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Summary

Granular films are useful because of ease of preparation as well potential applications
in sensors and storage media. The grain sizes in granular films are dependent on
the volume fraction and thickness of the ferromagnetic material used. Other than
magnetoresistance (MR), these films show interesting properties such as Coulomb
Blockade. In this thesis, two device structure for Co-HfO5 granular films have been
implemented and discussed.

The first structure consists of inserting the HfO, in between a granular film
having 20 bilayers of Co-HfO,. The thickness of insert was varied from 1.5 nm to 15
nm and initially the current in plane properties (CIP) are studied. The purpose of
this structure was to obtain better grain size control using roughness as well as to
understand the effect of parallel paths on the MR in CIP conduction.The structure
with the 1.5 nm of HfO, insert had grain sizes with largest spread induced by
the roughness of the insert. It showed Coulomb Blockade characteristic at 10.6 K
accompanied by anomalous increase in MR. As the thickness was increased beyond
5nm, the inserted films were observed to be continuous helping to form larger grains
in the top of the structure. For these structures, the major conduction was through
the top granular film. The samples with 5 nm and 1.5 nm insert gave improved MR
at temperatures above and below 15 K respectively .

A simulation model was developed for the above proposed CIP structure using

Monte Carlo method where the physical grain sizes and locations were generated

vii



using the experimental M-H loop. It was found that there was good agreement
between the experimental and simulated MR curves.

Current perpendicular plane (CPP) devices based on oxide insert were also stud-
ied in thesis and compared with their CIP counterparts. The CPP devices showed
decrease in MR as compared to CIP devices because of the high field induced tun-
neling effect. The CPP device based on granular film having 20 bilayers of Co-HfO,
was least affected by the field induced tunneling. This indicated that higher thick-
ness of granular film without the insert would reduce high field tunneling effect and
improve MR in the case of CPP devices.

The second structure consisted of inserting NiFe soft magnetic layer in CPP
granular film devices. The Py layer acted as flux enhancer and thus influenced
the MR. The idea of the experiment was to counter the high field effect induced
tunneling in CPP devices and improve MR. This single layer of NiFe was inserted
in between the granular film and again the thickness was varied between 1.5 nm
and 35 nm. Finite Elements Magnetic Modeling was used understand the magnetic
flux distribution in such systems. It was found that MR improved with increasing
thickness of Py layer as compared to 10 bilayer Co-HfO, film. The MR improvement

was due to the field enhancement at the edges of the NiFe films.
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Chapter 1

Introduction

Currently, we live in a digital era wherein the amount of information in terms of
audio, video and other sensory information in digital form are of pure essence. This
has driven the field of data storage and recording technology to come a long way with
the help of scaling of devices. However as the device sizes approach atomic scales,
it becomes difficult to implement the physical scaling. In order to help alleviate the
problem, other natural degrees of freedom, such as spin have been explored. This
was suggested by visionaries such as Feyman and Launder in the 1970’s [1,2]. The
field of spintronics(spin electronics) has developed over the past few few decades.
Since the discovery of giant magneto resistance (GMR) in Fe/Cr super lattices by
Fert [3] and Grunberg [4] numerous researches have been conducted in the areas
of large magneto resistance (MR) effects due to spin-dependent scattering [5] or
spin-dependent tunneling in magnetic nanostructures [6, 7].

The concept of magnetoresistance (MR) is what makes these devices and films
very useful for practical applications. This area of research is a combination of two
branches of physics: magnetism and electronics. The whole idea of this approach
is to manipulate the electron spin in transport processes. Charge based devices

have already been implemented in systems such as the vacuum tube to transistor



technology in microchips. These devices rely on the movement of electric charges
and do not make use of the extra degree of freedom namely electron spin, which is
inherent to every electron. Under normal condition without application of magnetic
field in an electric circuit, the spins are randomly oriented and have no effect on
current flow. But in the presence of the magnetic field the spin-up and spin-down
electrons, have different energies depending on their orientation with respect to the
applied field. In today’s world, the spin dependent electronics have played a major
role in fabrication of the vastly used hard-drive magnetic discs and sensors.

Granular systems based on magnetic nano particles embedded in an immiscible
insulating matrix have been an important part of research on magnetic films [8,9].
The conduction in these systems is because of tunneling between magnetic grains.
However, the tunneling between the grains is spin dependent. Based on the magnetic
orientation of the grain, the resistance of tunneling can vary. Same orientation
grains have higher probability and lower resistance and vice-versa. The advantages
of granular film is that their magnetic particles can be tailored i.e. the coercivity
and interactions in these grains are a function of grain size and this can be controlled
by controlling the grain size [9,10] .

The TMR effect in granular films finds application as a magnetic sensor in
various fields such as read-heads of hard disk drives [9, 11, 12] and biosensors in
diagnostic and therapeutic tools in life sciences [13]. They also find applications
in high frequency RF (radio frequency) devices [14,15] and Hall effect sensors [16].

The following section discusses the various kinds of MR effects.

1.1 Theory of Magnetoresistance(MR)

As mentioned earlier, the underlying concept behind spintronics devices is that

of magnetoresistance (MR) which is change in resistance of any material in the



presence of a magnetic field [12] and is defined as

R(H) — R(0)

MR(H) = == o

x 100% (1.1)

where R(H) is the resistance of the material subject to a magnetic field H. Var-
ious researchers around the world are trying to improve this factor by changing
materials, structures, deposition techniques etc. This effect constitutes the funda-

mental property studied in this thesis and can be classified as :

1. Anisotropic Magnetoresistance (AMR) - This phenomenon was discov-
ered by Lord Kelvin in 1857 [12]. AMR is based on the fact that in the absence
of a magnetic field, magnetization M would normally line up parallel to the
easy axis of a FM material. When an external magnetic field H is applied, M
rotates to an angle 6 with respect to the easy axis, and the current flowing
through will experience a change in resistivity as compared to without ap-
plying any external field. This change in resistivity depends on the angle 6
between the current direction and the orientation of magnetization leading to

AMR.

2. Giant Magnetoresistance (GMR) - The GMR effect is a property of mul-
tilayer structures consisting of alternate layers of magnetic and non-magnetic
metallic materials which was discovered in the later 80’s [3,4]. In order to
observe the GMR effect, there are two requirements : First, there must be a
mechanism to change the relative orientation of magnetization in the adjacent
magnetic layers and second, the spacer layer thickness should be less than
the mean free path of the conduction electrons (~10 nm). The GMR effect
relies much on the spin-dependent scattering mechanism which is more likely
to occur when an electron of one spin encounters a layer having an opposite

spin. Thus for an antiferromagnetically coupled multilayer, electrons of either



spin will encounter a series of strong and weak scattering as they drift along
the electric field direction from one magnetic layer to the next, thus resulting
in electrons of either spins having comparable mean free paths and resistiv-
ity. As for a ferromagnetically coupled multilayer structure, electrons having
the same spin direction as that of the magnetic layers will encounter a series
of weak-scattering in the parallel-spin layers. Their resistivity is smaller and

mean free path is longer compared to electrons of opposite spin leading to the

GMR effect [12].

. Tunneling Magnetoresistance (TMR) - While GMR is due to spin-dependent
scattering, TMR is the result of spin-dependent tunneling (SDT) which will
be elaborately discussed in the next section. TMR is observed in Magnetic

Tunnel Junctions and granular films.

o Magnetic Tunnel Junction (MTJ)- The MTJ, which comprises of a sand-
wich of two ferromagnetic (FM) layers separated by a thin insulating
layer, acting as a tunnel barrier was suggested in 1975 by Julliere [17].
The electrons tunnel through the insulating layer and hence exhibit the
TMR Effect. It was shown that current flow across the insulating ma-
terial was dependent on the relative orientation of the magnetization of
the two FM layers. When their magnetization are in anti-parallel con-
figuration, the resistance across the junction is high and tunneling did
not occur. However, when an external magnetic field is applied, the
magnetic domains of the two electrodes become parallel and results in a
lower junction resistance. This change in resistance gives rise to tunnel-
ing magnetoresistance. Pinholes in the insulating layer of MTJs cause
breakdown in tunneling. Properties such as smoothness of tunnel oxide

layer play an important role in enhancing the TMR ratio of MTJs [18].

4



o Granular films - The TMR effect is also observed in highly resistive
films known as granular systems, which are relatively easier to fabricate
compared to MTJ systems. The problem of pinhole in the barrier does
not affect the performance of such films. Granular thin films consist of
nanometer size magnetic particles dispersed in a non-magnetic insulating
material (fig. 1.1). These films have wide range applications because of
their unique magnetic and transport properties, mainly controlled by the
variation of concentration (x) or nominal thickness (t) of the magnetic

materials. .

Insulating barrier

oo

OOlO\O % 067 FM grains
o) O o0

Figure 1.1: Schematic of granular film showing FM grains separated by insulating
barrier

1.1.1 Basis of TMR in granular films: Spin Dependent Tun-

neling and Coulomb Blockade

Spin dependent tunneling (SDT) is an imbalance in the electric current carried by
spin-up and spin-down electrons tunneling from one ferromagnetic layer to another
through a tunneling barrier [19]. It is based on the fact that the probability for
an electron to tunnel through the barrier depends on its Fermi wave vector. The
existence of different Fermi wave vectors for spin up and spin down electrons in fer-
romagnetic material leads to the tunneling probability depending on spin. Magneto-
resistance is a direct consequence of SDT. In granular film, electron tunneling de-

pends on the relative orientation of the magnetic moments between magnetic grains



and hence exhibiting SDT(fig. 1.2). The tunneling resistance decreases when the
magnetic moments of the granular are aligned in parallel to the applied magnetic
field. In addition, the tunneling of electric charge into a small granule increases the
coulomb energy by the charging effect, which opens the coulomb gap and strongly

enhances the tunnel resistance because of coulomb blockade.

N\ /

FM Granules FM Granules
@ (®)

Figure 1.2: Schematic of SDT in granular film a) Lower resistance b) Higher Resis-
tance

One of the most important energy parameters of the granular system is the

single-grain Coulomb charging energy

Eoc=— (1.2)

This energy is equal to the change in energy of the grain when adding or removing
one electron and it plays a crucial role in the transport properties [9]. This charging
energy introduces a gap for electron tunneling and gives rise to the coulomb blockade
effect and therefore, tunneling is blocked unless the barrier presented by the charging
energy is overcome by a bias voltage or thermal energy. When the applied voltage
V and the thermal energy kg1 is much smaller than Ec, only electrons at Fc above
the Fermi level can tunnel thus increasing the tunneling resistance by a factor of
order of eﬂfﬁ. Hence, this suppression of electron tunneling when the bias voltage
is below the threshold voltage is known as Coulomb blockade. The two important

requirements for occurrence of Coulomb blockade(CB) are [20]:



1. The islands must be small enough and the temperature should be low enough

e2

35> required to add an electron to the island

so that the charging energy E. =

exceeds the available energy of thermal fluctuation i.e

EC > k?BT (13)

This condition prevents electrons from overcoming the Coulomb energy barrier

due to thermal fluctuations.

2. The systems must have metallic islands that are connected to other metallic
region only via tunneling barriers with a tunneling resistance Rr exceeding
the resistance quantum Ry . This ensures that the island electrodes are weakly
coupled to the rest of the circuit i.e. electrons cannot freely travel onto the

island. The tunnel junctions must have a sufficiently large tunneling

Rr > Ry (1.4)

where R = e% = 25.8kOhms is the resistance quantum.

Therefore, it is understood that the basis of TMR in granular films are SDT and
CB. In the following section we discuss the various research work done on granular

films.

1.2 Granular films: Literature review

One of the earliest reports on granular films was in 1972 by Glittleman et al. [21],
wherein they analyzed granular films prepared by co-sputtering nickel and quartz.
They found that the Ni-SiO, system exists in 3 phases: paramagnetic at high tem-

peratures, superparamagnetic at room temperature and ferromagnetic at low tem-



peratures. With the help of MR measurements, they were able to establish that
the electron tunneling probability is spin dependent . In the following year, Sheng
et al., published an article on temperature dependence of low-field conductivity in
Ni-SiO, granular films. They varied the volume fraction of Ni and reported that the
generation of the electrons for hopping conductance was due to the electric field and
thermal effects. At higher fields, they found the thermal generation to be negligible
whereas at the lower fields, thermally activated electrons were major contributors

to the conduction. The authors arrived at the well-known equation for conductivity

o~ exp(—j?a) (1.5)
with a = % at low electric fields based on the assumption that sE. = constant
where s is the metal grain separation and E, is the charging energy [22]. The
first use of hard magnetic material for granular films was done in 1981 by Barzilai
et al. from Hebrew university of Jerusalem [23]. Their research was based on
Co-Si0O4 films wherein they confirmed the theory of spin-dependent tunneling in
granular films and found that JP = 1 £ 0.3 meV for cobalt, where P is the spin
polarization and J is the exchange-coupling constant. They found that the dominant
contribution to conductivity at high temperatures is due to tunneling between small
grains separated by thin barriers, whereas at lower temperatures due to tunneling
between larger grains with thicker barrier separation.

Around the past decade, there was a renewed interest in field of granular film re-
search. Morawe and Zabel [24] succeeded in preparing discontinuous metal /insulator
multilayer (DMIM) Co-Al-O granular film systems which presented similar magnetic
properties. They grew Co/Al;O3 multilayer on sapphire substrates by RF sputter-
ing techniques and they found that the Co percolation threshold was between 1.5

and 2.5 nm. The Co film was continuous for thicknesses greater than 3 nm. The



growth of Co was in a polycrystalline manner, whereas Al,O3 was amorphous. They
suggested that the oxidation rate of Co was very low and the films can be used for
high heat loads of up to 800°C. The following year (1996), Inoue and Maekawa
proposed a simple yet effective law to describe MR performance in such films valid
only at room temperature [25]. Their explanation accounted for the weak temper-
ature dependence of MR ratio in Co-Al-O granular films unlike the previous theory
of Helman and Abeles [26]. According to them, the tunneling mechanism for MTJ
(FM/I/FM) could be applied to barriers between grains in the granular films, pro-
vided the magnetic orientation of the particles () and the separation (s) between

the grains are averaged. The conductance equation that they obtained was

G = Go(1 + P*m?) exp(—24/2kc/KgT) (1.6)

where P-Polarization factor , Go- Conductance when P = 0, k = w where
¢ is the barrier height, ¢ = ksE. where E. = e?/4meeyd is the charging energy and s
is the thickness of the barrier and d is the grain size, m* =< cosf) >= L? {I?T?T} and
6 is the relative angle between the magnetization of adjacent super paramagnetic
grains.

From experimental analysis point of view, one of the first comprehensive reports
was published by Maurice et al. based on their investigation of Co-Al-O films
[27]. They had sputtered Co cluster films embedded in alumina sandwiches at
room temperature and found that the crystal structure of the Co grains was size
dependent. The complete growth process includes the sequential deposition by
sputtering of a first alumina layer, that of the metallic layer itself and that of a
covering alumina layer. The latter is typically 4 nm thick, the overall alumina

thickness being about 7 nm. As the nominal thickness of Co increased so did the

grain size. It was HCP in larger bean-shaped clusters (greater than 3 nm) and often



fecc in the smaller, almost spherical clusters (fig. 1.3). The percolation threshold
was for 2 nm of nominal Co thickness. They also found presence of Co clusters in

their films, which are independent of the magnetic field [27].

v

growth time

phase fec (B) hep (o)

t., (nm)= 0.2 04 07 1 15

Figure 1.3: Schematic representation of growth as deduced from the TEM snapshots
at too. (There is a distance d between cluster edges, constant throughout the growth
process) [27]

Takeno et al. [28] compared Co-Al-O with Co-Si-O and showed that Co-Si-O had
MR ratios of around 4% while Co-Al-O had MR ratios of 7 — 8%. They concluded
that that such differences could be attributed to different granular structures formed
because of the change in insulating material as well as the change in dielectric
properties of these oxides and hence Al-O dielectric gave better MR than Si-O
based systems.

In 1997, Mitani et al. studied the spin dependent tunneling phenomenon in
Co-Al-O films made by reactive sputtering. One of the most important things they
noticed was that the GMR was a function of oxygen content i.e the quality of Al-O
formed. They were able to achieve a maximum of 8 % MR at room temperature
and 17 % at 4.2 K for Co-Al-O bulk films [29]. In the following year, they pub-
lished an article on the temperature and bias-voltage dependence of MR in insulating
current-perpendicular-to-plane (CPP) Co-Al-O granular films. They found that the
MR showed strong temperature dependence and was enhanced by more than 20%

at low temperatures. This anomalous increase of the MR at low temperatures was
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attributed to the successive onset of higher-order processes of spin-dependent tun-
neling between large granules through intervening small ones with strong Coulomb
blockade (shown in fig. 1.4) [30]. Therefore, the MR ratio can be increased by

fabricating particles showing strong CB along the conduction path.

OO0

Figure 1.4: Higher-order tunneling process:Charge carrier transferred from the
charged large granule (left) to the neutral large one (right) via the two small ones [30]

Honda et al. studied properties of Fe-SiOy granular films [6] by changing the
volume fraction of Fe and analyzed its effect on grain size and MR ratio. They
attributed the dependance of MR ratio and Fe volume fraction on the distance
between the nearest neighbor grain surface. The M-H loop and magnetoresistance
curve were fitted using a summation of Langevin functions which accounted for two
distributions - one for smaller and the other for larger grains. It was also reported
that the rate of saturation was faster for films with larger grains. They found that
the anomalous behaviour of resistivity with temperature could be fit to T 2 as

predicted by Sheng et al. [22]. Their conductivity equation was given by

1/p(0) = 1/p¢ x exp(—=2/c/kT) +1/p. (1.7)

where 1/p;,1/p. are constants and the latter is related to leakage conductivity
due to field induced tunneling.

In 1999, Honda et al. reported a paper based on CPP Fe-SiO, granular devices

11



and found that the Fe grain size was dependent on the Argon (Ar) pressure used
during sputtering and it decreases with increasing Ar pressure. It was shown that
the grain size varies with volume fraction as well as thickness. Increasing volume
fraction as well as thickness gives rise to larger grain size distribution.

In the year 2000, Yakushiji et al. investigated the particle size distributions in
Co-Al-O insulating granular films with various Co concentrations and found that
Single Electron Tunneling (SET) characteristic such as well-defined Coulomb thresh-
old and Coulomb staircases were absent in the I-V characteristic of such films [31].
They attributed this to the wide distribution of Co cluster sizes and inter particle
distances. Therefore, in order to observe the typical SET phenomenon, the tunnel-
ing paths must be restricted to a single path or a small number of paths. So Mitani
et al. came up with the idea of granular nanobridge structure and observed clear
Coulomb blockade and clear threshold (Vy,). The nanobridge was made by FIB
etching and consisted of a small piece of Co-Al-O granular film between a couple
of point-shaped Nb-Zr-Si electrodes(fig. 1.5), [32]. The Coulomb blockade with a
clear threshold voltage Vy;, and an enhanced TMR of about 30% at a voltage slightly
above Vi, was observed. The STM studies were also performed to clarify the to-
pographic feature and the Coulomb blockade on the surface of Co—Al-O granular

films.

. * Nb702r1 5Si15 elctrode

Co36Al25047
granular film

Figure 1.5: Schematic illustrations of a granular nanobridge [32]
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In the year 2002, the same group led by Yakushiji experimented with the spin-
dependent SET phenomena in CPP geometry for insulating granular systems. Their
sample structure consisted of a 7-12 nm thick Co—Al-O granular film sandwiched
by the top and bottom electrodes. A very thin Al-O layer was fabricated between
the bottom electrode and the granular film as a bottleneck of conductance, leading
to the successful observation of Coulomb staircases in the current—bias voltage [-V
characteristics. The bias voltage dependence of tunnel magnetoresistance (TMR)
shows clear oscillatory behaviour associated with the Coulomb staircase. The TMR
oscillation is interpreted as a phenomenal characteristic of spin-dependent single-
electron tunneling. They utilized two different types of electrode: ferromagnetic
and non-ferromagnetic, and still observed the same phenomenon [33,34].

Asami et al. [35] who worked on preparation of Co-Al-O films using R.F. sput-
tering in Ar + O2 atmospheres observed from XRD measurements that there was
presence of CoO in the granular film. Actually, the oxygen affinity for Al is higher
than that of Co and Al should be preferentially oxidized because of bond enthalpy
values of Co-O! and Al-O?, which are 384.5+13.4 % and 51143 % respectively.
However, even other researchers have found traces of Co oxides (CoO and Co30y)
in Co-Al-O films prepared by co-sputtering of Co and Al,O3 targets in Argon am-
bient [10]. Fujimori et al. [36] reported that on increasing the oxygen concentration
during reactive sputtering, the width of the tunneling barrier in the film decreases
instead of increasing. They also observed a marked decrease in MR with increasing
oxygen content and attributed both these findings to the presence of Co oxides .

Kakazei et al. have studied the properties of discontinuous multilayers of Cogy80gg
deposited by Ion Beam sputtering [37]. They measured TMR in both CIP and CPP

geometries and were able to achieve up to 6.5% at room temperature and 11% at 15

Thttp:/ /www.webelements.com/webelements /elements /text /Co/enth.html
http://www.webelements.com/webelements/elements/text /Al /enth.html
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K for as-deposited films in CIP geometry. However they were unable to obtain high
MR for CPP devices. They attributed this difference to the large voltage applied
in CPP between consecutive layers and hence leading to high electrical field regime
which is magnetic field independent. The temperature dependence of MR was also
quite different for the two geometries. CIP showed a stronger dependance compared
to CPP geometry. This dissimilarity was explained based on different short-range
magnetic correlations between neighbor granules in the same layer and in adjacent

layers.

