMR value in MgO based MTJs encouraged the industrgglace spin valve
field sensing devices by MTJs devices. The@J barrier should be only nonconductive
and free from pinholes for the realization of high TMR valud¢owever, the MgO barrier
needs to be crystallized in a certain crystal orientatiohisTs required for occurrence of
coherent tunneling processes necessary for an ultrahigR V@fue. This crystal orientation
is obtained by tight control of deposition conditions andiealing parameters. Therefore,
the study of MgO barrier in tunneling processes is an imporésea of research in these
days.

The study of spin dependent transport through MgO barrieoitinuous and discontin-
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uous CoFeB/MgO heterogenuous structures is the main goabkahesis. For this purpose
a continuous layers structure of CoFeB/MgO has been prepackdtadied by conducting

atomic force microscopy and the results have been comparée tproperties of magnetic
tunnel junctions. For discontinuous CoFeB/MgO heterogutiugtsires a granular system
of CoFeB/MgO has been studied. The transport through MgO walsest under different

annealing conditions and at different temperatures.

This thesis is organised as follow: The second chapter deduhe basics of ferromag-
netism and spin dependent transport phenomenon. The togroglelectrons is discussed
in ordered system of magnetic/non-magnetic metallic riaykirs and disordered system of
discontinuous multilayers. The role of the barrier in ca@mtrtunneling is also included in
this chapter. In the third chapter a short introduction gfesxmental methods and techniques
used in this thesis are given. This includes the fabricadiosamples and characterization
tools. In order to address certain physical questions peglat the beginning of this in-
vestigation the structure of MgO barriers is studied by cmting atomic force microscopy
(CAFM) in the forth chapter. Initially, Ru under the barrieuised to investigate the electrical
integrity of the MgO tunnel barrier. For the comparison afuks with ordered systems like
magnetic tunnel junctions, half finished magnetic tunnetjions with different thicknesses
of the MgO barrier are also investigated. The fifth chaptenéant for the study of disor-
dered system. To study the role of CoFeB and MgO barrier inrdesed system, a granular
system of CoFeB/MgO has been prepared and investigated.réifféhicknesses of MgO
and CoFeB were investigated to optimize the spin dependemgport in this system. Spin
dependent transport in connection with the tunneling lasvelalso been included. The role

of the barrier in connection with crystallization is a pairttus chapter.



Chapter 2

Theoretical Background

In this chapter different theories related with this worli e discussed which will be help-
ful to understand the work done in this thesis. It will staithna small introduction of
ferromagnetism and spin dependent transport phenomenagnetic materials. A detail
of the spin dependent transport in heterogenuous systespeaial references with ordered

and disordered system will be discussed.

2.1 Ferromagnetism

Magnetic materials exhibit a bulk magnetization due to titeraction of magnetic moments
among individual atoms and/or ions. This interaction tedonddign or anti-align the magnetic
moments of the atoms. If the magnetic moments are aligndd edth other the material
is called ferromagnetic material. Thermal excitationsttyyrandomize the alignment of
the magnetic moments. The temperature at which these thexoigations overcome the
alignment of the magnetic moments is called Curie tempex&iur

The origins of the magnetic moment of an atom are the orbitdlspin magnetic mo-
ments of its electrons; the magnitude of the magnetic momepénds on the number and
elecrtonic states of electrons in the atom. All free atome et magnetic moments if their
sub shells are not fully occupied. However, ferromagneissfound rarely in nature because
most of the atoms lose their net magnetic moments when attagjinto a solid [25]. In a

solid, electrons are delocalized because of the overlgpgitheir wave functions with the
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neighboring atoms. This is one of the main reasons for thredbsnagnetization in a solid.
However, according to Heisenberg's model, the wave funatibelectrons in neighboring
atoms should only slightly overlap each other for ferromegm to exist[26]. Furthermore,
the symmetry of the potential acting on an electron due ta#ighboring atoms in a solid is
lower than that in an atom. The reduction in potential synmynet electrons is another rea-
son of the loss of magnetization in solids. Other than treattupling between the magnetic
moments of individual atoms is also very important for thegmetization. This coupling
depends on the type of bonds and atomic distances [27].

Ferromagnetism exists only for the middle part of the 3drelets (e.g., Co, Fe, and Ni)
and for Gd and Dy. The electronic band structure for thesmegs is complicated. In
these ferromagnets the electrons with different spins lad@the band structure differently
due to the exchange splitting. Fig._R.1 shows the schemagicesentation of the band
structure of a normal metal and a ferromagnetic metal. Innibrenal metals both bands
have equal numbers of spin up and spin down electrons. larfexgnetic metals, however,
the two separate bands are shifted in the energy with re¢pexach other. This shift is
called exchange energy and gives rise to unequal filling nflband acts as a source of net
magnetic moment.

The magnetization and spin polarization of a ferromagneaterial can be found from
its band structure because both are determined by the gerisiipin up and spin down

electrons and given by the following relations

O(M 21.2
M (N} + Ny) (21.2)

Where N; and N, are the densities of electrons with spin up and down, reseéct The
magnetization, structure, spin polarization and Curie &najpire of ferromagnetic elements

are given in the table

Element| Structure| T.(K) | M,(emu/cc)| Spin Polarization(%
Fe bcc 1044 1719 44
Co hcp 1388 1400 45
Ni fcc 628 509 33
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Nﬁs, N7 N 1 N+
Normal metal Ferromagnet

Fig. 2.1: A schematic representation of the band structure of a normal metal andoen&gmnetic
metal. In ferromagnetic metal the minority spin band is shifted upwards by theege

energy. [28].

2.2 Spin Dependent Transport

Electrons are spin-1/2 fermions and therefore they catstt two states system with spin up
and spin down. A transport phenomenon which manipulateses the spin of the electron
is a spin dependent transport phenomenon. The spin degdanaesport can occur only in
those materials for which there is an unequal populatiorpf at the Fermi level [28]. We
know that the ferromagnetic materials have two separatdsfor spin up and spin down
electrons in the DOS at the Fermi level. These bands aredhiftthe energy with respect
to each other as shown in Fig._R.1. This shift gives rise toquakfilling of the bands
and causes a net spin polarization. Therefore, ferromagmeitterials show spin dependent
transport.

The change in the electrical resistance of a normal or magmetal by an applied exter-
nal magnetic field was first observed by William Thomson in@8% [29]. This change is
referred to as magnetoresistance. The magnetoresistasalito be positive if it increases
or negative if it decreases with the external magnetic fidlde reason of the magnetore-
sistance in normal metals is the Lorentz force which the reaigriield exerts on moving

electrons. The value of this magnetoresistance is relgtsraall and referred to as ordinary
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magnetoresistance (OMR). However, a large value of magesstance is obtained in ferro-
magnetic materials due to the spin polarization of the sdastin the presence of an external
magnetic field.

Since long the spin of electron has not been intensivelysiyated by the experimen-
talist and researchers in the transport phenomena. In Tediow and Meservey conducted
series of tunneling experiments using a @4 barrier between a very thin superconducting
and ferromagnetic films in a high magnetic field and showetktimneling is spin dependent
[30,[31]. The spin dependent splitting of the quasi partitdesity of states in a supercon-
ductor by the application of magnetic field has been usedatyae the spin polarization of
the tunneling current for ferromagnetic films [32] 33].

Three different types of magnetoresistance have beenaasar magnetic materials:
AMR (Anisotropic Magnetoresistance), GMR (Giant Magnetistance) and TMR (Tun-

neling Magnetoresistance).

2.3 Spin Dependent Transport in Bulk Materials

A sizable MR was observed in bulk ferromagnetic metals (Co Nteand alloys (permal-
loys) at room temperature in 1970s. The MR depends on thetidineof the spontaneous
magnetization and is due to the change of magnetizationruhdexternal field. This mag-
netoresistance is referred to as Anisotropic Magnetdeesis (AMR) [34]. The resistivity
is maximum when the current is parallel to the magnetizadiioection, p,, and it is mini-
mum when the current is perpendicular to the magnetizairectibn,p, ,. Thisis due to the
scattering produced by the spin-orbit interaction. Thetetes which travel parallel to the
magnetization scatter stronger than those which travglgueticular to the magnetization.
The definition of AMR is given by:

Pl — PL
pPL

AMR(%) = % 100 (2.3.1)

Although the relative change in the resistivity due to AMRsisall, i.e., only 2% - 4%
in permalloys, it has very important technical applicasiam the field of magnetic sensors

[34]. These are used as speed/position sensors and readédresads for magnetic storage
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devices.

2.4 Spin Dependent Transport in Ordered Systems

A highly sensitive read head with a large MR ratio is requii@diltrahigh density recording
media. Therefore, a large MR effect at room temperatureghlfidesirable for technical
applications. Two kinds of magnetoresistance effects baen observed in ordered multi-
layers systems. These are the Giant Magnetoresistance (@MRhe Tunneling Magne-

toresistance (TMR) which are explained in the following praphs.

2.4.1 Giant Magnetoresistance

A huge magnetoresistance in Fe/Cr multilayers system wasgifoy Biabich et.al., (group
of A. Fert) and Binasch et.al., (group of P. Grinberg) in 19&]. The value of this mag-
netoresistance is 50% at room temperature. However, a naugarlvalue up to 220% at
1.5 K has been observed in this system [35]. Due to its largeeyd is referred to as Giant
Magnetoresistance (GMR). Such a large value cannot be eg#&cdm the normal magne-
toresistance caused by Lorentz forces or from the anisetropgnetoresistance caused by
the spin orbit interaction. Fe/Cr multilayer systems extabiantiferromagnetic coupling be-
tween two ferromagnetic Fe-layers through a nonmagnetimncium interlayer. Therefore,
at zero magnetic field the Fe layers are aligned antipatallebch other and the resistance
is very high. When a magnetic field is applied, the alignmenhefFe layers changes from

antiparallel to parallel and the resistance drops sigmfigaThe GMR amplitude is defined

by:
Rap — Rp
— X

P

GMR(%) = 100 (2.4.1)

WhereR 4p is the resistance for antiparallel alignment of the adjaéemomagnetic layers
and Rp is the resistance for parallel alignment. The Hig.] 2.2 regmés the change in re-
sistance due to magnetic field in Fe/Cr multilayer systemh ditferent number of Fe/Cr
bi-layers at 4.2K. The relative orientation of field has diseen depicted in the figure.

The origin of the GMR is the scattering of the conduction &tats due to the relative
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Fe —
Cr
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(Fe 30A/Cr18 Al

(Fe 30 A/Cr 12A)y

(Fe 30 A/Cr9Alg,
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10 20 3 40
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L — —
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Fig. 2.2: GMR of Fe/Cr multilayer system when current and magnetic field are in same. pldre

change in resistance is due to the orientation of Fe layers by the applied trodighe [6]

alignment of the magnetic layers. The scattering of thetedas is larger in case of antiparal-
lel alignment than in case of parallel alignment of magraion. The electrical transport in
the layers can be divided in two spin-channels. Electrotis their spin opposite to the local
magnetization direction experience more scattering amslhiigher resistance than electrons
with their spin parallel to the magnetization. In case ofgflal magnetizations, one current
channel acts as a shunting current but in case of antipanadignetization both channels

suffer high resistance.

This effect has also been observed in variety of other naykit systems e.g., Co/Cu,
Ni/Ag and Fe/Cul[386, 37, 38, 39, 40,/41]. As explained earhas, effect is observed in those
multilayer systems in which there is antiferromagneti@agement of the magnetizations.
This arrangement can be achieved by different ways suchnasngi of one ferromagnetic
layer or by using layers having different coercivities. Hmgiparallel alignment in trilayers
is achieved by pinning of one the ferromagnetic layers’ nedigation by the "exchange

bias" effect. The other ferromagnetic layer's magnetorais kept free to rotate with an



2.4. SPIN DEPENDENT TRANSPORT IN ORDERED SYSTEMS 11

external applied field [42]. Such a trilayer system is oftefermred to as a spin-valve. The
antiparallel alignment can also be achieved by using naykits in which consecutive layers
have different coercivities [43]. In 1992, it was proventttias effect is not limited to only
multilayers systems, the magnetic clusters in a nonmagmegtrix or combination of layers
and clusters also display the GMR effect due to a non-parabgnetization in the ground

state [35] 36].

2.4.2 Tunneling Magnetoresistance

The tunneling magnetoresistance was first observed bgdiih 1975 but at that time it was
not possible to have a reproducible effect at room tempexddiZ]. In 1995, Moodera et al.
at MIT and Miyazaki and Tezuka in Sendai found a reproduddnige TMR value at room
temperature using an amorphous AlRarrier [13] 14]. This tunneling magnetoresistance is
obtained when the current flows in a magnetic tunnel jundtidénd). A simple MTJ includes
two ferromagnetic layers of different coercivities sepagaby a thin insulating barrier. The
magnetization of one of the ferromagnetic layers is hardthatlof other is kept soft. The
resistance of the MTJ is low or high depending on the relativentation of the soft layer’s
magnetization (parallel or anti-parallel) with respecttte hard layer. The magnetization of
the soft layer can be made parallel or anti-parallel to the kayer by the application of a
magnetic field. By applying a magnetic field, the change in ¢hetive orientation of the two
ferromagnetic layers’ magnetization having differentrcoaties can be explained as follow:
Starting at high negative magnetic field the magnetizatiomoth layers are parallel in
the field direction and the resistancdis= R;;. Upon increasing field, the magnetization of
the soft layer reaches it saturation and switches to andillehalignment and the resistance
increases t& = R;,. Further increase in the field results in a switching of thelheyer and
the resistance drops to its original value. Now on decregatsia field, the same is repeated
in reverse direction as shown in the Hig.|2.3. The TMR ratideiined by:
Ry — Ry
T

TMR(%) = 100 (2.4.2)

whereR;, is the resistance when the soft and the hard layers are eaitgddo each other

and Ry, is the resistance when the soft and the hard layers are glaakach other. The
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Fig. 2.3: Hysteresis loop (top) and corresponding magnetoresistance loop (batt@n)MTJ with

so called "hard-soft architecture".

origin of the TMR effect lies in the spin-dependent tunnglprobability of electrons from
one magnetic electrode to the other across an insulatimgbdt can be explained by using
Julliere’s model, according to which the spin of the eleecisxconserved during the tunneling
process and the conductance for a particular spin orientai proportional to the product
of the densities of states of the two ferromagnetic layetss Theans that the tunneling of
the spin up and spin down electrons are two independent ggeseTherefore, the transport

occurs in two independent spin channels.

