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Abstract

Novel magnetostrictive FeGaSiB thin films are of interest for potential applications such as
magnetostrictive sensors. The growth parameters of the fabrication method and adding non-
magnetic elements such as Ga can influence the structural, magnetic, and mechanical
properties of the amorphous FeSiB thin films.

This thesis investigates experimentally the effect of the growth parameters and adding Ga
into amorphous FeSiB films on these properties. Both the amorphous magnetostrictive

FeGaSiB and FeSiB films were fabricated on Si (100) substrates using a co-sputtering and
evaporation technique. The differences in the structural, magnetic, and mechanical properties
of magnetostrictive FeGaSiB and FeSiB films were investigated and compared.

It was found that for all the films, changing the growth parameters and adding Ga did not
affect the morphology of the films, as they all had amorphous structures. The magnetic
properties and the saturation magnetostriction constants of both the FeGaSiB and FeSiB films
were influenced by the film thickness, growth parameters, and the Ga content.

It was found that the highest magnetostriction constant of FeGaSiB film was deposited at the
lowest Ar gas pressure, par, (4 ubar), lowest power Presig, (20W), and Ga rate (0.2 a.u.) for a
50nm thick film. The magnetostrictive FeGaSiB films had mechanical properties lower than
the magnetostrictive FeSiB films and for both films, the mechanical properties were

influenced by the film thickness and type of substrate.
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0, 0 03 Direction Cosines of Magnetization Vector
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Chapter 1 Introduction

Recently, the development of magnetic amorphous materials for Micro-Electro-Mechanical
System (MEMS) applications such as low field sensing devices [1, 2] has become of interest.
The requirements of sensor devices that include a magnetostrictive thin film is a high
magnetostriction constant induced under low saturation field. Thus to improve the efficiency
of these devices, these properties have to be investigated [3]. One of the main materials of
interest is magnetostrictive Fe-based amorphous thin films [4, 5], such as FeSiB (Metglas)
and FeSiBC (Metglas) [6-8].

There has been a wide range of experimental research carried out on ferromagnetic
amorphous materials in ribbon form [9], [10], which show unique magnetic properties such
as a large magnetostriction constant, low saturation field and soft coercivity. These properties
are an encouragement, such that amorphous ribbons are promising materials for applications
such as sensors and actuator devices. In spite of their unique magnetic properties, these
materials have high stresses in random orientations, which lead to complex domain
structures. Further disadvantages of these amorphous ribbons are that they can become brittle
after annealing and because of their large dimensions (microns), they are not suitable for use

in nano dimension devices.

For example, FeSiB ribbons with thickness 23 pm, magnetostriction constant 27 ppm,
saturation field <20 kA/m, and magnetization 1241 kA/m are useful in applications such as
low core loss at high frequencies >1kHz, transformers, magnetic sensors, and motors [11-13].
However, MEMS applications often require a larger magnetostriction constant (1,> 50 ppm)
and a smaller anisotropy field (Hx < 10 kA/m). Therefore, FeSiB ribbon alloys do not achieve
these requirements. Thus the interest in FeSiB thin films has increased, with many studies
being carried out to investigate their soft magnetic properties, so that they can be used in
MEMS applications such as low field sensors [14].

Adding non-magnetic elements such as Al, Be, Ga [15-17] into crystalline Fe-based alloys
have helped to improve their magnetic properties and magnetostriction constant. For
example, the addition of Al in the percentage of 17% into Fe produced a magnetostriction

constant of about 140 ppm [15], while Be addition of 6.8% into Fe produced a
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2 | Introduction

magnetostriction constant of about 101ppm [18]. Further, adding Ga into Fe with a Ga
percentage between 4% and 27% [19] causes a considerable increase in magnetostriction
constant, 4100, Which reaches two maximum values; 265 ppm at the Ga content of about 19%
and 235 ppm at the Ga content of 27%. However, as these films are polycrystalline, they have
magnetocrystalline anisotropy, thus have a high saturated field, which is not suitable for low
field applications. Therefore, amorphous thin films, such as FeSiB, which have no
magnetocrystalline anisotropy, could be a better candidate to study their magnetic properties
by adding non-magnetic elements. Thus the investigation of gallium, Ga, which is a non-
magnetic material, has been chosen as an additive element into FeSiB films, to answer the
main questions of this thesis. These include how the addition of Ga to FeSiB films influences
the structure, magnetic properties, magnetostriction constant and mechanical properties of
these films under different growth parameters. Therefore, it was necessary to investigate the
effect of growth parameters on the properties of FeSiB film before adding Ga, using the same
growth technique. Hence, studying the effect of growth parameters on the properties of FeSiB

and FeGaSiB films allows a comparison of the results.

For the fabrication of FeGaSiB thin films, a co-sputtering- evaporation technique was used
with a range of growth parameters. The chamber for this technique is designed to allow the
sputtered atoms of the FeSiB Metglas target and evaporated Ga atoms to move together
through the plasma toward the substrate. Changing the growth parameters, such as FeSiB
target power, sputtering Ar gas pressure, and the Ga evaporation rate, allows films to be
grown with a range of compositions. Using this technique achieved the addition of Ga into
the FeSiB thin films and the successful fabrication of FeGaSiB thin films. Therefore,
changing the growth parameters and adding Ga were the main sources, which influenced the

magnetic properties of the magnetostrictive amorphous thin films.

1.1 Outline of the thesis

This thesis involves eight chapters, which can be briefly presented as follows:

Chapter 2 presents the fundamentals of magnetism and magnetic materials, an overview of
the different magnetic anisotropies and associated energies, and the magnetostriction effect

including the magnetization-dependent stress is included.
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3 | Introduction

Chapter 3 presents a detailed literature review of the previous research work carried on
magnetostrictive materials, including polycrystalline thin films such as FeGa and amorphous
thin films such as FeSiB, FeGaB, and FeB.

Chapter 4 covers the major experimental techniques used to fabricate and characterize the
samples. It includes sample preparation, structural techniques and magnetic techniques used

to characterize the samples.

Chapter 5 presents the experimental result obtained from adding Ga to FeSiB film as a
function of film thickness on the structure, magnetic properties, and magnetostriction

constant of both FeSiB and FeGaSiB thin films. The results for both film sets are compared.

Chapter 6 presents the investigation of the influence of the growth parameters on the
composition, structure, magnetic properties, and magnetostriction constant of amorphous
FeSiB and FeGaSiB films.

Chapter 7 presents the investigation of mechanical properties such as hardness, elastic
modulus, and yield strength, by nanoindentation technique, on magnetostrictive amorphous

films

Chapter 8 gives the summary of the conclusions and future works.
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Chapter 2 Background Theory

2.1 Introduction

This chapter consists of two parts. In the first part, the fundamentals of magnetism, the
classification of magnetic materials, overview of magnetic anisotropies and their associated
energies, magnetostriction of ferromagnetism, and Villari effect are briefly covered. The
second part of this chapter presents the calculation of mechanical properties of thin films. The
properties include the hardness, reduced modulus, Young’s modulus, and yield strength are

presented.

2.2 Fundamentals of Magnetism and Magnetic Materials

Magnetism arises originally from the motion of an electron in an orbit around a nucleus and
the electron spin. The electron movement around a nucleus generates an orbital magnetic

moment and due to the electron self-spinning, a spin magnetic moment is generated.

AH
Electron
0(‘0;‘ —— "§{>\ i
/K TSpin \)
(
Nucleus P 7
~ o

~——_——

Figure 2.1 Schematic of motion of electron for both spin and orbital moments.

Due to the electronic structure present in the free atom [1], as shown in Fig. 2.1, this leads to
the atom possessing a magnetic dipole moment, even in the absence of an external magnetic
field [2]. The smallest unit of magnetic moment due to the motion an electron is called the
Bohr Magneton (ug) (9.274 X 10" %* A m?) as defined by (eh/2m,c) where e is the electron
charge, h is the Planck constant, m, is the electron mass, and c is the speed of light [2]. The
motion of individual electrons, around the nucleus, is similar to the motion of charged

particles of a current in a wire loop to produce a magnetic field Fig. 2.2.
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Magnetic field

\\ o

Figure 2.2 a magnetic field of a wire loop with a current flowing through it.

The orbital magnetic moment and the spin magnetic moment of every single electron in an
atom can be coupled with each other to produce spin-orbit interaction [1, 3, and 4]. Also,
there are other types of interactions, which contribute to a total atomic magnetic moment,
produced in magnetic materials: orbit-orbit interaction and spin-spin interaction among
electrons. The relative contribution of the orbital and spin magnetic moments is defined by
the quantum mechanics using the Landé g-factor, which is given by:

JUJ+1)+S(S+1)—-L(L+1)
2J(J+1)

=1+ 2.1)

Where J =L+S is the total angular momentum and L, S are the quantum numbers which refer

to the orbital, spin of an atom.

In this equation, when g = 1, this means there is a pure orbital motion contribution and S =0

and when g = 2, hence there is pure spin motion contribution and L = 0, [5, 6].

Before describing magnetic materials, in the next section, it is important to define the relation
between the magnetic field (17), magnetic flux density (§), and the susceptibility () of a

material, to understand the response of these materials to a magnetic field H. For free space,
the magnetic permeability is u, = 41 x 107 Hm™, thus the magnetic flux density, which is

measured in units of Wm™, is given by:

B = u,H (2.2)
In case of placing the magnetic material in a magnetic field, H, the magnetic flux density is
given by:

B = p,(H + M) (2.3)
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Where M = )(17, measured in units of Am™, is the magnetization of the material.

After substituting the M into equation 2.3 with xH, then B will be:

B = ,uo(ﬁ +)(I7) (2.4)
After solving the equation 2.4, then B will be:

B = u,H(1+ x) (2.5)
Thus the relative permeability of a material is u, = (1 + ), therefore the magnetic flux
density is given by:

— —

B = pou-H (2.6)
2.3 Classification of Magnetic Materials

After describing the relations above, magnetic materials can be classified depending on their

response to the external magnetic field H.

Diamagnetic materials indicate materials, which have a very weak magnetism due to the

alignment of the magnetic moments in the opposite direction to an applied magnetic field H.
The magnetic moment arises due to the motion of electrons in orbits around the nucleus,
being generated by the electromagnetic induction of the magnetic field, to induce magnetism.
In the absence of the magnetic field, these materials do not have magnetism and their net
magnetic moment goes back to zero. The susceptibility (y) of these materials is less than zero
and very small about (-10°). Therefore, their relative permeability p, is less than 1. A

diamagnetic response is found in materials such as Cu, Bi and Be [7].

Paramagnetic materials refer to materials that have in the absence of the field a random
orientation of their atomic magnetic moments. On the application of a magnetic field, these
materials have a net atomic magnetic moment (net magnetization) due to their weak
interaction, and their magnetic moments align parallel to the direction of the magnetic field.
These materials have a positive magnetic susceptibility greater than zero and smaller than the
range (10° to 10°) and their relative permeability is above 1. A paramagnetic response is
found in materials such as Al and Mn [8].

Ferromagnetic materials refer to materials that have magnetism even without an external
magnetic field due to the alignment of unpaired spins, for the atomic magnetic moment. As a
result of the internal interactions, the thermal energy influences are overcome and the

magnetic moments are forced to align in a parallel direction to each other, which creates a
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spontaneous magnetization even without a magnetic field. The response of ferromagnetic
materials under a magnetic field is different from the response of both diamagnetic and
paramagnetic materials. Changing the magnetism of these materials in the magnetic field is
nonlinear and increases with increasing the magnitude of magnetic field until the saturation
state is reached, where all the magnetic moments align with the direction of the magnetic
field. After removing the magnetic field, the magnetization of ferromagnetic materials does
not go to zero, instead, it reduces to the remanence magnetization (M, point in Fig. 2.3). The
magnetization is decreased to zero by applying an opposite magnetic field. The coercive
field, (Hc, point in Fig. 2.3) is the field required for the magnetization to reach zero. The
response of the magnetization (M) under magnetic field (H) is shown in Fig. 2.3. This
response is called a hysteresis loop, which has the interest points of technological
applications. The saturation magnetization Ms, the coercivity Hc, the remanence
magnetization M,, and the saturation field, Hs in the case of isotropic materials or anisotropy
field Hy in the case of anisotropic materials are shown in Fig. 2.3. The ferromagnetic

response is found in materials such as Fe, Co, and Ni and their alloys. [9]

>

MT Ms |=

\ Saturation
I

| HK for anisotropy case

Remanence Mr—g

or H for isotropic case
Coercivity Sy
| -He

+Hc +H

<€

< S

Saturation
in opposite direction

Figure 2.3 A hysteresis loop. The important points for the response of ferromagnetic
materials under magnetic field (H).
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Antiferromagnetic materials are materials that have a spontaneous magnetization arising from
an opposite spins of the same magnitude on alternating atomic locations or due to the anti-
parallel orientation of atomic magnetic moments on a sub-lattices arrangement. In these
materials, the net spontaneous magnetization is zero in the absence of a magnetic field, due to
opposite magnetic moment directions cancelling each other out. Antiferromagnetic materials
exhibit a similar linear response of paramagnetic materials when they are placed under a

magnetic field. This response is found in materials such as FeO, MnO, and NiO [6].

Ferrimagnetic materials refer to materials which have a spontaneous magnetization generated
from the atomic magnetic moment of a different magnitude with anti-parallel alignment on
sub-lattices. This provides a net magnetism, as although the magnetic moments in opposite
directions will cancel out, as one direction has a larger magnetic moment compared to the
other direction, this gives a net magnetization. The ferrimagnetic response is found in
materials such as cubic and hexagonal ferrites [10].

2.4 Overview of Magnetic Anisotropies and Associated Energies

Magnetic anisotropy means that the magnetic moments of a ferromagnetic material prefer to
reduce their energy by aligning in preferred directions. The anisotropy can be generated
from two sources: the first is the intrinsic influence, which comes from the structural effects
such as crystallographic, grains, intrinsic strain, and defects. The second type occurs from
the induced anisotropy, which comes from different external effects such as an annealing
field. The magnetic energy is the energy associated with the magnetic anisotropy and it can
be in different forms depending on the type of anisotropy. The total energy, Etowa Of the
magnetic system, where the unit of total energy is J/m?, can be expressed as:

Erotar = Eex + Eq + Ens+E, (2-7)

Where E,,, E;, Ens, and E, denote to the energy density of exchange, magnetocrystalline
energy, magnetostatic energy, and Zeeman energy of a magnetic material, respectively. The
unit of the terms in this equation is J/m*, where the energy density of exchange, Eey, is a
local volume average of the exchange energy, e, in equation 2.8. The source of these
energies is briefly indicated below.
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2.4.1 Exchange Energy

Exchange energy, ¢.,, originates as a result of the interaction between two adjoining spins,
i.e. the spin-spin interaction. For a ferromagnet, the exchange energy is reduced to a
minimum when the exchange interaction aligns the magnetic moments parallel to each other.

When two nearest neighbouring electrons possess spins S; and S;. The unit of the exchange

energy €., isJouls and it is given by [11]:

-

Eox = —zfexSi-§j = —2Jex 5iSj cos @y (2.8)
Where J., refers to the exchange constant and ¢;; is the angle between §i and 5‘,

In the case where J,, is positive, the exchange energy is at a minimum value when the spins
are parallel (¢;; = 0°) and this occurs in ferromagnetic materials. When the two spins are in
anti-parallel alignment (¢;; = 180°), the exchange energy is a maximum value. If, on the
other hand, the exchange constant, /.., is negative, the minimum exchange energy arises

from anti-parallel spins as is the case for antiferromagnetic materials.

2.4.2 Magnetocrystalline Energy

Magnetocrystalline anisotropy is the orientation of the magnetic moments along preferred
particular crystalline axes, which is affected by the temperature. When the temperature is
approaching the Curie temperature, the material’s crystal turns magnetically isotropic. The
origin of magnetocrystalline anisotropy is from the spin-orbit interaction, which represents
the coupling of an electron magnetic moment to the crystalline Ilattice. The
magnetocrystalline energy is the energy needed to align magnetic moments along the specific
directions of a crystalline ferromagnetic material. In amorphous materials, as there is no
crystalline structure, there is therefore no magnetocrystalline anisotropy. In the absence of a
magnetic field, the magnetic moments of a crystalline ferromagnetic material will prefer to
align along one crystalline direction, which is recognized as the easy axis, as it is easy to
magnetize along it. Applying a magnetic field along a different direction, forces the magnetic
moments to align along non-preferred crystalline directions. The crystalline direction, which
requires the largest magnetic field to align the moments along is recognized as the hard axis.
For a cubic structure, for example, the BCC Fe structure, Fig. 2.4, the magnetocrystalline
anisotropy energy E, is given by [2]:

E, = K, + K;(a?a5 + aia? + a3a?) + K,(a?asa3) + - (2.9)
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Where a3, 0 oz are the direction cosines in three dimensions of the magnetization vector (M)
and K,, K;, and K, are the cubic anisotropy constants.

For uniaxial systems, for example, the HCP Co structure, Fig. 2.4, E, , is given by:

E, = kyo + ky15in%0 + ky,sin*6 + - (2.10)
Where 0 is the angle between the magnetization direction with the easy axis direction and

kyo, ky1, and k,,, are the uniaxial anisotropy constants.

Fe- Co-HCP
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Figure 2.4 the easy, medium, and hard axis directions in Fe and Co, taken from reference [2]

2.4.3 Magnetostatic Energy

The magnetostatic energy originates as a result of the interaction between the magnetization
of the ferromagnetic material under a magnetic field and the opposed magnetic field
produced due to the magnetization distribution. This opposed magnetic field is identified as

the demagnetizing field. The magnetostatic energy, Ens, is calculated from the equation [12]:
Ens = 5 HoHaM (2.11)
Where M is the magnetization of the magnetic material and Hyq, is the demagnetizing field
produced by the magnetization, M, and is given by Hqy = —Ny4 M, where Ny refers to the

demagnetization factor. This factor depends strongly on the shape and geometry of the

sample. In addition, the demagnetization factor can have values < 1 for any sample geometry

[13].
2.4.4 Zeeman Energy

The Zeeman energy originates as a result of the interaction between the applied magnetic
field and the magnetization of material and it can be calculated by :
E, = —u,MH cos 6 (2.12)
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Where 6 is the angle between the vector of an applied field and the magnetization direction

of the material.

2.4.5 Magnetoelastic Energy

Magnetoelastic energy, Eme, originates as a result of the interaction between the
magnetization and the mechanical strain generated in the lattice structure. The magnetoelastic

energy, Eme, can be given by [12] :
Epe = — % A0 cos?8, (2.13)

Where o is the externally applied stress, 6, is the angle between the direction of

magnetization and the applied stress, and A is the saturation magnetostriction constant.

2.4.6 Growth Induced Anisotropy

The growth of thin films can affect the anisotropy in different ways. For example, in
magnetostrictive materials, the stress induced during film growth affects the anisotropy [14].
In this case, the magnetization is coupled with the stress through the inverse magnetostriction
effect [14]. In addition, the misfit between the substrate and the film produces a stress due to
the difference between the thermal expansion coefficients of the film and substrate. Also,
induced anisotropy can be achieved by applying mechanical stress to the substrate during the
growth [14]. Further applying a magnetic field during the film growth induces anisotropy
along with the direction of the magnetic field and making this direction the easy axis [15].
The alignment of the atoms in the same direction of the field leads to a reduction in the
interaction energy between the pairs of atoms. Also, the interaction energy is influenced by

the type of nearest neighbour atoms [15].

2.4.7 Surface Anisotropy of Thin Film

The surface of thin films also has an anisotropy associated with them. Neel [16] presented a
phenomenological model, suggesting that the total anisotropy, ki, Of @ thin film is

represented by the sum of the two terms as given in equation,
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Keotar = o + 2 (2.14)
Where t is the thickness of the film, k, is the bulk anisotropy, and k, is the surface
anisotropy.

On the surface, the anisotropy changes as a result of reducing the symmetry of the atoms
[17]. Due to the absence of any layer of atoms in a bond with the surface atoms, the bond
lengths are changed. This will lead to a change in the magnetoelastic property on the surface
in proportion to the bulk. Another effect of the surface on the anisotropy arises from the

surface roughness.

2.5 Magnetic Domains and Domain Walls

The magnetic moments in a ferromagnetic material distribute in small regions, which are
known as magnetic domains [18], and are spontaneously magnetized. In each domain, the
magnetic moments align parallel to each other and in the same direction [1], but this
alignment direction differs from one magnetic domain to another [19]. In the absence of a
magnetic field, the net magnetization is zero, this is due to the formation of magnetic
domains so that the energy of the ferromagnet is minimized. Whilst the domain structure of a
ferromagnetic material lead to an increase in the exchange energy as a result of the non-
parallel alignment of the magnetic moments between the adjacent domains, the magnetostatic
energy is significantly reduced due to the decreased demagnetizing field. Hence, the total
energy in the magnetic system is reduced. Any two adjacent domains are separated by a
transition area or boundary, which is named the domain wall. The creation of domain walls is
determined by equalization between the various magnetic energy contributions. A broad
domain wall will minimize the exchange energy contribution where there is a progressive
variation between the magnetic moment directions instead of changing sharply. For instance,
a 180° domain wall involves rotating the alignment of the magnetic moments gradually from
0° to 180°. Nevertheless, the broad domain wall can also lead to an increase in the
magnetocrystalline energy contribution as a consequence of increasing the alignment of the
magnetic moments along non-preferred crystalline directions. On the contrary, a narrow
domain wall can lead to an increase in the exchange energy, but a reduction in the
magnetocrystalline energy, hence the overall magnetic energy is considered by optimizing

both two energies [6].
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Figure 2.5 (a) single domain (b) formation of 180° domains, and (c) the formation of 90°

closure domains. Adapted from references [13, 20]

In the case of a single magnetic domain, Fig. 2.5 (a) which is magnetized uniformly, the
exchange energy reduces to a minimum while the magnetostatic energy reaches the highest
state due to a very large demagnetizing field. To reduce the demagnetizing field influence,
magnetic moments change their alignment in opposite directions as a result of the
configuration of magnetic domains in Fig. 2.5 (b). The formation and configuration of
closure domains, Fig. 2.5 (c), lead to cancelling the demagnetisation field effect. The
configuration of closure domains takes place in cubic anisotropy materials such as the total
magnetization, which defines as a magnetic moment per unit volume, of a material, is the

summation of the individual domain structures [8].

//F://
I ® [t @® | ® |«| ®

Bloch wall Néel wall

Figure 2.6 domain wall, Bloch and Neel walls taken from reference [8].

The domain walls can be in many categories [18]. The most common classes are Bloch wall
and Néel wall. The Bloch and Néel walls in magnetic thin films form due to the orientation of
magnetic moments as shown in Fig. 2.6. The magnetic moments in a Bloch wall are aligned
perpendicular to the film plane, which increases the demagnetizing energy, while the

magnetic moments in a Néel wall align in the plane of the film.
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Returning to Eq. (2.8), the exchange energy can be rewritten as:
Eex = ]exSZ(pizj (2.15)

From this equation, it can be seen that the exchange energy, E,,, is proportional to (pizj and

the directions of the spins in the domain wall will change gradually. In the case of uniform

rotation of the spins by 180° over N atomic layers in a 180° wall (Bloch wall), the angle
between the neighbouring spins is ¢;; = % . For instance, if it is considered that the structure
is BCC for a simple cubic lattice, the surface density of atoms for the (100) plane is 1/a?,

where a refers to the lattice constant. Consequently, the corresponding exchange energy per
unit area over N atomic layers can be written as[6]:

N JexS2m?
0-5516/ = ﬁEex = ezzN (2.16)

This equation illustrates that the exchange energy per unit area, oy, reduces with increasing
N atomic layers. Hence o5, leads to an increase in the thickness &4, of the domain walls,
where the domain wall thickness is 6,4,,= Na for N atoms.

Also, another energy present in the formation of a domain wall comes from rotating of the
spins far from the magnetocrystalline easy directions. This rotation leads to an increase in the
anisotropy energy through anisotropy constant per unit volume, and hence the anisotropy

energy per unit area, a3, presented in the domain wall can be given by :

ot =K, (% X a3) = K,Na (2.17)
Where K,, refers to the anisotropy constant.

Summed together the distributed energies in the domain wall, which represented both the
exchange energy and the anisotropy energy, the total energy per unit area of the domain wall

of N atoms is given by :

_ ex an _ JexS*m?
Oaw = Ogw + Ogw = + K, Na (2.18)

Na?

From the equation of total energy, there is competition between the exchange energy, which
tends to increase the domain wall thickness, &4,,, and the magnetocrystalline anisotropy
energy, which tends to decrease it. Therefore, from the relation between 6,4, and N atoms,

the 8,4, is determined from the given equation :

2.2
Ly - S 4 Ka =0 (2.19)
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This gives the expression,

_ JexS?m?
N = /—KuaS (2.20)
Hence, the domain wall thickness will be given by :

Sy = Na = [l (2.21)

Therefore, a larger exchange energy produces a wider domain wall while a higher anisotropy

constant produces a thinner domain wall.

From equation (2.18), the total energy of the wall can be rewriten for N as :

Oy = 270 /% (2.22)

2.6 Magnetization Process

When a ferromagnetic material is placed in a magnetic field, the magnetization is saturated in
two ways. The first is the motion of domain walls. When the domains are placed in a
magnetic field and their magnetic moments align parallel to the applied magnetic field, an
increase in the domain area occurs due to the motion of domain walls. The second is the
rotation of domains when applying a strong magnetic field. All the domains are rotated

parallel along with the direction of the magnetic field.

2.7 Magnetostriction of Ferromagnetic Materials

Magnetostriction or Joule effect refers to the phenomenon of a ferromagnetic material when
it changes dimensions on the application of a magnetic field. The origin of this phenomenon
arises from the spin-orbit-lattice coupling. As a result of the strong coupling between the
lattice and the orbit, a large magnetic anisotropy arises due to any change of the lattice. The
magnetostriction can be explained by the concept of the relation between the atomic magnetic
moments and their tendency to minimize their energy. In a ferromagnetic material, the
magnetic moment orientation and the distance between adjoining moments can alter.
Changing the distance between the magnetic moments or the angle of alignment of the
moments can affect the interaction energy of the magnetic system. When the orientation of

moments is changed by an angle along with applying a magnetic field along with an easy
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direction, this leads to an increase in the interaction energy. Therefore, to minimize this
energy there is a response to change the distance between the magnetic moments. In contrast
to this concept, the Villari effect [21] can be understood, as explained in more details in
section (2.7.1).

2.7.1 Villari Effect (Magnetization-Dependent Stress)

Applying a mechanical stress to a ferromagnetic material affects its magnetic properties. The
interaction between the strain and the magnetization of a magnetic material leads to creating
the magnetoelastic effect. Any bending, stretching, and twisting stresses can achieve this
influence of mechanical deformation on the magnetization of a ferromagnetic material. For
bending tools used in this work, applying different stress values changes the magnetization
for a given direction, which is observed in the shape of hysteresis loops as shown in Fig. 2.7,
where M;, M,, M3 refer to the magnetization under applying stress; of first bending tool
(Radius = 300 mm), stress, of second bending tool (Radius = 400 mm), stresss of third
bending tool (Radius = 500 mm) respectively, . This response of the magnetization to the
applied stress is known as the Villari effect [21], which is inverse to the Joule effect which is
defined in section 2.7. The Villari effect is described as changing the domain structure of a

ferromagnetic material by applying a mechanical force.
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Figure 2.7 Magnetic hysteresis loops for by applying different mechanical stress values

adapted from reference [22].

In this thesis, the magnetostriction measurement was measured via the Villari effect by using

bending tools. To create a uniform effect over the whole of the film, a uniform strain should
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be generated over the whole sample using a suitable bending tool. To achieve this a
cylindrical section was needed to bend the substrate. The uniform strain is produced in the
film and substrate, as the curvature is constant over the surface of the cylindrical section. In
this method, the mechanical properties of the substrate were taken into consideration such as

Young’s modulus, E,, and Poisson’s ratio, vs.

Depending on the theoretical principles of bending [23], the relationship between the applied
stress and strain was derived. Appling an in-plane stress, Fig. 2.8, induces an in-plane strain

in two dimensions x and y.

Figure 2.8 Schematic diagram of the stress applied on a film/substrate system.

Figure 2.8 shows the schematic diagram of a bending film/substrate system by applying

stress, where o, is the applied stress in the x direction, where y direction set to be zero, t;, is

the film thickness, ¢ is the substrate thickness, and R is the radius of curvature of bending.

The relations between the stress and strain in the x and y directions are :

g == =2 (2.23)
£, = ? - ”E—" (2.24)

Where &, and ¢, are referring to the strain components, o, and g, are referring to the stress
in x and y directions, and E;, vg are the Young’s modulus and Poisson’s ratio of the substrate

respectively.
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To preserve continuity in the material during bending, the strain in the y-direction, &, has to

be zero, &, = 0 [23]. From equation (2.24) this leads to:
Oy = V0y (2.25)
Now substituting equation (2.25) into equation (2.23).

It is possible to rewrite equation (2.26) to find an expression for a,., therefore,

o, = 25 (2.27)

1-v42
The strain component along the x-direction of the bent substrate is:

ts
&, = —
X 2R

(2.28)

Where t, is the substrate’s thickness and R is the radius of curvature of the bending tool.

In this case, it is assumed that the thickness of the substrate is greater than the film thickness.
By substituting equation (2.28) into equation (2.27) to get the dependence of the stress
component on the radius, R, of bending tool:

toEs 1 (2.29)

X7 2(1-vg?)R

From the magnetic theoretical principles, the relation between the thin film magnetic
properties and the strain was derived [24]. For the magnetic properties of films under an
applied stress, the uniaxial anisotropy field of a magnetic material under applied stress is

given by:
2Ky,
H, = TR (2.30)

Where M,is the saturation magnetization and K, is the anisotropy constant.

The anisotropy constant, k,, of induced anisotropy in a magnetic material under applied

stress is given by:

Ky =>As0 (2.31)
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Where A is the saturation magnetostriction constant and o is the component of stress.

By assuming that K, = K, and substituting equation (2.31) into equation (2.30), the

magnetic anisotropy field depends on the applied stress is given by:

350
Hy =% (2.32)

From equations (2.30) and (2.32), assuming the stress is along the x-direction, then the
magnetic anisotropy field can be expressed as:

2K 3As0
Hk = _ 205
HoMs HoMs

(2.33)

From equations (2.29) and (2.32), the expression of magnetic anisotropy field can be
rewritten to get the relationship between the anisotropy field and the radius of bending tool:

3AstsEs 1
k= 2poMs(1-v2) E (234)

The magnetostriction constant A5 can be determined from the derivation of equation (2.34)
for Hy with 1/R:

OHy 3tsEg
0(Y/R)  2uoMs(1-v2) As (2.35)

OHy
a(Y/p)

fitting equation to the data and finding the slope, Fig. 2.9. Therefore, the slope will represent

The value of can be found by plotting Hy as a function of 1/R and applying a linear

the value of a?f/k) . Hence the magnetostriction constant A, can be given as:
R
_  OHg 2uoMs(1-v?)
AS - (a(l/R)) 3t4Eg (236)
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Figure 2.9 Example of the linear relation of anisotropy field, Hy, as a function of the inverse

of the bending radius (1/R) adapted from reference [22].

Figure 2.9 presents the linear fitting of the anisotropy field as a function of the inverse of
bending radius (1/R). Where the two data lines represent the anisotropy field values at the

positive and negative parts of a hysteresis loop for three different bending tools.

2.7.2 Magnetostriction of Cubic Crystals

The cubic crystal of solid materials has anisotropic magnetic properties, therefore the
saturation magnetostriction is defined along with a specific crystalline axis. In these materials
there are two specific directions of the saturation magnetostriction constant: 1,5, and A;44.
Therefore, the saturation magnetostriction constant, A, of a cubic crystalline material can be

written as,

As = % Moo (a%ﬁ% +aips + asps — %) + 3011 (12281 B2 + aza3frB3 + azayfzfy)  (2.37)

Where 4,4, and A,, are the magnetostriction constants in the <100> and <111> directions of
the cubic crystal. g, B, 5 are the direction cosines o the strain which are related to the
crystal axes, and change the magnetic state of a material from the demagnetizing state to

magnetic saturation in orientation described by cosines a; , a, , a5 .

In the case where the strain has oriented in the same direction as the magnetization, this will

lead to a state that @, =p,, @,=f,, and a3;=L3, therefore:

(a?+as+al)=1 (2.38)
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From equation (2.38) and equation (2.37):
As = A1go + 3(A111 — Aigo) (af @l + afaj + ajai) (2.39)

In the case where the magnetostriction is isotropic, the terms in equation (2.37) can be stated
to give A5 = A100= A111- IT the angle @ is between two directions related to the direction

cosines as in:
COS 9 == alﬁl + aZﬁZ + a3ﬁ3 (240)

Then the result will be
3 P 1
Ag = EAiSO(COS 9 — g) (241)

Where A, refers to the saturation magnetostriction at the angle 6 along with the direction of

magnetization.

2.7.3 Magnetostriction of Polycrystalline

A polycrystalline material contains crystalline grains arranged in different directions. The
total magnetostriction of these materials depends on the individual magnetostriction of each
grain and their arrangement. When the grains orientation arrangement is completely random
the magnetostriction, in this case, is the average of all the individual magnetostriction of
grains. Therefore, the total magnetostriction over all grain orientations is given by [25]:

A = M (2.42)

2.7.4 Magnetostriction of Thin Films

Similar to the relation between the magnetic anisotropy and film thickness, Szymczak [26,
27] found an equivalent formula for the saturation magnetostrictive constants in equation
(2.14) to present the magnetostriction in thin films and give the total expression as given by:

A‘Su
Atotar = Ay + = (2-43)

t

In a thick film, when the thickness increases, the second term will be very small and the
volume magnetostriction, A,,, dominates so that A;,.4; IS independent of thickness. For films
with small thickness (i.e. <10nm), the surface term, A, will dominate and A;,:,; depends on

the thickness.
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2.8 Mechanical Characterization of Thin Films

The mechanical properties of thin films are determined by using the nanoindentation method
and the data analyzed using the standard Oliver & Pharr method [28]. The technique involves
applying a load in mN or uN onto an indenter, which consists of a very small hard tip
(usually diamond) used for making an indentation into a thin film or solid, by penetrating the
surface. From the nanoindentation test a load-displacement curve can be obtained, which
gives the required applied load to penetrate a certain displacement (depth) in the material
surface. Further, the elastic and plastic properties can be determined during the indentation
procedure. In the case of thin films, it was found that there was no influence of the substrate
on the measurement up to 10 % of the film thickness [28]. The load-displacement curve
includes loading the indenter, rest, and unloading the indenter as shown in Fig. 2.10. Also the
curve provides the maximum load and maximum displacement. Fitting the slope of the
unloading curve represents the stiffness. From the parameters presented in the load-

displacement curve, both the hardness and elastic modulus can be determined.

l}
!

1

LOADING /

UNLOADING max

LOAD, P
0

3 hmax "‘

DISPLACEMENT, h

Figure 2.10 Example of the cycle of the load as a function of the displacement of

nanoindentation taken from reference [28].

Before starting to present the hardness and elastic modulus definitions, it is necessary to
define the contact area between the material and the indenter tip, which depends on the area
function of the tip. The contact area is the real contact area between the removed material

surface with the tip. Therefore, for the Berkovich indenter tip used in this study, the contact
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area is estimated as an experimental function of the displacement of the indenter tip, (hc), and

can be given by [28]:

A(h,) = 24.5k2 (2.44)

From Fig. 2.11, the contact depth, hc, is determined from the experimental data as:
h,=h— h, (2.45)

Where h is the total displacement at any time during applied load and hy is the displacement

of the surface at the boundary of the contact.

Applied load (P)
Surface profile
after load removal *

Initial surface

Surface profile
under load

Figure 2.11 Cross section of the indenter and parameters taken from reference [28].