1.2.1 Materials used for fabrication of granular films

Research has been carried out on the fabrication and analysis of granular films made
using different combinations of ferromagnetic materials (Ni, Co, CoFe, Co-Pt etc)
and insulators (Al-O, Ta-O, AL-N, TiO,,ZrO,, SiO9, MgF, etc) and their properties
are being extensively explored up to the present [6,8,22,25,27,30,32-34,38-57]. Most
of the research work focus on Al-O because it gives higher TMR ratios compared
to other oxides [6,8,58,59]. The oxide serves as a barrier to separate ferromagnet
particles and it is expected that TMR ratio and other magnetic properties should
be independent of the type of oxide. However, research articles have shown that
magnetic properties change with choice of oxide material [8]. This is possibly due
to FM metal-oxides formed during the deposition and various articles have shown
the presence of cobalt-oxide [10,35,58,60,61] and iron-oxide [62] in Co and Fe based
systems respectively. This FM metal-oxide are anti-ferromagnetic(AFM) in nature
and lead to spin flip scattering which in turn reduces the TMR ratio. Fujimori et
al. did a study on Co-Al-O films with change in oxygen concentration [36]. They
also showed calculations of MR based on Fe, Co, Ni based systems. Although the

actual polarization factors (P) for Fe, Co and Ni are 0.44, 0.34 and 0.2 respectively
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the MR obtained did not reflect this trend. The Co based systems gave the highest
magnitude of MR as compared to Fe based systems. So, they concluded that the
effective values of spin polarization factor should be considered and Co has a better

effective spin polarization than Fe [36].

1.2.2 Interactions in granular films

Granular films consist of super paramagnetic particles and the magnetic properties
of the film are supposed to be obtained from the individual contribution of FM
granules. But experimental results by various researchers have shown that it is not
that simple because of two facts: a) Interaction between the granules b) Grain size

distribution [48].

In 1990, Berkov and Meshkov published a theoretical paper on how hysteresis
can be observed in an assembly of chaotic distributed particles without intrinsic
magnetic anisotropy due to inter particle magnetostatic interaction [63]. In 1999,
Allia et al. made use of this theory to explain the characteristics of their metallic
Cu-Co granular film and how the magnetic contribution was a result of both FM
particle distribution and inter particle interactions [64]. In the year 2001, Allia et
al. came up with the concept of interacting superparamagnetic particles (ISP) to
explain the anomaly in the M-H loops and their fitting for CoCu films. In 2002,
Kechrakos and Trohidou suggested that intergranular interactions play an impor-
tant role in the magnetic configuration of the film [65]. They found that the uniaxial
anisotropy energy of the granules and their dipolar interaction determined the mag-
netic property of the film. In another paper by the same authors published in the
same year, they showed with the help of simulations that magnetostatic interactions

between nanoparticles in magnetic granular films are responsible for flattening of
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the MR parabola at weak fields. The flattening is enhanced by the presence of
a size distribution of nanoparticles or clusters of nanoparticles in samples close to

percolation [66].

In 2005, Brandl et al. studied the effects of dipolar interaction in insulating
granular film with the help of the ISP model. They studied the behaviour of Co
particles dispersed in an amorphous insulating SiOy matrix and explained the mag-
netic behavior using the ISP model . An almost constant behavior of mean magnetic
moments is expected at low T and the decrease in their contribution is supposed
to occur only when T approaches the Curie temperature T, (1404K for Co), owing
to the corresponding reduction of M. But from their experimental results they
found that the mean magnetic moment was found to increase with T for their sam-
ples. This according to them, was due to the inadequacy of the conventional super
paramagnetic model and that the mean magnetic moment is in fact an apparent
moment, generated due to magnetic interactions [45]. According to Denardin et al.,
the interparticle interactions compete with the magnetic anisotropy in determining
the orientation of the particle moments. If they are strong enough, the interactions
can make a collection of individual superparamagnetic moments that behaves like
a collective magnetic system. A disordered collective state, or spin cluster glass,
is expected when the system is dominated by dipolar interactions. Also, a ferro-
magnetic state can be formed in the case that the interactions are dominated by

exchange coupling [43].
In a very recent paper by Mao et al., they have reported results based on Co-

710, films. According to their research article, the interparticle interactions cause

the magnetization of the particles in the range of correlation length to align ferro-
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magnetically and fluctuate collectively as a “‘superparticle’” under the applied field.
As the field increases, it overcomes the interactions and pulls the magnetic mo-
ments to fluctuate individually along the field direction, leading to the reduction of
correlated particles. Therefore, the correlation length decreases with the increasing
applied field. The applied field plays two roles in the magnetization process: de-
stroying the interparticle ferromagnetic correlation and magnetizing the system at

the same time [67].

1.2.3 Devices based on granular films

In 1998, Kobayashi et al. successfully demonstrated the application of granular in
gap (GIG) structure to enhance the low field MR response of granular films (fig.
1.6). Permalloy( FeggNisy) and Cogg Y14047 nano-granular materials were selected
as soft magnetic and TMR materials respectively as Fe-rich permalloy has a large
saturation magnetization, while the Cozg Y14047 film has a higher thermal stability
than other TMR granular films. The researchers found that the MR of a GIG films
exhibited a huge field response at low magnetic fields and the MR ratio at 2 Oe
was more than 2.5%, which was approximately 250 times larger than that of a Cosg
Y 14047 single layered film with no permalloy layer. They inferred that the huge
field response was due to the effect of strong magnetic flux from the FeggNigy film
passing through the Cozg Y14047 layer in the structure and the MR of the GIG
film was dependent on the the magnetization of the FegsNisy layer [7]. Most of the
research on GIG is based on CIP devices and there are no CPP based structures

in literature utilizing the effect of soft magnetic materials to enhance the magnetic

field.

In the year 1999, Fukumoto et al. fabricated a hybrid MTJ device which utilized
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Figure 1.6: a) schematic diagram of the GIG structure consisting of FeggNisy and
Co39Y14047 films by Kobayashi [7] b) GIG representation by Fujimori et al. [8]

the concept of granular films. The fabricated structure consisted of FM /Granular/FM

multilayer where the granular film consisted of either
« First device: Al-O/Co/Al-Co
« Second device: Al-O/Co/Al-Co/Co/Al-O (fig. 1.7).

They carried out four probe dc measurements for temperatures between 2K-300K
with a maximum field of 3 Tesla. The MR and the resistance for both the devices
were found to increase with decreasing bias voltage at low temperatures. But the
increase was smaller for the first device (fig. 1.7(a)) as compared to the second
device (fig. 1.7(b)). In other words, the first device reached resistance saturation
at very low temperatures. The authors have explained this taking into account the
leakage current due to direct tunneling between the electrode in the first device,

which is not so viable in case of the second device [68].

In 2005, Sukegawa et al. fabricated a similar device structure- CoFe/ AlOx
/CoFe /AlOx /CoFe ferromagnetic double tunnel junctions (fig. 1.8) and studied the
spin dependent tunneling phenomena. The middle layer CoFe layer was fabricated

in a discontinuous manner, the average diameter being 2.0-4.5 nm (from cross-
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Figure 1.7: The fabricated devices by Fukumoto et al. a)NiFe/Co/Al-O/Co/Al-
0O/Co/NiFe/FeMn/Co b)NiFe/Co/ Al-O/Co/Al-O/Co/Al-O/Co [68]

sectional TEM images). For temperatures below 50 K, a Coulomb gap was observed
in current-voltage curves and both MR ratios and resistances were found to increase
significantly with decreasing temperatures. This indicated that the co-tunneling

process was dominant within the gap and they have also proved it theoretically [69].
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Figure 1.8: Schematic illustrations of (a) the symmetric DTJ and (b) the hybrid
junction. The arrows indicate the magnetization of the electrodes. (c) Cross-
sectional TEM image of the CogoFeio/AlOx/CogoFejp/AlOx/CogoFeg DTJ region
[69].

1.2.4 Grain size distribution measurement

For granular films, the grain size distribution governs the magnetic and magneto-

transport properties of granular films.There are different techniques used for obtain-
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ing the grain size for such films namely TEM, SAXS, Langevin fitting and blocking
temperature. Each of these techniques are discussed below.

Transmission electron microscopy (TEM) : For viewing features of the
order of a few nanometers, a TEM is employed. Samples that are thinner than 100
nm will have, on an average, one scattering event for electrons accelerated to ~100
keV. Grain size can be determined either from bright field images or by dark field
imaging [70,71]. In bright field imaging, an unscattered electron beam is used for the
imaging of the sample whereas the dark field image is formed using the electrons that
have been scattered elastically. Since the number of electrons scattered inelastically
is very small, these two images are essentially mirror images of each other. Since the
amount of diffraction cross-section is primarily determined by the atomic number of
the elements, a contrast across different materials is immediately obtained. In bright
field images, high-Z (atomic mass) regions of a specimen scatter more electrons
than low-Z regions of the same thickness. Similarly, thicker regions will scatter
more electrons than thinner regions of the same average Z, all other factors being
constant. Bright field imaging technique to determine grain size distribution in
granular films has been used in various literature [6,38,45]. Yao et al. [72] and
Denardin et al. [73] have made use of dark field imaging to determine the grain size
distribution in their respective films. TEM sample preparation is a time consuming
process and always has the possibility of altering the film microstructure of the film
during grinding, polishing or heating steps involved [74]. Another drawback of TEM
is that the grain size of such films is dependent on atomic size Z and hence becomes
difficult to distinguish closer atomic size elements using TEM.

Langevin fit : The granular films have a distribution of grains and this infor-
mation can be obtained from the M-H loop for the films. Various researchers have

used Langevin function or rather summation of Langevin functions to fit the M-H
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loop to obtain the grain sizes [6,59, 75].

Scattering angle x-ray spectroscopy (SAXS) measurements: SAXS mea-
surement can be performed to compute the grain size distribution as well as the
intergranular distance [76]. Nunes et al. [77] and Ohnuma et al. [78] have employed
this technique to determine the grain size distribution as well as the inter-particle
distances. For performing measurements, special substrate such as kapton, mica etc
is required so that the signal from the substrate does not interfere with the signal
from the film. However, the thickness of the films have to be of the order of 100 nm
to obtain any legible signal.

Field Cooling/Zero Field Cooling Measurement - Granular films are usu-
ally not mono-dispersive in nature and have particle size distributions. It has been
found through various experimental analyses that they usually follow the log normal
distribution. Each particle distribution gives rise to magnetic moment distribution.

It is well know, that the magnetization is given by

o0

M(H,T) = / pL(

0

wH
KgT

)f (p)dp (1.8)

So, one of the basic magnetization techniques is the measurement of magnetization
as a function of temperature. It is usually done by Zero-field-cooling (ZFC) and
field-cooling (FC) measurements, which can provide information on mean blocking
temperature (Tg) and particle size distribution. These measurements are carried
out using magnetometers based on the Superconducting Quantum Interference De-
vice (SQUID) and are the most sensitive instruments available for measuring mag-
netic field strength.The example of such a system is Quantum design’s Magnetic
Property Measurement System (MPMS®)3. A measurement is performed in the

MPMS by moving a sample through the superconducting detection coils. As the

3http:/ /www.qdusa.com/products/mpms.html
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sample moves, the magnetic moment of the sample includes an electric current in
the detection coils. As the detection coils, connecting wires, and the SQUID input
coil form a closed superconducting loop, any change of magnetic flux in the detec-
tion coils produces a change in the persistent current in the detection circuit, which
is proportional to the change in magnetic flux. Since the SQUID functions as a
highly linear current-to-voltage convertor, the variations in the current in the de-
tection coils produce corresponding variations in the SQUID output voltage which
are proportional to the magnetic moment of the sample.

The ZFC curve is obtained by demagnetizing the sample at temperatures greater
than the blocking one and afterward cooling it without applied field down to a
temperature much lower than Tp, to finally apply a small field H,, to measure
magnetization during the subsequent temperature rise. The FC curve is obtained in
a similar manner except for the fact that a small magnetic field is applied even during
the cooling process. In a superparamagnetic system of non-interacting identical
particles, the peak of the MZFC curve is strongly related to Tg. In real systems,
the distribution of Tg i.e f(Tg) can be calculated as W easily estimating

the mean blocking temperature (T5)Tg. [23,73,77,79]. From f(T3) the f(diameter)

the distribution of particle grain size can be easily estimated using the equation

KV
~ 25kp

Ts (1.9)

where K is the anisotropy constant of Co, V is the volume of the FM grain
and Kp is the Boltzmann constant. This method of fitting is shown in fig. 1.9 as
described in ref [73].
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Figure 1.9: Grain size distribution measurement from FC/ZFC as in ref [73]

1.2.5 Theoretical models for granular films

In order to supplement the experimental work on granular films, theoretical models
were developed for the same. One of the foremost models is the one suggested
by J.Inoue and S.Mackawa in 1996 [25]. According to this model (eq.1.10), the
thickness of the granular film does not affect the MR ratio. But this does not agree
with experimental results which show that thickness of the granular film affects
the MR ratio [75,80]. This is because the Inoue model averages out the grain size
and grain separation and is based on the modification of the MTJ equation. The

conductance equation given by Inoue is given by
Gij = Go(1 + P*cosf)) exp(—2ks — ¢/sKgT) (1.10)

where P-polarization factor, Go- Conductance when P = 0, k = 4/ y where ¢ is

the barrier height, #- Relative angle between the magnetization of adjacent super
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paramagnetic grains, ¢ = ksE, where E. = e?/4meeod is the charging energy and s

is the thickness of the barrier and d is the grain size. This can be further simplified

as < cos) >=m?* = L? {[’(fT}

Kakazei et al. [48] proposed a 2D model for CIP conduction in CoFe-Al;Osfilms.
Granular film is visualized as 'n” stacked regular arrays of identical granules (fig.
1.10). The distance between the grains along the horizontal plane is smaller than
that of the vertical plane. Kirchhoff voltage and current law equations are used
to derive the resistance for each layer. However their model could not explain all
their experimental results. They are attributed to random fluctuations of interlayer

spacings and interlayer shortcuts (large metallic patches) which could exist in the

experimental films.

1.3 Motivation for the current work

Granular films are an interesting topic for research because of their potential ap-
plications such as high coercivity films in information storage, bit writing at high
frequencies and moderate MR elements for read heads and magnetic sensors. The
major advantages of these films is that their magnetic properties such as coercivity
and interactions etc can be tailored by controlling their grain size [9,10] .

As described in the literature review, researchers have found that in the most
commonly studied granular systems namely Co-Al-O, there is presence of Co oxides
(CoO and Co30y,) in the granular films, which are anti-ferromagnetic in nature with
Neel Temperatures of 293 K and 33 K respectively. Beyond the Neel temperature,
the magnetic moments of the anti-ferromagnetic material become disordered and
the Co phase no longer retain preferential direction of magnetization. Hence CoO
causes strong spin flip scattering at room temperature and this scattering reduces

the net polarization of the tunnel electrons leading to a decrease in MR. Hafnium
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Figure 1.10: Model of tunnel conductance in a granular multilayered system under
top electrodes (a) and the equivalent circuit (b) as per ref [48]

oxide is used for reducing/eliminating the CoO from such films. Hafnium oxide has
a high bond enthalpy (801.75413.4 KJ.mol™') as opposed to Co-O (384.5+13.4
KJmol™') and Al-O (51143 KJ.mol™!). This high heat of formation of HfO,
implies that Co oxidation would be considerably reduced as the disassociation of
the Hf-O bond is more improbable than the Al-O bond [36,81]. As presented in the
literature review, Co has a higher effective polarization compared to Fe and hence
it is chosen as the magnetic material for preparation of granular films. Some work

on characterization and sputtering of Co-HfO, films have been carried out in our

group.
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Research articles on granular films make use of variation in materials, deposition
conditions, dimensional control etc to improve the MR response and quality of the
films. Flux enhancement techniques are also used to improve the MR ratio [7].
However, there are no research articles studying the modification of these structures
by inserting oxide or metallic films into these system.

Simulation models for granular films show that the MR ratio remains the same
in spite of the varying thickness of the films [25,82]. However, experiments show
that this is not the case and as the thickness of the granular films changes, so does
the MR ratio [48,80,83]. This increase is attributed to change in grain size with
thickness of the granular films [48,64,84]. It was observed in a paper by Mitani et
al. on Co-Al,O3 films that smaller grains lead to CB and help in increasing the MR
ratio at lower temperatures. Currently, there are no techniques to control grain size
or engineer transport properties of granular films for a given volume fraction.

Both CIP and CPP devices based on granular films of different materials have
been fabricated and their transport properties have been analyzed. However, it
was found that CPP devices always have lower MR than their CIP counter part.
Although there are methods to improve CIP MR using GIG like structures [7], the
CPP devices have no such implementation.

Thus, this provides the motivation to fabricate various structures based in Co-

HfO, with the objectives in the following section.

1.4 Objectives

The objectives of this research work are
o To study structures based on Co-HfO, films

« To make use of the effect of roughness to control grain sizes of granular films

26



and thus engineer different kinds of transport for the CIP devices. This is
to be achieved by inserting an oxide layer in between the granular film. We
intend to generate grain size small enough to observe CB regime and large

enough to improve MR ratio.

« To modify existing simulation model and implement the same for CIP trans-

port for the above roughness experiment

o Fabricate CIP and CPP structure with oxide insert and understand the dif-

ference in transport properties of the two geometries.

o To implement flux enhancement for CPP granular film devices by inserting a

soft magnetic layer and study the transport properties

1.5 Organization of thesis

Chapter 1 introduces the research work and provides the literature review and
motivation for the thesis.

Chapter 2 discusses the standard granular film structures consisting of 10 and 20
bilayers and Co and HfO, respectively.

Chapter 3 discusses the device properties using the proposed structure and provides
in depth analysis for the results.

Chapter 4 discusses the simulation model implemented for the CIP conduction for
the proposed structure.

Chapter 5 discusses the CIP vs CPP structure based on the proposed structure in
chapter 3.

Chapter 6 discusses the CPP based Py layer structure.
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Chapter 2

Granular films: Background and

initial experiments

This chapter briefly describes the background work done on Co-HfO, granular films,
followed by fabrication and characterization of these films. The final section of the
chapter introduces bulk granular films and microdevices based on structures G and
2G. As described in the motivation, G and 2G are standard films which form the

basis for comparison for the proposed structures in this thesis.

2.1 Summary of previous research carried out on
Co-HfO, granular films in our research group

The summary described in this section is from ref [74]. Findings and experiments

relevant to the background of this thesis have been explained in this section
Sputtering: Sputtering is employed for deposition of Co and HfO,. The im-

portant sputtering parameters include a) sputtering gas partial pressure b) power

of targets and c) base pressure. It is known that low Ar sputtering gas pressure
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results in small plasma scattering and higher nucleation rate and hence preferable.
However, lower deposition pressure leads to non-uniform target wear causing target
wastage and non-reproducibility of sputtered films. Five mtorr was used to overcome
non-uniform usage of target as well as triggering the oxide target and sustaining the
plasma for longer periods of time. Lower power correlates to low sputtering rate and
formation of smaller grains. Plasma sustenance over long periods of time became
an issue for powers below 30 W and hence 30 W was chosen as the deposition power
for both Co and HfO, targets. As far as the base pressure is concerned, the AJA
sputtering system had a base pressure of 10~ Torr for the deposition chamber.
Sequential sputtering of Co and HfO, was well researched and compared with
other techniques such as co-sputtering and evaporation. This process has been
optimized for Co and HfO, by our group [74] and its schematic representation is
shown in fig. 2.1a. When a thin layer of Co of nominal thickness t(Co) is deposited
say less than 1.2 nm, instead of forming a continuous layer it breaks up into small
isolated Co islands. The Co layer splits up into discontinuous particles as the film
growth proceeds via a three dimensional or Volmer—Weber mode. When we deposit
a layer of HfO, having a nominal thickness t(HfO3) , the HfO, layer follows the
topography of the deposited Co particles and it gets deposited either in-between
and/or above the Co granules. The joint growth model depends on the ratio of
t(Co) and t(HfO,) and can be analyzed based on two different regimes in terms of

Co and HfOsthickness as shown in fig. 2.1
1. t(Co)<=t(HfO2)
2. t(Co)>t(HfO2)

Characterization: As described in the motivation of this thesis, use of HfO,
reduces the formation of CoO compared to other oxides used for granular films.

