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SUMMARY

The transition half-metal oxides (TMOs) have a wide technological application.
Chromium oxide which is a TMOs is performed. The ultra-thin film of these TMOs
got a very big attention due to the ultra-thin films could be enhanced in material
feature.

The ultra-thin films are prepared in angstrom range by magnetron sputtering.
Due to the requirement of the clean environment, the ultra-thin films were prepared
under the UHV condition that is obtained by Turbo Mechanical and mechanical
pumps. The growth has been employed on the naturally oxidized silicon crystal
substrate. The Si crystal is mounted in the system after cleaning. Then the growth has
been done by Argon gas which is sputtered the Cr atoms from the target. The scattered
Cr atoms accumulate on the crystal. For oxide films, the oxygen was fed to the
chamber. The growth has been done by two methods in order to understand the
methods of growth effect on the thin film deposition. First, the growth has been
initiated with Pulsed DC, then the RF magnetron sputtering has been employed for
many ultra-thin films growth for different parameters. The planned variety samples
were examined by XPS that is very effective method to analyze the ultra-thin film
surface compounds. The thickness was controlled by QCM during growth.

The objective of this work is to grow the Cr.0Oz3 thin films on Si crystal by
magnetron sputtering that are basis for future work of multi-layer specimens that is

going to be used for spintronic application as an antiferromagnetic material.

Key Words: Magnetron Sputtering, Chromium Oxide, XPS, TMOs.



OZET

Oksite gegis metallerin teknolojik uygulamalarda ¢ok biiyiik bir uygulama alani
vardir. Bundan dolay1 bu ¢alismada gegis metali olan krom ¢alisildi. Kromun bir kag
oksitlenmis faz1 vardir. Ayrica bu ¢alismada iizerinde durulan ikinci nokta ise ultra
ince filmlerle bu calismay1 gergeklestirmektir. Cunkl ince filmlerin teknolojik
uyglumalarda ¢ok biiyiik avantajlart vardir. Bu ylizden bu g¢alismada angstrom
seviyesinde ultra ince filmler hazirlanmstir.

Bu ¢alismada, Cr203 ince filmlerin buydttilmesi magnetron sagtirma yontemi ile
gerceklestirilmistir. Dogal oksitlenmis silisyum kristalin ilizerinde biiylitiilmiis olan
Cr203 ultra ince filmler UHV sartlarinda biydtildi. Turbo molekiler pump ve diger
pompalar ile yiksek vakum elde ediliyor. Argon gazi sagtirma gazi olarak
kullanilmistir. Argon gazi saf Cr target’tan (hedef malzeme) Cr atomlarini koparip alt
tagin istliinde bitylimesi saglanmis olur. Cr203 ince filmlerin blyumesi igin ortama
oksijen belli sartlar altinda veriliyor. Bu c¢alisma da blylUtme iki yontem ile
gerceklesmistir. Ik ¢alismalar Pulsed DC ile ikinci ¢alismalarda ise RF ile ultra ince
filmler hazirlanmistir. Bu hazirlanmis ince filmler yiizey analizi i¢in ¢ok etkili bir
yontem olan XPS ile analiz edilmistir. XPS ultra ince filmin yuzeyindeki elementler
hakkinda bilgi verir. Biiylitiilen ince filmler biiyiitiilme sirasinda QCM ile kalinliklar
kontrol edilmistir.

Cr203 ultra ince filmler yukarda kisaca anlatildg: gibi hazirlanmistir. Pulsed DC
ve RF magnetron sagtirma yontemleri ile hazirlanmis numuneler farkli alttas sicaklig
ve bazi numuneler biiyiitme islemi bittikten sonra tavlama iglemine tabi tutulmustur.
Bu farkli parametrelerin etkisi XPS ile incelenmistir. Genel olarak hazirlanan 6rnekler
¢ok katmanli filmler de antiferromagnetik malzeme olarak spintronik uygulamalarda

kullanilabilir.

Anahtar Kelimeler: Magnetron Sa¢tirma, Krom Oksit, XPS, Geg¢is Metalleri.
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1. INTRODUCTION

The antiferromagnetic (AFM) material has gotten big attention in recent years
due their spintronic application. The antiferromagnetic materials show that the
magnetic moments of atoms or molecules are related to the spins of electrons. The
spins are pointing in opposite direction with their neighboring spins. The
antiferromagnetic property generally exists among the transition metal. Mostly,
transition metal oxide materials have that feature. The AFM can be used in spintronic
application. The spintronic application is going to be used in data storage, sensors and
etc. In this work, the Cr.0Os3 has been chosen to study, due to its antiferromagnetic
feature that can be used in spintronic application. One of the other important study is
in this work is that the growth has been done on natural oxidized silicon crystal
substrate as thin film which has an angstrom range thickness. Another reason is that
chromium is one of the transition metal that has very strong magnetic moment. That
can be improved by ultra-thin films, and it can be used for the multilayer thin film. Cr
oxides have several phases, such as CrO, CrOz, Cr20s and Cr3O4. CrO; is one of the
chromium oxide that is believed to be a half metallic ferromagnetic with a metallic
band structure for one spin and an insulating band structure for the other [1]-[3]. Its
ferromagnetic property makes it significant for spintronic application. Due to the merit
of CrOg, it is used in some area such as corrosion resistance and high coercively so it
is used in magnetic recording media and it can be used in spin-valve devices for
magnetic field sensing and information storage [2]. On the other hand, surface features
of CrO2 can be degraded in Cr.O3 phase [4] because of the environmental interruption.
For instance, the CrO- easily gets effect from the temperature. If the temperature is
above about 280° C, CrO. decomposes to the most stable oxide of chromium, a-Cr.03
and y-Cr203 has the corundum structure, it is used a very wide, for instance, it is an
important polymerization catalyst, and it is used in passivating stainless steel [5]. It is
also known that Cr2O3 films have been deposited by sputtering and, chemical vapor
deposition (CVD) and plasma spray pyrolysis. Previous studies report a good wear
resistance and a low coefficient of friction but hardness values well below the bulk
value. Furthermore, such as higher than 1600°C the stable oxide of chromium is a
tetragonally distorted CrzO4 spinel phase [6]. The formation of y-Cr2O3, a cubic spinel

phase, has also been reported for certain thin film growth conditions. Ordered single-



crystal samples of any of these chromium oxides are unavailable making their thin
films preparation more crucial. In addition to all above comments, currently chromium
oxide thin inter layers are studied in some researches about the multilayer thin films
towards the variety of technological applications. Such as Cr.O3 can be used as an
AFM for multilayer thin films [7], [8]. That’s why my thesis is about developing ultra-
thin layer of chromium oxides in well controlled manner.

The significant part is that researches were focused on the half metallic-metal
oxides films and the device components on the basis of these material. To develop
such advanced technological materials in multi-layer films form contains many
challenging steps due to the complexity. Another challenge is that to fabricate them
with long stability since CrO> cannot stay long to maintain its phase. However, Cr.03
could keep its structure. The new interesting materials with improved properties are
essential subject for the researches among science and technology to bind advanced
devices and multifunctional materials. It brings that producing deep knowledge of
properties of the materials on the atomic scale is necessary in order to understand the
origin of their macroscopic behavior. In condensed matter, nano-systems and
transition-metal oxides are expected to lead to a whole new range of electronic devices
based on spin transport. The new materials built by nano-structures with new tunable
properties require a precise knowledge of the structure. As long as the scale is reduced
in researches, the knowledge of valance band and surface electronic structure becomes
more dominant to find out mechanism in the nanometer range. As chromium oxide
thin films have wide applications area from the hardness values and low friction of
surfaces to the device based on multi-layer magnetic materials, it has many oxide
phases like a-Cr203, y-Cr203, CrOz, CrOs, CrgO21, Cr20s, and, CrsOg; that’s why it is
very critical to understand the relationship between the fabrications and the properties.

In literature, the chromium oxide films have been growth by Chemical Vapor
Deposition (CVD) [9], Plasma Spray Pyrolysis, Molecular Beam Epitaxy (MBE) [10],
[11], [12], Sputter [13] and Pulsed Laser Deposition (PLD) [13], [14]. In our study the
chromium oxide films will be grown in UHV (10 and 10°° mbar) conditions by using
Magnetron Sputtering Depositions during the growth the vacuum pressure is around
10 mbar. The thickness of films on naturally Oxide Si Substrates vary in range of 20
A to 200 A. In order to define oxide phase, the photoemission analytical technique,
XPS, will be used. This helps to characterize the electronic properties and chemical

stoichiometry of the growth surfaces.


https://en.wikipedia.org/wiki/Epitaxy

1.1. Half Metal Oxides and Chromium Oxides

The transition metal oxides (TMOs) become very popular in past decades. This
is due to the main materials for the state of the art technology product. Metal oxides
are a crucial class of chemicals having wide-range applications in many areas of
chemistry, physics and material science. Transition metal oxides have received
considerable attention in recent years by the reasons of their catalytic, electronic and
magnetic properties. Furthermore, they are very significant for semiconductor,
passivation, and magnetic material devices. And they are fabricated for micro-
electronic circuits, sensors, fuel cells, and as catalyst. With nanoscale metal oxides are
expected to possess better properties than those of bulk metal oxides. Metal oxide thin
films have nano-size and high density of cover edge surface sites; herewith, they can
demonstrate unique physical-chemical properties.

In addition, for exemplifying the TMOs; FexOy, CoxOy, CrxOy are more
common metal oxide materials that are being considered in science research. Hence,
the main goal is to obtain Cr.O3 phase due to the many merit of it. There are some
parameters that are considered because of their significant effect on growth of Cr20s
phases. One of the crucial parameter is the growth methods; there are many steps for
the preparation of transition metal oxide thin films; in this work, two methods have
been employed, and they are going to be explained. Each method has its own specific
parameters for growth. In this study, to be able to get a very well ultra-thin films of
chromium oxide, have obtained by two growth methods which were Pulsed DC and
RF magnetron sputtering.

CrO2 is one of the chromium oxide phases that has many applications. Besides
of that it also has taken part in growth of Cr.Oz phase, because as already
aforementioned the CrO decomposed to the Cr.Ozsuch as when CrO; thin films heat
to around 300°C, it decomposes. CrO> is one of the transition metal oxides that have a
rutile structure, due to its valance region, it has spin polarization that shows semi-metal
feature and ferromagnetic feature, its near region fermi level has spin polarization that
it almost has 100 % spin polarization [1], [6]. Due to this feature, it can be used in
magnetic field sensor and records. As a result of this, it is a promising material for
magnetic applications. Moreover, it can be used for magnetic tunnel junctions, and it

also can be used to develop the spin valves for spintronic devices [16]. According to



the study, under latm oxygen pressure, between 23°C and 390°C, CrO: surfaces
thermodynamically are stable and it has more organized structure [2]. On the other
hand, it shows quasi-steady feature for the other conditions. Due to its quasi-steady it
can be transfer to the Cr.O3 form which is more stable form of the chromium phases
by change the oxygen pressure and temperature. Mostly, chromium oxide thin films
are transferred to the corundum-Cr.0s form which is more stable phase through
chromium oxides phases. The transformation depends on thickness, growth
temperature, and ambient oxygen pressure. In the forward pages, it is going to be
explained deeply with many performed parameters, for instance, when the sample
annealing to around 300°C, the thin film shows strongly Cr3*. In vacuum condition,
CrOz surface, without care about the temperature and thickness just losing oxygen then
it becomes Cr20s. It is not easy to attain CrO2 phase; due to the difficulty of growth of
CrOz thin films. And its stability is also a big issue. Cr2Os, however, is more stable and
can be grown easily rather than CrO». Due to the previous statements, the aim of this
study is growing the Cr20Os ultra-thin films with reactive magnetron sputtering on
naturally oxide silicon single crystal. In this work, reactive magnetron sputtering is
preferred because, it is suitable for industrial application and possible to grow a very
well ultra-thin films. The magnetron sputtering is performed in UHV condition that
has base pressure less than 10° mbar. It provides controlled growth of Cr.O3 thin films
thin films. Chromium transition metal has different oxide phases such as CrOs, Cr20s,
CrgO21, Cr20s, CrO., and Cr304. CrO2 and Cr.03 which are the most preferred for
studies. In this work, some phases have been seen in the films growth of chromium
oxide. Even though the Cr.Oz was the goal, the other phases can be seen from the XPS
spectrum. But after some treatment, the single Cr.Oz phase can be obtained, and it is
going to be illustrated in the later parts. Specifically, the Cr.O3 has been sought
because of its stability through all CrcOy phases thermodynamically, and also this
phase is insulator [3], [5], [15] and this phase also displays antiferromagnetic feature
[17]. Due to its hardest and resistance to chemical, it has been used in many
applications in literature [18]-[23]. One of the application is piezomagnetism in
epitaxial Cr20s thin films and spintronic application [16].

CrO2 has a quasi-steady property and this feature is a handicap. Therefore, the
thin film of CrOz can be transformed to Cr.0O3 phase which has antiferromagnetic and
insulator feature by changing the temperature, and it is thermodynamically more stable

[10], [24]. At the same time under the atmospheric condition it can be transferred to

4



the Cr203 phase [25]. Due to unwanted restriction growth of CrOzand unstable of this
phase, CrOz based technological applications majorly are restricted. In general, there
are two main restrictions to use CrO; in technological application. One of the problems
is the obtaining of pure CrO> phase or multiple structures due to the growth difficulty
and under atmospheric instability. The growth of CrO. films and multiple layer
preparation are preferred under low pressure (<=1 bar) rather than using high pressure.
However, Shibasak.Y et al., their work of phase diagram shows the conversion of CrO>
to Cr203 changes under high oxygen pressure (>= 1 bar) and high temperature (400-
650°C) [26]. From this point of view, the restriction of the low pressure has displayed
that Cr.03 has more stable phase, due to in this work, it has been done under UHV
condition. Therefore, under the low pressure to be able to overcome facing the
thermodynamically difficulty needs to have special precursor, substrate and
appropriate techniques to prepare Cr203 thin films.