At the peak of the load, Fig. 2.10, the Py« represents the maximum load applied at the
maximum displacement hy.x. The area function is describing the indenter geometry and it
represents the cross-section area of the indenter along the distance starting from the tip. The

Berkovich indenter area function, Ag, which is used in this thesis data by fitting the relation

of A and h. using equation:

Ap(he) = 24.5h% + CihY + Coh/? + Cshy/* + - + Cghy/ ™8 (2.46)
Where C;to Cg are constants and they are related with the indenter geometry.

Therefore, the contact area can be calculated as given by:

1 1
Acontact = % E_rz m (2-47)
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Where A oneace 1S the contact area, E,. is the reduced modulus, and C — Cr are constants,
where C refers to the total measured compliance while Cy refers to the compliance of the load

frame.

From the load-displacement curve in Fig. 2.10, the measurement of the initial unloading
stiffness is determined. The unloading stiffness is measured from the unloading data curve by
using a straight line fit to the unloading curve and finding the slope to measure the stiffness.

The expression of the stiffness, S, can be given by:
ap 2
S = an \/_EEr\/ Acontact (2.48)

Where Z—i is the change in the load to the change of displacement, A ontqct 1S the contact area

of the elastic contact, and E,. is the reduced modulus.

The hardness, H,, normally indicates resistance forced to localize plastic deformation. The
hardness is calculated from the fraction of the applied load to the contact area, therefore by
dividing the maximum applied load, Pnax, by the contact area of the tip used, the hardness,
H,., can be given by:

H, = _Pmax (2.49)

Acontact

Where A contact 1S the contact area and Pmax is the maximum applied load.

Therefore, the hardness, H,, is inversely proportional to the contact area. The relation
between the reduced modulus, E,., and the contact area, A.yntqct, and calculated stiffness, S,

IS given by:

E v S
r 2 JAcontact

(2.50)

The reduced modulus measurement includes the compliance of the indenter and the elastic
modulus of the material by the following expression:

2
RO e
Er Eg E;

(2.51)

Where vg and E; are the Poisson ratio and Young’s modulus of the material respectively, and

v; and E; are Poisson ratio and Young’s modulus of the indenter tip respectively.
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The Young’s modulus (E;) is inversely proportional to the square root of the contact area and

can be measured from rewriting equation (2.51).

There are many factors, which can affect the measurement of these parameters and thus
create an error in the calculations. The elastic modulus and hardness can be affected by the
equipment, the substrate material, and the material under study. The substrate can affect the
measurement if the depth of the tip reaches near the substrate through the film. To avoid the
effect of the substrate on the elastic modulus and hardness, the indentation depth is kept to
less than 10% of the total film thickness. While the material effect occurs due to the response
of the material to the applied load and this includes material either piling-up or sinking-in.
The pile-up occurs in the indentation of soft films around the indenter because of the
incompressibility of plastic deformation, where some materials tend to flow up to the surface
of the indenter sides after the indenter penetrates into the surface of the material Fig. 2.12 (a).
While the sink-in occurs in the indentation of hard films, when the plastic deformation area is
moved out from the indenter with the imprint sinking, lower down the original surface level
Fig. 2.12 (b).

(b)

Sink-in

he> h,

h.<h;

|
\
|
Substrate :
|

Figure 2.12 Schematic illustrations (a) the pile-up and (b) the sink-in of the material surface

under applying the load of the indenter.

As a result of a material pile-up or sink-in under the measurement, the contact area is
influenced and a large difference can occur between the real contact area and the apparent

contact area, which is normally noticed after the indentation.
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The yield strength, o5, of a material can be described as the maximum stress applied to the
material before it begins to change its shape or without producing plastic deformation. Also,
the yield point is the point of the elastic deformation when the material returns to the original

shape after removing the applied stress.

Load, P
Pmax _______________ '
\ dP
P = Qh® '\ dh
Load \ :
|
unload
hs hnax Displacement, h

Figure 2.13 The load-displacement (P-h) curve for loading and unloading cycle adapted

from reference [29].

The vyield strength of thin films is determined from the hardness data utilizing the method
established by Giannakopoulos and Suresh [29]. The data are analyzed by using the approach
based on the load-depth (P-h) relations and displacement. In this method, the effective elastic
modulus (reduced modulus), E,., of the indenter with the material being studied, is calculated

using the equation:

L= gt (2.52)

hmax T

Where h,,,, is the maximum depth of penetration, hy is the residual depth of penetration,
H, is the hardness of the thin films, and d* is a constant. In the case of a Berkovich indenter
d* =4.678.
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From both of the load-displacement curve and the maximum indentation load (P, =

Qh2,,,), the value Q is estimated. where Q refers to the indentation curvature.

From this model [29], the yield strength, oy, and the flow stress, G029, Which is the stress
conforming to the plastic strain of 0.29 for the used material in uniaxial compression, Fig.
2.14, which used to determine yield strength in this study, can then be estimated by
simultaneously solving the following two equations derived by Giannakopoulos and Suresh
[29]:

Stress, o

09.29

0.29 Strain, €

Figure 2.14 Example stress-strain curve and the characteristic strain adapted from reference [29].

From defining the plastic stress-strain reaction of the material under the indenter, the ratio of
residual depth of displacement to the maximum displacement is symptomatic to the amount

of plastic deformation and strain hardening as given by:

9029~ 0ys _ 1 — 0.142 hy _ 0_957(h_f)2 (2.53)
0.29E, hmax hmax

It can be noticed that this equation can describe the strain hardening behaviour occurring in a
material, which appears as a pile-up effect or sink-in based around the sides of the indenter.

When h; approaches zero, this will lead to make the right side of equation (2.53) equal to 1
and the left side will represent a linear response og,9 — gy5 = 0.29E,.. In the case of h; =

hnax, the right side of this equation approaches zero, this will indicate that strain hardening is
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not occurring and the yield strength, o, is equal to oy o indicating that the material is
perfectly plastic. Further, it is found that if h¢/h,,,, is equal to 0.875 this indicates that there
is no pile-up and/or sink-in occurring in the material. It is found that pile-up occurs when the
ratio, Ay /hpmqyx > 0.875 and sink-in occurs when the ratio, h /Ry, qy is < 0.875. [29]

From Fig. 2.14, the data of the loading curve follows the formula, P = Qh?, were Q refers to
the indentation curvature, the loading curvature, which can be measured by providing
equation (2.54) is a result of the elastoplastic indentation deformation along with research
[30, 31].

Q=% = wionas {1 + 25} + 1n (£} (2559)

00.29 Oys
Where in the case of Berkovich tip u; = 6.618 and u, = — 0.875 for a tip with angle 130.6°.

Finally, the strain hardening, n., can be calculated by using:

ne = In{og0 — In(oys)} /5 (2.55)
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Chapter 3 Literature Review

3.1 Introduction

In this chapter, a brief description of magnetostrictive materials with crystalline and
amorphous morphology is presented. Also included is a literature review about
nanoindentation measurements of thin films and the importance of studying the mechanical

properties of magnetostrictive thin films.

3.2 Magnetostriction Phenomenon in Ferromagnetism

In general, magnetostriction or the magnetostrictive effect is when a change occurs in
dimensions or shape of magnetic materials in bulk or ribbon or thin film under an applied
magnetic field. The magnetostrictive effect was initially described in 1842 by the physicist
Joule [1]. He detected this phenomenon in a piece of iron material when it altered its length
along the direction of an applied magnetic field (longitudinal magnetostriction). Since that
time researchers have worked to apply this phenomenon on other materials to discover new
magnetostrictive materials. Later, an opposite longitudinal magnetostriction phenomenon to
the Joule effect was discovered in 1865 by Villari, the phenomenon was named the
magnetoelastic Villari effect. Villari found that applying a bending stress can change the
magnetization of a magnetic material. In this thesis, the magnetostriction constant was
measured via the Villari effect by straining the films using bending tools with different radii
(Chapter 4).

3.3Magnetostriction Materials

Magnetostrictive materials in either bulk alloys or thin films are being developed, after being
discovered, to achieve the required properties for micro-electro-mechanical system (MEMS)
applications such as sensors and actuators [2] [3]. The requirements of these applications
focus on the particular characteristics needed, which are a considerable magnetostrictive
constant greater than 50ppm that works under a low applied magnetic field. Many efforts
have focused on finding new magnetostrictive Fe-based alloys in the forms of crystalline,
polycrystalline, and amorphous structures. For Fe-based materials used in applications the
necessary properties of design and technology for these applications are high

magnetostrictive responses under low saturation magnetic field, good mechanical properties,
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good flexibility, operation under high temperatures, the potential to work under stress, and
low cost [4]. As applications require a low saturation field, methods are needed to decrease
the magnetocrystalline anisotropy to achieve a value close to zero. There are two possible
methods, the first method includes making the alloy from positive and negative
magnetocrystalline phases [5], while the second method includes fabricating an amorphous
structure. The suitable requirements for magnetostrictive sensors would be a magnetostrictive
material with saturation magnetostriction constant A;> 50 ppm and magnetocrystalline

anisotropy < 10 kA.m™, respectively.

As noted, that magnetostrictive materials with a large value of magnetostriction are important
for technological applications. Rare earth materials first discovered in the 1960’s, for
example, Dy and Th were shown at low temperatures to have very high magnetostrictive
properties. However, one drawback of these elements compared with our study is their low
Curie temperatures. This mean that the magnetostriction constant reaches zero near room
temperature, which is not suitable for most magnetostrictive applications. Rare earth Fe-
based alloys such as ThFe, and SmFe, [5] on the other hand were shown at room temperature
to have the largest magnetostriction. For example, the magnetostriction in ThFe, alloy was
measured along the direction [111] at different temperatures. It was found that at room
temperature, it had a positive magnetostriction value of about 2000 ppm under a magnetic
field of 800 kA/m. However, one drawback of these alloys is related to the high magnetic
field magnitude required, where 800 kA/m is very high for applications compared with our
study, which focuses on preparing thin films saturated under low magnetic field, making it a
disadvantage. This means these alloys require a high magnetic field to reach the saturate state
to measure their magnetostriction, due to their high magnetocrystalline anisotropy.

Another example of large magnetostriction rare earth alloys is SmFe, which shows at room
temperature a large magnetostriction constant of -1258 ppm at 300 K. It was found that the
alignment of the magnetization in these alloys changes from the [110] direction at low
temperatures to the [111] direction at temperatures greater than 195 K. Another drawback of
these alloys is the high magnetocrystalline anisotropy, which leads to difficulty in saturating
this alloy.

The ferromagnetic transition elements such as Iron, Fe, Cobalt, Co, and Nickel, Ni, which
have Curie temperatures of 1044 K, 1388 K, and 628 K respectively, have been studied to

determine their magnetic and magnetostrictive properties. The studies showed that Iron,
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Cobalt, and Nickel have soft ferromagnetic properties, and have a spontaneous magnetization
due to a parallel alignment of their magnetic moments in the absence of an external magnetic
field. A material can be classified as a soft magnetic material when its coercivity is less than
1kA/m. Typically, amorphous materials are classified as very soft magnetic materials as they
have low coercivity, therefore, to achieve this the Iron, Cobalt, and Nickel elements are
alloyed with metalloid elements such as B, Si, P, and C. To search for soft magnetic
materials, which have good magnetic properties and high magnetostriction better than the
transition elements such as iron, experimental work has been done to create new alloys by
adding non-magnetic elements and different magnetic elements to iron. In general, the
addition of non-magnetic elements such as Ga, Al, Be, and Si can lead to an increase in the
interatomic distance in the Fe-based structure that leads to an increase in the magnetostriction
magnitude. For example, it was reported that the magnetostriction of bcc Fe is significantly

improved by addition of Ga [6] (see section 3.5.1).

3.4 Methods of Measuring the Magnetostriction

Techniques for measuring the magnetostriction properties can be generally categorized into
direct and indirect methods. Magnetostrictive techniques cannot measure the
magnetostriction for all different types of the samples because the limitations of the
techniques. The measurements can depend on many factors such as the size of the sample,
substrate nature, and the physical principle of the technique. Briefly, a discussion is made in

this chapter of the techniques.

3.4.1 Direct Measurement Methods

Direct measurement methods include the strain gauge, the dilatometer, and the cantilever,
which are able to measure the strain of magnetostrictive materials depending on the applied
magnetic field. In this case, the strain will be measured directly.

3.4.1.1 Strain Gauge Method

The strain gauge method is extensively used over a wide temperature range to measure the
magnetostriction in crystalline and amorphous bulk materials. It involves a wire being
attached in a certain direction on an area of a material. One variation of this method involves
the electrical resistance of the wire varying as a function of the strain. The wire resistance

increases when the strain gauge is flexed. Also, by applying a large enough magnetic field to
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saturate the magnetic material along the crystalline axis, the change in length of the sample is
measured as the strain by the gauge. A schematic diagram of this method is shown in Fig.

3.1. This measurement of the magnetostriction is given by [7]:

244 Esg

Ae = e[1+ ] (3.1)

Am Es,m

Where A is the cross sectional area of the gauge and sample, ¢ is the induced strain, E is the
Young’s modulus of the gauge and sample, where g indicates the gauge subscripts and m the

magnetic sample.

Strain
gauge

Figure 3.1 Schematic diagram of a strain gauge adapted from reference [8].

In summary, the main features of this method are that it is more suitable for ribbon and bulk
samples. The measurements can be done under a wide range of temperatures and applied
stresses. A small cross-sectional area of the gauge can be chosen to reduce the mechanical
loading effect. The glue used to attach the gauge to the sample can also affect the

measurement. The sensitivity of this method is typically about 10°®.
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3.4.1.2 Dilatometry Methods

A. Tunnelling Tip Dilatometry

In general, the tunnelling tip method involves many parts (the tunnelling tip, magnetostrictive
specimen, the solenoid coils, and feedback electronic system), which are described elsewhere
[8]. The schematic diagram of this method is shown in Fig. 3.2. In this method the tunnelling
tip is used as a position-sensing detector, the magnetostrictive material can be in ribbon,
wire, or rod form. The magnetostrictive sample is held in a quartz tube, which is placed
inside the solenoid coils. By using a piezoelectric activator, the tunnelling tip location can be
controlled. From the feedback data to the tunnelling current, which works to control the
piezoelectric actuator, the distance between the magnetostrictive sample and the tunnelling
tip is preserved. Hence, any changing in the length of the sample can be measured by the

control signal in the feedback system.
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Figure 3.2 Schematic diagram of the tunnelling tip dilatometry method taken

from reference [8].

B. Capacitance Dilatometry.

Capacitance dilatometry is a sensitive method to measure small variations in length of
samples. The variation in the materials’ dimension is detected as a difference in the
capacitance between two electrodes. The capacitance dilatometers method involves a
capacitor with parallel plates, where one plate is a fixed plate, and another one is a moving
plate. Any change in the sample length will move the moving plate, which changes the space

between the plates. Thus the capacitance is changed proportional to the space between the

plates. The normal design of the capacitance dilatometry method is shown in Fig. 3.3.
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Research studies such as Tsuya et al [9], Boley et al [10], Briss et al [11], and Heremans et al
[12] have developed different types of capacitance methods. For example, Tsuya [9] designed
a three terminal capacitance dilatometer to measure the magnetostriction of 0.5-10 mm
diameter spherical specimens. Boley [10] developed the method by using a high oscillating
magnetic field to generate the magnetostriction. When a material reaches the saturation state,
this is sensed by the variation in capacitance. Also, this method was developed by Briss [11]
for calculating a series of magnetostriction values of disc shaped samples under a range of
temperatures from room temperature to 4 K using a superconductive split-coil magnet.
Further, Heremans [12], usedu3 2 the capacitance method in pulsed fields. In general, in the
capacitance methods the magnetostriction A is proportional to the change in the capacitance,

AC. The sensitivity of capacitance methods is about 10™%°,

Fixed plate

o

Removable plate

Capacitor
Plates

Figure 3.3 Schematic diagram of normal capacitance dilatometry method adapted from

reference [13].
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Figure 3.4 Schematic diagram of the cantilever capacitance dilatometry method adapted

from reference [14].

Qayes A. Abbas, 2018 & Email: gayes.a.abbas@gmail.com



38 ’ Literature Review

Another type of the capacitance method is based on the change of capacity by using a
cantilever as shown schematically in Fig. 3.4. The film to be measured is deposited on the
cantilever, where an applied magnetic field on the film can produce strain in the film. The
induced bending moment leads to a deflection of the cantilever and creates a change in the
capacitance AC. [14]

3.4.1.3 Optical Interferometry

In the optical interferometry method, an optical lever, which represents an arm can measure
displacement by attaching a mirror to determine small changes in length, and thus
deformation of magnetic materials. This material deformation is related to the percentage of
both the incident and reflected beam intensities. By attaching a mirror to the optical lever, the
variation in dimension can be determined as a variation in the angle of the reflected beam.
The optical lever is rotated due to the deformation in the sample, which increases with
increasing applied magnetic field. This method is suitable for large samples, one drawback of
this method is that it is not suitable for samples of dimensions < 1 mm. A new method,
optical fiber displacement measurement, was developed to measure the magnetostriction.
This method uses an optical fiber displacement detector and a measurement probe. The main

parts of this method are shown in Fig. 3.5.

(c) Screw (b) Optical fiber probe
H Irradiation beam
— | /
\')ri:mq = Optical fiber
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(OFDD)

Reflected beam

\
\
\

(a) Sample holder Sample Probe

Figure 3.5 Schematic diagram of an optical interferometry method taken from reference [15].

In this method, the reflected light is measured by use of an optical fibre displacement detector
and measurement probe. To avoid any magnetic effects the sample holder is made from
duralumin material, which is a mixture of aluminium and copper. A rotated screw is used to
regulate the sample position. The optical fibres are separated into two parts, irradiation and
receiving fibres. The light is transmitted through the irradiation fibres to the sample and the
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reflected light from the surface of sample passes in the receiving fibres and is detected by a
photodetector. The main principle of this method is that the received optical power depends
on the distance between the surface of the sample and the optical fiber. An increase in this
distance leads to an increase in the optical power. Therefore, when the magnetic sample
changes its dimension using a magnetic field, the distance between the optical fiber probe and
the tested sample will change. The change in the ratio of the incident and reflected light
intensities is analysed by computer to measure the magnetostriction of the sample in the
range of 10 to 10™, which suitable to test small samples <1 mm. The sensitivity of this

method is about 10,

3.4.2 Indirect Measurement Methods

Indirect measurement methods are able to measure the saturation magnetostriction indirectly.
The magnetostriction is determined from a measurement of parameters, which depend on the

strain. Most indirect measurement techniques are methods based on the Villari effect.

3.4.2.1 Small Angle Magnetization Rotation (SAMR)

The small angle magnetization rotation (SAMR) method was first described by Narita et al
[16]. This method is based on Villari effect. This technique involves applying together two
different magnetic fields in different directions: the first is a dc magnetic field (Hy) generated
by a solenoid, in longitudinal direction of the sample axis to reach magnetic saturation and
the second is an ac magnetic field (HL), generated by driving coils, in a perpendicular
direction. A third sensing coil contains the sample and measures the induced voltage caused
by rotating the sample magnetization. The application of a variable tensile stress is used to
affect the anisotropy within the sample, and hence changing the anisotropy is proportional to
the magnetostriction of material, equation (3.2). The main parts of this method are shown in
Fig. 3.6. This method has a sensitivity of about 10°°.
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Figure 3.6 Schematic diagram of Small-angle magnetization rotation (SAMR) method
adapted from reference [16].

The magnetization rotation angle is influenced by the dc magnetic field and the applied
tensile stress. Applying a stationary ac drive field together with a variable tensile stress,
results in a readuction of the rotation angle as a result of increasing anisotropy field (Hy).
Both the applied stress and dc magnetic field are changed to control the induced voltage in
the sensing coil. The magnitude of saturation magnetostriction can be obtained from the

applied stress and the measured H;, as follows:
— _ |Ms] [4Hk
% == 3] 5] (32)

Where A, is the saturation magnetostriction, M, is the saturation magnetization, Hy, is the

anisotropy field, and o is the applied stress.

When the induced anisotropy field is measured, the saturation magnetostriction can be

determined from the constant magnetization rotation:

A, = Lk (3.3)

30

Experimentally, by applying an arrangement of weights, the applied stress can be determined,

thus the saturation magnetostriction can be determined from the weights
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As = =—M,W (3.4)

Where W is the weight per the long dimension of the samples and W7 is a weight the

pendulous part of the ribbon

3.4.2.2 Strain Modulated Ferromagnetic Resonance (SMFMR)

This method involves a periodic strain applied using an ultrasonic transducer on a
ferromagnetic sample located inside a microwave cavity (resonator) [17], which can be
oscillated to a high-frequency value. Also, this method is based on Villari effect. The signal
strength found after phase sensitive detection is related to the value of the strain modulation
depth, ms. The position of the ferromagnetic resonance line can be modulated as a result of
the magnetoelastic coupling. While the magnetic field modulated FMR signals are recorded
together, the amplitude of the strain modulation depth, ms, can be determined when the
intensities of two FMR signals are compared. When the gain of the amplifier channels of both
the FMR (Ge) and the SMFMR (Gs) are identified, the strain modulation depth, ms, can be
found by:

Is Ge

ms = meZGs

3.5

Where G and G are the gains of the amplifier systems, me is the magnetic field modulation
depth, while Is and I, refer to the intensities of the strain modulated FMR signal and H-
modulated signal respectively. The magnetostriction value can be determined by comparison
of the high signal of the SMFMR versus the signal of the FMR line. The main parts of this
method are shown in Fig. 3.7. This method is generally used for samples in thin film form as
a result of the slight skin depth of microwave frequencies. The method has a sensitivity about
10°.
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Figure 3.7 Schematic diagram of strain modulated ferromagnetic resonance (SMFMR)

adapted from reference [18].

3.5 Magnetic Properties in Magnetostrictive Polycrystalline Films

Magnetic properties of polycrystalline thin films are different from their bulk alloys and
amorphous structures. The magnetic properties of polycrystalline thin films can be affected
by many factors, such as the growth parameters, film thickness, fabrication methods,
composition, stress within the film, and substrate material. Other factors such as the texture,
texture orientation, phase transfer, grain size, and grain boundary, which are missing in
amorphous films, can affect the magnetic properties of polycrystalline thin films. This part of
the review will present the advantages and disadvantages of some polycrystalline thin films

to compare them with amorphous thin films.

3.5.1 Magnetic Properties of Magnetostrictive FeGa Films

The magnetic properties and magnetostriction of polycrystalline FeGa thin films have been
studied by many researchers and developed by changing the composition of Ga within the
films or by changing the film thickness. In Fe-Ga, a number of things can affect the
magnetoelastic properties of these films, these include the many phases present such as A2,
DOg, LI2, B2, and D04y as described by Ikeda et al [19] and shown in Fig. 3.8.
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Figure 3.8 The locations of the Fe and Ga atoms of the crystalline structures of A2, B2, D03,
L12 and D09, taken from reference [19].

The phase diagram of crystalline FeGa alloy as shown in Fig. 3.9, it can be seen that these

crystalline phases are changed by the effect of temperature and Ga content.
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Figure 3.9 Binary phase diagram of FeGa crystalline taken from reference [19].
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The XRD pattern of FeGa phases are shown in Figs. (3.10 and 3.11), it can be seen that

there are adiffernce between the XRD pattrens of these phases.
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Figure 3.10 XRD pattern of FeGa phases taken from reference [20].
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Figure 3.11 XRD pattern of FeGa phases taken from reference [21].
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Dunlap et al [22] investigated the structural properties of polycrystalline FejpoxGax films by
two different techniques: Mdssbauer spectroscopy and XRD. The films were grown to a large
thickness equal to 0.8 um by the sputtering from Fe and FesoGasp targets. The XRD results
showed that all the films had a large (110) peak of the bcc A2 phase and they found that the
increase of Ga composition leads to an increase in the lattice constant. The results of the
Maossbauer spectroscopy on the other hand showed a short-range order of DOz when (x > 20).
The Fe probe atoms of the Méssbauer spectroscopy are sensitive to the local environment and
using this technique can investigate the classes of short-range structures that can affect the
magnetostrictive properties of FeGa films. One drawback of this work was the absence of the
effect of increasing the Ga content and the short-range order of DOjz; phase on the
magnetostriction constant of polycrystalline FeGa films. Basantkumar et al [14] investigated
the effect of changing the Ga composition and the thickness on the magnetic properties of
Fei00xGax thin films, fabricated by rf sputtering technique using a target of composition
Feg16Gaigs. The thickness and the Ga composition were changed by changing the sputtering
growth parameters. For example, they succeeded to control the Ga composition (15 < x < 30)
by changing the forward power of the sputtering. The XRD results showed that all the films
had <110> texture and there was no DO3 phase peak detected. The magnetic properties were
measured on a vibrating sample magnetometer (VSM). They found that the coercive field of
these films was reduced from 1989 A/m to 1193 A/m and the Ga composition was decreased
from 27% to 19% with increasing the forward power from 60 to 100W. From the result of the
cantilever capacitance method, they showed that the largest magnetostrictive constant 147
ppm was presented in films with forward power of 80 W, thickness 146.5 nm, and Ga content
23.8%. A minimum value of 16.3 ppm was found in films with forward power of 100 W,
thickness 133 nm, and Ga content 19.4%. Their results showed that the magnetostriction
constant changed with the growth parameters, but they did not mention which parameter
affected the film properties, i.e either the thickness or Ga content.

Hattrick-Simpers et al [23] investigated the magnetostriction properties of FejgoxGax alloy
films with thickness 500 nm. The films were fabricated on silicon substrates by co-sputtering
using two targets: Fe at power 75 W and Fe,Gagz at power 40 W; for both targets the Argon
pressure was 6pbar. These parameters allowed them to change the composition of the films
(0 < x < 45). The result of the XRD and TEM showed that the films had a random nano-
polycrystalline orientation structure with an average grain size of about 25 nm. For the
magnetostriction measurements, they used the cantilever method to determine the Aiq9, by

using Aeir = (3/5) A100, @s a function of the Ga composition and ignorins the A;11. From their
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magnetostriction data, they found that the magnetostriction had two peaks, the first one at (x
= 21) with magnetostriction value about 64 ppm and the second one at (x = 32) with
magnetostriction value about 74 ppm. In addition to these two peaks, they also presumed that
the results presented another peak of magnetostriction about 23 ppm at Ga content 4.5%.
They compared the result of magnetostriction, 4,,, with the result of bulk FeGa studied by
Clark et al [6] Fig. 3.12. They found a difference in the results, as the peaks had shifted and
the magnetostriction constants were lower. They suggested that the difference in the
comparison comes from the residual stress in the films due to the deposition process. The
lack of the relation between the chemical ordering of FeGa phases with the magnetostriction

results was the one drawback of their study.
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Figure 3.12 Comparison between the magnetostriction, 1, of the thin film and bulk alloy of

FeGa, taken from reference [23].

Clark et al [6] found that the magnetostriction properties of FeigoxGax alloys were affected by
changing the Ga concentration and two peaks were observed, the first one Aj90 = 265 ppm at X
=19 and the second one Ai00 = 235 ppm at x = 28. Their result is presented in Fig. 3.13. The

measurements were obtained by the strain gauge technique at room temperature.
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Figure 3.13 Magnetostriction, (3/2) 4,4, of FeGa alloy as a function of Ga content taken

from reference [6].

Morley et al [24] developed a deposition chamber that used co-sputtering and evaporation to
deposit Fejgox Gay thin films. The films were fabricated by sputtering a Fe target and
evaporating Ga, as it has a too low melting point to sputter. Changing of the growth
parameters allowed them to control the composition of the films in the range 0 < x < 40. They
studied the structure, magnetic properties, and magnetostriction of Fe-Ga films and compared
the results with those of pure Fe films with the same thickness. They designed this chamber
to overcome the problem of low melting point of the Ga and to give better control of the Ga
composition compared to sputtered Fe-Ga targets. One problem to overcome was they had to
evaporate the Ga through the Ar gas plasma to the substrate. The substrate in this growth
chamber was rotated to avoid the effect of the magnetron fields, to achieve thickness
uniformity upon the substrate and uniform Fe-Ga composition across the film. They
presented the effect of the pressure-distance (pd) product on the magnetic properties of the
films and the effect of growth parameters on the composition of the Ga within the film. For
example, they found that changing the pressure can strongly affect the amount of Ga to reach
the substrate. Another factor, which influenced the Ga composition was the Fe magnetron
power. They found that increasing the Ga content reduced the magnetic saturation field,
increased the remanent magnetization, and reduced the coercive field compared with the Fe
films that were fabricated under the same conditions. They found that the large
magnetostriction constant was 17 ppm with film of comsition of Fe;sGags. They found an
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increase in magnetostriction constant with an increase in the Ga percentage within the Fe
films.

Morley et al [25] studied the effect of a forming field on the magnetic properties of
magnetostrictive Fe;oo—Gax films (0 < x < 30) thin films with thickness 75 nm prepared by
the co-sputtering-evaporation technique, which is described in Ref. [24]. Two types of films
were fabricated on Si substrates, the films grown with and without a forming field (65
kAm™), produced by two permanent magnets placed along the short axis of the substrate
connected on the substrate holder. Rotating the substrate holder during the growth was
necessary to avoid any effect from the stray fields of the magnetron, which can induce
anisotropy within the films. From the XRD results, they found that the forming field did not
affect the structure of the films and all the films had a texture in the direction <110>
perpendicular to the substrate. They found that the films grown with a forming field had
uniaxial anisotropy. Also, they found that maximum value of the effective magnetostriction
constant at a Ga percentage of = 23%, for the forming field film.

Javed et al [26] studied the effect of a forming field during growth on the structural and
magnetic properties of polycrystalline Fe p-xGax (10 < x < 35) thin films with thickness 50
nm. The films fabricated by the technique presented in Ref [24] on Si substrates. From the
XRD result, they found that all the films had texture < 110 > perpendicular to the film plane.
Also, they found that all the films had a disordered A2 phase. For the magnetostriction result,
they found that the values of results without forming field were higher than the value with
forming field by a factor of about 50%.

Javed et al [27] investigated the effect of changing the Ga composition as a function of
pressure on the structure and magnetic properties of magnetostrictive FejooxGax (19 <x <23)
thin films. The films were fabricated on Si substrate using the co-sputtering-evaporation
technique Ref. [24], by changing the pressure from 3 to 7 pbar. From the XRD result, they
found that all the films had bcc phase of FeGa, with the <110> direction out of plane.
Magnetically, they found that most of the films were isotropic except the film grown at 3
pbar, which presented a weak uniaxial anisotropy. Experimentally, the effective saturation

magnetostriction constants was kept constant at around 60 ppm, although the Ga% increased.

Javed et al [28] studied the effect of the growth parameters such as the sputter target power,
chamber gas pressure, and Ga evaporation rate on the magnetic properties of FejgoxGax thin
films (14 < x < 32). The films were fabricated by co-Sputtering-evaporation technique
defined in Ref. [24] on Si substrates. From the XRD, they found that all the films had a
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texture < 110 > perpendicular to the film plane. From the Mdssbauer spectroscopy results,
they found that all the films had disordered A2 phase. From the magnetostriction result, they
found that: for the samples with different sputtering target power, the maximum value of the
magnetostriction was about 85 ppm at 24% Ga. For samples with different chamber pressure,
the magnetostriction constant kept around 60 ppm for 19 < Ga % < 24; and for the samples
with different Ga evaporation rate, the magnetostriction constant increased to around 50 ppm
at 26% of Ga. From their study, they inferred that the effective saturation magnetostriction
constants in the case of changing the target power films were greater than those for different
gas pressure and Ga evaporation rate films.

Javed et al [29] studied the effect of changing the thickness on the magnetic properties of
polycrystalline FeggGay thin films, which were fabricated in the thickness range from 20 nm
to 200 nm, by co-sputtering-evaporation described in Ref. [24] on Si substrates. From the
XRD result, they found that all the films had texture with < 110 > direction perpendicular to
the film plane. They found that the magnetostriction constant increased with increasing the
thickness. They reported that the saturation magnetic field, the grain size, the surface
roughness, and the magnetostriction constant of the films increased with film thickness.
Szumiata [30] studied the effect of annealing temperature (350°C for 1 hour) and forming
field (about 65 kA/m) on the magnetic properties of FejpoxGax (10 < x < 35) thin films
prepared by the co-sputtering-evaporation technique [24] with thickness 50 nm on Si
substrate. They found that the saturation field reduced with increasing Ga composition for
both as-deposited and annealed samples. One effect of annealing was that it reduced the
saturation field in comparison with the as-deposited films. While the saturation

magnetostriction constant of the as-deposited films was larger than the annealed films.

3.5.2 Magnetic Properties of Magnetostrictive FeCo Films

In bulk form, the FeCo alloy is similar to the FeGa alloy and exhibits one of the largest
saturation magnetostriction constants among other non-rare earth bulk alloys [31]. For
example, the magnetostriction constant of bulk single crystal FessCoso was shown to have a
maximum value of Aie = 150 ppm and a small anisotropy constant 10* J.m™ [32].
Experimentally, FeCo thin films are affected by the growth parameters and the thickness,
which can be controlled to produce good magnetic properties, which are suitable for many
applications. For example, Morley et al [33] studied the effect of rotation and stationary
substrates along with the growth parameters on the structure and magnetic properties of

polycrystalline FesoCosg thin films with thickness ranging from 10 nm to 100 nm, prepared
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by two different sputtering techniques (DC and rf sputtering) on Si substrate. The substrate
was rotated during the growth in the DC sputtering technique, while for the rf sputtering the
substrate was fixed. From the XRD result, they found that the DC sputtered films, under
rotation, with thickness less than 30 nm had <110> peak, whereas for the stationary samples
in both DC and rf sputtering systems the films had an absence of <110> peak until the
thickness was greater than 35 nm. They found that the magnetic results showed that the
rotated films had anisotropic magnetic field in-plane, whereas the stationary films presented
uniaxial anisotropy. By using the Villari effect method, they found that the magnetostriction
constants were affected by the growth parameters, for example, the films sputtered by DC
sputtering under rotation had magnetostriction constants of 11 ppm across all thicknesses.
While for the non-rotated films in the DC system, the magnetostriction constant had an
increasing linear relation with the thickness. Coisson et al [34] studied the effect of annealing
temperatures, 300 and 350 °C for 20 to 120 min and 100 Oe forming field on the magnetic
properties of FesoCosg thin films, with two thicknesses 4 nm and 30 nm, fabricated on glass
substrate by rf sputtering. They found that the 30 nm thick films, annealed at 350 °C with
forming field of 100 Oe with different times had magnetic properties different from the 4 nm
thick films of the same growth conditions. The 4 nm thick films showed coercivity lower than
the 30 nm thick films. One drawback of this work was the lack of information about how the
magnetostriction changed with these parameters. Cooke et al [35] studied the effect of the
composition gradient from x=0.67 to x=0.40 on the magnetic properties of Fe,Co.x) thin
films prepared by rf sputtering. The magnetostriction constants were measured by two
methods. The first method was strain based and the second one was an optical dynamic
cantilever. They found that the coercive field of the as-deposited films with increasing Co
at% composition reached the highest value at about 55at%. Also, they found that annealing
reduced the coercivity of the films. For both methods, the magnetostriction constant increased
with increasing the composition and the maximum value was 82 ppm for the strain method.
Takashi et al [36] studied the influence of annealing on the magnetic properties and the
magnetostriction constant of 240 nm thick Fe;,Cogg thin films fabricated by sputtering system
on glass substrates. They found that with increasing the annealing temperature from 673 K to
1073 K the saturation magnetostriction increased by a factor of three from 56 ppm to reach
the maximum at 159 ppm with the presence of bcc (110) texture. However, increasing the
annealing temperature more than 1093 K led to a decrease in the magnetostriction constant,
which was associated with the formation of the fcc (111) phase. Cooke et al [37] studied the

influence of three parameters (annealing temperature, substrate material, and the film
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composition) on the structure and magnetic properties of magnetostrictive FeCo films with
thickness 300 nm, fabricated by rf sputtering. They found that for all substrate types, the as-
deposited films had hard magnetic properties and all films showed coercive field more than
10 kKA m™%; The annealed films, in H and Ar gases, showed a significant decrease in the
coercivity to about 300Am . They clarified that the decrease in the coercive field, could be
due to a number of reasons, including relaxation of intrinsic stress, changing in texture,
increase in the grain size, effect of the anisotropy constant, K as a result of the presence of
short-range order of Fe or Co. Therefore, all of above issues impact the magnetic properties
of the films. They found that the composition of films between 49% and 52% affected the
coercivity with the lowest coercive field about 281 A m™ . They noticed that the FesoCoso
composition had the lowest coercivity, maximum anisotropy field, and largest saturation
magnetostriction constant. VVopsaroiu et al [38] studied the effect of growth rate on the
magnetic properties of CoFe films with thickness 20 nm, prepared by sputtering technique.
They controlled the growth rate by changing the dc bias sputtering voltage. The films were
grown from two different targets in composition CossFegs and CogoFeqo. Two sets of films
with different growth rate (0.1 and 0.8) were fabricated from the first target in composition of
CogssFegs and another two set of films with different growth rate (0.1and 0.8) were grown
from the second target in the composition of CoggFeso. They found that for both sets of films,
the slow growth rate produced a small grain size of about 10 nm while the fast growth rate
produced an average grain size around 150 nm. From the XRD result, they found that the
films had a bcc (110) structure. Magnetically, they found that the films with small grain size
from both targets, with low growth rate, had in-plane magnetic anisotropy, and soft magnetic
properties, while the films with large grain size from both targets, with high growth rate, had
hard magnetic properties with coercive fields about 9549 A/m with a maximum
magnetization about 1914 kA/m. One drawback of their work was the lack of the effect of

either the growth rate or the grain size on the magnetostriction properties.