Fig.2.2 shows the experimental X-ray photoelectron spectroscopy (XPS) analysis
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Notation

Istlayer of Co
Istlayer of HfO,
IIndjayer of Co
|IndJayer of HfO,

|1l layer of Co

Substrate
(c)

Figure 2.1: Schematic of sequential sputtering of Co and HfOy when a) t(Co) <=
t(HfO2) b) t(Co) > t(HfO,) ref. [74]
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done on Co-HfO5 and Co-Al;Oj films prepared by sequential sputtering. The ex-
perimental details are in ref. [74]. A peak at a BE of 778.2 €V is observed for all
the spectra, which corresponds to metallic Co. However Co-Al,O3 spectrum shows
a small peak at higher BE. The spectrum (d) is obtained by subtracting (b) from
(c), and it shows a broad peak centered at 781.0 eV along with a satellite structure
~ 5 -6 eV ahead of the main peak. As the residual spectrum shows broad peak
with satellite structure, these features along with BE’s matches with the cobalt
oxide peaks. Hence this can be attributed to presence of cobalt oxide in Co-Al;O3
along with the elemental Co in this film. For Co-HfO, films only elemental Co
can be found (fig.2.2). These observations are valid for Co-Al,O3 films prepared by
co-sputtering [10] as well as sequential sputtered films as well [85]. The XPS scans
of Co-HfOy of different compositions ranging from 27% to 55% were checked and
an absence of cobalt oxide was confirmed in all samples. The above analysis shows
successful reduction of cobalt oxide formation with the introduction of HfO4 insu-
lator. This can be explained based on the fact that the bond energy of HfO bond
(801 + 13 kJ/mole) is higher as compared to AlO (501.9 + 10.6 kJ/mole) and CoO
bond (397.4 + 8.7 kJ/mole) [74,86]. In the case of Co-Al;O3 films the comparable
bond energies of AIO and CoO might lead to the formation of certain amount of
CoO whereas for Co-HfO, films, the much higher difference between the insulator
and the ferromagnet-oxide strongly discourages the possibility of CoO formation.

In order to understand the stoichiometry of Hafnium oxide, the chemical state
of Hf was analyzed in the cap and the film regimes and it was found that Hf exists
in +4 oxidation state [74,87]. Detailed analysis and descriptions are available in
ref. [74].

Grain size distribution (TEM) :

As described in Chapter 1 section 1.2.4, some of the techniques used to find
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1350 T T

Figure 2.3: TEM of Co-HfO, granular films a) Planar-view b) HRTEM planar-view
c¢) Lattice Fringes shows d-spacing of ~0.222 nm d) Cross sectional view ref. [74]
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the particle size/distribution of granular films are TEM and SAXS. However, SAXS
requires thicker samples of ~100 nm or greater to give consistent and reliable results.
Our samples had a thickness of less than 40 nm for the active granular film layer and
SAXS measurements were not successful. TEM which is based on atomic number
(Z) contrast, failed to give any conclusive evidence for the samples because of the
close atomic numbers (Z) of Co (Z=27) and HfO, (Z=29.33)'. Similar issue was
reported by Kim et al. [88] for Co-Cu granular films because of the close atomic
numbers of Co and Cu, and hence they employed alternative techniques based on M-
H loop and ZFC/FC measurement to find the grain size distribution. In this thesis
ZFC/FC measurements are used to find the grain size for the various samples as will
be discussed in Chapter 3. The results are also corroborated using the simulation
model discussed in chapter 4 which also helps in obtaining the relative grain size
distribution for the samples.

Our group did make some TEM measurements [74] and the results have been
discussed here for reference and understanding. Some of the bright field planar view
TEM measurements for the Co-HfO, film is shown in fig.2.3. The film composition
consists of 10 bilayers of Co and HfO5 with a thickness of 0.9 nm each. Dark circular
patches were seen in featureless light background as shown in fig.2.3a. However high
resolution TEM in fig. 2.3b shows clear fringes. The fringe separation was calculated
using digital micrograph software to be ~ 0.222 nm [74,89]. Therefore for majority
of fringes the spacing corresponds to HCP Co whereas for minority, it was difficult
to distinguish whether the diffraction pattern corresponds to Co or HfOy due to
the lack of contrast discussed earlier. To check the crystalline elements in Co and
HfO,, X-ray diffraction (XRD) was also performed on Co-HfOsfilm. However no
crystalline signal either for Co or HfO, was captured in XRD scan, possibly due to

the small thickness of Co and HfO, present in the film ( ~ 20 nm). Thus it can be

LAvg 7 (HfO,)=[Hf(Z=72)+2x O (Z=8)]/3=29.33
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concluded that Co mainly exists in HCP phase in the fabricated Co-HfO, films.

2.2 Fabrication methodology

2.2.1 Swubstrate Cleaning

In general, two types of substrate were used for fabrication of granular films

« Single side polished n-type Si (100) substrate with resistivity of 1-100 -
cm were used for non-electrical measurement e.g. M-H loop measurement,

Rutherford Back Scattering (RBS)

« Double sided polished glass slides with resistivity of ~10'° to 10'2 Q-cm were

used for electrical measurements.

Prior to lithography or deposition, the wafers were cleaned of impurities by first
soaking in acetone for 25 minutes and agitating in an ultrasonic bath to remove any
particles adsorbed onto it. The acetone is subsequently washed off by immersing
the wafer in isopropanol for another 25 minutes with ultrasound agitation. Lastly,

the wafer is blown dry with purified nitrogen gas.

2.2.2 Material Deposition

As described in section 2.1, sequential sputtering is employed for deposition of the
Co and HfO, films. In this research work, AJA? sputtering tool with dc and rf
sputtering capabilities is used for the deposition of the granular thin films. Co
target with purity of 99.99 % and HfO, target with purity of 99.95 % are deposited
using dc and rf power source respectively. Prior to the deposition of the films,

pre-sputtering of each target was performed for ~15 minutes. No substrate bias,

http://www.ajaint.com/
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substrate heating or magnetic field was used during the deposition.The base pressure
of the sputter system is 10~® torr while the working pressure is 5 mtorr with a Ar
flowrate of 20 sccm. Power of 30 W is used for sputtering Co and HfO, targets
each. The sputtering rates were individually calibrated for Co and HfO, targets
by plotting thickness vs. time of deposition. The thicknesses of the film were
calculated based on deposition on lithography patterned sample. Sample of various
thicknesses were sputtered and the resist was later lifted off in acetone. The film
thickness was measured at various step height locations across the sample using
atomic force microscope (AFM). The deposition rates are calculated for the films
using thicknesses greater than 4 nm to ensure continuity of the films. The calculated
deposition rate is used to sputter the Co and HfO, films of thickness less than 1 nm
in this thesis. Though the films formed are discontinuous in nature, it is ensured
that the volume of material deposited would be same as that of continuous films of
equivalent thickness. The deposition rates for Co and HfO, targets were found to
be ~0.25 A/s and ~0.1 A/s respectively(fig 2.4). Preliminary research showed that
alternate sputtering of Co and HfO, for a total of 10 bilayers was optimum in terms

of MR ratio and response [74].

2.2.3 Photolithography used for fabrication of granular film

devices

Photolithography is utilized for fabricating the microdevices. Ultraviolet (UV) light
of 365 nm wavelength is used to transfer patterns from photo mask to a light-
sensitive chemical photoresist coated on a substrate. The steps involved in the
process include photoresist application, soft baking, mask alignment (if any), ex-
posure and development [90]. AZ 7220 positive photoresist is spun at 5000 rpm to

obtain the desired resist thickness of ~2 pm and then baked at a temperature of
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90°C' for 25 minutes. The sample is then exposed to UV light generated using a Hg
source on Karl Suss MAG6 system with an exposure dose of 110 mJ/em?.

The sputtered granular film was topped off with a cap to prevent Co particle
oxidation on the top of the film. As a result, if the electrodes are deposited on top of
the films, the resistance is very high and the contact area is only on the side of the
films through which current can pass. The bottom electrode thickness cannot be
more than the thickness of the granular film and it is difficult to do measurement
on the same. Therefore, in order to resolve this issue, a three step lithography
process is used to deposit top and bottom electrodes as shown in fig.2.5a and the
electrical measurements are made by sandwiching the granular film between two
metal contacts. The lower metal layer is 10 nm thick, while the top metal is 300
nm in thickness. Either Al or Cr/Au metals are used for the electrode deposition.
Au is the actual electrode while Cr helps to improve the adhesion between Si and

Au. Cr thickness is usually ~ 15 nm, while Au thickness is ~ 200 nm.

2.3 Characterization

2.3.1 Rutherford Back Scattering

The Rutherford Back Scattering (RBS) experiment is a very useful tool for depth
profile and quantitative analysis for different thin films. At a basic level, RBS
demonstrates the electrostatic repulsion between high energy incident ions and tar-
get nuclei. The specimen under study is bombarded with mono-energetic beam of
4He™ particles and the back scattered particles are detected by the detector-analysis
system which measures the energies of the particles. During the collision, energy is
transferred from the incident particle to the target specimen atoms; the change in

energy of the scattered particle depends on the masses of incoming and target atoms.
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Figure 2.5: Electrode deposition to counter the high resistivity of granular films
and to drive the current through the whole structure a) Photolithography for mi-
crodevices b) Bulk film sputtering using shadow mask
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The RBS is also weakly sensitive to low mass elements (esp. below oxygen in the
periodic table) and it is difficult to get the exact composition for the same [91]. In
this research study, a collimated beam of 2 MeV or 500 keV He™ ions was generated
by a 3.5 MV HVE Singletron accelerator and normally incident onto the samples.
Back scattered ions were collected and their energy measured simultaneously by
two Ortec Ultra silicon solid-state detectors at different scattering geometries. The
resultant spectra were fitted using the SIMNRA software [92], and the elemental
depth profiles were extracted from a target structure which provides a best fit for

the respective spectrum.

Lo Energy (MeV) s
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Figure 2.6: Comparison of normalized RBS graphs for sample G (10 bilayer) and
2G (20 bilayer)

The Co-HfO, granular films in thesis are fabricated by sequential sputtering and
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it was found by earlier experiments in our group that 10 bi-layers of Co and HfO,
gave the optimum MR ratio at room temperature [74]. In order to understand
the film properties and to form the basis for this research study, two films namely
structure G and 2G consisting of 10 and 20 bilayers of Co and HfO, respectively,
were analyzed . The sputtered film compositions for G and 2G were [Co(0.9 nm)
+HfO5(1 nm)];p and [Co(0.9 nm) +HfO4(1 nm)]ay respectively.

Figure. 2.6 shows the normalized RBS data for sample G and 2G. The obtained
data is fitted using the SIMNRA simulation model to determine the elemental com-
position of the sample (Co, Hf, O and Si) and then the volume fraction of Co is
calculated. The fitting is done splitting up the film data from the experiments into
three or more physical layers in order to improve the accuracy of the fit. Then,
for each layer elemental fit is obtained such that the overall fit still matches the
experimental results and the stoichiometry data for each layer is fit to 100 % for
the elements. From the RBS data fit the Co volume fraction for both the samples
was found to be 42 %. From fig. 2.6 it can be seen that the width of Co and HfO,
spectrum in sample 2G is approximately twice that of sample G, indicating that

the thickness of sample 2G is twice that G, which is expected.

2.3.2 Magnetic measurement

The M-H loops for the sample are obtained using the Vibrating Sample Magne-
tometer(VSM) tool. In this research work, Lakeshore 7404 VSM is used to measure
sample sizes of up to lem x lem in sweeping fields between + 12 kOe. The Co-
HfO, films sputtered in our research group have the same M-H loops for in plane
measurements at various angles [74].

Figure. 2.7 shows the M-H loops for samples G and 2G. From fig. 2.7a, it

can be observed that magnetic moment of sample at 10 kOe for 2G (~0.65 memu)

41



0.8

0.6

0.4

0.2

b

b

Magnetic moment (memu)
o
iy

S

-10000 -5000 0 5000 10000

0.8

Magnetic field (Oe)

5 E
£ -
o .

E E
= ]
c .
0 -
= ;
(o] _'
£ ]

0 3

© ]
cC ——G _'
S 0.2 ]
(1] -

= 0.1 =—2c| J

0 M M M ] M 1 L [ | 2 2 2 1 L L 1 ] M M M ] :
0 2000 4000 6000 8000 10000

Magnetic field (Oe)

(b)

Figure 2.7: M-H loops at £10KOe for G and 2G (a) Actual curve (b) Normalized
curve

42



is approximate twice that of G (~0.34 memu). This is because 2G has twice the
content of Co in G. However, in order to better understand the difference, the curve
is normalized (also called the reduced magnetization curve) with the saturation
value moment of Co in the film [82]. It is well known that super paramagnetic
systems are characterized by lower coercivity and saturate at extremely large applied
fields [6,25,29]. Ideally, the shape of the curves should be linear and any deviation
is due to the existence of grain size distribution and the extent of deviation from
this is a measure of the grain size distribution [82]. It can be observed from the
normalized saturation curve (fig. 2.7b) that sample G has slightly higher normalized
moment and also sharper % response when compared to 2G. This refers to the fact
that G has larger grain size as compared to 2G. This is also observed by Honda et

al. in Fe-SiO, systems wherein they changed the volume fraction and found that

the sharper response is usually given by films with a larger grain size [6].

2.3.3 Electrical measurement

The bulk granular film measurements are done using 4 probe measurements. As
discussed in lithography section, the granular films being highly resistive because
of the 5nm oxide cap, the electrical measurements are made by sandwiching the
granular film between two Al contacts. The lower layer Al is 10 nm thick, while
the top Al is 300 nm in thickness. The shadow mask technique is used to deposit
Al contacts on the glass substrate (fig. 2.5b) and the measurement is CIP based

measurement.

MR measurements

« Room temperature measurement-The transport properties were studied

using four-probe DC magnetometer. A constant current of 1 pA is passed
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through the sample and the voltage and MR are calculated for the magnetic
fields between +4.2 kOe. Granular films usually have a high saturation mag-
netization ~ 6 Tesla [74]. However the minor hysteresis loop for an applied
field of +4.2 kOe follows that of 12 kOe and higher fields. Hence, it is rea-
sonable to compare the MR ratios for the various samples measured between

+4.2 kOe. The MR ratio is calculated as

Rmaa} - Rmin
MR=——— 2.1
Rmaa: ( )

where R,,., and R,,;, are resistances at zero and maximum field respectively.

Low Temperature measurement - For low temperature measurements, a
Oxford closed cycle cryostat CCC1200 is used and it is capable of achieving
temperatures as low as 10K. The samples have to be wirebonded on to a
leadless chip carrier and then loaded onto a holder, which is then inserted
into the cryostat. After cooling down the system to the required temperature,
measurements are made in magnetic fields between £4.0 kOe. Fig. 2.9a shows
the schematic of the CCC-1200 cryostat showing its main components. The
block diagram in fig. 2.9b shows the connections and placement of the sample
with respect to the magnets. The holder supports both in-plane and out-of-
plane configurations and also allows the angle between the magnetic field and

sample to be varied in both the configurations.

As explained earlier, the resistance and MR curves are important in understanding

the electrical properties of granular films. Figure. 2.8 shows the variation of resis-

tance and MR with temperature as well as some of the MR curves measured at 300

K, 100 K, 20 K and 10.6 K. Figure. 2.8a shows resistance trend for bulk samples G

and 2G respectively. Sample 2G has twice the number of bi-layers as G and hence
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twice in thickness and the observed resistance trend with temperature is smaller for
2G than G. Granular systems with larger grain size along the conduction have lower
resistance [6,74]. From the normalized M-H loop shown in fig. 2.7 it can be seen
that 2G has comparatively smaller grain size compared to G. Therefore the only
possibility for lower resistance of 2G is due to the presence of additional conduction
paths as compared to G. This is in accordance with the previous results on granular
films as well as experiments done in our group for Co-HfO,, wherein an increase in
thickness leads to additional number of available tunneling paths and hence lower
resistance [74,83].

As far as the MR ratio is concerned it is higher for G than 2G at all temperatures
(fig. 2.8b). A general trend which is observed is that the MR increases with decrease
in temperature for both the curves. The MR ratio generally varies with temperature
because of various spin-flip processes which will scatter the electrons. The spin-
flip process may arise from the impurity states or the excitation of bulk magnons.
Decreasing temperature will make the probability of spin-flip scattering decrease
so as to increase the maximum MR ratio [59]. From the normalized M-H loop
in fig. 2.7b it can be seen that G has bigger grain size compared to 2G. In MR
measurements, presence of larger grains along the conduction helps to improve the
MR ratio as these grains align easily to the direction of applied field compared
to smaller grains [6] and hence enhance spin-dependent tunneling. Therefore from
the MR results and M-H loops, it can be observed that G has higher MR and
comparatively larger grains along the conduction path. This is also reflected in the
MR curves plotted in figs. 2.10 & 2.11. It can be seen from these figures that G
not only has higher MR ratio but also a higher switching field compared to sample
2G at all temperatures. The grains in the granular films are single domain particles

but since they are smaller than 10 nm, the thermal energy (kg1’) overcomes the

47



-4000 -2000 0 2000 4000

Resistance(ohms)

l . T T T | ! J -
29900 5 300K MR - 2.24%
29440 & gV B ]

lﬁ--//-— i,
l.v
| 1 1 1 ! L | : l
68400 ]
—m— G-100K MR - 2.92%
67200 | i '}\* i
|
| L 1 L ! 1 | ! I
201300 | MR -2.62% |
- / < T
o AN
198000 - ppma™ \-\!.!;:5! i
L A , | L 1 N | 1 ]
i mE nuN ]
e G0 6K 1 " MR - 2.56%
223200 |- ./ 'y .\ i
I oo T
,, .‘I\ ~
L /-/h/ .\‘\\‘\. |
219600 | Sa -
| L l L ! L | ! l
-4000 -2000 0 2000 4000

Magnetic Field (Oe)

Figure 2.10: MR curves for Samples G at T=300K, 100K, 20K and 10.6K



-4000 -2000 0 2000 4000

Resistance(ohms)

I T T T T T | ! |
—a— 2G-300K MR - 1.39% A
11830 |- ]
R ’/ - k‘\* T
11700 - m—iml™ el
= L - . = : ! : ) l
—m— 2G-100K MR - 1.84%
15180 |- ]
[
L . /-/.’ ‘\-\\- 1
14960 | ™= ™ " -
] 1 l . . L I : :
21000 L "= 2G-20K ' MR - 1.60% |
-1 ' L
20800 L = u 'y . i
"f/l l\\,\\
] 1 l L L : . '
[ = 2G-10.6K 1 MR -151% |
[ m ) T
21600 |- )'fl\' ]
\H
' “\\ ]
i X ’
21400 L .|4-/If/ | -.\.:Il .

-4000  -2000 0 2000 4000
Magnetic Field (Oe)

Figure 2.11: MR curves for Samples 2G at T=300K, 100K, 20K and 10.6K



anisotropy energy (K,V) at room temperature making them superparamagnetic
[9,77,79]. So as temperature decreases, the larger grains start blocking earlier as
compared to smaller grains. The MR curves of sample G show higher switching
field compared to 2G indicating the fact that G has far more larger grains along the
conduction path, verifying the observation based on the shape of the M-H loop. For
temperatures below ~100 K, it can be seen that the samples G and 2G both show a
decreasing trend of MR with temperature. This is due to the blocking (Tg) of the
grains and exchange interaction [6]. Below blocking temperature the grains start
behaving like single domain particles and no longer align easily to field, leading to
reduction in MR.

From the blocking temperature, the approximate. grain size can be calculated

using

_ 25kpT

VT) = =2

(2.2)

where kg, T and K, = 4.5 x 10%rg/cc are the Boltzmann constant, the temperature
and the anisotropic constant for bulk Co respectively [77,79]. Substituting the
various values and value of Tg as 100, the mean grain size of Co is estimated to be
approximately 6 nm for both the sample G and 2G. The value is similar for both
the samples because the T measured using this method is not accurate. However,
it is difficult to observe Coulomb Blockade for films with large grain size. Coulomb
Blockade is of interest as it gives rise to higher order tunneling characteristics and

improved MR ratio at lower temperatures [94].
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Figure 2.12: SEM image of the microdevice using 3-step lithography process showing
device dimension of 3.6 um x 3.6 um

2.4 Microdevices based on standard structures

The previous section dealt with the bulk film characteristics. In this section we
discuss microdevices based on these films. The length of the bulk structure is
approximately 1 cm while that of the microdevice is 3 um . If the approximate
grain size and separation are assumed to be 4 nm and 1 nm respectively, the number
of grains along the length of the bulk structure is ~2 x 10 while it is ~7 x 10? for
the microdevice. There is ~ 4 orders of difference in magnitude for the number
of grains between the bulk and the microdevice. Hence it is essential to study
microdevices based on these films. The approximate size of the active device region
for the microdevices is 3.6 um x 3.6 um for CIP devices as shown in fig. 2.12. The
electrical measurements are done on the microdevices and the results are analyzed.

Figs. 2.13 & 2.14 shows the resistance and MR trends for samples G and 2G
for bulk and microdevice. It can be seen that the behavior of the microdevice is
different from that of the bulk which is expected as the conduction channel in a
microdevice is more restricted. The resistance of the microdevices are identified
to be higher than that of the bulk films for both the samples. The variation of

MR ratio with temperature for the microdevice is higher than that of the bulk.
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From these two observations, it can be concluded that the number of grains taking
part in the conduction is different for bulk and microdevices. This verifies that the
difference in number of the grains between the bulk and microdevice will have an
effect on MR and resistance. The bulk as well as the microdevice shows a decrease
in MR below the blocking temperature (100 K). As explained earlier this is due to
the blocking of the single domain particles at temperatures less than 100 K [6]. In
the case of structure G, the decrease in MR below 100 K is steeper for the device
than the bulk as the microdevice has lower number of tunneling paths compared to
the bulk and hence the drop in MR due to blocking is more apparent. The 2G based
microdevice structure clearly does not show this property because the number of
tunneling paths is higher compared to G and hence it is less affected by blocking.
Figure. 2.15 shows the MR curves for the bulk and microdevices for samples G
and 2G. It can be seen that sample G and 2G have different switching fields because
of the difference in grain sizes in the samples which take part in the conduction.
The bulk and microdevices have similar switching fields reflecting the fact that the
grain size distribution along the conduction path are similar for both the bulk and

microdevices.