One of the significant chromium phase is (Cr**) CrO,. CrO stability depends on
deposition techniques [11], [27], oxygen partial pressure [28], substrate materials [29],
temperature [2], [28], even crystal structure orientation [2], [29], [30]. CrO2 with the
proper lattice parameters, a=4.41 A and ¢ =2.91 A, can adapt to rutile crystal structure
[31]. While growing of the Cr,0s3, the CrO2 main peak can be seen. In the following
part, where the sample growth and analysis are going to be stated, this feature can be
seen from the XPS spectra. It can be seen that either growth CrOz or Cr203 thin films,
the growth parameters are very significant.

To be able to grow the stable Cr,Oz phase, all mentioned parameters are
performed for this study. In part three, it will be explained. As mentioned above
chromium phases, it could have many phases at the same time, just have one pure
phase is quite hard. To obtain the expected phases of the Cr oxide, the growth has been
done for several substrate temperatures, different gas pressures were used to obtain
desired optimized parameters for Cr oxide growth. In literature, there are many studies
have been employed. Such as, under the latm oxygen pressure, the stable films
obtained between 330°C and 390 °C, and also it depends on substrate materials and
orientation [13], [29], [30], [32]. However, for some works the growth has been done
even at low substrate temperature which is around 100°C in the vacuum condition [2].

As temperature, vacuum, oxygen and argon gases have effect on stability of
Cr203phase, the growth methods also have impact on. There are many growth methods
have been used in literature, such as by using MBE [10], [11], [12], Sputter [13] and
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PLD [13], [14]. On the other hand, CVD technique can do deposition at the high
oxygen pressure and high temperature, more stable CrO; thin films were grown [2],
[29], [30], [32]. But still it is very difficult to obtain pure CrO, phase by CVD
techniques. According to Sokolov, the films which were prepared by RF sputtering
techniques, analyzed by XRD and XPS techniques, XRD peaks showed that the film
consisted of CrOz phase, however, for the same sample XPS showed the Cr.O3 peaks
[13]. In literature, the most used analysis techniques were XRD and Raman
Spectroscopy which have less surface sensitivity than XPS. Therefore, in this work the
XPS mainly is employed for analysis of thin films due to high surface sensitivity since
decomposition occurs on the top of surface of thin films. Considering that situation,
the growth of the CrO, cannot be stated as a successful work. One of the other work is
that the sample had been taken out to the atmospheric condition, and they reported that
the specimen displayed the Cr.O3 phase [12]. Furthermore, the literature study shows
that the preparation of CrO., even though CVD techniques show some distinct
successful studies, it is not sufficient for technological application. Such that the CrO>
multiple layer films which prepared for spintronic application result; on the contrary,
thermodynamic obstacle, irregular interface, and under the atmospheric condition, the
stability could not be obtained, therefore, the expected result was very smaller than the
theoretically one [33]-[35].

The importance of the chromium oxide phases has been explained for
technological application. In this case, therefore, the metal oxide is the main work of
this study. Specifically, this work is devoted to the chromium oxide. The following
parts will explain why chromium oxide has been chosen. Another significant event is
that the reason of CrOz is mentioned here is due to the growth of chromium oxide can
be in the form of CrO; easily, however, it can transfer to the Cr.O3 phase by post
annealing.

Cr203 deposition displays very good properties such as high hardness, good wear
resistance, low coefficient of friction, chemical inertness, mechanical strength, and
also better corrosion and oxidation resistance [36]. Cr.Os, also, is the hardest material
among all the chromium oxides phases. These coatings have been used in many
applications, such as corrosion protection, wear resistance, electronics and optics.
Since Cr exhibits multiple oxide states (+3, +4, +6), previous studies show that tight
control of the oxygen partial pressure and substrate temperature during the evaporation

of Cr metal has to be fulfilled in order optimize the growth of stoichiometric Cr.03
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films. Beside of the ultra-thin film of Cr.O3, the bulk Cr.O3 has close-packed
corundum structure (a = 4.958 A, ¢=13.594 A) with rhombohedral symmetry [37].

The purpose of this study is controlled growth of Cr203 thin films by RF and
Pulsed DC and analyzed with XPS. The Cr.0O3 phase is utilized by RF magnetron
sputtering and Pulsed DC magnetron sputtering. Chromium oxides, CrxOy, are popular
because of the difference in their applications in variety of fields such as protective
coatings for read-write heads in digital magnetic recording units, applications
involving corrosion/oxidation resistance, decorative coatings and coatings with
specific optical, or electrical properties, and in glass blowing applications. Also, the
Cr203 is very good candidates for protection of steel and decorative applications due
to its hardness. The oxygen atoms in y-Cr2Ozcrystalline structure (rhombohedral) have
a hexagonal close-packed (HCP) arrangement which is known as the corundum
structure. The growth of chromium oxide can be done by many variety techniques such
as Physical Vapor Deposition (PVD), lon Implantation, Chemical Vapor Deposition
(CVD), and Thermal Spray [38]. The Molecular Beam Epitaxy (MBE) growth
technique at a chamber base pressure of 5x101* mbar was used; the single crystalline
Cr203 (111) films were grown on c-plane Al>Os3 substrate by thermal evaporation of
Cr metal from a Knudsen cell in an Oz background pressure of 2.2 x 10® mbar and its
substrate temperature was maintained at 300°C [16].

In this thesis, the aim of the work is to grow the chromium oxide by Pulsed DC
and RF Magnetron sputtering and Chromium Oxide centrally be using Photoemission
Spectroscopy in surface characterization. In general, there are many other methods to
grow Cr203. CrxOy has many different phases, the other phases have been seen for
some studies. Each CrxOy phases have their own properties, and applications. Cr203
study for controllable work and analysis of the Cr.Os, and in order to define oxide
phase XPS is used. This helps to characterize the electronic properties and chemical
stoichiometry of the growth surfaces. The spectrum of the surface will give the ratio
of Cr/O. This assures that which chromium oxide phases have been grown and if any
other phases exist, their ratio also can be calculated.

The interest in chromium oxide based coatings is motivated by the fact y-Cr.O3
is insulator, antiferromagnetic, among the hardest oxides, and has many current
applications in, e.g., hard coatings, recording media, and spintronic. For wear-resistant
coatings, y-Cr20z is also relevant as a template layer for growth of y-Cr.Os and y-

Al;0s3. PVD of Cr203 deposition is often employed by RF Sputtering gun, and for
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industrial purposes, upscaling is an important challenge. The magnetron sputtering is
utilized to be able to transfer this technology to industry.

Many different substrates have been used for Cr,0z growth thin films in
literature for instance, Ag, Cr, Pt, Si. For this work, Si substrate has been selected. The
following step will be done respectively in this study. The Chromium oxide films will
be grown in UHV conditions by using Pulsed DC and RF Magnetron Sputtering
Depositions. The thickness of films on naturally Oxide Si Substrates vary in range of
20 A to 200 A. Si is used due to structure of growth of CrOy on the Si substrate, the
influence of oxygen’s partial pressure and substrate biasing on the growth and
properties of CrxOy thin films have been reported in the literature. It has been shown
that when the number of consumed oxygen atoms equals to the sputtered chromium
atoms the deposition process moves from metallic to reactive. However, this one to
one ratio causes target poising and therefore reduces the deposition rates especially it
happens for DC and Pulsed DC. The Pulsed DC is better than DC. It is possible to
grow oxidic thin films by Pulsed DC then DC sputter gun. However, with Pulsed DC
deposition is not possible for long time. After a while the target gets poisoned and the
deposition ratio decreases, finally the deposition rate totally stopped. The restriction
of Pulsed DC growth method forces to find out a new method which can do deposition
for long term. Generally, Cr.Oz thin films can be deposited with various technologies
including thermal spray [38], sputtering, and ion implantation. Chromium oxide,
Cr203, is a material which has been used for the protective coating of mechanical
components due to its outstanding wear resistance. It is generally deposited by RF
cathodic sputtering of a chromium oxide target [39]. Even in this study, the RF method

is going to be used. It is very good way to deposit the chromium oxide thin films.

1.2. Thin Films and Surfaces

In general, the thin films thicknesses are from nanometer to micrometer range.
The ultra-thin film growth supplied controlled fabrication of materials. The thin films
growth is very significant for technological application due to that it can be acquired
and prepared the wanted materials. The thin film has a homogeneous material. Thus
makes it appealing for the recent technology. The thin films can be grown on a

substrate to deposit on it by many different growth techniques. The percentage of the



material can be controlled. The thin films are employed in the UHV condition, in order
to keep the thin films clean by avoiding the contaminants. The deposition of the thin
films could be coated on glass, polymers and metals.

The surface of a material displays the characteristic feature of a material,
therefore, the surface of the sample is very important. It is because of the surface which
can easily contact to the environment. And contact with environment could change the
surface structure. Therefore, most of the ultra-thin films growth are being done under
UHV condition. The growth chamber and analyzer are connected over load-lock, so
the system required to be design as a cluster. So the surface maintains clean ambient
by preventing the sample without exposing to the environment.

e Surface Photoemission

Surface photoemission is a method that for probing the material surface chemical
composition. This elemental analysis will give the species atoms on surface,
concentration of surface atoms and vertical distribution such as on surface or near
surface. The surface Photoemission requires a source. In this system the XPS analytic
chamber consists of the Twin Anode which consists Mg and Al anodes. The source of
the light created by applying the bias to the filament then filament emits the electron,
and this electron hits the either Mg or Al anodes depends which is going to be operated.
The X-ray goes through the aluminum window to decrease bremsstrahlung irradiation.
The source of light from the either from Mg Ka (1253.4 eV) or Al Ka (1486.6 eV)
will hit the specimen and ejected core electron which consists idea of the element.
Another method can be used to analyze the specimen by X-ray is synchrotron. In
synchrotron, kinetic energy is from 0.1 to 5 keV. The light penetrates the sample
depends on its energy. Another more important thing is the inelastic mean free path
(IMFP) which is the average distance between inelastic collisions. The IMFP depends
on kinetic energy and it is higher for low kinetic energy. Besides of this, while these
methods are surface sensitive, below the surface where X-ray could not penetrate the
sample, the sample can be sputtered, then the composition of the sample below can be
defined.

The photoemission spectrum depends on core level electron binding energy. S
orbitals do not have spin-orbit splitted due to its | = 0. And it is singlet in XPS.
However, for 1 >0, p, d, f..., orbitals are spin-orbit splitted, therefore, they are doublet

in XPS. Besides of the XPS, the Auger peaks always accompany the XPS. The Auger

9



electron occurs when the core electron ejected by the x-ray the above level electron
relaxation, the amount of that energy release. This energy will eject an electron and
this electron’s kinetic energy is independent from the source energy. Therefore, to
probe a real peak can be controlled by this feature using two different sources. If it is
a real peak it would stay the same otherwise it would either shift or vanish. The
equation (1.1) gives the binding energy (Eg).

Eg=hv— E,— @ (1.1)

The XPS data analysis is read by Ep because, the elemental analysis of the
sample, the characteristic of the atom feature depends on the binding energy. Binding
energy gives the element and the binding energy shift defines the chemical component.
Where hv is the photon energy from the source, Ex is the kinetic energy of the ejected
electron from the core shell of surface specimen. @ is the spectrometer work function.
While one of the core state remains abundant, that should be filled by above electron.
One of the electron from the above level fills that hole, the amount of relaxation energy
emits that energy could eject an electron. That electron is called Auger electron.
Dependent on Auger electron energy spectrum analysis is known Auger electron
energy spectrum (AES). And it does not dependent on source energy.