3.6 Magnetic Properties in Magnetostrictive Ribbons

After the discovery of amorphous magnetic materials, their structure, magnetic, and
magnetostriction properties have been widely investigated because of their significant
potential in technological applications such as: distribution and power transformers, high-
frequency inductors, motors, low loss at low frequencies, current transformers, and devices
requiring high permeability [39-41]. The structural investigation of amorphous magnetic

material in ribbon form has shown that the magnetic properties and microstructure are
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different from bulk form [42]. Two types of ribbons, FeGa and FeSiB, are discussed in this
section, to compare their magnetic properties with this thesis study. For example, a massive
magnetostriction of about -1300 ppm was observed in the FegsGass ribbons under external
magnetic field along the length of ribbon [43]. Zhang et al [44] studied the effect of ribbon
thickness on the microstructure and magnetostriction constant for the ribbon composition
FegsGap7 prepared by melt-spinning in a range of thicknesses (45um, 55um, 75um and
100um). They found that the largest magnetostriction constant of about -2100 ppm was
observed for the 75 um ribbon. They found that the D03 structure was present in the ribbon as
a result of faster cooling rate, but did not decrease the magnetostriction constant. They
theorised that the increase in magnetostriction was due to presence of the short-range order of

Ga atoms, which adjusted the D03 phase.

Liu et al [45] prepared, by melt-spinning, ribbons with the composition FejgpxGax (15 < x <
30) and studied their structural and magnetic properties. They detected, by XRD, the structure
of all the ribbons, which included the disordered A2 phase structure. By applying a high
magnetic field 1591.5 KA/m to measure the magnetostriction constant, they found that the
largest magnetostriction constant was about -750 ppm for the composition range of 15 < X <
20. While for composition of x > 20, there was a reduction in value of magnetostriction due
to increase in Ga percentage. They found that the wheel speed influenced the structure and
magnetic properties. They studied the effect of wheel speed on the magnetostriction of
FegsGays ribbon and found that the magnetostriction decreased for the wheel speeds greater or
lower than 12 m/s, which was also the best wheel speed for the FegyGayo ribbon. They
detected formation of Ga clusters due to the slow wheel speed and low cooling rate. From
their work, it found that the magnetostriction constant was influenced by wheel speed and Ga

content.

Zhang et al [46] prepared a melt-spun ribbon at different wheel speed from 8 to 30 m/s with
the composition FegiGajg and thickness range from 35 pm to 110 pum. They studied the
influence of annealing temperature on the structural and magnetostrictive properties. From
the XRD results, they found that the ribbons, at room temperature, showed disordered A2
phase. Also, they studied the influence of annealing temperature of 800 °C for 3 hours and
slow cooled at 2 and 0.5 °C/min on 110 um thick ribbons. They detected for the slow cooled
(2°C/min) ribbon D03 phase with peaks (311) and (200) confirming the FesGa structure was
included with the disordered A2 structure. While they found decreasing the cooling rate to

about 0.5°C/min led to the ordered L1, FesGa structure presented with the disordered A2
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structure. For the magnetostriction measurements, they studied the magnetostrictive
properties along the ribbon length direction with composition of Feg;Gajg and thickness 110
pm. They found that using a vertical magnetic field to the sample plane of about 1150 kA/m
was enough to induce a negative magnetostriction constant of about -163 ppm while applying
a parallel field of about 98 kA/m was enough to induce negative magnetostriction constant of
about -21 ppm. They determined that the magnetostrictive properties of Feg;Gayg ribbon can
be affected by the heat treatment. For example, they observed a larger magnetostriction
around -189 ppm in a quenched sample, which was reduced to -143 ppm for the slow cooled

sample at 2°C/min and -125 ppm for the sample slow cooled at 0.5°C/min.

Magnetic properties and magnetostriction of amorphous FeSiB ribbons have also been
studied and developed. For example, Sun X. et al [47] studied the magnetic properties of
amorphous FezgSigBi3 ribbons with thickness at 25 pum, which were manufactured by the
melt spinning method. They found that the annealing of the ribbons led to growing
nanocrystalline Fe,B and a-Fe (Si) phases. They observed that increasing the annealing
temperature caused a decrease in the magnetization of the amorphous phase faster than the

nanocrystalline phases present.

Brouha and Borst [48] studied the influence of the thermal treatment and in-plane applied
magnetic field on the magneto-mechanical properties in three types of ribbons having
different compositions, FegoBioSij, FesoB15Sis, and FegoB2o. The ribbons were annealed at
different temperatures for half an hour under an applied magnetic field of about 150 kA/m,
within the in-plane direction of the ribbon’s width. They found that for all the ribbons the
annealing field led to an induced in-plane anisotropy field, which reached a maximum value
in all the ribbons at the same annealing temperature of 250 °C. They found that the FegoBoSio
ribbon had an effective magneto-mechanical factor in the range of about 0.4-0.55, while the
FegoB2o ribbon had a range of 0.5-0.6. Also, they found that the maximum value of the
effective magneto-mechanical factor in composition FegyB1sSis was about 0.86 under
annealing magnetic field of 60 A/m and a temperature of 350 °C with annealing time of 30

minutes.

Tsuya and Arai [49] studied the effect of composition and annealing temperature on the
magnetic and magnetostriction properties of crystalline structure ribbons with compositions
Fe100xSix and Fe,SiyAl, and amorphous structure ribbons with compositions Fejo0xBx and

(FeixCoy)78SigB14. They found that the magnetostriction constants reach zero value for
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ribbons with compositions of Fegs 74Si 971Als55 and Feg,5Sizs. Also, they found that the
amorphous structure Feigo-xBx ribbon had a larger magnetostriction constant of about 50 ppm
at x=12% after heat treatment at 300 °C for 3 hours, which decreased with increasing of B%.
While for this ribbon the magnetostriction constant at room temperature had a maximum
peak value =~ 42 ppm at B%=16. For the crystalline ribbon FeigoxSix, they found that the
ribbon had a maximum magnetostriction constant value of = 8 ppm at Si% = 3.6 and the

magnetostriction decreased with increasing of Si% and reached zero at Si%=7.5.

3.7 Magnetic Properties of Magnetostrictive Amorphous Films

Amorphous materials have a short range order structure and a random distribution of the
atoms. Thus, they are missing magnetocrystalline anisotropy, grains, and grain boundaries,
which lead to then having soft ferromagnetic properties. The magnetic properties of

amorphous material are different from crystalline and polycrystalline materials.

3.7.1 Magnetic Properties of Magnetostrictive Amorphous FeSiB Films

In general, amorphous thin films are developed as they have importance in applications due
to their soft magnetic properties. Kobliska et al [50] have stated that the amorphous thin films
fabricated by sputtering have similar magnetic properties to the ribbons, which were formed
by a rapid quench from their melting points. Therefore, many efforts have been carried out to
develop and study the structure, magnetic, and magnetostrictive properties of amorphous
FeSiB thin films.

Naoe et al [51] studied amorphous FeSiB thin films fabricated by co-sputtering at room
temperature and the effect of annealing temperature on magnetic properties such as the
magnetization, coercive field, and permeability. They found that the annealing of the films up
to 470 °C did not change the magnetization of films. The permeability of the films changed
from 850 to 3000 when the films were annealed at 450 °C, while the coercive field was
changed from 5 to 0.6 Oe when the films were annealed at over 370 °C. For the saturation

magnetostriction constant, they found that most of the films had a value of ~30 ppm.

In many studies, they found that some of the amorphous films can contain a nanocrystalline
phase within the films’ amorphous matrix. This phase can affect the magnetic properties of
the amorphous films both positively and negatively. For example, Sun et al [52] used the rf
sputtering technique to fabricate partial amorphous thin films with the composition

FezsSiipB12 containing nanocrystalline a-Fe(Si). These films had a magnetostriction constant
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of about 6.5 ppm. The films were annealed for 1 hour at about 540 °C. This annealing process
increased the percentage of a-Fe (Si) within the film, which led to a decrease in the
magnetostriction constant to 0.45 ppm because the nanocrystalline a-Fe (Si) had negative
magnetostrictive properties. Also, Coisson et al [53] studied the magnetic properties of FeSiB
thin films prepared by rf sputtering using a Fe7gSi13Bg target to fabricate films with thickness
80 nm and 305 nm. The XRD results showed that the films were partially amorphous and the
crystalline fraction increased with thickness. The other technique that can be used to fabricate
amorphous FeSiB thin films is evaporation, for example, Neagu et al [54] fabricated
amorphous FeSiB thin films with different thicknesses from 100 to 300 nm by evaporating
ribbon with the composition Fe;;5Si75B1s under vacuum. They used MOKE magnetometry to
study the surface magnetic properties of these films. They found that annealing the films
under magnetic field reduced the coercive field from 350 A/m to 18 A/m because the
structure relaxed. Also, fabrication of not fully amorphous FeSiB thin films using the thermal
evaporator was done by Satalkar et al [55]. They deposited three films with thicknesses (110,
160, and 170nm) from evaporated amorphous ribbon with composition FezgSigB13. From the
XRD results, they found that the amorphous matrix had a nanocrystalline phase of a-Fe in the
range from 30-34 nm. The phenomenon of spin reorientation transition, which is detected in

ultrathin multilayer magnetic films, can be observed in amorphous thin films such as FeSiB.

Coisson et al [56] detected the phenomenon of spin reorientation transition in amorphous
FeSiB thin films and found that it could be affected by the films’ thickness and the thermal
treatment temperature. The films were fabricated in a range of thicknesses 25-600 nm by rf
sputtering from a Fezg Sig By3 target. The samples were annealed for about 60 min in a range
of temperatures from 200 to 375 °C. A phase change in amorphous FeSiB thin films during
the annealing is produced by increasing the annealing temperature. Study of the growth of
nanocrystalline phases in amorphous FeSiB thin films due to increasing the annealing
temperature was done by Jang et al [57]. They deposited amorphous FeSiB thin films by DC
magnetron sputtering from amorphous FegsSigBip ribbons. The XRD results before the
annealing showed that the films were amorphous and after annealing the a-Fe phase started to
grow when the temperature reached 723 K. Annealing the films for 1 h at a temperature of
about 823 K led to an observed crystalline a-(Fe, Si) phase, while the Fe,B phase was not
formed because its activation energy was higher than the a-(Fe, Si) crystalline phases [58],
[59].
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3.7.2 Magnetic Properties of Magnetostrictive Amorphous FeGaB Films.

Addition of metalloid elements such as boron into soft magnetic thin films such as FeGa and
FeCo can affect the structure, magnetic and magnetostrictive properties. For example, Xuexu
et al [60] found that the addition of 1% boron into polycrystalline FegzGa;; alloy, led to an
increase in the magnitude of the magnetostriction constant from 42ppm to 50 ppm, and
increased the saturation magnetic field by about 3 time compare with Feg3Ga;; binary alloy.
The effect of boron on the structural properties was to produce three peaks in the XRD
pattern, with the A2 phase of bcc Fe (Ga) as a major phase and one peak for Fe,B phase,

which appear in the result of (FegsGai7)g99B1 alloy.

Lou et al [61] found that increasing the boron percentage from 0 to 21 during fabrication of
FeGaB films led to the formation of an amorphous structure and the absence of a
polycrystalline structure when the percentage of B was more than 9%. While for the B
percentage from 0 to 6.5, a broad bcc (100) peak was observed. This work included changing
the Ga from 9-17%, hence there were changes in the Ga:Fe ratio from the target composition
of FegoGayo but they did not discuss the effect of changing the Ga:Fe ratio in their work. It
was found that the saturation magnetization decreased with increasing of Boron, the film had
coercivity about 1 Oe when B content > 9 at. % and reduced to 0.4 Oe for B content 21 at. %.
Also, the anisotropy field, H, reduced dramatically from 120 to 30 Oe when B content of 9
at. % and reaches 15 Oe at B content 21 at. %. while the result of the magnetostriction
showed that the films had a peak magnetostriction constant of 70 ppm at 12% of Boron. From
the explanation of Clark et al [62], a minimum amount of metalloid atoms may be causing
Ga-Ga pair atoms or B-B pair atoms to form, which can affect the magnetostriction properties
and the maximum amount of these atomic pairs can produce clusters leading to a reduction in
the magnetostriction properties. Cristina et al [63] worked to improve the magnetostriction
properties of Fe;,Gayg alloys by adding amounts of boron (0.5. 1. 1.5, and 2 at %) to produce
FeGaB alloys. The structural investigation showed that all the samples had Fe,B phase along
with the expected FeGa DO3; and A2 phases. They found that adding the boron to the
Fe;,Gayg alloy in 1 at% improved the magnetostriction constant to reach a maximum value 92

ppm, which was 2.2 times higher than the sample without boron.
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3.7.3 Magnetic Properties of Magnetostrictive Amorphous FeB Films

The binary system of amorphous FeB thin films has been studied to understand the effect of
adding boron to the magnetic properties of Fe. For example, Aboaf and Klokholm [64]
studied the effect of adding boron on the structural and magnetic properties of FeB films and
compared the results for amorphous and crystalline FeB structures. They found that as the
structure transitioned from crystalline to amorphous, the magnetostriction was discontinuous
with increasing boron percentage. The results showed that the value of magnetostriction in
the amorphous structure was 2 times larger than the crystalline value, the magnetostriction
then reduced when large amounts > 25 at% of boron were added. The maximum positive
magnetostriction value reached was about 50.3 ppm at the boron percentage of 25 at% and
then dropped with increasing boron amount greater than 25 at%. The films had perpendicular
magnetic anisotropy with low coercive field of about 0.2 Oe after annealing at 300°C. After
annealing the films between 400 and 450°C, they found that the coercive field increased

quickly because the structure changed from amorphous to crystalline.

Aboaf et al [65] prepared different amorphous thin films by the rf sputtering technique. One
of these films was FeB fabricated with a boron content range from 0 to 40 at %. The films
had an amorphous structure when the boron content was about 26 at%. Unfortunately, they
did not present the magnetic and magnetostriction data of the FeB films, but they did present
the magnetic properties of amorphous FeSi films which had discontinuous magnetostriction
when the amount of Si was about 26 at%. The films reached the maximum magnetostriction
value of about 29 ppm and then decreased with the addition of more Si. They also found that
the crystalline structure of these films was created between 180 and 250 °C.

Kobliska et al [50] fabricated many amorphous magnetic thin films with thickness range from
0.3 to 0.5 um. The films were grown at room temperature using the sputtering technique.
They studied the magnetic and magnetostriction properties for the films and they found that a
field of about 500 Oe was enough to saturate the films, which had a perpendicular anisotropy.
This anisotropy was removed when the films were annealed at 250 °C for 1 hour; the
annealing was needed to achieve a very low coercive field. The amorphous FeB films showed
larger magnetostriction constant compared with the other films. For example, the film with
composition Fe;3B,7 had a maximum magnetostriction constant of about 50 ppm, which was
larger than the amorphous Fez3SigB2; and Feg,SiigBig films. The coercive field of FeB thin

films was slightly lower than amorphous FeSiB thin films.
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Chien and Unruh [66] fabricated crystalline and amorphous FeB thin films by sputtering two
different composition targets (amorphous FeB and crystalline FeB) and compared the result
of the two structures. Kawai et al [67] studied the influence of film thickness on the
magnetostriction constant of Fe and FeggB, thin films relative to the strain within the films.
The study showed that the magnetostriction constant changed from negative to positive i.e.
from -4 ppm to +3 ppm when the thickness was reduced from 40 to 10 nm. They considered
that changing the saturation magnetostriction constant from negative to be positive was due
to the effect of the strain within the films when the thickness was between 10 and 20 nm.
Tsunashima et al [68] fabricated two different types of amorphous films FeB and CoFeB by
sputtering technique with thicknesses ranging from 1 um to 1.2 um and with fixed boron
concentration at 20 at%. For the FeB films, they found that the magnetic anisotropy of the
films decreased after annealing the film at 300 °C for 1 hour under rotating field. The effect
of annealing on the FeB films was to produce inhomogeneous anisotropy and low
permeability, while the coercive field of the FeB films which was 0.5 Oe decreased after

annealing.
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Table 3.1 Summary of magnetostriction constant of some materiasls presented

in the literature review.

Material

Fers.2 Gagsg
FE6B Ga32

Feg Gig
FezsGayy
Fez75 Gagys

Fegs4Gaise

Fe;; Gays
Fess Gayy
FegoGayg
Fes2sGayr s
FesoCoxg

FessCogs
Fe32C068

Fe50C050
FegsGays

Feggeaﬂ
Feg()Gazo
Feglealg

FegsB12

FeSiB
FegSioBio

(FegsGair)esBs
FeGaB
Feo.72Gag 28)99B1

FezsBas

Fe;4Siz
FezsByr

FeggBZ

Thickness

146.5 nm

500 nm

0.3-0.5
pwm
10 nm

Ag
(ppm)
147

74

265
17
75

31

60
85
80
60
11

82
159

70
-1300

-2100
-750
-189

30
6.5

50
70
92
50.3

29
50

Direction
110
100
100
110
110
110
110
110
110

110
110

110
Amorphous

Amorphous
Amorphous
Amorphous

Amorphous

Amorphous
Amorphous

Amorphous

110
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Form

Film

Film

Bulk
Film
Film

Film

Film
Film
Film
Film
Film

Film
Film

Film
Ribbon

Ribbon
Ribbon
Ribbon

Ribbon

Film
Film

Bulk
Film
Bulk
Film

Film
Film

Film

Notes

Forming field
(65 kKAm?)
Forming field
(65 kAm?)

as-deposited
Room
temperature

Annealing (673-
1073) K
as-deposited

Quenched
process

Heat treatment
at 300 °C for 3 h

Contains
a-Fe (Si)

12% of Boron
Fe,B phase

Refrences

Basantkumar et al
[14]
Hattrick-Simpers
et al [23]

Clark et al [6]
Morley et al [24]
Morley et al [25]

Javed et al [26]

Javed et al [27]
Javed et al [28]
Javed et al [29]
Szumiata [30]
Morley et al [33]

Cooke et al [35]
Takashi et al [36]

Cooke et al [37]
G.D. Liuetal
[43]

Zhang et al [44]
Liu et al [45]
Zhang et al [46]

Tsuya and Arai
[49]

Naoe et al [51]
Sun et al [52]

Xuexu et al [60]
Lou et al [61]
Cristina et al [63]
Aboaf and
Klokholm [64]
Aboaf et al [65]
Kobliska et al
[50]

Kawai et al [67]
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3.8 Mechanical Properties of Magnetostrictive Materials

The nanoindentation method is the most common methods to measure the mechanical
properties such as hardness and modulus of bulk alloy, ribbon, and film or coating. It
involves creating a very small indentation in the surface of the film, usually achieved by a
Berkovich indenter. There is little information and investigations presented on the mechanical
properties of magnetostrictive Fe-based amorphous thin films. The mechanical properties of

bulk/ribbon magnetostrictive Fe-based amorphous alloys have been studied.

Lashgari et al [69] investigated the mechanical properties of amorphous Fegg 75SigB11.25 alloy
prepared by melt- spinning. Three specimens were prepared (amorphous specimen, stress-
relaxed specimen (400 °C for 0.5 h), and annealed specimen (500 °C for 1h). The polishing
of the specimen surface was necessary to get a 0.04 pum surface roughness for
nanoindentation measurements. Tribolndenter and UMIS devices were used with a Berkovich
tip. They used an applied load 8 mN in the case of Tribolndenter and 10-90 mN in the case
of UMIS device. In their study a single loading and multiple unloading—reloading
investigations were undertaken. To prevent the effect of the indentations on each other, they
set a distance between indentations of about 20 um. For each specimen, they took the average
of the data for 20 indents.

They found that in the single-step nanoindentation method, the heat treatment at 500 °C for 1
h reduced the displacement of the amorphous specimen from a maximum value ~178.58 nm
to =159.45 nm. While the heat treatment at 500 °C for 1 h increased the hardness from 10
GPa to =11.2 GPa and the reduced elastic modulus from ~160 GPa to ~238 GPa. Additional
annealing times of about 3 h reduced both values of the hardness and reduced elastic modulus
to ~8.8 GPa and ~200 GPa respectively.

For the multi-step method, which used different cycles (3, 5, 8, 10), they found in the
amorphous specimen there was a small increase in the hardness, while the reduced modulus
was unchanged. They found that the stress-relaxed specimen showed softer properties, for
example, they found the maximum value of penetration was higher in comparison with the
single-step method. While for the amorphous specimen, the maximum value of penetration
found in the single-step method was slightly bigger than the multi-step method.

From their result, they mentioned that in the crystalline specimen due to the heat treatment,
the decreasing value of the maximum penetration represents a higher hardness in the case of

the multi-step method. This decrease in penetration depth was presented as a result of the
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strain-hardening response. Also, they found that this strain-hardening reaction presented in
crystalline specimen was extremely different compared with both the amorphous and stress-
relaxed specimens. Further, they explained that in the crystalline specimen, the behaviour of
hardening is due to the entanglement and interaction of dislocations with each other and also
due to grain boundaries which lead to increasing the hardness.

Lashgari et al [70] studied the effect of the presence of Cu and annealing temperature on the
mechanical properties of three types of Fe-based alloy ribbons in compositions
Fego.75SigB11.25 (Specimen 1), Fegs2SigoBi1262CUs 28 (Specimen 2), and Fe;geSiigBi7.75CUs g5
(specimen 3) prepared by the melt-spinning method.

Nanoindentation technique type UMIS device with a pyramid Berkovich tip was used with a
range of loads (10-90 mN) at increments of 20 mN at room temperature. To avoid the creep
effect, three seconds were enough to hold the indenter at the peak load. Also to avoid the
effect of indentations on each other, the distance between them was about 20 mm. Their
results were averaged at about 75 for each sample. In a diamond solution, the samples were
polished to 1 um surface roughness. They studied the effect of indentation load on the
hardness and reduced modulus.

They found, in all three types of amorphous alloy specimens, the hardness and reduced
modulus reduced with the increase in the load from 10 to 70 mN and further loading > 70 mN
did not noticeably affect the variables. The reduction of the hardness in Fegy 75SigB11.25 alloy
was 7.6%, which was harder than the others, while the hardness of the alloys
Fegs.2Sio9B12.62CU1.28, and FezgsSiy gB17.75CuU1 g5, reduced by 25.3% and 23.3% respectively.
Also, they found the elastic modulus of the Fegy 75SigB11.25 alloy in amorphous structure was
greater than both Fegs »Sip9B12.62CuU1 28, and Fezg 6Sis gB1775CuUy g5 alloys. After annealing the
samples, they found that the hardness and elastic modulus were larger than the as-fabricated
amorphous samples. They found the heat treatment for 1 h of Feg75SigB11.25 alloy at 500 °C
improved the hardness and elastic modulus in percentages of 35 and 40 respectively. Also,
the heat treatment for 1 h of Fegs»Sio9B1262CU12g alloy at 470 °C improved the hardness
(61%) and reduced modulus (141%). While the heat treatment for 1 h of Fesg6Si1 gB17.75Cus g5
alloy at 460 °C caused an increase in the hardness (42%) and elastic modulus (90%).

Chan et al [71] studied the effect of both the thickness and the surface properties of the
substrate on the mechanical properties (hardness, elastic modulus, and yield strength) of
magnetostrictive FeCo thin films. The films with thickness 0.9, 1, 4, and 4.1 pm were
deposited on either Si with thicknesses 2 and 7 pum or Ti—6Al-4V substrate with dimensions

19x19 mm and thickness 6.4 mm. The Ti-6Al-4V substrates were manufactured by electrical
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discharge machining (EDM) method. Two Ti—-6Al-4V substrates without polishing were

used for FeCo films with thicknesses 0.9 um and 4.1 pm.

Two mechanically polished Ti—-6Al-4V substrates were used for FeCo films with thicknesses
1 um and 4 pm. Two electro-polished Ti—-6Al-4V substrates were used for FeCo films with
thicknesses 0.9 and 4.1 um. Nanolndenter technique with a diamond Berkovich tip were used
to measure the mechanical properties of these films. They set the surface approach velocity at
5 nm per second and the limitation of indentation depth was 2000 nm. For all the samples,

they used an array of 5 indents with a spacing of 3 —4 mm.

They analyzed the result by MTS® data software, which follows the method of
Giannakopoulos and Suresh [72] to measure the yield strength, Gys.

They found that the hardness, Young’s Modulus, and yield strength of FeCo films of
different thicknesses and substrates as summarized in the table (3.1):

Table 3.2 summarize the results of Chan et al [71] work.

Film/substrate Polishing | Thickness | Hardness | Young’s Modulus | yield strength

(um) (GPa) (GPa) (MPa)
FeCo/Si _ 2 5.3 165.5 1830
FeCo/Si - 7 5.4 170 1800
FeCo/Ti-6Al-4V 0.9 10.4 164.8 3470
FeCo/Ti-6Al-4V 4.1 8.7 206.1 2830
FeCo/Ti-6Al-4V = mechanical 1 8.8 187.3 2930
FeCo/Ti-6Al-4V | mechanical 4 8.2 176 2730
FeCo/Ti-6Al-4V  electro 0.9 10.7 167.7 3570
FeCo/Ti-6Al-4V | electro 4.1 8.5 201.4 2900

They measured the mechanical properties of FeCo/Si and FeCo/ Ti-6Al-4V films, which are
good data for magnetostriction FeCo films, but they did not discuss the effect of thickness
and the substrate surface on these properties and they focused on the effect of thickness and

substrate surface on the interface toughness of the FeCo/Ti—6AI-4V samples.

Jen et al [73] studied the mechanical properties such as Young’s modulus, Es and hardness,
H, of magnetostrictive Feg;—xCoxGayg films where x is in the range 0, 3, 7, 11, 15, and 19. The

films were grown by the dc magnetron sputtering technique with thickness 2500 A. They
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used a nanoindenter to measure the Young’s modulus and hardness. They found that both of

Es and H,. of the Feg;—CoxGayo films were affected by increasing the percentage of x.

They found the Young’s modulus reduced from 130 GPa, at x =0, to 115 GPa, at x =7 at%,
and after that increased from 115 GPa to 145 GPa, at x = 19 at%. While the hardness
increased from 6.5 GPa, at x =0 to 7.5 GPa, at X = 7 at%, and after that decreased from 7.5
GPa to 5.7 GPa, at x =19 at%. Further, they reported that the film with composition

Fes2C019Garg showed the optimum properties from all the FeCoGa samples investigated.
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Chapter 4 Experimental Techniques

This chapter describes the main experimental techniques used in this study, which involves
four main sections. First is a brief description of the common thin film fabrication techniques
and the growth mechanism. Second is a brief description of the co-sputtering-evaporation
technique, which is used to fabricate the magnetostrictive amorphous FeSiB and FeGaSiB
thin films, and describes in details the growth of FeSiB and FeGaSiB films under different
growth parameters. The third part includes the sample preparation. In the fourth part of this
chapter, the experimental characterization techniques used to determine the structure, film
composition, magnetic properties, magnetostriction constant, and mechanical properties are
described. The characterization techniques used include X-Ray Diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), Magneto-Optical Kerr Effect (MOKE) magnetometer,
vibrating sample magnetometer, and nanoindentation technique. Also, this chapter includes a
brief description of the Villari effect method which used to measure the magnetostriction in

this study.

4.1 Thin Film Fabrication Techniques

In general, there are several fabrication techniques designed for the growth of thin films. The
technique used depends on the requirements of the application for the sample and the
behaviour of the source material to be used. These techniques have some limitations,
including the size of the substrate, low melting point materials, and the nature of the target.
The fabrication of thin films can be categorized into two classes: the first class is the
Physical Vapour Deposition (PVD) technique and the second class is the Chemical Vapour

Deposition (CVD) technique.

For PVD techniques, the basic fabrication of the thin films is by the physical transportation
of atoms directly from a source material (target) to the substrate in a gas phase. The PVD

techniques can be classified in the block diagram as seen in Fig. 4.1.
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‘ Physical Vapour Deposition

(PVD)
| | 1
Sputtgnng Evapon.'atlon Reactive PVD
techniques techniques
. DC Magnetron Thermal J Pulsed Laser
DC sputtering sputtering evaporation ‘Deposition (PLD)
RE sputtering’ RF Magnetron E-beam _J Molecular Beam
P g sputtering evaporation ‘ Epitaxy (MBE)

Figure 4.1 Block diagram classifying the types of PVD techniques.

For the CVD techniques, the fabrication of thin films is achieved by reacting the atoms
chemically upon the surface of the substrate. CVD techniques can be classified as shown in

the block diagram as seen in Fig. 4.2 below;

Chemical Vapour
Deposition (CVD)

Plasma Low-Pressure Metal-Organic
Enhanced CVD‘ CVD CVD

Figure 4.2 Block diagram classifying the types of CVD techniques.

The growth of thin films is normally achieved under vacuum. To achieve high quality thin
films, they need to be fabricated in a high vacuum to avoid contamination. The base pressure
of these systems is 10° mBar. Also, the quality of thin films can be affected by fabrication
technique, which can affect the stress within the film, adhesion of the film to the substrate,

the density of the film, the grain size and the thickness uniformity.
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4.2 Thin Film Growing Mechanism

Thin films produced by PVD techniques grow via different growth mechanisms on the
substrate. These mechanisms consist of nucleation, adsorption, surface diffusion, and
interdiffusion upon the substrate surface [1]. These mechanisms can also be affected by the
properties of the substrate and material source to be deposited as a thin film. Figure 4.3

shows the common mechanisms for film growth.

Venables et al [2] explained the nucleation process and films growth. Their explanation
focused on the quantitative nucleation theories, the formation of films thermodynamically,
and they used experimental data with physics mechanisms to check these theories. For the
deposition process, the adsorption reaction process occurs, which includes the surface
adsorption when impinging atoms interact as a gas phase with the substrate surface. The
adsorption process can be either a physical or chemical process. Physical adsorption occurs
when any particle is bound or stretched but keeps its identity and bonds to the surface by van
der Waals force, while chemical adsorption happens when the identity of the particle changes

and bonds to the surface in either an ionic bond or a covalent bond.

Venables et al [2], showed that the growth of films can occur via three different processes.
The surface diffusion process is the initial stage to start the nucleation and cluster formation
to grow the film. This happens due to the strong bonding between the atoms and a weak bond
to the substrate. The process, in this case, is identified as an island or VVolmer-Weber mode.
The stability of forming clusters, at any site on the surface, is not stable and the clusters have
an ability to rearrange themselves through the diffusion of atoms, mixing the species, and by
the coalescence process. The diffusion process depends on the surface mobility and it takes
place in many stages as the film is formed. The surface mobility is affected by the
temperature of the substrate and the energy of the atoms. The movement of an individual
atom leads to building of small clusters and then by the coalescence process and the re-

arrangement of these small clusters into large clusters (islands).

In the sputtering technique, the sputtering gas pressure is a parameter that can affect this
growth mode because a higher gas pressure can affect high energy atoms thermally by
scattering. This will influence the diffusion mechanism of the atoms on the substrate surface,
which leads to defects such as voids within the film. The growth mode of layer by layer is
known as Frank-van der Merwe mode. This mode happens if the atoms are strongly bonded

to the substrate surface more than to themselves. This leads to creating a whole monolayer on
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the substrate surface, which will be covered with a second layer that is less strongly bound to
the first layer. Another mode for film growth can be in both modes of layers and islands. This
growth mode is known as Stranski-Krastanov. In this mode, the growth will be started by
deposition of a monolayer and then the next layer will be unfavourable, therefore, islands are
created as a second layer. The reasons for Stranski-Krastanov mode could be due to many

factors, which lead to the decrease in binding energy.

Condensation Re-evaporation Diffusion and formation
of clusters

@
& Small cluster

T‘ l [ Lafgec'l"'“e' l coalescence

!

i P o i
() (h)

Islands
Layer by layer Monolayer / \

_semssssssssess - addvadaba.

) )

Figure 4.3 Schematic diagrams of thin film growth mechanisms deposited by PVD techniques (a)
diffusion of atoms and re-evaporation (b) nucleation, clusters, and coalescence (c) layer by layer
mode (d) monolayer with islands mode adapted from reference [3].

4.3 Film Thickness Uniformity

Film thickness uniformity is very important for applications and can change the properties of
the film. The thickness uniformity can be affected by the substrate roughness, growth
mechanisms and the substrate size. Also, film thickness uniformity [4] can be affected by the
target-substrate distance, the sputtering power and gas temperature, which leads to change in
the deposition rate. While the substrate size is important, as in sputtering the film thickness
decreases across of the sample length. It is found that for the sputtering system used in Ref.
[4], there is a 5% reduction in thickness far from the centre of the sample [5] which can be
different for different techniques; therefore, a large sample size leads to a big difference in

thickness across the surface.
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4.4 Film Purity

The film purity can be affected by many factors depending on the type of deposition
technique. For example, in the evaporation technique, the chemical purity of the film depends
on the percentage of contamination present in the source material, the heater, and the
crucible. The residual gases in the chamber such as O, CO, H,0, and CO, can also be a
source of contamination in the film. Also, the chemical purity of the film deposited by the
sputtering technique can be affected by many factors such as the purity of the used gas, the
purity of the target material, and the residual gases in chamber mentioned above. In this
work, the films deposited by the co-sputtering-evaporation technique can suffer from all the

factors presented above.

4.5 Thermal Evaporation Mechanism

Thermal evaporation systems are used to fabricate thin films from materials, which are
evaporated. The basic principle of the thermal evaporation process is to heat the source
materials within crucibles, in a vacuum chamber until the atoms have enough energy to leave
the crucible and transfer to the substrate. The thermal evaporation process is shown
schematically in Fig. 4.4. The source materials are placed either on a boat or crucible, which
are heated to a suitable temperature through providing power to the crucible by a filament or
supplying an electrical current across the boat or wire. The source materials can be
evaporated at different deposition rates. The deposition rate is influenced by many
parameters, including the distance between the source material and the substrate, the chamber
geometry and pressure, the source material temperature and evaporation pressure. The film
may be contaminated by the reaction of the evaporated material with the bulk material of the
crucible or boat. Thus the quality of the deposited film can be influenced by the material of
the boat or crucible. Generally, the way to avoid the contamination of the source materials,
are to use boats manufactured from refractory materials, which have a high melting point
such as molybdenum (Mo), tantalum (Ta), and tungsten (W), or use crucibles manufactured
from refractory ceramic materials such as alumina (Al,O3), graphite (C), boron nitride (BN),

and zirconium.
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Figure 4.4 Schematic diagram of the thermal evaporation mechanism.