When the magnetization of the two ferromagnetic laykfsand M, are parallel, the
spin up electrons (from/;) can easily tunnel through the barrier because many unaxtup

spin up states are available in the second ferromagnetc (a¥,). Therefore, the junction
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offers minimum resistance and maximum current flows thratglvhen the magnetization
of the two ferromagnetic layerd/; and M, are antiparallel, usually, fewer spin up states
are available in the second ferromagnetic layes X which suppresses the tunneling. In this

case the junction offers maximum resistance and minimumeantiflows through it.

Fig. 2.4: Schematic representation of tunneling of electrons between the two femetiaglectrodes
(M, and M) for paralle (above) and anti paralle (below) magnetization orientatior. Th
arrows (left) show spin conserving tunneling of spin up and spin dowetreles in spin

resolved densities of states of ferromagnetic metals.

2.5 Spin Dependent Transport in Disordered Heterogeneous

Systems

The magnetoresistance is not only observed in orderedmsgstaut also in disordered het-
erogeneous system. A granular system is an example of aldigal hetrogeneous system
in which electrons can tunnel from one magnetic cluster tdlear through a material of the

insulating matrix.
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Fig. 2.5: The schematic representation of magnetic granules embedded in an insulatimgtzzro

field (a) and at saturation field (b).

Generally, a granular system consists of magnetic pastielabedded in immiscible
metallic or non-metallic (insulator) matrix with a size wliution of the granules of a few
nanometers to hundreds of nanometers. The material of ttré&xre@parates magnetic gran-
ules from each other; this avoids the metallic percolatiod protects them from environ-
mental degradation (e.g. oxidation) [44]. A schematicespntation of a granular system in
zero field and saturation field is shown in Hig.|2.5. The grasiahagnetization are randomly

distributed in zero field and they are aligned in the diretbbfield when a field is applied.

The magnetoresistance in ferromagnetic-insulator gearsyistem is due to the tunneling
of spin polarized electrons between the grains throughrb@ating materix. At zero field,
the moments of the magnetic grains are randomly orienteti\iliity become more aligned
by the application of external field. This alignment ince=ashe probability of electron
tunneling through the barrier material and a decrease irrdbistance is observed. The

complete phenomenon is explained in the following Eigl Zlte g-TMR is given by:

g—TMR(%) = pOp_ PH 100 (2.5.1)
H

Wherep, is the resistivity at zero field angy is the resistivity at maximum applied external
field.
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@®
@

H

Fig. 2.6: The resistivity versus field in a magnetic/insulator granular system is shdvenresistivity

is maximum in the zero field and it decreases with the field.

2.6 Role of the Barrier in Spin Dependent Tunneling

Magnetic tunnel junctions with amorphous Al-O barrier hbeen extensively studied since
the discovery of the room temperature TMR effect. The bigbesakthrough during the
last five years was the discovery that the spin polarizatfdheotunnel current was not only
influenced by the electronic properties of the magneticdeddes, but also by the barrier ma-
terial [19,/20]. By changing the barrier material from a thmaphous layer of aluminum
oxide (AlkOs) to a crystalline layer of magnesium oxide (MgO), the degrespin polariza-
tion increases from 50% to 90% for same magnetic electroderrab(CoFe). As a result,
the TMR ratio has increased from 70% to 500% at room temperddiy21]. The major
reason of this large increase is the coherent spin depetwemling in epitaxial MTJ with

crystalline MgO tunnel barriers.

In Al,O3 based MTJs, no crystallographic symmetry exists in theidrabrecause of

its amorphous nature. Furthermore, ferromagnetic eldesgdave various Bloch electronic
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Ferromagnetic electrod

Fig. 2.7: Schematic representation of electron tunneling through an amorphous@edarier (elec-
trons are scattered due to disorder atomic arrangement and (b) cryS@di€001) barrier

(electrons move straight without any scattering). [20]

states with different symmetries of the wave functions. SehBloch states have finite tun-
neling probabilities through the barrier. This tunnelinggess is referred to as incoherent

tunneling [45].

In 3d-ferromagnetic metals and alloys, Bloch states wWitlsymmetry have positive spin
polarization at the Fermi energy, whereas, Bloch statesAitiymmetry have negative spin
polarization. It was assumed in Julliere’s model that tmm&ling probability is independent
of the symmetry of the Bloch states. In light of this assumptithe momentum and co-

herency of Bloch states should not be conserved which gigesoia complete incoherent



2.6. ROLE OF THE BARRIER IN SPIN DEPENDENT TUNNELING 17

tunneling. However, this assumption is not valid in expemtal MTJs, where the tunnel-
ing probability depends on the symmetry of the Bloch statdse Bloch states with large
spin polarization (i.eA; states) have higher tunneling probability than the othegestif the
barrier acts as a symmetry filter [20]. This results in a paessihet spin polarization of the
ferromagnetic electrodes. The other Bloch statesfisewith P < 0) are also contributing to
the tunneling current and therefore the spin polarizatich® electrode is reduced to below
0.6. It should be noted that the actual tunneling throughrahmus ALO; barriers is consid-
ered to be an intermediate process between the completaienent tunneling represented

by Julliere’s model and the coherent tunneling shown by tgelZE7b.

Majority Density of States for Fe|MgO|Fe
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Fig. 2.8: Tunneling DOS (TDOS) for Fe (001)/Mg@,./Fe (001) fork)= 0 of majority spin states
with parallel alignment of the moments of two states. The MgO barrier has eighlmo
ers. The TDOS curves are labeled by the symmetry of the incident Blocls tatee left
electrodel[[45].

In case of an ideal coherent tunnelirdg; — A, states are theoretically expected to tunnel
dominantly through the MgO (001) barrier by following meaofsan [45]; for k) = 0, the
tunneling probability is the highest and, three kinds ofr@stent stateg);, A; and A,
exist in the band gap of MgO (001). When the symmetries of thadling wave functions
are conservedi’'e — A; Bloch states couple withi/ gO — A, evanescent statege — As
Bloch states couple with/ gO — A; evanescent states ahd — A, Bloch states couple with

MgO — As‘ evanescent states. Butler et.[all[46], showed by the firstiple calculations



18 CHAPTER 2. THEORETICAL BACKGROUND

that among these states, theevanescent states have the longest decay length in pa@fal D
in MgO barrier as shown in Fig. 2.8. Therefore, the — Ay < M¢O — Ay < Fe — A

channel is the dominant tunneling channel in the parallgjmetic states.

Band structure of Fe

E-E- (eV)

Fig. 2.9: Band structure of Fe calculated by layer-KKR method. Red lines showshanainority
spin and blue lines show majority spin. The majority spin Aasbhand at the Fermi level

[47].

The band dispersion of bcc Fe in [002,€ 0) direction is shown in Fig._2.9. The net
polarization of Fe is small because both majority-spin amaonity-spin bands have many
states at Fermi energy. Howeveéte — A, states are fully spin polarized &t (P = 1) and,

therefore, a very large TMR effect in the epitaxial Fe/Mg®Ii§&expected.

It should also be noted that even for antiparallel magnédies, a finite tunneling current
flows, which is called hotspots tunneling. The origin of thegspot tunneling is the resonant
tunneling between the interface resonant states. Alth@ufjhite tunneling current flows
in AP states, the tunneling conductance in P states is mugkrlghan that in AP states,

therefore, a very high TMR is observed.
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2.7 Granular Conductivity

In granular films, which consist of fine metallic grains (femagnetic) in any insulating
matrix, the transport process is supposed to be controji¢ladocharging energy of the grains
and the spin dependent tunneling of electrons between tiesyrThe electrical resistivity
is thus a function of temperature and magnetic field [48]. dkding to P. Sheng et al the

metallic grains are interconnected by their resistivitylaf form

E.
p X exp (2/4;5 + ZkBT) (2.7.1)

wheresis the thickness of the insulating layer between the grdipss the charging energy
K = (%‘ﬁ), m* is the effective mass of electrop, is the barrier heighth is the Plank’s
constant;z is Boltzman constant and T is the absolute temperature 49k the amount of
energy required to generate a pair of positively and negigtsharged grains. It is assumed
that electrons tunnel between the grains of the same sizescannot tunnel either to a
smaller particle since the charging energy is larger or trgelr particle which further away
since the tunnel resistance is larger. The tunneling otres at high temperature is mainly
between the nearest neighbors. Sometimes it is also termadaest neighbor hopping.
The condition necessary for the nearest neighbor hoppitng isxistence of large number of
pairs of close neighbors in which one of them has empty skeshe temperature decreases
below a certain limit the number of empty sites among theestareighbors becomes small
and hopping to the nearest site freezes out. Thereforembre favorable for electrons to
hop beyond the region of nearest sites to find optimal enetgy £0]. This is called Mott
Hopping (MH). The well known Mott's Law for hopping in threengensional disordered

systems is given by the equation

ToM 1/4
P = Po€TP (T) (2.7.2)
with »
1 /7T,
Rar ~ — ( TM> (2.7.3)
and
a3
Tonr = (2.7.4)
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WhereT,,, is a constant proportional to charging energy,, is a pre-exponential factor,
«a is the inverse localization lengtR,,, is the hopping distance andy, is the density of
state near the Fermi level. While deriving the equation oistiesty by Mott the effect
of Coulomb interaction between the electrons was neglecbedhis case the density of
state (DOS) around the Fermi level is nearly constant. Edras Shklovskii discussed the
significance of the coulomb interaction and its influenceten®OS [51]. They proposed
that if long range coulomb interactions between the loedligtates are taken into account
then the DOS is reduced near the Fermi level or completelpresged at the Fermi Level.

The Efros Shklovskii Law at low temperature is then

To 1/2
p = posexp (TA ) (2.7.5)
with )
1 T 1/2
Rps ~ — (%) (2.7.6)
and
ae’

WhereTgs is a constant proportional to charging energyiy is a pre-exponential factod
is the inverse localization lengti® 5 is the hopping distance amds the dielectric constant

of the insulating material.

2.8 Experimental Investigations

In this work the structure and quality of MgO tunnel barrierordered system (MTJs) are
investigated at the first stage and the role of MgO barriedisordered systems (granular
systems) is discussed in the second stage. Different badteatrodes i.e., Ru and CoFeB,
are used to analyze the MgO batrrier in ordered system. Thexddénsity in the barriers
and resistance are analyzed with the help of Conducting Atéimice Microscopy (CAFM).
Different thicknesses of MgO are deposited on a Ru under Eyeanalyzed to optimize the
CAFM setup. For the characterization of the MgO in MTJ’s, Himished magnetic tunnel

junctions (HFMTJ) are prepared. HFMTJs are the junctionshich a normal layer stack
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of MTJ is used but the deposition is stopped after the bdayar. The results are compared
with complete MTJs.

In the second stage of this work the spin dependent transpdigordered system (granu-
lar system) of CoFeB/MgO is investigated. The transport ptagseof the system are studied
by changing the thickness of individual MgO and CoFeB lay&ise role of MgO barriers
in disordered systems is studied and the results of diseddgrstem are compared with their
structures. Effects of annealing on the microstructuresthe electrical and magnetore-
sistance properties are discussed at room temperaturdeifiperature dependent measure-
ments down to to 1.25 K provide a deep insight into the trarispechanisms in this system.
A short comparison of CoFeB/MgO with other disordered systeigigights the importance

of this disordered system.
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Chapter 3

Experimental Techniques

This chapter includes the experimental techniques forahedation of multilayers and gran-
ular systems. Different methods used for the charactéizaind analysis of these samples
are also mentioned in this chapter. Only a brief explanadtasbeen provided in most cases.
The readers who are interested to learn more about thesecr@mended to refer the cita-
tions.

Two kinds of multilayer systems, ordered multilayer anddiered multilayer systems,
have been investigated in this thesis. Disordered mudéilaystem has been deposited at
room temperature by DC and RF magnetron sputtering on thrmoeidized Si wafers.
Discontinuous layers are formed at the early stage of the diowth. Initially, the film
grows in the form of clusters and the size of these clustaywgby the deposition of the
film. These clusters then join up to form a complete layer. Asteced multilayer system
is formed by the deposition of complete layers. All samplegstigated in this thesis have

been fabricated by a Leybold DresdéhAB600sputtering system.

3.1 Magnetron Sputtering

The basic principle of sputtering is to bombard the targetenn with high energy plasma
ions (Ar ions), accelerated due to the high potential of #rgdt (e.g. 100V to 1000V) and
to deposit the atoms which have been knocked out of the targite substrate placed above

the target. This is schematically represented in[Eid. GLUIAB600has six magnetron sources
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Fig. 3.1: Schematic representation of a sputter sourace [55].

of 4 inch diameter. Two of them are capable of sputtering raigmaterials. One source is

operated in RF mode for sputtering insulating materials hadther three sources are used
for sputtering non-insulating and non-magnetic materidlse distance between target and
substrate is kept at 1156 0.3 mm, depending on the target thickness. The thicknegeof t
deposited material is controlled by the power applied tosihwrce and the deposition rate.
The deposition rate of each material is calculated by the X+Bihectometery measurements

of extra deposited samples of the corresponding materiataiDof the deposition process

can be found in Ref[[52, 53, b4].

The samples for CAFM studies were prepared on the Si wafermutiimask. The sam-
ples of disordered multilayer system of CoFeB/MgO were spedté¢hrough masks in the
form of of rectangular bars of dimension 2 mx15 mm for the electrical measurements.

However, they were also sputtered in the form of sheets for X@R& magnetic measure-

ments.
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3.2 Annealing

The sputtered deposited films are generally not in satueqedibrium and under residual
stress. This is removed by moderate annealing. The sammesnaealed in a computer
programmable vacuum furnace. The base pressure of theeiismid x 10~% m bar. with the
maximum attainable temperature of 3%D. For annealing, samples are moderately pressed
on 2 inchx 4 inch copper plate which is connected to the heating filappgnées are used for

cooling down with compressed air. The annealing is alwagded atl x 10~"m bar.