_ 538a (1.2)

a — EZ_

0.41a(aE)%®

The analysis of the sample with XPS and AES spectra are taken from the surface.
The photon penetration in sample is dependent on attenuation length (A,) of electron
which is dependent on the inelastic mean free path (IMFP). The relation of A, in
material is seen in equation (1.2). In equation (1.2), where E is the energy of the
electron in eV, (a)® is the volume of the atom in nm? and A, is in nm [40]. By being
surface analysis with XPS that one of the merit of the XPS is that it is not surface
destructive [41]. Therefore, it is used widely to characterization of ultra-thin films.
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1.3. Outlines

In this work, the information which is mentioned in the above is all about the
importance of the ultra-thin films and their growth and analysis system. Due to its wide
range technological application and merit of it. The chromium oxide growth is
performed by magnetron sputtering and analyzed by XPS. There are couple substrates
used for Cr,Oz growth thin films. Natural oxide silicon crystal (100) is used as
substrate in this study. This silicon peace was cleaned with ethanol before mounted in
the load lock. The sample, initially growth with Pulsed DC magnetron sputtering. The
sputtering gas is Argon and for growth of oxide thin films, the oxygen is sent to the
chamber. The thin films of the Cr.0s, is affected from the substrate temperature, gas
partial pressure and post annealing. These all parameters were employed to find the
optimized parameters for growth. Because for the thin film growth the argon oxygen
pressure have influence on the film structure [42]. After determine the Pulse DC
magnetron sputtering parameters, then the RF magnetron sputtering has been
performed. The parameters have been sought here also. Each film growth thickness
was controlled by QCM. Moreover, the thin films spectrum has been taken after each
growth by XPS. The XPS has been chosen due to the surface sensitivity. It gives the
information of chemical composition of surface. Which elements are there and what
are their ratio can be calculated. The following part will explain whole study which is

briefly mentioned in the above.
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2. EXPERIMENTAL TECHNIQUES

2.1. Thin Films Preparations

In this part; the thin films specimen’s growth and analyzer techniques will be
discussed. Due to the mandatory of the preparation of ultra-thin films is required a
clean ambient, thereby these samples are prepared under UHV (Ultra High VVacuum)
condition with magnetron sputtering. The UHV condition is necessary requirement for
the growth chamber and the analytical chamber which both are combined over a load-
lock chamber to build a cluster chamber; so that the film growth processes and
characterizations are done in-situ for this work. The growth and analysis system will

be stated respectively in following sections.
2.1.1. UHV Cluster Chambers

It is required that the chamber should be kept in the UHV condition in order to
avoid contamination during growth and analyzing of the samples. The UHV condition
was obtained by Advanced lon Pomp and Turbo Molecular Pumps (Pfeiffer Brand)
supported via foreline by Mechanical Pump. The Turbo Molecular pump is supported
by a mechanical pump to obtain high vacuum where is used to obtain high vacuum in
the growth chamber. The Cluster system packed by the growth and analyzer chambers
with full equipped is shown in Figure 2.1 which has been bought from the BESTEC
Company. One of the significant pumps is lon pump that is using to obtain and
maintain UHV condition for the XPS analytic chamber which able to reach 1071° mbar.
The ion pump basically works by ionizes the gas within the vessel that it attaches to
and applies a strong electrical potential, generally it is around 5 kV, which allows the
ions to accelerate into and be captured by a solid electrode and its residue. Another
pump is used in XPS analytical chamber is titanium sublimation pump (TSP) that can
be used as a component of ultra-high vacuum systems. The operation of TSP is based
on a titanium filament through which a high current is passed periodically. This current
causes the filament to reach the sublimation of titanium, and hence the surrounding
chamber walls become coated with a thin film of clean titanium. Since clean titanium

is very reactive, components of the residual gas in the chamber which collide with the
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chamber wall are likely to react and to form a stable, solid product. So the gas pressure
in the chamber is diminished.

W
XPS Analytic
Chamber

Magnetron Sputtering
Chamber

Figure 2.1: Magnetron sputtering and XPS analytic chamber.

In a UHV chamber the turbomolecular pump (TMP) is very crucial to obtain and
maintain ultra-high vacuum. For an efficient TMP, the foreline needs to be in low
pressure therefore the TMP pump generally supports by a mechanical pump as it
shown in Figure 2.2. So, the chamber vacuum base could be maintained around 107

mbar.
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Foreline

Figure 2.2: The schematic view of Turbomolecular (TMP) and Rotary Pumps are
combined by Foreline.

Moreover, Turbomolecular pumps sweep out a larger area than mechanical
pumps. and TMPs do so frequently, thus making them capable of much higher
pumping speeds. They do this at the expense of the seal between the vacuum and their
exhaust. Since there is no seal, a small pressure at the exhaust can easily cause
backstreaming through the pump. Therefore, the exhaust should be in low pressure. In
high vacuum, however, pressure gradients have little effect on fluid flows, and
molecular pumps can attain their full potential. Turbomolecular pumps will stall and
fail to pump if exhausted directly to atmospheric pressure, so they must be exhausted
to a lower grade vacuum created by a mechanical pump. Therefore, as it is displayed
in Figure 2.2. the turbomolecular pumps backs up by mechanical pump. The
mechanical pump is connected to the venting connection of turbomolecular pump to
provide a low pressure or a vacuum to support turbomechanical pump efficiently.
Furthermore, besides the turbomolecular pump, Cryopump (Leybold Brand) can be
used instead of turbomolecular pump to obtain ultra-high vacuum. This pump also
needs mechanical pump for back up. After regeneration the residual gas pump out by
helping of the mechanical pump.

In conclusion, the ultra-thin film studies require UHV, and also in situ growth
and analysis is very crucial because of avoiding of the contamination. Thus this system
is built as a cluster system. These two different systems have been connected by a load

lock as it can be seen in Figure 2.1. Initially, the samples mounted to the load lock.
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The load lock can have ten samples at one time. Then the load lock is vacuumed. When
the load lock vacuum reaches the UHV, the sample can transfer to the growth chamber
by transfer arm. After the growth completed, by transfer arm the sample transferred to
the load lock. And then the sample again by the transfer arm which can sample transfer
to the XPS analytical chamber for elemental analysis. By following these steps, the
sample without exposing to the air. The sample is prepared in situ. The base pressure
of the growth and analytical chamber are maintained by the connected pumps which

are mentioned before.

2.1.2. Substrate Preparation Before Growth Process

Before growth process has been started, there are some processes that need to be
followed to make a sample with well defined-surface. The well-defined surface leads
to grow the controllable thin films on substrate. Undefined surface would bring some
problems which would not be determine due to the not well-define surface, because
the problems can be either from the surface or external conditions such as gas
pressures, temperature, and applied bias. To be able to define a well surface, the
following process has been employed to the natural oxidized single silicon crystal
(100). Another important part is that a clean and well defined specimen needs a clean
environment both the growth and analytical chamber, so the chamber needs to be in
UHYV condition which is explained above in detail. That is provided to establish clean
conditions for the preparation of a well-defined solid surface or the performance of in
situ studies on a freshly prepared interface.

In this study, naturally oxidized silicon (100) single crystals are used as the
substrate. The piece of polished Si single crystal is cleaned and mounted on holder.
The Si crystal substrates are cleaned in ultrasonic bath. Then the specimen is flushed
with ethanol. The sample is ready to mount on the sample holder. Then it can be
transferred to the load lock. The sample is cleaned to avoid any residue from ambient.
This cleaning process has been done outside of the system.

When the sample mounted to the load lock, then system is closed then it is
pumped. When the load lock reaches the UHV, the sample can be transfer to the
chamber for growth. Another cleaning process applied here to remove any adsorbent
contamination on the substrate, so the sample is heated up to 600°C by a Pyrolytic
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Boron Nitride (PBN) heater. This heater is mounted on the manipulator. This heater
can do the thermal radiation in UHV condition, so the specimen can heat up the sample
to the desired temperature. Another process is etched or sputtered the substrate to clean
the surface. The etching is placed between load lock and growth chamber. The sputter
gun is placed in analytic chamber. One of the important part is etching process which
is very crucial to clean the substrate. The etching is mounted between the growth
chamber and load lock. In addition, there is a sputtering system is mounted in
Analytical chamber to clean the surface.

The surface of the substrate is defined by XPS or LEED. XPS provides the
elemental analysis of the surface to assure that there is any contamination on the
surface. XPS has about 5 nm sensitivity. LEED is working differently compare to the
XPS. LEED illustrates the crystal structure. It has a very surface sensitivity. Its
sensitivity is around 1-2 layer. There are many other advantage of the magnetron
sputtering will be discussed in the following.

Furthermore, the sample growth is obtained in the UHV chamber, before starting
the deposition, the pressure of the chamber was less than 5 x 10° mbar. Basically, the
magnetron sputtering growth is working by sending argon gas in to the chamber,
because sputtering gas is often preferred as an inert. However, the reactive gas also
can be used. There is disadvantage of the reactive gases as being used for sputter gas,
because they can contaminate the sample surface. Therefore, in this work argon gas
was used. Gases which are used in this system, are not directly feed through the system.
Before feeding through the system gases filtered then feeding to the chamber. The
argon is used to sputter the target. It works by applying bias to the target, the ionized
Ar* hits the Cr target, then ejected Cr deposits to the Si substrate by field force. The
oxygen is fed to the system during the growth. Due to the main purpose of this work
is to growth Cr.Q3, therefore, while growing Cr on the Si substrate, the oxygen also is
fed into the chamber for obtain Cr.Os phase. The merit of the sputter is let to grow the

controllable thickness of thin films.

2.2. Magnetron Sputtering Thin Film Deposition

The magnetron sputtering system has capabilities to grow the film thickness in

range of the angstrom to micrometers thickness growth to fabricate multilayer
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deposition. The magnetron sputtering is a mechanism by which atoms are removed
from the surface of a material as a result of collision with high-energy particles. The
magnetron sputtering is a physical vapor deposition (PVD) technique wherein atoms
or molecules are ejected from a target material by high-energy particle bombardment
so that the ejected atoms or molecules can accumulate on a substrate as a thin film. It
is a very widely used method for deposition method that can have variety target
materials such as Al, Au. Cu, Cr, Ti and Pt.

The reactive magnetron sputtering system is mainly working by magnetrons
make use of the fact that a magnetic field configured parallel to the target surface can
constrain secondary electron motion to the vicinity of the target. The magnets are
arranged in such a way that one pole is positioned at the central axis of the target and
the second pole is formed by a ring of magnets around the outer edge of the target.
This holds the electrons in this way significantly rises the probability of an ionizing
electron-atom collision occurring. The increased ionization efficiency of a magnetron
results in a dense plasma in the target region. This, thereby, leads to increased ion
bombardment of the target, giving higher sputtering rates and, therefore, higher
deposition rates at the substrate. In addition, the increased ionization efficiency
achieved in the magnetron mode allows the discharge to be maintained at lower
operating pressures (~10" mbar) and lower operating voltages than is possible in the
basic sputtering mode [43].

In magnetron sputtering the applied power can be manipulated. The applied
power has influences on particle size and deposition ratio. While with high power
value the big particles are ejected, the low power is ejected small particle seize that
has a very uniform homogenous thin films. Thereby, while growth any sample with
magnetron sputtering, attention should be paid for the applied power. It causes the thin
films uniformity and quality.

Moreover, the sputter system is a physical vapor deposition system that
sputtering process consists a target (or cathode) plate is bombarded by energetic ions
generated in a glow discharge plasma, situated in front of the target. The bombardment
process causes the removal or sputtering of target atoms, which may then accumulate
on a substrate as a thin film. Secondary electrons are also emitted from the target
surface as a result of the ion bombardment, and these electrons play an important role

in maintaining the plasma [43].
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As it is displayed in Figure 2.1. The magnetron sputtering chamber consists of
the six target guns. Two of them are RF, three of them are DC, and the other one is
Pulsed DC. The target guns are parallel to the sample holder. Even it is also parallel to
the sample during growth. The sample is prevented from the contamination of initial
target sputtering by shutter. Before any growth has been started, initially the target
needs to be cleaned by feeding the chamber by argon gases to sputter any
contamination on surface.

As it is mentioned above the growth chamber has three different sputter guns to
do deposition. RF is one of the method that generally is using for insulators and
magnetic materials. However, with the DC is not possible to grow the insulating
material due the charge formation on the target surface. This causes the target
poisoning. When the target is poisoned, the growth slowly decreases and finally stop.
DC sputter gun is used for conductive materials. And also, it is very fast compare to
the RF. One of the other sputter gun method is Pulsed DC sputter gun. Which is
alternative to the RF and DC sputter guns. It can be used instead of both methods. And
it has a frequency between ranges of 10 to 100 kHz.

In addition, the gases which are used in this system are very clean. Even they are
very clean, still need to be filtered. The gases which is going to be used, before feeding
through the chamber, the gases filtered which is heated about 300 °C. The gases purity
clarified by residual gas analyzer (RGA) to assure that the gas does not consist any
contamination. The RGA is a mass spectrometer which is using for controlling the
UHYV chamber system to monitor the contamination or any leakage.

As it is already aforementioned the magnetron sputtering. The magnetron
sputtering is very beneficial method to grow the ultra-thin films. It has many
advantages that is going to be discussed. Basically, the magnetron sputtering consists
of magnets. Magnets are used to increase the percentage of electrons that take part in
ionization phenomena which is very crucial for growth. They increase probability of
electrons striking argon, and increase electron path length, so the ionization efficiency
is increased significantly.

There are many reasons that the magnetron sputtering is picked. Some of the

reasons are,

e Low plasma impedance and thus high discharge currents from 1 A to 100 A.
e Coating rates in the range from 0.1 A/s to 10 nm/s. And it can be control.
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e Low or high thermal load to the substrate.
e Deposition uniformity.

e Dense and well adherent coatings.

e A wide range of target materials.

e Sample holder can be heat up by PBN.

e Sample holder can be cool down by cooling system [44].

Due to the merit of magnetron sputtering, the magnetron sputtering is used for the
ultra-thin films growth. The magnetron sputtering can be easily used in industrial.
Because it is possible to use a large target and substrate to grow. Therefore, it is very
important to be able to make any new materials and able to use in industrial
application. Moreover, it is used in industrial work due to the reasons mentioned below
and also magnetron sputtering can be used for large areas. Furthermore, because of its
advantages magnetron sputtering is a coating technique widely used for large areas
such as deposition of optical, metallic and hard coatings application [45].