4.6 Sputtering Mechanism

The sputtering technique is a physical vapour deposition (PVD) technique used for the
fabrication of thin films under vacuum. The main parts of this technique are; the anode and
the cathode poles, which used to generate the potential base of the plasma, DC voltage or
radio frequency (RF) supply, vacuum pump, vacuum chamber, magnetron, inert gas and
substrate holder, as shown in Fig. 4.5. The basic principle of sputtering is that the sputtered
atoms are physically removed from the surface of the sputtering target by a bombardment
process using ions of the inert gas in plasma Fig. 4.5. The removed atoms then travel from
the target to the substrate to start the film deposition. The sputtering mechanism is
characterized as a mechanical process rather than thermal or chemical, to form the target

material into the vapour phase [6].
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Figure 4.5 Schematic diagram of sputtering mechanism.

By applying a large negative voltage to the cathode and grounding the anode, as shown in
Fig. 4.5, as the generated plasma has a very high conductivity, a larger magnitude of the
applied voltage is dropped by the cathode; this will lead to an ion bombardment process.
Another interaction occurs between the ions and the surface, which is the generation of
secondary electrons. Therefore, at the surface of the sputtering target, ions and secondary
electrons are emitted from the surface. The emitted electrons will accelerate into the plasma
leading to more ionising collisions. Self-sustaining plasma is formed from the emitted
secondary electrons. The collision of the sputter gas with free electrons leads to the ionisation

of gas in the plasma.

The sputtering technique can be classified into two classes: DC and RF. DC sputtering uses a
DC voltage generated by a power supply to provide both the target and the substrate with a
suitable potential and is used to sputter conductive materials. RF (radio frequency) sputtering
is used to sputter insulator materials. In the case of non-conductive materials, the charge of
the ions stays localized after hitting the surface of the target and with time positive charges
will accumulate on the target surface, leading to an infeasible additional bombard of the
target surface. This problem can be solved by bombarding the non-conductive target material

using both positive ions and electrons at the same time. To achieve that, an RF potential is
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applied to the target. The RF potential works as an energy provider to the electrons to
oscillate them in an alternative field, thus producing ionizing collisions in addition to
maintaining the self-sustained discharge. This type of discharge, if the potential gradient is
high enough will accelerate the free electrons to ionize the atoms by more collisions. In this
case, due to the high mobility of electrons in comparison with the mobility of ions, more
electrons reach the non-conductive target surface when the positive bias of the RF voltage is
applied, while a few positive ions reach the target surface during the negative bias of RF
voltage and then the target body becomes negative self-biased. This fends off the electrons
from the near area of the target surface and builds up a casing having a high number of
positive ions near the surface. In this case, the positive ions will bombard the target surface

during sputtering process.

The efficiency of the sputtering process can be increased by increasing the number of
collisions that are achieved by secondary electrons before they reach the anode. To achieve
this, a magnetic field is applied, by using strong magnets, to confine the secondary electrons
in a path close to the cathode. The configuration of the magnetic field is commonly generated
by a planar magnetron. This uses magnets beneath the target at right angles to generate a
magnetic field with a parallel component to the surface. The secondary electrons, which pass
across the lines of the magnetic field, undergo a force to work them forward towards the
target surface with a cyclical movement. Therefore, at the magnetron for sputtering, the
magnetic field traps the electrons near to the target to promote the plasma density and thus
sputtering rate. The sputtering system has the advantage that the deposited films are uniform,
dense, and can have a very small grain size. The substrate temperature also changes the
crystallinity and the density of the deposited films. The substrate temperature can be modified

from room temperature to 500 °C.
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4.7 Growth Parameters Which Effect Film Properties

In the sputtering method, the properties of the deposited film depend on several deposition

parameters.

4.7.1 Gas Pressure

Typically, the pressure is used to provide the required inert gas to the sputtering process. In
addition, it can work as a moderator to the sputtered atoms from the target. The pressure is an
essential parameter, which can influence the structure and magnetic properties of the films,
therefore, changing and controlling the pressure will affect these properties. In sputtering, it is
possible to apply a low pressure, which leads to the sputtered and reflected atoms having
higher energies compared with the plasma ions on reaching the substrate. In this case, the
sputtered atoms reach the substrate with a high surface mobility. While at higher pressure, the
sputtered atoms increase thermally [7] as a result of the increase in the amount of collisions
by the plasma ions before reaching the substrate surface. Therefore, the sputtered atoms will
have low surface mobility. As a result of the effect of pressure on the sputtered atoms during
the deposition of film, this can lead to a noticeable effect on the structure and magnetic

properties of the film.

4.7.2 Target-Substrate Distance

The distance, which separates the target and substrate, has an effect similar to the effect of the
sputtering gas pressure on the growth mechanism. Reducing the distance between the target
and substrate leads to an increase in the mobility of the sputtered atom at the substrate
surface. While increasing this distance leads to a reduction in the mobility of the atoms at the

surface.

4.7.3 Sputtering Target Power

The power can affect the sputtered atoms and hence the properties of the deposited film in a
similar way as described for the sputtering gas pressure. At a lower sputtering target power
result in sputtered atoms with low kinetic energy and hence lower mobility on the substrate
surface, which leads to a tensile stress in the film. Increasing the sputtering target power leads
to an increase in the kinetic energy of the sputtered atoms, thus an increase in the mobility of

the atoms at the substrate surface, which leads to a compressive stress within the film.
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4.7.4 Sputtering Rate

The deposition rate of the sputtering process increases with the increasing sputtering target
power and decreases with decreasing power. Increasing the target power leads to an increase
in the potential of the cathode and hence increase in the bombardment process. This leads to
an increase in the number of sputtered atoms from the target and hence an increase in the
deposition rate. Also, the deposition rate can be affected by the sputtering gas pressure, as
increasing the pressure leads to an increase in the plasma density and hence the number of
collisions between the sputtered atoms with the plasma ions. Thus some of sputtered atoms
will return back to the target, leading to a reduction in the number of atoms to reach the
substrate thereby reducing the sputtering deposition rate. Further, using the magnetron in
contact with the target leads to an increase in the deposition rate by producing a denser
plasma on the target surface, which leads to an increase in the sputtering rate even in the case

where the sputtering target power is constant.

4.8 Co-Sputtering and Evaporation Technique at Sheffield

4.8.1 Co-Sputter-Evaporation Deposition Chamber

The deposition chamber of the co-sputtering-evaporation technique [8], which was
manufactured by Kurt J Lesker Company Ltd, includes two growth parts: one sputter target
and one evaporator source to deposit thin films. The main parts of this chamber are shown
schematically in Fig. 4.6. In this project, FeSiB and FeGaSiB thin films were fabricated. To
produce the films, the FeSiB ribbon target was sputtered, while the gallium was evaporated
because the gallium has a low melting point (30 °C) and a high vapour point (1100 °C). Both
processes, the FeSiB sputtering and Ga evaporation, were done at the same time. In the
current study, the growth parameters (sputtering power, Ar gas pressure, and Ga evaporation
rate) were changed while the substrate-target distance was fixed at d = 60 mm. During the
growth process, the substrate holder was rotated to remove any magnetic effects from the
magnetron field and to get an uniform film thickness on the substrate. This rotation can also
help the films to have uniform distribution of Ga atoms, hence uniform Ga composition,
because the evaporation crucible is located at the side of the deposition chamber as shown in
Fig. 4.6. For growth under different temperatures or annealing the samples under high
vacuum, the substrate can be heated up to 500 °C [9]. From above, the system can

manufacture the FeSiB and FeGaSiB thin films over a range of growth parameters.
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Figure 4.6 Schematic diagram of the co-sputtering-evaporation chamber edited from

reference [8].

4.8.2 Co-Sputtering and Evaporation

The co-sputtering-evaporation system is designed to use the sputterer and the evaporator
either individually or working at the same time. The DC sputterer is used to deposit the
FeSiB thin film with different growth parameters, such as power density, to control the FeSiB
deposition rate. The DC magnetron gun of this system has a diameter 50.8 mm and a FeSiB
ribbon target is used in three layers with 23 um thick for each. In the evaporator, changing
the temperature of the Ga source controls the rate of Ga evaporation, for example, a higher
amount of Ga is evaporated at a higher temperature. The stability of Ga rate is dependent on a
stability of Ga temperature, which is controlled by applying power to the heater across the
crucible. For this technique, computer software is used to control the film growth. The base
pressure of the system is (8 x10"® mBar), the deposition rates of Ga source and FeSiB target
are measured using rate thickness monitors located above them. Near the substrate, the film’s
thickness is determined from the FeSiB rate monitor reading, which is calibrated for FeSiB
and FeGaSiB thin films. The properties of both films were affected by the growth parameters
such as FeSiB power density (Presis), Ar gas pressure (par), substrate temperature, Ga
evaporation rate (Rga), and substrate-target distance (d). Therefore, the properties of
deposited films can be studied for a range of growth parameters, this can be considered as
one of the advantages of this technique. The co-sputtering-evaporation mechanism is shown
schematically in Fig. 4.7.
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Figure 4.7 Schematic diagram of co-sputtering-evaporation mechanism.

4.9 Sample Preparation and Target

The co-sputtering—evaporation technique described in section (4.8) [8] was used to deposit
FeSiB and FeGaSiB amorphous thin films. The formation of the amorphous films was made
without rapid quenching methods. The films were grown on Si (100) substrates with
dimensions 10 mm x 15 mm, which were washed using acetone and isopropanol (IPA) before
deposition. Three Si substrates were used per film growth, attached to a glass slide using
polymethyl methacrylate (PMMA). To determine the thickness of the films accurately, a
PMMA blob was put on one Si substrate before growth using a small stick of wood
(toothpick). After growth, the PMMA blob was washed away using acetone, to leave a sharp
edge, so that the film thickness could be measured. The ferromagnetic amorphous thin films
investigated in this thesis were sputtered from an amorphous Metglas 2605SA1 ribbon with
composition FegsSiipBs. The starting ribbon was 15.2 cm in width and 23um in thickness.
The targets prepared for the sputter technique involved three 5 cm diameter thin discs cut
from the Metglas ribbon material. The three thin discs were placed on the target sputter gun,
with a 2 mm Fe target between the Metglas target and the gun electrode to intensify the
sputtering rate. The three Metglas targets were used to avoid damage, which can be produced

from the plasma on the surface of the first top target such as pinholes which can be covered
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by the next target underneath, hence avoiding to sputtering the iron plate underneath. The

holder including the substrate is shown schematically in Fig. 4.8.

Substrate holder Shuydlp Substrate

Figure 4.8 Schematic diagram of the substrate holder of the co-sputtering-evaporation

chamber.

4.9.1 Growth of Amorphous FeSiB Thin Films

In this part: The first study of the experimental work was to investigate the influence of the
FeSiB thin film thickness. The first film set was grown with a thickness range from 24 to 100
nm. The films were grown at a chamber pressure (par) of 4 pbar and sputter power (Presig) Of
20 W by sputtering only Metgles FegsSiioBs ribbon with the evaporator turned off. The
second film set was to grow the films with a range of gas pressure from (4 to 8) pbar, keeping
all other parameters constant (sputtering power at 20 W, thickness at 50 nm, and the Ga
evaporation rate at zero). The third film set was growing the films with a range of powers
from 20 W to 70 W and keeping all other parameters constant (gas pressure at 4 ubar,
thickness at 50 nm, and the Ga evaporation rate at zero). The fourth set was to grow thicker
FeSiB films with a range of thickness (290, 425, and 668) nm to study the mechanical
properties using nanoindentation technique. The gas pressure was at 4 pbar, sputtering power
at 20 W, and Rg, = set to be zero.

4.9.2 Growth of Amorphous FeGasSiB Thin Films

The second part was fabricating FeGaSiB thin films by sputtering Metgles FegsSi;oBs ribbon
and using Ga as a source material in the evaporator. Five sets of FeGaSiB thin films have
been grown by the co-sputtering-evaporation technique with different conditions. In this
technique, there are two sensors, rate monitors, used Fig. 4.7; one is placed upper the

sputtering to measure the sputtering rate of FeSiB atoms and the second one is placed upper
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the evaporator, used to measure the evaporation rate, with the evaporation power being varied
to achieve a constant rate during growth. The first set was growing the films with different
thicknesses ranging from 24 nm to 100 nm at the sputtering power (Presis) of 20 W, Argon
gas pressure (par) of 4 pbar and Ga evaporated with a constant arbitrary rate, Rga = 0.2. The
second set was growing the films with a range of gas pressure start from 4 pbar to 8 pbar and
keep other parameters constant (sputtering power at 20 W, thickness at 50 nm, and Rga = 0.2).
The third set was growing the films with a range of sputtering power starting from 20 W to
70 W and keeping all other parameters constant (gas pressure at 4 pbar, thickness at 50 nm,
and Rga = 0.2). The fourth set was growing the films with range of Ga evaporation rates start
from 0.2 to 0.6 and keeping other parameters constant (gas pressure at 4 pbar, sputtering
power at 20 W, and the thickness at 50 nm). The fifth set was to grow thicker FeGaSiB films
with a range of thickness (283, 450, and 640 nm) to study the mechanical properties using
nanoindentation technique. The gas pressure was at 4 pbar, sputtering power at 20 W, and
Rca=0.2.

4.10 Characterization Techniques

A range of structural and magnetic characterization techniques were used to characterize the

different film sets.

4.10.1 X-Ray Diffraction

X-ray diffraction (XRD) is a structural characterization technique [10] used for investigating
the structure of materials in bulk, powder, and thin film form. The incident X-ray beam on
the material is scattered by the atomic planes or it is transmitted through the material. The
diffraction of incident X-rays from the atomic planes creates constructive interference when
the path differences conform to Bragg’s Law, 2d sin6; = nA [10], where d refers to the
interplane space, n refers to the order of reflection, 0; is the incident angle, and A refers to the
wavelength of the X-ray used. The incident X-ray transmits the material and interacts with its
atoms [11]. The negatively charged particles (electrons) of the material’s atoms will interact
directly with the electromagnetic field of the transmitted X-ray; this will lead to scattering of
the X-ray elastically in direction away from the tested material [11], Fig. 4.9. Further, the
electrons of the atoms oscillate as a result of the field associated with the incident X-ray and
leading to the generation of electromagnetic waves which match in wavelength and phase to
the used X-ray [11].

Qayes A. Abbas, 2018 & Email: gayes.a.abbas@gmail.com



83 | Experimental Techniques

Scattered X-ray

Incident X-ray

Incidentangle ¢

N

3

Id

Atoms ¢

v
G
171
S

Lattice planes

€€
(L
66 6¢
e

¢

Figure 4.9 Schematic diagram of the interaction between X-ray and material adapted from

reference [12].

In the case of thin film measurements, the X-ray passes through the substrate and measures
both the film and the substrate. The X-ray beam passes through divergence slits before it is
incident on the sample and reaches the detector after passing through a receiving or detector
slit of width 0.6 mm. Properties such as the structure, phase identification, grain size, and
texture can be measured by the XRD. In this thesis, the Bruker D2 phaser technique with Cu
K, radiation (wavelength 1.54184 A) was used in standard scan type 26/6 geometry, as
shown in the schematic diagram of the X-ray diffractometer Fig. 4.10, to analyse the film’s
structure. The XRD technique was used to check whether the films grown by the co-
sputtering-evaporation technique were fully amorphous or if they contained nanocrystalline
clusters within the amorphous matrix or they were polycrystalline. The X-ray generator was
worked at 30 kV and 10 mA and by running the X-ray diffractometer at small step size of
0.02° and a scan speed of 0.1 deg/min, the X-ray pattern was obtained. In this thesis, the 20
range from 30 to 80° was used to check the structure of the films (for bcc Fe 26 ~ 45° and for
bce Fe-Ga 20 ~ 45°) and silicon substrate (20 = 69.8°, 61.7°, and 33°), and the 20 range from

35 to 55° was used to avoid the Si substrate peak.
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Figure 4.10 Schematic diagram of XRD technique in standard scan type €/26 geometry

adapted from reference [12].

For cubic crystalline materials, the lattice parameters of the materials are calculated using the

formula:
MWhZ+kZ+12
a= +—+ 4.2)
2sin@

Where A is the x-ray wavelength, 0 is the angle of Bragg’s reflection, and (h, k, I) are the
Miller parameters of the diffraction planes.

Measuring the grain size (Dy,qi,) Of materials by XRD data can be achieved by the Scherrer

equation [13]:

D — 094 (42)

grain B cos@

Where B is the full width of the half maximum (FWHM) of the peak, 0 is the Bragg angle of
the reflection, and A is the XRD wavelength.
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4.10.2 Atomic Force Microscopy

The atomic force microscope (AFM) is designed as a scanning probe microscope to measure
surface properties such as thickness, topography, and roughness. The AFM is used to obtain
an image by scanning the probe over a very small surface area of the sample. It measures the
force between the probe tip and the sample surface. The probe consists of a sharp tip, which
has a 3-6 um high pyramid, including a 15-40 nm end radius. AFM can be utilized in contact
mode, in non-contact mode, and in tapping mode [14]. In contact mode, the used tip is
continuously in contact with the sample surface. In this mode, no oscillation measurements
are required to gain the images of the surface features. When the tip scans the surface, the
repulsive force leads to the cantilever deformation to assimilate the changes in surface height.
A position-sensitive photo-detector is used to monitor the deformation which has occurred in
the cantilever by sensing the reflected laser from the upper side of the cantilever related to
changes in the surface. These changes are recorded as data and converted as the topography
images of the surface. The disadvantage of this mode is that across the scanning process both

the sample surface and the tip can be damaged as a result of the forces linked between them.

In non-contact mode, the cantilever tip oscillates near to the sample surface within a very
small space around 10 nm. The oscillation frequency of the cantilever is about (100-400)
kHz, which is close to the cantilever resonant frequency. The resonant frequency of the
cantilever and oscillation amplitude are changed due to the attractive force between the
sample surface and the tip. Again, these changes are recorded as data and converted as the
topography images of the surface. Non-contact mode does not cause damage to the sample
surface as is the case for contact mode, but the sample surfaces are contaminated in the air by
a contamination layer, which can lead to a reduction in the image resolution. Consequently,

an ultrahigh vacuum is best used in the non-contact mode for a high image resolution.

The operation of tapping mode (TM) is through tapping the surface by an oscillating probe
tip. To overcome the restrictions of the contact and non-contact modes, tapping mode was
used to remove the profiling forces that can affect the sample surface and the resolution of
AFM image. The resonance frequency of the cantilever oscillation is usually about 300 kHz

and the amplitude in the range from 20 nm to 100 nm.

In this work, a tapping mode AFM based on the Veeco Dimension 3100 was used. A standard
Si-cantilever tip, coated by a reflecting layer of Aluminium to increase the laser reflectivity,

was used at the resonance frequency of about 270-313 kHz. The radius of this tip is about 7
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nm, which is less than the ideal grain size of thin films which is > 10 nm. The standard Si-
cantilever tip was used to take the topographic image. From analysing the image by software,
the root mean square (RMS) surface roughness of the film’s surface can be determined. The
cross-sectional analysis of the AFM is used to determine the grain size of the film. This is
achieved by plotting three straight lines at different locations of the image. The schematic
diagram of AFM is in Fig. 4.11. AFM was used to measure the thickness of the thin film,
surface morphology, surface roughness, the grain size, and 3D surface topography. In tapping
mode, AFM was utilized to determine the film thickness by producing an edge or step

between the surface of the substrate and the fabricated films.
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Figure 4.11 Schematic diagram of AFM in tapping mode.

For measuring the film’s thickness, it was by creating a step on the surface of sample, to
achieve that, a PMMA blob was put on the Si substrate before deposition as outlined in
section 4.9. After the deposition process, the PMMA blob is washed away using acetone, to
leave a sharp edge, so that the film thickness could be measured, as the AFM tip scans across
the surface, therefore, it will scan two high levels (step height), the difference between these
levels will give the height of the film which represents the measured thickness. As shown in
Fig. 4.12, the film thickness was 86nm for FeGaSiB film.
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4.10.3 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique used for investigating
and analyzing the chemistry of materials surface such as thin films. The XPS technique is
able to measure the composition and chemistry of elements at the surface of materials. It is
one of the quantitative techniques which has an ability to count the number of recorded
photoelectrons for a specific transition, which is directly proportional to the number of atoms
on or near the surface of the material. The detection region is within the top 10 nm from the
surface. The main parts of XPS instrument, are electronic gun, energy analyzer, electronic
lens, X-ray source, monochromatic crystal, charge neutralizer, detector plate, vacuum
chamber, and UHV pump. As shown in Fig 4.13.
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Figure 4.13 Schematic diagram of an XPS instrument adapted from reference[15].

The typical XPS technique involves X-ray source, ultrahigh vacuum chamber provided by
UHV pump, an electron energy analyser, and data analysis system. To analysis the surface of
a sample, the sample is located on a sample stage in the chamber under ultrahigh vacuum. X-
ray photons, incident on the sample, are usually generated by hitting a high-energy electron
beam, using electron gun, on an anode produced from Mg or Al elements. Water is used to
cool the anode, which is heated by the incident electron energy. The photoelectrons, which
have enough energy to leave the sample into the vacuum chamber, can be separated and the

energy dispersive analyzer used to account for them.

The surface analysis of XPS can be applied on the material surface to: identify the elements
presented at the surface (qualitative analysis), to determine the concentration of elements at
the surface (quantitative analysis), and to identify the chemical bonding state of elements
within the surface. Also the distribution of elements across the surface of material can be

identified with elemental images and maps. Another study of the sample surface depth profile
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XPS analysis, which includes removing layers from the surface of the sample during the
measurement. In this way, the XPS analyses will provide the composition of the sample with

increasing the depth moving from the surface to a deeper depth in the sample.

When a photon is incident on a material surface, there are three possible actions, which can
occur within the material: firstly, the photon passes through the material without interaction;
secondly, the photon can be scattered inelastically by an atomic orbital electron leading to it
partially losing energy; finally, the photon energy can be absorbed by an atomic orbital
electron causing the electron to be released from its atomic orbital. In the latter case, this
interaction will lead to the photoelectric effect. The photoelectric process can occur just when
the photon energy is higher than the binding energy of the ejected electron. Therefore, the
main principle of XPS is based on the interaction between the electrons and the photons of
the X-ray, the absorption of high energy X-rays by electrons allowing for the release of
photoelectrons from the surface, which are detected. Two types of electrons can be ejected
from the surface; photoelectrons and Auger electrons. The photoelectron process and Auger
process are presented in Fig. 4.14. The photoelectron is affected directly by X-ray absorption,

while the Auger electron occurs due to internal process which is independent of the X-ray.
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Figure 4.14 Schematic diagram of photoelectron and Auger electron process adapted from
reference [16].
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Experimentally, the XPS analyser measures the kinetic energy, KE, of any ejected
photoelectron from the surface of the material and the binding energy, BE, which is important

to identify the elements, is calculated after that from the equation:
BE = hv —KE — ¢ (4.3)

Where BE is the binding energy, hv is the X-ray photon energy, KE is the kinetic energy of

photoelectrons, and ¢ is the work function of the instrument.

The XPS spectrum is very important as it represents the number of photoelectrons at each
energy, as the photoelectrons are measured according to their Kinetic energy. From the
spectrum, the identification of elements present can be achieved by the following steps: by
detecting all the peaks in the spectra for one element, beginning with the maximum intensity
peak to minimum one and matching the location of peaks with the standard data table. Once
all the peaks for one element have been identified the steps are repeated for each element
present. Once all the elemental peaks have been identified, then the composition is
determined by the area of each peak in relation to the other peaks. This is done in the
CasaXPS programme and gives the relative ratios for each of the peaks.

There are many problems which can affect the analysis of the data, these include peak
overlap of two different elements, which comes from the relative intensities of peaks due to a
change of X-ray type or change of the analyser resolution. Another problem comes from the
electrical charge of the sample, which will present as a shift in the peak or the peak will be
broadened. This can be solved by reducing the charging effect of the sample. Further, another
problem is that the interaction of sample elements with chemical contamination, such as CO»,
0,, and H; leads to the presence of extra peaks associated with the original peak of the
element and a shift in the binding energies.

In this thesis, X-ray photoelectron spectroscopy (XPS), was carried out on a Thermo Fisher
Scientific K-alpha+ spectrometer, used to measure the composition of the films. Samples
were investigated via a micro-focused monochromatic Al X-ray source (72 W) over an area
of around 400 um. For high-resolution scan, recording of data was at pass energies of 150 eV
for survey scans and 40 eV with 1 eV and 0.1 eV step sizes respectively. Charge
neutralization of the sample was done by utilizing a combination of both low energy electrons
and argon ions. Initial analysis of the samples revealed high levels of carbon attenuating the
underlying metallic elements. To minimize this contamination all samples were cleaned with

argon clusters of approximately 2000 atoms, from a Thermo MAGCIS source operating at 4
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kV and restored over a 2 mm? area for a period of 30 seconds. The analysis of data was
achieved by CasaXPS software with a Shirley type background. And Scofield cross sections,

with an energy dependence of -0.6. The data was analysed at Sheffield.

4.10.4 Magneto-Optical Kerr Effect (MOKE) Magnetometer

The magneto-optical Kerr effect (MOKE) magnetometer is an instrumental device to
understand and study the magnetic properties of thin films. There are three MOKE
geometries, which can be used for measurement. They are dependent on the orientation of the
magnetization with respect to the incident laser and the sample’s plane: longitudinal,

transverse and polar as shown in Fig. 4.15.

Incident Reflected Incident Reflected Incident . Reflacted

(a) (b) (c)
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Figure 4.15 Geometries set up for MOKE (a) longitudinal (b) transverse and (c) polar. The
red arrows denote the incident and reflected laser beam, while the blue arrow denotes the

magnetisation vector M, adapted from reference [3].

In the longitudinal geometry, Fig. 4.15 (a), the magnetization is aligned in-plane along the
magnetic sample and in a parallel direction to the incident plane. In transverse geometry, Fig.
4.15 (b), the alignment of the magnetization is in-plane and perpendicular to the incident
plane, while in polar geometry, Fig. 4.15 (c), the magnetization aligns in a perpendicular
direction to the sample plane and is parallel to incident plane. Therefore, the difference
between the three geometries arises from the direction of the magnetization alignment within
the magnetic sample. The basic principle for all MOKEs is that the small change in the
polarisation of incident light when reflected from the surface of magnetic materials is
detected, which is proportional to magnetization of the film. In this study, a high field MOKE
was used to measure the magnetic properties. The main components are a laser, polariser, a

magnetic field produced by an electromagnet, a photodetector and analyser, as shown in the
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Fig. 4.16. The laser light passes through the polarizer, which polarises the light, in this work,
linear polarisation. The polarised laser light, after that, is incident on the magnetic sample
with angle 45° and is reflected off the surface. A high magnetic field is applied in-plane, to
the magnetic sample until magnetic saturation is reached. This change in magnetization
affects the polarised laser light by interacting with it and changes the polarisation angle. By
using an analyser, these changes in the rotation manifest as a changed in light intensity,
which is detected by a photodetector. This is converted into a voltage signal and plotted
against the applied magnetic field to produce a hysteresis loop. The main parts for MOKE are
shown in the Fig. 4.16. In this study, for all sets of films, the magnetic properties were
measured using a magneto-optical Kerr effect (MOKE) magnetometer, in the transverse
mode, with the DC magnetic field being large enough to saturate the films (Max field applied
was 39.78 kA/m). Normalized magnetic hysteresis loops were measured to characterize the
films’ magnetic properties. For each film, normalized hysteresis loops were measured by
rotating the film within the magnetic field at different angles from 0° to 180° with 30° steps

to study the magnetic anisotropy.
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Figure 4.16 Schematic diagram of a magneto-optic Kerr effect (MOKE) magnetometer

4.10.5 Vibration Sample Magnetometer (VSM)

Simon Foner was the first designer of VSM in 1959 [17]. The basic operating principle of the
VSM is based on Faraday’s law and involves inducing an electromagnetic force (emf) in a
coil due to a vibrating a magnetic sample. Basically, the regular vibration of a magnetic

sample in a uniform magnetic field leads to an induced voltage in a stationary coil (detection
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coil) which is measured. Therefore, due to the vibration of the magnetic sample, the induced
voltage in the coil can be calculated by using the electromagnetic principles depending on a

magnetic flux, ® in the coil.

The magnetic flux in the coil is changed due to the vibration of the magnetic sample and the

induced voltage, V;,4 is calculated by:

ao
Vina = _NtuE (4.4)
Where N, is the full number of turns in the coil.

Therefore, the induce voltage will depend on both the number of turns in the coil, the applied

magnetic field and the magnetic moment of the sample.

e,

Vibration system

Electromagnet Electromagnet

Stationary coils magnetic field

Figure 4.17 VSM technique picture and schematic diagram.
The main parts of the VSM technique are shown in Fig. 4.17 and are:

1. A vibrating system is used to vibrate the holder rod in a harmonic vibration along z-axis,
where the magnetic sample is attached to the rod. One end of the holder rod is connected
to the vibration system and the other end is between the two magnetic poles. This allows

the magnetic sample to move up and down at a frequency, normally about 85 Hz for this
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measurment. The holder rod can be moved in different directions to obtain the required
orientation of the magnetic sample to the uniform magnetic field. Also, the X, y, and z
dimensions can be controlled by three knobs to centre the rod in the middle of the
magnetic poles.

An amplifier is used to amplify the electric signal produced by the detection coils.

An electromagnet is used to produce uniform magnetic field

Detection coils are used to measure the induced voltage from the magnetic sample.
Temperature variation system, this unit is used to study the relation between the
temperature and the magnetic moment of the magnetic sample. Studying the
magnetization in a range of temperatures can help to study the effect of changing the
phases of magnetic material under a magnetic field such as the magnetocaloric effect or
determine the Curie temperature. The temperature variation in VSM system can be
achieved by local heating and study the effect of changing the temperature on the
magnetic properties of the films in this thesis does not achieved and all the films

measured at room temperature.

4.11 Magnetostriction Measurement

For magnetic materials, the magnetostriction constant can be measured by different

techniques designed for this purpose [18-21] (see section 3.7 chapter 3). These include the

direct and indirect measurement methods. In this work, the magnetostriction constant (As)

was determined via the Villari effect [22] at room temperature. This involved using a set of

bending tools, as seen in Fig. 4.18, with different radii (R), which induce a strain within the

film, leading to a change in the magnetization of the films.

Sample under
Plastic plate plastic plate Laser

Bending tool

(a) (b) (c)

Figure 4.18 Images of the magnetostriction bending tool.

The film’s hysteresis loops were measured for each bend radii on the MOKE magnetometer.

The anisotropy field, Hx can be determined by different methods from the hysteresis loop.
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These methods include the saturation method, the 90% method, and the straight-line method.
In this study, the straight-line method, which is shown in Fig. 4.19, was used to determine the
anisotropy field of both FeSiB and FeGaSiB films. For each bending radius, the anisotropy
field (Hy), which is induced by the strain [23], can be determined directly by plotting straight
lines; one along the straight part of the hysteresis loop and another parallel to the saturation
part, the cross point of these lines represents the anisotropy field. For each loop, two
anisotropy fields are determined, one at the upper side of the loop and another at the lower

side, as seen in Fig. 4.19.

157

05

M/Ms

05

Hk

-15

600 -400 200 0 200 400 600
Magnetic field (Oe)

Figure 4.19 Schematic of the straight-line method to determine the anisotropy field (Hy)

The two values of the induced anisotropy field, Hy, are then are plotted as a function of the

inverse bending radii (1/R) as seen in Fig. 4.20.
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Figure 4.20 The changing of Hy as a function of 1/R. The slope is applied to the data.

Then a linear fit to the data is applied using the easyplot software, to find the slope of the two
data sets, which represent the anisotropy fields, for the upper half and lower half of hysteresis
loop for the three radii (300, 400, and 500 mm) of the bending tools.

After that, the first term in equation (4.5) is replaced by the slope value, and then the

magnetostriction constant (.Z) is calculated by using the equation; [22, 23].

_ d(Hy) 2poMs (1_172)
I = O (4.5)
Where the bend radii were R=300, 400 and 500 mm, u, is the permeability of space, M is the
magnetization, and for the silicon substrate Young’s Modulus, E;=130 GPa, thickness of

substrate, t =380 um and Poisson ration of substrate, v=0.28.

The saturation induction of FeSiB films, p.-M; = 1.15T, was used for all the FeSiB films,
while the saturation induction of FeGaSiB films was measured via VSM for all the FeGaSiB

films.

The result of this equation gives two values of A, for each sample, as the anisotropy field
was determined at two cross points on the loop (see Fig. 4.19). The deposition of each film
was achieved by using three substrates therefore the result of A, as averaged over them and

the standard error was determined by applying the standard deviation.

Qayes A. Abbas, 2018 & Email: gayes.a.abbas@gmail.com



97 | Experimental Techniques

4.12 Nanoindentation Technique

Nanoindentation is an efficient technique, which can be used for determining the mechanical
properties of materials at the nano and micro scales. In this thesis, a nanoindentation hysitron-
Triboscope, Fig. 4.21, which is a scanning probe microscope, was used. Material parameters
such as hardness and elastic modulus can be determined from the experimental measurements
by applying a force in milli or micro-Newtons to the surface of the material. An indenter is
used to penetrate the sample surface by applying a load, typically the penetration depth is in
nanometers. Several types of tips can be used for creating an imprint into the materials
surface. After applying a load in UN or mN on the indenter, the indenter tip will penetrate the
original surface, Fig. 4.22, of the sample with a depth in nanometers at z-direction. The tip
will contact the loaded surface in a contact area, which is very important for the data analysis,
thus the contact area is calculated from measuring the tip area function. The tip area function
can change if the tip is used for a long time. Therefore, a calibration of the area function is

required, which is achieved by a standard material whose mechanical properties are known.

TriboScanner

Tip
holder

Magnetic
holder

Movement
stage

Optical part Sample

Figure 4.21 Optical image of the nanoindentation hysitron-triboscope used in this study.
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Figure 4.22 Schematic diagram of the indent process.

L Triboscope

base -
Electronics for T \
transducer, XYZ staging
stage, piezo, and | system
optics
/ \
“ Nanoindentation
Acoustic V|brat_|on
Eviclosiive Isolation
Platform
' Transducer TriboScanner
| s =
o \ J

Figure 4.23 Main components of the nanoindentation technique.
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The main components of nanoindentation technique are presented in Fig. 4.23, there include

» The XYZ Staging System: The XYZ staging system is used to control the sample
and tip positions.

» The Base: The base is used to support other components of the system.

» Triboscanner: The Triboscanner is a very important component and is designed to
produce a fine scale location of the indenter before and after performing the test. A
three-axis piezo scanner is used to achieve the locating. The accuracy of the piezo
scanner is considerably higher than that presented in the XYZ stage, therefore the
definitive approaching of the tip from the sample surface is achieved with the scanner.
Also, the Triboscanner can be set-up to measure an image of the sample surface
before the test and after indentation process.

» The Transducer: The Hysitron Triboindenter transducer consists of three plates in a
capacitor design as can be seen in Fig. 4.24. An indenter tip is fixed to the holder tip,
which is placed in the middle of the centre plate. The middle plate is connected to the
transducer frame by springs. When a DC bias is applied to the lower plate of this
capacitive design, an indentation force is actuated in electrostatic effect leading to an
electrostatic attraction between the middle plate with the lower plate. Hence this

moves the middle plate including the tip down.

Center

/ plate

/

Springs / Springs
i—xr]

Outer
plates

Indenter
tip

Figure 4.24 Schematic diagram of the standard transducer of a nanoindentation triboscaner.

