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Full Name : Ebrahim Alhaj Ebrahim Abualgassem

Thesis Title : STUDY OF COBALT DOPED TITANIUM NITRIDE AND
CHROMIUM DOPED TITANIUM NITRIDE THIN FILMS GROWN
BY RF/DC MAGNETRON SPUTTERING

Major Field . Physics
Date of Degree : April 2021

The work carried out in this thesis involves the thin film growth and study of transition
metal doped nitride semiconductors. Main aim of the study was to find the optimum growth
condition to form dilute magnetic semiconductor, where the film can be semiconducting
and ferromagnetic at the same time. Dilute magnetic semiconductors have potential
applications in new branch of devices called Spintronics, where not only charge but spin
of the electrons (or holes) can be exploited to fabricate much faster and low power
consumption devices. Two sets of materials were studied in this thesis work, cobalt doped
titanium nitride and chromium doped titanium nitride. Cobalt doped titanium nitride thin
films were prepared by sputtering titanium target using RF powered sputtering gun and
cobalt with DC powered sputtering gun in the presence of argon and nitrogen gasses.
Chromium doped titanium nitride films were produced the same way except the chromium
target was used for DC sputtering, instead of the cobalt target. The doping level in the films
was controlled by adjusting the DC power of the sputtering gun whereas RF power for
titanium sputtering was the same for all the films. Surface and bulk properties of the grown
films were studied using x-ray diffraction, atomic force microscopy, spectrophotometry,
x-ray photoelectron spectroscopy, x-ray reflectometry, and vibrating sample magnetometry

(VSM). The concentration of cobalt or chromium dopants in the titanium nitride films

Xl



effected the optical, chemical, and magnetic properties of the films. A red shift in the
bandgap of the cobalt/chromium doped titanium nitride films were observed as a function
of cobalt/chromium concentration. X-ray photoelectron spectroscopy confirmed the
presence of cobalt in the film and cobalt concentration in the film was estimated to be
between (o0 to 7) %. Cobalt in cobalt doped titanium nitride films was found to be in a
mixed high spin +2 and low spin +3 oxidation state whereas Chromium was found to be in
third (Cr*®) and sixth (Cr*®) oxidation state. Magnetic properties reveal a weak
magnetization for the films coexisting with the strong diamagnetic background of the
substrate. The magnetic response in cobalt doped titanium nitride films was found to be
temperature independent for the films with low cobalt concentrations, whereas for the films
with higher cobalt concentrations clearly exhibited hysteresis and the saturation
magnetization increased at lower temperature. The hysteresis did not exhibit any obvious
coercive field, and the films showed the features expected of superparamagnetic or

paramagnetic environments at 3-5 K.

X



Ao Ledls

] g3l s ) Zlad) al el 1 Sl )

‘9'“.p b-\-\.IS' 4".«)'“"» ‘9 g g E"m - .-J.ﬁ @, - JS - Y J . Jj UJ
e

sbiid s awddl
2021 ol 1 Agalal) A ) oy

AELY) Galnally 4y gdial) 2 5l) i g ol (pa ABB ) Al ) ppidand g A p2y da g phaY) 020 s
daisal) ki) bl gal) oladil ¢y oSH a1 gaill Adliall g Bl alag) 58 Aualyall Cpa (i) Ciagd)
Lphilital) s gal) olpdl 2 gl) (uli (8 dpidaliig (ol 3 Ay Jua ga A aladl) (398 & (S S ¢
iy QA a9 Aad aladial ol Cua (pand 8341 O waa B (B Alaina il Lgpal AddA
S Gagd) 13 B ) gall Che (e pane Al ) coai A8 D) 8] 5 Ay i Ll 0 32 Y1 B0
2ol by i e AR A28 juuant & a9 Sl o gdial) p gl by gl gSIL gl gailiail)
Cally 58 Ladyy Ay g3l 1) il il Jary () adde alaliaily o gl Cian B3 3k (o by gSIL G giial)
polil b i Ay B8 L) &5 L cpa gl g Qe ) S dga g (B At all LI Jary adaey 4318 o
b aSail) 4l Ciagioeall Cully oSl (e Yy ¢ Ciaginall g SN aladiiad fae Lagd A8y plal) (il a5 SI jadal)
AL g dadand) al A A 3o o, SN pdaal paiicall LN 3 8 b (3a )k e ALY B il gl A
¢ ohadal) (bl g ¢ A A B RN (5 gaall pandlly ¢ A ud) AaiY) g aladi ol de g ) Jal) e
Ll —udaliial) (bl g dpiaad) da i) GalSadl (uld g ¢ Apiaad) AU A gidal) Audall Julaill
CilS de g al) A Gl af ey, sl Lguda sl die gall) dmy A gy 2eaSUT WMBY) (G 229 B9 A 30 AY)
b p Sl ol gl 38 5 A g S e o gl W s g il Sl ada il Bs) oo 3L
dalidalj aga g Bia gl Ludd M dupbilitall g il g 4y pasl) (ailadl o a gdlil) & il dpdd ]
[l gl 38 i AaS a9 S [ cully oSy jadial o gailiil) &y i A8V dajal) 55ad A jaal) Ciphal)
b b gSl) 38 5 a8 AMEY) Al o<l d gy Ao Ad) A Y Adldaa aladioly Judasl) a5 8 g <Y

2+ Al A Jhadl Ba—usY) Vs (e Jaidd B 350 g oS ) a9 By ALl B (7-0) Om aDEY)

XV



daita ¢ dpunhiliall () fl) CidSi cully oSl dapdiall o gl & i aM8) (A 34 (addlall ) gl
O ang ¢ ALaBA LA ) S 38 5 (53S0 A gl Al AR e e A 2 i
¢ el gSh G ST QIS A e g giad AN AU Al 31 ad) Ay pd (e Adiius dpaudilinal) Alaiu)
Lugalinal) A gl ABIAN dpdalinal) (e Adla B 23EY) il g ¢ ool y (g madd Jlaa o shalil) gl ¥
By Alla B 2 g Sh aa g Laiy B0 uad) Ao o Baatins dpahalinal) dlaiw) iy OIS 5-3 aie

Aolad) AadY) Adldaa Jlgas AOEY) Au 3 die Al g ABIEY

XV



CHAPTER 1
INTRODUCTION

1.1 Introduction

1.1.1 Dilute Magnetic Semiconductors

Semiconductor electronic devices such as MOSFETS, FETSs, Bipolar junction transistors,
etc. are based on the control and manipulation of electronic charge in the semiconductors
[1-3]. A new class of devices have been proposed that would be based not only on the
charge of the carriers (electrons or holes) in the semiconductors but also on the spin of
these charge carriers, this new class is called Spintronics. Manipulation of spin is relatively
faster and would not cost a lot of energy, so spintronics based devices are thought to be
much faster in speed compared to their traditional counter parts and would cost less energy
to operate. To fabricate these devices, charge carriers should be spin-polarized with large
enough coherence length such that carriers maintain their spin polarization in the material.
Reducing the size of the transistor became useless in improving the work of the old
transistors, this made scientists turn to another way to improve the electronic devices by
utilizing the spin of the electron. Datta and Das proposed in 1980°s the idea of Spin Field
Effect Transistor based on the spin of electrons, which is an improved version of the

common transistor [4].
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Figure 1 Basic form of a spin field-effect transistor [5].

Figure 1 shows a schematic diagram of FET. There is ferromagnets are used as source and
drain, and the current can basses between these two through a semiconductor channel
manipulated via gate voltage. The carriers inserted into this channel are spin-polarized and
accepted readily by the drain, resulting in an (‘on' state). As a minimal gate voltage is
applied, however, the spins begin to rotate or precess due to their interaction with the lattice
of the semiconductor. By the time their spin is no further aligned in the original
configuration when they approach the gate, and the drain no longer accepts them (the 'off'
state). As opposed to a MOSFET, this device's utility derives from the fact that it takes
relatively little energy to process spins. The important key elements of spintronics are the
Injecting, manipulating, transferring, and detecting spin-polarized carriers through a
semiconductor device[5]. The ferromagnetic source substance is required to make these
spin-polarized carriers but ferromagnetic metals are inadequate sources because of a lack
of congruence in conductivity between a semiconductor and a metal[6]. This issue can be
resolved by using a magnetic semiconductor source. Magnetic semiconductors for example

Chromium chalcogenides (CdCr.Ses, CdCr.S4) and Europium (EuO, EuS) have been



researched for their interrelation among semiconductor and magnetic properties.
Nevertheless, these substances are not salutary technologically and the growth processes

are difficult[7, 8].

A new class of materials that appeared in the early 1980s known as dilute magnetic
semiconductors (DMS) which consists of 11-VI alloys doped by manganese and has the
form A1.xMnxB for example Hg:xMnyTe and CdixMnxTe. There are a number of reasons
that made these compounds attractive such as their band and lattice parameters can be tuned
readily by adjusting the composition of the alloy, allowing them to be suitable for the
heterostructure devices[9]. Furthermore, the Mn-related electroluminescence is very
effective, making them appealing for optoelectronic applications. The ferromagnetism
observed in these substances is driven by hole-mediated exchange and reported in Zn;.
xMnxTe and CdixMnxTe. But on the other hand, 1I-VI as DMSs have low Curie
temperatures Tc ~ 2 K, and the difficulty of doping both p-type and n-type restrict their
use in practical applications[9-11]. This set the stage for further investigation into 111-V
substances as potential DMS candidates. In the early 1990s, the field experienced its first
boom, coinciding with the second generation of DMS substances. The use of low-
temperature molecular beam epitaxy (LT-MBE) technique has overcome the problem of
insolubility of transition metal impurities in 111-V semiconductors, Ohno et al.[12] reported
ferromagnetism in p-type Mn-doped InAs up to Tc = 7.5 K. After the success growth of
In1xMnxAs using LT-MBE this led to development of Mn-doped GaAs with higher Tc[13].
The material (Ga, Mn) As DMS is one of the ferromagnetic semiconductors most fully
known and potential for use in spintronic. The biggest challenge is that it is confirmed that

the maximum (Ga, Mn) As Curie temperature is 173 K, was reported owing to development



in MBE growth and the post-growth annealing techniques by Jungwirth et al. (2005b)[14],
and Wang et al. (2005a)[15] well below room temperature. Nonetheless, spin-related
devices based on (Ga, Mn) As, like spin-valve, spin-FET, and spin-polarized light emitter

(spin-LED), were seen at low temperatures.

Around the year 2000, the field encountered a big boom based on the Zener model of
ferromagnetism by Dietl et al[16]. While materials like Mn-doped InAs and GaAs were
extensively researched throughout the 1990s and into the present, there is another
generation of DMS materials appeared throughout the last twenty years. This new set of
DMS materials primarily consisted of the wide-gap nitrides (such as GaN) and oxides
(such as ZnO and TiO2) doped by 3d transition metals, primarily Fe, Co, and Mn.
Following Matsumoto et al.[17] reported a high-temperature ferromagnetism in Co-TiOg,
and Dietl's prediction that p-type, ZnO and GaN doped by Mn could achieve a Tc¢ above
room temperature, a number of DMS materials with wide-gap have been reported with
ferromagnetism at and above room temperature[18-21]. The material Co-ZnO, Mn-ZnO,
Mn-GaN, and Fe-GaN received special consideration. This could be linked to a
combination of causes, the early predictions of room temperature ferromagnetism in these
materials by Dietl and Sato even if there is no additional carrier doping. Furthermore, GaN
and ZnO based DMS materials are compliant with current semiconductor heterostructure

technology.

Zener suggested a model for ferromagnetism in dilute alloys of a transition metal that was
based on the exchange interaction between localized spins and the carriers. The model
consists of three significant ideas: First the lowest energy state in an isolated atom is

provided by the electronic state in which an incomplete d-shell had the highest spin,



which implies that all spins are aligned. The second one is the exchange integral between
neighboring atoms' d-shells often results in antiferromagnetic order. The last one is an
imperfect shell's spin is closely bound to the conduction electrons. The ferromagnetism is
achieved when this pairing dominates over the direct exchange. However, this model was
later discarded. since this model ignores the itinerant existence of the magnetic electrons
and the quantum oscillations of the electron spin polarization around localized spins, all of
these are now accepted as fundamental components of the theory of magnetic metals[22,

23].
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Figure 2 Magnetic polaron representation. The small circles represent Cation sites, and the squares represent
unoccupied oxygen sites[24].

Coey proposed a model based on the exchange interaction between atomic spin moment
and strongly coupled narrow impurity bands. The schematic interaction in oxides is shown

in Figure 2, where defects like (oxygen vacancies) serve as electron sources. These



electrons are in hydrogenic orbitals, and their particular orbits broaden out into small
impurity bands as their concentration grows. There is an exchange interaction between the
electron and magnetic ions when they are lying in the electron orbit. If the number of
magnetic spins is a significant enough the electron is fully spin polarized. In addition, the
atomic magnetic moments have an indirect exchange interaction, which is mediated by the

carriers, resulting in their ferromagnetic ordering[24].

Another approach is to dope semiconductor materials with rare earth elements or transition
metals to form magnetic semiconductor. A material in which carriers can be manipulated

like in a traditional semiconductor but at the same time, the carriers are spin polarized.