Besides of the advantage of the magnetron sputtering, there are some main parameters

that need to be paid attention:

e Argon pressure

e Sputter voltage

e Substrate temperature

e Substrate to target distance

e Deposition time

These parameters are very significant while operating the system to pay attention
to grow a perfect thin films. Any of the above parameter changes can affect the thin
films. Their effects can be seen in our thin film of Cr oxide. Helium is also can be used
instead of argon gas for sputtering. It is not used widely due to its cost. It is very
expensive. Therefore, researchers commonly use argon as a sputtering gas.
Alternatively, for reactive magnetron sputtering other gases like oxygen or nitrogen
are fed in to the sputter chamber additionally to the argon, to produce oxidic or nitridic

films. During growth of Cr on Si substrate the oxygen is fed in to the chamber.
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Furthermore, during growth the oxide and nitride thin films, argon, oxygen and
nitrogen partial pressure is also significant to obtain a perfect thin films,

Reactive magnetron sputtering chamber which is used in this work is fabricated
by BESTEC which has 2 RF, 3 DC and 1 Pulsed DC that has 3 inches diameter
Magnetron Sputter Guns and work in UHV condition with base pressure < 5x107
mbar. The deposition is made in this chamber which can deposit oxide films by
Magnetron Sputtering. Due to the DC sputter gun poisoning issue the best growth
acquisition performed parameters has been probed by RF and Pulsed DC in this work.
Even the Pulsed DC can be poisoned after long time exposed to the oxygen. The Cr203
thin films have been employed by both methods. Cr20Os3 thin films are obtained by the
pure chrome target which positioned in the RF source place and Pulsed DC source
place, the growth is happened by giving the system argon and oxygen gases. The
growth samples thickness is monitored in situ by Quartz Crystal Microbalance (QCM)
which is mounted on the movable sample holder. In addition, to prepare and after
preparation the specimen annealed by PBN heater which is also mounted on movable

sample holder.

Vacuum

Figure 2.3: The schematic view of Magnetron Sputtering Chamber: RF, DC, and
Pulsed DC sources. Vacuum Pump and Load Lock.

2.2.1. DC Magnetron Sputtering Process

By DC-Magnetron Sputtering, practically as it is mentioned before, a negative
potential V up to about 100 Volts can applied to the target. As a result, the argon-ions
are accelerated towards the target and set material free by hitting the target material,
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on the other hand they produce secondary electrons. These electrons cause a further
ionization of the gas. DC Magnetron Sputtering is faster method among magnetron
sputtering methods. However, for oxidized samples, it is hard to grow thin films.
Because, DC target either poisoned or arcs can occur. Therefore, growth with DC
sputter gun would not allow to grow the thin films. Because, if the target is poisoned,
the growth would stop.

2.2.2. Pulsed DC Magnetron Sputtering

One of the other method of magnetron sputtering is Pulsed DC power. It is
widely used for reactive magnetron sputtering, particularly for dielectric materials.
While it was not possible do dielectric materials growth with DC sputter gun. This
issue is solved by Pulsed DC. This was carried out by periodically discharging the
voltage on dielectric films reactively deposited on the target, actually preventing the
occurrence of arcs. Due to that property it can be alternative to the DC restriction. The
concept of voltage reversal to prevent target arcs during reactive sputtering. An
important aspect of this development was the use of voltage reversal as an effective
way to handle the few arcs that did occur. It is fast compare to the RF sputter gun.
Even it can be used for chromium oxide thin films, the Cr target can poison for a long

time exposing to the oxygen.

2.2.3. RF Magnetron Sputtering

Another method of the Magnetron Sputtering is RF sputtering gun. The problems
which are faced with DC and to be solved with Pulsed DC have been tried to overcome
with RF sputter gun. Still most of the problems could not overcome by DC and Pulsed
DC sputter guns, such as arcing, oxidation and charge accumulation on the surface.
Therefore, RF magnetron sputtering is suggested for deposition to handle this kind of
problems which are already mentioned. The bombardment of a non-conductivity target
with positive ions would lead to charging of the surface and subsequently to shielding
of the electrical field. The ion current would die off. Therefore, DC sputtering is
restricted to conducting materials like metals or doped semiconductors. In RF

sputtering gun an AC-voltage is applied to the target. In one phase charge neutrality is
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achieved. Hereby also sputtering of a non-conducting materials is possible. Both
conducting and non-conducting materials can be sputtered. Therefore, the dielectric
films can be growth. And also higher sputter rate at lower pressure can be obtained by
RF Magnetron Sputtering.

All three methods have been discussed above that need a UHV system, thereby,
before deposition the sputtering chamber was evacuated with a turbo-molecular pump
down to a base vacuum pressure of less than 5x10™° mbar and also it is possible to use
cryopump instead of turbo-molecular pump to obtain that vacuum level. Prior to each
deposition run the target was cleaned for 10 min by pre-sputtering in argon
atmosphere. During the cleaning process of the target, the sample covered by the
shutter which was monitored from the computer. During the growth the shutter draws
off that let the substrate exposes to the target ejected materials. Therefore, the target

materials are accumulated on the substrate uniformly.
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Figure 2.4: Magnetron Sputtering Plasma and Coating Process.
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The magnetron sputtering as it is shown in the Figure 2.4, displays the common
events of plasma and coating process. The targets are placed on upper side and
substrate holder is in the bottom side. The sample holder can move up and down and
it is also rotate under the targets. The sample can be heated by a PBN and also there is
a cooling system that cools the sample holder. The QCM is mounted to movable holder
that it provides information about the thickness of the thin film. After sample
transferred to the chamber, before starting to grow to get a homogenous thin films, the
target needs to be cleaned. Therefore, initially the sample is obscured by shutter. The
bias is applied to the target then the sputtering has been started. Any contamination or
oxidation on the target would be removed. After this process the sample growth has
been started. The sample growth has been controlled by QCM in-situ. The QCM is
selected due to its well-established technique for detecting physical feature of thin
layers deposited on the crystal surface on the angstrom range. The QCM is very
sensitive to detect the thickness. It measures the change of the frequency of a quartz
crystal resonator which gives information about the mass variation on surface. To

obtain a very high sensitive QCM, it is calibrated with XPS.

2.3. X-Ray Photoelectron Spectroscopy (XPS)

The growth of the samples is done by reactive magnetron sputtering. The growth
of the thin films is very significant and delicate. While growing the ultra-thin films by
magnetron sputtering, the thickness is controlled by QCM. However, the chemical
composition is needed to be define, therefore, the specimens transferred to the XPS
analytical chamber. The analysis of the sample assures that the expectation of the
growth will be confirmed to rich. In this work, XPS is used to analyze the sample to
examine the Cr oxide phases. Basically, XPS, providing the information about the
occupied electronic levels below the Fermi level, is a modern technique with high
surface sensitivity ranging up to 10nm. Briefly, XPS based on photoelectron effect.
Spectroscopic method, the sample which exposed to light, then the electron called
photoelectrons eject from the core level electrons. They are detected by a charge
analyzer within the function of their kinetic energies.
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XPS is a state of art instrument that is used almost all elements to analyze except
hydrogen and helium. Furthermore, the XPS is also called ESCA (electron
spectroscopy for chemical analysis). XPS mainly interested in core electron. In XPS,
there are some feature that is very significant parameter that to analyze the
spectroscopy. Each element has its own characteristic binding energy associated with
each core atomic orbital. Therefore, each element gives rise to a characteristic set of
peaks in the photoelectron spectrum at Kinetic energies determined by the photon
energy and the respective binding energy. The presence of peaks at particular energies,
therefore, indicates the presence of a specific element in the sample under study,
furthermore, the intensity of the peaks is related to the concentration of the element
within the sampled region. Thus, the technique provides a quantitative analysis of the

surface composition. This gives the ratio of element and their chemical bound relation.

2.3.1. Instrumentation for XPS

As explained the spectrum of XPS has very significant role for define the
elements. Besides of that, the instrumentation is also very important, therefore, in this
part the instrumentation will be discussed. The Figure 2.5 is a block diagram of a
typical XPS spectrometer and its brand is SPECS. The basic components of the system
are an X-ray source, a sample, an electron monochromator, a detector, a scan, and
readout system. Since it is necessary to ensure that the mean free path of the
photoelectron is large enough to allow it to traverse the distance from the sample to
the detector without suffering energy loss, XPS requires a vacuum technique with a
maximum operating pressure of approximately 5x10°® mbar for long operation life time
and suppressing background noises on spectrum. Therefore, the base pressure of the
XPS analytic chamber is around 10°*° mbar.

The X-ray tube consists of a heated cathode at high negative potential and a
water-cooled anode maintained at ground potential. Since the major contribution to the
FWHM of a photoelectron line is the inherent width of the X-ray line, such as Mg Kq
and Al K. with a half-width of approximately 1 eV are usually employed for
photoelectron excitation. With x-rays, the FWHM of the photoelectron line is

minimized. It is possible to further reduce the width of the exciting X-ray and thus the
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photoelectron line by using a crystal disperser to provide perfectly monochromatic X-
radiation.

Another important part is physical technique of XPS which is going to be define
in this section. The vacuum technique is very crucial for XPS analytic chamber. The
low vapor pressure solids are most easily run in the vacuum. On the other hand, the
easily evaporated materials can release gases in to the chamber that would pollute the
chamber. A solid sample needs only be placed on a probe that is appropriately
positioned relative to the X-ray beam and the spectrometer slit. Although the exciting
X-rays can penetrate deeply into the solid sample, not all of the ejected electrons will
escape for ensuing analysis. Those electrons ejected at considerable depths will lose
all kinetic energy through internal collisions. For instance, the escape depth of the Au
(4f) electrons has been determined to be on the order of 10-20 A. So XPS is a surface
technique. This places no restriction on the surface chemist. However, if bulk
properties are to be measured, the surface must have a valid representation of the bulk.

As a consequence of the XPS samples only the first few angstroms of a solid
sample, contamination and oxidation of the surface must be minimized. Otherwise, the
thin film of the sample would not be examined correctly. Oxidation can be a
particularly serious problem if one is studying metals. Contamination by hydrocarbons
during sample preparation or by deposition of residual vapors inside the sample
chamber is routinely observed on most samples. lon sputtering techniques are a
convenient method for cleaning metallic samples. However, sputtering of powdered

samples must be performed with care [46].
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Figure 2.5: X-ray Photoelectron Spectrometer Analytic Chamber.

As it can be seen Figure 2.5 displays the XPS system. The load lock holds the
samples which prepared in the magnetron sputtering, and then they are transferred to
the XPS chamber for analysis without exposing to the environment. The manipulator,
which has five axes, helps to position the sample in front of the XPS.

2.3.2. Photoemission Mechanism

Another important part of the XPS system is data readout. The chromium
electron configuration is 1s? 2s? 2p® 3s? 3p® 4s! 3d°. The initial point of analysis
chromium oxide is done by analysis of Cr2p spectra which is the separation of 2ps.»
and 2pi spin—orbit split components. Which is very significant point that to
understand and characterize the elements. In most cases, this separation is large enough
to consider only the more intense 2ps/» signal and its associated structure. This feature
of the spin-orbit split components can be seen in Cr2p spectra. Moreover, a primary
objective of the interpretation of Cr2p XPS spectra is usually to determine the relative
percentages present in the O, II, Ill, 1V and VI oxidation states in order to follow
oxidation processes. These different oxidations of the Cr phases have their own 2p

binding energy. That feature can be seen in part 3.

26



Analysis of the X-ray photoelectron 2p spectra of the first row transition metals
is challenging due to peak asymmetries, complex multiplet splitting, shake-up and
plasmon loss structure, and uncertain, overlapping binding energy positions. Looking
at details of the XPS work process, Figure 2.6 will clarify the physical events of the
XPS.
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Figure 2.6: a) Photoelectron effect and b) Auger process.

X-ray photoelectron spectroscopy as it explained above, its physical process is
explained in Figure 2.6. In the XPS, incident X-ray which is created in the source by
either Al Ka or Mg Ka, the created x-ray emitted to the specimen and eject the
specimen’s core electron as it is displayed in Figure 2.6. The ejected core electron is
detected by analyzer. The ejected photoelectron causes an unoccupied orbital, that
orbital will be occupied with high orbital electron, then electron will release an energy.
If that energy can eject an electron, this is called Auger electron. That electron can also
be seen in the spectrum. This feature is also gives the information about the elements.
And also Auger electron does not depend on the kinetic energy. Using different source

to characterize sample spectrum’s Auger peaks won’t change if it is real.

27



Water Cooling

Al Window

Figure 2.7: X-ray source, twin anode (Al, Mg).

The most commonly employed x-ray sources are those giving rise to: Mg Ka
radiation: hv = 1253.6 eV and Al Ka radiation: hv = 1486.6 e¢V. Technically, in the
source part the tungsten emits electron by applying the voltage as it is seen in Figure
2.7. These emitted electrons hit the Mg or Al anode, they eject electron from the anode
materials. The ejected electrons leave unoccupied orbital. This unoccupied orbital
level, is filled by the high orbital level electron. While this electron drops to lower
level emits the X-ray. That X-ray which is sent to the sample. By using the Mg or Al
anode, the emitted photoelectrons will therefore have kinetic energies in the range of
0 — 1250 eV for Mg Ka and 0 — 1480 eV for Al Ka. Since such electrons have very

short IMFPs in solids, the technique is necessarily surface sensitive.
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Figure 2.8: Characteristic & Bremsstrahlung radiation. 1) The spectrum
consists of a series of sharp lines, called the characteristic spectrum, superimposed
on 2) the continuous bremsstrahlung spectrum.

As it is mentioned, the X-ray source has some property that as it is illustrated in
Figure 2.8 [47]. There is a characteristic feature that it is due to its electron
configuration of Al and Mg are K, and Kg. The Bremsstrahlung radiation is continuous

phenomenon. To reduce Bremsstrahlung radiation, the Aluminum window is used.
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Figure 2.9: Energy level schematic for XPS binding energy measurements.