2.5 Summary

The granular films were fabricated using sequential sputtering and the properties
of bulk and microdevices based on these films were analyzed. Sample G which
consisted of 10 bilayers of Co and HfO, is found to be optimum in terms of MR
ratio as opposed to sample 2G consisting of 20 bilayers of Co and HfO,. The
performance of microdevices is better in terms of MR ratio, although they showed
higher resistance as compared to bulk films. In general, the restriction of tunneling

paths and the thickness of the films plays an important role in engineering MR

o4



224400

221100

4212000

4131000

21780

Resistance(ohms)

21450

390000

384000

-4000 -2000 0 2000

4000

—m—BukG | 5 =

/. - o .
/\.' y MR 2.56/0_

Magnetic Field (Oe)

- -
_m -
| 1 | 1 | 1 | 1 |
—m— Bulk 2G
11 MR - 1.51% o
- -y
Ff \m
llik‘l\
AN
-4-// -\-|:|
| 1 | 1 | 1 | 1 1
—m— Device ZGK MR - 1.95% -
'/-4' iy
.\
',I-i \-\\I.*‘ _
| ! | 1 | 1 | 1 |
-4000 -2000 0 2000 4000

Figure 2.15: MR curves for Bulk and microdevice at 10.6 K

95



and resistance. With sample G and 2G as reference structure, a device structure in
proposed in Chapter 3 to indirectly control the grain size by changing the roughness
of the films.
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Chapter 3

CIP devices based on insertion of

oxide layer in Co-HfO5 granular

films

In Chapter 2, the fabrication and characterization of the standard granular films
namely G and 2G are studied and it is found that sample G gives the best MR ratio.
It has also been found that the M-H loops for structure G and 2G are different,
indicating the fact that the two structures have different grain size distribution
[6,82]. Therefore, the grain size distribution varies with thickness and it affects
the resistance and MR value. It would be of interest to control the grain size
distribution and hence the electrical properties of such films. The grain growth
and nucleation are dependent on the roughness of surface on which the films are
grown. Therefore, in this chapter roughness is made use of to control the grain
size distribution. This is done in a controlled manner with the help of an oxide
insert. The change in roughness will affect the grain size distribution and possibly
help observe Coulomb Blockade (CB) like characteristics provided grains along the

conduction path are small enough. This chapter discusses in depth the fabrication
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and characterization of micro devices based on different thickness of the oxide insert
(and hence different roughness). We intend to observe the grain size variation
introduced by the inserted oxide layer and study the change in properties in such
films. The electrical measurements made in this chapter are current in plane (CIP)
measurements. In this chapter, the volume fraction of Co is reduced in order obtain

smaller grain sizes and hence observe possible CB.

3.1 Proposed structure: Bulk films - Insertion of
oxide layer

As described earlier, simulation models for granular films predict that the mag-
netoresistance (MR) ratio remains constant with thickness [25,82]. However, ex-
perimental research done on granular films, including the results presented in the
previous chapter, do not reflect this trend. This can be explained based on the
fact that the grain size and number of tunneling paths in these films change with

thickness [48,80,83].

a 7////////////////////////////% Granular film

Substrate

+— Granular film

+— HfO2
«— Granular film
-+ Substrate

+——— Substrate

Figure 3.1: Illustration of granular film structures a) Sample G (10 bilayers of Co
and HfO, ) b) Proposed structure (10 bilayers of of Co and HfOy+ HfO, +10 bilayers
of Co and HfO,) ¢) Sample 2G (20 bilayers of Co and HfO, )

In this chapter, an oxide layer (HfOz) is inserted at the center of structure 2G,
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which splits it into two granular films of equal thickness separated by the oxide
layer. Hafnium oxide is chosen as the insert so as to make sure that the films are
homogenous in nature in terms of the oxide used. Since similar substrates are used
for growing the films, the bottom granular film would have the grain size distribution
same as that of sample G whereas the top layer grain size distribution will depend
on the roughness of the inserted HfO, layer. The overall Co content in the proposed
structure is same as structure 2G, while that in each of the top and bottom layer
is same as structure G. It is already known that structure G has the best MR and
the idea of inserting an oxide into 2G, is to make the structure 2G similar to G in
terms of thickness i.e. two G structures separated by the oxide layer.

The thickness of the oxide inserted is varied from 1.5 nm to 15 nm. Figure 3.1
shows the proposed structure along with structures G and 2G. The compositions of
the various device structures are given in table 3.1. The devices are fabricated as
discussed in the previous chapter (fig. 2.5) using the 3 step lithography process.

Table 3.1: Granular films of standard thickness (G and 2G) and the proposed
structures

Sample Composition
G [Co(0.7 nm) +HfO5(1.1 nm)];o
2G [Co(0.7 nm) +HfO4(1.1 nm)|a
X, [Co(0.7 nm) +HfO5(1.1 nm)};o +

[HfO2(n)] +
[CO(O? nm) +Hf02(11 nm)]w
where n=1.5, 3, 5,10 and 15 nm respectively

Rutherford Back Scattering (RBS) is used for compositional analysis and to
verify the multilayer structure. Figure. 3.2a shows the RBS data for sample X5,
which is fitted using SIMNRA modeling software to the possible elements found in
the sample (Co, Hf, O and Si) and thereafter volume fraction of Co and HfO, is
calculated. Points A and B on the figure show Co content in the top and bottom

layer respectively whereas C and D show the content of Co and Hf layer in the
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Figure 3.2: a) RBS data for Xi5,,,: Markings A B,C corresponds to Co content in
bottom,top and center of the film respectively while D represents the Hf composition
across the multilayer (peak showing the content in the central layer) b) Volume

fraction vs. depth profile

The fig. 3.2b shows the variation of volume fraction of Co and HfO, (calculated

from the fitting) with depth and it can be seen that the average Co volume fraction

for the sample is 27 %. Although the central oxide is continuous, it has ~7 % of Co
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in that central layer. This is due to formation of Co atomic clusters in the central
layer during sputtering. Maurice et al. have found such clusters in their Cobalt
Alumina films prepared by sputtering [27]. They first deposit 3 nm of alumina
layer, followed by 0.2 nm to 2nm of Cobalt and then finally 4 nm of alumina layer
on top. They found that Co formed small atomic clusters which was not detected

by electron microscopy.

3.2 Grain size and roughness

As described in Chapter 1, some of the techniques used to find the particle size/distribution
of granular films are TEM and SAXS. However, SAXS requires thicker samples of
~100 nm or greater to give consistent and reliable results. Our samples had a thick-
ness of less than 40 nm for the active granular film layer and SAXS measurements
were not successful. TEM which is based on atomic number (Z) contrast, failed to
give any conclusive evidence for the samples because of the close atomic numbers (Z)
of Co (Z=27) and HfO, (Z=29.33)'. Similar issue was reported by Kim et al. [8§]
for Co-Cu granular films because of the close atomic numbers of Co and Cu, and
hence they employed alternative techniques based on M-H loop and ZFC/FC mea-
surement to find the grain size distribution. In this chapter ZFC/FC measurements
are used to find the grain size for the various samples. The results are corroborated
using the simulation model discussed in Chapter 4 which also helps in obtaining the
relative grain size distribution for the samples.

In this chapter, applied field (Hyppiicqa) of 10 Oe is used to obtain the ZFC/FC
curves. A ’'Quantum Design’ SQUID magnetometer having a sensitivity of 1077
emu, equipped with a 5.5 T super-conducting coil and working temperature range

of 4 K to 300 K is used in this study.

LAvg 7 (HfO,)=[Hf(Z=72)+2x O (Z=8)]/3=29.33
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Figure 3.3: T calculation from FC/ZFC curves a) G, b) 2G, ¢) Xj 5pm and d) Xsp.m)

Using the method described in section 1.2.4 of Chapter 1, grain sizes are obtained
for the samples as shown in Figs. 3.3 & 3.4. The grain sizes distribution are obtained
for all the samples using this method and tabulated in table 3.2. It can be seen
that T and its spread (hence the grain size) is different for all the structures. As
seen from fig. 3.5a, the value of Ty is lowest for X 5,,, followed by X3, , 2G, G,

Xisnm,X10nm and Xs,,,,. However the highest spread is for X 5,,, followed by X3,

2G7 XlOnm; X5nm;X15nm and G

In order to understand the grain size distribution, top surface roughness mea-
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Figure 3.4: Tp calculation from FC/ZFC curves a)Xs,m, b) Xionmand ¢) Xis,m)

surements are done on the samples. Atomic force microscopy is used to measure
the surface roughness of the samples. There is an increase in roughness from G
to Xi5mm and then it decreases monotonically to Xis,,,. Figure. 3.5a shows the
variation of spread (7) and grain size diameter for all the structures, while fig.
3.5b shows the roughness trend for the various structures measured using AFM.
Figures. 3.6 a, b & ¢ shows sample AFM images for G, 2G and X 5,,,,. It can be
seen that when 1.5 nm of oxide is inserted into sample 2G, there is a increase in

roughness from 0.81 nm to 1.17 nm due to the discontinuity of the insert. As the
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Figure 3.6: AFM image of scan size 2 um x 2 um for a) G (roughness ~0.62 nm )
b) 2G (roughness ~0.81 nm ) ¢) Xj 5, (roughness ~1.17nm )

thickness of the insert is increased to 15 nm, there is a monotonic drop in roughness
from 1.17 nm to 0.93 nm. This can be explained based on the fact that the oxide
layer becomes smoother with increasing thickness. For oxide thickness of 1.5 nm,
the insert is highly discontinuous and provides a very rough surface for the top film
deposition. This leads to the formation of Co grains with higher spread as evident
from the FC/ZFC measurement. As the thickness of the insert is increased to 3 nm
the roughness reduces as the film becomes more continuous leading to a decrease

in grain size and spread. As the thickness is further increased the roughness re-
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Structure Tjg distribution (K) Grain diameter (nm) Roughness

1 o u o (nm)

G 38.79 0.21 3.97 0.07 0.62
2G 37.54 0.31 3.93 0.10 0.81
Xy 35.84 0.41 3.88 0.14 1.17
Xsnm 36.82 0.25 3.91 0.08 1.16
Xsnm 40.6 0.29 4.03 0.10 1.06
X10nm 40.4 0.27 4.02 0.09 0.98
X15nm 39.7 0.26 4.00 0.09 0.93

Table 3.2: Tpg and grain size obtained using the FC/ZFC measurement along with
top surface roughness for the various structures

duces even further forming the basis for formation of uniform grain sizes with lower
spread.

There is a significant change in grain size when the insert thickness is changed
from 3 nm to 5 nm and it indicates the transition from discontinuous to continuous
nature of the inserted oxide layer. When the inserted layer thickness is increased
to 5 nm, there is decrease in grain size spread as there is a reduction in overall
roughness. However, the average grain size increases, which can be explained based
on the fact that the inserted layer becomes continuous and forms a good base for
grain growth. As the inserted layer thickness increases the grain size increases while
the spread decreases long with the roughness. Thus, there are two different regimes
affecting roughness because of the inserted oxide layer -

a) Discontinuous inserted layer sizes and hence observe possible CB.

b) Continuous inserted oxide layer.
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3.3 Understanding interactions present in the fab-
ricated structure

In 2002, Kechrakos and Trohidou suggested that inter-granular interactions play an
important role in the magnetic configuration of the film [65]. They found that the
uni-axial anisotropy energy of the granules and their dipolar interaction determined
the magnetic property of the film. In this chapter, the Curie-Weiss law [55,95, 96|
is employed to find the type and extent of the interactions.

The superparamagnetic particles generally follow the Curie’s law given by

X =Cr (3.1)

where Yy is the initial susceptibility, C is the Curie constant and T is the temperature.
However, it is observed that if interactions are present in the films, the equation 3.1

has to be modified to obtain the Curie Weiss law given by

X = Y/(r+o) (3.2)

where the additional term 6 is the Weiss constant [54, 55,95, 96], which defines the
extent of the interactions in these films. Thus, the plot of initial susceptibility
vs. temperature can be used to deduce the type of interaction in granular films.
The fitting of the linear regime of i vs. T helps obtain the value of 6 (fig. 3.7a).
The positive 6 values show the presence of antiferromagnetic interactions whereas
negative values indicate the presence of ferromagnetic interactions.

There are numerous research articles which show that € is proportional to the
dipolar energy [38,82,97]. Chantrell and Wohlfarth theoretically analyzed the fac-
tor # and found that it represents the strength of inter-particle interactions [95].

The factor # has dimensions of temperature and its effect can be understood as a
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| Structure | 6 (K) |

G 3.1

2G 2.8
Xismm | 3.8
Xaom 3.1
Xsom 11
Xiomm | 4.9
Xismm | 4.7

Table 3.3: Weiss constant 6 for the proposed structures

dipolar field exerting a disordering or ordering torque on the magnetic moments
of the particles, depending on whether it is anti-ferromagnetic or ferromagnetic in
nature. This effect of this factor changes with the applied magnetic field as well as
temperature.

Sample plots of initial susceptibility vs. temperature for G and Xs,,, are shown
in fig. 3.7b. The linear region of the susceptibility plot gives the equation from
which the # values are obtained to be 3.1 K and 4.3 K for G and X5, respectively.
The Weiss constant for the other samples are also determined in this manner and
tabulated in table 3.3. It can be seen from the table that the 6 values are less than
< 5K indicating the fact that all the systems are weakly antiferromagnetic. Chadha
et al. found that for higher volume fraction (>35%) sputtering of Co the value of
6 can be as high as 50K and the interactions are ferromagnetic in nature [98]. In
other words, the volume fraction of Co plays an important role in determining the
effect of interactions. As the volume fraction increases, so does the grain size and

the interactions change from being anti-ferromagnetic to ferromagnetic [99].

3.4 M-H loops

The vibrating sample magnetometer is used to obtain the M-H loop for non-saturating

fields between £11 kOe. The granular films usually saturate at fields greater than
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6T [9,74].

| Structure | Magnetic Moment at 11 kOe (pemu) |

G 53
2G 97
X1 5nm 93
X3nm 93
Xsnm 135
X10nm 135
Xi5nm 111

Table 3.4: Magnetic moment for the various structures at 11 kOe

As suggested in the previous chapter, the M-H loop hsizes and hence observe
possible CB.elps in obtaining the relative grain size for comparison. Samples with
inserted oxide layer have the same Co content as sample 2G but show dissimilar
M-H loops as seen in fig. 3.8a. The slope of M-H loop (or the susceptibility) gives
an estimation of the grain size distribution - the smaller grains will pin slowly with
applied magnetic field, while the bigger grains will pin faster giving steeper slope.
So in this case Xs,,, to Xi5,,» has a larger grain size distribution than G and 2G
because of the same. This is verified in Chapter 4, wherein a model based on ref. [82]
is used to generate the grain size distribution from the M-H loops. Table 3.5 shows
the obtained grain size values for all the structure using this model and it can be
seen that these obtained values are consistent in trend with the obtained SQUID
results.

Interactions also play a role in this analysis - ferromagnetic interactions will
give steeper slope whereas the presence of anti-ferromagnetic interactions will give
a smaller gradient. However we have already shown that the system has minimal
antiferromagnetic nature (section 3.3) and hence the M-H loop presented here are
a good representative of the grain sizes.

Large grain sizes align easily to the applied field compared to smaller grain sizes

and this is reflected in the M-H loops as steeper rise in moment with field [82].
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Figure 3.8: M-H loop for the samples a)G, 2G and proposed structures b)Magnetic
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It is known that the Co content is same for 2G and X; 5,,, to Xi5,m. Therefore,
the magnetic moment at saturation field will be same for all these films. However,
at non-saturating field of 11 kOe , it can be seen from the M-H loops that the
magnetic moments are different for different films. This is due to the different grain
size distribution in the films. Higher magnetic moment observed at 11 kOe indicates
the presence of larger grains. The samples X5, to Xi5,, have been shown to have
continuous inserts as discussed in section3.2. Therefore, the bottom granular film
in these structures are similar to structure G and hence to obtain the contribution
from the top granular film, the magnetic moment of G is subtracted from these
structures and the results are as shown in fig. 3.8b. It can be seen that the moment
contribution from the top layer for Xs,,m,Xs5.m and Xis,., is greater than that of
G. This shows that top layer has a larger grain size than the bottom layer in these

structures [6,100].

Structure Grain diameter (nm)

il o

G 2.73 0.47
2G 2.51 0.475
X1.5nm 2.49 0.57
Xanm 2.405 0.43
Xsnm 3.07 0.41
Xi0nm 3.05 0.32
Xi5mm 2.914 0.34

Table 3.5: Grain size obtained by fitting the M-H loop
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Figure 3.9: CIP measurement of the devices (Applied Field parallel to current - Top
view)

3.5 Resistance and MR (at 4kOe) ratio trends

In order to understand the microstructure and electrical properties of the structure,
the conductivity and MR trends were analyzed. The electrical properties are ob-
tained by making I-V and MR measurement on the CIP devices in the temperature
range of 11K and 300K as shown in fig. 3.9 where the applied field of 4KOe is
parallel to the current. It was observed that the MR curves were same when the
applied field is perpendiculFigure. 3.5aar to the direction of the current. Similar
MR curves in both the measurement configurations points to an absence of any
AMR in these structures [101].

Figure. 3.10 shows the resistance and MR curves for all the films. It is noted
that in general there is a rise in MR ratio with decrease in temperature. This can be
explained on thermal generation of electrons. These electrons are magnetic field in-
dependent and cause reduction in MR ratio [22,102]. As the temperature is lowered
the generation of thermal electrons are reduced and hence the MR improves. How-
ever, the MR increase is not linear and there is some dependance. Various research

articles have modeled the anomalous dependance of conductance with temperature
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Figure 3.10: Temperature variation of a) R and b) MRyke. ratio for all the samples
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based on either variable hopping in amorphous semiconductors or tunneling con-
ductance in insulating granular film system or electron-electron interaction effects
in a disordered metallic system [29,103,104]. Therefore, we will proceed to analyze

the anomalous dependance of conductance based on these models.

3.5.1 Conductivity vs. Temperature dependency

110° : :

g10® | u

6 10°

4 10°

Resistance (Ohms)

2 10°

log (T)

Figure 3.11: Resistance vs. Log (T) trend for sample G (based on eqn. 3.3- red line
represents the linear fit)

Denardin et al. [103] have studied sequential sputtering of Co-SiOy granular
multilayers earlier and found that their conductance variation with temperature was
related to weak localization or electron—electron interaction effects in a disordered
metallic system. The difference between their film and the one discussed in this
thesis is that their films have thicker oxide layer which are continuous in nature
as compared to films discussed in this thesis. The conductivity equation for such

systems show the following dependency
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i o log(T) (3.3)

The other possible dependance of conductivity is variable range hopping con-
ductivity with electronic states being exponentially localized at random positions
and the states being isotropic with random energies. This is the Mott’s law [105]

given by

Yo oc exp(T~H4) (3.4)

Ziese et al. studied La-Ca-Mn-O Films [104] which were prepared by sequential
sputtering in a manner similar to films discussed in this thesis. They found that
the half metallic films did not follow the conductivity equation trend proposed by

Sheng et al. [22] and found conductivity dependance as shown in eqn.3.5

Yo o exp(T™3/?) (3.5)

Figure. 3.11 shows the resistance fit for sample G using eqn.3.3. If the propor-
tionality was true then the fit should have been linear. However it can be seen that
the fit is non-linear and is not a good representative for the films. Similarly fitting
were done using eqns. 3.4 and 3.5 and it was found that the fit were not good and
this was applicable for all the structures.

Finally, the fit was done using 7~"/2 for sample G and it can be seen from fig.
3.12 that fit is very linear and fits the best compared to other equation and hence is
a good representative for the films. This dependence shows that the conduction in
our granular film is due to thermally activated tunneling as explained by Sheng et al.
using the charging energy modeling [22], which is actually valid for most insulating

granular films [6,29,30,37]. However it can be seen from the fit that the graph shows
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Figure 3.12: Log (Resistance) vs. T~"/? for sample G (red line represents the fit)

a additional shift and fits rather well to eqn.3.6 which has an additional term /3
which represents the leakage constant. [6,106]. Fitting the variation of conductance
curve with temperature with eqn.3.6 gives the tunneling activation energy C, for

the various structures [22,107].

g = e 2VCa/ksT g (3.6)

where « is the proportionality constant, 3 is the leakage constant, C,4 is the
activation energy kp is the Boltzmann constant and T is temperature.

Fettar et al. have analyzed discontinuous double junctions consisting of the Co
clusters sandwiched between Co/Cu electrodes as shown in fig. 3.13 [102]. They
found that the temperature dependence of the resistance can be attributed to two
conduction channels in parallel between electrodes i) via granules and ii) via other

channels such as metallic/magnetic impurities in the insulating layer. They modeled
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Figure 3.13: Drawing of cross section of the discontinuous double junction [102]

the resistance as

1/R = (1/Ry)exp{—2.(c/T)*"} + 1/ Ry (3.7)

where 1/R is the observed conductivity, Ry is related to proportionality constant,
Ry is related to leakage conductivity and C is related to activation energy (very
similar to eqn. 3.6).

