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This research focuses on the investigations of the effects of surface
contamination on x-ray absorption spectroscopy (XAS) that is caused by exposition to
air during transfer to analysis chambers. It is inevitable that the surface of the samples
was contaminated by absorbed air molecules. In this work the diamond-like carbon
(DLC) films prepared by high-power impulse magnetron sputtering technique
(HiPIMS). Synchrotron X-ray photoelectron spectroscopy (XPS) was used to verify the
contamination of the DLC films. XAS measurements were done in total electron yield
mode in the sample XPS analysis chamber of the BL3.2Ua beamline of the
Synchrotron Light Research Institute (SLRI). The surface contaminations of the DLC
films could be reduced by a low-energy Ar ion sputtering technique. XAS
measurements of the DLC films were carried out on the sample before and after ion
sputtering for different durations. The quality of C1s photoelectron increases, while the
quality of the O1s photoelectron decreases, with the sputtering time. This suggests the
reduction of surface contamination by the Ar ion sputtering. XAS of the sample before
and after Ar ion sputtering suggests that there is a contribution of information from the
contamination. The sp? content in the DLC films provided by the XAS analysis varies

with the Ar ion sputtering time. The sp® content is minimum when on ion sputtering
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was performed. It increases with the sputtering time up to certain time, the decrease
again. The increases of sp;3 may be due to that face that the contamination was reduced.
The reduction of sp2 after that may be due to the structural damage of the DLC caused
by the ion bombardment. This work demonstrates that proper surface contamination

removal procedures must be taken for accurate determination of car bon species in

DLC films.
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CHAPTER |

INTRODUCTION

Diamond-like carbon (DLC) is simply one kind of carbon materials that
exhibits some of the typical properties of diamond. DLC consists of C atoms with sp?
and sp® hybridizations. The sp® hybridized carbon in DLC confers many beneficial
properties of diamond, such as high mechanical hardness and chemical and
electrochemical inertness, while the sp? hybridized carbon controls the electronic and
optical properties (Robertson, 1992). DLC has been applied for many industrial
applications as protective coatings in various devices, such as in magnetic recording
disks, optical windows, cutting tools or micro-electromechanical devices. The
outstanding properties of DLC can be controlled by the ratio of sp*/sp> carbons in DLC
films. (Ozlem, 2015). In general, different deposition techniques and conditions yield
DLC films with different sp?> and sp® ratios. In the past few decades, various
techniques have been used to prepare DLC films. One of the most recent techniques
that has been received great attention of scientists in the field is high-power impulse
magnetron sputtering (HiPIMS). HiPIMS is an extended technique of a magnetron
sputtering technique. This technique is considered to be a unique technique. HiPIMS
employs high power impulse for the magnetron head. The peak power density of
HiPIMS technique is normally higher than 1 kW/cm?, which is more than a factor of

100 greater than those of conventional direct-current magnetron sputtering systems.



The current density provided by HiPIMS systems is over 1A/cm? (Konishi, 2016).
Although this technique is in the development phase, the efficiency for preparing
DLC films is quite high when compared with other techniques. Along the
development of DLC film preparation techniques, there are progresses in
characterization techniques and data analyses of DLC films in order to determine
accurately the sp?/sp® ratio of the carbons in the films. Different characterization
techniques such as X-ray photoemission spectroscopy (XPS), infrared spectroscopy
(IR), X-ray absorption spectroscopy (XAS) and thermal desorption spectroscopy
(TDS) have been employed. Among those techniques, XAS is one of the most widely
used techniques. Normally, an XAS spectrum, absorption coefficient versus photon
energy, is used to provide the information of the local structure around the absorbing
atoms, carbon atoms for DLC. It is well known that carbon and oxygen are the main
surface contaminants for all kinds of solid sample exposed to air. There has been a
report on the effect of surface contamination on XAS analysis of graphene and carbon
nanorods. Part of the research substantiates that the XAS data affected by surface
contamination. XAS analysis indicated that the number of sp>-C atoms decreased after
ion irradiation (Tsukagoshi, 2013) (Shin-ichi, 2014).

This research focuses on the investigation of the effect of surface
contamination on XAS analysis for DLC films. It is understood that contamination on
the surface on DLC films is unavoidable when the samples are exposed to air during
transferring from the deposition chamber to the analysis chamber. There has been no
report on the effect of the contaminating carbon on the determination of the sp? and

sp® ratio measured by XAS. Thus, this work emphasizes on this issue.



CHAPTER Il

BACKGROUND

This chapter is a summary of the literature review on the topics related to this
research. The historical background and preparation as well as applications of DLC
films are explained in the first part of this chapter. The research second pant covers

the techniques for preparation and characterization of DLC films
2.1 History of diamond-like carbon

During the last few decades, DLC films have been attracted much interest due
to their innovative properties such as high hardness, low friction coefficient, high
wear resistance, and chemical inertness. These properties can be controlled by the
ratio between sp® and sp> hybridizations of the C atoms. Thus, DLC films were widely
used in optoelectronic devices, protective films for tribological or chemical
applications, coatings for dies or molds, biological parts and automotive parts and
tools (Rajkumar, 2018).

Aisenberg and Chabot discovered DLC by accident during the in experiment
on the synthesis in 1971. Their thin films were prepared by an ion beam deposition
technique using graphite as the target. Analysis results of the deposited films showed
the partial properties and structure similar to diamond such as the index of refraction
greater than 2.0, transparency, highly insulating, resistant to corrosion of acid and
dielectric constant between approximately 8 and 14, while the diamond is 16.5 and

etcetera.



These deposited films were later called DLC (Klaus, 2014). After that, DLC began to
draw attention from many researchers because it had many salient qualities. Other
properties of DLC e.g. low coefficient of friction, high hardness, and chemical
stability were reported later. Investigations of new properties and development of
preparation techniques for the DLC films are one of the main research topics since the
discovery of DLC to date. As present, the unique properties of the DLC films are
well-understood. Although a few techniques for DLC films preparation were

established, new techniques with batter performance and still demanded.
2.2 Properties and applications of DLC

The DLC film is one of the amorphous carbon clan that synthesized from
deposition processes. Most significant feature of DLC is the diamonds bonds in a
dense amorphous structure (Robertson, 2002). In general, DLC films are generally
classified according to the ratio of the diamond and graphite structure in that sample.
The bonding of diamond and graphite structure called sp* and sp? bonds, respectively.
However, the DLC films were often doped with hydrogen, both in the intended and
unintentional way. These hydrogen atoms directly affected with some properties of
the DLC films. Therefore, the types of DLC depend on the ratio of sp?/sp

hybridizations and H bonds.
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Figure 2.1 Phase diagram of bonding in amorphous carbon-hydrogen alloys

(Robertson, 2002).

The DLC types are classified into 7 types as depicted in the phase diagram of

DLC materials in figure 2.1, namely:

a) Polymer-like a-C:H (PLCH): The film in this group have about 40-60%

hydrogen atom volume, which has the highest value among all other types

of H atom. The diamonds content can be up to 70 %, but most sp> bonds

were bonding with the H atom. Therefore, the materials in this group are

soft and low density. Their width of the bandgap is 2 to 4 eV. Generally,

the film in this group often prepared with deposited by plasma-enhanced

chemical vapor deposition (PECVD).

b) Diamond-like a-C:H (DLCH): The DLCH film is a group of DLC films

that has H content at the middle-level, approximately 20-40%. There is

less overall sp® content than PLCH films. On the other hand, they have a

very high C-C bond that resulting in more mechanical properties. The band

gap range from 1 to 2 eV.



c) Hydrogenated tetrahedral amorphous carbon films (ta-C:H): The film
has general features similar to the DLCH film, but the content of the sp®
bond greater and the keeping H constant at 20-30%. The density and
Young’s modulus can be up to 2.4 g/cm3 and 300 GPa, respectively. An
optical gap is 2.4 eV.

d) Graphite-like a-C:H (GLCH): The film has H content less than 20%,
which is the type with the least H atom. Moreover, they have very high sp?

bonding, resulting in the width of the band gap of less than 1 eV.