Another important part is photoemission which helps to characterize the
materials. Photoemission process happens as in Figure 2.9 [48]. The emitted X-ray
ejects either valence band’s electron or core electron. And the ejected electron moves
through to the detector as shown above photoelectron energy diagram. Conductor and
spectrometer are electrically contact to each other. Therefore, both spectrometer and
photoelectron energy needs common reference. That reference is called fermi level,
Er. The incident hv energy photon, will creates the electron which has E} energy
relative to vacuum level, E.. Ek, kinetic energy of electron which detected by analyzer
will be counted by equation (2.1).

(2.1)

Ex = Eg— (@gpe. — Ds)

spec

dspec and Ds are respectively spectrometer and specimen work function which is
the amount energy that needs to excite electron from fermi level to the vacuum level.
The Figure 2.9 which has electrical contact that the ejected photoelectron’s binding
energy from sample’s kinetic energy will be counted by equation (2.2). That equation

illustrates the photoelectron effect.
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Ek = hv — Eb - CDSpeC (22)

Here hv is the incident photon energy, @spec is the photoelectron’s work function
of fermi level electron that required to excite electron to vacuum level. Ey, is the binding
energy shows the state relative to the fermi level. Ex is the kinetic energy that read by
analyzer. Moreover, in the photoemission process after 104 second the ejected
photoelectron unoccupied electron will be occupied by upper orbital electron. During
this transition, the emitted energy release either as X-ray or excites an above orbital
electron. The excited electron is known as an Auger electron. The Auger electron

energy is counted by equation (2.3).

E 8" =E} —EZ —E2 - Dspec (2.3)

EL shows the ith atomic level binding energy which is created by photoelectron.
Ep %" is emitted last electron’s kinetic energy. The difference between Auger electron
and photoelectron is that Auger electron’s kinetic energy which does not depend on
source energy while photoelectron kinetic energy depends on source energy. Auger
electron kinetic energy depends on each elements’ orbital level distinction. Therefore,

Auger peaks are the characteristic peaks in the spectrum.
2.3.3. Surface Sensitivity of Photoemission

XPS, photoelectron process happens in the atom’s core shell up to valence
band. The XPS is not just occurred on the surface it is also can penetrate about
micron range. However, due to inelastic scattering, the surface electron could reach
the detector without losing their electron. Therefore, this makes the XPS as a surface

sensitive analyzer.
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Figure 2.10: The mean free path of electrons in different solids as a function of
electrons kinetic energy.

As it is mentioned above, the effect of inelastic scattering in XPS is very
significant. For different materials, the inelastic mean free path (IMFP) depends on
electron energy. IMFP curve which is mentioned in the Figure 2.10 [49] displays that
the IMFP is that the electron’s path without inelastic scattering in the solid. It depends
on the electron’s kinetic energy and materials. It can be seen that the IFMP is in the
angstrom range, when the electron ejects from the sample traverse to the detector, it
should be preserved from inelastic scattering, therefore, the XPS environment should
be in the UHV condition to avoid electron’s inelastic scattering.

Furthermore, the IMFP can be used to define the depth analysis from the
electrons inelastic mean free paths [50]. The IMFP are also related to the atom size.
Due to the restriction of the IMFP, XPS cannot penetrate in the sample get more
knowledge in the deep layer element. XPS can go a few nm range. The IMFP plays an
important role in surface physics. It is needed for quantitative surface analysis by AES
and XPS and it helps to determine the surface sensitivity of photoemission experiment.
The IMFP briefly is that the average of distances, measured along the trajectories that

particles with a given energy travel between inelastic collision in a substance.
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2.3.4. Experimental Technique

In general, the sample is bombarded with x-ray to eject electrons from the
surface. This process can happen until, the amount of binding energy of electron less
than the X-ray, then electrons are ejected. The ejected electrons are detected by
analyzer, and the binding energy (E») is computed by equation (2.4). An X-ray
photoelectron spectrometer is shown as in 2D view, in Figure 2.5. Its essential
components are; a specially constructed X-ray tube with a magnesium anode that
produces a beam of the Mg Ka X-rays (1253.6 eV), and Aluminum anode that
produces a beam of the Al Ka X-rays (1486.6 eV) ; an apparatus for exposing solid
samples to the X-ray beam under a variety of conditions (cooled, heated, etc.); an
electron multiplier detector (Specs HMA) for counting the focused electrons; a flexibly
programmable current-control and data-recording system consisting of a computer and
associated electronics with which the spectrum can be scanned automatically.
Moreover, the mainly XPS source is created by applying the bias to tungsten to create
thermal electron emission which accelerated to the Mg or Al anode, when electron hits
the anode, the X-ray occurs. Which is focused on the sample. The angle between
source and sample is 54.7°. The ejected electrons from the sample reaches to the
analyzer chamber. By counting the electron number depends on their Kinetic energy.
By using the equation (2.4), the binding energy can be calculated. The reason why the
binding energy is selected is that the characteristic of the element is related the binding

energy of electron.

2.3.5. Surface Electronic Structure

The characterization of the sample as mentioned before it depends on binding
energy, therefore, the count of electron is counted vs its binding energy. The binding
energy depends on some other energy and their relation is mentioned in equation (2.4).
In the equation Ey, is the electron binding energy, Ek is the Kinetic energy of
photoelectron, Eny is the energy of the exciting X-ray, and @ is the spectrometer work
function, a constant for a given analyzer. The electron energy analyzer scans the

Kinetic energy spectrum to record the Ex values of the discrete photoelectron. Ey can
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be calculated by using of the energy conservation equation which is determined in
Equation 2.4.

Eb = Ehv_ Ek_ CD (24)

The XPS source is restricted, therefore, it can scan a restricted region such as
with magnesium radiation, it is convenient to study K levels of elements up to about Z
=10, L levels to about Z = 27, M levels to about Z = 57, and N levels through the

transuranium elements [46].

2.3.5.1. Chemical Shifts

Chemical shift is one of the significant feature that are very important to analyze
the specimens. The chemical shift is also very crucial for the chemist to use XPS to
probe the chemical shift in electrons binding energies. The binding energies of core-
electrons are affected by the valence electrons and therefore by the chemical
environment of the atom. The attraction of the nucleus for a core-electron is somewhat
diminished by the presence of the outer electrons. If one of these valence electrons is
removed, the amount of shielding is diminished, and the effective nuclear charge
experienced by the core-electron increases, thereby it causes increasing in the electron
binding energy. Therefore, in a simple sense the shifts of the photoelectron lines are
an XP spectrum reflects the increase in binding energy as the oxidation state of the
becomes more positive. In general, any parameter such as oxidation state, ligand
electronegativity, coordination that affects the electron density about the atom is
expected to result in a chemical shift in electron binding energy.

The exact binding energy of an electron depends not only upon the level from
which photoemission is occurring, but also depends on; oxidation of atom and the
chemical and physical environment. Changes in any of the situation gives rise to small
shifts in the peak positions in the spectrum that is called chemical shifts.

This kind of shift can be seen in XPS due to the technique’s high resolution and
it is an electron process. These two features are based on XPS that gives the core level

energies as discrete. Therefore, they make the XP spectrum readable and interpretable.
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Moreover, chemical shifts have some unique property. Atoms of a higher
positive oxidation state exhibit a higher binding energy due to the extra coulombic
interaction between the photo-emitted electron and the ion core. This ability to
discriminate between different oxidation states and chemical environments is one of
the major strengths of the XPS technique. This feature will be more significant in our
work. While growing the Cr.Og, the other chromium phases are also occurred. The
chemical shift will be main feature that to deduce the chromium oxide phases.

In practice, resolving atoms showing slightly different chemical shifts is limited. It is

limited by the peak widths which are directed by a combination of factors; such as

¢ the intrinsic width of the initial level and the lifetime of the final state
o the line-width of the incident radiation which can be improved by X-ray
monochromators.

o electron energy analyzer’s resolving power.

In most cases, the second factor is the major contribution to the overall line width.

Furthermore, a major part of the strength of XPS as an analytical tool lies in the
fact that chemical shifts can be observed for every element in the periodic chart except
for hydrogen. Obviously, magnitudes of chemical shifts will vary from element to
element, and the sensitivity for a particular element will vary with the photoelectric
Cross section.

In the case of solid compounds, it is more difficult to write a chemical reaction
having an energy equal to a given difference in binding energy, and more
approximations must be made. However, the method has been successfully applied to
the correlation of binding energies for solid compounds of nitrogen, boron, carbon,
and 1odine. The principal difficulty with the application of the “principle of equivalent
cores’’ is that the necessary thermodynamic data are often lacking. Therefore, there is
a need for a good general method for estimating differences in the heats of formation
for pairs of isoelectronic species. A very crude method of this type, based on Pauling’s
concept of electronegativity, has been devised and successfully applied to the
calculation of relative carbon 1s binding energies for a wide variety of organic
compounds.” It has also been shown that the core electron binding energy for an atom
in a molecule is calculable as the sum of parameters, pi, characteristic of the atoms or

groups directly bonded to the atom from which the electron is ejected: Ey = Y p;.
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These parameters can be evaluated empirically from experimental binding energies
and used to predict unknown binding energies. The Figure 2.11 [51] illustrates the
chemical shifts of carbon. It shows how carbon 1s binding energy changes with its

different compounds.
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Figure 2.11: Chemical shift of C1s for different chemical bonding.

2.3.5.2. Level Splitting

One of the feature is going to be displayed on spectrum is Level Splitting. It is
an interesting application of photoelectron spectroscopy is the study of splitting of
atomic levels that are normally degenerate. The novel feature of these splitting is that
they occur in inner atomic core levels that are not accessible to study by classical
techniques. The ejection of a photoelectron from a filled shell creates a hole in that
shell, and the splitting can be thought of as arising from the interaction of the final-
state electron hole with the electronic environment of the atom. Two types of splitting
have been observed, which may be characterized as electrostatic splitting and

magnetic, or exchange splitting.
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Figure 2.12: The exchange splitting of a) Fe2p, b) Mn2p for YFMO and c) Cr2p, d)
Mn2p for YCMO.

Figure 2.12 [52] illustrates the exchange splitting of the Fe, Mn and Cr 2p peaks.
This splinting is very clear that as it is displayed in Figure 2.12 that can help to define
the phases. There are some properties that have effects on splitting. The splitting can

be due to the two reasons:

o Electrostatic splitting

A study of heavy-element photoemission spectra has revealed a complex
structure of photolines from 5pas2, core levels.The splitting energy ranged from 3 to
10 eV in various compounds. These splittings were interpreted as arising from the
differential interaction of the internal electrostatic field with the M = £1/2 and M =
+1/3 substrates of the 5pay2, electron.

e Exchange Splitting
The reason is due to the exchange splitting. The splitting comes from of the fact

that, in a system with unpaired valence electrons, the exchange interaction affects core
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electrons with spin up and spin down differently. The free atom model predicts also
that the relative intensities of the two lines are simply the statistical weights of the two
final states. The final-state spin (J) gives the ratio of 2J+1 for the intensities of the two
lines. Exchange splitting, taking the example of the emission of a core s electron from
the Mn?* ion, which has five unpaired d electrons, the final-state spin (J) can be 5/2 +
1/2 and the intensities of the two lines would be expected to be in the ratio 2J+1, or 7:
5 as it can be seen in Figure 2.12 especially Figure 2.12 b) illustrate the Mn 2p

exchange splitting.
2.3.6. Chemical and Elemental Composition of Surface

2.3.6.1. Quantitative Analysis

In the XPS work, specimen’s chemical bond is very significant and also their
concentration too. Both concentration and bond are counted by their ratio in the
spectrum. This ratio is calculated from peak width and height and atomic sensitive
factor. For a certain peak in the spectrum, for a homogeneous sample, its electrons are

counted per second according to the in the equation (2.5),
[=nfo.0.y.AAT (2.5)

where, n is the number atom per volume (cm?3), f, x-ray flow (photon/cm?-s), o is the
atomic orbital photoelectron effect area (cm?), © is the angle between incident light
and detected electron direction, y is the efficiency that depends on the photoelectron
energy, A is the IMFP of the specimen electron, A is the specimen area and T is the
efficiency of the detected electron. From the equation (2.6) the number of electron per

unit volume is counted. The denominator is named atomic sensitive factor (ASF), S.

1

e 2.6
N fo.0.y.ALAT (26)

As it is aforementioned, the specimen element analysis counted by the ratio of the
elements. And it is given by the equation of (2.7).
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(2.7)

I; and 1, are 1%t and 2" element’s main peak area which gives photoelectron
intensity. S1 and S; are the 1 and 2" elements orbital levels atomic sensitive factor.
If the S1/S> ratio is independent from the materials, it can be used for the all homogeny
materials. Even ¢ and A have different values for different materials, 61/ 62 and A1/ A2

ratios are almost constant, therefore, in any spectrum the ASF can be calculated.

Iy
lx /s, 2.8)

C = =
x il Zili/s
i

Cx is the concentration of an x element. For different core levels and from their
ASF, the intensity will be found. So the atomic concentration can be calculated by
using the equation (2.8). This equation is valuable if the sample surface is
homogenous. If the surface is not homogenous, the sample structure model should be
known.

Shake up is one of the significant peak that can be seen on the spectrum. It is
very important feature for elemental analysis. It needs to be named the peak correctly
whether it is a photoelectron from core level or inelastic scattering electron. The shake
up occurs when the electrons interacts with a valence electron and excites it to a higher
energy level. As a result, the energy core electron in the photoemission process appears
to increase the nuclear charge. This fact leads to substantial reorganization of the
valence electrons, in other words relaxation, which may involve excitation of one
electron to a higher unfilled level that is called shake-up. This two-electron process
leads to a discrete structure on the higher binding energy side of the photoelectron peak
a shake-up satellite. The shake up peaks of the Cu can be seen in the Figure 2.13 [53].
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Figure 2.13: The shake-up satellite peak of the Cu.