3.3 DC Resistivity and Magnetoresistance Measurements

For electrical and electromagnetic characterization efghanular samples, the resistivity
and g-TMR measurements are done at room temperature anéraomes down to 1.25
K. For room temperature measurements a measuring devioeipgd for magnetic tunnel
junctions is used. It is possible to apply a maximum voltafe-@ V by this device. The
current is measured by an electrometer with 6 amplificat@mges (10 mA, 1 mA, 100 A,

10 4A, 1 nA and 100 nA). The magnetic field is applied by using two coilergized by
two BOS/S-36V-12A power supplies with an errorbfl Oe. The maximum magnetic field
produced by this equipment #s 3500 Oe. For the more details of setup see Ref. [56]. The
DC resistivity and the g-TMR are measured by using conveatid-contact technique. The
contact to the granular layers under a top MgO capping layebiained by pressing a sharp
end gold needle on the sample surface.

The temperature dependent resistivity and g-TMR measurenage carried out in an
Oxford Instruments closed cyclée cryostat, which provides a temperature down to 13 K.
The current-voltage setup is the same as above but the maximagnetic field of this setup
is+ 1770 Oe. For more details of the experimental setup see [Rgf.fbr low temperature
measurements, four Au electrodes in rectangular shapgateed on the sample surface.
The dimension of these electrodes is 100 x 1.5 mm and they are 100~ separated from
each other. These electrodes are contacted by Au-wire bgndi

For measurement of the Coulomb gap enerdyj acryostat constructed by O. Schebaum
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during his Diploma thesis is used [58]. It consists of two Bewessels containing liquid

N in the outer vessel and liquide in the inner vessel. Both Dewar vessels, made of glass,
are silvered inside to protect against the external rahidieating. The sample is introduced
in the liquid He with the help of a Dip -Stick. At normal atmospheric pressiine boiling
point of He is 4.21 K and Nitrogen is 77 K. By pumping out thegas atoms having largest
Kinetic Energy (K.E.), the average K.E. of ti#e is reduced. Therefore, the pressure and
as a consequence the temperature oHbath is reduced. The temperature of Hebath

can be reduced to 1.2 K.

3.4 Scanning Electron Microscope (SEM)

For surface studies of the samples and to take the images obtiducting tips a LEO 1530
Scanning Electron Microscope (SEM) is used. The SEM allowsstigation of samples
over a wide range of magnifications down to a resolution ofvarianometers. The basic
principle of a scanning electron microscope is to focus adlaetron beam on a sample and
scan over the area of interest. To obtain an image, the bait&sed electrons as well as
secondary electrons resulting from inelastic scattenomfthe electron beam in the sample

can be detected.

3.5 Alternating Gradient Magnetometer (AGM)

The magnetization of the granular samples is measured bytamating Gradient Magne-
tometer (AGM) MICROMAG 2900 from the PRINCETON MEASUREMENT CORPORA
TION. The maximum magnetic field, generated by an electraraggs 14 kOe at an air gap
of 12 mm. The sensitivity goes down to 10 pAmith an accuracy of 2%. The sample is
mounted at the end of vertical quartz rod, the other end otlwls attached to the bottom
of a piezoelectric sensor Figl_[59]. A large electromagsaised to produce an external
magnetic field up to 14 kOe. Two small electromagnets produrcalternating magnetic
field gradient across a region in which the sample is placdw dlternating field gradient

exerts an oscillatory force on the sample. This force indiceechanical deflection in the
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Fig. 3.2: Schematic representation of alternating gradient magnetometer (AGM).

guartz rod, which is transmitted to the piezoelectric seriBoe bending of the piezoelectric
sensor then produces a voltage signal proportional to thpditaiahe of the oscillation. From

this signal the magnetic moment of the sample is determireduse the oscillatory force
is proportional to the product of the magnetic moment tinmesfield gradient. To calculate
the magnetization of the sample one needs to know the voldithe onagnetic layers in the

sample. More details of AGM are available in Réf, [[60]

3.6 High Resolution Transmission Electron Microscopy

High resolution transmission electron microscopy (HRTES$/& suitable tool for the study
of nanoparticles and nanostructures in bulk materialss lised for direct measurement of
three dimensional images, crystal structures and eleinemtaposition. Usual diffraction
techniques, X-Ray Diffraction and Neutron Diffraction @t structural information from

a large number of unit cells (typically0'’) so they give an average structure. On the other
hand, HRTEM directly measures microstructures in solidsh@ennanometer scale. There-
fore, many local structures on this scale can be observedR3ygNI. The HRTEM operates

on the same working principle as that of a light microscopeweler, the high resolution
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is obtained by using electrons instead of photons. As we kifawthe resolution is pro-
portional to the wavelength of the particles used and theeleagth associated with the
electron is thousand times smaller than that of usual lidfiterefore, the resolution of a
HRTEM is thousand times better than that of the light micopgc An electron source at the
top of the HRTEM emits electrons that travel through vacunitine column of the HRTEM.

Electromagnetic lenses are used to focus the electronsinévy fine beam. The focused
electron beam transmits through the specimen and intenaittdhe material of the speci-
men. Depending on the density of the material, a fractionaafteons is transmitted through
the specimen. An image is formed by the transmitted elestrdrhis image is magnified
and focused onto an imaging device, such as a fluoresceensame a layer of photographic
film, or to be detected by a sensor such as a CCD camera. The gatkenTEM is shown

in the Fig.[3.8. For more details of HRTEM the references @mondnsulted [61, 62, 63].
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Fig. 3.3: Schematic view of Transmission Electron Microscaope [55].
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3.7 Atomic Force Microscopy

Atomic force microscopy is a powerful tool for analyzing therface of a sample. It is
used here to probe the surface of multilayers accuratelydaddce the valuable informa-
tion from its topography. AFM operates by scanning a verysiaad tiny tip attached at
the end of a cantilever across the sample surface. The tipagipes the surface of the
sample and interacts with it via van der Waals forces in cd$arge distances . For small
distances, repulsive Pauli-Forces occur. The interadtenmslates in a cantilever deflection
or a change in the cantilever oscillating frequency, depgndn the operational mode of
the AFM. Changes on the deflection or the frequency of the leasti are detected by an
optical system consisting of a laser beam which is reflectethe cantilever and arrives to
a four quadrant photodiode detector which measures theakss well as the horizontal
deflection. The displacement of the cantilever in three dsiens is done by means of a
piezoelectric scanner, combining independently operptero electrodes for X, Y and Z
direction into a single tube. The AFM used in our experimestan "Explorer" made by

Topometrix. It operates in two modes.
1) Contact mode

2) Non-Contact mode

3.7.1 Contact Mode

In this mode the tip is brought into direct physical contaghvthe sample surface (i.e., in
the range of repulsive forces). The tip applies a force orstiraple surface and this force
is controlled by the feedback loop. During the measuremitsfeedback loop keeps the
force constant. As the probe scans, varying topographiafesof the sample surface cause
deflections of the tip. A light beam from a small laser bounatdhe cantilever is reflected
on to the four sections photo detector. The amount of defleaf the cantilever can then
be calculated from the difference in light intensity on teetsrs of photodiode and fed back
into the feedback loop which maintains constant deflecfidv@ Contact AFM is the simplest

AFM method, involving least instrument variables for gaithg topographic information.
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3.7.2 Non-Contact Mode

As the tip moves across the sample surface, it may cause @aimagft or fragile samples
such as biological specimens or polymers. To avoid this same non-contact scanning is
preferable. In non-contact mode, the cantilever is ogetlabove the sample at its resonance
frequency. As the tip get closer to the sample surface, thactive force between the tip and
the sample will change the oscillation amplitude and phasieeovibrating cantilever. Either
the changes in amplitude or the changes in phase can beeatktetw used by the feedback
loop to produce topographic data. A detailed informatioowtlihe operation of the AFM

can be found in the literature [64].

3.8 Conducting Atomic Force Microscope

Conducting Atomic-Force Microscopy (C-AFM) is an advantagemethod for a local elec-
trical characterization of e.g., barrier materials at taeaometer scale. In this technique, a
conductive tip is used to scan the sample surface in contadenmAn additional electronics
is used to provide a bias voltage between sample surfaceimadd the resulting current
tunneling between the thin barrier and the AFM tip is recdrdenerefore, topographic and
current measurements can be recorded simultaneously. €thgsdbf electronics are given

below:

3.8.1 Power Supply

A DC bias voltage is applied between the tip and the samplethmyn@emade power supply

which can apply a minimum voltage of 5 m¥ 1 mV and a maximum of 5 V.

3.8.2 |I/V Convertor

The flowing current is amplified by using a current amplifier LCK-5G made by Femto.
This current amplifier is a low noise (3f/&f z'/2), high gain (5x 10”) and fast response (400

us rise/fall time) device with a minimum detectable curreni@fA and saturation current of
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Fig. 3.4: Schematic representation conducting atomic force microscope

+ 2 nA. When connected to the AFM, the noise of the current maagassembly increases.

Therefore the minimum detectable current increases tanar@Q pA.

3.8.3 Conducting Tips

Besides the performance of the acquisition setup the natat@perties of tip probes are
very important for the quality of the results. The tip shob&e low resistance to provide a
good electrical contact and it should be sharp enough tousedood quality topographic
features. A variety of conducting tips were used to measedacal electrical properties of
MgO surface including diamond coated tips, Au coated and ®iAted tips. Pt/Ir coated tip
worked well for the MgO surface. It is an antimony doped Siviigh front side and back
side coating with 20 nm Pt/Ir. The front side Pt/Ir coating\pdes an electrical path from
the cantilever to the apex of the tip, while the backsideingaterves as a reflective coating
and also compensates the stress created by the front sided@tiing. The apex radius of

the tip is in the range of 60 to 140 nm with a spring constant®MN¢m.
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3.8.4 Contact Force

Information about contact force is very important for rbl&current maps in the CAFM
technique. In Topometrix AFM the sensor current along witleedback circuit keep the
contact force constant. When tip moves in feedback, the seasponse curve gives infor-
mation about the force conversion factor (nNN/nA), canglegieflection (nA) versus piezo
displacement (nm) curve and sensor response (nA/nm). By tisenforce conversion factor

and sensor current the exact value of the contact force caalbelated.

3.9 Aspects of CAFM

The aspects of CAFM which are most attractive for nano scalgrétal transport measure-
ments are

1) The ability to image samples with high resolution befatering and after the mea-
surements.

2) The ability to record I-V relationships on samples that highly resistive or sur-
rounded by insulating regions

3) Straightforeword interpretation of the tip positionatle to sample (a measured re-
pulsive force indicates intimate tip sample contact)

This makes CAFM ideal for studying electrical transport ircraifabricated semicon-

ductor devices, nanoparticle assemblies and individudétootes [65].



Chapter 4

Characterization of MgO Tunnel

Barriers

This chapter discusses the characterization of MgO barireprdered multilayerd struc-
tures. The quality of the ultra thin MgO films for the tunnektier in the MTJ devices is
investigated by employing a modified conducting atomic éongicroscope. This is a di-
rect technique for studying the conductance locally by mgkionductance and topographic
maps of MgO films simultaneously. The MgO films are invesieddiy using Ru as bottom
electrode and half finished magnetic tunnel junction. Défe imaging parameters of the
tip-sample contact like contact resistance, radius ofamirgpot and imaging force were op-
timized by scanning MgO with Ru bottom electrode. These agtchimaging parameters
are used to study the electrical properties of MgO tunnelidrarin MTJ’s. A statistical
model to study the fluctuations in tunneling transmissiooulgh thin insulating barrier pro-
posed by F. Bardou is used to quantify the quality of MgO barrigne major part of this

chapter has been published in the reference [66].

4.1 Introduction

Magnetic tunnel junctions (MTJs) are extensively used asamg cells and read head sen-
sors in hard disk technology. However, these devices mushpeved to meet the future

requirements of ever increasing data storage capacityrdfdisks. It requires MTJs having
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maximum signal to noise ratio (SNR) and increase in readitg dde. Submicron MTJs
with low resistance and high TMR ratio can fulfill these reqments[[6]7, 68]. The signal is
given byn x ig x AR and noise is determined by the resistance R of the devi¢eHgden

is the head efficiencyy is the bias current andR is the change in resistance of the device
induced by the magnetic field. High data storage capacityiresja small data track width
on the disk which decreases the efficiency of the sensorhé&umiore, the decrease in the
size of memory cells requires a small bias currgnso that the rise of temperature can be
avoided. Therefore, the decrease in signal dugandiz can be compensated by increasing
AR. Furthermore, the noise is reduced by decreasing thearesesbf the device. Hence,
the device resistance R should be small enough and the civarggstance4AR) should be
large enough to obtain a maximum SNR. In conclusion, a lovstasce MTJ with ultrahigh
TMR ratio is a suitable device for future hard disk techngloghis is only possible for an

MTJ when it has a thinnest possible closed barrier layer.

4.2 Characterization of Barrier

Magnesium oxide (MgO) is, at the moment, the best candidat¢éhke barrier material in
magnetic tunnel junctions, because of its superior tungehagnetoresistance (TMR) value
compared to AlQ, the possible low ResistanecArea (RA) product and high thermal sta-
bility [L9] 20]. A theoretically predicted TMR value of 60%0has been reported for MTJs
with MgO barriers, while the highest experimentally acki@gv MR values are up to 500%
at room temperaturé [46, 710,71, 72| 73, 21]. Imperfectiartaé MgO barrier induced, e.g.,
during the deposition of MTJs are potential obstacles tth&rrincrease the TMR ratio and
to implement extremely low resistive MTJs in read head sensh better understanding of
these imperfections in ultra thin barriers is of vital sfggance for controlling the uniformity
and other quality parameters and to make them suitable étusinial applications. X-ray
photoemission spectroscopy, secondary ion mass spempyosnid decoration of pinholes
by electrodeposition of copper on the insulating barrieessanong various techniques that
have been developed to study imperfection in insulatingédxar|74]. These techniques and

their limitations will be briefly discussed in the followinmaragraphs.
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4.2.1 X-ray Photoemission Spectroscopy and Secondary lon Mass Spec-

troscopy

X-ray photoemission spectroscopy is a method of measunadinetic energy distribution
of photoelectrons emitted from the specimen material egdity monochromatic light. It
gives complete information about bound electron statesamaterial; therefore, it is used
to study both electronic structure and chemical bondind. [T&is technique is extensively
used for the investigation of nano layers and their buri¢erfaces.