9, sp2 carbon atom; @, .rp3 carbon atom; O, hydrogen atom.

Figure 2.2 A two dimensional representation of diamond like carbon film structure

(Robertson, 2002).

Currently, the various structure models of DLC films were proposed, but none
is completely accepted. The most common form used to describe the structure of the
DLC films is the form that depends on distortion or defects of the graphite structure.

This coordination is a function of the hydrogen atom in the film. This model was



presented by Angus and Janse, as shown in Figure 2.2. These hybridizations between
diamond and graphite in the DLC films are formed disorderly structures that make its

properties are changed to a different way.

Table 2.1 Summary of properties and applications of diamond-like carbon films. Text

in parentheses indicates potential applications (Grill, 1999).

Property Type of use Applications

Transparency in Vis and IR Optical coatings Antireflective and wear-
resistant coatings for IR
optics

Chemical inertness to acids, Chemically Corrosion protection of

alkalis and organic solvents passivating coating magnetic media, biomedical

High hardness; H=5-80 GPa Tribological, wear- Magnetic hard driver,
resistant coatings magnetic tapes, razor blades

Low dielectric contents < 4 Low-k dielectrics (Interconnect dielectrics)
(Field emission flat panel
displays)

Nanostructure Very thin coatings ~ Magnetic media

<5nm

It is observed that most structure of DLC films is the structure of diamond or
sp® bond. This sp® bond caused several features similar to the properties of diamond,
for example, high hardness and elastic modulus, chemical inertness, corrosion
resistance, good thermal conductivity resistance or even biocompatibility and blood
compatibility (Grill, 1999). Therefore, DLC is typically utilized the ability of the
material for coating applications in various. Whether the optics and electronics fields,
the automotive and transportation company, hard discs industry or protective coatings

parts. The properties and applications of DLC films summarized followed in table 2.1.



2.3 Deposition Techniques of DLC films

The formation of sp*® bond in DLC films can occur without hydrogen atom
with appropriate conditions. The various techniques were developed to form DLC
films preparation methods may be divided into two major categories, i.e. Physical
Vapor Deposition (PVD) and Chemical Vapor Deposition (CVD). The PVD method
used solid targets for film formation, while the CVD method releases gas to
synthesize the film. Both techniques are subdivided into several techniques such as
laser vapor deposition, cathodic arc deposition, and sputtering deposition (radio-
frequency (RF), direct current (DC) discharge or and self-discharge). This section, the
preparation techniques of DLC films employed in this research is explained.

2.3.1 Magnetron Sputtering

Magnetron sputtering is an extremely versatile technique. It is widely used for
the preparation of both hydrogenated and hydrogen-free DLC films. In the basic
sputtering process, a solid material is used as the target. The target atoms are knocked
with high energy ions (plasma ions) that are created in the deposition chamber. These
atoms are formed to thin films on the substrate (Helmersson, 2006). Plasma ions are
caused by ionization of inert gas such as argon (Ar). These plasma ions are negative,
positive or quasi-neutral. For magnetron sputtering technique, the strong magnet is
installed behind the target, which may be either a permanent magnet or an
electromagnet. When the inertia gas ionized, positive plasma ion is induced by a
strong electric field and hits the target. The knocking atom is deposited on the
substrate. In a certain case, the electrical connection on the substrate was used to
increase the deposition rate. The magnetrons sputtering is divided into direct current

magnetron sputtering (DCMS) and radio frequency magnetron sputtering (RFMS).



For DCMS methods, it used of continuous current for creating stable plasma ion
bombardment with the target. While the RFMS method often used for insulating
materials because of the insulated targets caused charge buildup and reduced
efficiency of the process. However, the preparation of the DLC films that using the
conventional magnetron sputtering method is relatively low density and content sp®.
This intelligence can be solved by increasing the efficiency of a preparation process
but it should not be reduced distinctive point of the original system. Which high
power impulse magnetron sputtering technique (HiPIMS) covering all the required
features.
2.3.2 High Power Impulse Magnetron Sputtering

The HIiPIMS technique is considered as a relatively new technique when
compared with the same type of sputtering technique. It was first reported in the year
1999 and was actually used by Bugaev and Fetisov. The basic principles of the
technique are similar to the DCMS technique. The most obvious difference is the
plasma energy form that used to knock the targets. For the HIPIMS technique, the
target is bombarded by high energy plasma for a short time, which is different from
the DCMS technique that used continues energy to bombard the target with moderate
damage. Moreover, the high energy stimulation of the HiPIMS technique prevented
overheats of the magnetic head, which may be breaking the system. The DLC films
that prepared by this technique have higher density deposition and homogeneous
coating structures. In addition, the capability of the DLC films production may be
higher than general techniques. The ability of the HiPIMS technique was confirmed
by Meidong and his group. They presented the preparation of graphite-like carbon

films by high power impulse magnetron sputtering. Meidong showed the difference of
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the films prepared by DC magnetron sputtering and high-power impulse magnetron

sputtering (HiPIMS), as shown in figure.2.3, The deposition rate and the ratio of sp?/

sp® of GLC films prepare by HiPIMS are higher than those of GLC films prepared by

DC magnetron sputtering (Meidong, 2013).
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2.4 Characterization Techniques for DLC films

The ratio of sp? and sp* bonding in DLC are may be approximated by various
analytical methods, including X-ray photoemission spectroscopy (XPS), infrared
spectroscopy (IR), and thermal desorption spectroscopy (TDS). This section briefly
explains common techniques for analyzing the DLC films. However the techniques

employed in this work are emphasized.

2.4.1 X-ray photoemission spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) seemingly is the most powerful
equipment used for analyzing the composition of the DLC films. In the early stages,
DLC films analysis of XPS are tricky and needs specialization due to its sophisticated
nature. Until 1995, Merel and his group gauged the sp® content in DLC films from the
decomposition of the Cls. figure 2.4 shows the XPS C1s peaks of DLC samples
deposited at different laser intensities.

The sp® carbon atom content of DLC films is measured by the ratio of the
corresponding peak area over the total C 1s peak area. The spectra in Fig.2.4a
distinctly show the DLC C1s compose of at least two components. The higher binding
shoulder increases when laser intensity is increased. The Shirley method is used for
approximating the contribution of the background, while the fitting of the DLC C 1s

peaks is performed by using a mixture of a Gaussian and a Lorentzian.
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Figure 2.4 a) XPS C 1s peaks of a graphite target,diamond thin film and the DLC thin
films obtained at different laser intensities. b) Deconvolution of the XPS C
1s peaks of the DLC films deposited at 0.9x10° and 7.1x10® Wrcm?

(Merel, 1995).