» The Vibration Isolation Platform: The vibration isolation platform is a vibration
system, which includes two stages with a control unit, placed below each side of the
granite base and located within the acoustic enclosure. At any point, the piezoelectric
accelerometers are working continuously to sense variations via an inner feedback

loop.
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» The Acoustic Enclosure: The acoustic enclosure is designed to reduce the acoustic
noise coming from the environment around the system during the test.

» The Electronics: The electronics are divided into four separate systems, which are
used to control many parts of the nanoindentation technique. They are: the piezo
controller unit, transducer control unit, stage controller, and finally the optics

electronics.

Nanoindentation measurements can be affected by many factors, for example: the instrument
compliance, initial penetration depth, indentation size effect, indenter geometry, surface
roughness, residual stress, tip rounding, sinking-in and piling-up, sample preparation, and
thermal drift [24]. There are many steps, which should be taken before doing the test,
including making sure the sample surface is flat by making the top and bottom surfaces
parallel, cleaning the sample from dust and particles that can influence the tip and the
measurements. The surface of the sample should be smooth and the roughness must be
measured beforehand and should be less than the indenter depth. There are many ways to
check the sample before taking measurements, including by optical microscopy or electron
microscopy and checking the roughness by scanning the surface using AFM and to get 3D
images. Typical, roughness between 10 to 50 nm will be suitable for indentation depth of 100
to 500 nm. In this thesis, the Berkovich tip was used and it is a very flat tip which has half
angle 65.27°, an included angle about 142.3°, Young’s modulus 1140 GPa, and Poisson’s ratio
0.07. An image of the Berkovich tip is shown in Fig. 4.25.

Figure 4.25 The Berkovich tip geometry taken from reference [25]
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The geometry of this tip is suitable for use in standard nanoindentation for measurements of
bulk and thin films at thicknesses greater than 100nm. There are many advantages of this tip:
it is a sharp tip; it produces plastic deformation inside the surface of the material; and it is
suitable to measure hardness and modulus parameters. The substrate can affect the
measurement, therefore, to avoid the effect of the substrate the indenter depth should be <
10% of the sample thickness. The effect of the substrate will be higher if the indenter goes
too deep, this can affect the measurement by including measuring the substrate properties. In
the thin films case, the measurement requirement is that the film needs to be > 1 pum thick.
Two types of test can be done, the first is to penetrate the surface with equal depths, using
one cycle, in different places and the second is to partially indent with different cycles in one

place as shown in Fig. 4.26.

(a)Indent (b)Partial
depth 10% load indent
l Thin film
Substrate

Figure 4.26 Schematic diagram of indenter depth 10% and partial load indenter of thin film.

The data can be analysed by two methods: Oliver & Pharr method [26] and Damir et al [27].
In this thesis, the Oliver and Pharr method was used to analyse the data as in Fig 4.28.
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Chapter 5 Fabrication and Characterization of
Magnetostrictive Amorphous FeSiB and
FeGasSiB Films as a Function of Thickness

5.1 Introduction

The addition of Ga into a Fe crystal lattice strongly changes the functional magnetic
properties (see section 3.4.1 of chapter 3), thus this chapter investigates the influence of Ga
into an amorphous FeSiB film, to determine how it changes the structure, magnetic
properties, and magnetostriction constant. The aim of this is to fabricate new films of
FeGaSiB, which can have different properties compared to the original FeSiB films. As the
thickness of thin film is a parameter which can influence the magnetic properties, this chapter
describes the effect of adding Ga to FeSiB films and the effect the thickness has on both
FeSiB and FeGasSiB thin films, allowing the results to be compared. The magnetostriction
properties are measured via Villari effect by using the MOKE technique. The growth of
amorphous magnetostrictive FeSiB and FeGaSiB thin films by co-sputtering-evaporation
technique with their magnetic properties in comparison with those of rapid quench such as

the FeSiB ribbons have been investigated.

5.2 Fabrication of The Films

5.2.1 Fabrication of FeSiB Thin Film

For the growth of FeSiB films, the co-sputtering—evaporation technique [1], as described in
detail in chapter 4, was used. They were grown in a thickness range from 24 to 100 nm. The
films were deposited on a Si substrate (100) with dimensions 10 mm x 15 mm, which is
suitable for magnetostriction measurement without being broken by the bending tool as the Si
wafer is a brittle material. The fabrication parameters for the FeSiB films were a fixed
chamber pressure (par) of 4 ubar, sputter power (Presig) 0f 20 W, and Ga evaporation rate of
zero. Three Si substrates were used per film growth, each attached to a glass slide using
polymethyl methacrylate (PMMA). The sputter target was Metglas 2605SA1 with

composition FegsSijoBs. This film composition was chosen for this study as it has soft
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magnetic properties, as well as being amorphous and to compare its properties before and

after adding the Ga atoms.

5.2.2 Fabrication of FeGaSiB Thin Films

For the growth of FeGaSiB films, the co-sputtering—evaporation technique [1], described in
detail in chapter 4, was also used. Using the same technique to deposit both film sets will
avoid any changes in properties due to use of different deposition systems, as the properties
of films can change from one technique to another. The films were grown with a thickness
range from 24 to 100 nm. The films were deposited on Si substrate (100) with dimensions
10mm x 15mm at a fixed chamber pressure (par) of 4 pbar, sputter power (Pgesig) 0f 20 W,
and Ga evaporated with a constant rate, Rg, = 0.2 (arbitrary unit). Again, three Si substrates
were used per film growth, attached to a glass slide using polymethyl methacrylate (PMMA).
The same Metglas 2605SA1 targets with composition FegsSi;gBs were used with a Ga

(99.99%) ingot in the evaporator.

5.3 Thickness Calibration

For both sets of films, to determine the film thickness accurately, a PMMA blob was put on
one Si substrate before growth using a toothpick. After growth, the PMMA blob was washed
away using acetone, to leave a sharp edge, so that the film thickness could be measured. The

thickness was measured by the AFM technique (section 4.9.2), in tapping mode.

904 = FeSiB film
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Figure 5.1 Thickness calibration of FeSiB films as a function of the chamber rate meter

sensor reading.
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Figure 5.1 shows the linear relation between the film thickness and the sensor reading of the
rate of deposition of FeSiB films. This reading is achieved by the FeSiB rate monitor, placed
nearby to the substrate, which has been calibrated for FeSiB films. For this set of films, the

sputtering deposition rate was about 1.5 nm/s.

100 - = FeGaSiB film
80 4
e i
£
£ 604
»
»
i}
c
X 404
9
=
-
20 -
0 , v . v ’ v v v . v y
0.05 0.10 0.15 0.20 0.25 0.30

Sensor reading

Figure 5.2 Thickness Calibration of FeGaSiB films as a function of chamber rate sensor

reading.

Figure 5.2 shows the linear relation between the thickness in nanometres and the sensor
reading of the deposition rate of FeGaSiB films. For this set of films, the sputtering
deposition rate was about 0.1 nm/s. It was found that adding Ga atoms to FeSiB films
decreased the deposition growth rate of the films. This could be due to the inelastic collisions
of particles, which lead to the particle’s speed decelerating down and hence reducing their

kinetic energies arriving at the substrate.

5.4 Films Characterization

The Bruker D2 phaser technique, X-ray diffraction (XRD) with Cu K,; 1.54184 A, in 6/26
mode was used to analyze the film’s structure. The 20 range from 30 to 80° was used to
check the structure of the film (for bcc Fe 20 ~ 45° and for bce Fe-Ga 26 ~ 45°) and silicon
substrate (20 = 69.8°, 61.7°, and 33°) and to make sure that the film was positioned correctly
in the machine, while the 20 range from 35 to 55° was used to study the film structure at a
higher resolution, so avoiding the Si substrate peaks. XRD analysis was carried out to
determine whether the films were fully amorphous or if they contained nanocrystalline

clusters within an amorphous matrix. X-ray Photoelectron Spectroscopy (XPS) using a
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thermo theta probe, with parameters of pass energy of 40 eV, dwell time 100 ms (10 scans
total for high resolution) and a monochromated Al K, X-ray as a source was used to
determine the composition of the films. For each film, three XPS runs were done in three
different places on the film surface and an average was taken. Atomic force microscopy
(AFM) was used, in tapping mode, to measure the thickness of the samples using the step
produced in fabrication and to study the topography and roughness.

The DMS model 10 vibrating sample magnetometer (VSM) was used to determine the
magnetic moment of the films at room temperature, using an applied field of 40 kA/m, from
which the saturation magnetization was calculated. In the transverse mode, the magnetic
properties of the two film sets were measured on a magneto-optical Kerr effect (MOKE)
magnetometer, with the maximum magnetic field applied being 40 kA/m, which was
sufficient to saturate the films. Characterization of the magnetic properties was carried out by
measuring the normalized hysteresis loops. The magnetic anisotropy and saturation fields
were determined by measuring the normalized hysteresis loops at different magnetic field
directions with respect to the sample, with angles from 0° to 180°. To measure the
magnetostriction constant (As) [2] at room temperature, the inverse magnetostrictive effect

(Villari effect) [3, 4] measurement was used.
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5.5 Structural Properties

5.5.1 XRD Results

To understand the films structure and functional properties, the target material was also
studied. A 23um Metglas 2605SA1 sputter target in the Lesker system (see section 4.7) was
cut from the Metglas 2605SA1 ribbon (dimensions 10mm x 15mm), with composition

FegsSijoBs and was measured using XRD.
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Figure 5.3 X-ray diffraction of (a) 23um ribbon, the target of Metglas 2605SA1 with
composition FegsSijgBs (b) 86 nm FeSiB and FeGaSiB thin films and 380 um Si substrate.
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Figure (5.3) shows the XRD patterns of (a) 23 wm ribbon, the target of Metglas 2605SA 1
with composition FegsSijoBs and (b) 86 nm FeSiB and FeGaSiB thin films and 380 um Si
substrate. Fig. 5.3 (a) shows the XRD pattern of the target used in this study, a single broad
peak is observed at 20 = 45°, as the amorphous phase has no long-range order, therefore the
incident X-rays are dispersed randomly in different directions leading to no sharp narrow
peaks present in the XRD pattern. Thus the target showed an amorphous bump, hence has an
amorphous structure. Fig. 5.3 (b) presents the XRD results for 86 nm FeSiB and 86 nm
FeGaSiB thin films deposited on 380 um Si substrates, and the 380 um Si substrate without
film. It was found that both films were amorphous, as the only peaks observed were for the Si
substrate and there was no evidence of crystalline peaks for either of the FeSiB and FeGaSiB
films. It was found that the main diffraction peak of Si (100) was at 20= 69.8° corresponding
to the Si (400) direction and other Si peaks found at 20 61.7° and 33° corresponding to the Si
(004) and (200) directions respectively.
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Figure 5.4 XRD patterns of (a) FeGaSiB thin films with increasing the thickness, (b) Si
substrate peaks for the 20 range from 30° to 36°, (c) XRD of FeGaSiB film for the 26 range
from 35° to 55°.
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Figure 5.4 shows the XRD patterns for FeGaSiB thin films with increasing the thickness,
Fig. 5.4 (b) represents the XRD of Si for the 20 range from 30° to 36°, Fig. 5.4 (c¢) illustrates
the XRD of FeGaSiB film for the 20 range from 35° to 55°.

From Figs 5.4 (a, b, ¢), it is observed that there are no peaks at 20 ~ 45° for the thickness
range from 24 nm to 100 nm of the FeGaSiB film, which is where the Fe-Ga films (110)
texture peak would occur [5]. Thus, it is concluded that the addition of Ga into the FeSiB
films for all thicknesses did not change the film morphology, as they were all amorphous. To
be sure that the D2 phaser XRD technique able to detect the crystalline peaks of films with
thickness 50 nm and to support that the films in Fig 5.4 are amorphous, it was necessary that
to present the XRD results of FeCo film which was tested by the D2 phaser XRD technique
(see Fig. 5.5).

400

FeCo <110>

Intensity (a.u.)

Figure 5.5 XRD patterns of FeCo film with different thicknesses tested by the D2 phaser

technique.

5.5.2 XPS Results

From the XPS results, it was found that the FeGaSiB films had the composition
Feg,GazSisBe. It is clear for these fabrication parameters, that the Ga replaces more of the Si
atoms than the Fe and B atoms in the FegsSi;oBs target. This could be due to the Ga being
heavier than the Si, so causing more collisions within the plasma, hence allowing fewer
atoms to reach the substrate. The fitting of data and more details about the calculation of the

film’s composition are presented in an appendix attached at the end of this thesis.
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5.5.3 AFM Results

The AFM data determined that the films thickness range was from 2442 nm to 100+2 nm.
The thicknesses were also used to calibrate the growth sensor for the FeSiB and FeGaSiB

films (see section 5.3).

0 1.|00 200 O 1.(')0 2.00
um Hm

Figure 5.6 AFM image scan of the (a) 25 nm FeSiB film and (b) 24 nm FeGaSiB film. The
scan size was 2x2 um.

Figure 5.6 shows the surface topographic images of (a) 25 nm FeSiB film and (b) 24 nm
FeGaSiB film. The film’s surface of 25 nm FeSiB film had an average roughness (R,) of
0.191 nm with a root mean square (Rms) surface roughness of 0.257 nm, while the film’s
surface of FeGaSiB film had an average roughness (Ra) of 0.376 nm with an average root
mean square (Rms) surface roughness of 0.745 nm. The larger Ra and RMS of the FeGaSiB
film were due to the 24 nm spots on the surface. Since both the films had a smooth surface,
and no grains were observed, this confirms that the films were fully amorphous, when
compared with AFM images of polycrystalline films such as FeGa [6]. The white spots
observed are believed to be due to contamination on the surface, likely to be Ga, which has

been observed before using this fabrication technique [6].
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5.6 Magnetic Properties

5.6.1 Magnetic Properties Measured by MOKE

The magnetic properties were measured using a magneto-optical Kerr effect (MOKE)
magnetometer, in the transverse mode, with the DC magnetic field being large enough to
saturate the films (Max field applied was 40 kA/m). The MOKE magnetometer is a surface
sensitive technique with a skin depth of ~20 nm [7] therefore, normalized magnetic hysteresis
loops were measured to characterize the films’ magnetic properties. This was done with the
assumption that the loops measured were consistent for the full film thickness, although only
~ 20 nm within the magnetic film surface was probed. For each film, normalized hysteresis
loops were measured by rotating the film within the magnetic field at different angles from 0°
to 180° with 30° steps to study the magnetic anisotropy, i.e. to see if they are magnetically
isotropic or if they had magnetic anisotropy induced within them. This is done by measuring
the hysteresis loops via MOKE magnetometer along with the chosen angles. If the films have
magnetic anisotropy, then the strength of the anisotropy can also be determined. For example,
if they exhibited a hard loop and an easy loop at 90° to each other, this means that the film
has a strong uniaxial anisotropy. For each normalized loop, the loop was measured 10 times

and an average taken.
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Figure 5.7 the hysteresis loops of (a) 25 nm FeSiB film and (b) 24 nm FeGaSiB film with

different angles in degree unit.

Figure 5.7 compares the normalized hysteresis loops of 25 nm FeSiB film, at different

angles of applied magnetic field and the normalized hysteresis loops of 24 nm FeGaSiB film.

From Fig. 5.7 (a), the 25 nm FeSiB film had a strong uniaxial anisotropy, with the hard loop
at an angle 60° with anisotropy field (Hyx) = 4854 A/m and coercive field (Hc) 59 A/m.

Therefore, for the film along the 60° direction, a higher magnetic field is needed to reach the

saturation magnetization, while the easy loop at angle 150°, with anisotropy field, Hy, ~2363
A/m and coercive field 1133 A/m, therefore the film along the 150° direction is easy to

magnetize.
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Figure 5.7 (b) shows the normalized hysteresis loops of 24 nm FeGaSiB film, and shows
that adding 7% Ga (with Ga evaporation rate 0.2) into FeSiB, removed the strong uniaxial
anisotropy from the film as no “hard loop” is observed, as can be seen for the FeSiB film at
60°. For the FeGaSiB film at 60° the loop had saturation field of about 1949 A/m and
coercive field (Hc) 939 A/m. The average coercive field for all the loops of the 24 nm
FeGaSiB film was about 1024 A/m. This suggests that the presence of Ga within the film
decreased the saturation field of the films. Hence, removed Ga doping the strong uniaxial
anisotropy observed in the FeSiB film, and resulted in the FeGaSiB film having magnetically
very weak anisotropy. The change in coercivity could be due to the change in stresses, which
works as pinning sites to the domain wall movement, and is a reason for changes in the

coercivity.

(a) FeSiB film (b) FeGaSiB film

Mr/Ms

Figure 5.8 Angular plot of the remanence ratio (M,/M;) of (a) 25 nm FeSiB film and (b) 24
nm FeGaSiB film. The lines are a fitting to the M,/M; data using equ. (5.2).

The uniaxial anisotropy can be quantified by fitting the following equation [8] to the M,/M;

as a function of angular data (Fig. 5.8):

= = Dlcos (8 — 0)] + ¢ (5.2)

N

Where D refers to the strength of the uniaxial anisotropy, 6, is the angle between the easy

axis and the field, 8, is the angle between the easy axis and the side of the film, and c is the
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lowest measured (%). For an isotropic film, D = 0, as M,/Ms is a constant, while for D < 0.5

the anisotropy within the film is weakly uniaxial and for D > 0.5, the anisotropy is strongly

uniaxial.

Fig. 5.8 (a) shows the angular plot of normalized remanence magnetization (M,/Ms) of 25 nm
FeSiB film, it can be seen that a strong uniaxial anisotropy is observed with D = 0.83. While
Fig. 5.8 (b) presents the angular plot of normalized remanence magnetization (M,/Ms) of 24
nm FeGaSiB film, with D = 0.11, so exhibits very weak anisotropy. It is found that increasing
the thickness of the FeSiB films decreases the anisotropy within the films to very weak
anisotropy. While increasing the thickness of FeGaSiB film did not affect the magnetic
anisotropy and it had a very weak anisotropy for all the thickness range. Thus adding Ga
removed the strong uniaxial anisotropy of the FeSiB film to have magnetically very weak
anisotropy where D = 0.11 for these films. Thus suggests that the presence of Ga, with
increasing the thickness reduced the local stresses within the film, which is one source of

uniaxial anisotropy.
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Figure 5.9 Anisotropy and saturation fields as a function of thickness, for the hard loop, for
FeSiB and FeGaSiB thin films.

The magnetic anisotropy of the films can be influenced by the thickness and it can be
changed from one film to another. Adding the Ga can affect the film magnetically. Therefore,
as the FeGaSiB films had very weak anisotropy, a saturated field, Hs rather than anisotropy
field from the hysteresis loops was determined. Fig. 5.9 shows the comparison of the

anisotropy and saturation fields as a function of thickness for the FeSiB and FeGaSiB thin
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films respectively, prepared under the same growth conditions. The FeSiB films have
uniaxial anisotropy, this means they have easy and hard loops as a function of applied field
angle, thus an anisotropy field was determined from the normalized hard axis, as the field
where the normalized magnetization reached 1 (or -1). It was observed that the anisotropy
fields for the FeSiB films decreased with increasing thickness (Fig. 5.9). While the FeGaSiB
films have very weak anisotropy, this means they have almost the same shape hysteresis
loops for all applied field angles, thus a saturated field is determined from the hysteresis
loops, again at the field where the normalized magnetization reached either 1 or -1. It was
found that the FeGaSiB films saturation fields increased with the increasing thickness (Fig.
5.9). Thus the addition of Ga has not only changed the anisotropy from uniaxial to very weak
anisotropy [9] but has also changed the distribution of the magnetic atoms with increasing
thickness leading to an increase in the saturation field.
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Figure 5.10 Coercive fields as a function of thickness, along hard loop, for FeSiB and
FeGaSiB films.

Figure 5.10 shows the coercive fields for both film sets along the hard loop axis. For the
FeSiB films, the coercive field increases with thickness up to 40 nm, then decreases for films
thicker than 40 nm. While for the FeSiGaB film, the coercive field decreased as the thickness
increased. Such that for the thicker films (>50 nm), the coercive field of the FeGaSiB films
were lower, i.e. for the 86 nm FeGaSiB film, H. = 0.159 kA/m which was a factor 5 smaller
than the 86 nm FeSiB film (H; = 4.775kA/m). The films deposited by the sputtering suffer
most from two types of stresses: extrinsic stresses, which arise from the difference between

the thermal expansion coefficients of the substrate and the film; and intrinsic stresses, which
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arise due to the growth parameters of sputtering. It was found that the coercivity decreased
from 1.3 kA/m to 0.3 kA/m when the thickness increased from 10 nm to 100 nm for
amorphous FeSiBC films [10], suggesting that a reduction in coercivity with increasing the
thickness could be due to reducing the residual and inhomogeneous stresses present with

increasing the thickness of the films and reducing the pinning of domain walls [10].

5.6.2 Magnetic Properties Measured by VSM system.

The fabrication of amorphous magnetostrictive thin films by co-sputtering-evaporation
technique with their magnetic properties in comparison with those of rapid quench such as
melt-spun ribbons have been investigated using a VSM system. Two types of films, 86 nm
FeSiB, and 86 nm FeGaSiB were compared with a 23 pum ribbon in this study. A VSM
system was used to measure the saturation induction of the samples at room temperature (300
K) with an applied field of 39.788 kA/m. The VSM is a non-surface sensitive technique
compared with MOKE, so measures the whole sample volume. For this measurement,
samples with dimensions 3 mm x 3 mm were cut from the original film samples 10 mm x 15
mm and from the 23 pm FeSiB ribbon (the target in this study). The system measured the
magnetic moment as a function of applied field. The saturation magnetization was calculated
from the saturation magnetic moment per unit volume. Multiplying the saturation
magnetization by permeability p, can give the saturation induction. From the saturation
induction data measured, Fig. 5.11, it is observed that the saturation induction of the 23 pm
Metglas FeSiB ribbon, which was used to produce both film sets, was u,M; = 1.56 T, which
is found to be the same as the data given by from the manufacturing company [11]. For the
86 nm FeSiB thin film, the saturation induction was u,M; = 1.15 T, which is lower than the
saturation induction of the target sample. This difference could come from the small
differences in area of samples as the magnetic moment is affected by the size of the sample
and the big difference in thickness, where the thickness can influence the magnetic properties
of samples. For the 86 nm FeGaSiB thin film, the saturation induction was u,Ms = 0.96T.
Thus, adding Ga atoms, which are nonmagnetic into FeSiB films reduced the saturation
induction from 1.56 T for the ribbon to 0.96 T. Another difference observed from this figure
is the difference in the shape of the hysteresis loops, this difference of hysteresis loops has
been observed by Ref. [10] for both of ribbon and amorphous FeSiBC films. The target loop
is a “hard loop” i.e. one that has no coercive field and shows moment rotation of the

magnetization within the ribbon. While both the FeSiB and FeGaSiB films showed “easy
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loop”, i.e. the magnetization switches direction abruptly and hysteresis is observed. This
difference could come from in-plane applied field, along the hard direction to the target
sample and easy direction for the FeSiB sample as these films had uniaxial anisotropy.
Another reason identified, is that there is a domain wall pinning within the film, due to its

thickness, but not in the target which is thicker.
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Figure 5.11 Saturation induction as a function of magnetic field at room temperature for the
86 nm FeSiB, 86 nm FeGaSiB film and 23 um ribbon (Target) FeSiB.

The FeSiB ribbon (target) had a very low coercive field of about 47 A/m, while the 86nm

FeSiB film and 86nm FeGaSiB film had coercivities of about 724 A/m and 628 A/m
respectively.
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Figure 5.12 Saturation induction as a function of thickness of the FeGaSiB thin films.

Figure 5.12 shows the saturation induction for all the FeGaSiB thin films as a function of
thickness. It can be seen that the saturation induction changed slightly with the thickness,
from 1.1T for the 24 nm films to 0.96 T for the 86 nm film and then increased to 1.23 T for
the 100 nm. This change in saturation induction as a function of thickness for the same
composition is due to the amorphous nature of the films, as the atoms have no long-range
order, only short-range order. This means that the nearest neighbour atoms change from film
to film. The magnetic moment of Fe atoms depends on the nearest neighbours and the
saturation magnetization is an average of the moments, which will change for each film. This
effect of the nearest neighbour atoms is the likely reason that the 100 nm films has a higher
saturation magnetization compared to the other films. A similar effect was observed for
crystalline Fe4oCogo, Where the saturation induction is higher when the sample has an ordered
bce structure compared to a disordered fcc structure [12]. As the FeGaSiB films are
amorphous and have no long-range order or set lattice constant, between films the nearest

neighbours to the Fe will differ; this will change the saturation induction of the films.
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5.7 Magnetostriction Properties

The magnetostriction constant (As) was determined via the Villari effect [13] at room
temperature (see section 4.10). This involved using a set of bending tools with different radii
(R), which induce a strain within the film. The film’s hysteresis loops were measured for
each bend radii on the MOKE magnetometer. From the loops, the straight line method,
determined in chapter 4, was used to determine the anisotropy field (Hi) induced by the strain
[14]. The Hy was plotted as a function of the inverse bending radii (1/R) and magnetostriction

constant (Z5) was calculated using equation (4.5) chapter 4 [14, 15].
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Figure 5.13 Magnetization curves for FeGaSiB thin film, a bended film with three bend radii.

Figure 5.13 shows the hysteresis loops, for three bend radii, R, (300, 400, and 500 mm) for
the 74 nm FeGaSiB film, where it can be seen that there is a change in the loop shape. The
difference is due to the effect of the strain on the magnetization of the film resulting from the
bending. From these loops, the different saturation fields at each radius were determined and

plotted against (1/R). The slope of this plot gives the result of the first term in equation (4.5).
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Figure 5.14 Magnetostriction constants for FeGaSiB and FeSiB films as a function of
thickness.
Figure 5.14 shows the change in magnetostriction constant (.Zs) with thickness. It is observed
that the FeGaSiB films have higher magnetostriction constants than the FeSiB films for
thicknesses over 40 nm. The 50 nm FeGaSiB film had the largest .Z; of 17 ppm. For the
FeSiB films, .Z; decreased with the increasing thickness, while for the FeGaSiB films with t >
50nm, Z as approximately constant at 13 ppm but were still higher than the FeSiB films. This
means adding Ga into the FeSiB thin films increased the magnetostriction constant by giving
the amorphous structure dilation by increasing the space between the atoms because the
radius of Fe atoms is slightly lower than the radius of Ga atoms. This would also reduce the
inhomogeneous strain, which can be the reason the films anisotropy changed from uniaxial to
almost isotropic. Compared to the crystalline Fe-Ga films, the saturation fields for the
amorphous FeGaSiB films were a factor 50 smaller, while the magnetostriction constants
were a factor 2.5 smaller. Thus the saturation field has been reduced, but so has the

magnetostriction constant.
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5.8 Summary

The FeSiB and FeGaSiB films, deposited under the same growth conditions by co-sputtering-
evaporation technique, were studied. The structural, magnetic, magnetostriction properties of
these films were investigated over a range of thicknesses. The aim of this work was to
investigate the effect of adding the Ga to FeSiB film as a function of thickness. Different
techniques were used to investigate these films including: XRD, XPS, MOKE magnetometry,
and VSM.

The XRD showed that for both film sets, there was no sign of crystalline peaks observed,
hence confirming an amorphous structure. The XPS result showed that the FeGaSiB film had
a composition of Feg,Ga;SisBs, which informs that the Ga was successfully added within the
FeSiB film. The MOKE measurements of the magnetic properties showed that the FeGaSiB
film had different magnetic properties of the FeSiB films, thus were affected by the addition
of Ga.

The comparison between FeSiB and FeSiGaB films showed that the anisotropy and saturation
fields increased as a function of thickness. For all the thickness range, the saturation field of
the FeSiGaB films was higher than the anisotropy field of the FeSiB films. The comparison
between FeSiB and FeSiGaB films showed that the coercive field decreased as the thickness
increased. The comparison between the FeSiB ribbon, FeSiB film, and FeGaSiB film showed
that adding Ga in at 7% reduced the saturation induction from 1.56T to 0.96T.

The saturation induction for the FeGaSiB thin films as a function of thickness showed that
the saturation induction changed slightly with the thickness, from 1.1T for the 24 nm films to
0.96 T for the 86 nm film and then increased to 1.23 T for the 100 nm. This change is due to
the amorphous nature of the films, as the atoms have no long-range order, only short-range

order. This means that the nearest neighbour atoms change from film to film.

The result of magnetostriction properties, which were measured via Villari effect by the
MOKE technique, showed that the FeGaSiB films have higher magnetostriction constants
than the FeSiB films for thicknesses over 40 nm. The 50 nm FeGaSiB film had the largest /s
of 17 ppm. For the FeSiB films, /s decreased with the increasing thickness, while for the
FeGaSiB films with t > 50nm, .Z; ~13 ppm but were still higher than the FeSiB films.
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Chapter 6 Influence of Growth Parameters on
The Structure, Magnetic Properties, and
Magnetostriction Constants of FeSiB and
FeGaSiB Films.

6.1. Introduction

The growth parameters such as Ar gas pressure and sputtering target power can affect the
magnetic, structural, and magnetostrictive properties of deposited films [1]. For example, the
sputtering pressure can induce intrinsic stresses, which can be either tensile or compressive

depending on the Ar gas pressure [2].

This chapter describes the influence of growth parameters on the structure, composition,
magnetic properties, and magnetostriction constants of FeSiB and FeGaSiB thin films. This
chapter is divided into three parts, each focusing on different growth parameters of the
deposition technique. These are: (i) the Ar sputter pressure (par), (ii) the sputtering target
power (Presis), and (iii) the Ga evaporation rate (Ga rate). Studying the effect of growth
parameters on the properties of FeSiB and FeGaSiB films allows a comparison of the results
to understand the influence of Ga addition into the FeSiB films. The magnetostriction
constant measurement of the amorphous magnetostrictive thin films grown on a rigid
substrate is achieved by a bending technique, which is described in chapter 4. The influence
of changing the growth parameters on the Ga composition is studied over a wide range of
compositions. Comparisons of the anisotropy fields and the saturation magnetostriction
constants with the Ga composition were achieved.

Understanding the strength of the induced uniaxial anisotropy in the different films was
determined via two different methods. The first method, which is used in this thesis, involves
eqn. (5.2), and studying M,/Ms as a function of applied field angles. [3]

The second method involves determining the anisotropy constant from the anisotropy field
[4], taken from the hard axis loop. For the second method the following equation is used:

K, = % (6.1)

Where K, is the anisotropy constant, Hy is the anisotropy field, M, is the saturation

magnetization, and p, is the permeability of space 47 x107 H.m™.
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6.2 Fabrication of The Films

The influence of film thickness on the structure and magnetic properties of magnetostrictive
films was described in chapter 5. In this chapter, the film thickness was chosen to be 50 nm
as it was shown to have the maximum magnetostriction constant (see Fig. 5.15).

6.2.1 Fabrication of FeSiB Thin Film

For the growth of the FeSiB films in this chapter, two series of 50 nm thick films were
deposited on 380um thick Si (100) substrates with dimensions (10 mm x 15 mm), which is
suitable for the magnetostriction measurement, as they do no break in the bending tool, using
the co-sputtering—evaporation technique [5], (as described in detail in chapter 4). For all the
FeSiB films, the substrate-target distance (d) was 60 mm and the Ga evaporation rate was
zero as the evaporator was off for the depositions. The first set of these films was grown in
the chamber pressure (par) range from 4 pbar to 8 pbar and at fixed sputter power (Presig) Of
20 W. The second set was grown in the sputter power (Pgesig) range from 20 W to 70 W and
at fixed chamber pressure (par) of 4 pbar. For all the films, three Si substrates were used per
film growth, attached to a glass slide using polymethyl methacrylate (PMMA). Metglas
2605SA1 with composition FegsSi1oBs was used as the sputtered target. The composition of
the film was chosen for this study as it has soft magnetic properties, also it is amorphous,
which had not been done before. The substrate holder was rotated during the growth at 0.1
rps, to avoid the effect of the sputter gun magnetron field, which can induce anisotropy into

the films.

6.2.2 Fabrication of FeGaSiB Thin Films

For the growth of the FeGaSiB films, three series of 50 nm thick films were deposited on
380um thick Si (100) substrates with dimensions (10 mm x 15 mm), using the co-sputtering—
evaporation technique [5], (chapter 4). Using the same deposition system to deposit both
films’ series was to avoid the films’ properties varying due to different deposition system, as
the properties of films can change from system/technique to another. Hence the substrate-
target distance (d) was equal 60 mm and the same as the FeSiB films. The first set of films
was grown in the chamber pressure (par) range from 4 pbar to 8 pbar, sputter power (Presig)
of 20 W, and the Ga was evaporated with a constant arbitrary rate, Rgy = 0.2 (arbitrary unit).
The second set of films was grown at a fixed chamber pressure (par) of 4 ubar, sputter power

(Presis) range from 20 W-70 W, and fixed Ga evaporation arbitrary rate, Rga = 0.2 (arbitrary
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unit). The third set was grown at a fixed chamber pressure (par) of 4 ubar, sputter power
(Presis) of 20 W, and the Ga evaporation rates range Rga = 0.2, 0.3, 0.4, 0.5, and 0.6 (arbitrary
unit). Again, three Si substrates were used per film growth, attached to a glass slide using
polymethyl methacrylate (PMMA). Metglas 2605SA1 with composition FegsSi;oBs was used
as the sputtered target and the Ga (99.99%) material in the evaporator. Also, the substrate

holder was rotated as described in section 6.2.1.

6.3 Characterization of The Films

The Bruker D2 phaser technique, X-ray diffraction (XRD) with Cu K,; 1.54184 A was used
to analyze the film’s structure. The 6/20 mode was used, the first range of 20 from 30° to 80°
was used to check the structure of the film (for bcc Fe 20 ~ 45° and for bce Fe-Ga 20 ~ 45°)
and silicon substrate (20 = 69.8°, 61.7°, and 33°), and the second 20 range from 35° to 55°
was used to avoid the Si substrate peaks. XRD analysis was carried out to determine whether
the films were fully amorphous or if they contained nanocrystalline clusters within an
amorphous matrix. Atomic force microscopy (AFM) was used, in tapping mode, to measure

the thickness of the samples using the step produced in fabrication.

X-ray photoelectron spectroscopy (XPS), was carried out on a Thermo Fisher Scientific K-
alpha+ spectrometer, used to measure the composition of the films. Samples were
investigated via a micro-focused monochromatic Al X-ray source (72 W) over an area of
around 400 um. For high-resolution scans, recording of data was at pass energies of 150 eV
for survey scans and 40 eV with 1 eV and 0.1 eV step sizes respectively. The analysis of data
was achieved by CasaXPS software with a Shirley type background. More details can be seen
in section (4.10.3) and details of fitting data and calculations can be found in the appendix
attached at the end of this thesis.

The DMS model 10 vibrating sample magnetometer (VSM) was used to determine the
magnetic moment of the films at room temperature, using an applied field of 40 kA/m, from
which the saturation magnetisation was calculated.

In the transverse mode, the magnetic properties of the two film sets were measured on a
magneto-optical Kerr effect (MOKE) magnetometer, with the max magnetic field applied
being 40 kA/m, which was sufficient to saturate the films. Characterization of the magnetic
properties was carried out by measuring the normalized hysteresis loops. The magnetic

anisotropy and saturation fields were determined by measuring the normalized hysteresis

Qayes A. Abbas, 2018 & Email: gayes.a.abbas@gmail.com



128 | Influence of Growth Parameters on The Structure, Magnetic Properties, and
Magnetostriction Constants of FeSiB and FeGaSiB Films.
loops at different magnetic field directions with respect to the sample, with angles from 0° to
180°. To measure the magnetostriction constant (As) [6] at room temperature, the inverse

magnetostrictive effect (Villari effect) [7 - 9] measurement was used.