Secondary ion mass spectroscopy is the most sensitiveiteehio analyze the elemental
composition of a surface or thin film. In this technique thdate of a specimen is sputtered
by a focused primary ion beam and the ejected secondaryiersbected and analyzed by a
spectrometer. It helps to analyze the elemental, isotomitoa molecular composition of the
surface. Both of these techniques provide global infornmadio the chemical composition,
surface interface structure and thickness of barrier natefhey are, however, unable to

determine the quality of the barrier material locally at tikeiometer scale.

4.2.2 Decoration of Pinholes by Electrodeposition of Copper

The decoration technique is an important tool to map sulaniginholes in an insulating
barrier. It is a classical technique to see the structurdshwére not accessible by direct
imaging. This is done by the galvanic growth of appropriatgarial at the structure to be
detected. Pinholes which are formed in an insulating layetop of a metal film have an
intrinsic large conductivity. By using this property a pmeél growth of copper by electrode-
position on the pinholes can be achieved. The growth strestcan be imaged by scanning
electron microscopy.

The pinhole decoration by electroplating of copper leadgrtavth of cauliflower-like
copper particles of various sizes. Initialization of thewgth process requires a short pulse
of increased voltage. This causes nucleation of small stres with typical diameter less
than 200 nm. Continuation of the growth leads to an increatieeiisize of these structures.
R. Schad et.al. studied the fluctuation in,@} barrier thickness by using this technique

[76]. The Fig. [4.1 shows the SEM image of their typical samgasisting of bottom
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Fig. 4.1: An SEM image of a sample having a bottom ferromagnetic electrode and a 1.8akm th

insulating layer of A}O5 after nucleation of Cu island on pinholés [76].

ferromagnetic electrode and an insulating layer of 1.8 noktAl,O3;. The image has been
taken after applying a short pulse of 0.5 V for 10 secondeWadld by the electrodeposition
of Cu. The initial voltage pulse leads to the breakdown of @hlwlinks with local insulator
thickness of less than&A. Without the initial voltage pulse copper growth is not abvsel

which indicates that the sample did not have intrinsic pies.o

4.2.3 Rowell's Criteria

In the 1960s and 1970s, a set of criteria (so-called Roweé#ria) was formulated to iden-
tify single-step elastic electron tunneling in supercastdtinsulator-superconductor (S-1-S)
structures. Only three of those criteria can be applied ¢atifly the tunneling of electron
when neither of the electrodes is a superconductor. These ar

1) An exponential thickness dependence of the conductameegistance),

t arrier
Rityorrier) = €TD <bt—> (4.2.1)

Wheret, is the Wentzel - Kramer - Brillouin (WKB) decay length.
2) The conduction should show a parabolic voltage deperdammich should be well

fitted to theoretical models of Brinkman - Dynes - Rowell (BDR) anfons.
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3) The conduction should have an insulating-like tempeeatiependence i.e., the resis-
tance should decrease with temperature.

In the MTJ literature, the second criterion is most commarsgd. Akerman et.al. inten-
tionally created shorts in the ultrathin aluminum oxiderlgas and showed that the first two
criteria - thickness dependence and the voltage depenaéice conductance - are neces-
sary but not sufficient or reliable in ruling out the presen€ginholes and to identify the
quality of the barrier([77, 78]. Bryan Oliver et.al. found teling like R(7") dependence in
intentionally shorted devices and Venture et.al. obseaveixedR(7") behavior in devices
with thin insulating barrier[[79, 80]. Therefore to identithe quality of ultrathin barrier

some additional tests are needed.

4.3 Conducting Atomic Force Microscopy

Conducting atomic force microscopy (CAFM) is a powerful tagle for the simultaneous
measurement of conductivity and topography at nanometde $81]. It is used to evalu-
ate and rank the merits of new materials and fabrication agsthwithout producing and
testing the final device [82]. This technique has been ektelysused for investigating the
conductance distribution on metal surfaces, insulatadootor hetero-structures and gran-
ular metal-insulator nano-composités|[83] 84]. At low bratage, CAFM can resolve the
spatial fluctuations of the local current through the bamied thus reveal defective sites or
imperfections. The nature of the tip-sample contact playisgportant role for the character-
ization of a barrier in the CAFM geometry. Any change in shajie tip leads to a severe
change in the image and the results on electrical propestiéise sample. Evaluating the
contact resistance between tip and sample and the radibs obnhtact spots will help to un-
derstand the transport processes in the CAFM. In the follgwaragraphs contact resistance

and radius of contact spots will be discussed for our CAFMsetu

4.3.1 Measurement of the Contact Resistance

In order to calculate the contact resistance, a test sanlespecial structures of conducting

triangles and squares on a Ru surface were prepared by c@eabiegm resist on it. The
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Fig. 4.2: Simultaneously scanned conductance (left) and topography (right) niagpgest sample

having conducting triangles and squares made by putting e-beam resifwaurface

sample was scanned with the CAFM setup discussed in s€cBoAB.additional resistance
of 10 MQ2 was introduced to limit the current between tip and samplae $ample was
scanned by applying different bias voltages, where thesotimust be in the range of I/V
convertor. At a voltage of 20 mV a maximum current of 1.78 nAswatained. The contact

resistance was then calculated by the circuit equation

&:?—R (4.3.1)

where R, is the contact resistancg, is the bias voltage and R is the additional resistance.

By using the above mentioned valués, resulted in 1.23 ND.

4.3.2 Area of the Contact Spot

The radius "a" of the mechanical contact spot of the sampldhantip can be calculated by

using Hertz’ Law[85]
4E*

Here R, is the radius of the tip and F is the force exerted on the saniples force can

(4.3.2)

be obtained from the deflection of cantilevér: is a constant given by

I i
fou i 433
{ L (4.33)
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Where;

E, = Young Modulus of MgO = 248.17 GPa [86]

E; = Young Modulus of tip (Pt/Ir) = 100 GPa [37]

s = Poisson ratio of MgO = 0.18

1 = Poisson ratio of the tip (Pt/Ir) = Oix < 0.5 [87]

F=3.6040""N

R, =60 nm - 140 nm

Using Eq.[4.3.R, Eq._4.3.3 and the values of the parametethdomaterials used, the
radius of the contact spot is evaluated between 6 nm and 8 amling to a contact area in

the range ofl0~*m?.

4.3.3 Hotspots

The hotspot density and the resistance of hotspots aredsyesi as parameters to charac-
terize the MgO tunnel barriers. "Hotspots" are defined assavéthe barrier, which show
a prominent current signal in the current maps due to defesites in the barrier. These
hotspots can alter the TMR value and degrade the devicerpaafece. The currentyg

measured by our setup is given by the following equation
IHS = Io + [hs (434)

Wherel, is the typical current or background current at the biasagatoflf, from the major
parts of the oxide surface arigl is the current originating from the hotspots additionadly t
1,. Only those peaks will be considered as hotspots for whjch= 3 x i, (three times
the peak to peak value of noise currert) is the hotspot current which can vary between

I, + 3 x i, and 2 nA (the maximum limit of our current measuring assebly

4.4 Characterization of an MgO Tunnel Barrier on Ru Bot-

tom Electrode

CAFM has not been extensively used because of the difficulti@shieving reproducible

measurements. The tip sample contact, ambient environmeaging force and appropriate



40 CHAPTER 4. CHARACTERIZATION OF MGO TUNNEL BARRIERS

interpretation of the results limit a wide range of applieatof this technique. In this work
the imaging conditions of CAFM for characterization of MgQriiber are optimized. This is
done by scanning different thicknesses of the MgO barrigrguRu as bottom electrode at

different imaging forces and bias voltages.

4.4.1 Sample Preparation

In order to fabricate the samples for this study, multi-lsy@ere deposited at room temper-
ature by DC and RF magnetron sputtering on thermally oxid&edafers. This deposition
was carried out by using Ru as bottom electrode with seque@e(S0) / Ta (5) /Ru (20) /
MgO (tg) (all numbers in parentheses are in nm andepresents the thickness of the MgO).
The samples of this series (Ru_series) are labeled as Ru_0.6,8and Ru_1.0 correspond-

ing to the bottom electrode Ru and MgO thickness of 0.5, 0.8labeim, respectively.

4.4.2 Results and Discussion
Optimization of Imaging Force

The force between tip and sample surface during imagings@ayimportant role for study-
ing the imperfections, like "hotspots” in the MgO barriers find the optimum imaging
force, the sample Ru_0.5 was scanned with different imaganges at a bias voltage of
10 mV. A force less thaR.0 x 10~ N was not enough to penetrate the insulating layer of
water between the tip and the sample and it was not possilgetta good electrical con-
tact between then [88]. However, by increasing the imagimge from 3.5x10-"N to 6.5
%1077 N the background current increases from 0.52 nA to 0.56 négmingly a decrease
in resistance was observed. The number of hotspots wasmaissased due to the increased
imaging force that might create some additional pinholethebarrier e.g., a large green
area at the bottom of the Fig._4.4(c) dndl 4.4(e) appearedadine tdamaging of insulating
layer of MgO by increased force of the tip. The increasedd@iso damages the conducting
layer of the tip which was observed by taking the SEM imagetheftip before and after
applying a force of 6.510~"N. The SEM images of the tip are shown in Fig.14.3. In addi-

tion, multiple scans of the same area showed nearly samksras3.5x10~" N as shown
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Fig. 4.3: SEM images of the same tip before (a) and after (b) applying a force of )57 N

in Fig.[4.5. Therefore, to study the intrinsic hotspots,maging force of 3.5<10~7 N was
considered as safe and used throughout the study. At thiaatdorce, a current of around
1 nA is found at the best conducting regions of the sample ah¥0This implies that a

contact resistance of 10®or less is present between the tip and the sample surface.

Hotspot Analysis

The current maps of Ru_series are shown in[Eig. 4.6. When thelsd&n_0.5 was scanned
at 10 mV, most of the scanned area showed a background cofr@rg2 nA withi, = 20
pA. This is considered as typical current for 0.5 nm of MgOhwétcorresponding resistance
of 20 MQ2. However, a large number of current spikes with a currententban 0.58 nA
(0.52 + 0.06nA) at the local minima of the topographic profilere been observed, which
are called "hotspots” in this thesis (sometimes also terrsqurdioles). The resistance of
these hotspots lies in the range of 1T)Nb 5 M2 and the density of these hotspots at 10
mV is 80+5/um?, which is high enough to shorten the 0.5 nm thick barrier of GREi._
Samples Ru_0.8 and Ru_1.0 were scanned for different biaggesitand almost no
hotspots were found at the bias voltage of 10 mV (not showrje first current signals
for Ru_0.8 and Ru_1.0 occurred at 20 mV and 300 mV, respectiBglyncreasing the MgO
thickness from 0.5 nm to 0.8 nm the background current deesefiom 0.52 nAto 0.17 nA
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1.00 nA

0.00 nA 0.00 nm

Fig. 4.4: Simultaneous current maps of (left panel) and topography maps (rigief)paf Ru_0.5
scanned at bias voltage of 10mV and force of3l6~7 N, 5.0x10~’N and 6.5<10~7 N
are represented in Fig. (a) and (b), in Fig. (c) and (d) and in Fig. @& respectively.

The green areas in the current maps show current more than 1 nA
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Fig. 4.5: Current maps of the same area scanned at the force 85 N. The marked area in the

first scan (a) and in the second scan (b) are identical.

with i,, = 16 pA. The density of hotspots decreases fromt88/m? at 10 mV @y,0 = 0.5
nm) to 30+ 2/um? at 20 mV {,,0 = 0.5 nm). The resistances of these hotspots lie between
100 M2 to 20 MQ2. Although the resistance of these hotspots is two to tenstimere than
10 MQ but their density is too high to make this junction perfect.

There exists an insulating barrier all over the surface @ thick MgO film because
of infrequent hotspots (% 1 /um?). The background current and noise current mixes here at
5 pA so the peaks with 15 pA current are considered as hotgpdtshe resistance of these

hotspots is in the range aH'°Q.

Bias Voltage Dependence

The same sample was scanned at different bias voltageseareksthit is shown in Fig. 4.7. A
nonlinear increase in the hotspot density has been obsefedthdout whether the defects
observed by applying a high voltage were permanent or ne@sadimple Ru_1.0 was scanned
first at a high voltage. The subsequent scans of the same d@iledower voltage gave
correspondingly reduced density of hotspots. This indgdhat the defects seen at higher
voltage were not induced by the tip and/or the voltage.

The other important information achieved by scanning of R@ at different bias volt-
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Fig. 4.6: Three dimenssional current maps of Ru_0.5, Ru_0.8 and Ru_1.0 scahadias voltage
of 10, 20 and 300 mV depicted in (a), (b) and (c) respectively
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Fig. 4.7: Hotspot density as a function of bias voltage for a 1 nm thick MgO Ru bottoatretie.

ages is the maximum current,(,,) as a function of the bias voltag®;§. Fig. [4.8 shows
a graph ofl,,,.. vsV,. This graph also shows a nonlinear increasé,of. with V;, which
indicates that the current at an MgO thickness of 1.0 nm iginbd by tunneling through the

1 nm thick MgO batrrier.

Statistical Analysis

F. Bardou presented a statistical model which treated thati@ar in tunneling transmission
due to the fluctuations of the barrier parameters [89]. Hdipted that a small fluctuation
in the barrier parameters leads to a very large variatioméntinneling current. The total
tunneling currentis dominated by a small amount of highlydiacting sites (hotspots) which
are related to the existence of disorder in the barrier. Aadtmistribution of current with a
long tail characterizes a significant spatial variationied barrier properties. On the other
hand, a narrow current distribution indicates a small spa#iriation of the tunnel barrier and
is a signature of very high quality barrier. We have used lodehto quantify the quality of
our tunnel barriers.