The fittings for the samples deposited at the highest and lowest laser intensity
are presented in figure 2.4a. The Cls XPS spectra are separated into least two
different main components, at 284.4 eV and 285.2 eV, which corresponds to sp? and
sp® hybridized carbon atoms, respectively. From the deconvoluted spectra, the ratio of
the corresponding peak area over the total C1s peak area is used to determine the sp®
carbon atom content. At present, this method is reliable and widely recognized

(Merel, 1995). Normally, XPS is a one of highly surface-sensitive technique, thus
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cleanliness of surface are essential. For a detailed characterization with highly
surface-sensitive methods, surface analytic studies are mostly performed under
ultrahigh vacuum (UHV) conditions. Although the pressure of the residual gas is very
low under UHV conditions, the surfaces are never kept permanently clean
(Steinberger et al., 2017). Therefore, XPS analyses have been used in combination
with sputter ion etching for cleaning contamination on surfaces.

It is well known that XPS is one of the most reliable techniques to analyze the
structure of the DLC films. This technique is a surface-sensitive technique, which
must be careful of surface contaminants on the sample. On the other hand, the surface
contaminants can also use to identify by this technique. The above information is
confirmed by Zemek and group (Zemek, 2016). The effects of argon sputtering on
XPS analysis of DLC and nanocrystalline diamond film surfaces are studies. The sp?
and sp® hybridization of DLC films before and after cleaning surfaces are presented.
Zemek and his research team used high-energy resolution core-level XPS for
examining the influence of argon cluster ion beam on composition and chemical
bonding of DLC and nanocrystalline, focusing on the peak widths and hybridization
of carbon atoms which are evaluated from C1s lines.

Changes in the FWHM values of nanocrystalline diamond (NCD) samples
reflect structural disorder induced by Ar cluster ion bombardment than the changes in
the C sp® and C-O contributions, as shown in figure 2.5. The contaminants on the
surface are detected at the first spectra or C1s XPS spectra before bombard surface by
Ar cluster ion. Changes of FWHM values and shape of XPS spectra before and after

Ar cluster ion confirmed that the contaminants are removed (Zemek, 2016).
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Figure 2.5 High-energy resolution C 1s spectra recorded from as-received and Ar

cluster ion sputtered DLC (a), NCD:H (b), and NCD:O (c) Samples

Zemek, 2016).
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2.4.2. X-ray absorption spectroscopy (XAS)

UNCD/a-C:H

(‘ne) usuajug

0

300

Photon energy (eV)

Figure 2.6 Experimental and fitted NEXAFS spectra of (a) UNCD/a-C:H film

deposited, (b) a-C film deposited, and (c) a-C:H film (Shinya, 2009).
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XAS technique has recently been well accepted for characterization of various
carbon films due to the ability to provide information with high accuracy on the local
structure surrounding excited carbon atoms and the orientation of the carbon bonds. In
the beginning XAS, investigations of the local bonding configurations within an
amorphous carbon of XAS technique were judged by the features of x-ray absorption
spectra (Lenhart, 2005). Until 2009, Shinya and his group successfully utilized for
investigating the local bonding configurations within amorphous and nanocrystalline
carbon by deconvaluting near-edge X-ray absorption fine structure (NEXAFS)
(Shinya, 2009). The absorption spectra of carbon films were deconvoluted to identify
different bonding configurations such as n* and o* bonds. The NEXAFS spectra of
the UNCD/a-C:H film, a-C film, and a-C: H film deposited are shown in figures 2.6
(@), (b), and (c), respectively. The red solid line is a spectrum from fitting. In data
analysis, the experimental data is subtracted by an error-function step, which is
originated from the C K-edge at the ionization potential. The subtracted spectrum
decomposed into Gaussian peaks corresponding to nxC=C, 6*C—H, nxC=Cx*, 6xC—C,
o*xC=C, and o*C=C. (Shinya, 2009).

At present, investigating the local bonding configurations by XAS technique
has been accepted and extensively used. In general, C K-edge spectra consist of the
transition peaks and ionization function. The ratios of the sp? and sp® bond are
estimated by the ratio of the corresponding peak area over the total C K-edge peak
area. C K-edge spectra of tetrahedral amorphous carbon (ta-C) thin film (one of DLC
structure), as shown in figure 2.7, comprise seven peaks corresponding to, m* sp?,
ketone/aldehyde, C-H, carboxyl, sp®, Rydberg states and o* sp® at 284.9 , 286.6,

287.5, 288.6, 289.8, 291.0 and 292.8 eV respectively (Sainio et al., 2016).
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Figure 2.7 Measured (black dotted line) and fitted (red line) C k-edge token from

ta-C film (Sainio, 2016).

There have been many reports on the comparative studies between XAS and
XPS techniques (Quiros, 2015). N k-edge XAS and N 1s XPS of carbon nitride film
showed in Figure 2.8. Quiros and his group reported the analysis of amorphous
carbon nitride films by XAS and XPS technigues. Changes XPS and XAS spectra by
annealing treatments is observed. Carbon nitride films are grown with different
sputtering and assistance conditions. Their surface N/C atomic ratios are 0.3 and 0.5.
Figure 5 shows the N 1s XPS and N k-edge XAS spectra of the sample with nitrogen
content before and after annealing. The comparison of figures 10 suggests a
correlation between the low binding energy components of XPS, at 399.3 eV, with

transitions 399.6 and 400.8 eV of XAS spectra. (Quiros, 2015).
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Figure 9 The XPS N 1s and XAS N k-edge spectra of the sample with nitrogen

content before and after annealing (Quiros, 2015).

From the literature review above, it can be seen that both XAS and XPS
techniques are accepted and used in various researches. However, there has been
reported about the XAS technique that may be a problem for its reliability. For
measurements with XAS techniques, the experiments were performed under ultra-
high vacuum pressure. Most experiments measured without ignoring the surface
contamination. However, the effects of surface contamination on a carbon sample that
measure by XAS techniques were reported. Tsukagoshi and his group reported about
the damage of multiwall carbon nanotubes to amorphous carbon nanorods under ion
irradiation. One of his interesting results is the change of graphenes spectra before and
after ion irradiation at low ion irradiation energy. This energy range is the energy
level for normally used cleaning the surface of the sample. It can be seen clearly that

there is a change in the intensity of the m* peak shown in figure 2.8. In general, the
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XAS technique for DLC characterization is in a total-electron yield mode. Inevitably,

the XAS spectra contain signal from surface contamination. This is an interesting

distinction.
I I 1 I+| 1 I I 1 | I 1 I I I I I I I
1 keV Ar
o
=
=
8
7
£
g
£ |
as-prepared
[ R T T N

280 290 300 310 320
Energy €V)

Figure 2.8 The XAS spectra of graphenes irradiated at an energy of 1 keV

(Tsukagoshi, 2013).

It can be seen that this effect can be clearly observed in carbon materials. The
DLC films are a type of carbon material which this effect may also appear in DLC

sample. However, the causes of change in the XAS spectrum cannot be clearly
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identified due to changes that can be observed in Tsukagoshi report may be caused by
some destruction of the sample. To explain this spectrum change is an interesting
question. Preliminary prediction of this change is the impact of surface contamination
on the sample. Generally, most carbon samples are sensitive to the atmosphere. Air
molecules are often detected as an unwanted surface contamination. These

contaminations is usually formed when the sample are exposed to air.



CHAPTER 111

EXPERIMENTAL

In this work, the DLC films were prepared by a high power impulse
magnetron sputtering technique surface contamination on the DLC films were
identified by X-ray photoelectron spectroscopy (XPS). The effect of surface
contaminations on the DLC films on XAS analysis was studied by comparison of data
from the DLC samples before and effect surface cleaning. It is noted that
measurements were certified at the XAS experiment will be measured in the same

XPS system. The details of the experimental procedures are as the follows.