Another feature can be seen on the XP spectrum is plasmons which are created
by collective excitations of the valence band. There are two type of plasmons. One of
them is Extrinsic Plasmon that is due to the excited as the energetic PE propagates
through the solid after the photoelectric process. The other one is Intrinsic Plasmon
which is screening response of the solid to the sudden creation of the core hole in one
of its atom. Briefly, the plasmon is occurred when the photoelectron excites collective
oscillations in the conduction band (free electron gas), so called Plasmons (discrete
energy loss). In Figure 2.14 [40] illustrates the plasmon peak of Al.
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Figure 2.14: Plasmon loss features from clean Aluminum.

Another peak that can be seen on the spectrum is shake-off. In the process similar
to shake-up valence electrons can be completely ionized and extracted from an atom
to an unbounded continuum state. Such a process is called “shake-off” and leaves an
ion with vacancies in both the core level and a valence zone. Discrete shake-off
satellites are not to be seen in XPS of solids. The shake-off satellites tend to appear
within the region of the broad inelastic background and transitions from discrete levels
to a continuum produce broad shoulders of core level peaks rather than separate peaks.

All the above statements define the nature of the XPS and its data. However, the
raw data would not help to do quantitative analysis. The raw data of XP spectrum
consists of background noise. Therefore, this background noise should be removed
from the spectrum. There are several methods have been used for background
removing. Such as Shirley, Seah, Tougard.
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Figure 2.15: Curve fits to the Fe2p region of the reference sample after applying
three different background subtraction methods. The main peaks are drawn with a
solid line, the shake-up satellites with a dotted line, and the background with a
dashed line. The shaded area indicates the sum of the component peaks.

As it can be seen in Figure 2.15 [54], the background subtraction methods have
a significant effect on spectrum. After applying background subtraction methods, the
spectrum feature might be changed. Therefore, while employing any background
subtraction methods, should be very careful. Any wrong feature would cause
misinterpret of the peak.

After background subtraction, then the spectrum needs to be fitted. As it can be
seen in Figure 2.16 [55], the Lorentzian, Gaussian, and Voigt functions are applied.
The Voigt function is the convolution of Lorentzian and Gaussian functions. In this
work, Voigt has been used to do fit of the peak.
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Figure 2.16: Comparison of a Gaussian and a Lorentzian function with FWHM = 2
eV with the result of the convolution of both, the Voigt function.

In conclusion, the XPS is very wide range applicable methods to characterize the
thin films that give the elemental analysis and their ratio. Therefore, their chemical
structure can be defined. XPS can be used for analysis of all elements in the periodic
table except hydrogen and helium. The hydrogen cannot be detected just because of
the hydrogen has only one electron. The Helium cannot be detected because of the
detection level of it is under the background level of the XPS. While X-rays interact
only weakly with matter and consequently can penetrate deeply into a solid (10 nm),
electrons with energy in the range 5-1500 eV readily lose energy by inelastic

scattering.
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3. GROWTH of FILMS STABLE of CHROMIUM
OXIDE THIN FILMS

In this section, the results of the growth of the chromium oxide on naturally
oxide silicon single crystal by Pulsed DC and RF magnetron sputtering are going to be
presented. The parameters of both methods were optimized for chromium oxide
growth such as growth temperature, post annealing temperature which is applied
mostly after the growth of the sample completed, bias voltages, and differential
pressure of argon-oxygen gases. The optimized parameter will be used for future
works like as multilayer films applications. Substrate temperature, differential pressure
of gases are very crucial parameters that have very significant effect on thin film
growth [42].

As first step, the Si crystal used as substrate was cleaned before mounted on the
sample holder. After cleaning process to prepare for UHV conditions, the substrates
are transferred to the load-lock chamber. The samples were kept in Load-Lock under
HV conditions during the study. The depositions chamber has UVH vacuum condition
(>10° mbar) as base pressure. For the deposition, the sample holder with Si substrate
Is transferred to the sample manipulator in the magnetron deposition chamber. The
manipulator can move under the 6 magnetron guns and it has capability to anneal the
sample up to 1500°C during deposition or after deposition. It heats via radiation is
provided by PBN Heater. It works up to <10°mbarr partial oxygen pressure. For
deposition, the plasma is made by releasing Ar gas and applying power on Magnetron
Gun so that the vacuum level might decrease to 2x10-3mbarr. To obtain oxide film,
oxygen is needed to feed the chamber in certain level. By applying bias to the Cr target
to obtain plasma with Ar, and iyonized Ar atoms in plasma wear off the small
fragments from the target surface. Meanwhile the oxygen leaks into the chamber
during plasma existing. The mix ratio of Argon and Oxygen gas is another parameter
to grow Cr-Oxide films during reactive deposition. After the completing of deposition
process, the samples on the holder are transfered to the Analytical chamber over the
load-lock. One of strong surface photoemission spectroscopic technique is XPS and
it was used to define oxidation level in the Cr-Oxide films. XPS is a very sensitive for
surface characterization. It gives the element and their chemical composition in atomic

level.
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3.1. Preparation of Substrate Silicon Single Crystal (100)
Towards Film Growth by Magnetron Sputtering in UHV
Conditions

The main goal is to grow the Cr,Oz thin film by magnetron sputtering on silicon
single crystal (100). The silicon single crystal is polished. To grow the thin film,
initially it needs a very well defined surface, because the substrate surface affects much
to the growth of thin film [29]. In this work, therefore, the well-known naturally oxide
silicon single crystal has been prepared. Even it is polished, it is not totally cleaned
enough for UHV conditions because the atmospheric conditions cause some surface
contaminations so that they came out from the surface in UHV conditions such as
water molecules, some hydrocarbons type fragments. In order to remove that
contaminations, the cleaning process has been done in a couple of steps. In first step,
the silicon substrates pieces are cleaned with ethanol in ultrasonic bath for 5 minutes.
And after being taken out, Si substrates are flashed with ethanol; then they are mounted
to the holder as it is shown in Figure 3.1. The substrate is cleaned ultrasonically, are
mounted to the sample holders and transferred in to the load-lock. The load-lock can
have almost 10 sample holders and it is localized between the deposition chamber and
analytical chambers. After loading process is done, in order to hold vacuum in the
load-lock the vacuum pump system is started while the glass gate door on the load-
lock is closed. The vacuum of the load-lock chamber can reach up ultimately to <2x10
& mbar in 24 hours which is assumed HV level. When the load lock vacuum reaches
upper level which is HV, it means that it is ready to transport the samples to the
magnetron sputtering chamber for growth. Otherwise, when the load lock pressure is
very high it would contaminate the chamber over long time period. The contaminated
chamber always affects the film quality. It is also observable by photoemission
spectrums in analytical chambers. And those contaminations will show in the spectra.
That is the waste of the energy and time. To avoid these problems, we need to be more
careful during cleaning and loading processes of substrates. When the growth is
completed, the sample is transferred to the load lock without expose to the atmospheric
conditions. It keeps the sample’s surface clean and then the sample is taken in to the
analytical chamber in order to proceed the surface chemical analyzing by the XPS.
Since the load lock has a capability of storage up to 10 samples, it creates possibility
to prepare the multiple samples one loading time; therefore, there is no need to prepare
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the substrates for every times. Mostly, after the substrates cleaned in atmospheric
conditions are transported to the deposition chamber one more cleaning step via
annealing up to 500°C to remove any trace amount of residual contamination on the
surface of the substrates. Then the growth process starts. There are three possible
growth processes in the Magnetron sputtering chamber: DC, Pulsed DC and RF
Magnetron Sputtering. It is well-known that DC-magnetron sputtering has some
restrictions. If reactive gas is used with Argon-Process gas to make oxide films, the
target loaded metals such as Cr is easily poisoned and the deposition rate decreased
dramatically. During growth of the any oxidized sample, after a while, the target either
oxidized or charge accumulation on the target surface cause of the decreasing of the
growth rate; even the DC Magnetron Sputtering deposition rate is faster than the
Pulsed DC and RF Magnetron Sputtering. Therefore, in this study, experiments are
done with Pulsed DC and RF magnetron sputtering. After the growth of Cr.O3 thin
film is optimized with Pulsed DC Magnetron Sputtering, the Cr.O3 thin film growth
parameter has been optimized for RF Magnetron Sputtering. The growth thickness is
controlled in-situ real time by the QCM and the surface elemental analysis by XPS.
Also, QCM parameters is calibrated by photoemission attenuation study in order to
increase the thickness reading sensitivity in the range of 0.1 A/sec.

Figure 3.1: Specimen and sample holder.
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3.2. Cr203 Growth on Si Crystal by Pulsed DC Magnetron
Sputtering

In this part, the growth of Cr oxide thin film by Pulsed DC magnetron sputtering
will be discussed. While DC magnetron sputtering can cause target poising, Pulsed DC
vibrates the plasma with100 kHz so that the reactive plasma hit and release on the
surface of target 100k times in second; and it results decreasing target poisoning but
this decrement wears the particles from the surface.

Initially, Cr.O3 phase has been obtained with optimized parameters such as
plasma power and partial pressure of plasma. The results of growth with Pulsed DC
will be discussed in the following pages. In the literature, the growth has been done
with different substrates temperature and oxygen and argon flow rate. In this work,
naturally oxide Si single crystal is used as a substrate, main purpose was to obtain
Cr203 phase with lowest temperature. The work started from low temperature to high
temperature until to get optimized Cr,O3 phase. To understand each of parameters
effects on specimens, the samples growth is analyzed by using XPS to search out Cr.O3
phases. It is purpose that the Cr203 films growth will be used as an antiferromagnetic
layer in multilayers films device; therefore, the optimized parameter must be well-
defined to develop reproducible oxide film. According Huggins, C. P. et al, the lowest
substrate temperature Cr.O3 phase has been gotten at 400 °C. [56]. In addition, one of
the work succeeded Cr,O3 phases above about 280°C; in that temperature, the CrO;
decomposes to the most stable oxide of chromium, Cr.Oz [6]. This behavior of
temperature also can be seen in this study.

It is trivial that the temperature such as post annealing and annealing affect the
growth process of Cr203 phases. That’s why, some of the post annealing and annealing
temperatures have been performed to understand how the growth mechanism develops
with different temperature application. The annealing is employed the sample while
growth and the post annealing is employed after the growth process has been
completed.

Initially, the specimen PO is prepared as the pure Cr films was grown on the
substrate. The thickness is 480 A in order to bury the peak of photoemission coming
from the substrate. As it is shown in Figure 3.2 the Cr is coated on naturally oxidized
silicon crystal with Pulsed DC. The Cr 2ps;2 peak is 574.3 eV. This photo emission
spectrum is used as a reference of pure Cr surface to the Cr-Oxide surfaces. That is
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comparable to the value which is published in literature [57]-[60]. Such as according
to H. Ma, shows the binding energy of metallic Cr at 574.2 eV [58].
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Figure 3.2: The spectrum of Cr growth on naturally oxidized silicon crystal (100).
The growth has been done by Pulsed DC at RT for 428 A for PO specimen.

According to Huggins, C. P., the spin-orbit splitting changed from 9.2 eV to 9.7
eV [43]. As it can be seen from the Figure 3.2 for the specimen PO, the spin orbit-
splitting for pure chromium metal changed is 9.3 eV. And also it is going to be seen in
the following parts that the Cr oxide thin film shows the spin-orbit splitting changed
from 9.6 eV t0 9.9 eV. It is also indication of oxidation level on the Cr-Oxide surfaces.

In the following paragraphs, it will explain extensively the growth of Cr20O3thin
films have been done with Pulsed DC magnetron sputtering and analysis of this films
by XPS. Before starting the growth, the pure Cr target was applied 100 V while the
chamber was fed by argon gas for 5 minutes.

Initial growth of the Cr-oxide has been done under UHV condition which has a
base pressure of ~10° mbar with Pulsed DC Magnetron Sputtering at room
temperature (RT) with different oxygen flows, such as 0.2, 0.23, 0.3 sccm. The
different oxygen flows have been performed because in literature the effect of the
oxygen pressure was observed clearly [56]. Meanwhile the argon pressure is kept at 3
sccm during all different oxygen flows. As it seen in the Figure 3.3, the 0.3 sccm
Argon gas feed with 0.2 sccm Oxygen gas for the sample P1_1, 0.23 sccm Oxygen gas
for the for the sample P1_2 and 0.3 Oxygen gas for the sample P1_3.
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Figure 3.3: The growth of Cr.0z is performed under 0.3 sccm Argon gas and for 0.2,
0.23, 0.3 sccm Oxygen gas XPS spectrum. a) survey XP spectrum b) Cr2p3/2 XP
spectrum ¢) O1s XP spectrum for P1_1,P1 2, P1 3.

These samples are going to be first step of this study. The optimized parameters will

be the next step. When the oxygen flow rate was 0.2 and 0.23 sccm for P1_1and P1_2
samples have 150 A thickness. However, the when the differential oxygen pressure
was 0.3 sccm the thickness was 39 A. After around 40 minutes, the QCM could not

read any flow rate. Therefore, the following studies has been done for 0.23 sccm for

oxygen.
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Table 3.1: The Cr growth on Si crystal with Pulsed DC Magnetron Sputtering in
UHV condition at RT for 3 sccm Argon pressure and for 0.23 and 0.3 sccm oxygen
pressure Cr phases peaks.