DMS is a material that has a semiconducting and magnetic characteristic jointly in
conjunction. DMSs are formed by lightly doping a semiconductor with the transition metal
elements and owing to their possible use in spintronic applications and may radically
change the design of conventional semiconductor devices, this filed have become the focus
of intensive study over the last few decades [9, 25-27]. Dietl et al. [16] have modified a
model of p-d Zener exchange for understanding ferromagnetism in p-type DMS materials.
The localized spins of Mn and the delocalized free carriers are considered as interacting
spin subsystems in this model, and the exchange energy Nop is used to parameterize the
interaction, so-called p—d exchange expression. Where N is the total density of the cation
site number and the p—d exchange integral is 8. The magnetic moment created by Mn spins
aligning in parallel reduces the carrier energy, splits the valence band and raise the Mn spin
subsystem energy. As the temperature is decreased, the energy difference between the Mn
spins and the carriers reduces, and both energies at Tc are become equal. Tc is expressed

as follows when these energies are equated at a mean-field level:
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TC: xN()S(S + 1)AFpSB2/12kb - TAF

Where , Ar is the Fermi liquid parameter, S represent the total spin of the magnetic dopant,
kb is the Boltzmann constant, Tar is the antiferromagnetic ordering temperature, ps(Es) is
the density of states for the free carrier at Fermi level. Large Ef and the p—d exchange
integral with high value are the keys to get high Tc at this degree of approximation. Higher
Tc can be achieved easier in p-type than n-type semiconductors because Nop is usually
larger than Noa. Dietl's theory can be generalized to a range of p-type DMS and is used to
estimate Tc for a number of candidates. It was effective in materials (Ga, Mn) As, and (Zn,
Mn)Te. Zener model suggests that semiconductors with the large bandgap doped by
manganese display critical temperatures over 300 K when there is enough high hole density
can be reached 102°cm™3 [16, 28]. This model suggests the lattice constituents will be
randomly replaced by the doping atoms. Ferromagnetism in the semiconductors of
manganese compounds allows to understand the spin-related phenomena and the magnetic
in DMS with an accuracy unique to I11-V compounds and responds to questions relevant
to the origins of magnetic interactions that proceed to a Tc of up to 110 K for just 5 percent

of a manganese concentration [16].



Figure 3 Curie temperature computed values for separate p-type semiconductors having 3.5x[10]%° holes per cm?
and 3.5 percent of Mn [16].

Figure 3 illustrates the Curie temperatures predicted by Mean Field Theory for different
DMS candidates. Tc was calculated based on Mn doping with a high p-type doping. I11-V
Nitrides like GaN, as well as oxides like ZnO, are among the candidates with the highst
Tc. A lot of DMS studies have been focused on nitrides and oxides as a result of these
forecasts. In this review, we looked at TiN, as possible candidate. There is a lot of research
done on DMSs materials, but the research interest can be reduced to two primary groups
of materials among the many kinds of DMS materials presently being investigated: (1)
narrow-gap I11-V semiconductors, mostly InAs and GaAs, doping by Mn. Mn impurities
act as both electrical and magnetic dopants. Due to a number of motivating functionalities
derived from the carrier-mediated ferromagnetism and pretend in diverse proof of concept
devices and a powerful technological background this category of materials has become

the most hopeful candidate for DMS materials technology application. Despite significant



developments over the past 15 years, however, their Tc stay below room temperature [29],
(90 K in InAs [30] and185 K in GaAs [31]). (2) wide-gap oxides (especially ZnO) and
nitrides (especially GaN) doped with 3d transition metals. The scenario is much more
uncertain for the wide-gap oxides and nitrides, while the vast majority of the reports claim
that ferromagnetic order exists above room temperature or even at room temperature, there
is no unanimity regarding the ancestry of such ferromagnetism [27, 29, 32]. Nevertheless,
after several inquiries, the cause and regulation of ferromagnetism in DMSs is still the most
contentious research subject these years. Latest theoretical studies indicated that
ferromagnetism well above room temperature can be exhibited in nitride and oxide diluted
magnetic semiconductors, and some of the recent report include Cr-AIN, Cr-GaN, Mn-
GaN, that has been conducted and is in agreement with theoretical research [24, 26, 27, 33,
34]. There were few attempts of doping titanium nitride semiconductors with transition
metals as the DMSs to analyze their magnetic demeanor. In this article, we looked at one
such future candidate, TiN. We reviewed some models for explaining magnetism in DMS
substances, which proceeds to a consideration of promising DMS materials. Two sets of
materials were studied in this thesis work, cobalt doped titanium nitride and chromium
doped titanium nitride. Then the experimental results obtained from this work are

discussed.

1.1.2 Titanium nitride

Titanium nitride is a versatile material with a wide band gap, also has a beneficial mingling
of physicochemical characteristics such as high strength, strong wear resistance, very high
visible transmission, good chemical inertia and corrosion resistance and low resistivity.

Due to its physical characteristics, TiN is a desirable material for use in diverse



photoelectric devices, also is used in thin film resistors, decorative coatings, optical filters
and protective coatings [35-38]. Additionally, TiN has been used as electrical interconnects
and surface layers in cardiac valves, orthopedic prostheses, and some other biomedical
devices, because of the fundamental biocompatibility and hemocompatibility [39, 40]. TiN
films displayed remarkable optical properties as the luster and color of TiN films differ
with the ratio of N/Ti atoms such as, the luster and color of TiN films display gold color
when the ratio of N/Ti atoms is equal one. So, it has a variety of uses in the area of
architectural design and is utilized as a decorative film, like ceramic tile or glass sculpture,

sanitary cloth and stainless-steel mirror.

The characteristics of TiN differ depending on the quantity of nitrogen incorporated as an
outcome of the faulty filling of the sites available as well as dependent on the growth

conditions.
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Figure 4 Crystal structure of titanium nitride[41].

TiN can be exist in the several phases but the primary phase of the TiN crystallizes in the
rock-salt structure and in the stoichiometric material titanium nitride has a lattice
parameter(a) of 4.24A shown in Figure 4. The Ti atoms form a face-centered-cubic (FCC)
lattice in this lattice, while the N atoms form an equivalent lattice that is displaced in the
direction of (100). This implies that each Ti atom has six N atoms surrounding it, one for
each coordinate direction. Since Ti and Nitrogen appear in this lattice configuration in a
1:1 ratio, chemically pure (or stoichiometric) TiN can contain 50 percent Ti and 50 percent
N[42]. Titanium is a transition metal and has three valence electrons. The core electrons in
the 4s and 3d states, are not bound strongly to the Ti atom and therefore can be accelerated

11



by such an electric field. Due to that and structure of the TiN make this material become
conductive. The electrical resistivities for single-phase titanium nitride films have been
reported to be at the range of 18 to 10* uQ.cm[43]. The optical bandgap of the TiN is found

to be varying between 2.7-4.06eV depending on the growth conditions.

The properties of the material can have a change when the impurities are added to it.
Doping a material such as TiN by transition metal can led to different properties do not
present in un doped TiN. Some research confirmed that the film's electrical and optical
properties are highly correlated with the film's crystalline quality surface morphology,
internal stress and preferred orientation. The production of excellent quality films is

therefore the basic principle for supporting its broad use [37, 38, 44].
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CHAPTER 2

EXPERIMENTAL AND LITERATURE REVIEW

Dilute magnetic semiconductors have attracted a lot of interest in research due to
their potential use in spintronics application, several techniques like (Molecular beam
epitaxy, pulsed laser deposition, chemical vapor deposition (CVD), ion beam assisted
deposition, physical vapor deposition (PVD), and DC/RF magnetron sputtering) have been

used to synthesize these materials and study their properties.

Ohno et al. [12] have investigated the magnetotransport properties of the
manganese doped Indium arsenide films prepared by MBE. They concluded that, the
abnormal Hall effect, which occupies the Hall resistivity from low temperature (0.4 K) to
virtually room temperature, and the creation of partial ferromagnetic order about 7.5 K are
all manifestations of the interaction between the Mn 3d spins and the holes. Their success
in fabricating a truly dilute magnetic semiconductors started a flurry of research in Mn
doped GaAs thin films. A lot of research was performed in GaMnAs to increase the Curie
temperature (Tc) of this material with some success but still the Curie temperature of
GaMnAs is far below room temperature ( ~ 175 K). In 2000, by using Zener’s model Dietl
et al. predicted that wide bandgap materials like ZnO and GaN when doped with transition
metal elements like Mn could lead to ferromagnetic semiconductor with Tc well above

room temperature[16].
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Matsumoto et al. [17] have prepared thin films of titanium dioxide doping by
different concentrations of cobalt in single crystals of SrTiO3(001) and LaAlO3(001) as
substrates using the MBE technique and studied the properties of the films as a function of
doping level. They found that the grown films are conductive and has a positive
magnetoresistance at 2 kelvin about 60%. The resistivity is found to be between 0.1 to 1
ohm-cm, where the carrier concentration is about 10'8/cm?2. The films remain ferromagnetic

above room temperature.

Sasaki et al. [45] have used MBE to grow GaN films doped by Mn on the sapphire
(0001) substrates, with ammonia as the nitrogen supply. They reported critical
temperatures around 1000 K. The temperature dependencies of magnetization illustrate
coexistence of paramagnetic and ferromagnetic phases. Nevertheless, it is still unknown if
the high-temperature ferromagnetic process is due to the presence of ferromagnetic metal

accumulates trapped in the host GaN lattice or to a (Ga,Mn)N ternary alloy.

Liu et al. [34] have grown Cr-AIN and Cr-GaN thin films on sapphire (0001) and
6H-SIiC (0001) substrates at different concentration of Cr to study their properties at
different temperature. They found that both Cr-AIN and Cr-GaN thin films exhibits
ferromagnetism at over 900 K and they attributed the magnetic behavior to the

substitutionary defects of Cr.

Haider et al. [33] have grown GaN films doping by Cr on sapphire (0001) substrate
at different temperatures with varying the flux ratio of Ga/N to study the effect of the

growth conditions for the grown Cr-GaN films. They found that extremely conditions Ga-
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rich or N-rich result in weak magnetic properties. While other, marginally metal-rich or N-
rich conditions offer at least up to 300 K ferromagnetic behavior. The morphology of the
surface is highly dependent upon the concentration of surface Ga. They attributed the
observed behavior of FM in the films to FM exchange between magnetic ions of chromium

in GaN semiconductor.

Ganesh et al. [46] have grown nanocrystals of pure and gallium nitride doped by
cobalt. They found that in the pure and less (5 mol%) doped GaN nanocrystals there is no
impurity phases but there is a secondary phase when doped by 8 mol%. The crystal size is
found varies from 1 to 140 nm in all prepared nanocrystals. The band edge emission is
decreased when the dopant concentration is increased, they attributed the decrease in the
band gap to the defect states or presence of traps in the band gap. Magnetic Co doped GaN
measurements have demonstrated ferromagnetic behavior up to room temperature and they
attributed the ferromagnetic behaviour to exchange interaction between electrons or holes

from the valence band and localized d-spins of cobalt ions.

Ghobadi et al. [47] fabricated TiN thin films using DC reactive magnetron
sputtering and analyze the influence of substrate temperature on the semiconductor and
optical properties as well as the 3-D surface morphology. by using AFM, the images
showed that at different deposition temperature the film’s surface topography was changed.
And by increases substrate temperature to 400°C from room temperature, the optical band
gap energy reduced to 3.43 eV from 04.06 eV on account of the surface effects and the

increase of the grain size.

Kavitha et al. [48] They prepared TiN thin films useing reactive DC magnetron

sputtering to study their properties. They found that the electrical, microstructural,
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chemical, optical properties of the films that prepared are heavily dependent on partial
nitrogen pressure. XPS analysis observed existence of different phases in the thin films,
sub stoichiometric and stoichiometric TiN thin film, at low partial nitrogen pressure (0.3
Pa) and at increasing partial nitrogen pressure (0.6 Pa) respectively. The optical bandgap
in stoichiometric films decreased from 2.9 eV into 2.7 eV. With rising nitrogen content,
the resistivity gradually reduced, approaching 1800 pQ a minimum for thin TiN

stoichiometric film.

Ponon et al.[49] have deposited a TiNy utilize a titanium target in an environment
of nitrogen by reactive sputtering. As the nitrogen content increases, conductivity is found
to improve. Then films were annealed, which varied the anneal's time and temperature.
Resistivity is found to decline during post-deposition annealing with higher temperature
and longer annealing time. The deposit of TiNy at high nitrogen flow rate was reported to
be morphologically, thermally and electrically more stable when the flow rate of nitrogen

was high compare with those deposited at lower nitrogen flow levels.

Solovan et al. [50] have used reactive magnetron sputtering to form TiN thin films.
They showed that from indium can made an Ohmic contact to TiN thin film. Also they
showed that TiN thin films exhibited n-type charge carriers with concentration of
2.88 x 1022cm™3and the resistivity at room temperature is p = 0.4 Q at temperatures
between 295 K < T < 420 K they found the activation energy is 0.15 eV. They found
that the TiN thin film material has a direct band gap semiconductor, and the band gap is

about E, =3.4eV.
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Jeyachandran et al. [51] have used DC magnetron sputtering to deposit TiN thin
films under different N2 concentration conditions (0.5-34%). Golden colored
stoichiometric TiN films were acquired at small N> concentration of 0.5 percent, but when
the concentration of N. increased the non-stoichiometric TiN, phases was founded.
nevertheless, regardless of the concentration of N2, when the thickness of the film increased
the TiN stoichiometry in the films increased. Lower thickness films are noticed to be
amorphous and when thickness of the films is increased the crystallinity was found. The
deposited TiN films with a small concentration (0.5 percent) of the N2 displayed Soft and
regular morphology with tightly packed crystallites. By raising the concentration of N
were observed a different characteristic for example bubble precipitates, after bubble burst
morphologies and needle type crystallization. Nonetheless, uniformity evolved at high N2

concentration conditions in the increased thickness of the films.