3.1 Materials

Materials used in this experiment consist of 99.99% graphite Sputtering Target

(3 inches), gas argon, gas nitrogen, glass slides, DI water and ethanol 99.99%.

3.2 Deposition Procedure
3.2.1 Deposition system
The DLC films have been synthesized by the HiPIMS technique. A schematic
of the deposition chamber is shown in figure 3.1. The plasma glow system comprises
a cylindrical stainless steel deposition chamber with dimension of 45 cm in diamante
and 56 cm in length. The substrate holder is a stainless steel sheet of 12 cm diameter

connected to a stainless steel rod for adjusting the distance, approximate diameter 2
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cm. The base pressure in the deposition chamber was maintained at 2.7 x 10” mbar,
by using two types of pumps; scroll pump for evacuations the pressure from the
atmospheric pressure to 10% mbar and turbo pump for making pressure into base
pressure. Operating pressures in the deposition chamber were controlled by the flow
rate of the Ar gas. The plasma was produced by HiPIMS power supply and a shutter
was used to stop the unwanted deposition. The densifications or intensifications of
plasma were controlled by changing the parameters in the deposition of the DLC

films.

water
magnetron

gasinlet vacuum

pump 2

sample

selector
vacuum
pump 1

Figure 3.1 A schematic of the deposition chamber.
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3.2.2 Procedure for deposition of DLC Films

Microscope slide glasses were used as substrates with dimensions of 2x2 cm?.
The substrates were gently cleaned successively with ethanol and then with DI water
in an ultrasonic bath for 30 min each. The substrates were dried by N, gas before
being loaded into the deposition chamber. DLC films were deposited by HiPIMS
technique. The deposition time was 60 minutes and the average power was 157 watts.
The target is pure graphite with 3 inches in diameter. The distance between the targets
to the substrate was 11 cm. The flow rate of Ar gas was 10 sccm. The base pressure

and operating pressures were 2.7 x 10® and 2.2 x 102 mbar, respectively.

3.3 Characterization techniques

3.3.1 Synchrotron radiation

3.3.1.1 Synchrotron
A synchrotron is a large machine that accelerates charged particles e.g.,
electrons and ions to the speeds close to that of light. As these electrons or ions are
deflected by magnetic fields they create highly electromagnetic radiation, called
synchrotron radiation or synchrotron light. The principal structures of the synchrotron
presented in figure 3.2. In the first stage, the electrons generating from the electron
gun (1) are accelerated in the linear accelerator (linac) (2). The radio frequency is
used to acceleration electrons, this wave creates intense electric and magnetic fields.
When the electrons enter the linac, the intense electric field are switched back and

forth between negative potential and positive potential (Wilson, 1996).
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Figure 3.2 The principal structures of the synchrotron (ANSTO group, 1997).

Charged particles (electrons) are pulled by this change of electric field and are
accelerated to the speed of light. In the second stage, they are transferred to the
booster ring (3) and are accelerated the energy range up to giga-electron volts while
adjusting the magnetic field corresponds to the energy of the electrons to maintain the
radius of curvature of the electric. Then they are transferred to a circular storage ring
(4). When electrons are deviated in the storage ring by the magnetic field, the
synchrotron light is emitted tangentially to the electron orbit. This radiation is
transported into the beamlines (5) for use with various experiments. In general,

synchrotron radiation covers a wide range of wavelength (over 4 types, consists of
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infrared, visible light, ultraviolet, and x-rays). This radiation is high intensity or over

millions of times brilliant than other light sources.

3.3.1.2 The uniqueness properties of a synchrotron
radiation.

The proportion of synchrotron radiation properties are rather unique, as
summarized below.

Wide continuous spectrum and adjustability: the spectrum of synchrotron
radiation produced by a bending magnet is continuous. The spectrum range of the
synchrotron radiation is shown in figure 3.3. This spectrum covers from infrared up to
hard X-rays. Since the spectrum of synchrotron includes all wavelengths, it often
called to as white light. Moreover, synchrotron radiation can be selected with
appropriate energy range for each material, therefore it becomes an adjustable

radiation source.
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Figure 3.3 The spectrum range of the synchrotron radiation (Paul, 2006).
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Polarization: The synchrotron radiation emitted from a bending magnet is
horizontally polarized at linearly polarizing in the plane of the storage ring, while the
emission synchrotron radiation above and below the orbit is circularly polarized. As
shown in the figure 3.4, the vibration of synchrotron sources is horizontally polarized
but the X-ray radiation from laboratory sources is vibrating in all planes. This feature

has advantages for investigations of magnetic materials.

X-ray

X-ray

Figure 3.4 the synchrotron radiation in horizontally polarized and circularly polarized

(Paul, 2006).

Very high intensity (flux) and high brilliance: Photon flux of synchrotron
radiation is very high. In general, the flux depends on the number of electrons

circulating in the ring per unit time (beam current), which synchrotron radiation has
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very high beam current more than of conventional X-ray source. The high flux and
high brilliance of synchrotron radiation can be used for measuring the infinitesimal
and diluted samples as well as data high-resolution.

Pulsed character: Synchrotron radiation is not actually continuous but it is
emitted in short bursts time. The pulsed property of the synchrotron radiation can be

used for study in some specialized experiments (Paul, 2006).

3.3.1.2 Synchrotron light research institute (SLRI)
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Figure 3.5 the main component of the Synchrotron Light Research Institute.

Synchrotron Light Research Institute (SLRI) is the first synchrotron radiation

research facility in Thailand. The current location is the Technopolis of Suranaree
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University of Technology, Nakhon-Ratchasima. The main components of the light
source at SLRI are shown in Figure 3.5. The electrons accelerated in the linear
accelerator (LINAC) up to a 40 MeV. These electrons are transported by the low
energy beam transport line (LBT) before entering to booster synchrotron (SYN).
Radio Frequency wave (118 MHz) is used for the acceleration of electrons to produce
electrons with energy of 1.2 GeV. Then, these electrons are consigned to the storage
ring (STR) by the high energy beam transport line (HBT). Currently, there are 10
beamlines providing various measurement techniques such as X-ray Absorption
Spectroscopy (XAS), Infra-Red Spectroscopy (IR), Photoemission Spectroscopy

(PES), X-ray Fluorescence (XRF) and Deep X-ray Lithography (DXL).

3.3.2 X-ray photoelectron spectroscopy (XPS)
3.2.2.1 Principle of XPS

X-Ray photoelectron spectroscopy (XPS) is one of surface analysis techniques
with a probed depth approximately 2 to 5 nanometers (nm) from the surface. XPS can
reveal chemical species of the atom at the surface region. It relies on photoelectric
effect. Soft x-rays irradiated on a sample excite electrons in core level to vacuum
states. The kinetic energies of these excite electrons depends on the binding energy
and the exciting photon energy. A general XPS spectrum presents the number of
emitting electrons in each kinetic energy or binding energy. Since the binding
energies are specific to the element. The photoelectron can be used to identify the

elements in the materials.
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Figure 3.6 the electronic state exists in the atom.