The first term in eqn.3.7 represents a thermally activated tunneling current flow-
ing from grain to grain in the discontinuous layer while the second term (1/Ry) is
the resistance due to possible metallic/magnetic impurities in the insulating layer.
This variation was also observed by Honda et al. in Fe-SiO, granular films which
they attributed to leakage conductivity in such systems [6]. The channels respon-
sible for this leakage conductivity are field-induced tunneling in the high electric
field regime [6] or magnetic impurities [108]. Fettar et al. found that the leakage in
their structure was due to the existence of isolated Co atoms. This non-aggregated
atoms or very small clusters of Co was also observed by Maurice et al. for their

Cobalt-Alumina granular films [27].
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Figure 3.14: Curve fitting using eq. 3.6 - Normalized conductance vs. Temperature
for samples a) Sample G ,b) Sample X3, and ¢) Sample Xig,,, . The curve fitting
is good with Cy4 value given in table 3.6 and 3 value in fig. 3.15
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The variation in the conductance with temperature for the sample G, X3, and
X1onm is shown in Figure. 3.14. The conductance have been normalized with that
at 300 K. The table 3.6 gives the tunnel activation energy for the various films

calculated using similar fitting [22,107].

’ Structure \ Ca (meV) ‘

G 38.8

2G 405
X amm 37.8
Xanm 417
Xanm 39.4
Xiomm 417
Xismm 40.1

Table 3.6: Activation energy for the proposed structures (Cy4 )

As seen from table the values of C,4 are very similar for films and the parameter

Cy4 is defined by eq. 3.8

Ca=sx EF H (3.8)

where s is the grain size, d is the inter-granular distance and F[2] is a function

d
which is dependent on the shape and arrangement of the grains [6, 22].

Higher values of C4 indicate presence of FM grains that are well separated
and having a sharp particle-matrix interface. Previous studies done by Strijkers et
al. [109] on Fe-HfO and Fe-HfSiO granular films prepared by reactive sputtering
show lower activation energy. The activation energy was calculated to be 2.6 meV
for FeyoHfsSigO4s and 0.7 meV for FeyHf10O films. These low values of C4 were
attributed to the intermixing of Fe and Hf phases. However, the Co-HfO, films
studied in this thesis have higher values of C4 as shown in table 3.6 indicating

the fact that Co and HfO, phases are well separated for the films. Therefore the

proportionality of conductivity to T~%% dependence on temperature, along with
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high tunnel activation energy and resistivity indicates the presence of discontinuous
Co particles embedded in HfO, matrix.

Usually the C,4 value decreases exponentially with increase in volume fraction [6].
In the case of granular films prepared by co-sputtering technique, the s/d is a
function of ferromagnetic concentration [6,22] and hence similar C, values reflect
that they have similar compositions according to Sheng et al’s theory [107].

The [ value is the leakage constant introduced by researchers [6, 106, 110] to
explain the deviation from the T~"2 law which was originally proposed by Sheng and
Ables [22]. This term usually represents the conduction through the film due to field-
induced tunneling in the high electric field regime [6] or magnetic impurities [108].
For the films discussed in this chapter, the proposed films are sputtered in a similar
manner and hence the expected leakage due to field induced tunneling for all the
structures should be the same. However from the 3 value shown in fig. 3.15, it can be
seen that the leakage constant increases with thickness of inserted HfO, layer. This
can be interpreted as presence of magnetic impurity (isolated clusters of Co atoms)
in the oxide layer separating the top and bottom layer of the proposed structure.
The RBS data X5, shows presence of ~ 7% of Co in the inserted oxide layer which
is due to the presence of Co clusters. It was also observed using RBS that X5,,,,and
Xionm had ~ 6% of Co in the inserted oxide layer. This can be interpreted as presence
of Co clusters at the interface separating the central oxide and granular film The
amount of Co clusters in the inserted oxide layer increases with the thickness of
the oxide layer and these are responsible for leakage conductivity. The conduction
through the Co clusters is independent of the magnetic field and hence reduces
the effective MR ratio. The possibility of presence of Hf metal in such thick HfOq
layers is also considered. However, the stochiometry of the films in the central layer

obtained through RBS suggests the Hafnium exists as oxide and not as metal. The
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presence of Co in the inserted layer is a valid indicator of Co atomic clusters which

causes leakage conductivity.
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Figure 3.15: Leakage constant (5 ) for the different fabricated structures. It in-
creases with increasing inserted oxide thickness indicating the presence of Co in the
inserted layer as atomic clusters

In general, the resistances trends for the inserted oxide sample are closer to G
than 2G. The MR ratio trends for all the samples show a increase in MR with
decreasing temperature until 40K below which it starts to decrease. This is approx-
imately the blocking temperature (Tp) for all the samples and the MR decreases
because of this blocking effect [6].

It was already discussed in the section 3.2 that based on the the roughness of the

inserted layer, the films can be split into insert with discontinuous and continuous
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regime. Also, the structures G and 2G form the basis for this study. Hence for

proper analysis the data set is divided into three groups .
1. Group A: Standard film devices (G and 2G)

2. Group B: Films which have discontinuous sandwich layer ( X=1.5nm and 3

nm ), Sample G and 2G

3. Group C: Films which have continuous sandwich layer (X= 5, 10 and 15 nm),
Sample G and 2G

3.5.2 Group A : CIP measurement of sample G and 2G

The resistance and MR ratio trend for group A is shown in fig. 3.16. It can be
seen that sample 2G, having twice the number of bilayers as G, has lower resistance
compared to G. This is in accordance with the previous results on granular films as
well as our experiments based on bilayer experiments [74]. One of the major reasons
for this is the increase in the number of available tunneling paths with increasing
thickness [83]. Below 20 K, it can be seen that the sample 2G shows an increase in
resistance as compared to G. This can be explained based on the fact that sample
2G has lower grain size with higher spread (seen from table 3.2) and blocking of the
smaller grains leads to an increase in resistance at temperatures below 20 K. Since
the major conduction for sample 2G is due to smaller grains as compared to sample
G, the MR is lower for sample 2G as compared to sample G. The MR ratio for both
the films shows a decrease below 40 K which corresponds to the the approximate
blocking temperature (Tg) and MR drops below that this temperature because of

the blocking of the grains [6].
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Figure 3.16: Group A: Samples G and 2G - Temperature variation of a) R and b)
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3.5.3 Group B: CIP measurement of sample 2G, X 5,,, and

X3nm

In group B, it can be seen that X 5,,, has slightly higher resistance compared to G,
although the order of resistance is still the same (10°Q at room temperature to 10°Q
at 10.6 K) as shown in the fig. 3.17. This is due to the discontinuous insert which
introduces higher roughness and hence larger grain size spread as seen from table
3.2. Compared to this, X3, has smaller resistance than X; 5,,,, as well as G because
the inserted layer has reduced discontinuity leading to lower roughness and hence
reduction in grain size spread. As seen from the M-H loops (fig. 3.8a) 2G, Xj 5.m
overlaps while Xg,,,, has a slightly lower magnetic moment compared to the other
two. This refers to the fact that grain size of X3, is smaller than the other two
which is also confirmed by the FC/ZFC measurement (table 3.2). The structures
have different resistances and MR ratios because of the discontinuity and roughness
of the inserted layer which in turn affects the grain size distribution leading to a
change in conduction and MR ratio.

X1.5nm shows interesting transport characteristics. If the MR ratio of X5,
is considered, it can be seen that the MR ratio increases from 0.72 % at room
temperature to 2.10 % at 50 K. It then drops to 1.71 % at 20 K which is expected
due to blocking of the grains below 50 K [6]. However at 15 K, it rises to 4 % and at
10.6 K, it stays around 3.8 % as seen from the fig. 3.17. This sudden increase in MR
is due to higher order tunneling [30], wherein there is tunneling between between
larger grains occurs through intermediate smaller grains. Mitani et al. found that
for their Cosy Aly;Ogs films the variation of MR ratio changed from ~6 % to 8
% from room temperature to 40 K and then below 40 K the MR ratio suddenly
increased to ~15 % at temperature of ~5 K because of higher order tunneling [30].

This is an inherent property of granular films as it has a broad distribution of grain
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Figure 3.17: Group B: Samples G, 2G, Xy 5., and Xs,,,, - Temperature variation of
a) R and b) MRyxo. ratio
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sizes [30].

Figure. 3.18 shows the MR ratio curve for Xj 5,,, for temperatures 10.6 K, 25

K, 35 K and 50 K. It can be seen that the switching field of the samples increases

with decreasing temperature and there is also increase in MR ratio due to higher

order tunneling.
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For temperatures above 15 K, X; 5,,,, has lower MR than X5, and 2G. It should

be noted that X; 5,,,» has discontinuous oxide insert and because of this the effective
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grain size distribution has a higher spread. As a result, compared to the other
structures, Xy 5., has different grain sizes along the conduction path and from the
higher resistance observed compared to other structures, it can be concluded that
smaller grain sizes are involved in the conduction. As a result the effective change
in resistance (AR) for X 5., at T>15 K is smaller in comparison to Xs,,, and 2G
leading to lower MR ratio as compared to them.

Compared to Xj 5,m, structure Xs,,,, has a much more continuous insert leading
to lower roughness as seen from fig. 3.5a. The 3 nm insert is not as continuous
films as the 5 nm and is not expected to form proper parallel paths by splitting the
granular film at the center. Therefore, the expected resistance of X3, lies between
that of G and 2G. It can be seen from the fig. 3.17 that the resistance variation
with temperature is closer to G than 2G indicating the fact that continuity of the
insert is better than Xi 5,.,, but still not continuous enough. This will affect the
MR ratio of X3,,, and it should be higher than X 5,,, but still lower than that of
G. This is verified in fig. 3.17 and it can be seen that its MR is actually better than
2G and X 5,,,, but still lower than G. Therefore it can be postulated that Xs,,,
has lower discontinuity of the insert than X; 5,,, nm but not continuous enough to
reflect sample G like characteristics. Hence the resistance variation is closer to G,

while the MR variation is closer to that of 2G.

3.5.4 Coulomb Blockade in X 5,,, 2G and X3,

This section deals with CB nature of structures X 5,,,, 2G and X3,,,,,. The CB for
2G and X3, is at a temperatures lower than 10.6 K unlike sample X 5,,, which
shows CB at 10.6 K. Figure. 3.19 shows the CB curves for samples 2G and Xg3,,,,,.
The plot is generated by measuring current while sweeping the applied voltage

between -10 V and 10 V. The various temperature of measurement are 10.6 K, 15
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Figure 3.19: IV curve for a) 2G at T=10.6 K,15 K and 20 K for V=410V b) Zoom
in for 2G at T=10.6 K,15 K and 20 K for V=45V ¢) X3,,, at T=10.6 K,15 K and
20 K for V=410V b) Zoom in for X3,,, at T=10.6 K,15 K and 20 K for V=£5V

89



K and 20 K respectively. Compared to 2G, X3,,,, shows more obvious trend toward

CB as seen from the fig. 3.19 as seen from the decreasing slopes of the V-I curves

with temperature.
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Figure 3.20: IV curve for Xj 5., : a) T=10.6 K,15 K and 20 K for V=£10V b)
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X4 5nm 18 the only structure which shows CB at 10.6 K as seen from fig. 3.20.
The CB threshold voltage (Vi) for X 5, is observed to be 50 mV at a temperature

of 10.6K [20,30]. Using the eq. 3.9, the approximate grain size of the blocking grains
can be calculated [20].
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V< % (3.9)

where C =2med where € is the permittivity of the surrounding medium (HfO,) and
d is the Co grain size.

Substituting the values, the value of grain size obtained was 2 nm indicating the
fact that in sample X 5., there exists grains of sizes less than ~2 nm along the
conduction path which is not only responsible for CB but also for the high resistance.
The MR ratio in the CB regime is enhanced by 2/(1 — P?) as compared to the
sequential tunneling regime (P is the spin polarization of a ferromagnetic electrode)
[69]. In the case of Xi 5um, the MR ratio at 20 K is ~1.7 % and for temperatures
below 20 K the MR increases to ~4 % which actually follows M Ragx x 2/(1— P?) =
1.7 x 2/(1 — 0.34%) =~ 4% where P=0.34 for Co and matches the suggested higher

order tunneling increase in MR discussed in section 3.5.3.

3.5.5 Group C: CIP measurement of samples 2G and Xs5,,,,

XlOnm and X15nm

The group C represents the films having a continuous inserted oxide layer. The
variation of resistance and MR ratio for group C is shown in fig. 3.21. The resistance
trend for all the samples Xs,,, to Xi5.,,G and 2G are increasing with decrease in
temperature. The change in order of resistance (10° 2 at room temperature to 107
Q2 at 10.6 K) with temperature for samples Xs,,, to Xi5,, are very similar and
close to the standard sample G. It is also observed that X3, from group B, has
resistance values close to to these structures for temperatures below 50K (10° Q
to 10" Q) and below that there is a increase in resistance to order of 10 Q. This
again indicates the fact that Xs,,, is more continuous than Xj s, but the grain

size variation and spread in this structure leads to reduction in MR because of the
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smaller grains involved in the conduction (as seen from resistance trend and CB
characteristics) as compared to structures Xs,m, to0 Xis.m.

As the inserted layer of oxide becomes continuous, there are two layers of films
formed which are parallel from conduction point of view. This provides two possible

mechanisms for electrical conduction in these films:
» Parallel path conduction through both the granular film layers or
« Domination of conduction along the one of the paths (either top or bottom).

It can be seen that the bottom layer is sputtered in the same way as G and hence
it is supposed to have the same grain size distribution as G. It is known from the
M-H loops (fig. 3.8b) that the top granular layer had larger grain size compared to
the bottom granular film layer and as a result has lower resistance of the two. It
is well known that conduction is generally along the least resistance path. If the
conduction is through bottom layer, it is expected that the resistance will be equal
to that of G.

The resistance of G varies from 3.8 x 106 Q to 9.8 x 10® Q for a temperature
change from room temperature to 10.6 K. The resistance change with temperature
observed for the structure Xs,,,,, (highest resistance change of the three structures) is
from 2.8 x 10% © to 5x 107  from room temperature to 10.6 K. This variation is not
only lower but also less than half the observed resistance of G (assuming conduction
is along both the paths, the resistance will be nearly half). This indicates the fact
that the conduction in X5,,,,, to X5, is majorly due to the top layer and not so much
through the bottom layer. The change in resistance below the blocking temperature
is lower for samples Xs,,,, to0 Xi5,,m as compared to sample 2G which has the same Co
content. This can be explained based on the fact the conduction is majorly through

the top layer in Xs,,, to Xi5.m, which has comparatively larger grains taking part
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in conduction. Hence the conduction in these structures is less affected by blocking
(Tg), compared to 2G which has smaller grains along its conduction path.

The observed MR ratio trend for this group seems to follow the magnetic moment
obtained at 11 kOe i.e Xs,,, followed by Xionm, Xi5nm and 2G gives the best MR
ratio for field between +4 KOe. However, it should be noted that the variation of
magnetic moments with field are greater for Xs,,,, X10nm and Xis,,, as compared to
sample G (fig. 3.8b). But the MR ratios for Xyg,,, and Xjs,,, are much smaller than
that of structure G which has comparatively smaller grains. This can be explained
based on the leakage conduction § shown in fig. 3.15. This leakage conduction is due
to Co atom clusters discussed earlier in section 3.5 and the conduction through these
small clusters are independent of magnetic field. Hence the value of 3 correlates to
the reduction in MR ratio. The MR reduction for Xig,,, is not as pronounced as
for Xy5,, because its leakage conduction [ is lower of the two.

Therefore for temperatures above 15K, X5,,,,, from group C shows improved MR
ratio due to tunneling through larger grain size (1.93 % at room temperature to
3.67 at 10.6K), while for temperatures below 15K, the X; 5., from group B gives
improved MR ratio due to higher order tunneling (3.8 % at 10.6 K, while only 0.72
% at room temperature). The introduction of roughness is highest for X; 5., and
decreases monotonically for higher thickness of the insert. The structures Xignm
and Xi5,,, would have given improved MR ratios as compared to G because of their

larger grain size, but the presence of high leakage conductance lowers the effective

MR for such films.

3.6 Summary

In this chapter, a new structure is proposed and microdevices are fabricated by

inserting a oxide layer (HfO3) in between structure 2G. The top and bottom films
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formed were of equal thickness to sample G, the optimum MR structure for Co-
HfO, systems. The thickness of the inserted oxide was varied from 1.5 nm to 15
nm. The idea was to utilize the roughness of the inserted oxide layer to control
the grain size and hence the electrical properties of films. By varying the thickness
of the HfO, insert we were able to study regimes of continuous and discontinuous
oxide film at the center of the granular film and its effect on conduction and MR.
The films with discontinuous oxide showed CB characteristics whereas the films
with continuous oxide showed that the major conduction path was along the top
granular film. X; 5,,, structure formed using a discontinuous insert thickness of 1.5
nm was the only sample with visible CB and higher order tunneling characteristic
at 10.2K. The higher order tunneling improved the MR from 1.7 % at 20 K to
3.84 % at 10.2 K for X;5,m. Sample 2G was observed to have lower MR and
resistance than the continuous insert structure namely Xs,,,, - Xi50m, suggesting that
inserting an oxide layer improves both the resistance and MR ratio by changing the
grain size distribution because of the roughness of the insert. The observed drop
in MR with increasing HfO, thickness can be explained based on higher leakage
conductivity. Thus by controlling the roughness of the insert layer we have succeeded

in engineering different types of transport and hence moderating the MR ratio.
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Chapter 4

Simulation model for CIP device

conduction

The structures that have been fabricated in this research work and discussed in the
chapters 3 are new and do not have reference structures to compare the results.
As described in the motivation of this thesis, a model to obtain the M-H loop and
MR curves for the proposed structures is described in this chapter. Some of the
most important parameters useful for analyzing granular films are M-H loop and the
magnetoresistance (MR) curves. The M-H loop for granular films usually follows the
Langevin function and researchers have modified the same to obtain the fit for the
experimental curves as discussed in Chapter 1. However, the simulation model does
not generate the physical size and location based on the M-H loop. In this chapter,
the grain size and location are generated using a model described in ref [82] and

MR curves are obtained by implementing resistor network model for these grains.
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4.1 Overview of the simulator

The simulator can be expressed as the block diagram in fig 4.1. It consists of 3

coding blocks

« Microstructure code (generation of randomly positioned FM grains)
« Loop code (M-H loop generation)

 Resistor network solver (MR curve generator)

Microstructure Loop
—> MR generator
code code
M—Hyloop

Figure 4.1: Block diagram of the simulation model - Consists of two steps; first one
for generating the M-H loop and second for MR

The microstructure code and the loop code are based on the model in ref [82]'.
Those two block help obtain the M-H loop for the samples. The microstructure code
takes user input of grain size and distribution information and generates granular
film accordingly while the loop code takes the sample geometry information and
the input of external field and generates the M-H loop for the sample. The resistor
network solver calculates the effective resistance of the sample at various fields.

The microstructure model generates a cubic cell of particles with random loca-
tions and sizes. The coding is done in such a way so as to avoid overlapping of grains.
If the generated particle overlaps with another one, it is regenerated in another ran-

dom location and is repeated till none of the grains overlap. The grain sizes follow

!The basic codes were obtained from Prof Chantrell Roy from University of York
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log-normal distribution which have been experimentally proved to exist in granu-
lar films [73,77]. However, the simulator allows the making of another commonly
used grain distribution system namely the Gaussian distribution. Preliminary fit-
ting analysis done by our group showed that grain size distribution is log-normal
and not Gaussian [111]. A selection criterion was implemented in the log-normal
distribution wherein the grain size had to meet the condition dgrein < (5 X dpsedian)

to match the experimental grain size. The grain size generation and positioning is

as follows.

1. The simulation model assigns the particles in decreasing order of their diam-
eters in order to achieve better packing density by allowing smaller particles

to occupy the interstitial space between large grains.

2. The anisotropy easy axes were generated randomly in 3D i.e., with a proba-
bility for the polar angle p(6) = sin(f) and uniformly random distribution for

the equatorial axis ¢.

3. Periodic boundary conditions are applied along the three dimensions in order
to remove the boundary effects for the magnetization of the grains at the

edges.

The total energy of the particle is calculated as

E=KV(em)?* — ux Hy (4.1)

where K is the anisotropy of the particle, V is the volume of the particle, Hr is the
total acting field, @ and 7 represent the unit vectors of the anisotropy easy axes
and magnetization respectively. The total local field Hy acting on each particle
is the sum of the applied field and the dipolar field arising from the neighboring

particles, given by
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Hp=Hi2+Y [%;;”)” - 55] (4.2)
i#j ij i

where the applied field is chosen to be along the z axis. The second term of
the equation 4.2 represents the vector sum of the total dipolar fields arising from
neighboring particles. r;; = d;;.7;; is the position vector of the particles i relative to
j where 7;; is a unit vector in the direction of the particle separation d;;. The dipolar
field is calculated within a spherical volume defined by a cutoff radius chosen to be
at a distance six times the mean radius of the particles. The dipolar interactions
depends on the grain size and reduces with distance. It becomes negligible for
distances greater than six times the mean radius of the particles [82,111] .