6.4 Influence of Ar Gas Pressure on the Structure, Magnetic Properties,

and Magnetostriction Constants of Amorphous FeGaSiB Thin Films

Ar gas pressure is an important growth parameter of the sputtering process, in addition to
providing the inert gas atoms in the sputtering process, it is also can work as an auxiliary
moderator for sputtered atoms from the sputtering target. In an individual sputtering chamber,
the Ar gas pressure can affect both the structure and the magnetic properties of the deposited
films. For the co-sputtering-evaporation technique, used in this work, in addition to the
above, the Ar gas pressure can affect the percentage of the Ga atoms thermally evaporated
and the percentage that reach the substrate, hence the composition of the deposited films.

For the FeSiB thin film set, during the growth the substrate temperature was around 19°C
while it was around 31°C for the set of FeGaSiB thin films for the variation of Ar pressure
(par)- This variation in temperature should not change the growth mechanism and is likely to
be due to using the evaporator for the FeGaSiB thin films as the Ga atoms are evaporated at a

high temperature.

Figure 6.1 shows the sputtering deposition rates of both the FeSiB and FeGaSiB films. As
the films were deposited with fixing all growth parameters excepting Ar pressure, the
sputtering rate of FeSiB film deposition decreased with increasing of pressure Fig. 6.1 while
the sputtering rate of FeGaSiB film deposition was stable around 0.1 nm/s for all the
variations of pressure. This suggests that presence of Ga atoms led to a reduction in the
sputtering rate by reducing the kinetic energy of the atoms. Hence the growth of the FeSiB

films was faster compared with the FeGaSiB films.
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Figure 6.1 Sputtering rate of deposition the FeSiB and FeGaSiB films. The solid lines are a
guide for the eye.

6.4.1 Structural Properties

Figure 6.2 (a) shows the XRD of the 50 nm thick FeGaSiB thin films for different (Ar) gas
pressures (par). The results showed that all the films had an amorphous structure and all the
peaks present were for the Si substrate. Fig 6.2 (b) shows the Si peaks at 20 =33° and Fig 6.2
(c) shows the XRD pattern of the FeGaSiB thin films with a 20 range (35° to 55°) to avoid the
substrate peaks. It is clear from Fig 6.2 (c) there are no peaks present at 20 ~ 45° to indicate
the existence of crystalline Fe or FeGa. There is a broad peak at 20 ~ 50°, which is expected
for amorphous films. Hence all the films had an amorphous structure. It is found that the
main diffraction peak of Si (100) is at 20= 69.8° and other Si peaks found at 20 61.7° and 33°.
The results show that the adding of Ga into amorphous FeSiB thin films does not affect the
morphology also changing the Ar gas pressure does not affect the film morphology. This

means the film morphology is independent of pressure.
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Figure 6.2 (a) XRD for the different pressures of 50nm FeGaSiB thin films, (b) The Si peaks
20 range from 30° to 35°. (c) The FeGasSiB film without the Si peaks.
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As described in chapter 4, the Ar sputtering pressure is one of the parameters of co-
sputtering- evaporation chamber which can be varied to control the Ga composition. The
effect of changing the Ar sputtering pressure has been investigated to achieve range of
compositions. On the other hand, it has been informed [10-12] that the stress induced in films
by sputtering deposition process can be induced by the changing the sputtering Ar pressure
and the substrate-target distance, d. In this work the substrate-target distance was fixed at 60
mm, thus the stress can be influenced only by the Ar pressure. It is investigated to whether
that the magnetic properties and the compositions of the magnetic films were strongly
influenced by Ar pressure. The influence of Ar pressure on composition was determined by
the XPS technique,as shown in table 6.1. From the XPS measurements, for all the FeGaSiB
films, Ga was detected, also it is meant that the Ga atoms had enough energy to travel
through the plasma, without being scattered.

Table 6.1 summary of the XPS result of the film’s composition as Ar pressure was increased.

Ar pressure (ubar) | Fe% Ga% Si% B%
4 82 7 5 6
5 81 8 5 6
6 83 4 7 6
7 83 7 5 5
8 83 4 6 7

Table 6.1 shows the result of the XPS measurements of the FeGaSiB films for different Ar
pressures. The results showed that increasing the pressure does not scatter all the Ga atoms

and the Ga was successfully added to FeSiB films. It is known that the increase of pressure is

inversely proportional to the mean free path, [, of the sputter gas, where (I ocpi ). An
Ar

increase in Ar pressure leads to a decrease of the mean free path. Inelastic collisions between

the Ga atoms and the sputter gas are increased with increasing the pressure and this leads to

thermally increasing the Ga atoms during their movement from the source of evaporator

towards the substrate.
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Figure 6.3 Ga compositions as a function of Ar pressure of FeGaSiB film.

Figure 6.3 shows the percentage of Ga composition as a function of Ar gas pressure of
FeGaSiB film. It was found that for the Ar gas pressure range investigated, the Ga
composition was changed by the variation of Ar gas pressure. The lowest values were at the
pressure of 6 and 8 pbar while the maximum value was at a pressure of 5 pbar. Changing the
pressure can affect the FeSiB:Ga ratio through scattering the Ga atoms away from reaching
the substrate. By comparing the amorphous film of four elements (FeGaSiB), as shown result
in Fig. 6.3, with the 50 nm thick binary crystalline FeGa in Fig 6.4, which was fabricated,
with varying pressure, fixed power density of 9.87x10° Wm™ and Ga evaporation rate = 0.25,
by the same chamber described in chapter 4, studied by Javed [13], it is found that there is a
difference in the amount of Ga within the films. The binary FeGa film had a higher Ga
percentage than the FeGaSiB film. This is likely to be due to the FeGaSiB films having four
different element atoms, with different sizes, leading to a reduction in the Ga percentage, due
to the Ga atoms having more collisions with those elements. In this case, the collisions of the
four elements are more complex from those of binary system under increasing the pressure.
For the pressure 5 pbar < par < 7 pbar both film sets showed the same behaviour where the
minimum valves were at the pressure of 6 pbar. For the pressure at 8 pbar, they did not
include the result, but they suggested that the Ga atoms were scattered by the high pressure
when the pressure was greater than 7 pbar as this was enough to reduce the amount of Ga
atoms reaching the substrate. From Fig. 6.3, a similar suggestion could be made for the
FeGaSiB films, where the percentage of Ga was too low at the pressure of 8 pbar.
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Figure 6.4 Ga composition of the binary FeGa film as a function of Ar pressure taken from

reference [13].

6.4.2 Magnetic Properties

6.4.2.1 Magnetic Properties Measured by MOKE

For the selected range of pressure, the MOKE measurements of magnetostrictive FeSiB and
FeGaSiB thin films were used to determine the main magnetic properties such as the

normalized remanence, anisotropy/saturation fields, and coercivity.

Figure 6.5 shows the comparison of normalized hysteresis loops measured by the MOKE
system (described in chapter 4) at different applied field angles of 50 nm FeSiB films
prepared at different Ar gas pressures and fixed power 20 W and Ga rate = 0. From this
figure, the effect of Ar gas pressure can be seen in the shape of the hysteresis loops. For
example, in Fig. 6.5 (a) all the loops had the same shape, with equal coercivity and
remanence values and an absence of a hard loop, hence an absence of an anisotropy field.
Increasing the pressure > 4 pbar, (except at 6 pbar) induced an anisotropy in the plane of the
films, which changed the coercivity and remanence values, suggesting that increasing the
pressure induced a stress within the films. The normalized hysteresis loops for the film at
pressure 6 pbar had, for all the different applied field angles, the same shape with a very low
coercive field.
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Figure 6.5 The normalized hysteresis loops, at different applied field angles, of 50 nm FeSiB
films for different gas pressures. (a) Pressure 4 ubar (b) Pressure 5 ubar (c) Pressure 6 ubar

(d) Pressure 7 ubar (e) Pressure 8 ubar.

Figure 6.6 shows the comparison of normalized hysteresis loops measured by MOKE
(described in chapter 4) at different applied field angles for the 50 nm FeGaSiB films
prepared at different Ar gas pressures and fixed power 20 W and Ga rate 0.2 (a.u). From Fig
6.6, the effect of Ar gas pressure in the shape of the hysteresis loops is shown. For example,
Fig. (a) had different shape hysteresis loops with different anisotropy fields, coercivity and
remanence values. It can be seen that increasing the pressure with the presence of Ga reduced
the induced in-plane anisotropy of the films and affected the coercivity and remanence
values, suggesting that increasing the pressure with Ga present reduced the induced stress

within the films.
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Comparing the normalized hysteresis loops of the FeSiB and FeGaSiB films, Figs (6.5 and
6.6), it can be seen that, for both film sets, changing the pressure affected the magnetic

properties of the films, i.e. increasing the pressure increased the anisotropy of the FeSiB films

and reduced it for the FeGaSiB films.
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Figure (6.7) Angular plot of the remanence ratio (M,./ M) at different Ar gas pressures (a)
FeSiB film (b) FeGasSiB film. The lines are a fit to the data.

Figure 6.7 presents an angular plot of the remanence magnetization ratio (M,/Ms) of the
selected Ar gas pressures for FeSiB and FeGaSiB films. The difference in the remanence
magnetization ratio, M/M;, along both the easy and the hard axes provides an indication of
the strength of the uniaxial anisotropy. Therefore, the uniaxial anisotropy can be quantified
by fitting the following equation (5.2) [3] to the M,/M; as a function of angle.

For the FeSiB film at low-pressure 4 pbar, D = 0.3, so the film has weak uniaxial anisotropy,
while a stronger uniaxial anisotropy is present in the films grown at 7 pbar and 8 pbar where
D = 0.9 and 0.93 respectively. Further, the film at 6 ubar is isotropic as D = 0.01. For these
films, the difference in M,/Ms was influenced by the pressure. For the FeGaSiB films, Fig 6.7
(b), a weak uniaxial anisotropy at high pressures 7 pbar (7% Ga) and 8 pbar (4% Ga) was
presented, where D ~ 0.33 and 0.29 respectively, and a stronger uniaxial anisotropy at lower
pressures 4 pbar (7% Ga) and 5 pbar (8% Ga) where D = 0.87 and 1 respectively. The
difference in M,/M; was influenced by both the pressure and Ga composition.

Magnetic properties of magnetic thin films such as the coercivity and anisotropy field can be
affected by the pressure or the composition of the film. Deposition of films under pressure
can induce a stress (compressive or tensile) overall the film and/or local stresses, within the
film during the growth. This stress can strongly affect the coercivity and anisotropy field of
the magnetic film. Another variable that changing the pressure can influence is the deposited
film composition, such as the FeGaSiB film (see table 6.1). This change in composition can
also affect the magnetization and anisotropy of the films. For the FeSiB film there was no

change in its composition as they have the same target composition, hence approximately the
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same composition. This indicates that the effect of the local stress is the dominate effect on
the magnetic properties.

Figure 6.8 shows the effect of Ar pressure on the anisotropy field Hy and saturation field Hs
for the FeSiB and FeGaSiB films respectively. For the FeSiB films, the Hy increased
gradually as the pressure increased, suggesting that the local intrinsic stresses within the films
increased with pressure. For the FeGaSiB films, the saturation field, Hs = 4000 A/m for all
deposition pressures. This means the addition of Ga into FeSiB reduced the stress in the
films, so giving stability to the saturation field over the pressure range. It is clear that the
deposition rate of the FeGaSiB film was very low compared with a deposition rate of FeSiB
film Fig 6.1, this resulted in reducing the kinetic energy of the atoms, which reduced the

stress.
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Figure 6.8 Saturation/Anisotropy Fields as a function of pressure for the FeSiB and FeGaSiB
films

It was found that for the FeSiB films, the films had uniaxial anisotropy at pressures higher
than 4 pbar, while the FeGaSiB films were isotropic at the pressure higher than 5 pbar. As all
the films were amorphous, (see Fig. 6.2), the anisotropy will be dominated by the local stress
within the films.

The coercive force is associated with the number of the domains, and how they are pinned,
the grain size, and the internal stress within the material. As the films in this study were
amorphous and there were no grains detected, the observed trend the coercive force

indication that it was affected byninternal stress. Also, as the domains pin on the grains,
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changing the coercivity, they can also pin on impurities and local stresses. As the response of
the material to a magnetic field is due to either the rotation of magnetic moments or domain
wall movement, restricting either can affect the coercivity. The stresses linked with, for
example, dislocations inhibit the rotation of magnetic moments and/or the domain wall
movement. Thus the intrinsic stresses influence magnetic properties of sputtered thin films

and can affect the magnetic properties such as the coercivity.

Figure 6.9 shows the coercive fields as a function of Ar pressure for the FeSiB and FeGaSiB
thin films. For both the film sets, H. is less than 900 A/m and higher than 300 A/m showing
that neither pressure nor Ga concentration changed the coercivity linearly. As discussed
above the coercive field strongly depends on intrinsic properties such as the grain size, and as

both film sets were amorphous, the films will contain no grains.
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Figure 6.9 Coercive fields as a function of pressure for the FeSiB and FeGaSiB films.

6.4.2.2 Magnetic Properties Measured by VSM System

VSM measurements were used for the magnetostrictive FeGaSiB thin films to determine the
magnetic moment, hence the saturation magnetization, the coercivity, and the normalized
remanence.

Figure 6.10 shows the results of the VSM measurements for FeGaSiB thin films, which were
measured at room temperature to avoid any thermal effects of high temperatures and to avoid

annealing the films. From Fig. 6.10, it can be seen that the magnetization of the FeGaSiB
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films decreases with increasing deposition pressure. This could be due to the Ar pressure
creating a local stress and changing the percentage of non-magnetic atoms (Ga, Si, B) within
the films due to complex collisions of atoms, so leading to a change in the composition of
films [7, 15] (see table 6.1). Typically, the increase in pressure changes the mean free paths
of all the atoms, as Ga is evaporated it is likely to have a higher energy than the sputtered
elements, meaning that its mean free paths at higher pressures is longer than the other
elements, so increasing the concentration in the films. This will change the local environment
within the amorphous films, as the magnetic moment of Fe atoms depends on the nearest
neighbours. Therefore, the saturation magnetization can be affected by the Ga concentration.
From Fig. 6.10, it can be seen that the saturation magnetization decreased gradually with
increasing the pressure, hence it is not dominated by the Ga percentage as the Ga percentage
fluctuated with increasing the pressure (see Fig. 6.3). Therefore, it is suggested that the

reduction in saturation magnetization is dominated by pressure increase.
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Figure 6.10 Magnetization as a function of pressure for the FeGaSiB films.
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6.4.3 Magnetostriction Properties
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Figure 6.11 The comparison of the magnetostriction constant A, as a function of pressure for

the FeSiB and FeGaSiB films at room temperature.

Figure 6.11 shows the comparison of the magnetostriction constant as a function of changing
the Ar pressure for the FeSiB and FeGaSiB films at room temperature. From Fig. 6.11, it is
observed that the magnetostriction constant of the FeSiB thin films increased with increasing
the Ar pressure. From equation (4.5), it is observed that the magnetostriction constant, A, is
related to the intrinsic stress in the film. From previous work, the intrinsic stress is tensile as
this leads to an increase in elastic properties, hence an increase in the magnetostriction
constant, A, [1]. Thus the increasing pressure causes an increase in tensile stress within the
FeSiB films, which increased both the magnetostriction constant A and anisotropy field. For
the FeGaSiB films, the magnetostriction constant, 4, decreases with an increase of sputtering
gas pressure. For par < 5 pbar, the magnetostriction constants were higher than those of
FeSiB film and showed the higher magnetostriction constant, A, at the lower pressures
compared to the FeSiB film, with the maximum Ay = 17.4 ppm, at 4 pbar with composition
Feg,GarSisBg. For pa= 6 ubar, both films had the same values, with the film composition
FegsGaySizBg. FOr par> 6 pbar, the magnetostriction constants of the FeSiB films were higher
than those of films with compositions FegsGa;SisBs and FegsGasSigB-. Further, the minimum
value of FeGaSiB film was 4.9 ppm at the high pressure of 8 pbar with composition

FegsGasSigB7, while the minimum value for the FeSiB films was 3 ppm at 5 pbar. From the
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anisotropy and saturation field measurements, it is concluded that the addition of Ga reduces
the tensile stress within the films, thus these intrinsic stresses no longer dominate the
magnetostriction constant, A;. The reduction in stress is due to the distribution of Ga atoms in
the amorphous structure changing the local environment around the Fe atom. This means that
the magnetostriction constant, A;, now depends on the saturation magnetization (refer to
equations (2.32) and (2.36)), which depends on the Ga concentration, Fig 6.10, as both the
saturation magnetisation and magnetostriction constant, A,, decrease with the increase in
pressure. The effect of changing the gas pressure during sputtering, on the magnetic
properties of magnetostrictive thin films has been studied and efforts achieved to investigate
this effect. In the literature review (section 3.4.1), previous work found a large change in the
magnetic properties of both polycrystalline FeGa [6, 13, 17] and amorphous FeGaB [16]
films as a function of Ga concentration and argon pressure. For example, for the anisotropy
within the FeGaSiB films, the results presented here show similar behaviour of result of Ref.
[13], where increasing the pressure changed the anisotropy of the films from uniaxial to
isotropic. The magnetostriction constant showed different behaviour for all the samples.
Further, the results presented here show different behaviour of result of amorphous FeGaB
films Ref. [16].
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6.5 Influence of Sputtering Target Power on The Structure, Magnetic
Properties, and Magnetostriction Constants of Amorphous FeGaSiB
Thin Films

The sputtering target power is another important growth parameter of the deposition process.
It can impact the properties of the films in a similar way as the sputtering gas pressure.
Further, it can influence the deposition rate, the kinetic energy of sputtered atoms and
consequently the surface mobility. In the co-sputtering-evaporation technique, the effect of
changing the sputtering target power can affect the sputtering rate, which can affect the ratio
of sputtered atoms to evaporated atoms. For the film growth, the Ga rate was fixed Rg, = 0.2
and sputtering pressure par = 4 pbar, thus an increase in sputtering target power Presig leads to
an increase in the FeSiB sputtering rate, Fig 6.12 hence in principle a change in the FeSiB:Ga

ratio in the films.

® FeGaSiB film

20 30 40 5 60
Power (W)

Figure 6.12 sputtering rate of FeGaSiB film as a function of increasing the power.

6.5.1 Structural Properties

Figure 6.13 (a) shows the XRD of 50 nm thick FeGaSiB thin films for different target power
Presis. The results showed that all the films had an amorphous structure and all the peaks
present were for the Si substrate. Fig 6.13 (b) shows the Si peaks at 20 =33° and Fig 6.13 (c)
shows the XRD pattern of the FeGaSiB thin films with a 20 range (35° to 55°) to avoid the
substrate peaks. It is clear from Fig 6.13 (c) there are no peaks present at 20 ~ 45° to indicate

the existence of crystalline Fe or FeGa. Similar to the pressure study, it was found that the
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samples had the same main diffraction peaks of Si (100). In this part, the results show that the
adding of Ga into amorphous FeSiB thin films does not affect the morphology, also changing
the target power Presig does not affect the film morphology. This means the film morphology
is independent of power.
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Figure 6.13 (a) XRD for the different powers of 50 nm FeGasSiB thin films. (b) The Si peaks.
(c) The FeGaSiB film without the Si peaks.
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Table 6.2 summary of XPS result for the film’s composition of the increasing power.

power (W) Fe% Ga% Si% B%
20 82 7 5 6
30 81 4 8 8
40 82 7 6 5
50 81 8 6 5
60 85 5 3 7

Table 6.2 shows the result of the XPS measurements of the FeGaSiB films for different
FeSiB target power (Presig). Figure 6.14 shows the percentage of Ga composition as a
function of the sputtering target power of FeGaSiB film. It is found that, for the range of
power investigated, the Ga composition is influenced by varying of the sputtering target
power. The lowest value was at the power of 30 W while the maximum value was at a power
of 50 W. For fixed Ga evaporation rate and Ar pressure, an increase in the sputtering target
power increased the FeSiB sputtering rate Fig 6.12 hence increased the number and speed of
sputtering atoms toward the substrate and this can influence the FeSiB:Ga ratio in film,

B FeGaSiB fim
8- []
S [] []
c
O6-
=
8
o []
§
o [ ]
©
o
2 T T T T T
20 30 40 50 60
Power (W)

Figure 6.14 Ga compositions as a function of sputtering target power of FeGaSiB

film.

By comparing the Ga concentration of the amorphous films with four elements (FeGaSiB), in
Fig. 6.14, with the 50 nm thick of binary crystalline FeGa in Fig 6.15, fabricated with
varying the power density, fixed pressure = 4 pbar and Ga evaporation rate = 0.3, by the

same chamber described in chapter 4, studied by Javed [17]. It is found that there is a
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difference in the amount of Ga within the films, including the binary films of FeGa having a
higher Ga percentage than the FeGaSiB films. For the binary FeGa film, the Ga percentage
decreased with increasing the power density, as increasing the power increases the number of
Fe atoms and affects the percentage of Fe:Ga by decreasing the number of Ga atoms to reach

the substrate. For the four element films (FeGaSiB) the Ga percentage fluctuated with
increasing the power.

36

324
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24-: i
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Ga composition (%)
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Figure 6.15 Ga composition of the binary FeGa film as a function of Fe power density taken

from reference [17].
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6.5.2 Magnetic Properties

6.5.2.1 Magnetic Properties Measured by MOKE

The MOKE measurements of the magnetostrictive FeSiB and FeGaSiB thin films were used
to determine the essential magnetic properties such as the normalized remanence,

anisotropy/saturation fields, and coercivity
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Figure 6.16 Normalized hysteresis loops at different applied field angles, for 50 nm FeSiB
films a different sputtering target power. (a) 20 W (b) 30 W (c) 40 W (d) 50 W (e) 60 W.
Figure 6.16 shows the normalized hysteresis loops measured by the MOKE system
(described in chapter 4) at different applied field angles for 50 nm FeSiB films prepared at
different sputtering target power and fixed pressure at 4pubar and Ga rate set to = 0. In Figs
(@) and (b) (20 W + 30 W) all the loops had the same shape and similar coercivities and
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remanences values, with the absence of hard loops, hence absence of an anisotropy field.

Increasing the power > 40 W, induced an in-plane anisotropy within the films and affected

the coercivity and remanence values, suggesting that increasing the power induced stress

within the films. From Fig. (c), it can be seen that the hard loop direction aligned at the angle

60° and the easy loop at the angles 120° and 150°. Therefore, this film had uniaxial anisotropy

field as the difference in the angles of the easy and hard loops 90°. Also, it can be seen that

increasing the power higher than 40 W changed the hard loop direction from 60° to 30°, Figs.

(d) and (e).
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Figure 6.17 Normalized hysteresis loops, at different applied field angles, for 50 nm FeGaSiB
films for different sputtering target power. (a) 20 W (b) 30 W (c) 40 W (d) 50 W (e) 60 W.
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Figure 6.17 shows the normalized hysteresis loops measured by the MOKE system at
different applied field angles for 50 nm FeGasSiB films prepared at different sputtering target
powers and at a fixed Ar gas pressure and Ga rate 0.2 (a.u). From Fig. 6.17, the effect of
sputtering target power on the shape of the hysteresis loops is shown, for example, Figs. (a)
and (b) had different shape hysteresis loops with different anisotropy fields, coercivity and
remanence values. It can be seen that increasing the sputtering target power with the presence
of Ga, reduced the in-plane induced anisotropy field and affected the coercivity and
remanence values. This suggests that increasing the sputtering target power with Ga reduces
the induced stress within the films, so changing the anisotropy field. Thus, for sputtering

target powers higher than 30 W, the anisotropy field was reduced.

(a) FeSiB film o Power= 20W (b) FeGaSiB film ~ Power= 20W

Power= 30W E Power= 30W
Power= 40W Power= 40W
Power= 50W Power= 50W

Power= 60W Power= 60W

Figure (6.18) Angular plot of the remanence ratio (Mr/Ms) of different powers (a) FeSiB film
(b) FeGasSiB film. The lines are a fitting to the data.

Figure 6.18 represents the angular plot of the remanence magnetization ratio (M,/Ms) of the
selected powers of both the FeSiB and FeGaSiB films. To examine the strength of the
uniaxial anisotropy, from the remanence magnetization ratio (M,/Ms), the fitting equation
(5.2) is applied, the uniaxial anisotropy can be quantified [3] to the M,/Ms as a function of
angle data Fig 6.18.

For the FeSiB film at power 30 W, D = 0.16, therefore the film has very weak anisotropy,
while a stronger uniaxial anisotropy is present in the films of powers 40, 50, and 60 W where
D = 0.9, 0.94, and 1 respectively. For this film, the difference in M,. /M is influenced by the

power. While for the FeGaSiB films, they all had weak uniaxial anisotropy at the Pgesig > 40
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W when D < 0.5 and stronger uniaxial anisotropy at Presig 20 W (7% Ga) when D = 0.89. For
this film, the difference in M,/Ms was influenced by the power and Ga composition.
Figure 6.19 shows the effect of sputtering target power (Presiz) On the anisotropy/saturation
fields for FeSiB and FeGaSiB films. For the FeSiB films, Hi increased sharply from 2000 to
14000 A/m with increasing the sputtering target power (Pgesig). For the FeGaSiB films Hs
increased gradually from 4000 to 5000 A/m with increasing the sputtering target power
(Presis) and was about a factor 2.8 lower than the anisotropy fields of FeSiB films for Presig >
40 W. Thus suggests that, the addition of Ga into FeSiB film reduced the induced stresses

within the films, so giving stability to the saturation field over the power range.
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Figure 6.19 Saturation/Anisotropy Fields as a function of power for the FeSiB and FeGaSiB

films.

Figure 6.20 shows the coercive fields as a function of sputtering target power (Pgesig) for
FeSiB and FeGaSiB thin films. In general, the result showed that the coercivity H. of FeSiB
films were higher than the coercivity H; of FeGaSiB films for all the powers, except the
Presis = 40 W, which had a minimum value of 95 A/m. The maximum coercivity H. of the
FeSiB films was 1000 A/m at a power of 50 W, while the maximum coercivity H; of the
FeGaSiB film was 750 A/m. This means the FeGaSiB films had softer magnetic properties
except at Presis = 40 W. For these two sets of films, the coercivity is influenced by changing

the power.
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Figure 6.20 Coercive fields as a function of power for the FeSiB and FeGaSiB films.

6.5.2.2 Magnetic Properties Measured by VSM System

The VSM measurements of magnetostrictive FeSiB and FeGaSiB thin films were used to
determine the magnetic moments hence the saturation magnetization, the coercivity, and the
normalized remanence.

Figure 6.21 shows the saturation magnetization results of the VSM measurements for
FeGaSiB thin films, which were measured at room temperature to avoid any thermal effects
of high temperatures and to avoid annealing the films. From Fig 6.21, it can be seen that the
saturation magnetisation of the FeGaSiB films increased slightly with increasing the power
and then decreased with increasing the power > 30 W, and then at a power of 60 W the
saturation magnetization increased again. It can be seen that the minimum value of the
saturation magnetization was at the power of 50 W and the maximum saturation

magnetization was at the power of 30 W.
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Figure 6.21 Saturation magnetization as a function of power for the FeGaSiB films.

From Fig. 6.21, it can be seen that the change in the saturation magnetization is not
dominated by the power as the change in the saturation magnetization is not gradual with the
power. While it is found that the Ga percentage was fluctuating with increasing the power
(see Fig.6.14), it is suggested that the reduction in saturation magnetization is dominated by
Ga percentage as the change in saturation magnetization follows the change in Ga percentage.
It can be seen that the film, which has the highest saturation magnetization has the lowest Ga
percentage of 4%, while the lowest saturation magnetization was for the film with the highest
Ga percentage of 8%. Further, it is found that the saturation magnetization of the film with a
power of 20W is not dominated by Ga percentage as suggested above, therefore this

difference could be due to having this film a different stress compared with others.

6.5.3 Magnetostriction Properties

Figure 6.22 shows magnetostriction constant Zs as a function of changing the sputtering
target power, Presig, for the FeSiB and FeGaSiB films. From Fig 6.22, it is observed that the
magnetostriction constant of the FeSiB thin films decreased from 10 ppm to 3 ppm with
increasing the power < 30 W and then increased for the powers > 30 W to reach the
maximum 21 ppm value at the power of 60 W. For FeGaSiB film, the magnetostriction
constant decreased from 17.4 ppm for the Feg,Ga;SisBg film (Presis = 20 W) to 5.2 ppm for
the FegsGasSisB; films (Presis = 60 W), as the power increased. The 20 W film
(Feg2Ga;SisBg) had a maximum value of 17.4 ppm, which was higher than the

magnetostriction constant 10 ppm of FeSiB film deposited at the same power. While for the
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films deposited at 60 W, the FeSiB film the magnetostriction constant was 21 ppm, which
was higher than the 5.2 ppm magnetostriction constant, of the FegsGasSizB; film. The
Feg,GarSigBs film had a magnetostriction constant of 6.5 ppm, which was lower than the
magnetostriction constant of the FeSiB film deposited at the same power (40 W). Further,
Javed [17] found that the addition of Ga into Fe films, as a function of sputtering Fe target
power, resulted in a lower Ga composition at the highest power Pg similar to the
FegsGasSisB7 film, which had a lower magnetostriction constant at higher target power. He
suggested that the Fe atoms have a higher energy reaching the substrate, which gave rise to a

change in the local structure.
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Figure 6.22 Magnetostriction constant /s as a function of power for the FeSiB and FeGaSiB

films at room temperature.
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6.6 Influence of Ga Evaporation Rate on The Structure, Magnetic
Properties, and Magnetostriction Constants of Amorphous FeGaSiB
Thin Films

In the co-sputtering-evaporation technique, the Ga evaporation rate is an important parameter
to grow the films. It can influence the FeSiB:Ga ratio and the composition of the deposited
films, as the films are deposited at fixed Ar pressure and sputtering target power.
Quantitatively, the Ga evaporation rate cannot be calibrated, due to it being unachievable to
manufacture pure Ga films, which can be calibrated at room temperature, as Ga has a melting
point just above room temperature. Thus the rate is measured by a rate monitor placed inside
the chamber.

6.6.1 Structural Properties

XRD measurements were taken to examine whether the films were completely amorphous or
if they included crystalline cluster in an amorphous matrix. Fig. 6.23 (a) shows the XRD
patterns of FeGaSiB films with varying Ga evaporation rates. It shows that all the films had
an amorphous structure and all the peaks present were for the Si substrate. As previously
done, to avoid the substrate peaks, the Si peaks at 20 33° are presented in Fig 6.23 (b), the
XRD measurement was repeated with a 20 range (35° to 55°) as shown in Fig 6.23 (c). It can
be seen from Fig 6.23 (c) there are no peaks existing at 20 ~ 45° which would be due to the
presence of crystalline Fe or the Fe-Ga (110) texture within the films [18]. Hence the films
had an amorphous structure. Thus Fig. 6.23 (a), (b), and (c) show that varying the Ga
evaporation rate does not influence the film morphology. This indicates that the film
morphology is independent of the Ga evaporation rate, and hence the amount of Ga in the

films.
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Figure 6.23 (a) XRD FeGaSiB thin films with different Ga evaporation rates. (b) The Si
peaks. (¢) The FeGaSiB film without the Si peaks.
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Table 6.3 Summary of the XPS result of the film’s composition via the Ga evaporation rate.

Ga evaporation rate | Fe% Ga% Si% B%
0.2 82 7 5 6
0.3 83 8 4 5
0.4 79 11 5 5
0.5 79 12 5 4
0.6 77 14 5 4

Table 6.3 shows the result of the XPS measurements of the films for different Ga evaporation
rates. The results showed that Ga was successfully added to FeSiB films by using the co-
sputtering-evaporation technique, to fabricate the FeGaSiB films. For fixed pressure and
power, the results also show that increasing the Ga evaporation rate led to an increase in the
Ga concentration. This allows for control of the Ga percentage within the films. It can be
seen in Fig. 6.24 that the composition of Ga has a linear relation with Ga evaporation rate
(Rea). Thus the Ga composition can be controlled over a range of Ga% by changing the Ga
evaporation rate (Rga), whilst the remaining fabrication parameters remain constant. The data
in table 6.3 also show that the Fe and B concentrations decreased with increasing Ga
concentration, while the Si concentration is maintained within the accuracy of the

measurement.

10 4
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Figure 6.24 Ga compositions as a function of Ga evaporation rate under constant pressure 4

pbar and power 20 W. The solid line is a guide for the eye.
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6.6.2 Magnetic Properties
6.6.2.1 Magnetic Properties Measured by MOKE
For the chosen range of Ga evaporation rate, the MOKE measurements of the

magnetostrictive FeGaSiB thin films were used to measure the necessary magnetic properties
including the normalized remanence, anisotropy fields, and coercivity.
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Figure 6.25 Hysteresis loops of FeGaSiB films for different Ga evaporation rates, where (a)
Rea 0.2, (b) Rga 0.3, (€) Rga 0.4, (d) Rga 0.5, and (e) Rga 0.6. The right insert fig (a-1, b-1, c-
1, d-1, e-1) sow the anisotropy fields H at different applied field angles.
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Figure 6.25 (a, b, ¢, d, and e) shows the normalized hysteresis loops for FeGaSiB films
where the anisotropy fields were determined as a function of the angles between the applied

magnetic field and the designated film side.

Garate =0.6
Garate=0.5
Garate=0.4
Garate=0.3
Garate =0.2

oo«

Figure 26 Angular plot of the remanence ratio (M,/Ms) of different Ga Rates. The lines are a
fit to the data.

The uniaxial anisotropy can be quantified by fitting the equation (5.2) [3] to the M/M; as a
function of angle, as shown in Fig. 6.26. Thus, for the film at 7% Ga, D = 0.3, indicating a
weak uniaxial anisotropy, while a stronger uniaxial anisotropy is present in the film at 8%
Ga, where D = 0.83. One reason for this could be that as all the films were amorphous the
anisotropy will be influenced by the intrinsic stress within the films. Hence this suggests that
the films with Ga > 7% had a larger intrinsic stress, compared to the 7% Ga film. Also, the
increase in uniaxial anisotropy could be due to increasing the amount of Ga within the films
from 7 Ga% to 14 Ga%, as Ga does not have a polarizable magnetic moment, which can

modify the nearest neighbour interactions of the Fe-Fe atoms.
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Figure 6.27 Anisotropy field as a function of Ga composition for FeGaSiB thin films.

Figure 6.27 presents the anisotropy field as a function of different Ga evaporation rates for
FeGaSiB thin films. From Fig. 6.27, for all the films as the Ga evaporation rate was increased
(Ga% from 7% to 14%), the Hy =~ 6000 A/m, along the hard axis loop remained. This shows
approx constant that even with the increase of Ga within the films, the anisotropy field was

maintained. The anisotropy energy depends on the anisotropy constant, which is given by

Ho HkMS

K = . From Fig. 6.29, it is observed that there is a change in Mg with Ga
concentration. Thus the anisotropy constant of 7% Ga is K= 4212 Jm™, while the 14% Ga is
K= 3353 Jm™. Hence a difference in anisotropy energy, but a difference compared in
anisotropy as determined in Fig. 6.25. One reason is that the two methods are using different
parameters from the magnetic hysteresis loop. The remanent magnetization depends on the
pinning of domain walls in the film, while the anisotropy field is dependant on the dominated
energy contribution. Thus this suggests that the 17% Ga film, has less pinning, so a small
M /M, which leads to strong uniaxial anisotropy observed in Fig 6.25, but has a smaller M,
thus the anisotropy constant is smaller. Comparing this to a 50 nm FeSiB film grown with
the same fabrication parameters, Hy = 2300 A/m (see chapter 5), the FeGaSiB films all have a

higher anisotropy field.
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Figure 6.28 Coercive fields as a function of Ga composition for FeGaSiB thin films.