As shown in figure 3.6, the electronic states existing in the atom (e.g., 1s, 25,
2p, 3s, etc.) are presented in each XPS peak. The XPS peaks show Gaussian-
Lorentzian curves. The breadth of FWHM is a determinant of chemical bond in
samples due to having various factors affect to magnitude of FWHM e.g., the
resolution of the detector or size of an X-ray beam, etc. The kinetic energy of emitted

photoelectrons is given by the fowllowing equation

E=E,+Ez+0, (3.1)

where E is the photon energy, Ej is the kinetic energy of the electron after being
ejected, Eg is the binding energy of the electron in the material and @ is the work
function of the material. The work function is defined as the minimum energy
required for an electron to escape from the material. Typical work functions are on the

order of a few eV whereas core electron binding energies can range from ~10 eV up
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to a few keV. Therefore excitation of a range of orbitals in most elements is
commonly done by using soft X-rays (~200-2000 eV). The process is illustrated in
figure 3.7. For a conducting sample in electrical contact with the analyzer, the Fermi
levels of both are equal. In this case, the work function in equation 3.1 corresponds to
that of the analyzer. For insulators or samples which cannot be grounded, this is not
the case. In order to achieve accurate binding energies, reference peaks of well-known

energy can be used to calibrate the spectrometer.

Incident photon -

—

® O

_ Core hole
Core orbital ® »

Figure 3.7 A schematic diagram of the photoelectric process. An incident photon
causes an electron to be ejected from an atomic orbital according to eq.

(3.1).

XPS is the surface sensitivity technique since the inelastic mean free path of

the photo electrons, A is rather-short. This can be explained by Beer-Lambert law.

—-X

I(x) = I, exp (m), (3.2)
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where I(x) is the intensity after traveling through distance x, 10 is the initial intensity
and 0 is the angle from the emitting angle of the photoelectron with reference to
surface normal. A is a Inelastic mean free path. Approximately 99.7% of
photoelectrons that excited from core electrons came from 3A of depth or the depth of
a few nm from the surface. The experimental mean free paths of elements in different

material are compiled in figure 3.8 (Biesinger, 2018) (Mohai, 2000).
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Figure 3.8 The universal inelastic mean free path curve (Raul, 2000).

3.3.2.3 Chemical shift
XPS survey spectra are normally used to identify the presence of elements in
the samples. Detailed scans of specific orbitals may reveal a number of convoluted

peaks with different binding energies, a product of different chemical shifts as seen in
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figure 3.8. Chemical shift arises from the presence of atoms bonded in different
chemical environments such as bonding to different elements or differing oxidation
states. The spectra can be deconvoluted using data processing software to fit a number
of Gaussian-Lorentzian peaks to reconstruct the data, different chemical environments

can be identified according to the respective binding energies of these peaks.

3.3.2.4 Sample charging

When working with insulating samples it is often not possible to have the
sample in electrical contact with the analyzer. Electrons which leave the surface are
not replaced, leading to sample charging. Charging can lead to significant shifts in
expected peak positions as photoelectron energies are altered by the resulting electric
field and can cause broadening or splitting of peaks if the charge of the sample
surface is heterogeneous, known as differential charging. For spectrometers with a
non-monochromated X-ray source, the effects of charging are reduced somewhat by a
steady flow of electrons from the anode but these electrons are not present when using

a monochromator.
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Figure 3.9 A narrow scan over a C 1s region showing chemically shifted components
as a result of different bonding configurations with oxygen (Blackmore,

2004).

3.3.3 X-ray absorption spectroscopy (XAS)
3.3.3.1 Principle of XAS
X-ray absorption spectroscopy (XAS) is admittedly technique used
extensively for determining the local geometric or electronic structure of material.
Generally, after the electron has been ejected by X-ray, a core electron is excited to a
vacant energy level or ejected from the atom. Electrons from another-shell then fall
into a core hole, the photons that are emitted have a unique absorbance of energy
levels with each element. Generally, XAS typically used absorbance in the material to
deduce information about the atomic local structure. After the electron has been

ejected by X-ray, a core electron is excited to a vacant energy level or ejected from
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the atom. Electrons from another-shell then fall into a core hole, the photoelectrons
that are emitted have a unique absorbance of energy levels with each element, as
show in figure 3.10. These photoelectrons are also presented information about the
local structure of the neighbor atom that can be applied to deduce the local structure
of atoms. However, XAS required high-energy X-ray excitation for exciting the
electrons from the core-shell. Therefore, the XAS is one technique that uses the
synchrotron light source. The typically X-ray energy is about 104 eV, range between
100 eV- 3 keV are soft x-rays that used for low Z elements matter such as carbon (285

eV), nitrogen (400 eV) and oxygen (530 eV) and hard x-rays are above 3 keV.
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Figure 3.10 Scheme of the X-ray absorption process (Stéhr, 1992).

As present in figure 3.11, the emitted electrons are from adsorbate and

substrate. Generally, soft X-rays source can penetrate into the sample around 1 pm.
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The photoelectrons and Auger electrons are creating before reaching to the surface by
the absorbed X-rays. The electron-electron interaction of these electrons is scattered
inelastically. The inelastic scattering of the electrons results in some electrons
cascade. When the electron reaches the surface, the electrons with energy higher than
the work function will escape into the vacuum. The electrons emerging from the

surface are detected.

hy hy vacuum hv hv

e e

Figure 2.13 Photon penetration depth D (depends on absorption coefficient p and
radiation incidence angle 0) and inelastic mean free pass L of electrons.

Adopted from (Stohr, 1992).
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3.3.3.2 Molecular orbital

Molecular orbital theory (MO) is a wave function describing the electron
distribution around nuclei. The formation of molecular orbitals by a combination of
their atomic orbitals caused facilitation of the bonding between atoms. The electrons
are not assigned to one particular atomic bond but considered to be distributed across
the whole molecule. For each MO, a maximum of valence electrons is two electrons
with opposite spins. The MO with the lowest energy is filled first. Molecular orbitals
are subdivided into different types according to their symmetry. ¢ orbitals are
molecular orbitals that are symmetrical about the axis of the bond. The diagram of the
simplest MO diagram for the hydrogen atom is presented in Fig. 3.12. The 1s orbitals

of two hydrogen atoms caused one bonding ¢ orbital and one anti-bonding 6* orbital.
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Figure 3.12 The MO diagram of the hydrogen molecule. Two 1s atomic orbitals form

two ¢ molecular orbitals.
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3.3.3.2 XAS sensitivity to molecular orbitals

Figure.3.13 illustrates a typical K-edge spectrum for a molecular of two atoms.
The XAS spectrum shows the resonances 1s* comprising of the lower energy region
and a high-resolution region. The resonances corresponding to 1sz* transitions have a
broader pattern at higher energies above the absorption edge. Usually, the information
about molecular orbitals does not appear at the ©* resonances and the absorption edge.
Moreover, the 1s ©* resonance specifically correspons to the molecules with a double
and triple bonding. Thus, the 1s @* resonance does not appear in single bond

molecules. (Stohr, 1992)
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Figure 3.13 Diatomic subunit with the corresponding 1s-n* and 1s-c* transitions and

typical NEXAFS spectrum profile. Modified from (Georg, 2006).
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3.3.3.3 Normalization and Background Subtraction
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Figure 3.14 Generalized schematic diagram of the XAS experiment BI3.2a.