Zhao et al. [36] have deposited TiN coatings on the glass substrates using ammonia
(NH3) and titanium tetrachloride (TiCL,) as precursors using atmospheric pressure
chemical vapor deposition to investigate the prospect of low-E TiN coatings. They found
that the electrical resistivity decreased, and the concentration of crystals increased, when
the flow of TiCL, and substrate temperature was increasing. The optical transmission of
the films depended heavily on the substrate temperature and the flow rate of the gas, the
electrical conductivity is found to be around 34.5 22/m in the optimum conditions, where
the optical transmittance in the visible range is about 50% and the infrared reflectance in

above the 3000 nm is higher than 50%.

Lal et al. [52] have used ion beam assisted deposition to prepare TiN thin films in

the range of temperature 77 < T < 300 k. Their results showed that the films 's residual
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resistivity p, decreases with increased nitrogen partial pressure. The films demonstrate the

quadratic temperature behavior of the resistivity inside the tested range of temperatures.

Gu et al. [44] have used direct-current reaction magnetron sputtering technique to
prepare TiN thin films on a glass substrate as well as a Si substrate with varying Ar/N. gas
flow rate. They found that, XRD indicated that, when the Ar/N ratio decreasing, the
diffraction strength of [111] plane slowly decreased, whereas [200] plane rose, and the
grown films on Si substrates showed preferable crystalline goodness than films grown on
the glass substrates. Advancement of the Ar/N. ratio helps to improve the rate of deposition
and the apparent roughness of the surface was observed once the ratio was up to 49.
Photoluminescence spectra indicated greater intrinsic emission and smaller emission of
defects in TiN films on silicon substrate. In addition, when the Ar/N; flow rate ratio rose

the resistivity of TiN films was clearly decreasing, particularly films on Si substrate.

Shapovalov et al. [53] have studied the effect of nitrogen consumption as well as
current density on the structure of TiN films grown by reactive magnetron sputtering at
constant current with a hot target. They found that TiN phase of a cubic crystal system is
found to form in the films. Increasing current density contributes to the crystals being
textured parallel to the [1 1 1] plane in the films, and there is a significant increase in the

stiffness and modulus of normal elasticity.

Farhadizadeh et al. [54] have doped titanium nitride by transition metal elements
(TM =V, Cr, Mn, Zr, Nb, Mo, Hf, Ta, W, Re and Os) to describe the structural, mechanical
and electronic properties and phase stability. They found that the highest hardness still
lower than pure TiN, bond population plays an essential role in hardness, it is seen that the

value of the population is not the only factor to estimate or compare the hardness. Finally,
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it was shown that the doped atom has no substantial effect on nitrogen charge whereas

titanium charge is quite dependent on the doped atom.

Li et al. [55] have prepared Mn doped TiN thin films using plasma assisted
molecular beam epitaxy. They have found that post growth annealing in nitrogen plasma
reduces the nitrogen vacancies, enhances Mn incorporation on Ti lattice site and hence

increases the magnetization of the sample.

Wau et al. [56] have studied manganese doped TiN thin films grown on MgO(001)
by plasma-assisted molecular beam epitaxy. They reported Curie temperature of their films
to be much larger than 380K and the ferromagnetism was not due to magnetic clusters in
the films instead it was the intrinsic ferromagnetism originating due to Rudermann-Kittel-
Kasuya-Yosida (RKKY) type long range coupling of Mn moments with the conduction

electrons. They have not discussed any contribution of defects in the conduction electrons

Yan et al.[57] prepared nanocrystals iron doped TiN chemically by calcinating
nanotubular titanic acid precursor in flowing ammonia. They found that the nanocrystals
Fe-doped TiN demonstrate ferromagnetic properties at room temperature. They attribute
the ferromagnetic to structural defects and it might be possible to change the magnetic and

electromagnetic characteristics by modifying the production of structural defects.

Maarouf et al. [58] have prepared thin films of titanium nitride doping by different
concentrations of iron. They found that the undoped and low doped films showed a positive
magnetoresistance and at a high concentration of iron the film showed negative
magnetoresistance, this was attributed to the formation of magnetic polarons that were

aligned ferromagnetically.
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2.1 Objectives

The main objective of this work is to grow cobalt doped titanium nitride and chromium
doped titanium nitride thin films by RF/DC magnetron sputtering and study their
properties. We will study the influence of cobalt (or chromium) doping on the, optical,

structural, and magnetic properties of Co-TiN (Cr-TiN) films.
Below are the main objectives of our proposed work:

1) Growth of cobalt doped titanium nitride and chromium doped titanium nitride thin
films by RF/DC magnetron sputtering with varying cobalt and chromium
concentration.

2) Study the optical properties of the grown films as a function of cobalt (or
chromium) doping.

3) Study the effect of cobalt (or chromium) doping on the surface morphology of the
films.

4) Investigate the crystallinity of the grown films by XRD.

5) Investigate the chemical composition of the grown films by XPS.

6) Measurements of the magnetization of the grown films and study the effect of

cobalt (or chromium) concentration on the magnetic properties of the films.
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2.2 Experimental Techniques

2.2.1 Sputtering system

There are several techniques to deposit thin films of inorganic elemental or compound
materials, for example physical vapor deposition, chemical vapor deposition, molecular
beam epitaxy, e-beam evaporation, thermal evaporation and sputtering of target onto a
substrate. Magnetron sputtering is used to deposit films onto a substrate by sputtering
elemental or component target materials. The film obtained are mostly uniform with a high
degree of homogeneity with high adhesion, high purity, high rate of the deposition, and

ease of controlling sputtering conditions.

The secession of atoms from the surface of particular solid material nicknamed the target
or source, by means of its bombardment by the energetic ions at low pressure is defined as
the sputtering phenomenon, these ejected atoms form a film after losing their momentum

when they arrive at the substrate.
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Figure 5 Schematic diagram of magnetron sputtering chamber.

2.2.1.1 General aspects and principle of the magnetron sputtering process:

In the sputtering operation the gas ions are pushed through plasma into a target composed
of the substance to be deposited. The material is mounted on a substrate in the vicinity after
sputtered (removed) from the target. The method is carried out in a closed tube, which is
pumped downward to a base vacuum pressure prior the beginning of the deposition (Figure
5). In order to allow plasma ignition, argon gas is sent in into the chamber reach to a
pressure of 0.5 Pa ... 12 Pa. Some of those ionized Ar+ ions are possible via natural cosmic
radiation. A negative potential of up to a few hundred volts is given to the target in the DC-
sputtering, consequence the Ar—ions are directed toward the target surface and create target
atoms that condense to form thin films on the substrate; furthermore, they produced

secondary electrons, leads to allow the gas to ionize further. The DC-sputtering shall be
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limited to conducting materials only such as doped semiconductors or metals. Magnetron
sputtering deposition techniques are commonly used in manufacturing processes as well as

in the production or treatment of advanced material [59].

2.2.2 X-ray diffraction
In 1912, Max von Laue and Co. noticed that crystalline substances behave as three-
dimensional diffraction wattle for X-ray wavelengths close to plane spacing in a crystal

lattice (Friedrich et al. 1912).

X-ray diffraction is now a popular technique for studying the structures of crystals and
atomic spacing. X-ray diffraction is a high-tech, non-destructive testing method that
analyzes a broad variety of materials like metals, fluids, minerals, pharmaceutics, solar
cells, plastics, polymers, catalysts, ceramics, semiconductors, and thin-film coatings. The
method finds countless practical applications in a number of industries like aerospace,
microelectronics, power generation, etc. XRD analyzes can readily identify the presence
of defects in a particular crystal, its level of stress resistance, its size and degree of
crystallinity, its texture, and virtually every other component relevant to the fundamental

structure of the sample [60].

X-ray diffraction is based on monochromatic X-ray interference constructively and a
crystalline sample. Shown in Fig 6 is the diffractometer device schematic diagram. The X-
rays are emitted by a cathode ray poop, filtered to provide monochromatic radiation,

concentrated and guided towards the sample.
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Figure 6 Schematic diagram of a diffractometer[60].

The incident rays contact with the atoms in the sample creates constructive interference

with a diffracted ray when conditions follow Bragg's law:

nl=2dsiné

where 6, n, A, and d are the diffraction angles, an order of maxima, the wavelength of the
X-rays, and lattice spacing, respectively. This law refers to the wavelength of
electromagnetic radiation at the angle of diffraction and the spacing of the lattice in a
crystalline object. The X-rays that diffracted then are identified, stored, and counted
by scanning the sample through a range of 26 angles, all possible diffraction directions of
the lattice have to be achieved. Converting the diffraction peaks into d-spacings enables
the compound to be defined, as each compound has a set of specific d-spacings. This is
usually accomplished by comparing the d-spacings with regular reference patterns. There
are three main elements of X-ray diffractometers: An X-ray detector, an X-ray tube, and a

sample holder [60].
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2.2.3 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS or ESCA) has been a well-known and commonly
performed surface analytical technique that offers a quantitative elementary study of the
solid sample's outermost atomic layers and the likelihood of identifying the chemical state
of the surface elements. XPS owed its categorization to Einstein's 1905 clarification of the
photoelectric effect, and the technique actually has quite a long history which can be linked
to contemporary measurements wherein the photoelectrons were excited from the solid by
either gamma rays or X-rays. The photoelectric effect has grown into one of our most
effective methods for identifying the electronic structure and composition of matter since
the late 1950s, with Kai Siegbahn winning the Nobel Prize for XPS production in 1981

[61, 62].

2.2.3.1 Principles of XPS

The technique of XPS is based on the method of photoemission. A high energetic X-ray
beam is incident on the material and electron of the core levels of the atoms of the sample
absorb the X-ray photon energy hv and ejected with kinetic energy and by using electron

spectrometer the photoelectron can be analyzed[63, 64].
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Figure 7 Schematic description of XPS phenomenon of solid surfaces of the related energy concepts[64].

Shown in figure 7 is a vacancy created by an X-ray with energy, hv, at the core electron
level that has binding energy Ej,. The ejected core electron will have kinetic energy E in
the vacuum and can be written in term of the sample's working function, ¢g by hv — Ez —
ds. According to Figure7 the analyzer with work function ¢, can measure the Kinetic

energy Ey;, by this relation[63, 64]:
Exin = hv — Eg — s — (dba — bs)
Ein = hv — Eg — da
Where ¢, is the Analyzer's work function, hv represents the x-ray energy from the source,
due to their comparatively high energy and narrow width, Mg K, and AL Kgare the two
commonly used sources. Ey;, and Eg are the kinetic energy of the released electron and
binding energy, respectively. Using an analyzer to measure E};,, and via this equation, the

Eg can be calculated because the work function for a particular XPS setup is constant and

acts as a reference point. Studying the kinetic energy of an ejected core electron provide a
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huge knowledge about the material[64]. Table.1 shows a common radiation sources with

their properties.

Table 1 Common properties of radiation sources of Mg K, and Al Kz X-ray [64].

X-ray source Mg K, AL Kg
Energy (eV) 1253.6 1486.6
Width (eV) 0.70 0.80

2.2.3.2 Depth profiling

A depth profile can be achieved in an expression of XPS technique of the sample by using
an ion beam gun with XPS measurements. The substance is engraved, using the ion gun,
for a period of time, the ion gun would then be turned off to obtain XPS spectra. Each ion
gun cycle exposes a new surface, such that the structure of these surfaces can be defined

by examining the XPS spectra that obtained.

2.2.3.3 Chemical Shift

A particular peak's binding energy relies not just on the element but also on the atoms'
energy state and chemical environment. In the XPS spectrum, any alteration in the state
and chemical atmosphere that disturbs the energy level of the atom will induce a

subsequent difference. This binding energy variance is referred to as a chemical shift [63].

2.2.4 Atomic force microscopy

Atomic force microscopy (AFM) is an innovative method for the surface characterization

for the material at the atomic scale. AFM was introduced by Binnig et al. in 1986 and
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played a significant role in areas of science such as molecular biology, solid-state physics,
and material science. It produces images for Non-conductive materials and no need for
staining or chemical etching compare with other surfaces technique. AFM is a tool for
inspection of surface topography but can also make a major contribution to understanding
the properties of surfaces and interfaces. The instrument is based on the idea that
interatomic potentials are formed between the tip atoms and the surface atoms when a tip,
inserted at the end of a spring cantilever, is positioned inside the interatomic secession
between the sample and the tip. The interatomic potential causes the cantilever to swing
down and up with the variations in the surface's contours as when the tip travels over the
surface. Thus, the topographic characteristics of the surface can be traced out by calculating

the deviation of the cantilever [65, 66].

Figure 8 Schematic of AFM's basics [45].

Figure 8 show the basic AFM's set-up. A laser and a detector are used to determine the
atomic force between a tip and a sample to track cantilever movement. The holder of the
sample pushes the sample through a piezoelectric scanning valve up and down in order to

preserve the contact force at the pre-selected stage. An image in three-dimensional can
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eventually be produced when the motion of the cantilever in the Z-direction is recorded as

a function of the X and Y-position of the sample [66].

2.2.4.1 Tapping, Contact, and Non-Contact Mode

Shown in Figure 9 are the AFM operation mode. The first imaging mode discovered is the
contact mode and happens while the tip is continuously in contact with the surface of the
sample. Meanwhile, in order to maintain the cantilever deflection stable during scanning,
a feedback mechanism is normally used. This mode of operation is ideally suited to rigid
surfaces and flat such as tissue, hard polymers, and crystals, allowing for the maximum

degree of resolution.