The probability for a particle of mass M and kinetic energyBunnel through a rectan-
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Ru_1.0

0.5 1.0 15 20 25 30
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Fig. 4.8: Maximum current as a function of bias voltage for a 1 nm thick MgO layer B &ottom

electrode.

gular barrier of height/, and thickness, wherel » ), is given by
-1
t = 4Aexp (7) (4.4.1)

Where) = ——___is the attenuation length in the barrier ahg 2022 This leads
2\/2M (Vo—E) 3

to a log normal probability distributioR;(¢) of the transmissioh

11 1 ,
Py(t) = mzexp {—2—52(ln(t) —a) } (4.4.2)

Herea = In(4A) — % is a scale parametes, = o,/ is a fluctuation parameter and
is the standard deviation of the barrier thicknesSince we measure a local currergnd
not local transmissioty a proportionality factor such that = ni is introduced. This linear

transformation leads to a current distribution
Pi(i) = nP;(ni) (4.4.3)

with a new scale parameter

& =a—In(n) (4.4.4)
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but the same fluctuation parameterelated to the barrier fluctuations. Theérand/ can be

calculated from the current images as follow
& — 3 = In(iry,) (4.4.5)

and

26 + % = 2In((i)) (4.4.6)

Wherei,,, is the most probable local current also called typical aurasd(i)is the average
local current.
The values of bias voltage, typical current, average ctisesle parametef and fluctu-

ation parametef for samples Ru_0.5, Ru_0.8 and Ru_1.0 are given below

Sample| Vi, (mV) | 4,(NA) | (2)(nA) ! 16

Ru_0.5 10 0.54 0.99 | -0.2121 | 0.63568
Ru_0.8| 20 0.17 | 0.4949 | -1.05959| 0.844021
Ru_1.0{ 300 0.005 | 0.02394| -4.25424| 1.021799

Fig.[4.9a shows the normalized probability density disttitn and normalized distribu-
tion of experimental data for sample Ru_0.5. A broad distiilvuof local current with a long
tail is prominent for 0.5 nm thick barrier. The current exderfirom the typical value of 0.54
nA to maximum value of I/V convertor 2.0 nA. The current dexses slowly from 0.54 nA
to 2.0 nA which indicates the large variation in the thiclebthe barrier. This means that
the probability of large current for a thinner barrier isthighich is due to the existence of
low resistance hotspots. An increased probability at theftéhe experimental data curve is
prominent which also associates the presence of low rassstaotspots (or pinholes) in the
barrier. The current through the barrier is dominated bgeheotspots. For a barrier of 0.8
nm thick MgO the distribution of local currents becomes oasr than for the 0.5 nm thick
MgO barrier. The distribution curve shows a decrease indballcurrents from a typical
value of 0.17 nA to the maximum value of 1.0 nA. The experirakdistribution appeared
to incline upwards at the end which is depicted in Eigl 4.9{this upward inclination is due

to the presence of a small number of highly conducting sitésisthickness.
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Fig. 4.9: Normalized theoretical current density distribution (-) and normalizedréaxpatal distri-
bution (o) of the local currents for samples Ru_0.6 (a) scanned atdlitage 10 mV, Ru_0.8

(b) scanned at bias voltage 20 mV and Ru_1.0 (c) scanned at bias vatiageV
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In Fig. [4.9¢c ¢y0 = 1 nm) the local current distribution decreases quicklyrrd pA
to 20 pA and most of the current is distributed in a narrowarground 5 pA. Normal-
ized probability density and normalized distribution opeximental data fit well for 1 nm
thickness of MgO. At this thickness the MgO barrier on Ru etat# is complete and ap-

proximately free from hotspots.

4.5 Characterization of MgO Tunnel Barrier in Half Fin-

ished Magnetic Tunnel Junctions

For industrial application of MTJ as read heads and randaresacmemory in the rapidly
developing industry of data storage devices, the resistahthe junctions and the fluctu-
ation in the junction resistance should be as small as dessibhis can be achieved by
decreasing the thickness of the barrier material and clintyahe fabrication conditions. In
order to achieve the thinnest possible barrier with smadkt@lations in the resistance a local
characterization of barrier with the help of CAFM is very Help

After optimizing the imaging conditions for the CAFM setuphias been used for the
characterization of half finished magnetic tunnel jundievhich is the main theme of this
thesis. The half magnetic junctions are those junctionsMME in which deposition is
stopped after the barrier layer. The upper electrodes arelemosited and the tip of the
CAFM acts as upper electrode. Such samples are used to stwdp#ity and the local
electrical properties of the barrier. In the following pagwaph the electrical properties of
HFMTJs with various thicknesses of MgO barriers will be stdd In order to get a com-
plete insulating barrier of MgO the images will be analyzetkirm of their hotspot density,
resistance and resistance area product. Furthermore utiigyqof these barriers will be

statistically analyzed by the statistical model introdiibg F. Badou([89].

4.5.1 Sample Preparation

The samples for this study were prepared by the same prazadunentioned above. Three

samples with varying thickness of MgO were fabricated webugence SiQ(50) / Ta (5) /
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Ru (30)/ Ta (5) / Ru (5) / Mnlr (12) /CoFeB (2.5) /IMg®@4) (all numbers in parentheses are
in nm unit and: g represents the thickness of MgO). The samples are labeleédfesB_0.6,
CoFeB_0.8 and CoFeB_1.0 corresponding to the bottom electrodeBCand MgO thick-

ness of 0.6, 0.8 and 1.0 nm respectively.

4.5.2 Results and Discussion

The conductance images of the samples CoFeB_0.6, CoFeB_0.8 &edB Co0 are pre-
sented in Fig[L4.10. When the sample CoFeB_0.6 was scannedas aoltage of 10 mV,
a background current of 0.64 nA with = 20 pA was observed. The current map in Fig.
[4.10(a) indicates a large number of higher current signadgnating from uncovered or very
thinly MgO covered CoFeB. The current of these hotspots wagimgrirom 0.7 nA to 2 nA
with corresponding resistance from 14 Mo 5 MS2. These low resistance hotspots can thus
easily short a 0.6 nm thick MgO film. As the thickness of the Mfij® increases from
0.6 nm to 0.8 nm, the background current and the noise cudesgases to 0.32 nA and
16 pA with a decrease of the maximum current to 1.4 nA. Theedss a rapid decrease in
the density of the hotspots with the corresponding resistaanging between 26 Nand 7
M. The previously occurring conductance from hotspots ét€).6 nm) is converted into
tunneling conductance but still, there exist some hotsffts- 2 /um?) with the resistance

in the range of 10 M which can make the working of the junction device unreliable

Almost no hotspots were found in CoFeB_1.0 (1 nm MgO) at a bi#tage of 10 mV
(not shown), the first current signals with a backgroundenitrd8 pA withi, = 6 pA and
a maximum current of 200 pA appeared at a bias voltage of 20Th¥. conductance of
this sample at a bias voltage of 20 mV is shown in Hig. 4.10{d)is conductance map
reveals only nominal hotspots, which have a resistanceandhge between 550 Mand
100 MA). These hotspots correspond to points of reduced thickriddg© film rather than
contact pinholes as the minimum resistance of these hatspten times larger than contact
resistance. Therefore, one can easily say that a compkitatng barrier exists at 1.0 nm
of MgO.
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Fig. 4.10: Three dimenssional current maps of CoFeB_0.6, CoFeB_0.8 and CaFe&anned at a
bias voltage of 10, 10 and 20 mV depicted in (a), (b) and (c) respectively
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4.5.3 Statistical Analysis

From the current maps of HFMTJs, the probability densityriistion of the local current
has been calculated in the same way as for the Ru bottom elestto quantify the quality
of the insulating barrier and results are shown in Eig. 14THe table below represents the
values of parametex$ , 3 bias voltagel;, and typical current,,, for samples CoFeB_0.6,

CoFeB_0.8 and CoFeB_1.0 calculated from the respective cumeges.

Sample | V, (mV) | 4,(nA) | (i)(nA) & I6;
CoFeB_0.5 10 0.64 0.99 | -0.1554| 0.5392
CoFeB_0.8 10 0.323 | 0.667 | -0.6466| 0.6952
CoFeb_1.00 20 0.018 | 0.099 | -2.8808| 1.0660

It has already been explained that a broad distribution@ttirrent with a long tail charac-
terizes a significant spatial variation of the barrier prtips [89,90]. On the other hand, a
narrow current distribution indicates a very small spataiation of the tunnel barrier and
is a signature of very high quality tunnel barrier. It is clé&@m Fig. [4.11 that for sample
CoFeB_1.0, the distribution decreases quickly form the slpicirrents 18 pA to 200 pA
and most of the current is distributed in a narrow region adoli8 pA. Normalized proba-
bility density and normalized experimental distributioinwiell for 1 nm thickness of MgO.
This indicates a complete insulating barrier approxinyafiede from hotspots. For samples
CoFeB_0.8 and CoFeB_0.6 the currents extend from typical vdld&2 nA to 1.4 nA and
0.64 nA to 2 nA, respectively. The current distribution es\are broad with a relatively
slow decrease for larger currents. This means that the pilapaof the large current for
thinner barrier is high which is due to the existence of logis@ance hotspots. A peak in
the experimental curve at the end is prominent which alseslibe existence of low re-
sistance hotspots in this barrier. Normalized probabdiysity show a very poor fit to the
experimental distribution for thinner barriers becauséhefexistance of highly conducting

hotsopts.
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Fig. 4.11: Current versus normalized density distribution (-) and normalized expetaindistribu-
tion (o) of the local currents for samples CoFeB_0.6 (a) , CoFeB_0.8cdined at bias

voltages of 10 mV and CoFeB_1.0 (c) scanned at bias voltage 20 mV
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4.6 Comparison of Hotspots, Resistance and Resistance Area

Product with Complete MTJ’s

The resistance area product (RA) can be estimated by usingdnes of the contact spot
of the tip as calculated in Eq._4.8.2 and the applied biasageltdivided by the measured
current. The expected metal - metal resistance (R) and RA ptaduhis setup lie in the
range of10% Q and10% Qum? respectively, whereas those of metal - insulator - metal are
in the range ofl0° Q and 10° Qum? respectively. RA product of 30Q pum? has been
measured for CoFeB/MgO/CoFeB MTJs with 1.05 nm MgO thicknegp |btip of CAFM
is considered as a second electrode, CoFeB/MgO/tip acts asoasoale tunnel junction.
In this setup, the measured RA product for 1 nm of MgO is in tmgeaof10° Qum? due
to additional contact resistance. The R and RA product fortrobthe hotspots of sample
Ru_0.5 at bias voltage of 10 mV are in the range @6° Q and 10? Qum? respectively.
This implies that the conductance is mainly due to metallictacts. For sample Ru_0.8,
the R and RA product of those hotspots which appear at low avbitage are still in the
range of 10® Q and 10* Qum? respectively. The number of these hotspots is very small at
low bias voltage. This means that most of the conductancaegaa thin insulating layer
between the tip and the bottom electrode, but the preserowagsistance hotspots makes
this barrier imperfect. The conductance in Ru_1.0 is puraly/td the tunneling, because the
R and RA product are larger than'® O and10° Qum? respectively. The MgO film is thus
already closed and a perfect insulating barrier exists a thick MgO film.

The comprehensive analysis of the current map of sample Cdréihdicates that al-
though most of the hotspots have a current less than 1 nAe teea significant number
of hotspots (150um?) having a current of more than 1 nA. The R and RA product of these
hotspots are10°Q2 (10 mV/2nA) and 102 Qum? respectively. These low resistance hotspots
can thus easily short a 0.6 nm thick MgO film. Most of the cortdnce in CoFeB_0.8 is due
to tunneling but still, there exist some hotspots (26:#) with current exceeding 300 pA at
10 mV bias voltage. The R and RA product of these hotspots abé 2 (10 mV/1.4nA)
and 103 Qum? respectively, which can make the working of the junctionidewnreli-

able. The MgO film is again completely closed at thickness.0frin. Only few hotspots
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(4 /um?) indicated by a high tunneling current of 100 pA at a biasagdt of 20 mV in
CoFeB_1.0. The values of R and RA product of these hotspotslafe2 (20 mV/200pA)
and 10* Qum? respectively. The comparison of Ru_ series and CoFeB__ seviealsethat
the hotspots density in MgO on polycrystalline Ru film is smiathan that of MgO on an

amorphous CoFeB.

4.7 Effect of Interface Roughness in Resistance of Barrier

The variation of resistances with the thickness of MgO irhlsgries of samples is different.
The background resistances of sample Ru_0.5, Ru_0.8 and Rare120 M2, 117 M2 and
60 (X2 respectively. For the samples of CoFeB_series the backgresigiances are 15%)
31 MQ and 1 G2. This variation may be due to a different growth of MgO on poystalline
Ru and on amorphous CoFeB. In order to investigate this assomyptipographic images
have been taken and the rms-roughness was evaluated. ThedRI8ess versus thickness
of MgO is shown in Fig[ 4.12 for both series. The roughnes$yaisashows that MgO de-
posited on the amorphous CoFeB is smooth (rms- roughnes®013m) for all thicknesses
but is much larger on polycrystalline Ru in the beginning. Té®son of the smooth deposi-
tion of MgO on amorphous CoFeB is the smoothness of CoFeB. Thehewever, a large
lattice misfit between the polycrystalline Ru and MgO (a ¢attnisfit of 11.3% between Ru
(1013) and MgO)[[91| 92].

4.8 Effect of Air on Hotspot Density

To observe the effects of air on hotspot density, all sampks® scanned 5 and 15 minutes
after deposition and the results are presented inFig] A tiécrease in hotspot density with
time in the barriers has been observed. MgO can readily alveater from the air because of
its hygroscopic nature. Therefore, for an accurate studii@hotspots, measurements just
after the deposition are very crucial. It was observed tatiecrease in the hotspot density
was less in the Ru_ series as compared to the CoFeB _ series iandRioFeB as bottom

electrodes respectively. This may be due to the fact thairtikevered CoFeB sites oxidized
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rapidly when it is kept in air as compared to Ru. Hence, a rapicte&hse in conductance
of the MgO film in case of the CoFeB as bottom electrode as cosdpiar Ru as bottom

electrode is expected.