For normalizing the C K-edge XAS spectrum, the first issue to be considered
is the incorrect variation of raw XAS signal. These variations can be caused by many
factors. Figure 3.14 shows a generalized schematic diagram of the XAS experiment at
BL3.2a.The first issue to be considered is the background from the effect of the
beamline, which causes the unwanted signal in the raw XAS signal (especially in C k-
edge region). These variations background are from a number of factors, including the
photon energy shift caused by electron beam fluctuations in the ring current or

unwanted absorption signal from carbon contamination on the beamline optics
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(monochromator, grating, mirror etc.).Therefore, these backgrounds should be
removed. Normally, the gold mesh is used to measure photon flux in front of the
analysis chamber for background subtraction. This drain current is called the 1y signal.
In principle, the gold has no absorption in the C, N K-edge regions and a very small
absorption in O K-edge region. The C K-edge signal from the gold mash has only the
signal from background beamline. Thus, the background beamline in the raw signal
can be subtracted by divided with Iy signal.

Then background of beamline subtracted can be represented as

Isample

Ieup = D (3.2)

where lgp corresponds to the subtracted signal and lsampie COrrespond to the raw
current signal from the sample. However, the gold mesh is commonly covered by
unexpected carbon, e.g. carbon contamination in the beamline. As a result, the raw
XAS signal is distorted. This distortion signal can be remedied by calibrating with the
signal of form clean Au. This signal is called the Iqoq Signal. In theory, the raw data of
clean Au or lgq signal consists of two signals, the background of the beamline and
unwanted signal from gold mesh contaminate. When lgoq Signal is subtracted
background by Iy signal, the remaining part was showed only data of contaminants on
the gold mesh. Hence, the all background in raw XAS signal can be removed by
double background subtraction, the first is background from the beamline and the
second one is background from the gold mesh. Where signal arise from double

background subtraction was called lgoupie sub, EQ. (3.2) can then be revamped to:
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Isample
Io

Laoubte sub = ( Tgold ) (3.3)

Io

In general, the synchrotron flux has not stable. It would gradually decrease
over time. When measuring more than one sample, each measurement was spending a
different time. The uses of synchrotron flux on each experiment are different too. The
radiation beam angle that falls on the monochromator may change on each time
leading to the photon energy shift from time to time. Therefore the signal taken at
different times should be aligned photon energy before background removal. The
difference in photon energy of Iy between clean gold and DLC sample were shown fig
3.15. The photon energy calibration can be made by shifting the X-axis to coincident
with the desired signal (all I signals should be shifted to the same position). In the last
step, the signals were normalized to enable comparison with other spectra. Usually,
the pre-edge of the spectrum was seated at O and the post-edge was defined to 1. The
processing diagram of the XAS spectra is presented step by step below (Masrur,

2016) (Karen, 2011).
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CHAPTER IV

RESULTS AND DISCUSSIONS

This chapter presents the experimental results and discussion of the effect of
surface contamination on XAS analysis of DLC films. The experiments were carried
out at the BL3.2Ua beamline of the Synchrotron Light Research Institute (SLRI).
Firstly, XPS analysis of surface contamination on DLC film is reported and discussed.
Surface contamination on the optical elements of the synchrotron beamline is also
mentioned. The amount of surface contamination on DLC film was controlled by an
ion sputter cleaning technique. XAS spectra of the DLC films with different amounts
of contamination were measured and analyzed. The results from the analysis were

presented and discussed.

5.1 Unavoidable surface contamination on DLC films

In this work, DLC films were prepared by a HIPIMS technique. The films
were deposited on glass substrates with dimensions of 2x2 cm? under the base and
operating pressures of 2.7x10° and 2.2x10 mbar, respectively. Graphite with
99.99% purity was used as the target material. For deposition of DLC film, the
deposition time was 60 minutes and the average power was 157 watts. Surface
contaminations on the DLC films were characterized by means of X-ray

photoelectron spectroscopy (XPS) because the technique is highly surface sensitive.
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In the XPS measurements, soft X-ray with photons energies of 400 and 650
eV were employed for the excitation. The figure 4.1 represents typical XPS survey
spectra taken from DLC films. The contributions from C 1s and O 1s and were clearly
identified as the peaks at ~285 eV and ~531 eV, respectively. It is understable that the
C 1s peak shall be observed from the measurements since the carbon is the
composition of DLC. , The O 1s peak at 531 eV, however, indicates the existing of
oxygen. The detected oxygen was identified as adsorbed oxygen on the film surface
because the sample was exposed to air during transporting from the sample

preparation system to the analysis system.
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Figure 4.1 XPS survey scans spectra of the DLC sample.

The C1s and O1s XPS spectra taken from the DLC sample before and after ion
sputter cleaning from different durations are shown in figure 4.2. It is well-known that
a clean surface right after being brought out from a vacuum chamber can easily be
contaminated from adsorption of air molecules. The surface of the sample was
gradually cleaned to remove the contaminants by using 0.5eV Ar-ion sputtering. The

reduction of the surface contamination is obvious as observed from the Ols and C1s
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XPS spectra. The XPS results show that the C 1s peak tends to increase when the
cleaning time increases, while oxygen peak significantly decreased. This is evidence
showing that there are unavoidable contaminants on the surface of the sample and
they are gradually removed by Ar-ion sputtering as the puttering time increases. Since
XPS is a surface sensitive technique, the more surface contamination is removed, the

more C1s signals from DLC are detected.
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Figure 4.2 a) C1s XPS spectra and b) Ol1s XPS spectra taken from the DLC films

before and after surface cleaning for various durations.
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The atomic percentage of carbon and oxygen for the DLC sample before and
after 0.5keV Ar-ion sputter cleaning for different durations are plotted in Figure 4.3.
Oxygen of at 28.57% was found on the sample without cleaning. It is noted that the
carbon percentage is contributed from both DLC and the contamination. With
increasing the sputtering time, the amount of detected oxygen reduced. The oxygen

content was difficult to remove to be below 3 at.% even with a prolong ion sputtering.
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Figure 4.3 The Atomic percentage of carbon and oxygen in the DLC film sputtering

of XPS

For detailed analysis of C1s XPS peak, different carbon species, such as sp? or

sp® carbons, can be estimated by the deconvolution of C1s peak. The components of
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the whole C1s peak obtained from the deconvolution depend on the species of carbon
or the structure that is assembled within the material. The deconvolutions of the XPS
spectra were carried out using the Gaussian peak fittings. Figure 4.4 shows the C1s
XPS peak taken from the DLC film before surface cleaning. The deconvolution of the
spectra showed that the broad C 1s peak composes of four peaks with the peak
positions at 284.5, 285.1, 286.8 and 288.4 eV. The small peaks at 283.5 is attributed
from sp carbon. The assignments of the Cls peaks are given in table 4.2. The Cls
peaks at 284.5 and 285.1 eV corresponds to the graphitic structure (the sp? carbon
(C=C)) and the diamond structure (the sp* carbon (C-C)), respectively. Two more C
species existing in the Cls XPS spectrum are attributed to carbons atoms with
different bonding configurations, i.e. C-O, C=0 and O-C=0. This result indicates
that, in addition to oxygen, carbon also exists as the contaminations. Thus the C1s

XPS peak originated from both DLC and surface contamination.

Table 4.2 Assignment of C1s XPS peaks taken from the DLC film.

Binding energy (eV) Peak Area (%) Assignment
283.5 5.83361 C=C (sp)
2845 62.80355 C=C (sp?)
285.1 13.85687 C-C (sp®)
286.8 10.4716 C-0

288.4 7.03437 C=0
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Figure 4.4 The fitting of C1s XPS spectra and b) The fitting of O1s XPS spectra.