Figure 9 Tip-sample isolation curve demonstrating the major interaction during the screening of AFM with imaging
modes for the regime. (B) Average roughness. (C) Root Mean Square Roughness[65].

For the Scanning of the soft materials the direct contact of the tip will easily change the
sample surface with undesired damage. This can be avoided by working in non-contact
mode, that is, by forcing the oscillation of the cantilever at a resonance frequency.
Throughout this case, the oscillating probe affected normally by the nearest surface,

thereby creating a frequency change in the resonant frequency owing to the attractive forces
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of van der Waals. Finally, in the tapping mode, the tip stays oscillating with a certain

resonant frequency and communicates with the sample during its oscillation. The three

operating modes are summarized in Table 2 [65].

Table 2 Summary of the three operating modes in AFM measurement

Operation Contact Mode Non-contact Mode Tapping Mode
modes
Working e Thetipin e There is no contact e Intermittent
Principle contact with between the tip and and brief touch
the surface of the surface of the between the tip
the sample sample and the
sample.
Advantage e High e No damage to the e Minimal
resolution sample damage to
e High scan e Low resolution sample
speeds e High
resolution

Disadvantage

e Harm to the

soft sample.

e The scan speed is
slower as
compared to the
tapping mode and

contact mode.

e The scan speed
is slower as
compared to
the contact

mode.
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2.2.5 Spectrophotometry

Spectrophotometry is a method of analyzing the intensity of light at chosen wavelengths.
It used to study the optical properties of samples. This approach relies on the light-emission
and/or absorbing properties of the analyte being analyzed [67]. The spectrophotometer
method is used to assess light intensity as a function of wavelength. This is achieved by
the diffraction of the light beam through a variety of wavelengths, the intensities are
detected using a charge-coupled device, then by showing the effects as a graph on the
detector and again on the display unit. The primary spectrophotometer components are a
light source, monochromator, sample holder, and/or cuvette, photosensitive detector, and
read-out device. The Light source: Depending on the spectrophotometric technique there
are different sources of light for each one. The common sources for UV radiation are
deuterium lamps and hydrogen lamps. The most prominent for visible radiation are carbon
arc and tungsten filament. Where the common sources for IR-radiation are Global and
Nernst Glower. Monochromator: segments the individual wavelengths into small bands
after divided from the polychromatic light. The sample holder and/or Cuvette retains the
sample and let the particular wavelength to flow through itself. The Cuvettes are
translucent in nature and are made of quartz materials or ordinary glass. Photosensitive
detector: a highly sensitive detector and capable of detecting low levels of radiant light.
The read-out device: It is capable of reading the incoming signal from the detector. The
spectrophotometer has the following two forms, based on the number of beams used: The
first one is the single beam spectrophotometer, in this type the single beam is used to across
through the sample, and with help of a reference solution, the samples can be analyzed

[67].
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Figure 10 Schematic diagram of a double beam spectrophotometer.

The advantage of this type it is less expensive and high sensitivity. The second one which
are shown in figure 10 is the A double-beam spectrophotometer, this type used a two-beam
of light, one of them passes via a test sample and offering the absorption of light from the
sample, and the other across through the reference. This type provides greater detection
than a single beam. If the initial intensity of light (I,) and the intensity of transmits light

(I+rqan) through the sample are known, then the transmittance (T') can be calculated as:

_ 1 tran

T =
Iy

With the help of Beer’s Law, the absorbance of light (A) can be calculated from %

transmittance data.

A=2-— lOg10 %T
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When the absorbance, transmittance and the thickness of the sample are Known, then the

optical parameters such that, refractive index and the band gap can be found[67].

2.2.6 Vibrating sample magnetometer

The vibrating sample magnetometer (VSM) is a technique pioneered by S. Foner and is
used to study the magnetic properties of the materials such as saturation, hysteresis,
anisotropy, and coercivity. According to Faraday's Law of induction there is an
electromagnetic force produced in the coil when the flux via coil changes. If the sample is
placed within a uniform magnetic field H, a magnetization M will be induced in the sample.
In a vibrating sample magnetometer, the sample is placed within suitably placed sensing
coils, also held at the proper angle. sample's vibrating component is mechanically vibrated

in a sinusoidal motion [68].

Figure 11 System representation of the VSM.
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Figure above shows a schematic diagram of the apparatus VSM, there is an electromagnet
to generate a magnetic field and to detect the signal there is a lock-in amplifier. The VSM
has a straightforward operation. A mechanical vibrator drives a magnetic sample that is
mounted on a long rod. The rod is placed in between a pole sections of an electromagnet,
which has been equipped with detector coils. The magnetized sample with oscillatory
motion will produce a voltage in the coils's detector, which is proportional to the
magnetization of the sample. Since any change in magnetic flux allow a voltage to be
induced in the sensing coils. There is a program is used to converts the changes in the signal
to values in order to graph magnetization (M) versus magnetic field strength (H), which is

known as a hysteresis loop[68].
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CHAPTER 3

SYNTHESIS AND STUDY OF COBALT DOPED
TITANIUM NITRIDE THIN FILMS

3.1 Experimental details

Cobalt doped TiN thin films were prepared by reactive magnetron co-sputtering of
titanium (3N purity) and cobalt (3N5 purity) target in the presence of argon (4N purity)
and nitrogen (5N purity) gasses with a flow rate of 8 standard cubic centimeter per minute
(sccm) of each gas. Titanium target was sputtered by RF power that was fixed to 170 Watts
for all the films whereas cobalt was sputtered by DC power and films were prepared at
different DC power to control the concentration of cobalt doping in the film. The details of
the growth parameters are given in table 3. Films were grown at elevated temperature of
300 °C simultaneously on fused silica and Si(001) substrates and for uniform film growth
substrates were rotated at 6 rpm during the growth. Films grown on fused silica were used
for optical measurements whereas films grown on Si(001) were used for all other
characterizations. During the growth, the chamber pressure was kept at 2.4-3.7 x10°2 mbar
and each film was grown for a duration of about 3 hours. Surface morphology of the films

were studied using non-contact atomic force microscopy (AFM) made by Bruker dilnnova
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SPM. Transmission spectra of the films were acquired using JASCO V-570 double-beam
spectrophotometer at the normal incidence. Chemical composition of the films was studied
using x-ray photoelectron spectroscopy (XPS) by Thermo Scientific Escalab 250Xi
spectrometer. XPS is performed in ultra-high vacuum, but the films are transferred in air
from the growth chamber to the XPS chamber and during the deposition samples surfaces
get contaminated by organic molecules in the air. To remove organic contaminants the film
surface is cleaned by bombarding the surface by 2-keV Ar+ ion beam for 30 seconds and
then full scan and high-resolution scans for titanium, cobalt, nitrogen, and oxygen were
acquired. X-ray diffraction of the films were performed to study the crystallinity of the
films by using a Bruker Phaser D2 x-ray diffractometer that is equipped with copper k,,
source. Magnetic properties of the thin films were studied by the vibrating sample
magnetometry (VSM) option of a DynaCool Physical Property Measurement System
(PPMS) by Quantum Design, using the large bore coilset (12 mm bore) which has a 1.5x10°
® emu sensitivity. X-ray Reflectometry measurements were conducted on an X’Pert
Panalytical Pro system, using Cu Ka radiation (A=1.54 A). The reflectometry and fitting

results were plotted in terms of the scattering vector related to the two-theta angle as Q =
%sine. Quantitative fitting of the reflectometry patterns was performed using a linear least-

squared method implemented in the MOTOFIT package.
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Table 3 Growth conditions of cobalt doped titanium nitride samples.

Sample Ar N2 Ti- Co- Growth Pressure Rotation | Duration
# (scem) | (scem) | RF DC | Temp | chamber | (rpm) (Mins)
Power | power | Ts(°C) (mbar)
w | w)
£31-| 8 | 8 |170| 0 | 300 | 2.4 6 180
M1 3.7x10"
e32-| 8 | 8 |170| 3 | 300 | 2.4 6 180
M2 3.7x10"
£33-| 8 | 8 | 170 | 4 | 300 | 2.4 6 180
M3 3.7x10"
F34- | 8 | 8 | 170 | 5 | 300 | 2.4 6 180
M4 3.7x10"
F36- | 8 | 8 |170| 7 | 300 | 2.4 6 180
M6 3.7x10°

3.2 Results and discussion

3.2.1 Structural Analysis

Sample crystallinity was studied by X-ray diffraction. Shown in Figure 9 are the

samples XRD pattern grown at a different percentage of cobalt. For all grown samples,

the diffractogram indicates the main peaks referring to Silicon substrate, Si(002) at 26 =

32.8°, Si(004) at 26 = 61.5°, and Si(004) at 26 = 68.9°, and a minor peak referring to
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silicon dioxide SiO2(100) at around 26 = 20.1° . XRD spectra of samples M1 and M2 are
similar which contain four peaks at 32.8°, 61.5°, 68.9° and 20.1°, where samples M3, and
M6 are very similar to the Si substrate with peaks at 32.8°, 61.5°, 68.9°. We conclude

that the as-prepared thin films are amorphous.

Figure 12 XRD pattern for pure TiN and Co-TiN thin film (a) M1, (b) M2, (c) M3, (d) M4, (e) M6.

3.2.2 Optical study

Shown in Fig.13 are the transmission spectra of the films grown on the fused silica
substrates. Film thicknesses are calculated using three different techniques, first of all from

the transmissions spectra using the following formula [58, 69]:
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d = Amax X Amin
4‘nf|/1max_/1min|

Where d is the thickness of the film, Amax is the wavelength corresponding to a maximum
in transmittance spectrum, Amin is the wavelength corresponding to the adjacent minimum,

and ns is the refractive index of the film which is calculated using the empirical relation
[58].

ny = 4.22 — 2.94Tn

Tmin is the minimum transmission.

Figure 13 The Transmission Spectra of Co-TiN Samples at different amount of cobalt.

To study the thicknesses of the amorphous TiN films, X-ray reflectometry experiments
were conducted and the available results are included in Table 4. A representative dataset
is shown in Fig. 14 along with the scattering model determined by fitting. Below a critical
Q-value in the data (proportional to the angle), total external reflection occurs such that the
normalized reflectivity R approaches unity, whereas at higher Q, the reflectivity falls off

and shows periodic Kiessig fringes caused by the interference pattern of the X-rays
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reflected at various film interfaces. From the periodic spacing of the Kiessig fringes at
higher Q, the thickness of the oxynitride layer can be determined by fitting a model
scattering length density profile (SLD) to the data. All films studied had thicknesses in the
range from 63 — 76 nm. Figure 14b shows the best fitted model for M2 . To fit the XRR, a
model was developed of a three-sub-layer film on top of a silicon substrate, consisting of
a water absorbate region, a thin surface oxide and a bulk Tiy(N1-xOx) region. The majority
of the layer is made up by a uniform cobalt-doped Tiy(N1xOx) film which has an X-ray
SLD of 32 x 10% A2 This implies that the film has oxidized uniformly through its bulk,
similar to past reports where this bulk oxidation was noted after exposing the
substoichiometric TiNx starting material to the air over a duration of several hours [70].
Near the surface, additional complexity occurs, owing to the formation of a thin (1.5 — 4
nm) TiOz overlayer. The latter appears to be the intrinsic native oxide that forms on TiN
films. Finally, on top of the TiO> appears a thin layer of a third material with a low SLD
values and a thickness of (2-3 nm). This may be a low-density region of the oxide, but it is
tentatively identified as a thin H2O water absorbed layer based on the observed SLD value
(9.4 x 10° A2) which matches that of H-O layers known to form on TiO.. Despite the
small variations in the top 3-4 nm of the film surface, these results show that the optical
and magnetic properties of the films will be primarily determined by the thick uniformly
cobalt-doped oxynitride region below the surface, as this makes up the majority of the film

volume.

Figure 14 (a) X-ray reflectivity of sample M2. The points are the data and the solid line is the best fit to the data.
(b) The fitted X-ray scattering length-density profile shows the three sub-layers that comprise the film structure.
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Film thicknesses are calculated using SEM. Fig. 15 shows the thickness of the Co-TiN
films collected by the top-view and cross-section of the SEM images. The thickness of the
films is found to be between 96 nm and 118 nm. We took the average for all these thickness

measurements and used them to calculate the bandgap of the films.

Figure 15 Cross-section images of Co-TiN films deposited at different DC power for cobalt using SEM. (a) M1,
(b) M2, (c) M3, (d) M4, (e) M6.

The optical band gap of the films was obtained by using the following relation [56, 58, 69]:
(aE)? = B(E — E,)
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where « is the absorption coefficient, E is the incident beam photon energy, Sis a constant
and E; is the bandgap of the film. Shown in Fig. 16 are the plots of (« E)? as a function of

incident photon energy E, these plots are typically called Tauc plots. By extrapolating the
linear portion of the plot to the horizontal axis the bandgap of the film is obtained. The
bandgap values of the films are given in Table 4 with the thickness measurements. The
bandgap values decrease with the increase in cobalt concentration in the film, which is due
to cobalt dopants forming shallow donor states in the bandgap and hence transition from
valence band to the donor states would result in smaller measured bandgap. Similar effect
of red-shift in the bandgap was reported for cobalt doped ZnO due to the sp-d exchange
between electrons of the ZnO band and localized d-electrons associated with Co*2 has been

reported [46, 71-75].

Figure 16 Tauc plot of undoped and doped TiN grown films.
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Table 4 Thickness and band gap of Co-TiN films.