4.9 Conclusion

In conclusion, for the electric characterization of MgOrims by CAFM in ambient en-
vironment, a tip - sample force 65 x 10~7 N was required to achieve electrical contact
between tip and the MgO surface. Our results showed thatatkness of 0.6 nm MgO, the
barrier was incomplete because a large number of pinholestspots existed in the barrier.
The barrier starts completing around a thickness of 0.8 nme. density of hotspots is much
smaller in the case of 0.8 nm thick barrier as compared to Gh@hick barrier. However,
at this density of hotspots it is not possible to use the eafar a quality devices because
even a single hotspot can short the tunneling current aretidedte the performance of the
MTJs. The barrier with thickness of 1 nm was approximatedg from hotspots. A complete
insulating MgO barrier has been established at a thicknessm for both Ru and CoFeB
bottom electrodes. A comparison of the resistance of the Boseries and the Ru_series
showed that the resistance for the CoFeB_series is smallefdnya of 60 at a 1 nm thick
MgO barrier. The reason of this large difference is due todigosition of MgO on amor-
phous CoFeB and polycrystalline Ru. MgO grows much more coatisly on CoFeB for

all thicknesses but shows a rough growth on polycrystafoen the beginning.
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Chapter 5

Discontinuous Multilayers of
CoFeB/MgO

The conductance analysis of MgO tunnel barriers with the bé CAFM using different
metallic sub-layers concluded that the MgO tunnel barrighn & thickness less than 1 nm is
discontinuous. This conclusion provides a favorable gdaiwnconstruct disordered (granu-
lar) system of CoFeB/MgO by sequential sputtering of MgO andeBoR his system is very
helpful to study the spin dependent transport in CoFeB gemnthirough the MgO barrier.
In this study the thicknesses of CoFeB and MgO layers will biamdped for a disordered
system to show maximum granular- (g-)TMR ratio. The resoftdisordered system will
be compared with their structure. The role of the MgO baraied the possible coherent

transport in disordered system will be discussed.

5.1 Granular System

The granular systems of this thesis consist of magnetiécpestembedded in immiscible
non-metallic (insulator) matrix with a size distributecbrin a few nanometers to tens of
nanometers. The material of the matrix helps the magneditudes to be magnetically sepa-
rated from each other to avoid the metallic percolation amutétect them from environmen-
tal degradation (e.g. oxidation) [44]. The key featureshele materials are a large number

of degrees of freedom like particle size, shape and sizellisibn, volume fraction of metal
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and the nature of the interface between the metal-insuéatdrfilm thickness. To achieve
the required properties, these degrees of freedom can @ked during the sample prepa-
ration and post fabrication processes. Because of the umguestructures of the magnetic
granules, these materials exhibit some physical propenttéch bulk materials cannot dis-
play. For example, the magnetoresistance effect origsrfeten the spin dependent tunneling
of electrons between the granules, superparamagnetismnduahced coercivity can be un-
derstood in uncorrelated and randomly oriented nano-sesagmetic granules. Furthermore,
the granular systems show a rich variety of hybrid physicapprties which are determined
by the chemical composition and microstructures of the et elements. For example,
Ag-Al, 05 and Ni-Al,O5 show high optical reflectivity and magnetic properties ofakgl Ni

in combination with the mechanical hardness of@J [93].

The important point to keep in mind in the selection of congrus for granular system
is their immiscible nature, because otherwise a homogenaloy would be formed. The
recent development in film fabrication technology has madasy to prepare different kinds
of granular systems. The most commonly used techniquesoagek solid state reaction,

pulsed laser ablation, co-sputtering and sequential et

Granular materials have been extensively studied becaegehave industrial applica-
tion, are easy to fabricate and stable both chemically aextratally [94]. The phenomenon
of spin polarized tunneling in these materials make therhlasa magnetic sensors. Further-
more, their ability to store electrical charge for a longergion time makes these materials
suitable for building nonvolatile memory devices|[95]. Iosh of the granular systems the
ferromagnetic granules are usually crystalline. Due tdhdgystalline anisotropy energy
of these granules a large magnetic field is required to reaelparallel orientation of all
magnetizations and a reasonable g-TMR effect. The crystadinisotropy energy is, how-
ever, absent in case of amorphous granules and thereforedbhied field for the parallel

orientation of their magnetic moments should be reduced.

Th CoFeB/MgO system has been found to be a proper candidatalgraystem to
study the origin of the g-TMR and to examine the temperatepeddence of the resistivity
and the g-TMR near the percolation threshold. The reasansitaramorphous nature, the

low anisotropy energy and the magnetic softness of CoFeButgamnd possibly coherent
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electron tunneling through an MgO barrier [96] 46, 70].
The maximum value of the g-TMR determined at room tempeegaitursome granular

systems, their structure and their saturation fields are/stio the following table.

System Structure | MR ratio | Saturation Field(kOe) Reference
Co-Al,04 Crystalline 8% 10/12 [97]
Co-Si0o, Crystalline 4% 10 [98]
Fe-SiQ Crystalline 4% 15 [99]
Fe-Mghk Crystalline | 3.5% 10 [100]
CoFeB-SiQ | Amorphous| 3.4% 15 [1071]
Co-AIN Amorphous| 4.6% 10 [102]
CoFeB-MgO| Amorphous| 5.9% 3 This thesis

The saturation field in all samples listed in the above taktzept our sample is 10 or
more than 10 kOe which is very large for read head. In case osample the saturation
field is 3 to 5 times less than that of the other systems of tinid. KThis low saturation field

is helpful for application purposes.

5.2 Influence of CoFeB Layers Thickness on Electric and

Magnetotransport Properties

The layer thicknesses of magnetic and non magnetic maestiangly influence the trans-
port properties of discontinuous films. The size of clustdrhie magnetic material and the
distance between them can be controlled by varying the tieisées of the layers. In the
following section we will discuss the effect of the CoFeB ley/ghickness in discontinuous

multilayers of CoFeB/MgO.

5.2.1 Sample Preparation

Granular samples are prepared by subsequent depositiamedfitayers of CoFeB and MgO
by DC and RF magnetron sputtering respectively. As a seed éa¥& nm thick MgO layer
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on a thermally oxidized silicon wafer is used. Furthermareap layer is also added to avoid
the oxidation of CoFeB. This study was performed to investigia¢ influence of the CoFeB
layers thickness on the electrical transport and on the etagesistance. The samples pre-
pared for this study are labeled &g to Sg corresponding to the CoFeB layers thickness
ranging from 0.5 nm to 1.0 nm in 0.1 nm steps. [igl 5.1 giveshamatic representation of
the sample5;. For transport properties measurements, samples areredapa rectangular
shape of 2 mmx 15 mm using a mask. In this case four parallel gold stripespnttered

on the sample surface and used as electrodes. For AGM meantethe samples, are in
the shape of a sheet of 4 mm4 mm and for XRR measurements, the sample are also in
the form of sheets of 10 mmx 10 mm. For TEM measurements the samples are further
processed by a Focused lon Beam (FIB) with mechanical thiramgGallium milling with

a final beam voltage of 2 kV to 5 kV.

5.2.2 Structural Characterization

A granular system prepared by discontinuous metal andatmubhyers is formed at the early
stage of the film growth of CoFeB. The surface energy of the niealwvays higher than
that of insulators. Therefore, metallic CoFeB splits intomaized granules in the begining
when deposited on the MgO seed layer. By further depositiese granules join to form
a complete layer. When MgO is deposited on the CoFeB clustdilts the space between
and above the clusters. The repetition of CoFeB and MgO |dgems a granular system in
which CoFeB granules are separated by the MgO matrix. Theechisf CoFeB dispersed in
MgO matrix are shown schematically in Fig. 5.2. The struaitproperties of this granular
system is investigated by HRTEM and XRR. The maximum g-TMR @atunine bilayers
of CoFeB and MgO system is obtained when the thickness of egeh bf CoFeB and MgO
is 0.7 nm (referred as samp#g). Therefore, the structural properties of only this sanapée
discussed here.

The HRTEM cross sectional image of the samfjen the as prepared state is shown in
Fig. [5.3. Directly on top of the amorphous layer of Si®seed layer of crystalline MgO

appears. A granular system of CoFeB/MgO with small cryséallihside the multilayers can
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CoFeB0.7nm
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z = X8 (i layers)
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CoFeB0.7/nm

MgO 1.5nm
Si02 Wafer
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Fig. 5.1: Schematic representation of a multilayers stack of CoFeB/Mg@;fgo = 0.7nm.

Fig. 5.2: Schematic representation of CoFeB granules dispersed in an MgO matrix.
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Fig. 5.3: Cross sectional HRTEM image of the as prepared CoFeB/MgO sample. Bist&if, and

the top is covered by a Pt:C granular film.

be identified. On top, the Pt:C granular film appears which wgesl to cover the sample in

order to process the sample by Focused lon Beam for the HRTEké&cterization.

CoFeB grains with average grain size of 2-3 nm are randomlyeds®d in the MgO
matrix. The interface between CoFeB and MgO is not clearlyphasn the as prepared state
and the grains are irregular in shape. The film thickness pscaqmately 16.14+ 1.7 nm

which is nearly equal to the deposited thickness i.e., 19 n

Fig.[5.4 shows a HRTEM image of the same sample when annez2&@aC for 1 hour
in vacuum. The annealed sample appears similar as the samtipéeas prepared state except
a better contrast of the CoFeB grains and the MgO matrix. Sonadl granules merge with
each other to form larger grains (see fig.| 5.4). This reddwe$tidging between grains and

make them more spherical in shape.
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.4 Merged
¥ granules

Fig. 5.4: Cross sectional HRTEM image of CoFeB/MgO sample anneal28atC. Bottom is SiQ

and the top is covered by a Pt:C granular film.

The X-ray reflectometry analysis used to calculate the filicktiess, bilayer thickness
and interface roughness of the sample is shown in[Fig. 5.% i$hldone by analyzing the
Kiessig fringes and Bragg peaks. Due to discontinuous strecan analysis of the interface

roughness was not possible here. The film thickness can bendaed using the relation

A

ZAKiessig

d (5.2.1)

by measuring the distance between adjacent interferengemaa\ g ;.s;, [103]. For an
accurate calculation of the film thickness WWenGixaprogramme is used. From the XRR
scan the film thickness of the as prepared sample is estiraate8.145+ 0.01 nm which is
near to the deposited value i.e., 14.9 nm. The film thicknéssenannealed sample is the
same as that of as prepared sample. The only difference ghtpe of the Kiessig fringes

which is attributed to the size and shape of the granules.
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Fig. 5.5: XRR scans of the as prepared sample and a sample anneai&d &t for d;,0 = 0.7nm.

5.2.3 Magnetic Properties

Information about the magnetic properties and the magséte of the granules in sample
S3 can be extracted from the magnetization measurementseTheasurements were per-
formed in a superconducting quantum interference devi@g)9) at temperatures between
350 K and 5 K. Fig[[5J6 shows a magnetization loop of sanSplat room temperature. The

magnetization curve shows no hysteresis and follows thgWarfunction of the form

M oth (ﬂ> _ kT (5.2.2)
uH

Where M, is the saturation magnetization,the magnetic moment of the unit magnetic
granule, T the temperature ahd the Boltzmann constant. The saturation magnetizatign
and the magnetic momentof the samples; is 1070emu/cm?® and 10855.5 respectively.
To calculate the magnetic size of the CoFeB granules the niagnement of CoFeB is
taken as the average of the magnetic moments of Co and Feli®2, € 2.2)i3 /2. The
calculation gives a magnetic radius of 3.6 nm of the granwleish is nealy double to the
magnetic size measured by HRTEM images (2-3 nm).

Low field magnetization measurements were done for safydy SQUID magnetome-

ter after the sample was cooled from 350 K to 5 K either in zexld {iZFC) or in 10 Oe (FC).
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M/M,

HIT (T/K)

Fig. 5.6: Magnetization curve of sample; after annealing &50° C. Red markers show the experi-

mental curve and the solid black line indicates the curve calculated by theibgngction

given by Eq[5.2]2

For both cases the moment was recorded during the heatihg sbimple ( from 5 K to 350
K). Fig. 5.7 shows the ZFC and FC magnetization curves ofoditicuous multilayers of
sampleS; measured in 10 Oe. The ZFC-magnetization increases by Bingegemperature
between 70 K and 120 K. Below 70 K the magnetization of most efgtanules remains
blocked. Above 70 K the progressive unblocking of the momecturres as a result of the
distribution in size and shape of the magnetic CoFeB graniiles smaller units become su-
perparamagnetic at lower temperature than the larger. drs blocking temperaturég ~
130 K in ZFC-FC data corresponds to the temperature at whighatigest unit becomes
superparamagnetic. It should be noted that the FC curve mimidsecome completely flat
at low temperature, instead it shows a continuous changegnetization belows. This
behavior is in contrast to the one observed in Co>SiOgranular films, CoFe-Ag metallic
alloy and Co/SiQ discontinuous layers [104, 105, 106] 94]. This featuredatdis the weak
magnetic interaction between the magnetic granules amé tkeno diffusion of granules
into the matrix material (immisible nature). Another imfzott feature of the ZFC curve is

the presence of a plateau representing the residual momenta¢ very low temperature.
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Fig. 5.7: Temperature dependence of the FC and ZFC magnetization of sé&énpléne magnetiza-

tion was recorded at 10 Oe.

Normally, for granular systems the moment should approaoh zecause of the freezing of
disordered spins at low temperature. The observed residoaient may arise because of

unfrozen spins of Co and Fe in the magnetic granules.