Cr2p3/2 Literature P11 P12 P13

Cr 574.2 eV A. Maetaki 574.9 (eV)
[58]

cr¥ 577 eV A. Maetaki
[58]

cr* 576 eV A. Maetaki | 576.3 (eV) 575.3-576.3 | 575.8 (eV)
[58] (eV)

Cr®* | 579eV K. Asami [61] 578.4 (eV)

The gas pressure shows the clear effect on the Cr-oxide phases as it can be seen
in Table 3.1. And the main peak is matched with the literature work. During this
process, the power of magnetron gun was kept at 20W. It is observed that the partial
gas pressure has a distinct effect on the metal oxide thin film growth. The gas flows of
0.3 sccm and 0.23 sccm for Argon and Oxygen in respectively, shows more dominant
Cro03 peak relatively compare to other oxygen partial pressure performances. This
spectrum shows that the Cr20s is seen, from the peak of Cr2pss. that the BE is 576.3
eV. Generally, in the literature, the binding energy of Cr (I11) is between 576 and 577
eV. Such as K. Asami [61] showed the Cr (111) 2p BE is 576.7 eV. On the other hand,
A. Maetaki [58] displayed the Cr (I111) 2ps2 BE is 577 eV. The pure Chromium 2p 3/2
peak BE is at 574.9 eV. At the 575.8 eV spectrum is Cr (IV). As it can be seen in
Figure 3.3, the low oxygen sccm Cr2p has wide peak instead a narrow compare to the
0.23 sccm. While the other parameters are kept constant, just changing the oxygen
partial pressure to the 0.3 sccm, the Cr2ps/2 peak 1.8 eV shifts. In this case the Cr2pa
peak is displayed the BE at 579 eV is the Cr (VI) phase. These peak shifts are
summarized in Table 3.1 above. Therefore, in this case, higher sccm oxygen is not
wanted.

The growth has been done under room temperature so far. Moreover, from the
spectrum, it can be seen that it does not just show the Cr.O3 peak. There are also other
peaks which can be seen on the spectrum. Consequently, the other parameter has been

also changed to get a best phase of Cr.Oa. It is known that there are always impurities
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coming from other oxide phases even the most is Cr20s. As long as the sensitivity of
photo emission allows the purities level of Cr03 will be get better.

After optimized oxygen flows rate, the substrate temperature has been changed
to probe the substrate temperature effect on Cr phases. The substrate temperature is
changed from RT to the 300°C by 50°C increments. Those peaks have been plotted as
in the below Figure 3.4.

In this step, the best gas partial pressure observed so far has been taken constant,
and the substrate temperature was also kept at RT. The changes were made for post
annealing. The feeding of the gases which were 0.23 sccm for oxygen, 3 sccm for
Argon and the substrate was at RT. The thickness of Cr,Oz was 151 A. Each time the
sample post annealed for 20 minutes. After each temperature the spectrum has been
taken to see the difference. As it can be seen from the Figure 3.4, the binding energy

of the Cr2p and O1s phases are increase by the temperature increment.
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Figure 3.4: The XPS of RT substrate growth of Cr.O3 and the sample was annealed
from RT to 300°C. a) and b) display the Cr2p spectrum peak. c) and d) shows the
Ol1s peak of the P2 specimen.
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The P2 sample has been deposited at RT. Then it was post annealed from 100°C
to 300°C in order to analyze the post annealing effect on the Cr phases. Thickness of
the P2 is 151 A. The post annealing has been employed for each temperature for 20

minutes.

Table 3.2 The XPS of RT substrate growth of Cr on Si crystal and the sample was
annealed for RT to 300°C.

Cr2p 3/2 Main Cr Phases
Peak(eV)
RT 576.3 576 eV A. Maetaki [58]
100°C 576.4
150°C 576.6
200°C 576.6
250°C 576.9
300°C 576.9 577eV A. Maetaki [58]

At the room temperature the main peak of the Cr2ps/; has two peaks which are
at the 575.6 eV and 576.3 eV, in this range, it belongs to the Cr (V) binding energy.
When annealed at 100°C, the shoulder at the 575.6 eV has disappeared. The peak at
576.3 eV got narrow. Still there is no Cr (111). After annealing at 150°C, the main peak
shift to the 575.5 eV and it has shoulder at 576.6 eV, (576.6 eV binding energy is from
the Cr (111)), which shows that the process is correct. But the Cr (111) peak is not
dominant. When the sample is annealed at 200°C, the spectrum shows that the main
peak of Cr2p stays in the same position as 150°C does. As it can be seen for annealed
at 250°C and 300°C, the main peak is at the 576.9 eV. That is the Cr (111) peak. Table
3.2 shows all peaks shifts on the XPS graphs. It can be said from the XPS spectra, the
Cr203 get more dominant at the higher temperatures. The XPS graphs show that the
thin film consists of Cr203, but the other Cr phases present in the oxide films surface.
After first try, second part has been performed under the same bias, 20 W. After
figuring out the importance of the post annealing. And it still having shoulder. Next
step is going to be about growth of the samples for variety substrate temperature and

post annealing.
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Figure 3.5: The XPS result of Cr.O3 growth at 20 W and substrate 250°C and then
the sample was employed post annealing at 400°C. a) Cr2p and b) O1s spectra for P3
specimen.

While growing the sample at the RT, the desired phase didn’t form. The gases
partial pressure kept same value such as MFC for oxygen was 0.23 sccm and argon 3
sccm. In this step, the growth has been done at 250°C substrate temperature. In Figure
3.5, the XPS data from the sample growth at the 250°C substrate temperature shows
the peaks for Cr 2ps2 at 576.2 eV, which is appropriate to Cr (I\V)-oxide phase. The
changing the substrate temperature does not affect much to the growth of Cr20s.
Therefore, the post annealed applied to the sample since it is known from previous
work that it has some effect on the growth of oxide film directly. This time, the sample
annealed at 400°C, and the Cr (I11) peak of 2p 32 BE presents at 576.6 eV as shown in
Figure 3.5. After annealing, it can be seen that there is a shift, in the main peak, which
is equivalent to 0.4 eV. Still there is feature shown as a shoulder due to the other Cr
phases. However, the Cr (I11) is very dominant than other peaks. This result is much
promising and reasonably acceptable result comparing to of Cr.Os growth observed in
the literature, since it is well known that Pulsed DC magnetron deposition has some
limited capabilities while growing metal oxide thin films. It is not like DC Magnetron
which has target poisoning, Pulsed DC technique might show same problem especially
in slow growing proses. In the beginning of the deposition, the deposition rates were
0.3 and 0.4 A/s. When the sample growth reaches to the 81 A, the deposition rate
decreased to the 0.2 A/s. gradually, the rate of deposition went zero after the sample
reach 112 A. The thickness of the sample is 114 A, and it is obtained for 450 second.
This degradation on deposition rate indicates the poisoning of Cr-target during Pulsed

DC deposition.
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Figure 3.6: The growth of Cr.0O3 at 400°C substrate, 20 W, MFC of oxygen is 0.23
sccm and argon is 3 sccm. a) Cr2p b) O1s  XP spectrum for P4 specimen.

Even before growth of the P4 sample, the target was cleaned by applying 100 V
for 300 second after a while target got poisoned. Then the deposition stopped. As
observed during Pulsed DC depositions, the higher post annealing temperature results
increasing the existence of Cr.Os phase in the oxide films. The post annealing
temperature at 400°C gave a better result. The main of Cr2ps; is at the 576.9 eV which
belongs to that Cr (111). The P4 sample, the thickness is 99 A, and the deposition rate
was between 0.3 and 0.4 A/s. While starting the growth, the surface of the pure
Chromium surface oxidized, therefore, the ratio of removed chromium atom decreases.
Due to the restriction of the Pulsed DC magnetron sputtering, we had to change to the
RF magnetron sputtering for obtaining to get the good result as expected the thick of
the thin film.

3.3. Cr203 Growth on Si Crystal by RF Magnetron Sputtering

The Pulsed DC magnetron sputtering deposition has succeeded limitedly to grow
Cr203 since for the long period deposition it has failed. The deposition rate decreases
with respect of oxygen flow rate and the existence of oxygen poisons on Pure
Chromium Target. Typically, the higher power used to make the plasma and the higher
oxygen rate increase oxygen poisoning on the target. Due to that restriction, RF

magnetron sputtering deposition technique is experimented to grow Cr20:s.

54



At the beginning, the parameters optimized for Pulsed DC Depositions were
used for RF Magnetron Deposition. As it can be seen from the Figure. 3.3. which is
Oxygen pressure being 0.23 sccm, Argon was 3 sccm that has Cr2p3/2 peak binding
energy is more close to the Cr (I11) phases. Therefore, in this section, these parameters
are going to be used. Besides oxygen and argon flows rate, the way of applications for
both Pulsed DC and RF Power are different. However, it can be calculated the power
applied on unit of surface of the target for both techniques. The frequency of plasma
is almost 100 kHz differences so that the RF Magnetron sputtering deposition is much
slower than the Pulsed DC magnetron sputtering deposition is even the power applied
on a unit area of surface is the same for both. Therefore, the deposition rate is also
optimized for RF -Magnetron Sputtering Deposition; and it is found that the deposition
0.4-0.5 A/sec for 40-50 W of RF Magnetron gun loaded with Pure Cr Target Materials.
The rate optimized by RF power is equivalent to the deposition rate used for Pulsed
DC. Furthermore, after establishing the growth parameters, the cleaning process which
is employed to the sample and target in Pulsed-DC, it is also performed for RF
magnetron sputtering gun’s samples.

The XPS from the initial try is shown in the Figure 3.7, using the parameters
mentioned above to grow Cr-Oxide. The growth of Cr-Oxide has been done for 121 A
thickness at the room temperature. During the growth process, MFC of Argon and of
oxygen were fixed at 3 sccm and 0.23 sccm respectively. After getting the thickness
planned, the temperature of substrate was heated up to 400°C and hold for 15 minutes
and turned off annealing; the post annealing processes were done under UHV
conditions. Then the sample was cooled down to RT, the sample is transferred to the
analytical chamber to take XPS from its oxide surface after post annealing. XPS
experiments were also repeated two times after annealing for 15 minutes at 400 °C,
after one more time 500°C for 15 minutes. XPS experiments always were done at RT.
The XPS result is shown in Figure 3.7. The main goal of this work was to see how the
annealing effects on the Cr (111) oxide phase for RF-Magnetron Depositions. As it can
be seen from the Figure 3.7 the multiple post annealing does not have any significant
impact on the Cr203 growth. It seems that XPS indicates the surface has mostly Cr,03
after annealing two times 400°C and 500°C.
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Figure 3.7: The XPS spectrum of 3 sccm Argon, 0.23 sccm Oxygen, 121 A, substrate
temperature is 400°C and post annealing has been done for 15 minutes at 400°C two
times and then it again annealed at 500°C for 15 minutes for the RF1 specimen.

In the work mentioned above, which is displayed in Figure 3.7, the growth is
completed in 280 seconds and the deposition rate was 0.4-0.5 A/s. For all post
annealing, the main peaks show the growth of Cr (111) phase.

In the second try, the sample was grown at 400°C (substrate temperature). And
post annealing is applied after deposition. The MFC parameters were kept the same as
the parameters mentioned above. This time, after the sample growth at 400°C of the
substrate temperature, the post annealing has been done at 500°C for 15 minutes. The
XPS results are shown in the Figure 3.8, the Cr 2ps;» peak shows on the 576.6 eV
binding energy. This binding energy indicates that the Cr (I11)-oxide is grown, as it is
shown in the Figure 3.7. The binding energy of Cr2ps> peak has matched with Huggins
C. P. which has 576.6 eV [56]. After the sample was prepared at 400°C and the post
annealing was applied at 400°C. The second and third post annealing do not show any
effect on the peaks position of Cr2ps;> core orbit. It can be said that first 400°C post
annealing is sufficient, the others do not need to be applied.

The XPS results coming from next work are displayed in Figure 3.8, and the
sample are prepared by using the parameters the gas flow rates and applying power as
the same as used before and the thickness of the thin film was also kept at the same;
but in this step, the post annealing was performed at 500°C. XPS results are shown at
the Figure 3.8. The thickness of Cr-oxide is 121 A and it took 280 seconds.
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Figure 3.8: The growth of the RF2 sample has been done for 3 sccm Argon, 0.23
sccm Oxygen, 121 A, substrate temperature is 400°C and post annealing has been
done for 20 minutes at 500°C. XPS spectrum of a) Cr2p b) O1s.

The binding energy of the Cr2ps2 is at 576.8 eV. This binding energy indicates
that the thin film is grown as Cr.Oz mostly. Another point is that the peak shape doesn’t
include shoulder. It can be concluded that the post annealing at 500°C succeeded to
grow Cr20z thin films. Also, the peak of O1s core orbit does not show any other feature
which indicates another form of Cr-Oxide beside Cr(l11)-oxide. After this achievement
to ensure the growth parameter the above work is repeated as kept the parameter same.
This work also shows the same result as it has been shown in Figure 3.9. While the
RF2 specimen shows a very good result, which is overlapped with the literature Cr
(1) [62]. By repeating the above work assures that with RF-Magnetron Sputtering
system is possible to grow a chromium oxide thin film controllable. Therefore, these

sample parameters need to be confirmed by repeating it.
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Figure 3.9: The growth has been done under 3 sccm Argon, 0.23 sccm Oxygen, 121
A, substrate temperature is 400°C and post annealing has been done for 15 minutes
at 500°C, XPS spectrum of the RF3 specimen a) Cr2p b) O1s.