3.2.3 Surface Morphology

Atomic force microscopy is used to study the surface morphology of the undoped/Cobalt-
doped titanium nitride grown films. Shown in Fig. 16-21 are the two and three-dimensional
AFM images with size 2x2 um?of undoped /Co-TiN films. All the films have grainy
surface structure and there is little change in the surface morphology of the films with the
change in cobalt concentration in the films. Root mean square (RMS) surface roughness
and the average grain size, as estimated by AFM images using Gwyddion software, are
given in table.5[76]. Grain size were estimated by using mark grains by edge detection

option and setting the Laplacian threshold to a value which would results in maximum
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number of grains. There is little effect of cobalt concentration on the grain size of Co-TiN
films, but RMS surface roughness increases slightly with the increase in cobalt
concentration. All doped TiN films is found to have RMS roughness higher than undoped
TiN films. Sample E31 is the control sample of pure TiN with no cobalt doping. This
indicates that cobalt is catalyzing the process of film formation which are observed in other

measurement.
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Figure 17 AFM images with size 2x2 pm?of undoped-TiN films.(a) Two- dimensional, (b) three-dimensional.
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Figure 18 AFM images with size 2x2 pm? of sample M2.(a) Two- dimensional, (b) three-dimensional.
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Figure 19 AFM images with size 2x2 pm? of sample M3.(a) Two- dimensional, (b) three-dimensional.
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Figure 20 AFM images with size 2x2 pm? of sample M4.(a) Two- dimensional, (b) three-dimensional.
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Figure 21 AFM images with size 2x2 pm? of sample M6.(a) Two- dimensional, (b) three-dimensional.
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Table 5 Average surface RMS roughness and average grain size as measured by AFM.

Average Surface RMS Average Grain size estimated
Sample# roughness (nm) by AFM (nm)
E31-M1 0.4+0.04 6.1+0.1
E32-M2 0.5+0.14 9.2+0.6
E33-M3 0.7+0.10 92+1.0
E34-M4 1.7+0.17 6.3+0.6
E36-M6 1.1 +0.04 8.1+0.1

3.2.4 XPS study

Shown in Figure 22 are the full scan XPS spectra of TiN and Co-TiN films indicating the
presence of several elements in the film. Both spectra contain XPS peaks of C1s, Ar2p,
N1s, Ti2p, and Ols along with Auger peaks of these elements. Co-TiN spectrum has a
Co2p peak which is not present in TiN spectrum. After the film growth, samples were
exposed to air before transferring to the XPS chamber, which resulted in oxidation of the
films. For this reason, a prominent oxygen peak is present in the XPS spectra of all of our
films. The presence of Cls peak was due to organic contamination of the sample when
exposed to atmosphere and C1s peak at 284.8 eV was used as a reference peak to correct
the data for any shift in the spectrum due to any charging effect. After the first scan, the
film surface was etched by bombarding the surface with 2keV Ar* beam for 30 seconds to
remove organic contaminants. The presence of Ar2p peak in the XPS spectra could be due

to the use of argon ions for etching of the film.
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Figure 22 Full scan XPS survey spectra of TiN film (M1) and Co-TiN films (M®6).

Shown in Figure 23(a) is the high resolution XPS spectra of Ti2psp, with their
deconvoluted peaks for samples M6 whereas Figure 23(b) is Ti2ps/2, spectra of all samples
overlaid on each other. XPS spectra of Ti2p is split into two peaks Ti2pzsp, Ti2p1e, due to
spin-orbit coupling. Shown in Figure 23(a) is Ti2pas; peak, which appears as a broad peak
so by peak fitting analysis it was deconvoluted into three peaks centered at 456.2 eV, 457.5
eV, and 459.3 eV that corresponds to titanium nitride (TiN), titanium oxynitride (TiOxNy),
and titanium dioxide (TiO.) respectively [58, 77, 78]. The presence of TiO> related XPS
peak is due to exposure of the film to the atmosphere before transferring to the XPS

chamber.

51



Figure 23 High resolution XPS spectra of (a) Ti2p3/2 for sample M6 with its deconvoluted peaks, (b) Ti2p3/2 for
all the samples.

It was observed that intensity of TiO> related XPS Ti2ps» peak was higher compared to
Ti2ps2 peaks due to TiN and TiOxNy in low cobalt doped films but as the cobalt
concentration increases in the films the intensity of Ti2ps. peak due to TiN increases

compared to the intensity of Ti2ps;2 peak due to TiO2 as shown in Figure 23(b) and Figure
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24. This indicates that cobalt enhances the nitridation of the film.

Figure 24 High resolution XPS Ti2p3/2 spectra for the grown thin films with their deconvoluted peaks. (a) M1,
(b) M2, (c) M3, (d) M4.

Given in table.6 are the peaks positions of Ti2ps for all the samples which indicate that
all the samples have peaks due to TiN, TiOxNy and TiO.. Figure 24 is Ti2pas, spectra of

all other samples with their deconvoluted peaks.
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Figure 25 High resolution XPS spectra of (a) N1s for sample M6 with its deconvoluted peaks, (b) N1s for all the
samples.

Shown in Figure 25(a) is N1s spectrum of sample M6 and using peak fitting analysis N1s
peak could be deconvoluted into two peaks centered at 397.7 eV and 398.9 eV, whereas
Figure 25(b) is N1s spectra of all samples overlaid on each other. The major peak found at
397.7 corresponding to TiN and the second peak centered at 398.9 is related to TiOxNy [57,
79]. Figure 26 is N1s spectra of all other samples with their deconvoluted peaks.
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Figure 26 High resolution XPS N1s spectra for the grown thin films with their deconvoluted peaks. (a) M1, (b)
M2, (c) M3, (d) M4.

Table 6 XPS peak positions of Ti2p3/2, N1s, and Co2p3/2 for all the samples (All values are in eV)

Shown in Figure 27(a) is the high resolution XPS spectra of Co2psp», with their
deconvoluted peaks for samples M6 and Figure 27(b)is Co2pss, spectra of all samples
overlaid on each other. Due to spin-orbit coupling the XPS spectra of Co2p is split into two

peaks Co2pzs2, Co2p1e. The Co2ps2 spectrum for sample M6 by peak fitting analysis was
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deconvoluted into three peaks with binding energies centered on 779.9 eV, 783.7 eV, and
788.6 eV. Since there is no Co2ps/2 peak centered on 778eV which is due to metallic cobalt

so cobalt in our films either bonded with nitrogen or oxygen [80].

Figure 27 High resolution XPS spectra of (a) Co2p3/2 for sample M6 with its deconvoluted peaks, (b) Co2p3/2
for all the samples.

The difference in energy spacing between Co2ps2 and Co2py/, of the first peak at 779.9 eV
is around ~15 eV and for the second peak at 783.7 eV the difference in energies of the spin

split peaks (AE) is around ~16 eV, which indicates that the first peak at 779.9 eV is due to
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Co™ and the peak at 783.7 eV is due to Co* [81]. The values of AE for Co*® and Co™
peaks are given in table.6. Co2ps2 peak at 788.6eV is a shake-up satellite peak which is
always present for Co*2 and is absent for low spin Co*2 which indicates that our samples
contain cobalt in both low spin Co*® and high spin Co*? [82-84]. Since the peak intensity
of low spin octahedrally bonded Co* related Co2p3/2 peak compared to the respective
high spin Co*? tetrahedral peak, which indicates that most of the cobalt is in low spin state
with S=0. The Co2ps;2 spectra of all other samples with their deconvoluted peaks is shown

in Figure 28.

Figure 28 High resolution XPS Co02p3/2 spectra for the grown thin films with their deconvoluted peaks. (a) M2,
(b) M3, (c) M4.

Similarly, high-resolution XPS spectra of Ol1s are shown in Figure 29(a) with their

deconvoluted peaks for samples M6 where shown in Figure 29(b) are the XPS spectra of
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O1s of all the films overlaid on top of each other. O1s spectra can be deconvoluted into
two peaks centered on 531.4 eV and 532.6eV. The first peak is corresponding to TiNxOy
and the peak centered at 532.6eV is due to O-H which is due to moisture deposited in the
film when the samples were exposed to air. Similar peak fitting was performed for all other

samples and shown in Figure 30[85].
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Figure 29 High resolution XPS spectra of (a) O1s for sample E36 with its deconvoluted peaks, (b) O1s for all the
samples.
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Figure 30 high resolution XPS O1s spectra of Co-TiN thin films with their deconvoluted peaks. (a) M1, (b) M2,
(c) M3, (d) M4.

3.2.5 Magnetic characterization

To characterize the magnetic properties, hysteresis loops were measured from the base
cryogenic temperatures (3-5 K) to room temperature. Figure 31 shows the data for M3, M4
and M6 which are samples with increasing atomic percentages of cobalt as summarized in
Table 3. The inset in each figure shows the raw data for each film, which is dominated
overall by a strong linear negative diamagnetic (DM) contribution at high fields but shows

some non-linear regions at low fields.

60



Figure 31 Magnetic field versus magnetic moment for (a) sample M3, (b) sample M4, (c) sample M6 at base
temperature (3-5 K) and room temperature 300 K after subtraction of diamagnetic contribution of the
substrate.
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The negative slope at higher fields is attributed to the silicon substrate contribution,
whereas the non-linear regions at low fields originate from the cobalt-doped film. As is
common practice, the DM signal was assumed to be temperature independent and
subtracted to emphasize the smaller underlying film signal which is temperature-
dependent. After subtraction, samples M3, M4 and M6 all show a small positive, non-linear
hysteresis loop below 5000 Oe, attributed to the contribution from the cobalt spins and
other magnetic defects in the TiN films. The left-axis is the raw recorded magnetization
which is in the ~ 10 micro emu range, providing a signal that is weak, but still readily
detectable above the background of the instrument. The magnetization was scaled by the
film thickness and measured area and expressed in terms of emu/cm? as labelled on the
right-hand axis. For the most lightly doped sample, M3, the magnetization is negligibly
small < 0.2 emu/cm?® and the signal is almost temperature independent. Defects (e.g. N or
O vacancies, trapped electrons) may contribute to this very weak magnetism, as the
associated “d®” magnetic phenomena are often temperature-independent [86]. However,
for the samples containing higher concentrations of cobalt in Figure 31b and 31c there is
much larger, temperature-dependent magnetization, that increases at low temperature. This
indicates that cobalt doping enhances the magnetic properties in the samples. In both cases,
however, as the magnetization passes through zero, as the field approaches zero. Whereas
a “square-shaped” hysteresis loop is the signature of an ideal ferromagnet, an S-shape loop,
and lack of a coercive field is generally a hallmark of paramagnetic or superparamagnetic
systems. For sample M4, the response is clearly paramagnetic, because the response is
strongly temperature-dependent, and the S-shaped loop occurs over a high field range. The

peak magnetization in M4 approaches thick 4.3 emu/cm?®. For comparison, the maximum
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magnetization reported in Co:TiO; varies in the range of 10 - 250 emu/cm?, with a complex
dependency on the doping level [87, 88]. The magnetization in sample M6 in Figure 32c
is slightly lower than that of M4, with 1.8 emu/cm?®. Furthermore, in M6, the non-linear
region occurs at lower fields which indicates modified exchange interactions or anisotropy
in the more heavily doped sample. The modified magnetic properties are suggestive of a
mixture of superparamagnetism and paramagnetism that varies with the cobalt
concentrations. The type of magnetic hysteresis observed for the cobalt-doped oxynitride
is commonly encountered in the field of dilute magnetic semiconductors, and its origin
remains debated. It was proposed the lack of a coercive field is due to a wandering
anisotropy axis which coexists with magnetic order [89]. The alternate proposal is that this
is a signature of superparamagnetism caused by clustering of the magnetic species to form
small isolated ferromagnetic particles embedded in the semiconductor which only form
short-range or paramagnetic order but do exhibit some form of anomalous interparticle
coupling. We note that the hysteresis loops measured for the cobalt doped oxynitride films
are similar to Fe-doped TiN and Mn-doped TiN reported in past literature [56], neither of
which exhibit a significant coercive field. Furthermore, the non-monotonic relationship
between the magnetization and doping suggests a complex magnetism where nitrogen
vacancies and other defects may be critically important to the magnetic state in titanium

oxynitrides, as reported in the oxide and nitride parent structures [86, 90].
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CHAPTER 4

SYNTHESIS AND STUDY OF CHROMIUM DOPED
TITANIUM NITRIDE THIN FILMS

4.1 Experimental details

Chromium doped TiN (Cr-TiN) thin films were grown on Si (001) and fused silica
substrates at 300 °C by sputtering Titanium (99.9% purity) and chromium (99.95% purity)
targets simultaneously using RF and DC powered sputtering guns respectively. Sputtering
was performed in the presence of argon (99.99% purity) and nitrogen (99.999% purity)
gasses with a flow rate of 8sccm (standard cubic centimeter per minute) for both. Titanium
sputtering power was fixed for all the films but DC sputtering power for chromium was
varied to control the concentration of chromium doping in the film. The growth parameters
of Cr-TiN films are given in Table 7. During the growth, the substrate was rotated at 6
RPM to achieve uniform film. The deposition time was 3 hours. Prior to placing the
substrates in the growth chamber, they were chemically cleaned by sonicating them first in
acetone and then in isopropanol for five minutes in each solvent. The chamber was
evacuated to a pressure of about 1 — 3 x 10~7 Torr before placing the start of the growth.
After the growth, samples were taken out of the chamber and transmittance measurements
of the grown films were carried out using a JASCO V-570 double-beam spectrophotometer
in the range of 200-2000 nm at the normal incidence. Transmittance spectra was used to
measure the bandgap of the films as well as to calculate the thickness of the films. Surface

morphologies of the films were studied by atomic force microscopy (AFM) using non-
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contact mode AFM, Bruker dilnnova SPM. Chemical composition of the films was studied
by x-ray photoelectron spectroscopy (XPS) by Thermo Scientific Escalab 250Xi
spectrometer. The film's surface was etched for 30 seconds via 2-keV Ar+ ion beam to
remove organic contaminants that deposit during the transfer of the sample from the growth
chamber to the XPS chamber. XRD measurements were performed using Bruker’s D2
Phaser diffractometer. Magnetic properties of the thin films were studied by the vibrating
sample magnetometry (VSM) option of a DynaCool Physical Property Measurement
System (PPMS) by Quantum Design, using the large bore coilset (12 mm bore) which has
a 1.5x10° emu sensitivity. X-ray Reflectometry measurements were conducted on an
X’Pert Panalytical Pro system, using Cu Ka radiation (A=1.54 A). The reflectometry and

fitting results were plotted in terms of the scattering vector related to the two-theta angle
as Q = %sine. Quantitative fitting of the reflectometry patterns was performed using a

linear least-squared method implemented in the MOTOFIT package.