5.2.4 Transport Measurements

Fig. 5.8 shows the dependence of the resistivity and the g &lue on the varying thick-
ness of the CoFeB layers for constant thickness of MgO at reompérature. The resistivity
decreases strongly with the increase of the CoFeB layerknibss as expected for perco-
lating network of CoFeB [107]. A crossover from a granular émtnuous CoFeB films is
observed. This is supported by appearence of Brag peak in X&R sc

The g-TMR value recorded for sampl8s to Sg are -2.6%, -3.9%, -4.6%, -2.41%, 0%
and 0.08% respectively. The g-TMR magnitude first increasesmaximum of 4.6% and
then decreases. The same results have been observed by I¥.éBadl., in film where Co

particles are dispressed in a matrix of 2); [108]. The small g-TMR values for samplés
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Fig. 5.8: Dependence of the g-TMR and the resistivity on the thickness of the Cédya8s for

dyrgo = 0.7nm.

and S, are due to the fact that the thin CoFeB films leads to a low spieiiéent tunneling
rate. For thicker CoFeB filmsS and.S;5) the tunneling rate is strongly reduced due to the
increasing continuity in the CoFeB network.

Fig. [5.9 shows the magnetoresistance versus magnetic fialdlsamples at room tem-
perature. The g-TMR and magnetic field for sam@igdo S5 are drawn along the left and
bottom axes respectively. The magnetoresistance and tiafelel for sampleSg are drawn
along the right and top axes respectively. A crossover igmesl in sampless where the
magnetoresistance changes its sign as shown in[Fi§. 5.90oridie of this magnetoresis-
tance is different from the rest of the samples. The magesistance in samples to Ss is
due to the spin dependent tunneling of electrons betweegrémeiles of CoFeB. But in sam-
ple S the granules are joined up to form a complete films of CoFeBetbes, the tunneling
is not the dominant transport mechanism. The magnetoaesisin this sample is due to the
spin orbit interaction of electron which is anisotropic matpresistance.

To understand the temperature dependence of the elecarsptrt in this granular sys-
tem, the electrical resistivity of samplés — S5 were measured between 15 K and 330 K.

These results are shown in F[g._5.10 and Eig. 15.11. All sasmgtew a nearly exponential
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Fig. 5.9: g-TMR versus magnetic field of sampl8s to S5 (left and bottom axes) and AMR versus

magnetic field for sampl§s (right and top axes) at room temperature.

increase of the resistivity by decreasing temperatureghvisia common feature of granular

systems[[109].

Sample| Resistivity at 330 K f330) | Resistivity at 15 K f15) | p15/p330
S 4.2624<10°u) -cm 1.9179<10%u82 -cm 449.95
So 1.7564x 105, -cm 9.4594x 10742 -cm 53.85
Sy 1.0482< 10582 -cm 2.3335¢<10%u -cm 22.26
Sy 548322:Q2 -cm 4.1944<10°u -cm 7.64
Ss 8192.7%:) -cm 8833.67:2 -cm 1.07

The ratiop;5/p330 represents the temperature dependence of the correspaatiple. The
sampleS; shows a strong temperature dependence of the resistivélytbe entire range
of temprature as shown in Fig. 5]10. The ratio of the resigtat 15 K to the resistivity
at 330 K i.e.,p15/ps30 is (449.95) nearly three order of magnitude. Therefore Hrepde

S; shows a strongly localized behavior. The sam@le S; and S, show a progressively

decreasing localized behavior as the resistivity increa@h the decrease of temperature
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Fig. 5.10: The temperature dependence of the resistivity of sanfplés S, between 330 K and 15
K.
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Fig. 5.11: The resistivityp(T") of sampleSs as a function of Log(T/K).
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but the increase is not as prominent as$or The ratiosp;;/p330 for samplesS,, S; and
S, are 53.85, 22.26 and 7.64 respectively. The ratig ps3o for S is 1.07 which shows a
very small dependence of the resistivity on temperature. Whe metal concentration is
high, the transport of charge mainly takes place throughctireluction bands of CoFeB.
Such behavior can be seen in Fig. 5.11, where the resisfivity is plotted as a function
of log(T/K). The linear dependence in this plot shows, tlet increase op(7") is rather
logarithmic than exponential, indicating that this systisrmot in the localized regime of
conduction.

In conclusion, all samples show negative coefficients ostiegy i.e., the resistivity
increases with decreasing of temperature. However, therdimce of the resistivity on
the temperature decreases with increasing the layer théskaof CoFeB. Finally, when the
concentration of CoFeB granules is high, they overlap ealbrand lose their localized
character. Therefore, the transport of charge takes placeigh the conduction band of
CoFeB.

The temperature dependence of the resistivity of a graraylstem follows a general

relationship over a wide range of temperature:

Tg;z 1/n
P = Poz€XP ( T > (5.2.3)

The exponenh has values 1, 4 and 2 for an Arrhenius Law of nearest neighbp+ h
ping (NNH), Mott hopping (MH) and Efros Shklovskii (ES)’ Laef variable range hopping
(VRH) respectively. p,,. is a pre-exponential factor whose value is different fofedént
kinds of hopping mechanisms afi), = To, Toy andTgg correspond to different trans-
port phenomena. At low concentration, the CoFeB granulesvatieseparated from each
other so that they become localized. Transport of chargestplace by hopping of electrons
from occupied to unoccupied localized states. Such hoppingesses in connection with
doped semiconductors has been suggested in many refef@h€¢d11]. This hopping pro-
cess is temperature dependent. At high temperature thepwens carried out by hopping to
the nearest sites which obeys an Arrhenius Law|[112]. As &gatpre decreases a crossover
from Arrhenius to Mott’s law is observed in all samples exc&p[50,/113]. The crossover

temperature is around 200 K. Below this temperature, it isenfavorable for electrons to



5.3. INFLUENCE OF THE MGO LAYER THICKNESS ON ELECTRIC AND
MAGNETOTRANSPORT PROPERTIES 73

hop beyond nearest sites. By further decrease of the terapetae resistivity starts deviat-
ing from Mott’s Law at around 60 K. This is the onset of anottygle of hopping mechanism
which is governed by ES, Law of VRHi(= 1/2). This law assumes that the density of state
near the Fermi level shows a Coulomb gap.

The values of the pre-exponential factpgs and coefficientd,, coressponding to dif-
ferent tunneling laws for samplég to S, can be calculated by fitting the curves (The curves
are shown in Fig[[5.12 anid 5]13) for different temperatugtores. They are shown in the

following table.

Sample| Toa (K) | pa pS2-cm | Toar (K) | parp2 -em | Tps(K) | prs pS2 -cm
S 438.86 | 1.15x10° | 315495 18896 420.25| 7.378x10°
S 364.86 | 5.889x10° | 65585 47388 153.9 | 3.86x10°
Ss3 317.93 | 4.085<10° | 25445 62097 106.56 | 1.703x10
Sy 305.51 | 2.177x10° 7619 72923 32 9.41x10°

The g-TMR dependence on temperature was already shown.irbFlg The g-TMR is
zero at room temperature for samplgand remains the same even at 15 K. For sample
the g-TMR value is 2.2% at room temperature and slightlygases at lower temperature. In
samples with CoFeB layer thickness 0.7 nm and less (saffeS,), the CoFeB granules
are as much separated from each other that they form a netfoknometer sized tunnel
junctions through the surrounding MgO matrix. At low temgdere a remarkable increase in
g-TMR is observed which is due to higher order tunneling etebns between the CoFeB

granules[[114]. This will be explained in section]5.4

5.3 Influence of the MgO Layer Thickness on Electric and

Magnetotransport Properties

5.3.1 Sample Preparation

The samples were prepared by the same procedure as dedaribection??. The only

difference in these samples is that the thickness of MgQr¢agechanged and CoFeB layers
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Fig. 5.12: Dependence of the resitivity 6i~! of samplesS; andS, along with the fitting curves of

the tunneling laws in different temperature regions.
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Fig. 5.14: Dependence of the resistivity and g-TMR versus thickness of MgOaamh riemperature

for doore = 0.7nm

thicknesses are kept constant at 0.7 nm. The samples aledas=MgQ, MgO; and MgQ
corresponding to MgO layers thickness of 0.6 nm, 0.7 nm aBaht, respectively.

5.3.2 Results and Discussion

The resistivity of the samples MgOMgO; and MgQ is measured by applying a bias volt-
age of 100 mV at room temperature using a four point contattnigue. The values of
the resistivity of these samples at room temperature a@82:810° 12 -cm, 1.188% 10502
-cm and 4.5812 10%.2 -cm respectively. The magnetoresistance of these samplealao
measured by applying a magnetic fieldiofL770 Oe in plane of the film. The magnetic field
and current are parallel and in the film plane. The g-TMR w&bhfeVigQ;, MgO; and MgQ
are 3.2%, 4.6% and 1.2% respectively. The results are shotheiFig[5.14.

The increase in resistivity with increasing MgO thicknesduie to the fact that transport
is dominated by the activated tunneling of electrons betmtee CoFeB granules through
an MgO barrier, where the barrier gets thicker with incnegdvigO thickness. Note that

this increase in resistivity is not as pronounced as withreesing CoFeB thickness (Fig.
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Fig. 5.15: The g-TMR versus magnetic field for samples Mg®gO; and MgQ at room tempera-

ture

£.8). The size of the granules is expected to be same in ak ttemples because the layers
thickness of CoFeB are same for all samples. However, theatgpaat least in one direction
between the CoFeB granules is different for different thedsof MgO layers. Therefore,

the tunneling resistance for thinner MgO barrier is smdhan that of thicker MgO batrrier.

The g-TMR value first increases with the thickness of MgO aathes its maximum
value of 4.6 % at/;;,0 = 0.7nm and then decreases for further increasing thickness of MgO.
Although no saturation was reached , this tendency seems ¢tebr from Fig[ 5.15. This
change in g-TMR with the thickness of MgO is due to the fact tha hopping of charges
between the granules in sample Mg® through a thick tunnel barrier and in sample MgO
is small because the number of tunneling events are redddés]. [ The shapes of mag-
netoresistance curves shown in Eig.5.15 are also veryestiag. The magnetoresistance
is highly field sensitive around zero field for the Mg®ample. The sensitivity decreases
with increasing thickness of MgO. This can be explained #isvo one of the necessary
conditions to observe a maximum g-TMR in ferromagnetiadator granular films is the
superparamagnetic nature of the magnetic granules at rempetrature [116]. The size of

the magnetic granules and the distance between them bgtlaplianportant role in the oc-
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Fig. 5.16: The tempeature dependent g-TMR for samples Md®gO; and MgQ. The different

regions (1) - (3) are discussed in the text.

currence of superparamagnetism [109]. The distance battheemagnetic granules should
be such that the interactions between their magnetic martmdome negligible. In the
MgOg sample the CoFeB magnetic granules are more separated antetiaetion between

them is negligibly small, therefore, a larger field is reqdito align them in parallel.

The temperature dependence of the resistivity and the g-ohdamples Mg@, MgO;
and MgQ were also measured between 330 K and 15 K. All samples showpaimential
increase in the resistivity with temperature which is a camrfeature of granular systems
[109]. The results are shown in the Fig. 5.16 and Eig.]5.12 Viiues of resistivities at 330
K and 15 K and their ratios for samples MggO, and MgQ; are given in table below

Sample| Resistivity at 330 K| Resistivity at 15 K | p15/p330
MgOs | 3.7983<10°u2 -cm | 2.09194<10'°u) -cm | 5514

MgO; | 1.0482<10°uf2 -cm | 2.3335¢<10%u€ -cm 22.26

MgOs | 2.2992<10°uf2 -cm | 3.3616%K 10°uQ -cm | 14.62

At the room temperature the maximum g-TMR is achieved forgamigO;. The g-TMR of

MgOg, however, incereases sharply with decreasing of tempetailnere are three promi-
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Fig. 5.17: The temperature dependence of the resistivity of samplesgMiyigO; and MgQ be-
tween 330K and 15 K

nent regions in the graph for MgOAt high temperature (1) the g-TMR is slightly tempera-

ture dependent, at intermediate temperature (2) it remthensame between 220K and 70K

and for low temperature (3) it is strongly temeperature ddpat. The sample Mgshows

a simillar but smaller temperature dependence as that of Mg@rly for the whole range

of temperature. We will discuss the temperature dependeittee g-TMR in the light of

references of many models proposed for the electron trangpgranular films in the next

section. The values of the pre exponential facigrsand coefficientd,, corressponding

to different tunneling laws for different samples can becakdted by fitting the curves for

different temperature regions. The results are shown ifall@ving table.