The most essential input parameters for the model are

1. Number of grains

2. Grain median diameter

3. Spread of grain size distribution (log-normal distribution)
4. Packing fraction

The number of grains affects the smoothness of the curves while the grain size and
spread is taken from the experimental fit. The simulation model generates magnetic
orientation for each particle at each applied field and sums it to obtain the magnetic
moment. The number of grains along each axis is the same (say ‘N’ grains) and
hence the simulator is a cubic system with N grains. The computational time
rises exponentially along with increasing N. The change in number of grains does
not change the trends of M-H loops significantly at high field, but helps to reduce
the noise at low fields. In order to reflect the exact thickness of the proposed

structure, higher N values could not be used. Rather another technique was used
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to reduce the noise, namely a factor of ’seed’ is implemented in the simulator. The
‘seed’ is meant for generating random numbers which in turn control the diameters
generated. So, for the same input condition, by changing the ’seed’ value , the
grain size distribution and location are changed. Thus, multiple M-H loops can be
obtained for the same input condition, which can be averaged to obtained a reduced
noise M-H loop. We have implemented a 20 averages for the M-H loop and obtained
the MR curves in a similar manner. The grain median diameter and the spread are
calculated empirically to find the most optimum value for the fit, while the packing
fraction is taken from the RBS data from the experiments.

In this simulation, the focus is on the MR properties of the proposed structure
i.e. granular film which has inserted oxide insulating layer. Since it has been already
shown in Chapter 3 that that the conduction in the structures with oxide thickness
greater than 5 nm is through the top layer, the MR curves are generated with the
M-H loop of the top granular film and not of the whole structure. However for
comparison of grain sizes obtained using FC/ZFC measurement in Chapter 3, the
M-H loop of the whole structure has to be considered. In this model, the proposed
structure is generated by by shifting up the top half of the film by user-defined
value, which is the thickness of the insertion layer. As shown in fig.4.2, from the
original granular bulk, the new routine finds the center of the film on the vertical
axis and shifts all grain centers which lie in the top half by a user-defined value
(thickness of the insert). The dimension of the final structure is no longer a cube.
However, the properties of two granular layers such as grain size distribution and

packing fraction are still identical.
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Figure 4.2: Schematic showing the generation of the proposed structures (all the
proposed structures are generated from 2G by splitting the film at the center and
separating the two blocks by required value)

4.2 MR generation

MR forms one of the most important parameters required for the analysis of granular
thin films. Theoretical calculation/simulation of the MR curve can be achieved by

the following method:

1. Inoue model - This was one of the most utilized model for obtaining the
MR ratio for granular films, suggested by Inoue and Maekawa in 1996 [25].
According to this model (eqn.1.6), the thickness of the granular film does
not affect the MR ratio, which was found otherwise by many experimental
researchers [75,80]. This is because the Inoue model averages out the grain
size and grain separation and is based on the modification of the MTJ equa-
tion. Nevertheless the model is quite useful and serves as a starting point for

modeling of the granular film conduction.

2. Julliere’s model - This model was proposed by Julliere in the year 1975
for TMR calculation based on spin scattering [17]. If two adjacent grains in
granular film can be considered as an electrode then the electron tunneling
between the two can be solved using the Julliere’s model. But it has to

incorporate the fact that source of electrons for one set of granules(electrodes)
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depends on the tunneling of the electrons from the previous set of granules.
The model gets complicated, considering the fact that a single granule can
receive electrons from all the surrounding granules in 3D matrix with varying
probabilities. The other important factor is incorporation of tunneling as well

as higher order tunneling which will make the model very complex.

. Resistive network - This is one of the most widely used model for granular
film as well as other films. The granules are considered to be nodes and
the insulating barriers between them are thought of as resistors, which vary
with magnetic field. So basically the granular material can be visualized as
huge resistance matrix, which when solved gives the MR response. There are

various methods used to solve the resistor network e.g

« Partial Differential Equation [48]

o Network solution methods like nodal elimination, solving simultaneous

current voltage equations etc [112,113]

The current work makes use of the resistive network model along with Inoue’s

equation [25] for establishing the initial results.The resistive model is quite flexible

and simple to implement at the same time quite robust and reliable as proved by

other researchers [113].

The grains are considered as nodes and the insulating barriers (along with the

grain properties) are translated to resistor component between the nodes, which

vary with magnetic field. Therefore, the granular material can be visualized as a

huge resistance matrix, which when solved gives the MR response for a particular

field. The resistor network model has been previously implemented for granular
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One of the earliest know application of the resistive network model for gran-
ular films was in 1992 by Zhou et al [113]. They simulated electrical conduction
in granular metals by mapping hopping conductance between grains into a simple
cubic lattice resistor network. They assumed that the tunneling conduction occurs
only among neighboring grains. Their sample matrix was 7 x 7 x 7 with 1176 linear
equations for current and voltages and 8 x 8 x 8 with 4208 unknowns. Using their
model they proved that granular film conductivity follows the —log(o) o T-1/2
rule [113]. In the year 2000, Lin and Wu modified previous transport theories which
considered only the nearest-neighbor hopping in granular metals and compared the
modified theory with the experiment of Abeles et al [114]. They carried out a criti-
cal path analysis, and showed that with practical material parameters, the modified
theory gave values in better agreement with the experiment for the temperature-
dependent conductivity :- p o< exp(—(To(x)/T)~™ where x is the volume fraction
and n=0.5. They made use of the resistor network simulation to show that the
value n=0.5 is applicable over a large range of temperatures. The network was
solved with the help linear I-V equations to obtain the conductance [114]. In one
of the recent papers, Zhou et al. have made use of the resistive model for simu-
lating the magneto-resistance in half metals [115]. Their model relies on the usage
of the Inoue model for the conduction between grains. They made use of 2D and
3D models for their research study and tested their model for 15 x 15 2D square
array and 10 x 10 x 10 3D cubic array. They found that the MR for the 2D and
3D model varies as the polarization factor increases. Their calculation only takes
the magnetic field at zero and maximum field (when the spins are non-aligned and
perfectly aligned respectively). For the randomized spins at zero field they make
use of the spherical co-ordinates and allow the computer to generate the required

two angles for each of the grains.
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The implementation in this thesis is similar to that of the above researchers
except for the fact that the resistance calculated using Inoue-Maekawa conduction
equation [25], given in eqn.1.6. When calculating the effective resistance of new
structure, the solver treats the insertion layer as insulator. All connections through
this insertion layer will have a larger tunneling distance and hence a larger resis-
tance. The electrodes on the right and left hand side are assumed to be shorted to
all the grains on the right and left hand side borders of the 3D cube to facilitate
easier calculation. Multiple MR curves are obtained because of the multiple M-H
loop generated through the ’seed’ option discussed in the previous section. The
multiple conductance values obtained at various magnetic fields are averaged, fil-
tered and smoothed to obtain the simulated curve. The obtained MR is a function
of conductance through all the grains in the system and hence form the ideal basis.
The variation of MR ratio with field is plotted in the figures where the MR ratio
at a particular field is calculated in this case is (Rficid — Rmaz)/Rmaz- Go is not
calculated for the system as it gets canceled out during the MR ratio calculation.
However, a detailed analysis is done to obtain the relative value of this parameter in
sectiond.3.1. Of all the resistor network solvers described in chapter 1, nodal elimi-
nation [112] is utilized because of the robustness and adaptability of the technique.
Since it works by eliminating one node at a time, it can handle scaled networks
with higher number of nodes. It is a one time implementation which will adapt
itself scaled networks.

Nodal elimination : A network of resistors can be characterized as a set of nodes
with connections between them. Each of these nodes is given an index i assigned a
voltage V;. Each connection between nodes, say i and j, has a conductance denoted

by gi;. The nodes are either internal nodes or external nodes, the latter being the
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nodes that are connected in some way to the surroundings, typically a voltage source
or a current source. It is allowed to remove a node, say 0, from the system if all
connections, already existing or not, between the neighbors of node 0 are updated.

The additional conductivity between node j and k is given by [112]:-

Agy, = 20 (43)

i=1 90i

which is a generalization of star—delta substitution (fig.4.3). This method can be

used to solve 2D and 3D matrices of any size.

Figure 4.3: Illustration of Nodal Elimination (with 6 nodes) (a) The state before
removing node 0. (b) After removing node 0 - The network is equivalent to (a),
provided the additional conductivities are calculated from Eq. 4.3 [112]

Programming

This whole model was implemented using MATLAB, FORTRAN and C available at
NUS High Performance Computing 2. The analytical tools and resources provided
are apt for the given problem. MATLAB has the concept of cell structure which
is the basis for our calculations. A matrix of cells is used for solving the resistor
network problem. Each cell represents a grain and can store the co-ordinates of
related grains and their resistance value. This cell can expand to accommodate new

correlation or existing correlations can also be removed. The nodal elimination is

2http://www.nus.edu.sg/comcen/HPC/
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implemented on these cells to find out the resistance of the structures.

4.3 Result

The parameters varied in the Chantrell’s simulator are grain size, its spread and Co
volume fraction. The data fitting for G and Xs,,, is as shown in fig 4.4 and it can
be observed that the fit is good. The table shows the obtained grain size values for
all the structure using the model. The trend for the grain sizes are comparable with
those values obtained from the ZFC/FC measurement in Chapter 3. It must be
noted that the M-H loop fit is a visual fit and because of size of the matrix used for
generating the model is small compared to what was actually used in experiments,

the low field magnetic response is noisy compared to higher fields.
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Figure 4.4: Experimental curve and the simulation fit for a) Sample G and b) X5,

Using the location of the grains, the resistance at each field is calculated for each
of the curves. The obtained resistance values cannot be compared as such because

Gy is not calculated . However it can be approximated assuming Gy as a constant.
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Structure Grain diameter (nm)

7 o

G 2.73 0.47

2G 2.51 0.475
Xy smm  2.49 0.57
Xawm  2.405 0.43
Xsnm 3.07 0.41
Xionm  3.05 0.32
Xignm 2914 0.34

Table 4.1: Grain size calculation based on the simulation model from the experi-
mental M-H loop (chapter 3, section 3.4)

4.3.1 Understanding G, on a comparative basis

Gy is the conductance when the polarization is zero. For making the analysis sim-
pler, it will be assumed that every 10 bilayers (thickness of G) can be translated to a
series of one-dimensional grains (say 4 in this case) as shown in the fig 4.5. Further-
more for the G calculation it shall be assumed that all the grains and the horizontal

separation are same. Then conduction between the grains is given by [116]

g = Kie " (4.4)

where
K, = %, e is electron charge and h is the Planck constant
[ is the constant which depends on the system and is usually equal to the work

function and

d is the distance between the grains.

For sample G with 10 bilayers, the conductance depends on the product of

tunneling probability from grains a—b—c—d
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Figure 4.5: Schematic showing the assumption and calculation of GO

d = Kie P K e P K e = 3¢ = gy (4.5)

Similarly, in case of sample 2G, the conduction for the top film is sum of the

conductivity from

a—b—c—d +

a—b—f—g—h +

a—b—c—g—h+

a—b—c—d—h

a—e—f—g—h
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Here we assume for simplictiy that the vertical separation between the grains is

equal to the horizontal separation. Hence the equation of conduction becomes

g = Kde P p 4Kle™Pd = g (1 + 4K e P (4.6)

Since similar contribution is made from the bottom chain of the grains the

conductivity become twice of the above and is given by becomes

g/ = 2gbase(1 + 4K1676d) (47)

It should be noted that though the vertical separation increases for Xy 5,,,, and X3,
these two structures can be represented by above equation.

It was shown in chapter 3 that for thickness of insert above 5 nm, the insert is
continuous and the top and bottom films are separated from each other. Therefore,
for Xis5pm>t>5nm , the conduction probability between the top and bottom grains
is very low and can be eliminated. This leads to the formation of parallel path in
the CIP device and therefore the conductivity value is approximately twice that of

sample G.

g = 2K = 2(gae) (4.8)

So keeping ¢’ for sample G as reference (gpqse), conductivity at zero polarization
can be approximated as shown in the table 4.2. The resistance trend obtained using
simulations can be correlated to the experimental resistance using the above factor
of Go/Gbase-

Figure.4.6 shows both the experimental and simulated resistance values for the
structures discussed in chapter 3. Although, the experimental trend has already

been described in section 3.5, it is explained again in this section for easy reference.
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| Structure | Go=~( Go/gbase) |

G 1
QG, X1.5nm and X?mm >2
X5nm - X15nm 2

Table 4.2: Go/gpase With sample G as references

It can be observed that the experimental resistance drops as the thickness of the
standard structure is increased from G to 2G. This is because of additional number
of tunneling paths available in 2G compared to G [6,83]. When an oxide thickness of
1.5 nm is inserted in between 2G, the roughness increases and grain size distribution
has a higher spread and the structure X, 5,,, has higher resistance compared to the
rest. Asthe thickness of the insert increases to 3 nm, the discontinuity and roughness
of the insert decreases and this leads to formation of grains with less spread. So the
resistance decreases compared to Xi 5,,. As the thickness of the insert is increased
beyond 5 nm, the insert layer becomes continuous with lower roughness, leading to
formation of larger grains in the top layer of the structures. The top layer plays an
important role in the conduction and the resistance for Xs,,,,, Xi0nm and Xis,nare
very close to each other.

The simulation model considers all the possible tunneling paths between the
grains and hence generates a complex resistive network. However, it has the ad-
vantage that very high resistance paths will be eliminated automatically during the
network solution. For e.g if there are two resistances in parallel say R; and Ry
and if Ry >> Ry, it is known that the effective resistance is Ry. It must be noted
that Gg in eqn.1.6 has not been calculated during the simulation, rather it has been
analyzed on a comparative basis in section 4.3.1. The simulated resistance for G
is approximately 680 €2 while that of 2G is to 4000 2. The resistance increases to
20,000 € for Xy 5y, and drops to 2000 €2 for Xs,,,. For Xi5,m>i>5nm , the resistance

values are similar and approximately equal to 250 €. If the factor of Go(~2) is con-
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Figure 4.6: Resistance for different structures- experimental (black square) vs. Sim-
ulation (red circle), showing the similarity in trend for the experiment as well as for
simulations (the difference in trend for structure 2G can be explained by using Go

sidered for samples Xi5,m>1>50m , then the resistance can be compared to sample
G and it is found to 500 2. This resistance is lower than that of G and corresponds
to the result in chapter 3. Similarly once 2G is normalized with respect to Go(>2),
the resistance may become lower than that of G following the resistance trend.
Similarly for X; 5., and Xs,,, the normalization factor will be closer to value of 2
and the resistance trends observed for simulation matches that of the experiments.
Figures.4.7 & 4.8 show the simulated curve fitting for the experimental curves for
G, 2G, Xi.5mm and X3, matches quite well.

The simulation model will generate the same grain size and boundary condition
for the structures with the continuous oxide. This is a limitation based on the
particle generation and shrinking. Therefore the simulator cannot generate films

having different top and bottom layer grain size. We propose a method to overcome
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this issue. From experimental results it is known that for structures with oxide
insert greater than 3nm, the actual path of conduction is majorly through the top
granular film layer. So by generating the MR for single layer corresponding to the
top granular film layer we can verify the observation. So the M-H loop contribution
from the top layer (fig.3.8b) is used to generate grains for the single layer device and
then the MR curves are obtained for for Xs,..,,, Xionm and Xis,,, using the same.
It can be seen from fig.4.8 that the simulated curve fits well for Xs,,, but not for
Xionm and Xis,m. This is most probably due to the leakage conductivity seen in
the experimental MR (discussed in section 3.5). Hence the simulated MR curves
represent the ideal MR case for Xs,,m, Xi0nm and Xisum.

The whole simulation model was implemented with and without dipolar coupling
and it was found that it did not have an effect on the output of the simulator
indicating the fact that there is minimal interaction in these films for the given Co
volume fraction . This was already shown in chapter 3 (table 3.3) where the systems
are found to be weakly antiferromagnetic.

It should be noted that the fitting and implementation is done only for CIP
devices. The resistances are calculated on the eq. given by Inoue and Maekawa
and high field induced tunneling factor is not part of the equation. Therefore, the
MR calculated for the CPP system was found to have different resistance compared
to the case of CIP, but the MR ratio obtained was still the same. This simulation
model is quite useful for CIP systems where the high field induced tunneling is
negligible. For the case of CIP, the M-H loop fitting was done for different grain
array size (10 x 10 x 10 and 20 x 20 x 20) using the same volume fraction and the
median grain size was found to be the same. It was found that though the resistance
changes with the size of the device (10 x 10 x 10 vs. 20 x 20 x 20) the MR ratio

remains unchanged. This suggests that the 10x10x10 model serves a good model
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for the CIP structures discussed in chapter 3 of this thesis. This grain size array is
a good representative of the overall microdevice and although the number of grains
is lesser along the width and length as compared to the experimental structure, the

electrical properties matches well for most of the structures.

4.4 Summary

A simulation model based on code by Chantrell et al. [82] was used to generate the
grain size distribution based on the experimental M-H loop. It was found that the
grain sizes obtained using this method followed the same trend as the those obtained
using experiments in chapter 3 of this thesis. The G term in Inoue Maekawa’s
equation is actually the conductance in granular film when polarization is zero. It
was analyzed and found to be the highest for 2G followed by Xi 50m,X3nm, Xsnm,
Xi0nm,X15nm and G. This term was very useful in explaining the resistance values
obtained using the simulation and enabled to compare it with the experimental
results. The MR curve trend obtained by simulation matches the experimental
values except for Xionm and Xis,,, which show higher MR ratio using simulations as
compared to experiments. This is because of two reasons: first, the model assumes
the top and bottom layer of these structures to have the grain size distribution |,
second, presence of leakage conductivity as verified by experiments in chapter 3 of

this thesis.
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Chapter 5

CIP and CPP devices based on

insertion of oxide layer in

Co-HfO5 granular films

A detailed analysis of current in plane (CIP) devices based on the proposed structure
of inserting oxide layer in between the granular film was done in the chapter 3. It
was found that the grains in the top granular film are larger in the case of continuous
inserts and hence the MR ratio is higher because of major conduction through this
layer. However, it would be of interest to force the conduction through both the
layers and observe the MR and resistance characteristics of the films. This can be
achieved with the help of current perpendicular plane (CPP) devices. Therefore this
chapter compares the device performance in terms of resistance and MR ratio for
current in plane and current perpendicular plane devices based on Co-HfO»films.
The same film structures as in chapter 3 are compared for the CPP devices as shown
in table 5.1. The active regions for both the CIP and CPP devices were sputtered
together.

The photolithography process for the CIP devices has been explained in chapter
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Sample Composition

G [Co(0.8 nm) +HfO5(1.1 nm)];o
2G [Co(0.8 nm) +HfO5(1.1 nm)]s
X, [Co(0.8 nm) +HfO5(1.1 nm)};o +

[HfO5(n)] +
[CO(O8 nm) —|—Hf02(11 Hm)]lo
where n=1.5, 3, 5,10 and 15 nm respectively

Table 5.1:  Composition of the standard films(G,2G) and the proposed
StrU-Cture(Xl.Bnma X3nma X5nm7 XlOnm and X15nm)

Step 1 Step 2 Step 3 Step 4

Top View =

L
3=

=
Side View ra m |

(a) (b) (©) (d)

Figure 5.1: Sequence showing the four lithography steps and material deposition for
making CPP devices a) Bottom electrode (Cr/Au) b) Active device ¢) Oxide layer
surrounding the active layer(to prevent short between top and bottom electrode) d)
Top electrode and bond pad deposition

2, while that for the CPP device is shown in fig. 5.1. The first layer consists of
~ 40 nm of Cr/Au which serves as the bottom electrode for the conduction. The
second step consists of depositing the active device layer of 20-60 nm thickness. The
active device layer area is ~10 um x 10 um . The deposition follows the condition
given in the table 5.1 for each of the device. The third step consists of SiOy oxide
deposition surrounding the active layer to prevent shorting between the top and
bottom electrode. The last step consists of top electrode and pad deposition using
Cr/Au of 300 nm thickness.

The samples are finally wire bonded for electrical measurements namely I-V and

MR measurement on the CIP and CPP devices at room temperature. Reference
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samples for M-H loop measurement and other measurements are inserted during the
active layer sputtering process. RBS is again used for compositional analysis while

M-H loops is used to understand the variation in grain size distribution.

5.1 RBS and M-H loop
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Figure 5.2: RBS data for Xjpu,: Markings A,B,C corresponds to Co content in
bottom,top and center of the film respectively while D represents the Hf composition
across the multilayer (peak showing the content in the central layer) - Able to
observe the separation between top and bottom granular film for a volume fraction
of 0.355

fig. 5.2 shows the RBS obtained for sample Xy, and as observed in the previous
chapter, the sample shows separate Co and HfO, peaks, with obtained Co volume
fraction of 35.5 % .

Figure. 5.3a shows the M-H loop for the samples while fig. 5.3b shows the M-H
loop with magnetic moment for Xs,,, to Xis5,, subtracted by that of structure G.

This has been explained in chapter 3 section 3.5,where the bottom granular film has
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Figure 5.3: M-H Loop for a) G, 2G and the proposed structures b) Magnetic moment
for Xs,m to Xisnm (after subtraction with that of G)
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similar structure as G and so the subtraction helps to find the magnetic moment and
grain size contribution from the top layer of these structures. It can be seen that
the moment contribution from the top layer for Xs,,,,X10nm and Xis,, is greater
than that of G in the same order. This shows that top layer has larger grain size

than the bottom layer in these structures [6,100].