Table 7 Growth conditions of Chromium doped titanium nitride samples.

Sample#t | Ar(Sccm) Na(Sccm) | Ti- Cr- Growth | Pressure | Rotation | Duration
RF Dc Temp: chamber | (Rpm) (Mins)
Power | power | Ts(°C) (mbar)
(W) (W)
E31-M1 8 8 170 0 300 2.4- 6 180
3.7x10"
E38-M7 8 8 170 3 300 2.4- 6 180
3.7x10°"
E39-M8 8 8 170 4 300 2.4- 6 180
3.7x10°
E40-M9 8 8 170 5 300 2.4- 6 180
3.7x10°
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E42- 8 8 170 7 300 2.4- 6 180
M10 3.7x10°

4.2 Results and discussion

4.2.1 Structural Analysis

XRD measurements were performed using Bruker’s D2 Phaser diffractometer. Shown in
Figure 32 is the XRD analysis of the Cr-TiN thin films grown at different concentrations
of Chromium. A closer look at the XRD patterns reveals that Cr-TiN grown thin films are
amorphous. The XRD results shows four peaks located at 26 = 32.8°, 61.5°, 68.9° come
from the silicone substrate oriented in the direction (002), (320), and (004) respectively

and peaks around 26 = 20.1° come from SiO> oriented in the direction (100).
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Figure 32 XRD scan of pure TiN and Cr-TiN thin film (a) M1, (b) M7, (c) M8, (d) M9, (e) M10.

4.2.2 Surface Morphology

Surface morphology of the grown films is studied by Atomic force microscopy. Two and
three-dimensional 2 x 2 um? AFM image of the films grown on Si substrates with the
varying ratio of Cr-doping were shown in Figure 33-37 and the concerning Cr-TiN film
parameters were seen in Table.8. The surface of all the films appear to have grain like
structure and not much change in the morphology is observed as a function of chromium

concentration. However, the root mean square surface roughness increases with the

67



increase in chromium concentration in the film. The average grain size slightly increases
with increasing chromium in TiN film as estimated from the AFM images using Gwyddion
software[76]. For sample M1 the root mean square (RMS) roughness is found to be 0.40
nm with grain size around 6.1 nm those values increase for sample M7 to be around 0.85
nm and 9.6 nm for RMS roughness and an average grain size, respectively. Where the RMS
reached to 1.18 nm and the average grain size reached to 10.4 nm for samples M8, the
value of the RMS roughness increases to 1.21 nm where the average grain size is decreased
to 9.9 nm, for the sample M9. For sample M10 which has a high value of DC power of
chromium, the RMS roughness is found to be 1.06 nm with the average grain size 6.6 nm.
The results of the AFM illustrate that doping has an effect on morphology as predicted,
rising the amount of DC power for cobalt, it indicated that the root mean square (RMS)

roughness is increased, the lowest roughness was found at the Zero DC power for cobalt.
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Figure 33 AFM images with size 2x2 pm2of sample M1.(a) Two- dimensional, (b) three-dimensional.
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Figure 34 AFM images with size 2x2 pm?2 of sample M7.(a) Two- dimensional, (b) three-dimensional.
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Figure 35 AFM images with size 2x2 pm2 of sample M8.(a) Two- dimensional, (b) three-dimensional.
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Figure 36 AFM images with size 2x2 pm2 of sample M9.(a) Two- dimensional, (b) three-dimensional.
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Figure 37 AFM images with size 2x2 pm2 of sample M10.(a) Two- dimensional, (b) three-dimensional.
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Table 8 Average surface RMS roughness and average grain size measured by AFM.

Average Surface RMS Average Grain size estimated by
Sample# roughness (nm) AFM (nm)
E31-M1 0.4+£0.04 6.1
E38-M7 0.85+0.16 9.6
E39-M8 1.18 £ 0.21 10.4
E40-M9 1.21+0.13 9.9
E42-M10 2.44 £0.30 6.6

4.2.3 Optical study

The transmission spectra of the Cr-TiN films are shown in Figure 38. The transmittance of
the films was used to calculate the band gap and thickness of the films using the following
relation[58, 69]:

Amax ></—"min

ang [Amax—2Aminl

where A,,,, and A,,;, are the wavelengths of adjacent maximum and minimum in the
transmittance spectrum, respectively. Where d is the film thickness and n; is the refractive
index of the film. The refractive index can be calculated by determine the minimum

transmission (T,,,;,,) and using the empirical relation[58, 69]:
ng = 4.22 — 2.94T
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Figure 38 Transmittance spectra of the films grown at different DC power of Chromium.

In order to be confident of the thickness of the films, we performed a thickness
measurement again using SEM. The thickness of the Cr-TiN films was measured using the
top-view and cross-section SEM images in Figure 39. The films' thickness is found to be
between (96 nm to 118 nm). We calculated the bandgap of the films by taking the average

of all these thickness measurements.
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Figure 39 Cross-section images of Cr-TiN films deposited at different DC power for cobalt using SEM. (a)M1,
(b)M7, (c)M8, (d)M9, (e)M10.

The band gap of the films can be determined using the following relation for a direct

bandgap material [56, 58, 69].
(aE)? = B(E —E,)

Where £is a constant, « is the absorption coefficient, E is the energy of the incident photon
and E,, is the bandgap of the material. By plotting (« E)? as a function of incident photon
energy (called TAUC plot), the bandgap of the film can be determined by extrapolating the

linear portion of the curve to the x-axis.

Figure 40 Tauc plot of the films grown at different DC power of Chromium.

Shown in Figure 40 are the TAUC plots of Cr-TiN films, the bandgap of the film decreases
with the increase in chromium concentration in the film. The bandgap values as determined

from the TAUC plots are given in Table 9. The decrease in bandgap of Cr- TiN films as a
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function of chromium concentration could be due to formation of gap states by chromium

dopants.

Table 9 Thickness and band gap of Cr-TiN films.

4.2.4 XPS study

XPS analysis of Cr-TiN films were performed to study the existence of various elements
in the films, their relative concentration and oxidation states. Surface of the films were
etched by low-energy Ar ions for 30 s to remove any organic contaminants from the surface
of the film that are deposited after the growth when films are exposed to air before
transferring them to the XPS chamber. Carbon peak C1s at binding energy 284.8 eV was
used to correct the XPS spectrum due to any charging effect. The high-resolution XPS
corrected spectra of Ti2ps2, N1s, Ols and Cr2pss in the films taken after 30 s etching of

the film are taken out.
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Figure 41 High resolution XPS spectra of (a) Ti2p3/2 for sample M10 with its deconvoluted peaks, (b) Ti2p3/2
for all the samples.

Due to spin-orbit coupling, Ti2p and Cr2p XPS spectra are split into two peaks Ti2pa2,
Ti2p12 and Cr2ps2, Cr2p1. respectively but shown here only Ti2ps2 and Cr2ps». Figure
41(a) shows a high-resolution XPS spectrum of Ti2pz/. for sample E42 with the peak fitting
analysis using Avantage software. Ti2ps;> spectrum consists of three peaks with binding

energies 455.8 eV, 457.1 eV and 458.7 eV that correspond to TiN, titanium oxynitride
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(TiNxOy) and TiO2 [58, 77, 78]. Exact peak positions of all the samples are given in

table.10.

Figure 42 High resolution XPS Ti2p3/2 spectra for the grown thin films with their deconvoluted peaks. (a) M1,
(b) M7, (c) M8, (d) M9.

Shown in Figure 41(b) are Ti2ps;2 spectra for all the grown films samples overlaid on top
of each other. It can be observed that for samples with no chromium doping (M1), the
intensity of TiN peak is lower compared to the intensity of TiO2 related XPS peak.
Although oxygen was not intentionally doped in the film but was chemisorbed after the
growth when samples were taken out of the chamber and exposed to air. Chromium doping
in titanium nitride results in increase of the intensity of TiN peak compared to the intensity
of TiO; peak. For sample M10 with the highest chromium concentration the intensity of
TiN peak becomes higher than the intensity of TiO. peak. This indicates that chromium

increases the solubility of nitrogen in the film and similar effect of increased nitridation of
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TiN was observed in cobalt doped TiN and iron doped TiN [58]. Ti2pa/2 spectra of sample
M1, M7-10 are deconvoluted and shown in Figure 42 and the peak position of

deconvoluted peaks are given in table.10.

Figure 43 High resolution XPS spectra of (a) N1s for sample M10 with its deconvoluted peaks, (b) N1s for all the
samples.
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Shown in Figure 43(a) is N1s XPS spectra of sample M10. Using the peak fitting analysis
N1s spectra was deconvoluted into two peaks, the first peak centered around 397.4 eV is
due to Ti-N bond and the second peak centered around 398.5 eV corresponds to TiNxOy
[57, 79]. Shown in Figure 43(b) are N1s spectra for all the grown films overlaid on top of
each other. It can be observed that nitrogen peak intensity in general increases for films
that were grown at higher sputtering power for chromium. Also, the ratio of TiN peak
intensity to TiNxOy peak intensity grows with the increase in chromium concentration in
the film. This observation matches very well with the Ti2p data where Ti-N peak intensity
increases compared to TiNxOy and TiO. peaks with the increase in chromium
concentration. Peak fitting was performed for all samples and shown in Figure 44. N1s
spectra for all sample has peaks from Ti-N bond and TiNxOy the peak position for all

samples is listed in table.10.
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Figure 44 High resolution XPS N1s spectra for the grown thin films with their deconvoluted peaks. (a) M1, (b)
M7, (c) M8, (d) M9.

83




Figure 45 High resolution XPS spectra of (a) O1s for sample M10 with its deconvoluted peaks, (b) O1s for all the
samples.

Shown in Figure 45(a) are the XPS spectra of O1s for sample M10 with their deconvoluted
peaks. O1s spectra can be deconvoluted into two peaks centered on 531.4 eV and 532.6eV
corresponding to TiNxOy and O-H, latter is due to moisture deposited in the film when the

samples were exposed to air [85]. O1s spectra for all the grown films overlaid on top of
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each other were shown in Figure 45(b) It can be observed that from the Figure 46 and
Figure 46 samples with higher chromium concentration like M8, M9 and M10, the center
of the O1s peak shifts towards the O-H peak side compared to the peaks of samples with
lower or no chromium concentration. This observation is in accordance with N1s and Ti2p
spectra that chromium doping results in enhanced nitridation (Ti-N bond) of the film and
hence lower Ti-O bonding. For all other samples, the comprised peaks for O1s spectra are

demonstrated in Figure 46 and the binding energy is summarized in table.10.

Figure 46 High resolution XPS O1s spectra for the grown thin films with their deconvoluted peaks. (a) M1, (b)
M7, (c) M8, (d) M9.
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Figure 47 High resolution XPS spectra of (a) Cr2p3/2 for sample M10 with its deconvoluted peaks, (b) Co2p3/2
for all the samples.

Cr2pss spectrum for sample M10 is shown in Figure 47(a) and Cr2pz/. spectra of all the
samples overlaid on top of each other is shown in Figure 47(b). The spectrum can be
deconvoluted into three peaks centered at 575.6 eV, 577.9 eV and 579.9 eV corresponding
to CrN, Cr,0s and CrOs [91-93]. This shows that chromium in our samples is in third (Cr*®)

and sixth (Cr*%) oxidation state. We can observe that, for samples with lower chromium
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concentration the intensity of CrN peak is slightly less compared to Cr-O peaks, whereas
for sample M10 with the highest chromium concentration the intensity of CrN peak
becomes higher compared to Cr-O peaks. This indicates that samples with higher
chromium concentration are mostly in the third oxidation state (Cr*®) compared to the
samples with lower chromium concentration. The deconvoluted for the spectra is done for
other samples and shown in Figure 48 and the binding energy for all samples are

summarized in table.10.

Figure 48 High resolution XPS Cr2p3/2 spectra for the grown thin films with their deconvoluted peaks. (a) M7,
(b) M8, (c) M9.
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Table 10 XPS peak positions of N1s, O1s, Ti2p3/2 and Cr2p3/2 for all samples (The values are given in eV).