Figure 6.28 shows the coercive field, along the hard axis loop, as a function of the Ga
evaporation rate for the FeGaSiB thin films. The coercive fields were in the range from 300
to 500 A/m, which are lower than the coercive field of a 50 nm FeSiB film, grown with the
same fabrication parameters (see chapter 5) of Hc~ 800 A/m. This means that the Ga addition
has reduced the coercive field, suggesting that the coercive field depends strongly on the
pinning in the material. A ferromagnetic material is taken to be soft when it has a low
coercivity. Absence of grains and grain boundaries in amorphous alloys makes them to be
homogeneous and this leads to them containing less defects. Thus as the number of defects is
very small in amorphous material, the pinning can be less, resulting in a very soft material,

with a small coercivity (<500 A/m).
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6.6.2.2 Magnetic Properties Measured by VSM

For the designated range of Ga evaporation rate, the VSM measurements of magnetostrictive
FeGasSiB thin films were used to measure the magnetic moments and hence the saturation

magnetisation, the remanence, and the coercivity.
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Figure 6.29 Saturation magnetization as a function of a Ga % of FeGaSiB thin film.

Figure 6.29 shows the saturation magnetization for FeGaSiB thin films measured by the
VSM technique at room temperature. From Fig 6.29, it is noted that the magnetization of the
films reduces with increasing Ga evaporation rate, hence an increase in Ga concentration, and
decrease in Fe concentration (Table 6.3). As Ga is a non-magnetic element, it will decrease
the magnetization of the films, along with changing the distribution of Fe atoms within the
films, which can produce a variation in the films’ composition [19], [15]. During evaporation,
the amount of Ga atoms evaporated can be changed via the crucible temperature. By
increasing the crucible temperature, the Ga evaporation rate increases, which is measured by
thickness rate monitor. As the films were deposited at fixed Ar pressure (4 pbar) and
sputtering power (20 W), such that the Fe, Si and B were sputtered at a fixed rate of 0.1, the
ratio of Ga atoms will be proportional to the Ga evaporation rate. Thus more Ga atoms will
reach the substrate compared with the sputtered Fe, Si, and B atoms. Also, as the deposition
was done under low pressure, this will decrease the scattering of the Ga atoms by the Ar ions
in the plasma and lead to a higher number of Ga atoms reaching the substrate. These
conditions changed the concentrations of Fe, and Ga atoms within the films, which will lead

to a distribution of the non-magnetic different atoms in the local environment within the
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amorphous matrix, i.e. the nearest neighbours Fe atoms. As the magnetic moment of the Fe
atoms is dependent directly on the nearest neighbours in the local environment, hence, the
magnetization of the film will depend upon the atomic nearest neighbours. Due to the
amorphous structure of FeGaSiB films, which have no long-range order or set lattice
constant, this will influence the magnetisation of the films. In general, changing the
amorphous distribution presents fluctuations in the exchange interactions, which impact the
magnetic properties of the material. For example, the saturation magnetization of
composition Nd,Fe;;15xC0,5GaxB decreases with increasing Ga content, as Ga is a non-
magnetic element and will occupy certain the Fe sites, so changing the contribution of the Fe
atoms [20].

6.6.3 Magnetostriction Properties

B FeGaSiB fims |

3 16-. i

2 10 ]

Magnetostric

o+ -
0.2 0.3 0.4 0.5 0.6
Ga evaporation rate (a.u)

Figure 6.30 Magnetostriction constant as a function of Ga evaporation rate of FeGaSiB thin

film.

Figure 6.30 shows the magnetostriction constant as a function of Ga evaporation rate of the
FeGaSiB film. From Fig 6.30, it is observed that the magnetostriction constants of FeGaSiB
thin films decreased with increasing Ga evaporation rate until Rgy = 0.5 (Ga% =12), then
increased for Rg, = 0.6 (Ga% =14). The films have the highest magnetostriction constants,
As, at the lowest Ga evaporation rate with the maximum 4 = 17.2 £ 0.3 ppm, at Rg, = 0.2
(Ga% =7). Compared with Ref. [16], for amorphous FeGaB films, they found that the
addition of B into the bcc FeGa films in the range of 0-21% led to a change the content of Ga

from 9 at% to 17 at% and the maximum value of the magnetostriction constant found to be
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70 ppm at the boron content of 12at %. Further, Kobliska et al [21] found that the
magnetostriction constant of amorphous films such as Fez3SigB,; had a saturation
magnetostriction constant about 26 ppm, which is higher that the Feg,Ga;SisBg film in our
study, while the amorphous Feg,;Si1gB19 films had saturation magnetostriction constant of 14
ppm, which is lower than Feg,Ga;SisBsg films. The minimum value of FeGaSiB films was 4 =
10.2 £ 0.3 ppm in the Fe;9Ga1,SisB4 film deposited at Rgy = 0.5, which has Ga% = 12 and
boron content 4 %. Compared with Ref. [16] for the FeGaB films, which had a minimum
magnetostriction constant of about 46 ppm at the Ga content 17 at% and B content 21at%, it
would seem that the Ga and B percentage in the films are important for the magnetostriction
constant. In general, a higher B percentage is required to achieve the higher magnetostriction

constants.

In addition, it was found that the FeGaSiB films minimum 4 is higher than that the
amorphous CozgFesB14Mo; films, which has a magnetostriction constant equal to zero [21].
This nonlinear behaviour of magnetostriction constant as a function of nonmagnetic
element’s contents was also observed in other amorphous magnetic structures such as FeCoB
[22]. According to Ref. [23], the reason for the magnetostriction nonlinear behaviour is due
to a low amount of metalloid atoms such as Boron leading to creation of atomic pairs, for
example, B-B and Ga-Ga that influence the magnetostriction behaviour. They suggest that
increasing the content of metalloid atoms would lead to the formation of clusters that reduce
the magnetostriction constant. Increasing the Ga evaporation rate from 0.2 to 0.6 increased
the Ga percentage within the films from 7% to 14%, leading to changes in the local
environment around the Fe atoms, hence changing the magnetic configuration and the
exchange interaction of the Fe magnetic moments (Fig. 6.29). This can also affect the stress
within the films due to changes in the distribution of Fe and Ga atoms in an amorphous
matrix, which is the probable reason why the strength of the uniaxial anisotropy increased in
the films with higher Ga%. Thus, the magnetostriction constant, As, is influenced by both the
saturation magnetization (Fig 6.29 and equation 2.36), which depends on the composition

and the stress present within the films.

6.7 Comparison of Fabrication Parameters

In this study, changing the growth parameters and adding the Ga were the main sources to
influence the magnetic properties of the magnetostrictive amorphous thin films. Therefore

comparing the effect of these parameters on the magnetic properties as a function of Ga
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composition could help with understanding which parameter is dominating of these effects.
From the XRD, it is found that all the growth parameters and adding the Ga did not affect the
morphology of the films, as all the films had an amorphous structure.

The magnetocrystalline anisotropy caused by the long-range order in crystalline materials is
absent in amorphous materials. Though, the local atomic order of amorphous materials can
participate in a random anisotropy. Adding the Ga can affect the local atomic order of
amorphous films. Therefore, a comparison between the anisotropy fields of the amorphous
FeGaSiB films deposited by different growth parameters as a function of Ga composition
could help to understand if the Ga percentage is dominating the change in anisotropy field.
Figure 6.31 shows anisotropy/saturation fields as a function of Ga composition for all the
sets of FeGaSiB films. It is found that a slight increase in saturation field was observed over a
range of Ga from 4% to 8% for varying the Ar pressure. While for varying the target power
(Presis), the saturation field was found to fluctuate over a range of Ga from 4% to 8%. For the
varying Ga evaporation rate, the anisotropy field increased with increasing the Ga % and
found to be higher than saturation fields of varying both the Ar pressure and target power.
The result of Fig 6.31 shows that the lowest saturation field can be achieved at lower pressure
and at low Ga composition (4%).
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Figure 6.31 Anisotropy/saturation Fields as a function of Ga composition for FeGaSiB film
(m) Varying Ar pressure, (®) Varying power (Presiz) (A ) Varying Ga rate. The lines are a

guide for the eye.
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From Figs. (6.11, 6.22, and 6.30), the magnetostriction constant is plotted as a function of the
growth parameters such as the Ar pressure, the target power, and the Ga evaporation rate. The
maximum values of magnetostriction constant were at low pressure of 4 pbar, low power 20
W, and Ga evaporation rate of 0.2 (a.u.). Then the magnetostriction constants were decreased

with increasing all the selected growth parameters.

Figure 6.32 shows the measured magnetostriction constant as a function of Ga composition
for all the sets of FeGaSiB film. The comparison of magnetostriction constants for all the sets
of FeGaSiB film (Fig 6.32) shows that for the film set of varying the Ga rate, all the
magnetostriction constants were higher than both of the film sets for varying the Ar pressure
and varying the target power when the Ga composition > 7%. For all the FeGaSiB film sets,
the highest magnetostriction was 17.4 ppm at the Ga composition of 7%. For the variation of
Ar pressure, the magnetostriction constant increased with increasing the Ga composition
while for the varying of target power, the magnetostriction constant decreased with
increasing the Ga composition. From the Fig. 6.32, there was no evidence of peaks as
detected in the binary FeGa film. [24, 25 ]
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Figure 6.32 The dependence of magnetostriction constant on Ga composition for FeGaSiB
thin films as a function of (m) Varying Ar pressure (®) Varying target power (#) Varying Ga

evaporation rate. The lines are a guide for the eye.
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Due to the absence of crystalline structures and phases, which were expected to be formed in
these films as a result of changing the growth parameters, all these films have an amorphous
structure, which is verified by the XRD (see Figs 6.2, 6.13, 6.23). Therefore the structure
does not dominate the effect of the magnetostriction constants. The structure of the film is an
important property, which can affect the magnetostriction constant. Many studies in the
literature show that magnetostriction constants are sensitive to the structure and changes in
the crystalline phases. For example, Basumatary et al [26] studied the binary Fejpo.xGax film,
which includes many phases such as (A2, DOs, Ll,, and B2). The film had an effective
magnetostriction constant about 75 ppm at Ga composition of 17% as a result of forming a
disordered A2 phase. While for Ga composition between 17% and 25%, the magnetostriction
constant decreased as a result of forming the disordered DOz phase. They found that in case of
more than one phase in the film being present, such as present both the ordered D03 and L1,
phases into A2 matrix led to an additional decrease in the magnetostriction constant. Another
example for the effect of structure is that was not fully amorphous. Z.G. Sun et al [ 27, 28]
studied the amorphous FezsSiioB12 thin film of 100 nm thickness. They found that the film
contained nanocrystalline structure such as aFe(Si) immersed in amorphous matrix [27]. It
was found that the magnetostriction constant of the film was equal to 6.5 ppm, which was
smaller than the magnetostriction constant 36 ppm for the fully amorphous FezgSigBi3 thin
film. This reduction in the magnetostriction constant was due to the negative
magnetostriction constant of the aFe(S1) nanocrystalline structure.

From Fig. 6.32 it can be seen that some of the FeGaSiB films, which were fabricated at
different growth parameters had a comparable Ga composition. Therefore the
magnetostriction constants were influenced by the growth parameters such as the Ar gas
pressure or sputtering target power. For the films with different Ga rates, the magnetostriction
constants changed with increasing the Ga% within the films, therefore adding nonmagnetic
element can influence the magnetostriction constants magnitude. Hall [29] reported that
adding a nonmagnetic material such as aluminium into FeigxAlx With composition range
from 6% to 30%, at the room temperature, caused a remarkable increase in the
magnetostriction constant. He found that the increasing of magnetostriction constant was

sharp and had a peak at the Al composition of x=0.19.

From Fig. 6.32, it can be seen that the fabrication technique and hence the growth parameters
may affect the local environment of the Fe and Ga atoms. Therefore, to investigate the local

environment of the Fe, Si, B, and Ga atoms, more experimental techniques are required, for
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example, Extended X-ray Absorption Fine Structure (EXAFS) [30] which has been used to
investigate the local environment of the Fe and Ga atoms in the binary FegyGayo alloy. This
technique has sensitivity to the first neighbour atom and can provide data about the chemical
property of the nearest neighbours such as the number of atoms, the distance from them to the
absorbing atom, and their static disorder related to the absorber atom. Another technique
which could be used to investigate the films is Conversion Electron Mdssbauer Spectrometry
(CEMS) [31, 32]. From this technique, a more detailed investigation of amorphousity of the
films by comparison of magnetic hyperfine field distribution in thin films as a function of Ga
content can be obtained. Mdssbauer spectrometry would be also helpful in determination of

magnetic anisotropy.

6.8 Summary

X-ray diffraction (XRD) results of FeSiB and FeGaSiB films, for all the selected growth
parameters, indicated that all the sets of both films had amorphous structure.

For all the growth parameters, the results showed that Ga was successfully added into FeSiB
films without affecting the morphology of the films while the magnetic properties, and

magnetostriction constant were influenced.

The magnetostriction constant, A, decreased with increasing sputtering gas pressure from
17.4 ppm for the Feg,Ga;SisBg film to 4.9 ppm for the FegsGasSigB; film. While the
magnetostriction constant decreased from 17.4 ppm for Feg,Ga;SisBg to 5.2 ppm for
FegsGasSizB7 with increasing the power, Peesis. For the Ga evaporation rate, the films had the
highest magnetostriction constants, A, at the lowest Ga evaporation rate with the maximum
Ag =17.2 £ 0.3 ppm, at Rga = 0.2 (Ga% =7).
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Chapter 7 Investigation of Mechanical
Properties of Magnetostrictive Thin Films By
Nanoindentation.

7.11Introduction

In general, the mechanical behaviour of a material denotes its response to applied loads,
where under an applied load, the material can be deformed. If the material deforms under
small applied load, this could lead to elastic deformation, which means it will return to its
original shape immediately after removing the applied load. In the case of applying very large
loads, a plastic deformation in the material can occur. In this case, the material will not return
to its original shape even after removing the load. It is known that amorphous materials are
typically elastically isotropic, in spite of the fact that in some cases anisotropy can be
produced either by processing methods or due to an external force, essentially in magnetic
alloys and thin films [1, 2]. In isotropic materials, there are two significant elastic constants;
these are the Young’s modulus and Poisson’s ratio. The nanoindentation technique is used to
investigate the mechanical properties of materials in the form of bulk or thin films by
applying a load in the range of mNewton on the material. In general, there is little
information about the mechanical properties of crystalline or amorphous magnetostrictive
thin films despite the wide use of these materials in applications. For example, amorphous
magnetostrictive thin films have become of interest for micro-electro-mechanical systems
(MEMS) such as magnetostrictive sensors [3, 4]. These applications require magnetostrictive
thin films with good mechanical properties such as hardness and elastic modulus. If the
mechanical properties of magnetostrictive thin films such as Young’s modulus are measured,
they can be used to calculate the magnetostriction constant of these films rather than use the
mechanical properties of the substrate or the bulk values [5, 6]. This chapter describes the
mechanical properties of two magnetostrictive thin films measured by the nanoindentation
technique. The properties measured were hardness, reduced modulus, Young’s modulus, and
yield strength of magnetostrictive FeSiB, and FeGaSiB films. The films were grown in the
same deposition chamber to allow comparison of the results. The influence of the addition of
Ga into the FeSiB film was evaluated with the hardness, elastic modulus and yield strength of

FeGaSiB films. Therefore, before investigating the mechanical properties of FeGaSiB film
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and understanding the effects of adding Ga on the mechanical properties of the
magnetostrictive amorphous FeSiB film, it was necessary to investigate the mechanical

properties of FeSiB film and compare the results.

To understand the mechanical properties of the magnetostrictive films and to avoid the effect
of the substrate on the result, the Si substrate, which was chosen to grow the films on, was
also studied, as the rigid substrate can affect the mechanical properties of the films [7].
Therefore, the mechanical properties of the Si substrate were measured by the
nanoindentation technique. For a Si substrate of thickness 380 um, the hardness was directly
measured and plotted as a function of the indenter displacement. Further, to gain more
information about the substrate effect, a glass substrate was used, to show the results of the
thicker films. For both FeSiB and FeGaSiB films with a maximum thickness, comparison of

mechanical properties between film/Si and film/glass substrates were achieved.

Nanoindentation tests have many problems; one of them is related to the tip. It is known that
the tip shape changes considerably due to the use of the tip. This change can affect the tip
radius and thereby its area function, hence the area function needs to be corrected
occasionally. Therefore, by using the experimental determination method of the tip’s area
function [8], the real Berkovich indenter is not completely sharp. For example, Jaroslav et al
[9], Fig. 7.1 (a) showed an image of the Berkovich indenter with three-sides of pyramidal
symmetry by AFM technique. The correction of the area function can be achieved by using a
material which has well-known mechanical properties. In this case, a standard calibration
material is used to determine the area function [8]. This determination of the area function is
typically achieved using fused silica [10], with elastic modulus and Poisson's ratio of 72 GPa

and 0.17, respectively.
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Figure 7.1 (a) AFM image of the Berkovich indenter, (b) schematic profile over the edge of

the tip taken from reference [9].

Figure 7.1 shows the geometry of the Berkovich diamond tip normally used in
nanoindentation tests, Fig. 7.1 (a) an image of the Berkovich indenter demonstrating the
three-sides of pyramidal symmetry taken by AFM technique, Fig. 7.1 (b) the height profile
plotted over the edge of the tip. The circle is fitting to have same radius of the tip. [9]

7.2 Fabrication of The Films

7.2.1 Fabrication of Thick FeSiB Films

For the growth of FeSiB films in this chapter, three thick films, 290, 425, and 660 nm were
deposited on Si (100) and glass substrates with dimensions (10 mm x 15 mm), using the co-
sputtering—evaporation technique [11], as described in detail in chapter 4. For all the films,
the substrate-target distance (d) was 60 mm and the Ga evaporation rate was zero as the
evaporator was off in this deposition, to achieve FeSiB films. All the films were grown with a
fixed chamber pressure (par) of 4 pbar and at fixed sputter power (Presig) of 20 W. Three Si
substrates were used per film growth, attached to a glass slide using polymethyl methacrylate
(PMMA). Metglas 2605SA1 with composition FegsSiioBs was used as the sputtered target.

The substrate holder was rotated during the growth.

7.2.2 Fabrication of Thick FeGaSiB Films

For the growth of FeGaSiB films, three thick films, 283, 450, and 640 nm were deposited on

Si (100) and glass substrates with dimensions (10 mm x 15 mm), using the co-sputtering—
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evaporation technique [11], as described in detail in chapter 4. The substrate-target distance
(d) was fixed at 60 mm. All the films were grown with a fixed chamber pressure (par) of 4
ubar, sputter power (Presig) 0of 20 W, and the Ga was evaporated with a constant arbitrary
rate, Rga = 0.2 (arbitrary unit). Three Si substrates were used per film growth, attached to a
glass slide using polymethyl methacrylate (PMMA). Metglas 2605SA1 with composition
FegsSipBs was used as the sputtered target and the Ga (99.99%) material in the evaporator.

The substrate holder was rotated during the growth.

7.3 Characterization of The Films

The Bruker D2 phaser technique, X-ray diffraction (XRD) with Cu K,; 1.54184 A was used
to analyze the films’ structure. The 6/26 mode was used, the 20 range from 35 to 55° to check
the structure of the film (for bcc Fe 20 ~ 45° and for bcc Fe-Ga 20 ~ 45°) and used to avoid
the Si substrate peaks (20 = 69.8°, 61.7°, and 33°). XRD analysis was carried out to
determine whether the films were fully amorphous or if they contained nanocrystalline cluster
within an amorphous matrix. Atomic force microscopy (AFM) was used, in tapping mode, to
measure the thickness of the samples using the step produced in fabrication and to check the
topography.

The nanoindentation technique, (described in chapter 4) with a Berkovich indenter, which has
radius 100 nm, Young’s modulus 1140 GPa and Poisson's ratio 0.07, was used to investigate
all the mechanical properties of the magnetostrictive films. The obtained curves were
analyzed by the Oliver and Pharr method [12]. For preparing the sample for the
nanoindentation test, there was significant sample preparation. Before the indentation test
started, the specimen had to be held rigidly, to ensure that the measured displacement was at
the correct penetration depth. Therefore, the use of a strong adhesive suitable for installation,
such as a thin layer of glue was applied, to attach the sample to the holder. Other than that,
the real measured displacement may have contributions from other displacements, related to

the deformation of the substrate.

There are two load functions, which can be used to measure the mechanical properties of
materials. The typical nanoindentation load function, which uses just one cycle curve to
achieve a load-displacement curve. This involves applying a load, keeping the tip held, and
then unloading the tip. The second load function, which can be used in nanoindentation

measurements, is a partial load function. This type of load function involves a number of
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cycles of load-displacement curves. The applied load is increased partially until reaching the
maximum load. In this thesis, the partial load function was used to measure the mechanical
properties of the films and substrates (see Fig. 7.3), as this method can provide information
over a range of cycles for one indent, rather than the standard load function, which provides
information from just one cycle. Therefore, to measure the mechanical properties, a partial
load function was used with 50 cycles. The cycle involved loading for 5 seconds, at peak
(maximum point) of the load the indenter was held for 5 seconds to remove any creep
influence, and unloading for 5 seconds, with a maximum load of 10 mN. The results
represent the total average of the indentations, which were set to be at least 14 per sample
with error bars representing the standard deviation. Notice that in many places in the plots the
error bars were smaller than the size of the curve symbols, leading them to disappear. The
indentations were achieved in a perpendicular direction to the sample surface. For all the
films and substrates, the Poisson’s ratios were taken to be equal to 0.3 during analysis of the
experimental data, as Ref. [13] presented indentation results that show that the Poisson’s ratio
leads to an insignificant influence. The estimation of the elastic modulus E, is achieved from
the unloading curve, which is supposed to be completely elastic. After determining the
hardness data, the yield strength data can be calculated using Matlab data analysis software.
In this study, the AFM images of the residual imprint of indentation were obtained by the
indenter probe after finishing the indentation process and a sectional analysis was achieved to

measure the height of the pile-up or sink-in material over the original surface of the film.

The Berkovich indenter used in this study had a radius of about 100 nm; therefore the
indentation penetration depth should be higher than 1/3 of the radius tip, which in this case
was about 33 nm. Before this value, the area function of the tip will break down and affect
the measurements. This effect can be clear in the curves of hardness and elastic modulus
when the values of the indentation penetration depth was less than about 33 nm. The
Berkovich tip is blunt as described above, which causes the area function to increase sharply
at small indentation penetration depths, hence the first part of all the hardness and Young’s
modulus curves will decrease or increase sharply at the small indentation depth. Increasing
the indentation penetration depth greater than 33 nm should lead to horizontal and straight
data curves of the mechanical properties. The contact area is very important to study for the
mechanical properties and it can be determined, after unloading, from an analytical model of

the load- penetration curve [12, 14].
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7.4 Structural Properties
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Figure 7.2 XRD of (a) FeSiB (b) FeGaSiB films with different thicknesses.

Figure 7.2 shows the XRD of FeSiB and FeGaSiB films of different thicknesses. For both
films, it can be seen that a very broad peak is present. The size of this peak increases with the
thickness. The broad peak was observed at 20 ~ 43°, which being indicative of absence the
periodical atomic arrangement. From the XRD pattern, there was no sign of crystalline peaks
observed, so confirms an amorphous structure.
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7.5 Nanoindentation Test of Magnetostrictive Thin Films

In the nanoindentation test, during the pressing of the indenter into the material surface,
elastic and plastic deformations are generated, leading to the creation of a residual imprint,
which has the same indenter shape. During the unloading process, only the elastic part of the
deformation is recovered. In a load-unload cycle of the indentation test, a load-displacement
curve is obtained. This curve will be different from one material to another, depending on its
response under the applied load. From this curve, the mechanical properties of materials are

measured.

Figure 7.3 presents the experimental load-displacement curves, as examples of the three
different materials (668 nm FeSiB film, 640 nm FeGaSiB film, and Si (100) substrate) used
in this thesis, measured on the nanoindentation system using the partial load function method
with 50 cycles and 10 mN a maximum applied load. It can be seen that there was a difference
between the three curves; this difference is assumed to be due to the difference in the
mechanical properties of these materials. As the Si substrate is harder than the FeSiB and
FeGaSiB films, it has larger mechanical properties than both films. The mechanical
properties of these materials will be presented and discussed later. The three curves have
different indentation depth, which increased with increasing the applied load up to the
maximum value. The curves show that the three materials had different maximum indentation
depths at the same maximum applied load. The lowest penetration depth was for the Si
substrate material of about 210 nm and the penetration depth of the 668 nm FeSiB film was
about 300 nm, while the 640 nm FeGaSiB film had a maximum value of 370 nm. By
analysing these three curves via Oliver & Pharr method [12], the mechanical properties were
measured. Also from this figure, it can be seen that the difference in maximum penetration
depth between the load-displacement curves of the FeSiB and FeGaSiB films for the same
applied load was about 70 nm. This difference could be due to the addition of Ga. This means
the addition of Ga into FeSiB film has changed the mechanical properties, which we will

discuss in detail later.
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Figure 7.3 Experimental load-displacement curves of partial load function method with 50

cycles, applied load as a function of displacement, for FeSiB, FeGaSiB films and Si substrate.
Also from these curves, the amount of elastic recovery of these materials can be determined.
This is the difference between the maximum value of the penetration depth and the final
indentation depth, which appears after unloading the indenter. It can be seen that the
unloading part of the curve is nonlinear; this because of the indenter is elastically unloaded,
which leads to an increase in the contact area gradually up to the completed full cycle.
Therefore, the elastic continuous variation in contact area is the reason why the unloading

curves are nonlinear.

During the indentation test, there are two different effects, which can appear on the hardness
data curve. The first is the nanoindentation size effect, which represents the decrease in the
hardness values with increasing of the indentation penetration depth (increasing the applied
load), and the second is the substrate effect, which represents an increase in the hardness
values with increasing of the indentation penetration depth. If the hardness values do not
change with increasing of the indentation penetration depth and appear as a horizontal
straight line along with increasing the applied load, this means the hardness is not affected by
either of the effects above. In the case of the indenter approaching the substrate, there can be
an interaction between the substrate effect and the nanoindentation size effect. Therefore, by
changing the thickness or the substrate, it can be seen, which one of these effects affects the

result.
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The theoretical calculation of the mechanical properties of the material presented in chapter 2
(section 2.8) showed that from the experimental data of load-displacement curves the
stiffness, S, can be calculated from the slope of the initial part of the unloading curve by
using equation (2.48). From the measured stiffness, the reduced modulus can be calculated
using equation (2.50). The hardness, H,, depends on the maximum applied load and the
contact area and can be measured using equation (2.49). As the reduced modulus
measurement includes the compliance of the indenter and the elastic modulus of the film, the
Young’s modulus of the films can be calculated from the equation (2.51) as the Young’s
modulus and Poisson’s ratio of the Berkovich indenter are known and the Poisson’s ratio of
the films taken to be 0.3.
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Figure 7.4 (a) Reduced modulus, E,. (b) hardness, H, (c¢) Young’s modulus, Eg, of FeSiB film
for three different thicknesses as a function of displacement.
Figure 7.4 compares the reduced modulus, E,, hardness, H,, and Young’s modulus, E;, of
the FeSiB film as a function of indentation penetration depth for three different thicknesses
(290, 425, and 668 nm). Fig. 7.4 (a) shows the reduced modulus, E,., of FeSiB film for three
different thicknesses, it can be seen that the three films had different reduced modulus values,
with the FeSiB film reduced modulus decreasing with increasing film thickness. Therefore
the lower thickness 290 nm film had the highest reduced modulus values of about 160 GPa,
which were affected by the substrate. While the highest thickness 668 nm film had the lowest
reduced modulus values of about 140 GPa and was not affected by the substrate, as the data

curve is a horizontal line.

Fig. 7.4 (b) presents the hardness, H,., of the FeSiB film with three different thicknesses. It
can be seen that there was no change in hardness for the highest thickness 668 nm film with
an increase in indentation depth (displacement), as the data curve was a horizontal straight
line at about 6 GPa value. While the hardness of the 425 nm film increased gradually from 6
GPa to 8 GPa with increasing indentation depth. The increasing hardness of this film is due to
the effect of the substrate. Further, the smallest thickness 290 nm film showed an increase in
hardness of about 10 GPa with increasing the indentation depth. This means that the film was
affected by the substrate. The two smaller thicknesses, 290 nm and 425 nm of the FeSiB
films showed hardness values higher than the 668nm film, this difference is taken to be due
to the effect of the Si substrate. The effect of thickness on the Young’s modulus, E, can be
seen in the Fig 7.4 (c), where the highest thickness 668 nm film had the lowest Young’s
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modulus values compare with the other thicknesses. From the Figs 7.4 (a), (b), and (c), the
668 nm film showed that the increasing of the applied load did not change the reduced
modulus, hardness, and Young’s modulus noticeably, as all the values for this film were a
straight line. This means this thickness film was not affected by the substrate or by the
indentation size. While the film with the smallest thickness, 290 nm, had a decrease in

hardness with increasing the penetration depth until about 100 nm, this reduction in hardness

Investigation of Mechanical Properties of Magnetostrictive Thin Films By

was due to the indentation size effect.

1(a)

w160
h

«5140-';&

= FeGaSiB film, 283 nm
e FeGaSiB film,450 nm
A FeGaSiB film, 640 nm

2 ,0] & a L T e
3 1204 m&rggzgﬁﬂﬂguunnunmm
Eo1oo- B
> 804
§ 60+
T 404
@ 4
© 20
0 ] L L) ] I I L]
0 50 100 150 200 250 300
Displacement, h_ (nm)
20
1(b) s FeGaSiB film, 283 nm
18-_ e FeGaSiB film,450 nm
16 1 ~ = FeGaSiB film, 640 nm
= 144
o
O 12-
S
I 10
m" 4
2 8
c 1 & .
S 64 "4, 0660 800000000000
s R 2 e e annasass
44
2]
o L) ¥ ] L] L] T )
0 50 100 150 200 250 300

Displacement, h_ (nm)

Qayes A. Abbas, 2018 & Email: gayes.a.abbas@gmail.com




180 | Investigation of Mechanical Properties of Magnetostrictive Thin Films By
Nanoindentation.

300
280 (c) = FeGaSiB film, 283 nm
260 e FeGaSiB film,450 nm

® 2404 4 FeGaSiB film, 640 nm

O 220

2004

w180 -

% 160 %

3 01 T AL Tk i b

B 120 A iAiAAalidAsdddaadadAAsAdAdadaix

0 50 100 150 200 250 300
Displacement, h_ (nm)

Figure 7.5 (a) Reduced modulus, E, (b) hardness, H, (c) Young’s modulus, E, of FeGaSeB
film with three different thicknesses as a function of displacement.

Figure 7.5 represents the mechanical properties of the FeGaSeB film with three different
thicknesses (283, 450, and 640 nm) as a function of indentation penetration depth
(displacement). From Fig. 7.5 (a), it can be seen that the reduced modulus, E,, of FeGaSiB
films decreased with increasing thickness, which was the same behaviour as the FeSiB films.
The lowest thickness 283 nm film had the highest reduced modulus value ~135 GPa, while
the highest thickness 640 nm film had the lowest reduced modulus value ~115 GPa. From
Fig 7.5 (b), it can be seen that the films’ hardness, H,,, decreased with increasing thickness.
The 283 nm film had the highest hardness of about ~ 6 GPa, which increased with increasing
applied load via the indentation penetration depth. This means that the film was affected by
the substrate. The same thing was observed in the 450nm film, which had a hardness of about
~5.5 GPa, and increased with increasing the applied load. Further, the highest thickness 640
nm FeGaSiB film had the lowest hardness of about ~5 GPa, which was approximately
constant with increasing the applied load. The influence of thickness on the Young’s
modulus, E, can be seen in Fig 7.5 (). The Young’s modulus of FeGaSiB films decreased
with increasing the thickness, where it can be seen that the highest thickness 668 nm film had
a lower Young’s modulus of about ~120 GPa, while the lowest thickness film Young’s
modulus value was of about~ 140 GPa. Also, from the Figs 7.5 (a), (b), and (c), for the 640
nm FeGaSiB film, the increasing of the applied load did not change the reduced modulus, the
hardness, and Young’s modulus markedly, as all the values were constant, thus at this

thickness the properties were not affected by the substrate.
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In the soft film/hard substrate system, an increase in hardness can occur, when the applied
load is enough to push the indenter forward towards the hard surface of the substrate through
the soft film. This increase in hardness is due to combining the hardness of the film with the
hardness of the hard substrate [15]. In our study, the limitation of the maximum applied load,
which is 10 mN, was not enough to allow the tip to reach the substrate, therefore for each
type of film, three different thicknesses have been studied to show the effect of the substrate
on the results (Figs. 7.4 and 7.5). In the films with low thickness, the hardness was higher
than the values for the thicker films. This is due to decreasing the thickness leading to an
increase in the combined hardness, as it includes contributions from the hardness of both film
and Si substrate, therefore the films with low thickness showed higher hardness values.

For both film sets in this study, the maximum values of both the hardness and Young’s
modulus at the maximum indentation depth, hma, Of each thickness have been chosen and
plotted as a function of thickness to compare the data for FeSiB and FeGaSiB films with the
hardness and Young’s modulus values of Si substrate (Figs. 7.6 (a) and (b)).
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Figure 7.6 Comparison of (a) hardness, H,. (b) Young’s modulus, E, of FeSiB film, FeGaSiB
film, and 380 um Si (100) substrate as a function of thickness.
Figure 7.6 shows the hardness, H,, and Young’s modulus, E;, of the FeSiB and FeGaSiB
films as a function of thickness in comparison with the hardness and Young’s modulus of the
Si substrate. It can be seen that the hardness in Fig. 7.6 (a) and Young’s modulus in Fig. 7.6
(b) of FeSiB and FeGaSiB films increased with decreasing thickness, with the values
approaching the hardness and Young’s modulus values of the Si substrate, which have been
selected from Fig. 7.9. This suggests that reducing the thickness can increase the substrate
effect, which is very clear on the values for the low thickness films. It was found that
although the films were deposited in the same growth conditions and all have an amorphous
structure, over the thickness range, the hardness and Young’s modulus values of FeSiB films
were higher than the hardness and Young’s modulus values of FeGaSiB films. This means

that FeSiB films were more elastic than the FeGaSiB films over the thickness range.

From literature, it is found that changing the thickness of magnetostrictive crystalline FeCo
film [16], deposited on a Si substrate, from 2 pm to 7 um changed Young’s modulus values
from 165.5 GPa to 170 GPa, while the hardness decreased slightly from 5.5 GPa to 5.4 GPa.
These measurements were made by the nanoindentation technique with a maximum load of
about 200 mN. In a crystalline film, increasing the film thickness increases the grain size,
which leads to generating the Hall-Petch effect or grain-boundary strengthening. This
describes the relation between the inverse of the average grain size and the flow stress [17],
which is defined as the required stress to continue the plastic deformation in a material.

Therefore, changing the grain size leads to changes in the dislocation movement and the yield
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strength. The grain-boundary strengthening can be explained as the effect of changing the
grain size of the dislocation movement, which is impeded by the grain boundaries, which
works as pinning points, Fig 7.7. Inside the grain, it is observed that the number of
dislocations has an effect on crossing the dislocations through the grain boundaries and their
movement from one grain to another. On the other hand, hindering the dislocation movement
can impede the beginning of plasticity and lead to raising the yield strength of the material.
Further, the growth of grains decreases the inter-particle spacing and hence the particles are
unable to provide an effective barrier against shear band propagation or localized

deformations.

Shear stress T?‘SS
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Figure 7.7 Schematic diagram of the affecting of grain boundary on the dislocation

movement along the slip plane in a crystalline material under shear stress.

Figure 7.7 shows schematic diagram, which describes the effect of grain boundary on the

dislocation movement along the slip plane in a crystalline material, where the symbol (J-)

represents the dislocation and T, refers to shear stress. It can be seen that the grain

boundary works as a barrier against the movement of the dislocations. It can also be seen that
the distance between the dislocations decreases when they approach the boundary.