Figure 4.5 shows the fitted percentages of carbon with different species
obtained from the convolutions of C1s peak taken from the DLC sample before and
after sputtering cleaning for various durations. Carbon species that are bonded with
an oxygen atom are plotted by a filled circle symbol. These carbons might be regards
as the surface contamination. The DLC film composes of sp? and sp® carbons, plotted
by filled square and filled up-pointing triangle symbols, respectively. The filled
down-pointing triangle symbol represents the summation of sp? and sp® carbons, i.e.
DLC. The detected surface contamination of about 26.54% is on the surface of the
DLC film before the sample was surface cleaned by ion sputtering. The contamination
decreases with increasing sputtering time until about 100 min sputtering time. After

that, there is no significant reduction of the surface contamination. The reduction of
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the surface contamination allows more C1s photoelectrons from DLC (sp? + sp®) to
escape from the sample and be detected by the electron energy analyzer of the XPS
system. It is interesting to point out that, from the XPS results, the surface
contamination could not be eliminated by 0.5keV Ar-ion sputtering. The
contamination of about 6.22% remains on the surface even though prolong sputtering
was carried out. There might be the possibility that carbons bonded with oxygen
might not be on the surface but in the films. This issue was clarified by more

experiments with the results and discussion given below.
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Figure 4.5 Percentage of different carbon species in the DLC film before and after

sputtering cleaning for various durations at photon energy 650 eV.
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It is interest also to point out the variation on the composition of the sp? and
sp® carbons in the DLC films with the sputtering time. This indicates the change in sp?
and sp® ratio with the changes of the probed depth of the XPS measurement
technique. The origin of this variation is complicated. It might be due to either the
effect of ion induced effect or the deposition conditions. This problem was not tackled
in this thesis work.

As mentioned above, carbon species that are considered as the contamination
cannot be eliminated by 0.5keV Ar-ion sputtering. This raises the question that the
remaining oxygen might also in the film. Therefore, more XPS measurements were
carried out on the DLC films clean by using higher energy of Ar-ion for sputtering.
These measurements were performed in a stand-alone XPS system with Al Ko as the
excitation. It is clearly observed that the amount of the remain oxygen decrease with
increasing AR-ion energy, as shown in figure 4.6. This indicates that the oxygen is

mainly from the surface contamination.
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Figure 4.6 The Atomic percentage of carbon and oxygen in the DLC film sputtering

of XPS at BL 5.2.

5.2 Contamination on optical elements of a synchrotron beamline

This section covers the study of contamination on optical elements of
synchrotron beamlines. In electron-yield mode of XAS measurements, gold mesh
with high purity is used for measuring an incoming photon flux just in front of the
sample. The drained current from the gold mesh is used for normalization of the
absorption spectra. For measuring C K-edge XAS spectra, the drain current includes
the information of carbon contamination on the gold mesh resulting in the incorrect

value of the incident photon current. Thus, the correction was made with the
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procedures described below, and more details are mentioned in Chapter Ill. The
correction of an C K-edge XAS spectrum of any sample caused by the incorrected
incident photon current can be done by normalization of the spectrum with the C K-
edge spectrum measured from a cleaned gold sample. This is illustrated below

Figure 4.7 Shows C1s and Au 4f XPS spectra taken from a 99.99%-pure gold
sample before and after cleaning. The present of carbon indicates that there is
contamination of the surface of the gold sample. The contamination was removed by
0.5keV Ar-ion sputtering. As expected, after the surface contamination is eliminated,
more photoelectrons from the gold sample could escape and be detected resulting in

the increase of the Au 4f peak, as shown in the figure.

C1s of gold cleaned by 0.5keV Ar-ion sputtering
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Figurg 4.7 C1s XPS spectra on pure gold, b) Au4df XPS spectra on pure gold before

and after cleaned surface.
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Cls of gold cleaned by 0.5keV Ar-ion sputtering
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Figurg 4.7 C1s XPS spectra on pure gold, b) Au4df XPS spectra on pure gold before

and after cleaned surface (Continued).

In a total electron-yield mode of XAS measurement, the absorption spectrum

IS given by;

. Isample
Absorption spectrum of a sample => (—p
Io_sample

where lsample IS the drain current of the sample, and o sampie IS the drain current of the
gold mesh. To remove the effect of the incorrected drain current of the gold mesh
caused by the present of the contamination on the gold mesh, the C K-edge absorption

spectrum of a cleaned gold is measured, which is;

. Igold
Absorption spectrum of a cleaned gold =\
Io_gold
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Where lgoq is the drain current of the cleaned gold sample, and I, goiq is the drain
current of the gold mesh. To remove the effect of the contamination on the gold mesh,
the absorption spectrum of the sample is normalized with the spectrum of the clean
gold, as the following

( I sample )
| 0_sample

Corrected absorption spectrum of a sample = >
( I gold )

IO_gold

C K-edge absorption spectra of gold before and after surface cleaning are
shown in Figure 4.8. There are absorption features on both spectra. The existing of the
C K-edge absorption feature on the gold sample without cleaning is not surprised.
However, after the carbon contaminant is remove, the absorption feature remains.
This is due to the fact that there is absorption by carbon on the gold mesh. This
absorption spectrum of the clean gold sample is used to normalize C K-edge
absorption spectra of different samples. The C K-edge absorption spectra of a DLC
sample with and without correction by the spectrum of a cleaned gold sample are
shown in figure 4.8. The two spectra show noticeable differences. The noticeable
changes occurred in features between 284.7-285.3 eV. This range corresponding to
the m* bands at 284.8 eV that is typical for the C=C bond (sp®). This range is
especially important in calculating the amount of sp2 content in the DLC films. Thus,
It is possible about the dramatic change these ranges may have a relatively high

impact on the DLC films analysis. Due to XAS spectrum in this region is used to
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estimate the sp? content in the DLC films, this infinitesimal change is important for
calculating the sp? content.
This change caused a slight change in the normalize signal, shown in Figure

4.8.
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Figure 4.8 C k-edge XAS spectra on pure gold before and after cleaned surface.
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Figure 4.8 C k-edge XAS spectra on pure gold before and after cleaned surface

(Continued).

5.3 XAS analyses of DLC

In the previous section, it has been demonstrated that how correct C K-edge
absorption could be obtained. This section describes two different approaches to
analyze C K-edge XANES spectra taken from DLC. The first one is the classical two-
window method and the other is the fitting methods.