N1s O1ls
Ti2pane Cr2psp2
Binding energy Binding energy
Binding energy (eV) Binding energy (eV)
Sample# (eV) (eV)
T|Nxo TleO TleO Cr-0
TiN TiN TiO2 O-H | CrN CrOs
y y y 3
E31- 397. 456. 459. 532.
398.6 457.7 5314 | | e | eeeem | -
M1 5 3 5 6
E38- 397. 456. 459. 532. | 575. | 577. | 580.
398.5 457.4 531.4
M7 3 5 2 6 5 9 3
E39- 396. 456. 459, 532. | 575. | 577. | 580.
398.6 457.5 5314
M8 9 2 4 7 7 8 2
E40- 397. 459, 532. | 575. | 577. | 579.
398.7 | 456 | 457.4 531.4
M9 4 2 7 5 7 9
E42M1 | 397. 455, 458. 532. | 575. | 577. | 579.
398.7 457.1 531.3
0 4 8 7 6 6 9 9
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CHAPTER 5

CONCLUSION

Two sets of materials were studied in this thesis work, cobalt doped titanium nitride and
chromium doped titanium nitride. The thin films were prepared by RF/DC magnetron
sputtering using two targets of material, sputtering titanium target using RF powered
sputtering gun and cobalt/Cr with DC powered sputtering gun in the presence of N2 and Ar
gases. The DC power of the sputtering gun was adjusted (varying between 0 to 7 eV) to
control the doping level in the film. The sputtered cobalt titanium nitride films and titanium
nitride films were studied in detail, and it was discovered that these materials are easily
oxidized to form homogeneous oxynitride layers. The optical, chemical, and magnetic
properties of titanium nitride films are influenced by the concentration of cobalt or
chromium dopants in the films, Since the amount of doping was the only variable in the
film's growth process. The structural analysis show that the Co-TiN and Cr-TiN grown thin
films are amorphous. The RMS surface roughness increases with the increasing
concentration of the dopant elements. All doped TiN films are found to have RMS
roughness higher than un-doped TiN films, and there is little effect of the doping on the
grain size of the TiN films. For Co-TiN films, the RMS is found to be between (0.40 nm-
1.70 nm) and the grain size between (6.10 nm-9.20 nm) where for Cr-TiN films the RMS
is found to be between (0.40 nm-2.44 nm) and the grain size between (6.10 nm-10.40 nm).
The bandgap of the film decreases with the increase the concentration of the dopant element
in the film. The bandgap is found to decrease from (3.80 nm) to (3.68 nm) for Co-TiN films

and to (3.56 nm) for Cr-TiN films. XPS analysis of the Co-TiN films shows the existence
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of cobalt in two valence states (Co*? and Co*™®) in a high and low spin state respectively.
Where chromium in Cr-TiN films exists in the third (Cr*®) and sixth (Cr*®) oxidation state.
The elements dopant in the titanium nitride results in an increase of the intensity of TiN
peak compared to the intensity of TiO> peak. This indicates that cobalt (Chromium)
enhances the nitridation of the film. The Co-TiN films have a weak magnetization that
coexists with the substrate's strong diamagnetic backdrop, as seen by their magnetic
measurements. The hysteresis does not show any apparent coercive field for the films with
higher cobalt concentrations, and the films exhibit the characteristics of superparamagnetic
or paramagnetic environments. At the lower cobalt concentrations, the magnetization is
found to be temperature-independent, and when the concentrations of cobalt are high the

magnetic response becomes temperature-dependent.

Future work is needed to grow better quality crystalline films that may result in better
magnetic properties and hence formation of dilute magnetic semiconductors. And also
investigate the effect of the nitrogen/oxygen ratio to engineer the optical and magnetic

properties of titanium oxynitride films.

90



REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

S. M. Sze, Semiconductor devices: physics and technology. John wiley & sons,
(2008).

G. Prakash, P. Ganesh, Y.N. Nagesha, D. Umakanth, S.K. Arora, and K. Siddappa,
"Effect of 30 Mev Li 3+ ion and 8 MeV electron irradiation on n-channel
MOSFETSs". Radiation effects and defects in solids, 157(3), 323-331, (2002).

A.G. Tangena, N.F. De Rooij, and J. Middelhoek, "Sensitivity of MOS structures
for contamination with H+, Na+, and K+ ions". Journal of Applied Physics, 49(11),
5576-5583, (1978).

S. Datta, and B. Das, "Electronic analog of the electro-optic modulator". Applied
Physics Letters, 56(7), 665-667, (1990).

H. Modarresi, "The Spin Field-Effect Transistor: Can It Be Realized?."”

G. Schmidt, D. Ferrand, L. Molenkamp, A. Filip, and B. J. Van Wees,
"Fundamental obstacle for electrical spin injection from a ferromagnetic metal into
a diffusive semiconductor,”" Physical Review B, 62(8), p.R4790, (2000).

T. Dietl, "Ferromagnetic semiconductors”. Semiconductor Science and
Technology, 17(4), 377, (2002).

S. Methfessel and D. Mattis, "Encyclopedia of Physics, Magnetism", Magnetic
Semiconductors, XVII1/1, 389-562, (1968).

J.K. Furdyna, "Diluted magnetic semiconductors”. Journal of Applied
Physics, 64(4), R29-R64, (1988).

A. Haury, A. Wasiela, T.A. Arnoult, J. Cibert, S. Tatarenko, T. Dietl, and Y.M

d'Aubigné, "Observation of a ferromagnetic transition induced by two-dimensional

91



[11]

[12]

[13]

[14]

[15]

[16]

hole gas in modulation-doped CdMnTe quantum wells". Physical Review
Letters, 79(3), 511, (1997).

D. Ferrand, J. Cibert, C. Bourgognon, S. Tatarenko, A. Wasiela, G. Fishman, A.
Bonanni, H. Sitter, S. Kole$nik, J. Jaroszynski, and A. Barcz, "Carrier-induced
ferromagnetic interactions in p-doped Zn (1— x) MnxTe epilayers". Journal of
crystal growth, 214, 387-390, (2000).

H. Ohno, H. Munekata, y. T. Penney, S. Von Molnar, and L. Chang,
"Magnetotransport properties of p-type (In, Mn) As diluted magnetic Il1-V
semiconductors," Physical Review Letters, 68(17), 2664, (1992).

H. Ohno, N. Shen, F. Matsukura, A. Oiwa, A. Endo, S. Katsumoto, and Y. lye,
"(Ga, Mn) As: a new diluted magnetic semiconductor based on GaAs". Applied
Physics Letters, 69(3), 363-365, (1996).

T. Jungwirth, K. Wang, J. Masek, K. Edmonds, J. Konig, J. Sinova, M. Polini, N.
Goncharuk,A. MacDonald, M. Sawicki, and A. Rushforth, "Prospects for high
temperature ferromagnetism in (Ga, Mn) As semiconductors". Physical Review
B, 72(16), 165204, (2005).

K. Wang, R. Campion, K. Edmonds, M. Sawicki, T. Dietl, C. Foxon, and B.
Gallagher, "Magnetism in (Ga, Mn) As thin films with TC up to 173K". In AIP
Conference Proceedings, 772, No. 1, 333-334, (2005).

T. Dietl, H. Ohno, F. Matsukura, J. Cibert, and D. Ferrand, “"Zener model
description of ferromagnetism in zinc-blende magnetic semiconductors,” Science,

287(5455), 1019-1022, (2000).

92



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Y. Matsumoto, M. Murakami, T. Shono, T. Hasegawa, T. Fukumura, M. Kawasaki,
P. Ahmet, T. Chikyow, S. Koshihara, and H. Koinuma. "Room-temperature
ferromagnetism in transparent transition metal-doped titanium
dioxide". Science, 291(5505), 854-856, (2001).

S. Pearton, C. Abernathy, D. Norton, A. Hebard, Y. Park, L. Boatner, and J. Budai.
" Advances in wide bandgap materials for semiconductor spintronics". Materials
Science and Engineering, 40(4), 137-168, (2003).

W. Prellier, A. Fouchet, and B. Mercey."Oxide-diluted magnetic semiconductors:
a review of the experimental status,” Journal of Physics, 15(37), p. R1583, (2003).
S. Pearton, W. Heo, M. lvill, D. Norton, and T. Steiner,. "Dilute magnetic
semiconducting oxides". Semiconductor Science and Technology, 19(10), R59,
(2004).

C. Liu, F. Yun, and H. Morkoc, "Ferromagnetism of ZnO and GaN: a
review," Journal of Materials Science: Materials in Electronics, 16(9), 555-597,
(2005).

C. Zener, "Interaction between the d-shells in the transition metals. I11. Calculation
of the Weiss factors in Fe, Co, and Ni," Phys. Rev, 83, 299, (1951).

C. Zener, "Interaction between the d shells in the transition metals,” Phys. Rev,
81(3), 440, (1951).

J. Coey, M. Venkatesan, and C. Fitzgerald, "Donor impurity band exchange in
dilute ferromagnetic oxides," Nature materials, 4(2), 173-179, (2005).

H. Kaushik, A. Sharma, and M. Sharma, "Dilute Magnetic Semiconductor: A

Review of Theoretical Status,” IJIEASR, 3, 5-10, (2014).

93



[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

K. Sato, P. Dederichs, H. Katayama-Yoshida, and J. Kudrnovsky, "Exchange
interactions in diluted magnetic semiconductors,” Journal of Physics: Condensed
Matter, 16(48), S5491, (2004).

T. Dietl, "A ten-year perspective on dilute magnetic semiconductors and oxides,"
Nature materials 9 (12), 965-974, (2010).

S. Zhou, K. Potzger, Q. Xu, G. Talut, M. Lorenz, W. Skorupa, M. Helm, J.
Fassbender, M. Grundmann, and H. Schmidt, " Ferromagnetic transition metal
implanted ZnO: A diluted magnetic semiconductor?,” Vacuum, 83, S13-S19,
(2009).

S. Ghosh, and P. Bhattacharya, "Surface-emitting spin-polarized In 0.4 Ga 0.6
As/GaAs quantum-dot light-emitting diode,” Applied physics letters, 80(4), 658-
660, (2002).

T. Schallenberg and H. Munekata, "Preparation of ferromagnetic (In, Mn) As with
a high Curie temperature of 90 K," Applied physics letters, 89(4), 042507, (2006).
V. Novék, K. Olejnik, J. Wunderlich, M. Cukr, K. Vyborny, A. Rushforth, K.
Edmonds, R. Campion, B. Gallagher, J. Sinova, and T. Jungwirth, "Curie point

singularity in the temperature derivative of resistivity in (Ga, Mn) As," Physical
Review Letters, 101(7), p.077201,( 2008).

E. Tsymbal and I. Zutic, " Handbook of spin transport and magnetism,” CRC press,
(2011).

M. B. Haider R. Yang, H. Al Brithen, C. Constantin, D. C. Ingram A. R. Smith, G.

Caruntu, C. J.O'Connor., "Room temperature ferromagnetism in CrGaN:

94



[34]

[35]

[36]

[37]

[38]

[39]

Dependence on growth conditions in rf N-plasma molecular beam epitaxy,"”
Journal of crystal growth, 285 (3), 300-311, (2005).

H. Liu, S. Wu, R. Singh, L. Gu, D. Smith, N. Newman, N. Dilley, L. Montes, and
M. Simmonds, "Observation of ferromagnetism above 900 K in Cr—GaN and Cr—
AIN," Applied Physics Letters, 85(18), pp.4076-4078, (2004).

R. Andrievski, Z. Dashevsky, and G. Kalinnikov, "Conductivity and the Hall
coefficient of nanostructured titanium nitride films,” Technical physics
letters, 30(11), pp.930-932, (2004).

G. Zhao, T. Zhang, T. Zhang, J. Wang, and G. Han, "Electrical and optical
properties of titanium nitride coatings prepared by atmospheric pressure chemical
vapor deposition,” Journal of non-crystalline solids, 354(12-13), pp.1272-1275,
(2008).

L. Meng, and M. Dos Santos, "Characterization of titanium nitride films prepared
by dc reactive magnetron sputtering at different nitrogen pressures," Surface and
Coatings Technology, 90(1-2), pp.64-70, (1997).

S. Kadlec, J. Musil, and J. Vysko¢il, "Growth and properties of hard coatings
prepared by physical vapor deposition methods,” Surface and Coatings
Technology, 54, pp.287-296, (1992).

K. Chung, G. Liu, J. Duh, and J. Wang, "Biocompatibility of a titanium—-aluminum
nitride film coating on a dental alloy,” Surface and Coatings Technology, 188,

pp.745-749, (2004).

95



[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

W. Franks, I. Schenker, P. Schmutz, and A. Hierlemann, "Impedance
characterization and modeling of electrodes for biomedical applications,” IEEE
Transactions on Biomedical Engineering, 52(7), pp.1295-1302, (2005).

E. Mohammadpour, M. Altarawneh, J. Al-Nu’airat, Z.-T. Jiang, N. Mondinos, and
B. Dlugogorski, "Thermo-mechanical properties of cubic titanium
nitride,” Molecular Simulation, 44(5), pp.415-423, (2018).

H. Wriedt and J. Murray, "The N-Ti (nitrogen-titanium) system," Bulletin of Alloy
Phase Diagrams, 8(4), pp.378-388, (1987).

J. Sundgren, "Superhard Coatings," Thin solid films, 128(1-2), pp.21-44, (1985).
P. Gu, X. Zhu, J. Li, H. Wu, and D. Yang, "Influence of substrate and Ar/N 2 gas
flow ratio on structural, optical and electrical properties of TiN thin films
synthetized by DC magnetron sputtering,” Journal of Materials Science: Materials
in Electronics, 29(12), pp.9893-9900, (2018).

T. Sasaki, S. Sonoda, Y. Yamamoto, K. Suga, S. Shimizu, K. Kindo, and H. Hori,
"Magnetic and transport characteristics on high Curie temperature ferromagnet of
Mn-doped GaN," Journal of Applied Physics, 91(10), pp.7911-7913, (2002).