Further, it is known that the deposition of films by growth processes creates internal stress.
Increasing this internal stress leads to a decrease in both the hardness and the elastic modulus
of the films [18]. For example, increasing the internal stress by about 1 GPa leads to a
decrease in the elastic modulus and hardness linearly by about 13%. Also, it was found that

for films deposited by sputtering, an increase in the hardness was associated with increasing
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compressive stress created by changing the pressure [19]. As the deposition of FeSiB and

FeGaSiB films were carried out in the same chamber and was under the same growth

conditions, this could lead to both film sets having the same internal stress effect, but adding

Ga to FeSiB film can change the stress in the film due to rearrangement of the atomic

distribution. Also, as the Ga atom is a larger size than the Si and B atoms, adding the Ga

atoms can increase the interatomic spacing between the atoms and leading to a decrease in

the hardness of the film. These are two possible reasons for the change in the mechanical

properties between the FeSiB and FeGaSiB films.
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Figure 7.8 Comparison between (a) reduced modulus, E,. (b) hardness, H,- (c¢) Young’s
modulus, E, of 668 nm FeSiB and 640 nm FeGasSiB films deposited Si substrates.

Figure 7.8 illustrates a comparison between the mechanical properties of amorphous 668 nm
FeSiB and amorphous 640 nm FeGaSiB films deposited on Si (100) substrate. To achieve the
main goal of this study in this chapter, it was necessary to do the comparison between the two
films without the substrate effect. The comparison of the films with the substrate is discussed
next (see Fig 7.9). From this comparison, it can be seen that the FeSiB film reduced
modulus, E,., hardness, H,., and Young’s modulus, E, values were higher than the FeGaSiB
film. From Fig 7.8 (a), it can be seen that the reduced modulus of the FeSiB film was about
~130 GPa while the FeGaSiB film had a reduced modulus of about ~115 GPa. Further, from
Fig 7.8 (b), it can be seen that the hardness of the FeSiB film was about ~ 6 GPa while the
FeGaSiB film had a hardness of about ~ 4.9 GPa. From Fig 7.8 (c), it is noted that the
Young’s modulus, Eg, of the FeSiB film was about ~140 GPa while the FeGaSiB film
Young’s modulus, Eg, was about ~120 GPa. The mechanical properties of the films are
generally influenced by the internal stresses that are generated by the growth parameters such
as pressure and deposition rate [20-22], but both films had similar growth parameters and
amorphous structures. As the films where deposited under the same pressure 4 pbar, but the
deposition rate was changed by adding the Ga (see Fig. 6.1), the deposition rate of the FeSiB
films was 1.5 nm/s, which is higher than the deposition rate 0.1 nm/s of the FeGaSiB films.
Therefore, adding the Ga reduced the deposition rate (as discussed in chapter 6), of the films
and hence affected the stresses within the films thereby influencing the mechanical properties

of these films. Further, Satomi et al [23] found that changing the deposition rate can change
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the stress within the film from compressive stress to tensile. While, Mani et al [24] studied
the effect of internal stress on the mechanical properties of the film and found that the
hardness increased with increasing the compressive stresses within the film. Also, this
difference in the mechanical properties of the films can be attributed to the difference in the
composition of the films. It can be seen that the addition of Ga into the FeSiB films reduced

the mechanical properties such as the hardness and Young’s modulus of the film.
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Figure 7.9 Comparison of (a) reduced modulus, E;. (b) hardness, H,. (c) Young’s modulus, Ej,
of 668 nm FeSiB film, 640 nm FeGaSiB film, and 380 um Si substrate.

Figure 7.9 presents a comparison between the mechanical properties of 668 nm FeSiB film,
640 nm FeGaSiB film, and 380 um Si substrate. After achieving the comparison of the
mechanical properties between the films of FeSiB and FeGaSiB (see Fig 7.8), it was
necessary to compare the mechanical properties of both films with the Si substrate, the reason
was to check the substrate effect on the mechanical properties of the films and how far or
near the values of the mechanical properties of the 668 nm FeSiB film and 640 nm FeGaSiB
film were from the Si substrate. In general, from Fig 7.9, it can be seen that all the
mechanical properties of the Si substrate were higher than both of the films. From Fig 7.9 (a),
the reduced modulus of Si substrate was about ~140 GPa, which was higher than the reduced
modulus of both FeSiB and FeGaSiB films. From Fig 7.9 (b), the hardness of the Si substrate
was about ~12 GPa, which is higher than both of the films. From the Fig 7.9 (c), Young’s
modulus of Si substrate was about ~155 GPa, which is higher than both of the films. Hence,
both of the films had mechanical properties different from the mechanical properties of the Si
substrate.
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Figure 7.10 compares the reduced modulus, E,., hardness, H,., and Young’s modulus, E, of
668 nm FeSiB films deposited on Si and glass substrates. From Fig. 7.10 (a), it can be seen
that the reduced modulus of FeSiB/Si film was about 110 GPa, which is higher than the
reduced modulus of FeSiB/glass film, which also decreased from 100 GPa to 75 GPa with
increasing indentation penetration depth. From Fig. 7.10 (b), it can be observed that the
hardnesses as a function of indentation depth for the amorphous FeSiB films with the same
thickness grown on Si and glass substrates, both had the same value of 6 GPa within error
with increasing indentation depth, with a horizontal line above 50 nm depth. Also, the
hardness of FeSiB film showed no substrate effect, nor substrate type, again due to the film
thickness being higher than the indentation penetration depth. The maximum depth was less
than 230 nm for the FeSiB/Si film and less than 250 nm for the FeSiB/glass film, compare
with the film thickness which was 668 nm. This is in agreement with the 640 nm FeGaSiB
films, thus the hardness measurements were far enough away from substrates, so no influence
occurred. From Fig. 7.10 (c), it is observed that the Young’s modulus of the FeSiB/Si and
FeSiB/glass films of the same thicknesses moved away from each other with increasing
indentation penetration depth. It was found that Young’s modulus of FeSiB/glass film
reduced from 130 GPa to 80 GPa with increasing of the indentation penetration depth. While
the Young’s modulus of the FeSiB/Si film was about 140 GPa, and was approximately
constant with increasing indentation depth.
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Figure 7.11 compares the reduced modulus, E,., hardness, H,., and Young’s modulus, E, of
640 nm FeGaSiB films deposited on Si and glass substrates. From Fig. 7.11 (a), it can be
seen that the reduced modulus of the FeGaSiB/Si film was about 120 GPa which is higher
than the reduced modulus of the FeGaSiB/glass film, which decreased from 100 GPa to 75
GPa with increasing the indentation penetration depth. From Fig. 7.11 (b), it can be seen that
the plots of hardness against the indentation depth of amorphous 640 nm FeGaSiB films
deposited on Si, which is a stiffer substrate, and glass, which is a softer substrate, showed the
hardnesses was almost the same for both films with increasing indentation depth, as they are
approximately a horizontal line. This means that the hardness was not affected by the
substrate effect, or by the type of substrate at this film thickness. This is because film
thicknesses were higher than the indentation depth, where the maximum depth was less than
300 nm for FeGaSiB/Si film and less than 250 nm for FeGaSiB/glass film, compare with 640
nm for the films. In these cases, the measurements were far from the substrate effect. From
Fig. 7.11 (c), it can be seen that Young’s modulus of the FeGaSiB/Si and FeGaSiB/glass
films of the same thicknesses diverge from each other with increasing indentation depth, and
increasing applied load. This difference is due to the Young’s modulus of FeGaSiB/glass film
decreasing from 100 GPa to 70 GPa with increasing indentation depth up to 200 nm, then
being approximately horizontal with indentation depth greater than 200 nm. While the
Young’s modulus of the FeGaSiB/Si film was about 120 GPa, with an approximately
horizontal line with increasing the indentation depth. This means that the elastic modulus of
FeGaSiB/glass film is more strongly affected by the glass substrate. The same behaviour in
the elastic modulus was observed in the FeSiB/glass film, thus both were strongly affected by
the glass substrate, due to the glass being softer in comparison to silicon. According to Ref.
[25], the hardness and Young’s modulus of glass are 6.8 GPa and 73 GPa respectively,
therefore it is found that Young’s modulus of the FeGaSiB/glass film reduced to be very near
the glass value, hence the film was affected by the elastic properties of the glass substrate.
Also, a deposited amorphous FeGaSiB film on an amorphous substrate (glass) showed

different behaviour from the FeGaSiB film deposited on a crystalline substrate (Si).

It was reported that [26], if the film and the substrate are elastically homogeneous, which
means they have the same values of Young’s modulus, then the elastic modulus of the film,
E; equals the elastic modulus of the substrate, Eg;,. If on the other hand they are not
elastically homogeneous, then the film and the substrate will have different elastic modulus

values. In this case, the measured elastic modulus of the film, Ef, will change from the actual
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elastic modulus value of the film, Ef, to the elastic modulus value of the substrate, Ej,. This
behaviour of the elastic modulus was observed in the result of both the FeSiB/glass and
FeGaSiB/glass films, this means that both films were not in homogeneous elasticity with the

substrate.

Further, it is found that for both 668 nm FeSiB and 640 nm FeGaSiB films deposited on Si
and glass substrates, all the data curves of hardness presented in this study showed that the
nanoindentation size effect, which is defined as the hardness decrease associated with
increasing indentation penetration depth, was not observed. Therefore, increasing the applied
load did not affect the hardness markedly. This effect was observed by Lashgari et al [27] on
an amorphous ribbon of composition Fegy 75SigB11 .25 and thickness 20 um when the applied
load increased from 10 to 70 mN [27]. The hardness decreased from 12.8 GPa to 11.8 GPa,
and the elastic modulus decreased from 150 GPa to 110 GPa. Also, the same behaviour was
found in other alloys when they add Cu to FeSiB alloy. In the 26 pm ribbon of composition
Fegs.2SiooB12.62CU1 28 for the same range of the load, the hardness decreased from 14.2 GPa to
10.8 GPa, and the elastic modulus decreased from 110 GPa to 60 GPa, while for the 35 um
ribbon of composition Fe;gSiigB17.75Cuygs, for the same load range the hardness reduced
from 12.8 GPa to 10 GPa, and the elastic modulus reduced from 100 GPa to 60 GPa.

To understand the behaviour of material beneath the tip of the indentation, there are two
models which have been designed to explain the plastic deformation mechanism in
amorphous materials. One model is based on the mechanism of the shear transformation zone
(STZ), where the local progression in the structural order occurs as a result of shear
transformation zone effects, which can be accompanied by shear transformation zone
processes such as redistribution of internal stresses and a rise in local heat. These have been
suggested to explain the strain softening through plastic deformation [28, 29]. The second
model is based on the local atomic jump, which suggests that in an amorphous material, the
local distribution of free volume leads to control of the deformation form and these places
support the local shear as the local atom jumps toward a vacancy. In other words, this
mechanism can be described as a coalescence or accumulation of free volume through the
shear localization [28, 30]. This leads to nucleation of shear bands, as a result of coalescing
of excess free volume, which leads to dropping of the load suddenly during nanoindentation

test.
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Furthermore, in amorphous materials, the plastic deformation is not described as a result of
dislocation slip due to the absence of grains and grain boundaries in their structure. On the
other hand, in crystalline materials, reducing the defects and imperfections leads to an
increase in the strength and elasticity modulus of the material [28]. In addition, in an
amorphous material, the plastic deformation essentially focuses on shear bands or the strain
localization and in this case, it will show strain softening behaviour instead of strain
hardening behaviour, which appears in crystalline materials. These things can be related to

the local reduction in the viscosity of the glassy material [28].

Additionally, in the nanoindentation test, it was found that after removing the indentation tip
away from the material and finishing the indentation process, part of the material will move
back from the maximum indentation penetration depth to the final indentation depth, hs. The
difference between the maximum depth, hyax, and the final depth, is defined as an elastic
recovered part of the material. The elastic recovered part of the FeSiB and FeGaSiB films is

presented in Fig. 7.12.
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Figure 7.12 Elastic recovered FeSiB and FeGaSiB films deposited on Si and glass

substrates as a function of thickness.

Figure 7.12 compares the elastic recovered part of the material after removing the indenter
away, which means at zero applied loads on the FeSiB/Si and FeGaSiB/Si films as a function
of thickness. It can be seen that for both films the elastic recovered part decreased with
increasing the film thickness. While it was found that for the thicker films deposited on glass
substrate showed high values of elastic recovered parts compared with the thicker films

deposited on Si substrates. For example, the 668 nm FeSiB/glass film had elastic recovered
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about 113 nm, which was higher than the elastic recovered value of 668 nm FeSiB/Si film by
a factor 1.5. While the 640nm FeGaSiB/glass film had elastic recovered about 139 nm which

was higher than the elastic recovered value of 640 nm FeSiGaB/Si film by a factor 1.8.

The ratio of hghgna, Where ht is the final indentation depth and hmax IS the maximum
penetration depth at the maximum load, can be obtained simply from the unloading curve of
nanoindentation test. There is a natural limitation of this ratio between zero and one, where 0
< hi/hmax < 1, and it can be used to determine the type of behaviour, i.e elastic or plastic,
where the minimum value represents the full elastic deformation and the maximum value

represents plastic deformation [31].
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Figure 7.13 The ratio of (hi/hmax) of FeSiB/Si and FeGaSiB/Si films as a function of thickness.

Figure 7.13 compares the ratio of the final indentation depth to the maximum penetration
depth at the maximum load of FeSiB and FeGaSiB films deposited on Si substrates as a
function of thickness. It can be seen that the ratio of (h#/hmax) increased with increasing film
thickness for both film sets. This means that the deformation becomes more plastic as the
film thickness increases.

The vyield strength of the films can be affected by many factors such as the grain size, grain
boundaries, and film thickness [32]. As the films have an amorphous structure, the films have
no grain size or grain boundary effects. In this work, the calculation of the yield strength is
based on the model represented by equations (2.53 and 2.54) (chapter 2). The effect of
thickness on the yield strength has been studied and the result presented in Fig. 7.14.
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Figure 7.14 Yield strength of FeSiB and FeGaSiB films, deposited on a Si and the
glass substrate, as a function of thickness.
Figure 7.14 compares the yield strength of FeSiB and FeGaSiB films deposited on a Si
substrate as a function of thickness. From this figure, it can be seen that the yield strength of
both films decreased with increasing thickness. Also, it is clear that the yield strength of the
FeSiB/Si film were higher than the yield strength of the FeGaSiB/Si film over all the
thickness range. This means that adding Ga into FeSiB films affected the yield strength of the
film over all the thickness range. The yield strength point is the point which separates the
elastic and plastic behaviour of the film. Therefore, it can be observed that the elastic part of
FeSiB film was larger than the elastic part of the FeGaSiB film for all thicknesses. This
means that FeSiB films have more elasticity than FeGaSiB films. Again, this decreased
elasticity will be due to adding Ga into the FeSiB films and hence changing the chemical
composition of the films in this case, the film will have four elements (Fe, Ga, Si, and B)
instead of three (Fe, Si, and B). This could also affect the atomic spacing, which can affect
the elastic properties of materials. While for the thicker films deposited on glass substrates, it
was found that the 668 nm FeSiB/glass film had a yield strength of about 743+ 32 MPa,
which is higher than the yield strength of 668 nm FeSiB/Si film. Also it was found that the
640 nm FeGaSiB/glass film had a yield strength of about 510+ 43 MPa, which was higher
than the yield strength of 640 nm FeGaSiB/Si film, therefore for both films, the soft substrate
(glass substrate) increased the yield strength of the films compared with the hard substrate (Si
substrate). Further, it can be noted that the yield strength value of the 668 nm FeSiB/glass
film was higher than the yield strength value of 640 nm FeGaSiB/glass film. This means that
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the glass substrate affected the elasticity of both films, leading to an increase in the yield

strength and hence increased the elastic parts of both films.

7.6 Material Influences

As described above, the measurements of the mechanical properties can be affected by many
problems, such as changing the radius of the tip, which appears as an error in the first part of
the data curve when the penetration depth was less than 33 nm, see for example (Figs. 7.8
and 7.9) and the substrate effects, where the mechanical properties of the substrate are higher
than the film, which results in a gradual increase from the straight line to higher values
approaching from the substrate data near maximum penetration depth (see Fig. 7.5). In
addition to the above, there is another effect generated from the material itself. The hardness
and elastic modulus can be affected by material effects: either a pile-up or a sink-in or both of
material, which occurs on the sides of the indented edges. From the literature, the pile-up
arises in films that have a compressive stress and is related to the increased amount of
compressive stress, which results in the contact area deviating from the area measured [33].
Therefore AFM images and cross-sectional lines have been taken to show the material effects
as shown in Figs. (7.15 and 7.16).

Another possible material effect can be due to a changing in the density of dislocations over
the material. It was noticed that during the measurements of, for example, the hardness over
an indentation test on the sample surface, the results showed that all hardness values were not
the same, but they were slightly different from each other. Therefore the result presented for
the hardness was an average of a range of 14 indentation tests for each sample.

It was found by Lashgari et al [34] that the hardness and Young’s modulus of FeSiB
amorphous ribbon for one cycle of the load-displacement curve were 9.2 GPa and 165 GPa,
but increased to 10 GPa and 170 GPa respectively, with increasing the number of cycles to
10. Annealing the sample at 500 °C for one hour increased the hardness and Young’s
modulus for one cycle to be about 10.5 GPa and 225 GPa respectively, which also increased
to 11 GPa and 230 GPa respectively, with increasing the number of cycles to 10 [34]. Thus,
this demonstrates changing the structure of the material by annealing can affect both

hardness and the Young’s modulus.
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Figure 7.15 Indent surface features and section analysis, (a and b) AFM image (2x2um) and
section analysis of 668 nm FeSiB film/Si substrate; (c and d) AFM image (2x2um) and
section analysis of 668 nm FeSiB film/glass substrate.

Figure 7.15 presents AFM images and a sectional analysis (height profile) of an indented
area on the surface of amorphous 668 nm FeSiB films deposited on Si and glass substrates.
From Figs 7.15 (b) and (d), both of the films showed that there was a small pile-up of
material on three sides of the indent height profile represented by the arrows. The pile-up
height of FeSiB/Si was in the range of about 12-19 nm, Fig. 7.15 (b), and the height of
FeSiB/glass was in the range of 13-16 nm Fig. 7.15 (d). The pile-up effect around the sides of

indenter could be due to the lack of the compressibility of the plastic deformation [27].

Qayes A. Abbas, 2018 & Email: gayes.a.abbas@gmail.com



198 | Investigation of Mechanical Properties of Magnetostrictive Thin Films By
Nanoindentation.

(a) (b)

Section Analysis

(d)
~ Section Analysis
=l ¥ 1YY
\\‘\ ,/
;": 0 1.00 E:O 3.00
um
2um

Figure 7.16 Indent surface features and section analysis, (a and b) AFM image (2x2um) and
section analysis of 640 nm FeGaSiB film/Si substrate; (c and d) AFM image (2x2um) and
section analysis of 640 nm FeGasSiB film/glass substrate.

Figure 7.16 shows AFM images and section analysis (height profile) of an indented area on
the surface of amorphous 640 nm FeGaSiB films deposited on Si and glass substrates. In Fig.
7.16 (b), the film of 640 nm FeGaSiB/Si showed a pile-up effect of the material of height 26
nm, on one side of the indent height profile represented by the black arrows compared with
the 668 nm FeSiB/Si film, which showed the pile-up height on three sides with a range about
12-19 nm, Fig. 7.15 (b), while the film of 640 nm FeGaSiB/glass does not show a pile-up
effect of material as all the heights are levels, Fig. 7.16 (d), and appear parallel to the original
surface compared with the film of 668 nm FeSiB/glass which showed a small pile-up effect

in the range of 13-16 nm Fig. 7.15 (d).
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From the above, the cross-sectional lines were used as a sectional analysis, which helps to
measure the height of pile-up that occurred around the indentation edges. The arrangement of
AFM images and section analysis showed that the amount of pile-up around the indentation
edges was not symmetris, and their heights were altered from each other around the three
sides of the indentation imprints. One reason for the testing material to pile-up around the
sides of the indenter, in crystalline materials, is due to generation of dislocations underneath
the applied indenter. These dislocations then propagate into the material due to the high shear
stresses, which arise at around 45° to the applied load axis. Increasing stress can be enough
to propagate these dislocations on the slip planes approaching the maximum shear, leading
them to move downwards within the material. Therefore, in a soft material, which has no
barrier to dislocation mobility, this will lead to continuing the dislocations within the
material, which generates a sink-in effect around the sides of the indenter. If the material has
strain hardening or work-hardening behaviour this will lead to a reduction in the mobility of
these dislocations, so are limited in closeness to the surface. Thus a cross slip can arise on
slip planes leading to the dislocations being able to propagate toward the surface and
generating the pile-up effect. As a result of this, the amount of pile-up is influenced by the
mobility of dislocations into the material and is not just related to the indentation load. In
crystalline materials [34], the strain hardening behaviour is well known and working to
control the plastic deformation. An interaction between the dislocations with each other leads
to strengthening in a crystal, which can increase the resistance of the crystal to the plastic

deformation.

In amorphous material such as the FeSiB and FeGaSiB films studied in this work, the strain
hardening mechanism does not occur as a result of lacking the dislocations as well as grain
boundaries because they have disordered, amorphous structure, in comparison with a
crystalline material. Thus, even with their greater yield stress and strength, amorphous
materials show a low toughness as a result of propagation of the shear bands [34]. Therefore,
the plastic deformation, which occurs in amorphous FeSiB and FeGaSiB films, can be
described depending on the mechanism of shear bands. On the other hand, amorphous
materials commonly suffer a strong ability for shear localization and they tend to have a
brittle structure after annealing at high temperatures. Therefore, there is evidence that
amorphous materials are able to legitimate plastic shear flow in the range of the micro-scale
[28].
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7.7 Summary

The mechanical properties of magnetostrictive amorphous FeSiB and FeGaSiB films have
been studied using the nanoindentation technique. The XRD results showed that for both film

sets, there was no sign of crystalline peaks observed, so confirmed an amorphous structure.

The hardness and elastic modulus decreased with increasing the thickness for both FeSiB and
FeGaSiB films. The film’s hardness at lower thicknesses increased towards the substrate
hardness, demonstrating the substrate effect. Due to the addition of Ga, the FeSiB and
FeGaSiB films showed different mechanical properties. The films’ comparison with Si
substrate showed that the Si substrate had larger mechanical properties and that the
measurement of the films’ mechanical properties at higher thicknesses, were not affected by
the substrate. The effect of different substrates was observed in the elastic modulus, but the

films with different substrate showed the same hardness.

It was found that the elastic modulus of the films deposited on glass substrates decreased
torward the elastic modulus of glass, as the films were not elastically homogeneous with the

glass substrate.

For both films deposited on Si substrates, the elastic recovered decreased with increasing the
film thickness. The comparison showed that the thicker films deposited on glass substrate had
high values of elastic recovered parts compared with the thicker films deposited on Si
substrates, i.e. the 668 nm FeSiB/glass film had an elastic recovered part of about 113 nm
compared to 74 nm for the 668 nm FeSiB/Si film and the 640 nm FeGaSiB/glass film had
elastic recovered part of about 139 nm compared to 75 nm for the 668 nm FeSiB/Si film.

In both films, it ws found that the ratio of hs to hnak increased with increasing the thickness,

meaning that the films become more plastic.

For both films, the yield strength decreased with increasing thickness. Also, the yield strength
of the FeSiB/Si films was higher than the yield strength of the FeGaSiB/Si films over the
whole thickness range. The comparison showed that for the thicker films deposited on glass
substrates, the 668 nm FeSiB/glass film had yield strength of 743 + 32 MPa which was
higher than the 668 nm FeSiB/Si film yield strength of 525 +46 MPa. Also, the 640 nm
FeGaSiB/glass had a yield strength of 510+ 43 MPa, which was higher than the 640 nm
FeGaSiB/Si film yield strength of 340+ 30 MPa. Further, it was found that the yield strength
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value of the 668 nm FeSiB/glass film was higher than the yield strength value of 640 nm
FeGaSiB/glass film. Thus the best film-substrate combination of high yield strength is in the

films deposited on glass substrates.

The hardness and elastic modulus can be affected by material effects. These effects can be
either a pile-up or a sink-in or both of material, which occurs on the sides of the indented
edges. Both of the films deposited on Si substrates with higher thickness showed a pile-up
effect. As the 640 nm FeGaSiB film/glass substrate sample did not show a pile-up effect, it
suggests that the Si is a stiff substrate compared to the softer glass substrate, which means
that the Si substrate resists the movements of the film material and enforces the material of
film to move back to the surface. In conclusion, the FeSiB films had larger mechanical
properties compared to the FeGaSiB films, thus the addition of Ga reduced the mechanical

properties.
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Chapter 8 Summary and Future Work

8.1 Summary

In summary, this thesis studied the magnetic properties, magnetostriction constant, and
mechanical properties of magnetostrictive FeSiB and FeGaSiB films. The purpose of this
study was to investigate the effect of adding Ga into FeSiB films on these properties. The
thesis was divided into two parts, the first part investigated the magnetic properties of FeSiB
and FeGaSiB thin films for a range of thicknesses and growth parameters. The second part
investigated the mechanical properties of the magnetostrictive thick films (FeSiB, and

FeGaSiB) by nanoindentation technique.

Both FeSiB and FeGaSiB films were grown on Si (100) substrates. The films were grown
either by changing the film thickness or the growth parameters of the co-sputtering-
evaporation chamber including the sputtering pressure, FeSiB target power Presiz, and Ga
evaporation rate Rg,. The films investigated in this work were either different thicknesses (24
nm to 100 nm) or 50 nm thick. The structure, magnetic properties, and magnetostriction
constant were investigated as a function of the film thickness, sputtering pressure, the power

of the target, and the Ga composition.

For the experimental characterizations, several experimental techniques were used to
investigate the structure, magnetic properties, magnetostriction constant, and mechanical
properties. To investigate the structure, X-ray diffraction (XRD) was used, while atomic
force microscopy (AFM) was used to investigate the surface and measure the thickness. The
composition of the films was measured using X-ray photoelectron spectroscopy (XPS) and
data analysis were performed in CasaXPS software. To investigate the magnetic properties
and measure the magnetostriction constant, a magneto-optical Kerr effect magnetometry
(MOKE) was used. The nanoindentation technique was also used to investigate the

mechanical properties including the elastic modulus, hardness, and yield strength.
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From the experimental results shown in this thesis, the major findings are as follows:

For all the parts of this thesis, the results showed that Ga was successfully added into
FeSiB films by using the co-sputtering-evaporation technique and different
compositions of FeGaSiB films were fabricated.

From the XRD results, all the films had amorphous structure and the morphology of
both the FeSiB and FeGaSiB films were independent of the growth parameters, film
thickness, and the addition of Ga.

The investigation of thickness (range: 24 nm — 100 nm) with adding Ga showed that
the magnetic anisotropy of the films is influenced by the thickness. Adding the Ga
affected the films magnetically. It was observed that the anisotropy fields for the
FeSiB films decreased with increasing thickness, while the FeGaSiB films were
isotropic and their saturation fields increased with the increasing thickness. Thus
adding Ga atoms, which are nonmagnetic into FeSiB films reduced the saturation
induction from 1.56 T for the ribbon to 0.96 T. For the FeSiB films, the saturation
magnetostriction constant, A, decreased with the increasing thickness, while for the
FeGaSiB films with t > 50nm, 1,~13 ppm and was higher than the FeSiB films.

For the range of Ar gas pressure investigated (4 pbar - 8 pbar), the Ga composition
was influenced by Ar gas pressure. For the FeSiB films, Hy increased gradually as the
pressure increased, suggesting that the intrinsic stresses within the films increased
with the pressure, as the stress within the film affects the magnitude and direction of
the magnetic anisotropy. For the FeGaSiB films Hs =~ 4000 A/m for all pressures. This
means the addition of Ga into FeSiB reduced the stress in the films, so giving stability

to the saturation field over the pressure range.

The coercive fields of both FeSiB and FeGaSiB thin films were less than 800 A/m,
showing that neither pressure nor Ga changed the coercivity. This is expected as the
coercive field strongly depends on intrinsic properties such as the grain size, and as
both film sets were amorphous, the films contained no grains.

The saturation magnetization decreased gradually with increasing the pressure, hence
it was not dominated by the Ga percentage, as the Ga percentage fluctuated with
increasing the pressure. It was observed that the magnetostriction constant, A,, of the
FeSiB thin films increased with increasing the Ar pressure, while for the FeGaSiB

films, the magnetostriction constant, 4., decreased with an increase of sputtering gas
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pressure.

e For the selected sputtering target powers (20 W — 60 W), the Ga composition was
varied with the sputtering target power and was not affected by increasing the
sputtering rate. For the FeSiB films, Hy increased sharply from 2000 to 14000 A/m
with increasing the sputtering target power (Presig). For the FeGaSiB films Hs
increased gradually from 4000 to 5000 A/m with increasing the sputtering target
power (Pgesis) and was about 2.8 lower than the anisotropy field of FeSiB films for
powers > 40 W. This suggests that the addition of Ga into FeSiB reduced the induced
stress in the films, so giving stability to the saturation field over the power range.

In general, the results showed that the coercivity, Hc, of the FeSiB films was higher
than the coercivity H. of the FeGaSiB films for all powers except 40 W. The
maximum coercivity, Hc, of the FeSiB films was 1000 A/m at a power of 50 W while
the maximum coercivity, H, of the FeGaSiB films was 750 A/m at a power of 50 W.
The saturation magnetisation of the FeGaSiB films increased slightly with increasing
the power up to 30 W, then decreased with increasing the power> 30 W. The
saturation magnetization increased again for a power of 60 W. Also, it was found that
the minimum value of the saturation magnetization was at the power of 50 W, which
had the highest Ga percentage of 8% and the maximum saturation magnetization was
at the power of 30 W, which had the lowest Ga percentage of 4%.

The magnetostriction constant of the FeSiB thin films decreased from 10 ppm to 3
ppm with increasing the power < 30 W and then increased for the power > 30 W to
reach the maximum 21 ppm value at the power of 60 W. For the FeGaSiB films, the
magnetostriction constant decreased from 17.4 ppm for Feg,Ga;SisBg to 5.2 ppm for
FegsGasSizB7, with increasing power, Peesig.

e For the selected Ga evaporation rates (0.2-0.6 a.u.), the results showed that increasing
the Ga evaporation rate led to an increase in the Ga concentration. This allowed for
control of the Ga percentage within the films. For all the films, with increasing the Ga
evaporation rate (Ga% from 7% to 14%), Hx = 6000 A/m, along the hard axis loops.
This shows that even with the increase of Ga within the films, the anisotropy field was
maintained. The coercive fields were in the range from 300 to 500 A/m. The
magnetization of the FeGaSiB films reduced with increasing the Ga evaporation rate.
The magnetostriction constants of FeGaSiB thin films decreased with increasing the

Ga evaporation rate until Rga = 0.5 (Ga% =12), then increased for Rg, = 0.6 (Ga%
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=14). The films had the highest magnetostriction constants, 1, at the lowest Ga
evaporation rate with the maximum A, = 17.2 £ 0.3 ppm, at Rg, = 0.2 (Ga% =7).

e Thus the addition of Ga into FeSiB films affected the magnetic properties,
magnetization, and saturation magnetostriction constant

e The second part was to investigate the mechanical properties of the magnetostrictive
thick films, FeSiB, and FeGaSiB, by nanoindentation technique. The films had a
range of thicknesses, FeGaSiB films (283, 450, 640 nm) and FeSiB films (290, 425,
668 nm).
The XRD results showed a broad peak at 20 ~ 43° for both films. The peak size
increased with thickness. From the XRD pattern, there was no sign of crystalline
peaks observed, thus confirming the amorphous structure.
The difference in the experimental load-displacement curves means different
mechanical properties for the FeSiB and FeGaSiB films. The hardness and elastic
modulus decreased with increasing thickness of FeSiB and FeGaSiB films. The films’
hardness with lower thicknesses increased towards the substrate hardness thus
showing the substrate effect. Different elastic moduli were measured for the films
grown on different substrates, while the hardness values of the films on different
substrates were the same. The maximum thicknesses of the FeSiB and FeGaSiB films
were suitable to measure the hardness without any effect from the substrate using the
Berkovich indenter with a radius of 100 nm. For both film sets, the yield strength
decreased with increasing the film thickness. Similarly, for both film sets, the elastic
recovered part decreased with increasing the film thickness. Thus, for amorphous
films, the mechanical properties where found to be affected by the thickness and the
addition of Ga. Where it is found that adding the Ga into FeSiB films reduced their
mechanical properties, suggesting that the presence of Ga has changed the distribution
of atoms inside the film.
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8.2

Future Work

To continue this study of amorphous magnetostrictive films, the following experiments and
studies would be carried out.

1-

After measuring the mechanical properties of these films such as Young’s modulus of
FeGaSiB films, it will be possible to recalculate the magnetostriction constants of these
films without the use of the mechanical properties of the substrate which used in this
thesis.

Use TEM and EDS to investigate the structure and composition of the films, to confirm
the results presented in chapters 5 and 6.

Study the effect of annealing temperature and annealing field on the structural, magnetic,
magnetostrictive properties of the films. As annealing can change the structure of films
and influence the magnetic properties and magnetostriction constant, this will relax the
stress within the films, which could work to improve the properties of the films. Further,
applying an annealing field during the annealing process could produce uniaxial
anisotropy property within the films.

Study the effect of heat treatment on the structural and mechanical properties of thicker
FeGaSiB films, as the heat treatment can produce crystalline phases within an
amorphous matrix and lead to growing grains thereby affecting the mechanical
properties.

Study the effect of using flexible plastic substrates on the magnetic properties and the
magnetostriction constant of the films. Where the deposition of films on a flexible plastic
substrate can allow for bending the magnetic films and induce a mechanical strain within
the films.

Use the Mdssbauer (CEMS) to study the films. The main aim of the project would be to
achieve a more detailed investigation of the amorphous structure. This includes studying
the distribution of the magnetic hyperfine field in the amorphous films as a function of
Ga composition to be compared with those of ribbons achieved by rapid quenching.
Also, the magnetic anisotropy could be determined by Mdssbauer spectrometry.

Use X-ray absorption fine structure (EXAFS), to investigate the local environment of the
Fe and Ga atoms. This technique has sensitivity to the first neighbour atom and can
provide data about the chemical property of the nearest neighbours such as the number
of atoms, the distance from them to the absorbing atom, and their static disorder related

to the absorber atom.
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Appendix 1

XPS Fitting

The XPS spectra were fitted in the CasaXPS software. The spectra taken include a full survey
spectrum of the whole binding energy range, which contains all the peaks of the different
elements (Fig. 1). Once this has been done a set of different element peaks are taken at the

different energies (Fig. 2).

To fit the XPS peaks, the CasaXPS software is used. An energy region is defined within the
spectrum. The programme then automatically applies a background to the data (red line in
Fig. 3). Using the quantification parameters component part, peaks are then created and fitted
onto the data. For each peak, the relative sensitivity factors (r.s.f), which are a scaling factor
to the peak area to determine the actual amount of material at the surface are added. If double
peaks occur, then two peaks are fitted to the data. The programme then gives the percentage
concentration of each peak fitted. Using these percentages, the total percentage of each

element at the surface is determined.

Figure 4 shows the fitting of the survey data for all the elements for the Ga rate films. Figure
5 shows the fitting of the Ga, Si and B elements for the 140-210 eV binding energy. This

gave another set of percentages for the ratio of the elements in the films.
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Figure 1 XPS binding energy survey for a FeGaSiB film. Labelled are the main element
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Figure 2 Selected elements XPS spectra for a FeGaSiB film.
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Figure 3 An example of fitting peaks to the XPS spectrum of a FeGaSiB film.
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Figure 4 XPS survey spectra for the FeGaSiB films as a function of Ga rate.

Qayes A. Abbas, 2018 & Email: gayes.a.abbas@gmail.com



iv | Appendix 1

40000
Ga(3s)
B(1s) Si(2s)
0,

30000 |22 7% AN

Ga 8% A / E {}
20000 '

Ga11% A
10000 Ga 12% Y

Ga 14%

0
220 200 180 160 140

Binding Energy (eV)

Figure 5 XPS spectra for the FeGaSiB films as a function of Ga rate focusing on the 140-
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