5.2 Resistance and MR results

5.2.1 Preliminary study : Resistance and MR study for G
and 2G

It is essential to understand the differences between the CIP and CPP related re-
sistances and MR as it helps to understand the effect of overall tunneling length
on properties of these structures. For basic understanding, R and MR values of
samples G and 2G have been compared for the case of CIP and CPP. The table
5.2 shows the R and MR ratio for sample G and 2G for the case of CIP and CPP
devices. The overall tunneling length for CPP devices is equivalent to thickness of
the device and is ~20 nm and ~40 nm for G and 2G. The overall tunneling length
in the case of CIP devices is ~3.6 pum for both G and 2G. It can be seen from the
table that CPP MR is always lower than CIP MR. This trend shows that channel
length plays an important role in deciding the MR and is lower for smaller length
scales. It should be noted that the voltage across the CPP devices causes high field
induced tunneling in these structures as opposed to CIP devices. As a result the
CPP devices give lower MR than their CIP counterparts. Also if the channel length
is small as in the case of CPP G, the no of grain is very less and the number of
grains taking part in the conduction will be also lower. Hence the MR will not

reflect all the characteristics of the grains. As the thickness of the CPP structure
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increases(from G to 2G), the high field effect reduces and the number of grains tak-
ing part in the conduction also increases. That is the reason why 2G gives better
MR than G for the case of CPP. However it is still lower than the respective CIP
structures which are not affected by high field induced tunneling because of their
larger channel length. In the case of CIP as the thickness increases, the MR actually
drops and the probable reason for this is smaller grain size of 2G as compared to
G observed in chapter 3. The CIP resistance of 2G is lower than G because of the

increase in number of available tunneling paths

’ Structure \ Effective channel length \ Resistance \ MR ‘

CIP G ~3.6 um 18.31KQ2 | 2.13 %
CIP 2G 3.6 pm 15.17KQ | 1.40 %
CPP G ~20 nm 0.18K€2 0.10 %
CPP 2G ~ 40 nm 0.32K2 1.05 %

Table 5.2: Understanding the R and MR difference for G and 2G for CIP and CPP

configuration

5.2.2 Resistance

Figure. 5.4 shows the resistance trend for the CIP and CPP structures. The analysis
of the resistance trend for CPP device can be explained by splitting the resistance
contribution from three layers namely

a) top granular film (R1)

b) tunneling across the barrier from top to bottom granular film (R2)

c) bottom granular film (R3) and

as shown in fig. 5.5.

The zero field conductance contribution can be explained based on the conduc-

tivity term described by Inoue and Maekawa in their paper [25]

G = Go(1 + Pcost)el~2rs=¢/sKpT) (5.1)
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Figure 5.4: CIP and CPP resistance trend for G, 2G and Xy 5., to Xisnm. CIP
trend is similar to what was observed in chapter 3. For CPP the resistance increases
with increasing oxide thickness of the central layer

where Kk = \/@ , ¢ is the barrier height,

c=ksE. ,

E. = 4s(e*/ed)/(d + 2s) is the charging energy [23],

s is the thickness of the barrier between the grains d is the grain size, P is Co
polarization factor and 6 is the magnetic orientation of the grain with respect to
the applied field and Gy is the conduction when polarization is zero.

The first term in the exponent represents the tunneling between two electrodes
separated by distance (s) and the second term accounts for the charging energy
contribution for the grains. The following paragraph explain the trend for CIP and
CPP case.

CPP device : In general, the resistance monotonically increases with thickness
of HfO, insert for the CPP devices. The sample G would have less than 10 grains
along the conduction path and hence the associated resistance is lower. Compared

to this sample 2G has twice the number of grains and hence has higher resistance.
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The films with 1.5 nm and 3 nm insert which do not have continuous central oxide
layer show slightly higher resistance than 2G. Figure. 5.5 shows the equivalent
resistor model for films having insert thickness greater than 5 nm. For these films,
the resistance contribution layer from the bottom granular film (R3) are expected to
be similar to that of sample G. Sample X5, followed by Xip.m and Xis,,, has the
largest grain in the top layer. So resistance is the top layer (R1) is lowest for X,
followed by Xignm and Xis,.,. Other than this, there is increase in resistance for
tunneling across the central barrier which is related to the thickness of the inserted
oxide. As a result, the resistance due to the tunneling component from top to
bottom layer (R2) increases with increasing oxide thickness and so does the overall
resistance. This is observed clearly in the fig. 5.4 that for CPP devices there is two
orders increase in resistance from sample G (~200 Ohms) to sample X5, (~33,000
Ohms) because of the central tunneling barrier.

Device Equivalent resistor
cross section model

[o) (@)
020 —— 1| R1
oO
0-0Qo '
1 2| R2

o
o)

O
o
o
()
w
A
[#4]

(@
°O

Figure 5.5: Equivalent resistor model for the CPP device with insert thickness
greater than 5 nm

CIP device : The resistance trend for the CIP devices follows the trend ex-

plained in the previous chapter. Sample 2G being thicker than G has greater number
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of tunneling paths and hence has a lower resistance [80,83]. As far as the discon-
tinuous inserted layers are concerned (Xj 5., and Xs,,), the resistance is closer
to G than to 2G. This can be explained based on trend of roughness (fig. 5.6) as
discussed in section 3.2 of chapter 3. Sample X; 5,,, followed by X3,,,, has maximum

roughness because of the high discontinuity of the inserted oxide layer.
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Figure 5.6: RMS roughness trend for G, 2G and X1 5, t0 Xi5um

As seen in the previous chapter, it can be seen that the discontinuity causes the
resistance behavior to be different from 2G and similar to that of G. In the case of
continuous inserted oxide layer (Xs,,,, onwards), the bottom layer is sputtered in the
same way as G and hence has the same grain size distribution as G. However, the
grain sizes in the top granular film are influenced by the roughness of the underlying
inserted oxide layer. The grain sizes in the top layer are comparatively larger than
that of the bottom layer as seen from the M-H loops (fig. 5.3). Therefore the M-H
loops for the samples with inserted oxide show a significant change in grain size
distribution compared to G, which is the contribution from the top granular film
layer. The CIP conduction can happen through the top or bottom layer or through

both. If the conduction was through the bottom layer, the resistance is expected
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to be equal to that of G. But the resistance seen in this case is slightly lower than
that of G indicating the fact that the conduction is majorly due to the top layer of
the film.

5.2.3 MR for CIP and CPP devices
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Figure 5.7: CIP and CPP MR ratio comparison for G, 2G and X; 5,m t0 Xisum

Figure. 5.7 shows the MR trend for the CIP and CPP structures for in-plane
magnetization measurement. In general MR for CIP is greater than that of CPP
devices.Before going into the details, first the CIP and CPP MR curves for the
samples are analyzed. Figs 5.8 and 5.9 show the MR curves for CIP and CPP
measurement for all the samples and it can be seen that the MR curves for CIP
and CPP devices are visibly different. It is known from chapter 3 that the CIP
MR for structure with continuous insert is majorly due to tunneling in top layer of
the granular film. The shape of the MR curves in the case of CIP curves follows
the M-H loop. However for CPP case, it is not quite apparent. So the normalized

resistance is plotted for Xs,,, - Xisum in fig. 5.9b. It can be seen that CPP MR
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curves also follow the trend of the M-H loop, but are not as steep as the CIP MR
curves. This trend is valid for rest of the structures also and indicates that not all
grains in the CPP structure take part in conduction. The other reason is presence
of high electric field tunneling in CPP structures [6,37]. The structure Xs,,, has the

highest improvement in CIP MR ratio and it verifies the result obtained in chapter

3.
cip cPP
-4000  -2000 0 2000 4000 4000 -2000 0 2000 4000
e ) R A — 175.332 T A W —
175.256 .ﬁ\l
18240 i 256 |- f \\ i
18120 _ 175.180 |- 4‘ . ]
A " N
18000 ] 175104 \'\"x- |
‘;‘ .-l 1 1 | ‘;;‘ 1?5 028 1 1 1 L -l
E 5190 1—-— CIPCG) Ir. 1 E 15046 [[—=—CPP(2G) ]
o (@)
T r . T e | o |
[ &) o
% 15050 |- i\\. = % 308.46 [ \. -
i} i =
= ©
14980 | . 7 L J
g g 307.49 .‘//"
17900 L ! L i 1
—m— CIP(X1.5nm) m— CPP(X1 5nm)
17800 |- A 4 3487 1
17700 | >, ) 347.6 / 4
P
1 o 3465 4
17600 - .'/ \\ ] “‘-l.\
§ L] L L
3454 4
17500 L 1 L 1 1

.4000 2000 0 2000 4000 4000 ZDDO 0 2000 4000

Field (Oe) Field (Oe)
Figure 5.8: CIP and CPP MR curves for samples G, 2G and Xy 5,

CPP device : The CPP MR trend in fig. 5.7 shows that that the MR for the
CPP structures is lower than that of CIP structures. This is due to the average
number of grains traversed by the electrons through the devices [37]. In case of CIP
device, the electrons have to tunnel through ~4 pum along the device, whereas in
the case of CPP device the electrons have to travel the effective thickness of the

device, which is ~55 nm for X;5,,,. The number of grains in between the electrodes
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of a CIP device(~1000 grains) is far higher than those in case of CPP device (~10
grains).Hence the number of grains traversed in the CPP case is far lower than CIP
leading to the visible difference between the values of MR. The other issue is the
effective field experienced by the grains in a CPP device is far higher than that
for CIP because of the effective channel length. This leads to high field induced
tunneling in CPP devices and hence lower effective MR as this effect is independent
of magnetic field [37,102]. Kakazei et al. observed this effect for discontinuous
metal-insulator (DMI) multilayer of CoggFegy and Al;O3. They found the MR ratios
to be ~6.5 % and ~2.3 % for CIP and CPP respectively at room temperature and
attributed the difference to be due to high electric field regime effect for CPP [37].

In case of sample G and 2G, the films are homogeneous and the since G is
thinner than 2G, the conduction path is smaller leading to a lower MR than 2G.
The CPP resistances and MR are very similar for the case of 2G, Xy 5,,, and X3,,,,
as the inserted oxide layer formed is not continuous. But in case of the Xz, Xi0nm
and Xjis,,, the inserted oxide becomes continuous and hence the obtained MR is
different from the rest of the samples. As seen from the fig. 5.5, the resistance and
MR component can be broken into three components: top, central and bottom. The
top and bottom contributions are from top and bottom granular films respectively
whereas the central component refers to the bottleneck tunneling from the top to

the bottom layer in the granular film. Then the MR ratio for X,,~5,., is given by

ARy + ARy + AR3
MR =
Ry + Ry + R3

(5.2)

where AR,, and R,, are change in resistance and resistance contribution from each of
the three layers described in 5.5. From the M-H loop it is known that the saturation
magnetic moment at ~ 10 kOe is greater for the X,,~5,,, structures compared to 2G

or G. Since the bottom layer for X,,~5,, has same grain size distribution as G, the
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top layer contributes more to the magnetic moment as seen from the M-H loop and
therefore has comparatively larger grain size than the bottom layer. It is know that
the conduction between grains can be expressed by eq. 5.1 where the term 6 is the
angle between the magnetization of the grains. If the two grains are well oriented
along the field 6 is small and if the grains are not oriented 6 is large. Larger grains
will orient themselves much easily along the field and tunneling between them will
have lower # as compared to smaller grains. Therefore conductance is higher for
larger grains at a given field as seen from eq. 5.1. From this it can be concluded that
AR; > AR5 and it is known from the previous section that Ry < R3 . Therefore the
effective MR change contribution for the top layer is higher than the bottom layer.
This analysis is based only on spin dependent tunneling and does not consider high
electric field induced conductivity which is actually magnetic field independent [37]

and leads to MR ratio reduction.
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Figure 5.10: Calculation of electric field across the various device structures(G, 2G
and Xi 5um to Xisum) by passing a constant current of 1 pA and measuring the
resistance
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The measurement for the case of the CPP structures is done by passing a con-
stant current of 1 uA and the resistance is measured. From this the approximate
electric field across can be calculated and is plotted in fig. 5.10. The electric field
across structure G is

8.7 uV/nm and it drops to 8 uV/nm for structure G. So sample G has not
only smaller channel length but also higher electric field leading to a drop in MR.
As the thickness of the insert is increased from 1.5 nm to 15 nm, the electric field
changes from 8.41 puV/nm to 616 uV/nm. So the effective field across oxide layer
increases with thickness of the oxide layer and starts to affect the high field induced

tunneling [37] leading to lower MR ratios.
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Figure 5.11: Illustration of CPP conduction a) bottom granular film only b) top
granular film only ¢) both top and bottom film in the proposed structure

Other than this, we can do further analysis on the CPP conduction by indi-
vidually separating the top and bottom granular films layers and understand the
conduction. Then the most probable conduction path when the individual films are
considered, will be based on grain size and charging energy for that particular layer
such that lowest resistance is obtained. This is shown in fig. 5.11(a) & (b). How-

ever when both the films are considered as one single device structure along with
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the inserted oxide layer, the effective conduction mechanism in each layer becomes
interdependent. The inserted oxide layer has its own roughness and it becomes the
most crucial factor for conduction. It is already known that the top layer has larger
grains compared to the bottom layer. When considered as individual films, the
former and latter will have different probable paths for conduction. However when
they are part of the same structure the path maybe totally different than in indi-
vidual films because of the grain location,roughness and thickness of the inserted
oxide. In other words, the central tunneling layer between the the top and bottom
granular film plays an important role in the choice of tunneling paths. Because of
the restriction on the tunneling paths due to this layer, grain sizes involved and
the number of grains involved in conduction, the overall MR ratio reduces for the
inserted oxide films as compared to sample 2G.

CIP device : As far as the CIP MR is concerned, the MR trends at room
temperature are similar to the experimental results discussed in chapter 3. The
M-H loops (fig. 5.3) for 2G, X s5,m and Xs,, deviate only by a small margin.
Generally, they have similar grain sizes, but their resistances and MR ratios are
very different because of the discontinuity of inserted layer which affects the grain
morphology and hence causes a change in conduction and MR ratio for CIP devices.
The MR variation for the films with continuous inserted layer follows the magnetic
moment trend for the same namely, Xs,,, followed by Xi0,m , Xisnm and 2G gives
the best MR ratio. X5, gives lower MR ratio than G because of reasons explained

in section 3.5.5 of chapter 3 based on leakage conductivity.

5.3 Summary

In this chapter, the effect of introduction of different thickness of the inserted oxide

was studied for both continuous and discontinuous inserted oxide for CIP and CPP

132



devices. The CIP conduction is different because the CIP conduction is through
the top layer whereas the conduction for CPP devices is through both the layers.
The number of grains taking part in the conduction for CIP and CPP devices
are different. The effective conduction length (through the granular film) for CIP
devices is ~4 pum whereas it is maximum of ~40 nm for CPP devices. Therefore the
CIP devices have approximately 1000 Co grains whereas CPP has approximately 10
Co grains along the tunneling path (because of channel length), leading to a higher
resistance in the case of CIP devices compared to CPP devices. Also the high electric
field tunneling is dominant in CPP structures which is magnetic field independent
and hence the MR ratios for CPP devices is lower compared to CIP devices. As
observed in the previous chapter amongst the CIP devices, the continuous inserted
oxide have a better MR and resistance than the standard structure 2G, indicating
the fact that inserting an oxide layer enhances both the resistance and MR ratio by
changing the grain size distribution along with the roughness. In the case of CPP,
the inserted layer causes a reduction in number of tunneling paths and this coupled
with the fact that the length of the conduction channel is smaller (high electric
field) than the CIP devices gives a lower MR for all the inserted oxide devices. This
shows that as the thickness of the CPP devices without oxide insert is increased it

will lead to improved MR ratio.
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Chapter 6

CPP devices based on insertion of
soft magnetic layer in Co-HfO»

granular films

Chapter 5 discussed the difference between CIP and CPP devices based on the HfO,
insert and it was found that CIP MR ratios are always higher than CPP devices.
The tunneling between the grains is dependent on magnetic orientation of the grains
as well as the charging energy of the grains. However the thermal generation of
electrons as well as the high electric field induced tunneling are undesired in such
samples. The high electric field induced tunneling being less sensitive to magnetic
field causes lower MR in CPP devices. We investigate a method to enhance magnetic
field and overcome the high electric field effect in CPP devices.

To enhance magnetic field, soft magnets are used in conjunction with granular
films. The most common method is the Granular in gap (GIG) structure described
in chapter 1, which consists of a granular film in between a couple of soft magnetic
metal films [7]. The large magnetic flux equal to saturation magnetization of the

soft magnetic film is generated in the narrow space of the gap even when low ex-
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ternal field is applied which leads to enhancement in MR ratio at lower fields. We
investigate the effect of soft magnetic inserted in the CPP granular films. Permal-
loy (Py) is one of most widely researched soft magnet and Py with composition

NiggFeggwas used in this study.

6.1 Effect of Py on magnetic field: Finite Element
Method Magnetics simulation

The insertion of Py layer in the granular film changes the magnetic flux characteris-
tics of the system and it is essential to understand these changes. For this purpose
2D Finite Element Method Magnetics (FEMM) simulation [117] simulations mod-
eling is made use of to understand the effect of soft magnet on the variation in
magnetic flux. It is known from the GIG experiment that the major flux change is
introduced by the soft magnet and the granular film does not play such a major role
in changing the flux [7]. For the modeling, the constant field of 0.36 T is generated
using two NdFeB permanent magnets. Since the experimental MR ratio is measured
experimentally at maximum field 0.4 T, the simulation serves as a good basis for
comparison. In order to verify the application of the 2D FEMM model, first the
simulation is done for the well known CIP based GIG structure and then the other

configurations related to the proposed structure are evaluated.

6.1.1 CIP GIG structure

The CIP based GIG structure was fabricated by Kobayashi et al. and it was identi-
fied that by using FeggNizy as the soft magnetic layer for CoszgY14047 granular films
enhanced the MR by 250 times compared to films without the soft magnet [7]. This

increment was due to the enhancement in stray flux between the electrodes due to
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the soft magnetic layer. The schematic for this configuration is shown in fig. 6.1a.
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Figure 6.1: Schematic of GIG structure (Top view ) :
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As discussed earlier, the CIP based GIG structure has been one of the most re-

searched structure for flux improvement and it can be verified from the FEMM sim-

ulation shown in fig. 6.2. The simulation is generated by employing two 300(length)

x 200(width) nm Py electrode. The applied field is ~0.36T while the field within

the Py layer is of the order of 0.9T and in between the two Py electrode is around

0.65T indicating the fact that the field is enhanced. This verifies the observation of

Kobayashi et al. [7]
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Figure 6.2: FEMM simulation of CIP GIG structure
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Similarly for CPP structures, we first study the effect of Py films being parallel

and perpendicular to the field.

6.1.2 Single Py film parallel and perpendicular to field

The FEMM simulation is implemented for single layer Py with the field application
being parallel and perpendicular to the film as seen in fig. 6.3a. The thickness of
the Py layer is 20 nm (thickness) x 500 nm (width). It can be seen from fig. 6.3a
that when the Py layer is parallel to the field, it draws the flux and there is flux
enhancement in the Py layer (~1.4 T) while closer to the edges the field rises to
~0.7 T . The flux in the the central region around the single electrodes reduces to
~0.25 T. For the other configuration where the film plane is perpendicular to the
applied field (fig. 6.3b) there seems to be no enhancement and this matches with the
observation by Kobayashi et al. [7] for their GIG device. So the field enhancement
is achieved only when the field is applied in-plane (Py layer parallel to the applied
field).

6.1.3 Thickness limitation of Py layer based on fabrication

constraints

Although the fabrication of the CPP device has already been done in the last chap-
ter, it is discussed again for easier reference. Figure 6.4 shows the four photo-
lithography steps involved in the fabrication of CPP devices. Step 1 shows the
deposition of the Cr/Au bottom electrode which is approximately 25-30 nm in
thickness. Then in the second step, the active device layer is deposited on the elec-
trode followed by oxide insulation in step 3. This oxide layer helps to electrically

isolate the top and bottom layer. The active device layer area is ~ 10 um x 10 pm
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Figure 6.3: FEMM simulation of Py film (a) parallel to applied field (b) perpendic-
ular to applied field

and at that scale the third step namely liftoff of the oxide layer poses a problem.
The central hole covered by the resist cannot lift for high thickness of the films.
Therefore, thinner oxide layer is preferred which in turn affects the maximum ac-
tive layer thickness. It was found that up to a thickness 100nm of oxide layer, there
are no lift off issues. Since the approximate thickness of the bottom electrode is 25
nm, the thickness of the active device layer can be unto a maximum thickness of
~75 nm. In the previous chapter, it was found that 20 bi-layers of Co and HfO,
gave the best CPP MR with approximate thickness of Co and HfO, being 1 nm.
So the effective maximum thickness of the soft magnet used for the experiment can
only be around ~35 nm.

The fabrication of CPP based structure with two electrodes is shown in fig.
6.5a. The electrodes are Py with granular films in between. However, due to
the restriction on thickness of Py as explained above, a modification is proposed

wherein the soft magnetic layer (Py) is inserted between the magnetic film(fig.
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Figure 6.4: Schematic of CPP fabrication based on Py insert
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Figure 6.5: Schematic of (a) CPP structure with two Py electrode (b) Proposed
modification with single Py layer

6.5b). To understand the variation in magnetic flux because of the insertion, FEMM
simulations have been implemented for both these structures.

Fig.6.6 shows the FEMM simulation for two electrode system and single layer
Py system.