V. Ganesh, S. Suresh, E. Celasco, and K. Baskar, "Synthesis and characterization
of pure and Co-doped gallium nitride nanocrystals," Applied Nanoscience, 2(2) ,
169-176, (2012).

N. Ghobadi, M. Ganji, C. Luna, A. Arman, and A. Ahmadpourian, "Effects of
substrate temperature on the properties of sputtered TiN thin films,” Journal of

Materials Science: Materials in Electronics, vol. 27, no. 3, pp. 2800-2808, (2016).

96



[48]

[49]

[50]

[51]

[52]

[53]

[54]

A. Kavitha, R. Kannan, K. Gunasekhar, and S. Rajashabala, "Effect of nitrogen
content on physical and chemical properties of TiN thin films prepared by DC
magnetron sputtering with supported discharge,” Journal of Electronic
Materials, 46(10), pp. 5773-5780, 2017.

N. K. Ponon, D. Appleby, E. Arac, P. King, S. Ganti, K. Kwa, and A. O'Neill,
"Effect of deposition conditions and post deposition anneal on reactively sputtered
titanium nitride thin films," Thin Solid Films, 578, pp.31-37, (2015).

M. N. Solovan, V. V. Brus, E. V. Maistruk and P. D. Maryanchuk, "Electrical and
optical properties of TiN thin films,” Inorganic Materials 50 (1), 40-45, (2014).
Y. Jeyachandran, S. K. Narayandass, D. Mangalaraj, S. Areva, and J. Mielczarski,
"Properties of titanium nitride films prepared by direct current magnetron
sputtering,” Materials Science and Engineering: A, 445, pp.223-236, (2007).

K. Lal, A. Meikap, S. Chattopadhyay, S. Chatterjee, M. Ghosh, K. Baba, and R.
Hatada, "Electrical resistivity of titanium nitride thin films prepared by ion beam-
assisted deposition,” Physica B: Condensed Matter, 307(1-4), pp.150-157, (2001).
V. Shapovalov, A. Useinov, K. Kravchuk, E. Gladkikh, A. Kozin, and V. Smirnov,
"Crystal structure and mechanical properties of titanium nitride films synthesized
by magnetron sputtering with a hot target,”" Glass Physics and Chemistry, 43(5),
pp.477-479, (2017).

A. Farhadizadeh, A. Amadeh, and H. Ghomi, "The effect of metal transition dopant
on electronic and mechanical properties of titanium nitride: First principle method,"

Computational Materials Science, 141, pp.82-90, 2018.

97



[55]

[56]

[57]

[58]

[59]

[60]

[61]

D. Li, L.-m. Xu, S.-w. Li, and X. Zhou, "Plasma Treatment Enhanced Magnetic
Properties in Manganese Doped Titanium Nitride Thin Films,” Chinese Journal of
Chemical Physics 30 (4), 457, (2017).

S. X. Wuy, Y. Q. Xia, X. L. Yu, Y.J. Liu, and S.W. Li, "Magnetic properties of
MnyxTii-xN thin films grown by plasma-assisted molecular beam epitaxy,” Journal
of Applied Physics 102 (6), 063911, (2007).

Y. Chao, X. Cheng, Y. Zhang, D. Yin, C. Gong, L. Yu, J. Zhang, and Z. Zhang.,
"Ferromagnetism and microwave electromagnetism of iron-doped titanium nitride
nanocrystals,” The Journal of Physical Chemistry C, 116 (49), 26006-26012,
(2012).

M. Maarouf, M. B. Haider, M. F. Al-Kuhaili, A. Aljaafari, J. Y. Khan., "Negative
magnetoresistance in iron doped TiN thin films prepared by reactive magnetron
sputtering,” Journal of Magnetism and Magnetic Materials 514, 167235, (2020).
D. G. Constantin, M. Apreutesei, R. Arvinte, A. Marin, O. C. Andrei, and D.
Munteanu, "Magnetron sputtering technique used for coatings deposition;
technologies and applications,” In 7th International Conference on Materials
Science and Engineering, Vol. 12, pp. 29-33, (2011).

A. A. Bunaciu, E. G. UdriSTioiu, and H. Aboul-Enein, "X-ray diffraction:
instrumentation and applications," Critical reviews in analytical chemistry, 45(4),
pp.289-299, (2015).

K. Laajalehto, I. Kartio, and E. Suoninen, "XPS and SR-XPS techniques applied to
sulphide mineral surfaces," International Journal of Mineral Processing, 51(1-4),

pp.163-170, (1997).

98



[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

C. Fadley, "X-ray photoelectron spectroscopy: Progress and perspectives,” Journal
of Electron Spectroscopy and Related Phenomena, 178, pp.2-32, (2010).

J. C. Vickerman and I. S. Gilmore, Surface analysis: the principal techniques. John
Wiley & Sons, (2011).

S. Hofmann, Auger-and X-ray photoelectron spectroscopy in materials science: a
user-oriented guide. Springer Science & Business Media, Vol. 49, (2012).

M. Marrese, V. Guarino, and L. Ambrosio, "Atomic force microscopy: a powerful
tool to address scaffold design in tissue engineering,” Journal of functional
biomaterials, 8(1), p.7, (2017).

R. Jagtap and A. Ambre, "Overview literature on atomic force microscopy (AFM):
Basics and its important applications for polymer characterization,” (2006).

M. S. H. Akash and K. Rehman, Essentials of Pharmaceutical Analysis. Springer,
(2020).

W. Burgei, M. J. Pechan, and H. Jaeger, "A simple vibrating sample magnetometer
for use in a materials physics course," American Journal of Physics, 71(8), pp.825-
828, (2003).

M. B. Haider, M. Al-Kuhaili, S.M. Durrani, |. Bakhtiari, "Effect of annealing on
the optical properties of GaN films grown by pulsed laser deposition,” Journal of
Materials Science & Technology 29 (8), 752-756, (2013).

S. Logothetidis, G. Stergioudis, and P. Patsalas, "Oxidation and structural changes
in fcc TiNx thin films studied with X-ray reflectivity,"” Surface and coatings

technology, 100, pp.295-299, (1998).

99



[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

M. Ivill, S. Pearton, S. Rawal, L. Leu, P. Sadik, R. Das, A. Hebard, M. Chisholm,
J. Budai, and D. Norton, "Structure and magnetism of cobalt-doped ZnO thin
films," New Journal of Physics, vol. 10, no. 6, p. 065002, (2008).

K. J. Kim and Y. Park, "Spectroscopic ellipsometry study of optical transitions in
Zn 1-—x Co x O alloys," Applied Physics Letters, 81(8), pp.1420-1422, (2002).
M. Bouloudenine, N. Viart, S. Colis, and A. Dinia, "Bulk Znl— xCoxO magnetic
semiconductors prepared by hydrothermal technique,” Chemical Physics Letters,
vol. 397, no. 1-3, pp. 73-76, (2004).

S. V. Bhat and F. Deepak, "Tuning the bandgap of ZnO by substitution with Mn2+,
Co2+ and Ni2+," Solid State Communications, 135(6), pp.345-347, (2005).

X.-C. Liu, E.Shi, Z. Chen, H. Zhang, L. Song, H. Wang, and S. Yao,"Structural,
optical and magnetic properties of Co-doped ZnO films," Journal of crystal
growth, 296(2), pp.135-140, (2006).

D. Necas and P. Klapetek, "Gwyddion: an open-source software for SPM data
analysis," Open Physics, 10(1), pp.181-188, (2012).

M. Murata, K. Wakino, and S. Ikeda, "X-ray photoelectron spectroscopic study of
perovskite titanates and related compounds: an example of the effect of polarization
on chemical shifts,” Journal of Electron Spectroscopy and Related
Phenomena, 6(5), pp.459-464, (1975).

X. Chen, W. Li, Z. Pan, Y. Xu, G. Liu, G. Hu, S. Wu, J. Li, C. Chen, and Y. Lin,
"Non-carbon titanium cobalt nitride nanotubes supported platinum catalyst with
high activity and durability for methanol oxidation reaction,” Applied Surface

Science, 440, pp.193-201, (2018).

100



[79]

[80]

[81]

[82]

[83]

[84]

A. Achour, M. Chaker, H. Achour, A. Arman, M. Islam, M. Mardani, M. Bouljtita,
L. Le Brizoual, M.A. Djouadi, and T. Brousse, "Role of nitrogen doping at the
surface of titanium nitride thin films towards capacitive charge storage
enhancement,” Journal of Power Sources, 359, pp.349-354, (2017).

S. Kundu, M. Mukadam, S. Yusuf, and M. Jayachandran, "Formation of shape-
selective magnetic cobalt oxide nanowires: environmental application in catalysis
studies," CrystEngComm, 15(3), pp.482-497, (2013).

P. W. Menezes, A. Indra, D. Gonzalez-Flores, N.R. Sahraie, |. Zaharieva, M.
Schwarze, P. Strasser, H. Dau, and M. Driess, "High-performance oxygen redox
catalysis with multifunctional cobalt oxide nanochains: morphology-dependent
activity," ACS Catalysis, 5(4), pp.2017-2027, (2015).

A. Ashok, A. Kumar, and F. Tarlochan, "Surface alloying in silver-cobalt through
a second wave solution combustion synthesis technique,” Nanomaterials, 8(8),
p.604, (2018).

J. Wang, L. Li, X. Chen, Y. Lu, and W. Yang, "Monodisperse cobalt sulfides
embedded within nitrogen-doped carbon nanoflakes: an efficient and stable
electrocatalyst for the oxygen reduction reaction," Journal of Materials Chemistry
A, 4(29), pp.11342-11350, (2016).

Z. Wang, W. Wang, L. Zhang, and D. Jiang, "Surface oxygen vacancies on Co 3 O
4 mediated catalytic formaldehyde oxidation at room temperature,” Catalysis

Science & Technology, 6(11), pp.3845-3853, (2016).

101



[85]

[86]

[87]

[88]

[89]

[90]

[91]

M.V. Kuznetsov, J. F. Zhuravlev, and V.A. Gubanov, "XPS analysis of adsorption
of oxygen molecules on the surface of Ti and TiNx films in vacuum,” Journal of
electron spectroscopy and related phenomena, 58(3), pp.169-176, (1992).

J. M. D Coey,. "Magnetism in d° oxides." Nature materials 18 (7), 652-656, (2019).
S. Ogale, D. Kundaliya, S. Mehraeen, L.F. Fu, S. Zhang, A. Lussier, J. Dvorak, N.
Browning, Y. Idzerda, and T. Venkatesan, "Chemical inhomogeneity and mixed-
state ferromagnetism in diluted magnetic semiconductor Co: TiO2," Chemistry of
Materials, 20(4), pp.1344-1352, (2008).

D. L. Cortie, Y. Khaydukov, T. Keller, D.J. Sprouster, J.S. Hughes, J.P. Sullivan,
X.L. Wang, A.P. Le Brun, J. Bertinshaw, S.J. Callori, and R. Aughterson,
"Enhanced magnetization of cobalt defect clusters embedded in TiO»5 films," ACS
applied materials & interfaces, 9(10), pp.8783-8795, (2017).

JM.D. Coey, P. Stamenov, R. Gunning, M. Venkatesan, and K. Paul,
"Ferromagnetism in defect-ridden oxides and related materials,” New Journal of
Physics, 12(5), p.053025, (2010).

S. Gupta, A. Moatti, A. Bhaumik, R. Sachan, and J. Narayan, "Room-temperature
ferromagnetism in epitaxial titanium nitride thin films," Acta Materialia, 166,
pp.221-230, (2019).

A. Vyas, Z. Zhou, and Y. Shen, "Effect of aluminum contents on sputter deposited
CrAlN thin films," in IOP Conf Ser Mater Sci Eng, vol. 307, no. 1, p. 012079. IOP

Publishing, (2018).

102



[92]

[93]

K.D. Wright and A.R. Barron, "Catalyst residue and oxygen species inhibition of
the formation of hexahapto-metal complexes of group 6 metals on single-walled
carbon nanotubes,” C, 3(2), p.17, (2017).

Y. Yuan, B. Zhang, J. Sun, P. Jonnard, K. Le Guen, Y. Tu, C. Yan, and R. Lan,
"Structure and optical properties of CrO x Ny films with composition modulation,”

Surface Engineering, 36(4), pp.411-417, (2020).

103



Vitae

Name: Ebrahim Abualgassem
Nationality: Sudanese

E-mail: ebrahimalhaj2@gmail.com
Education:

e M.Sc. Physics, 2021, King Fahad University of petroleum and minerals
(KFUPM), College of Engineering and Physics, Physics department, Dhahran,
Saudi Arabia.

e B.Sc. Scientific laboratories Physics, 2015, Sudan University of Science and
Technology, College of Science, Physics department, Khartoum, Sudan.

e Diploma in Scientific laboratories Physics, 2013, Sudan University of Science and

Technology, College of Science, Physics department, Khartoum, Sudan.
Publications:

e Ebrahim Abualgassem, Monzer Maarouf, Abdulhakim Bake, David Cortie,
Khan Alam, Muhammad B. Haider. Optical and Magnetic Properties of Cobalt
Doped TiN Thin Films Grown by RF/DC Magnetron Sputtering. (In progress).

e Ebrahim Abualgassem, Monzer Maarouf, Abdulhakim Bake, David Cortie,
Khan Alam, Muhammad B. Haider. Effect of Cr on the Properties of TiN Thin

Films Grown by Reactive Magnetron Sputtering. (In progress).

104


mailto:ebrahimalhaj2@gmail.com