Figure 4.9 shows C k-edge XAS spectra taken from the DLC sample before
and after sputtering cleaning for different durations. It is noted that all spectra have
been corrected to remove the effect of the carbon contamination on the gold mesh, as
described above. Surface cleaning was done by 0.5keV Ar-ion sputtering. After

sputtering, the sample was measured by XPS technique to quantify the surface
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contamination and then follow by the XAS technique. It is obvious that there are
some differences in the features between the XENES spectrum of the DLC sample
before and after cleaning by ion sputtering. The features in the range of 284.8-285.3
eV and 288-292 eV are from graphite bonding (C=C) and the bonding between

carbon and oxygen (C=0), respectively.
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Figure 4.9 C k-edge XAS spectra on the DLC films before-after cleaned llsurface at

different time.
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5.3.1 Two-window methods
The pure graphite consists of 100% of the sp? hybridized carbon. Amorphous

carbon and DLC contain a fraction of the sp? hybridized carbon. The fraction or
percentage of the sp? carbon in amorphous carbon or in DLC can be estimated by
comparing the 1z* fraction with that of a pure graphite sample. The formula for the

calculation is the following;

() /()

unknown reference

where I, is the integral of the 1s — m* transition and I,g is the integrated
counts for the normalizing energy window. The superscripts unknown and reference
denote the standard and unknown spectra, respectively. Normally, as in this work, the
reference sample is highly oriented pyrolytic graphite (HOPG). Figure 4.9 shows C
K-edge XANES spectra of the DLC and HOPG reference samples. The percentage of
the sp? carbon in the DLC samples before and after cleaning by ion sputtering for

different durations were calculated and the results are shown figure 30.
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Figure 29 Schemes of sp?-C quantification of DLC by referring to HOPG.
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Figure 4.10 the percent of sp® of XAS spectra in cleaned surface at different
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In figure 4.10, it is clearly seen that the sp® carbon is minimum for the DLC before
cleaning by ion sputtering. The lowest percentage of the sp2 carbon is found for the
case of the un-cleaned DLC sample. This indicates that the contaminating carbon on
the surface of the DLC sample contributes to the C K-edge XANES spectrum
resulting in a low estimated percentage of the sp® carbon, which is in the DLC films.
A 10min ion sputtering results in a reduction of the surface contamination by nearly
half, as shown in the O 1s XPS results in figures 4.2b and 4.3. There is a clear
correlation between the reduction of the contamination and the increase in the
percentage of the detected sp? carbon in the DLC film cleaned for 10min. It is
understood that when the amount of the over layer of the contamination reduces, more
signals from the DLC beneath are detected. The percentage of the sp® carbon
increases with increasing the sputtering time, or with the decrease of the surface
contamination. This increase continues up till the sputtering time of 70min. Then the
sp? carbon content begins to drop, and keep decreasing with the sputtering time. The
decrease of the sp® carbon with sputtering time might be due to the fact that ion
sputtering might induce damage to the graphite structure. The results presented in
figure 30 indicate that the surface contamination on DLC films affects XANES
analysis of the sp? carbon fraction. lon sputtering on DLC might also lead to damage
of the structure of graphite.

It is note that, even though the estimation of sp? content by this method is
widely accepted, it can only provide information of only the sp2 fraction. For DLC,
sp? fraction must be estimated as well. Different approach for estimating the different

carbon species simultaneously is described in the next section.
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5.3.2 Deconvolution of XANES spectra

Base on the knowledge that a XANES spectrum composed of the different
transition peaks and ionization function. Different peaks represent different carbon
species. The percentage of the carbon species can be determined from the
deconvoluted peak areas. The advantage of this method is that different carbon
species, such as sp? and sp®, can be obtained simultaneously.

Figure 4.11 shows an example of the convoluted C K-edge XANES spectrum
taken from the DLC sample after cleaning by 0.5KeV Ar-ion sputtering for 0 min.
The measured spectrum was deconvoluted by curve fitting, giving the Gaussian
transition peaks (from 1s to the allowed orbitals) and the ionization step function [9].
The assignments of the obtained fitted peaks are given in table 2. The peaks
corresponding to the m* and o* bands at 284.8 eV and 292.2 eV are typical for the
C=C bond (sp®) and the tetrahedral C—C bond (sp3), respectively [10]. Other peaks
are originated from different carbon species: Ketone/Aldehyde (o * C - H) at 286.7¢eV,
carboxyl carbon (C =0O(OH)) at 288.7 eV, Cls ¢ * of C-C at 293.5 ¢V, Cls ¢ * of C=C
at 300eV and Cls ol* of O=C-OH at 296.6 and Cls o2* of O=C-OH at 303.5 eV

[11,12].
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Table 2 Peak assignment of the transitions from the 1s to different orbitals and the

ionization energy.

Photon energy (eV) Peak Area (%) Assignment

285.2 6.65836 1 C=C

286.1 12.1468 o* C-H

287.1 0.63447 m, C=O(OH)

289 16.45233  C=C/C=0

290 - lonization threshold
292.9 9.44127 o* C—C

296.3 22.73792 6,* C-C

302.7 31.92886 o* O=C-OH

Figure 4.12 shows the sp? content deduced from the convolution of the
XANES spectra taken from the DLC sample before and after cleaning by ion
sputtering for different durations. In general, there are differences in the percentage
the sp? carbon obtain from the two different approaches. However, the trend of the sp?
fraction is similar. The lowest sp® content is observed for the DLC without cleaning.
The maximum percentage sp2 content was found to be about 88 at. % after the surface
of the DLC was sputtered by 0.5keV Ar-ion for 70 min. For the longer durations of

sputtering, the sp? content was found to decrease.
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Figure 4.13 Percentage of sp? content deduced from the deconvolution of the C K-

edge XANES spectra of DLC before and after cleaning by sputtering for

various durations.

As mentioned above, the deconvolution approach provides more information
of the analyzed sample. The peak area of m,” C=O(OH) can be used for estimating the
carbon atoms bonded to oxygen. The percentage of those carbon atoms for the DLC
sample before and after cleaning is shown in figure 4.14. It is shown by the XPS
measurements, those oxygen atoms exist as contamination on the surface of the DLC
film. It is obvious in the figure that 10min 0.5keV Ar-ion sputtering greatly reduces

those contaminating carbon atoms, from 12 to 13 at. %.
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The results from the two approaches for determining the sp? contents in DLC
indicate that surface cleaning of the DLC films is required to get an accurate value of
the sp® content in the film. Surface cleaning by low-energy ion sputtering could
remove the contaminating toms such as oxygen and carbon. The present of the
contaminating carbon leads to wrong values of the carbon content in the film. Prolong

sputtering might also cause the damage to the sp® bonds.



CHAPTER V

CONCLUSIONS AND REMARKS

This thesis demonstrates that the DLC films contain contamination of the
surface after taking them out from the preparation chamber and exposing to air. The
main contaminating elements are carbon and oxygen. The surface contamination
originated from the adsorption of air molecules on the surface of the DLC films.

It is very unfortunate when the element of the sample to be analyzed is the
same element as the contaminating element. For the case of DLC, carbon in the thin
film and surface contaminating carbon cannot be distinguished by certain analytical
techniques. In this work, chemical sensitive technique such as XPS and XAS were
employed to distinguish carbon species. For XAS, the technique requires a continuous
and board spectral synchrotron light. To utilize the synchrotron light to produce XAS
spectra, an incident photon current/flux before hitting on the sample is used for the
normalization. The photocurrent is normally measured by a gold mesh. It has well
known and also shown in this work that the wires of the gold mesh are also cover with
contaminating carbon that lead to obtain incorrected C K-edge XAS spectra.
However, the effect of the contamination on the gold mesh can be removed with
normalization of a C K-edge XAS spectrum of a cleaned gold sample.

Two different approaches have been employing to analyze the absorption

spectra. It was found that surface contamination on the DLC films lead to the lower
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values of the sp3 and sp3 carbon in the DLC films. This is due to that fact that the
signals form the surface contamination is also collected during measuring the
absorption spectra. The carbon species of the contamination are different from those
in the DLC films. Thus to obtain accurate percentage of the carbon species in the
DLC films, in-situ surface cleaning techniques such as low-energy Ar-ion sputtering
IS necessary. However, sputtering may cause the damage to the film material as well.
Thus, sputtering time and power must be properly chosen to avoid the damage to the
DLC. In this work, it was found that 70min sputtering time is optimum for 0.5keV Ar

ions.
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