After achieving the chromium oxide thin films as illustrated above, next step is

concerned with growing chromium oxide thin films on silicon substrate for different

parameters. The previous works have been done for RF1, RF2 and RF3 assured the

substrate growth temperature, post annealing temperature and gases pressure. Mostly,

growth have been done for 121 A thickness. The following works have done little

thicker than previous thin films. In this growth the thickness of the growth is less than

the above work. The Cr thickness is 177 A. During the growth the substrate

temperature was 400°C and then post annealing has been done for this sample at

400°C. XPS results of Cr2ps2 and O1s core peaks are shown in Figure 3.10, and the

feature of peaks are the same as previous step. The thickness has been obtained for

432 seconds at 0.3-0.4 A/s rate growth. From the spectrum the binding energy of Cr

2p3i2is 576.8 eV. This binding energy is from the Cr,O3 phases.
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Figure 3.10: The growth of RF4 specimen has been done for 3 sccm Argon, 0.23
sccm Oxygen, 177 A, substrate temperature is 400°C and post annealing has been
done for 15 minutes at 400°C, XPS spectrum of a) Cr 2p and b) O 1s.

In the final step, the thickness was kept at 180 A, and the growth temperature is
400°C with the same gas flow rate and RF power and the post annealing has been done

at 400°C. The results of XPS for this sample are in shown in Figure 3.11.
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Figure 3.11: The growth has been done for 3 sccm Argon, 0.23 sccm Oxygen, 180 A,
substrate temperature is 400°C and post annealing has been done for 15 minutes at
400°C, XPS spectrum of RF5 specimen.

As it can be seen from Figure 3.11, the Cr2pss2 binding energy is 576.7 eV that
is confirmed that this binding energy is related to the Cr (I11). When the substrate
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temperature and post annealing temperature are kept at 400°C, the samples illustrate a
great Cr (I11) phases.

The 400°C as growth and post annealing temperature give more successful
results in order to grow thin layer of Cr.Oz dominantly. Clearly, Cr(ll)-oxide
formation is not expected since the annealing temperature is high enough (>285°C) to
decompose any formation of Cr(IV)-oxide. The Table 3.3 show possible core peak

shifts of Cr2pas;2 corresponding to different Cr-Oxide formations.

Table 3.3: The Photoemission peak shifts of Cr 2ps/2 are shown for different Cr-
Oxide formation.

Cr2psp2
r— Cr(ev) | cr* Cré* (eV) Cré*
(eV) (eV)
P. Stefanov [62] 576.7 579
H. Ma [57] 574.2 576.5
A. Maetaki [58] | 574.2 576 577
L. Zhang [63] 576.5 577
K Asami [61] 576 579
Huggins, C. P 576.6
[56] (£0.3)
A. Lebugle [59] | 574.26
C. Xu [60] 574.2 576 577

3.4. Fitting Process of XPS to Calculate the Cr/O Ratio

So far, it is explained how to grow Cr203 thin films by using Magnetron
Sputtering Deposition techniques and the growth parameters optimized are tabulated
above. The Chromium Oxide thin films have been grown on the naturally oxidized on
Si (100) crystal and discussed each of the step changes changing the growth
parameters. As it is well known that ultra-thin films are not easy to be characterized
their phases structurally by using bulk techniques such as XRD, SEM so on... The

best technique to analyzing their oxide phase is surface electron photoemission
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experiment since it has surface sensitivity and it can deliver the information of
chemical, structural, and electronic properties within atomic sensitivity. In this study,
XPS is only used to search oxidation phases of Cr-Oxide surfaces.

The growths have been succeeded as they were described previous sections, the
results of XPS were illustrated to show how the growth parameters affect to oxidation
phases in ultra-thin films. The main target is to success the growth of Cr.Os surface
since it is a nominated perfect antiferromagnetic layer in the spintronic devices built
by multilayer thin films. As it is well known that Cr.0s films has a distinct satellite
feature in the photoemission spectrums of Cr2psp2; and it helps to assure to grow the
perfect Cr.O3 surface. Nevertheless, the analyses of photoemission spectrum are
necessary for a tedious fitting process. It provides the elemental ratios with the
chemical and electronic structure. In this study, the program CASA (product of SPECS
GmbH) is used to analyze the results of XPS.

The success of fitting process in XPS analyzes depends on the good background
functions such as Shirley and Taggard functions and on the function illustrated the
core peaks of Cr2ps;z, Ols, and the satellite peaks of Cr(Ill). Figure 3.12 shows a
survey containing the XPS from four sample growth. The sample Si (100) is a XPS
survey taken from the substrate, and it shows only Silicon and Oxygen Core peaks
with Auger features. It indicates that the substrate is clean enough and ready to grow
Cr-oxide films. There are other observations on the survey spectrums of Cr-Oxide
films that any of Si features do not present since the thickness of oxide films buried
the photoemission peaks coming from the substrate. Meanwhile, the four surveys
indicate in first overview that all films show Cr-Oxide surfaces but it is not easy to say
which one is perfect Cr203 surface. That’s why the windows for the core orbit Cr2pa2

and O1s were taken for every four samples.
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Figure 3.12: The survey spectrum of Cr-Oxide surfaces and natural oxidized Si (100)
crystal.

All XPS windows of Cr2p and O1s show almost same feature, but there is a
small difference that can be prove by fitting study. Therefore, the photoemission
spectrums of Cr2p and O1s were taken with higher energy resolution, and the
subtraction of Shirly background function were applied for all spectrums, then by
using Voigt function, the peaks of Cr2p and O1s were analyzed to reveal the number
of possible peak and energy shift with the function of the calculated peak area. Figure

3.13 shows fitting process done for Cr2p and O1s of the sample RF2.
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Figure 3.13: Fitting process of a) Cr2p and b) O1s.

The Ols does not indicate any other oxygen correlation and also the peak
position is appropriate with Cr(l11). However, the photoemission peak of Cr2p is more
complex than Ol1s. The main peak comes from Cr(ll1) but there are tails on Cr2pas;
and Cry2 clearly due to the electronic structure of valance band for transition metal
oxide. Other than tails, the satellite feature also were observed on spectrum, and it
indicates clearly Cr (Il) oxide formations. However, there is a possibility for the
existence Cr (V1) with same binding energy shift from metallic Cr (0). If there is Cr
(VI), it should have trace amount. In order to prove existence of optimum Cr (l1)-
oxide films, the ratio between the area of Cr2p and O1s should be calculated; as long
as the ratio of calculated area is closest to 2/3, the surface is close to Cr(lll)-oxide
formation. The calculated atomic ratio is tabulated in Table 3.4. According to the
calculated peak area treated with Atomic sensitivity of Cr2p and O1s, RF2 is the most
Cr (111)-Oxide sample.
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Table 3.4: The calculation of the four samples Cr/O ratios.

Samples | Power Post Growth Gas Flow Rate | Thick. Atomic
Anneal. | Temp. Ratio
(W) - Argon | Oxygen A
(°C) (°C) Cr/O
SCCM | SCCM
RF2 RF 20 500 400 3.0 0.23 121 40/60
RF4 RF 20 400 400 3.0 0.23 177 42.44/57.56
DC
P31 o5 RT 250 3.0 0.23 114 40/60
DC
P4 o5 400 400 3.0 0.23 99 41.76/58.24

3.5. Discussion

As it was discussed aforementioned, the Cr oxides, grown with Pulsed DC and
RF magnetron sputtering, have difficulties that limit the growth process. Pulsed DC
relatively is mostly faster than the RF spectrum. It is observed that in order to deposit
metal oxide films, the deposition rate of Pulsed DC is higher than the RF. The RF can
have same Cr coating ratio at high voltage compare to the Pulsed DC. Although the
Pulsed DC have high deposition ratio, it is poisoned for long period reactive
depositions because the metallic target exposed to the oxygen and it is oxidized in
time; while oxygen is fed to the system to make thin CrxOy film on Si crystal substrate.

Another important point is that the substrate temperature effects on growth
process. Both the temperature used for the substrate and post annealing have effect on
Cr¥* phase’s growth. While growing Cr oxide on Si crystal at low temperatures (~100
°C), the Cr*" phases occur. After applied post annealing above 250°C, the Cr**
decomposes to the Cr¥* as it displayed in Figure 3.4.

Nevertheless, the parameters optimized for Pulsed-DC Magnetron sputtering
deposition process do not work as well for RF Magnetron sputtering. For comparable
work, some of parameters were used as same as used for Pulsed DC; such as the gases

pressure. However, the power applied on unit of surface are optimized to have same
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deposition ratio. Then the temperature of the substrate and post annealing have been
seeking in order to make the most Cr(l11)-oxide surface.

Finally, the thin Cr20s film has been achieved with optimized parameter by both
Pulsed DC and RF on naturally oxidized silicon crystal (100) reproducibly. It is
concluded that the RF-Magnetron Sputtering deposition technology is the best
optimized technique to make metal oxide surface reproducibly. The advantage is that
the parameter optimized experimentally may be easily modeled for industrial
applications such as spintronic devices having the multilayer film structure which the

Cr203 can be used as antiferromagnetic ultra-thin layer.
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4. CONCLUSION

Chromium oxides, as transition metal oxide thin films have wide technological
applications such as a layer having strong magnetic moment enhancement in
multilayers films as single layer form exhibiting ferromagnetic or antiferromagnetic
properties and some oxide formations showing high coercivity towards spintronic
devices. Nevertheless, Chromium has also variety oxide phases like a-Cr203z, y-Cr203,
CrOz, CrOg, Crg021, Cr20s, and, Crs04, and this creates great opportunity to be used
in many applications but it also creates difficulties during fabrication. The form of
oxidations is strictly depended on the way of fabrications. So far, chromium oxide
films are also used many times as bulk or films formations but not as in angstrom
ranges. When the growth range goes under the Nano Range, it exhibits that the ultra-
thin films of Chromium oxide get easily multi phases; it is not easy to grow single
oxide phase even though reproducibly.

In this study, the selected chromium oxide phase is Cr.O3, which is the most
stable one, was grown as in ultra-thin film by using Magnetron Sputtering Deposition
Technique; the films grown were analyzed by the surface photoemission spectroscopy
XPS, one is strong surface analyzing technique. The growth and analyzing processes
were done in UHV conditions and the sample prepared were never introduced in
atmospheric conditions; Once the substrate Si (100) naturally oxidized are loaded after
preparing UHV conditions. Cr*3-Oxide phase is the most stable one of them but it
would easily contain the other oxide formation base on the ratio of oxygen in growth
conditions, annealing temperature and grain size coming off from the magnetron
target.

The magnetron sputtering (MS) deposition would be executed by DC, Pulsed
DC, and RF power sources in reactive growth condition with the certain ratios of
Argon and Oxygen. Meanwhile, the substrates would be heated during growth
(annealing) and after growth process (post annealing), Chromium particles coming
from the target of MS is oxidized even before hitting on the substrate. Contrary, the
way of applying power in order to generate plasma has serious effects wearing the
target. DC Power technique used with the reactive plasma is poisoning target in short
time. In the Pulsed DC, the target poisoning by molecular oxygen in reactive plasma

become slowly with the function of applying power but it is not good for controlled
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manner deposition. On the other hand, RF has good timing with his unique frequency
interval in order to clean poisoned surface in short time. Therefore, it has always stable
deposition but slow since in the half of time, the plasma cleans the surface from
charging occurring because of the thin layer on oxide target surface. The other
advantage is to have the small size particles coming off the target.

The size of particles should be well distributed and they should be as possible as
smaller. It is important to oxide particles completely on the surface homogenously.
The size is not the only important thing for fully oxidation; the temperature is also
important. While continuing annealing after deposition, the structure of oxide surface
alters in grain size and electronic structure resulting to different oxide level. In MS
Deposition Technique, the power applied on the surface of target causes changing the
size of particles coming from the target, and the size of particles also effect oxide level
as the ratio of oxygen in mixed process gas during acting plasma does. Therefore, if
considering reproducible growth with single phase, the particle size depending on the
applied power, annealing-post annealing temperatures and gas ratio of Argon and
oxygen during acting plasma should be optimized substantially. On the other hand,
the sensitivity of characterization also is essential to trace optimized parameter to grow
the most stable single phase oxide surface.

In this study, many samples were prepared but just four sample were presented
since they have only meaningful spectroscopic results. Cr*3-Oxide has distinct two
features in the widow of Cr2p x-ray photoemission spectroscopy, and it is used to
characterize Cr.Oz surface. At the same time, the window of O1s should show one
type of oxidation while not showing the other oxide peak by shifting. However, this is
not enough to prove having fully Cr.O3 surface. The atomic ratio of Cr/O should be
2/3. That’s why the peak areas of Cr2p and O1s were found out by using appropriate
peak and background functions with ASF in order to calculate atomic ratios. The only
one sample called by RF2 has 2/3 atomic rate, but it is not enough that the surface has
a single oxide phase. It is known that Cr203 has a and ¥ phases which have different
symmetries but have same electronic structure. That’s why it is necessary to
crystallographic study. However, the thickness of oxide layer is enough to allow XRD
but XPD, STM and LEED. Next level, the oxide surface with optimized parameters
should be worked by XPD, STM and LEED to define structural feature with electronic
structure. That’s why it is planed that Cr-Oxide with two a- and ¥-Cr203 two phases

will be studied epitaxial in order to define the structural differences.
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