Two Py electrode: Figs.6.6 a & b represent the two electrode system where
the granular film is supposed to be in between the two electrodes as shown in fig.
6.5a. The dimensions of the Py electrode are 20 nm (thickness) x 200 nm (length),
while the separation between the electrodes (equal to thickness of the granular film)
is 20 nm and 40 nm for the structures in figs.6.6 a and b respectively. The purpose
of this simulation is understand the change in magnetic flux when the thickness of

the granular film changes. It should be noted that the Py layer shows a maximum
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field of 1.4 T at the center of the Py film for both the cases. In the two electrode
system in fig. 6.6a magnetic flux as high as 0.7 T (yellow colour) is found at the
edges of the configuration. The area of influence is around 20 nm from the edges to
the center of the film. However the field drops to 0.25 T in most of the central region
between the electrodes. As the separation between the two electrodes increases to
40 nm (fig. 6.6b) the influence of edge field (0.7 T) in terms of area decreases even
further and the majority of the region between the two electrode has 0.25 T. So
in this configuration the field enhancement effect is reduced as the thickness of the
granular film increases.

Single Py layer: Fig.6.6c & d represent the single Py layer inserted in between
the granular film as shown in fig. 6.5b. The dimension for the Py layer in figs.6.6¢
and d are 20 nm (thickness) x 200 nm (length) and 40 nm (thickness) x 200 nm
(length) respectively. For both the cases, the Py layer shows a maximum field of
1.4 T at the center of the Py film. The Py layer in fig. 6.6c. shows an increase in
magnetic flux at the corners similar to the two electrode system (0.7 T for length
of 20 nm from the edges to the center), however the flux in the rest of the region
surrounding the Py layer has not fallen below 0.3 T. As the thickness of the Py
insert is increased to 40 nm (fig. 6.6d), larger area from the edges to center of the
Py layer have 0.7 T field (~40 nm). The central area under the Py electrode has
only 0.25 T, which however is a very small area. Thus thicker films single Py layer
films seems to have better field enhancement and this combined with the fabrication

limitation leads us to focus on the modified structures shown in fig. 6.5b
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Figure 6.7: Preliminary configuration based on Py insert (a) G (b) G+Py (c) 2G
(d) 2G +Py

6.2 Preliminary Experiments : CPP with single
Py layer

In order to study the MR response of the systems with inserted with Py layer,
we first studied the effect of Py insertion on G and 2G with the Py being one of
the electrodes (i.e without the insertion). The experiment was done to understand
whether G or 2G was more optimum to be used along with the Py insert. The

following structures were fabricated and studied(fig. 6.7).
1. G
2. G+Py
3. 2G
4. 2G+Py

where thickness of the Py layer is chosen to be 5,10 and 15 nm.
fig. 6.8 shows the MR curves for G, G+Py(5 nm), 2G and 2G+Py(5 nm). It
can be seen that the MR ratio is the highest for 2G as seen in the previous chapter.

However the addition of the Py insert the 2G structure does not seem to show any
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enhancement in MR. Whereas for structures G, the insertion of Py layer (5 nm)
increases the MR ratio rises from 0.107% to 0.156%. This is a change of about 50
% in terms of MR ratio at a field of 4 kOe, which is not enough to saturate the
granular film. This can be explained based on stray flux enhancement discussed in
the previous section. It must be noted that the flux change is significantly higher
at the edge of the structure than at the center. Since 2G is twice as thick as G, the
flux enhancement is not effective over the entire thickness of 2G resulting in no MR
improvement compared to sample G. This was also true for the 10 nm and 15 nm
thickness of Py insert suggesting that G is more suitable for the experiment.
Subsequently, the Py layer is inserted at the center of the granular film. There-
fore a comparison is drawn for G, G+Py (5 nm) and G+Py (5 nm )+G and the
MR response is shown in fig. 6.9a. The structure G+Py has a higher resistance
than G which is expected because of the presence of the Py layer. There is also
an increase in MR ratio which has been explained earlier due to the enhancement
in flux. The G+Py+G structure has higher resistance compared to the aforemen-
tioned structures and it can be seen that it has highest MR ratio among the three,
indicating the fact that the Py layer help improves the magnetic flux at the edges
and enhances both the top and bottom granular film MR. The normalized resistance
curves for the three structures are shown in fig. 6.9b. It can be seen that MR curves
for G+Py and G+Py+G are steeper than for G, indicating the fact the Py insert
improves the response of the structures in addition to improving the overall MR.
Based on these preliminary results, a series of samples are studied where the Py
layer is stacked between two granular films of equal thickness (same as G). The Py
inserted granular film has the following structure : [Co(0.8 nm) +HfO5(1.1 nm)]o
+Py(n)+[Co(0.8 nm) +HfO4(1.1 nm)];o where n takes the value 1.5 nm, 3 nm, 5

nm, 10 nm, 15 nm and 35 nm and the samples are referred to as Ny 5,m, N3nm and
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so on. This is analogous to the structures investigated in chapter 4, wherein the

HfO, is used as the insert.

6.3 Rutherford back Scattering Experiment
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Figure 6.10: RBS of sample N35 showing the contribution of various elements. It is
difficult to discern the ideal peaks of Co, Fe and Ni because of their close atomic
weights

Fig.6.10 shows RBS for sample N3s,,,. Although the energy level(or channels) for
detection for the various elements are different, the atomic weights of Co (Z=27), Ni
(Z=28) and Fe (Z=26) are very close to each other and result in a joint peak as seen
in the fig. 6.10. Therefore, we can make an assumption that the Py film sputtered
on the film has the same stochiometry as the target used (NiggFes) and then fit
that peaks. On the other hand, the Hf peak is independent of the above assumption
and more reliable for analysis of the structure. It shows that the top and bottom
layer are well separated from each other by the central layer. The approximate Co

volume fraction obtained using this data is found to be 35.5 %.
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6.4 Roughness
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Figure 6.11: RMS roughness trend for the samples

The surface roughness of the films are obtained for all the samples and the trend
is presented in fig. 6.11. Insertion of 1.5 nm of Py in 2G causes the roughness to
increase from 1.023 nm to 1.591 nm. At such thickness the Py film is assumed to be
highly discontinuous and possibly leads to the formation of Py grains in HfO,. Then
as thickness of the inserted Py layer increases, the roughness decreases up to 15 nm
of Py insert (1.218 nm) and then increases slightly for Py insert of thickness 35 nm
(1.289 nm). Usually on smooth film surfaces discontinuous films cause increase in
roughness which is the case for 1.5 nm insert. As the thickness is increased, the Py
atoms start to diffuse and fill up the gaps between the films faster than on top of
the films. As a result the roughness starts to decrease which is what is observed in
our case [118].

It should be noted that the roughness trend obtained by varying Py thickness is
same as that obtained using HfO,. Therefore it can be deduced that the nature of
insert will also have similar trend i.e Ny 5,,, will be discontinuous while Ns,,,,, is less

discontinuous. For thickness of insert greater than 5 nm the insert is continuous in
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nature. Therefore the grain size trend is assumed to follow that of the HfO, insert,
such that the inserts with Py thickness greater than 5nm will have larger grain size

compared to the rest of the samples.
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6.5 M-H loop measurement

Figure. 6.12a shows the M-H loops for all the curves and it can be seen that
the sample moment increases for samples with higher Py layer thickness. The
contribution of magnetization comes from both the Py layer and Co grains in the
films. Hence even though the Py has saturated at 12 kOe, the M-H loops slightly
curve upwards which is due to the contribution from the granular film.

The granular films ideally should have zero coercivity but in reality they have
some coercivity and so does Py, depending on its thickness. The difference in the
switching fields of the granular film and Py is expected to be reflected in the M-H
loops as well as the MR curves for the samples. Figure. 6.12b shows the zoom in
view of the M-H loops between -50 and 50 Oe for samples G and 2G which do not
have any Py layer. It can be seen that the samples have a coercivity ~ 5 Oe. Figure.
6.12 ¢ & d shows the zoom in view for samples i) G, 2G, Ny 5.m, Napm and ii) N,
N1onms Nisnm, Nasnm respectively. The effect of change in coercivity of Co and Py is
visible as a kink in samples N5,,,, to Ni5..m, but not in sample N35. This is because
there is a decrease in Py coercivity for the latter and this value being closer to that

of Co there is no visible kink.

6.6 Resistance and MR curves

Figure. 6.13 show the MR curves for the samples obtained at room temperature.
It can be seen that the MR ratio increases from N1 5, - N3sm. The zoom in pic of
the MR curves is shown in fig. 6.14 and it can be seen that the MR curves for Ny -
Ny5 show kink in approximately the same location as seen in the M-H loop (in figs.
6.12 b, ¢ & d). Fig.6.15 shows the MR ratio and resistance trend for the samples.

It can be seen that the resistance increases all the way from G to Nss,,,. On the
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other hand the MR initially drops with the insertion of Py layer and then rises
with increasing Py thickness. Figure. 6.13b shows the normalized MR response for
samples Nx,- Nasm. It can be seen that the MR response becomes steeper with
increasing Py thickness. This is attributed to the flux enhancement of the Py layer

which improves with increasing Py thickness.
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Figure 6.14: Zoom in for the in plane MR measurement for samples N1 5,m- N3sum

Resistance: Asseen in fig. 6.15, there is a jump in resistance from G to 2G due

to the increase in the effective tunneling length across the granular film (discussed

in chapter 4). As Py of 1.5 nm is inserted in the granular film, the resistance

increases from 2G to Ny 5., due to the additional Py layer. As the thickness of the

Py further increases, the resistance also increases monotonically because of increase

in Py metallic resistance.

MR: The grain sizes in structures with Py insert greater than 5 nm have larger

grains compared to the other structures. Therefore the MR in these structure is

due to a) tunneling through larger Co grains in the top layer b) tunneling in the

bottom layer ¢) tunneling between larger Co grains and the Py layer (top layer ) d)

and tunneling between the Py layer the Co grains (bottom layer). Since the bottom

layer are same for these structures, the enhancement in MR seem with increasing

153



Py thickness is due to larger Co grains in the top layer as well improved tunneling

between Py layer and Co grains .
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Figure 6.15: Variation of resistance and MR with Py thickness. Both R and MR
increase with increasing Py thickness

Compared to 2G, the MR ratio drops with inserted Py layer of 1.5 nm. From
the roughness of the insert, it can be deduced that the 1.5 nm Py insert is highly
discontinuous in nature. Therefore they form a thin Py-HfOs granular film at the
center of the film. Therefore if the Py grains behaviour is similar to Co , then
the MR ratio should be similar to that of 2G. However the Py grains have different
polarization compared to Co and hence there is reduction n MR because of tunneling
between Co and Py grains. As the thickness of the Py layer is increased to 3 nm,
the film becomes more continuous and it can help in flux enhancement. In general,
increase in MR with increasing Py thickness (greater than 3 nm) is expected based

on the FEMM simulations and is explained in fig. 6.16. In the absence of the Py
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layer, the magnetic field is uniform. When the Py film is introduced, it bends the
flux lines and makes them pass through the Py layer (fig. 6.16 b). As the thickness
is further increased, this effect becomes more pronounced (fig. 6.16 c). It should
be noticed from the FEMM simulations (figs. 6.6 ¢ & d.) that the Co grains closer
to the edges of the Py layer experience an enhanced flux(~ 0.7 T) and this area
of influence of the enhanced flux increases with thickness of the Py film. So the
electrons tunneling through this region will have reduced high field effect tunneling

because of the enhanced magnetic field and hence the MR ratio improves.

(a) (b)

(c)

Figure 6.16: Model of magnetic field based on FEMM simulation discussed earlier
a) Absence of Py layer b) Presence of thin Py layer ¢) Presence of thicker Py layer

Structure 2G has the same total thickness of granular film as the inserted struc-
tures. It should be noted that MR field response became steeper with increasing
Py thickness (fig. 6.13). Therefore we have compared the MR curves for Nss,,
and 2G to understand the low field response. The MR ratio curves are calculated

as MR(H) =1 — R?gi)o), where H is the applied field and R the resistance and is

shown in fig. 6.17. It can be observed that the structure with Py insert of thickness
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35 nm has a steeper rise in MR response compared to sample 2G in the field range
of 0 - 700 Oe. Therefore N35,,, is more sensitive to the magnetic fields between 0 -
700 Oe compared to 2G and is mainly due to the flux enhancement by the Py layer

at such fields.
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Figure 6.17: The MR ratio curve for sample 2G vs. N35

Overall, the MR trend increases with Py thickness as seen from fig. 6.15a . The
maximum thickness that we were able to fabricate was 35 nm because of fabrication
limitation explained in section 6.1.3. It is expected that as the thickness of Py
layer is increased beyond 35 nm, the MR will further improve because of the stray
edge field enhancement explained in figs. 6.6 ¢ & d. Figure. 6.18 shows the flux
distribution for 100 nm thick Py film. It can be seen that the flux at the center of
the Py film has reduced to 0.75 T (compared to 1.3 T in figs. 6.6¢ & d) . Even the
field at the edges of the film influencing the granular film has reduced to 0.6 T and
it decreases from edge to center of the film. However the area of field enhancement
from the edge to center is higher for this film (~ 90 nm). It can also be noticed that

the enhancement of the flux along the vertical direction has also increased. Hence

156



thicker granular films can also be used for field enhancement. However there would
be a limit to this effect and beyond a particular thickness of Py the MR would
start to drop as thicker Py layer will more efficiently channel the flux through itself
and the fringe flux enhancement benefits at the edges will reduce as seen from the
FEMM simulation.

200 nm

100 nm 0.75T 0.7T

0.6T
0.3T

Figure 6.18: FEMM modeling showing flux enhancement for 100 nm thick Py layer

6.6.1 Comparison with Py insert with HfO, insert

The inserted Py layer induces roughness change similar to the case of HfO, and it
becomes important to understand the variation in MR for the two cases. The MR
ratio comparison for Py and HfO, insert are shown in fig. 6.15b. The MR ratio
for the HfO, insert drops with increasing insert thickness. This is majorly due to
the choice of paths being influenced by the central tunneling barrier, grain size in
the top granular film layer and high electric field induced tunneling. This has been
discussed in depth the previous chapter. For the Py insert the MR ratio increases
with Py thickness and it was found that this effect was induced by the fringe flux
enhancement of the Py layer. This effect increases with increasing Py thickness.
This shows that effect of the magnetic field is the case of Py is more significant than
the grain size increase expected for films with insert thickness greater than 5 nm.
The two graphs intersect at a thickness of 13 nm and at this thickness of Py layer,

the flux enhancement has started to show improvement by reducing the high-field
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Figure 6.19: Comparison of MR variation for Py and HfOsinsert with varying thick-
ness
induced tunneling. This flux enhancement increases as the thickness of the Py layer

is further increased.

6.7 Summary

Kobayashi et al. proposed the GIG structure to improve the low field MR response
of Coz9Y 140,47 granular films and they observed a improvement in MR by 250 times
using FeggNigy soft magnetic layer [7]. The motivation for the CPP based Py inserted
structures discussed in this chapter is to help improve the MR response in these

structures by reducing the high field induced tunneling which was observed in the
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HfO, inserted structures. The Py layer was able to generate fringe magnetic field
which helped in MR improvement. The thickness of the Py layer was varied and it
was noticed that the MR increased with increasing Py layer and this was attributed
to the flux enhancement at the edges of the Py layer. Compared to the HfO5 inserted
structures, it was observed that Py thickness of greater than 13 nm was required
to reduce the high field induced tunneling an and hence improve MR . Py layer of
thickness 35 nm was compared with 2G and it was found to have a improved low

field response than 2G in the field range of 0-700 Oe.
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Chapter 7

Conclusion and Future Work

In this thesis, the fabrication and characterization of devices based on Co-HfO,
granular films is reported. The granular films were fabricated using sequential sput-
tering. The choice of film is justified because of reduction in Co-oxides due to higher
bond energy of the Hf-O bond. We first analyzed the properties of the bulk struc-
tures G and 2G consisting of 10 and 20 bilayers each of Co and HfO, respectively.
Sample G was found to be optimum in terms of CIP MR as opposed to sample 2G
and together they formed the basis for comparison in this thesis. After understand-
ing the bulk properties, the microdevice properties were analyzed for these films
and it was found that the performance of microdevices was better in terms of MR
compared to the bulk, at the same time showing a higher resistance compared to
bulk films.

The main contribution of this work are summarized below.

1. By controlling the roughness of the insert layer, different types of transport and
properties were obtained for the granular films. This was achieved by inserting
HfO, layer in between granular films and varying the insert thickness from 1.5
nm to 15 nm. The experiment was designed such that the top and bottom

films formed were equal in thickness (and number of bilayers) to sample G,
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which gave the optimum CIP MR ratio. For thickness of inserted oxide less
than 3 nm, it was found to be discontinuous and for films greater than 5 nm
it was found to be continuous. The discontinuous films affected the grain
size in such a way that, these samples with insert thickness of 1.5 nm and
3 nm showed trends towards Coulomb Blockade. The former was the only
sample which showed a visible Coulomb Blockade and higher order tunneling
characteristic at 10.2K. Due to higher order tunneling, the MR ratio of the

sample jumped from 1.7 % at 20K to 3.84 % at 10.2 K.

. The continuous oxide films fabricated using the above method induced forma-
tion of larger grains in the top granular film layer as compared to the bottom
layer and the major conduction was along this top granular film layer as it had
a lower resistance compared to the bottom layer. Compared to sample 2G,
structures with insert thickness between 5nm and 15 nm showed improved MR
ratio. However the structures with 10 nm and 15 nm insert showed lower MR
ratio compared to sample G because of the presence of leakage conductivity,
which reduced the effective MR ratio. The leakage conductivity was observed

to increase with increasing inserted oxide thickness.

. A simulation model based on Monte Carlo method was implemented to find
the CIP transport properties of the proposed structure. The model made use
of the experimental M-H loop to find the grain size distribution and generated
a grain size matrix with random location in order to simulate the granular
film. Then the MR was calculated based on the resistive network mode. The
simulator gave comparable results for most structures except for the 10 nm
and 15 nm insert. The simulated MR was higher than the experimental MR
for these structures and this can be attributed to the fact that experimentally

these films are affected by leakage conductivity.
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4. CPP structures were fabricated using the proposed structure to understand
the difference in transport properties between CIP and CPP devices. The CIP
conduction for proposed structure is different from CPP conduction because
CIP conduction is through the top layer whereas the conduction for CPP
devices is through both the top and bottom layers. However, the number of
grains taking part in the conduction for both the CIP and CPP devices are
different and the effective conduction length(through the granular film) for
CIP devices is ~4 pum whereas it is maximum of ~40 nm for CPP devices.
Therefore the CIP devices have approximately 1000 Co grains whereas CPP
has approx 10 Co grains along the tunneling path. Other than this, the CPP
devices experience high electric field induced tunneling because of their smaller
channel length (thickness). This tunneling is independent of the magnetic field
and as a results leads to reduction in MR. The resistance for the CPP is lower
than that of the CIP devices and it was found that sample 2G had a better
CPP MR than the other structures indicating the fact that greater thickness
of the granular film without the insert would improved MR and reduce high

electric field induced tunneling in CPP devices.

5. A flux enhancement technique was proposed for CPP devices in order to im-
prove their MR ratio. This was achieved by inserting soft magnetic Py layer
between the granular film. The thickness of the Py films was varied between
1.5 nm and 15 nm and it was found that MR increased with Py thickness.
This was attributed to the flux enhancement capability of Py layer especially
at the edges. As the thickness of the Py layer was increased the edge to cen-
ter field enhancement also improved and as a result, MR improved. So this
structure was able to enhance the MR by countering the high electric field

effect observed in the case of HfO4 insert.
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7.1 Future work

Hafnium oxide was chosen as the oxide insert to make sure that film was homogenous
in terms of the oxide used. However it would be interesting to study the system by
changing the central insert oxide e.g. SiOs, AlyO3. It would be interesting to study
the difference in properties because of the oxides used.

There have not been many devices showing the interplay of tunneling and scat-
tering in the same device. There have been research study where MTJ based spin
valves have been fabricated and tested. But the purpose was for current induced
magnetization switching and not the study of interplay of tunneling and scatter-
ing [119,120].The research on metallic and insulating granular films have been done
separately but there has been no article researching their combined structures. It
is well known that insulating granular films are characterized by phenomenon of
coulomb blockade and spin dependent tunneling, whereas metallic granular films
such as Co-Cu Co-Al, Co-Ag, Co-Au are characterized by spin dependent scatter-
ing. The latter properties are very much similar to GMR devices such as spin valves.
The metallic granular films can be thought of as layers in spin valves sputtered
discontinuously. So it would be interesting to study the joint stack of FM-metallic
and insulating granular film structures. The former’s MR ratio depends on the
scattering phenomenon, whereas the latter’s MR ratio depends on tunneling.

Also, there are additional parameters which can be used in the measurement
and characterization of granular films. The grains and the insulator in the granular
film form a system of series and parallel capacitance. This can be altered by varying
the FM volume fraction and the insulator. This capacitance changes with applied
field and is referred to as magnetocapacitance [121-124] and could prove a useful

tool for analysis of granular film.
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Appendix A

Dielectric constants and Band gap

for different insulators

The following table shows the static dielectric constant (K) and experimental barrier

for the various dielectrics (taken from ref. 124).

Barrier

Dielectric Dy

Material constant (eV)
Si;N, 7.8 2.1
AlL,O, 9 2.8
Y,0, 15 2.3
Zr0, 25 1.4
HfO, 25 1.5
Ta,0- 26 1.1
La,0, 28 2.3
TiO, 80 1.2

Table A.1: Dielectric constant and energy barrier for different dielectrics
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