Sample| Toa (K) | pa p2-cm | Ton (K) | par pf2-cm | Tes(K) | pps p2 -cm
MgOsg — e 581540 6723.2 1100 | 1.9492<10°
MgO; | 317.93 | 4.085<10° 25445 62097 106.56 | 1.703x106
MgQOs | 760.95 | 2.3013«10* 111.3 26135 53.79 | 4.5647x10°
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5.4 Higher Order Tunneling at Low Temperature

At low temperature, a remarkable increase in g-TMR has bbseareed in all these samples,
which is explained as follows: According to B. Abeles et. at.Jow temperature the con-
ductivity of a non-magnetic granular system depends onehmpeérature as o exp (%)1/2
[109]. This explanation was based on the assumptions teagrémules are equal in side
and separated by a barrier thicknessd the ratics/d for a given metal -insulator composi-
tion remains constant. Afterward, J. Inoue et. al., extdrttiess model to magnetic granular
systems including the effect of spin dependent tunnelingleétrons among the granules

and yielding the magnetoresistance as:

A P2
7P _ (1 - P2) (5.4.1)

whereP is spin polarization [117]. These models were based on thengstion that the

tunneling was only possible between granules of the sanee lawever, the broad distri-
bution of granular sizes is inevitable in granular systeltisani et.al, and Zhu et.al, studied
Co-AlO, and Fe-AlQ granular films and measured the temperature dependenivigsis
and magnetoresistance [114, 118,1119]. They found thatethistivity and the magnetore-
sistance are both temperature dependent and introducédethef higher order tunneling.
The large grains are well separated from each other and mhayebe small granules in be-
tween them. In "ordinary" tunneling electrons tunnel frongéagranules to small ones which
are nearest to them; at low temperature however, the turgnsligoverned by higher order
processes. This higher order tunneling process has beemathally represented in Fig.
[5.19. During this process, an electron is transferred frdange charged granule to another
large neutral granule through the small granules in betweam. Using this concept Mitani
et. al., derived
Ap

=l m?p?)~ Y (5.4.2)

withn* = ((E.) /8% (s) T)"/* andk = k+(1/4 (s)) In [(g/7)* + ((E.) /2xT)*]. Where

m = % is the magnetization normalized to the saturation magaitiz, ~ is the tunneling

parameter related to the barrier height=£ 2";;“", m* is the effective mass of electrop,is
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Fig. 5.19: Schematic representation of a higher order tunneling process in whidetroa trans-
ferred from a large charged granule to another large neutral gradmolegh small granules

in between themi [114].

the barrier height and is the Plank’s constant},F.) is the average charging energy is
the average grain spacing agc the temperature dependent factor arising from the @lectr
and hole excitation in the energy intervalzdf’ around the Fermi level [120]. When the spin

polarization is very small then the above equation reduzes t

% = m?P* (14 /CJT) (5.4.3)

WhereC = (E¢) /8F (s) and P and C are used as fit parameters. Our experimental result
for sampleS; fits well to the equatiof 5.4.3 as shown in Fig. 5.20. The tegybalue of
the spin polarization is 19% which is small as compared ta¢leently reported value for
CoFeB i.e. 53%([121]. The reason for this difference may betdulee fact that in our case
the barrier between the two granules is not uniform and thgpgahas not been annealed to
the crystallization temperature of CoFeB. Furthermore oonsa is a complicated structure
of a large number of tunnel junctions and the result refldetsatverage of all the junctions

in the network.
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Fig. 5.20: Temperature dependence of the g-TMR of san$fgleMarkers belong to the experimental
data and the solid line is a fit of equation 514.3.

5.5 Coulomb Gap

The crossover from Mott-type to ES-type hopping suggestsugomb gap in this material.
Therefore, tried to measure the coulomb gap energy in thisilayer system. Different
samples were cooled to a temperature lower than 4.2 K wheonsiderable increase in
resistance has been observed. The value of this resistaaenare than the upper limit
of Keithly 2000 multimeter (106 ). However, the sample MgQvhen cooled to 1.25K
in a*He cryostat showed some promising results. Fig.15.21 shbe/$-VY curve and the
conductance dl/dV at this temperature. The full width af haximum corresponding to
the gap energy AV ») is found to be 10 meV. In VRH, some of the localized statesraou
the Fermi level are involved in the hopping process; thestestare called optimal bands.
The full width energy of these bands is given by the relafibn= . x T wheref, is called
the critical parameter which can be calculated by the eqni&ii5.1 using experimental data

[122]

DY £ (RT> (5.5.1)
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Fig. 5.21:dl/dV versus V and | versus V curve of samgat 1.25 K.

At T = 1.25K and withTgs = 53.79K, we get{. = 6.56 and thereforer, = 8.2K =
0.707meV . This satisfies the condition for ES law i.&l, << AV, /,. The crossover tem-

peraturel™ is given by the relation

.1 (AVp\?

which givesT* = 63.5 K. Within the accuracy of the fitting, this theoretigalue agrees

to our experimental valué,,,; = 60K.

5.6 Effect of Annealing

5.6.1 Effect of Long Duration Annealing

To investigate the effect of long duration annealing at astamt temperature, the samgle
was annealed in a vacuum furnace at a pressutexdf)~" mbar a250° C in four steps. The
duration of each annealing step was 5 hours. [Fig.]5.22 shwweatriation of the resistivity
and the g- TMR after each annealing step. Both the resistawitithe g-TMR ratio increased

first and reached maximum values uRt®2 x 10%.£2 -cm and 5.9% respectively.



5.6. EFFECT OF ANNEALING 85

— 2.2x10°

55 ] —== 'g-TMR' 50

' == resistivity

— 1.8
$ 5.0 °
% — 1.6 t,':lj
= _ o
& 40 14 3

4.0 - - 12

— 1.0

=

0 5 10 15 20
Time of annealing (hrs.)

Fig. 5.22: The resistivity and g-TMR of samplg; after 5 hours, 10 hours, 15 hours and 20 hours of

annealing at constant temperature of 260

After deposition, the films are under residual stress ancethee bridges among the
neighboring granules, which decrease the resistivity hBadjt TMR value. The annealing is
used to relieve the residual stress and it reduces the bgadgnong neighboring granules by
sharpening the interface between granules and insula@igf©4]. The magnetic granules
become well separated from each other and their size iresedsich results in a decrease of
the charging energy.. In accordance to this, it was observed that the increasssiativity
and g-TMR at low temperature were more prominent in annesdeaple as compared to as

prepared sample.

5.6.2 Effect of High Temperature Annealing

In order to study the effect of high temperature annealiegtimpleS; was annealed &00°

C. The structural and magnetic properties were studied by XiaRss TEM and magnetiza-
tion measurements at room temperature. The electricallaott@magnetic properties were
also studied. The XRR scans of as prepared and of samplesl@hia¢300 ° C are shown

in Fig. [5.23. The film thickness of the as prepared sample.is4Bbnm which increases to
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Fig. 5.23: The XRR scans of as prepared sample and sample anneaie@f 42.

15.564 nm on annealing ab0° C. This is attributed to an increase in size and crystalbrati
of CoFeB granules. The increase in magnitude of Kiessig ésrig due to increase in inter-
face and surface roughness [103]. TEM and diffraction ilsagjesampleS; annealed up to
300° C are shown in Fig._ 5.24. The CoFe granules appear to be catypbeystalline. The
different lattice contrast is the result of different titié single granules. Diffraction image
belongs to a large area beginning from the Si substratehitodrbon glue. Such a large area
is the limit of the smallest available Selected Area Diffraic (SAD)-aperture of the TEM.
The diffraction pattern is not very clear due to this largels&perture. The prominent black
diffraction spots (circled in Fid. 5.24 b) belong to Si subtt and the small scattered spots
belong to granules tilted in different directions.

The magnetization versus magnetic field curves of sarfiple as prepared state and
annealed state &00° C are shown in FigL 5.25. The saturation magnetizafion(1125
emu/cm?) decreases a little ( 1L0%0nu/cm?) when annealed &50° C but increases con-
siderably (160Q:mu/cm?®) on annealing aB00° C. This behavior is contrary to the many
granular thin films wheré/, decreases due to occurence of interdiffusion during amgeal
[123]. The possible reason of this unusual increase upoaadimg at300° C might be the

diffusion of boron atoms away from CoFeB. This decreases tlgnetec impurities and thus
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Fig. 5.24: Cross sectional HRTEM image of CoFeB/MgO sample annealed & G@8) and diffrac-
tion image (b) begining from Si into the Carbon glue. The circled diffractmrisbelong

to the Si substrate.
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inreases the magnetic moment. The rigid bond model sugthedthe moment of transition
metals like Co and Fe increases on decreasing metalloidr{poomcentration [124].

The g-TMR ratio of samplé; first increases with increase of the annealing temperature
and reaches a maximum value of 4.95%233° C. A rapid decrease in g-TMR has been
observed with further increase of temperature in all sam@eit the resistivity continuously
increases with the increase of temperature. The resultshaken in Fig[5.26. The increase
in resistivity and decrease in g-TMR abo¥&5° C is due to the crystallization of CoFeB
granules. To achieve a high TMR value on crystallization oF€® granules due to coher-
ent tunneling highly oriented (001) MgO barrier/CoFeB cajlste electrodes are required
[125]. However, in our case the granules are tilted in déiferattice direction which has
been observed in differaction images shown in Hig. 15.24. r@fee, coherent tunneling

between CoFeB granules through the MgO barrier has not besamadal in our samples.

5.7 Conclusion

In conclusion, granular films of CoFeB and MgO were prepareddyyuential deposition

of MgO and CoFeB layers in the form of discontinuous multilay RR and TEM mea-
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Fig. 5.26: The resistivity and g-TMR of samplg; annealed at different temperature.

surements showed the granular nature of the samples withax@meter sized granules of
CoFeB dispersed in the MgO matrix. Resistivity and magneistggsce measurements car-
ried out by four probe technigue showed that the magnetieggie diminished for very low
and high CoFeB concentration and changed to mettalic AMR whetallic percolation of
CoFeB was reached. The CoFeB and MgO layers thicknesses wiarezeg to achieve
maximum g-TMR value.

AGM and SQUID magnetometers were used to investigate th@etagtion of the sam-
ples. The measurements demonstrated the superparancagatate of the magnetic entities
at room temperature. FC-ZFC measurements showed a reeenséignetic behavior near
the percolation threshold below room temperature. Thisnaéiaat a phase transition from
ferromagnetism to superparamagnetism was observed asoi@maperature of 130 K.

A well annealed sample a60° C near the percolation threshold showed both enhanced
g-TMR value and resistivity at all temperatures which was tiuthe improvement of the mi-
crostructures by annealing. However, a decrease in g- TN wgas observed by annealing
to 300° C which was associated to the crystallization of CoFeB gestilted in different

lattice orientations.

An exponential increase in the resistivity with decreasemperature observed in this



90 CHAPTER 5. DISCONTINUOUS MULTILAYERS OF COFEB/MGO

system followed the tunneling laws of nearest neighbor hmappMott hopping and Efros-
Shklovskii variable range hopping. The three temperategeons were prominent near the
percolation threshold and therefore tunneling of the edexst followed different transport
mechanism in different temperature regions. A sharp irrge@fthe g-TMR observed at low
temperature was attributed to the higher order tunnelirgjexdtrons between large granules
of CoFeB via small granules situated in between them. The @dulgap energy was mea-
sured by cooling the sample below 4.2 K in He cryostat. Theebtemperature of Efros

Shklovskii region was calculated which agreed with our mead temperature.



Chapter 6

Summery and Outlook

Magnesium oxide is extensively used as barrier material T$/after the discovery that
an MTJ with a highly -(001) oriented MgO barrier producesaliigh TMR values. Many
thousands % have been predicted in MTJs with MgO. Howev@%bUMR value has been
achieved experimentally. Thus the difference in theory experiment is very high. The
main source of this difference is the tunneling through tagibr material. Large changes
in electron transmission occur due to defects with locdliekectron states, fluctuation in
thickness and pinholes in the barrier layer. All these dsfare buried inside very thin MTJ
layers so it is difficult to investigate them with usual teicfues. CAFM technique has been
used to investigate the MgO batrrier in this thesis.

At the first stage of this work MgO barriers using Ru bottom &tete have been investi-
gated by CAFM. Different imaging parameters like contacistasice, contact area, imaging
force and bias voltage were optimized for this barrier. gshrese optimized parameters, the
electrical integrity of the MgO barrier in MTJs was studidebr this purpose half finished
MTJs were used. Different thicknesses of MgO were studiedrasults of their resistances
(R) and resistance Area produd® x A) were compared with CAFM measurements.The
growth of the barrier on polycrystalline Ru and amorphous @Wwes also a part of this
study. A statistical model proposed by F. Bardou for the stfdire tunneling transmission
variations due to inhomogeneity of a barrier was used to tifyahe quality of the barrier.
A homogeneous and electrically high quality barrier waseaad at a thickness of 1 nm.

Local tunneling spectroscopy of ultra thin MgO barrier witie help of an improved
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CAFM will be an interesting technique for the future studi€kis can be applied to inves-
tigate local electrical properties such as local dieledtreakdown voltage, time dependent
dielectric breakdown, carrier transport and interfacéestaThe dielectric degradation pro-
cess can also be investigated by studying |-V charactesisfThis will help to understand
the breakdown mechanism in MgO batrrier locally.

In order to study the spin transport phenomenon in CoFeB girddgO barrier, disor-
dered system of CoFeB and MgO in the form of CoFeB granules edelodd a MgO matrix
was prepared. The thickness of the CoFeB and MgO layers weisgl\ta achieve a max-
imum g-TMR. The value of the g-TMR is assumed to be related édf¢latures of CoFeB
grains like size, shape and size distribution. Concerniageftfect of these features, most of
the experimental work has been focused on post depositioesding.

The samples were studied for long duration annealing at g&cpkar temperature and
increase in the g-TMR value and resistivity has been obsgefeea certain duration of
annealing which is associated to an increase in the gragasid an improvement in the
grains/barrier interface. A decrease in both g-TMR valug i@sistivity has been observed
after further annealing which was due to reaching the mefadircolation of CoFeB grains.

The samples were also studied after annealing at high teryser An increase in the
g-TMR and resistivity with temperature was observed upm° C. However, a decrease
in g-TMR and an increase in resistivity after annealing@t° C has been observed. These
changes are the result of crystallization of CoFeB granules.

Different transport phenomena in connection with the tlingdaws for semiconduc-
tors were identified in this disordered system and the Coulgagbenergy was measured.
The magnetic characterization showed a magnetic revingiai temperature below room
temperature and superparamagnetic behavior at room tatoper

The occurrence of a single pinhole in planar junctions cadyce a short for the current
and stop it from functioning. Therefore, the reduced penfmmce of planar junctions is
a major problem posed by the presence of pinholes. On the bdrel, there exists no
continuous path for electrons in granular films. The conidacelectrons have to tunnel
through the MgO insulator. This implies that tunneling ibiagable even in the presence of

a finite density of pinholes. Moreover, in case of granulangithe increased resistivity to
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the large applied voltages is attributed to the distributd voltage over a large number of
junctions. Therefore, the value of the bias voltage for aé&hfjunction is reduced and the
dielectric break down can be avoided.

The saturation magnetic field for the parallel alignmentted magnetic moments in
disordered systems is very large. This large value of theatdn field is great hindrance
to use them in data storage devices. The saturation field o€B®FgO, however, is three
to five times less than comparable systems. This small vdlsa&toration field is helpful for
application purposes.

Granular films have wide spread potential applications igme#ic sensors technology
and magnetic data storage devices. Further studies ofivesssvitching and microwave
permeability measurements in these films will make themljigtiractive for applications

in resistance random access memory and microwave absorbers
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