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Abstract 

 

 This research was regarding nanocrystalline FeSi2 films and Fe3Si films that 

were epitaxially formed on Si(111) wafers via facing-targets direct-current sputtering 

at a room temperature and substrate temperature of 300°C, respectively. Both films 

were divided and etched by Ar plasma at different power of 50, 100, and 150 W. 

From the scanning electron microscopy and atomic force microscope images, the 

surface morphology of the as-created nanocrystalline FeSi2 films showed numerous 

small uniform crystallites and roughness of 1.04 Å. The surface for all etched 

nanocrystalline FeSi2 films showed appearance of hole and increase in roughness. 

The Fe3Si samples also share similar trait. XPS result showed that films cover by 

carbon which was a source of hydrophobicity. After etching, the content of carbon 

decrease and oxide presence increase on both films as the power increased. The 

average contact angle of the unetched nanocrystalline FeSi2 film surface was 100.55°, 

which is hydrophobic. The nanocrystalline FeSi2 film surface reached a minimum 

contact angle of 35.65°, which belong to hydrophilic state, when the etching power 

was increased to 150 W. The average contact angle for the surface of the as-created 

Fe3Si films possessed a contact angle of 101.70°. Fe3Si also shift from hydrophobic to 

hydrophilic after etching. The contact angle decreased to 67.05° at an etching power 

of 150 W. The mechanical properties of both films rarely affect by Ar plasma. 
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Chapter 1  

 Introduction  
 

1.1 Research motivation 

Fe-Si compounds were created from elements that are environmentally 

friendly and non-toxic elements that are abundant natural resources [1,2]. 

Ferromagnetic iron disilicide (Fe3Si) has a slight lattice mismatch of +4.2% with 

semiconducting Si and of -2.5% with the semiconductor phase of the iron disilicide 

(FeSi2) compound has an orthorhombic (β) structure (β-FeSi2) [3,4]. Fe3Si has a high 

Curie temperature of 840 K. Further, it has a cubic DO3 structure and can be regarded 

as a Heusler alloy: Fe2FeSi [4,5]. Fe3Si also possesses good hardness and resistance to 

corrosion [6]. The β-FeSi2 films that possesses desirable characteristics. Its absorption 

coefficient value is over 105 cm-1 for the photons with an energy range that exceeds 

1.2 eV, and it has an 0.76 eV indirect bandgap as well as an 0.85 eV direct bandgap 

for the optical transition [7-9]. Both of these are in adherence to the wavelength for 

optical telecommunications ranging from 1.3 to 1.5 microns [7,8]. Nanocrystalline 

FeSi2 with a crystalline size of less than 10 nm in diameter holds unique 

characteristics like those of β-FeSi2 [9-11]. Its optical band gap value is mostly 

identical to that of β-FeSi2, while its absorption coefficient value is greater than that 

of β-FeSi2 [11]. Furthermore, it was observed that nanocrystalline FeSi2 and Fe3Si 

films could be grown on to a wide array of substrates [4,11]. They also possess an 

extremely smooth surface. Based on these properties, nanocrystalline FeSi2 and Fe3Si 

is a potential candidate for use as a hydrophobic coating material.  

Even though there have already been several reports on the application of 

nanocrystalline FeSi2 films to NIR photodiodes and Fe3Si as magnetic materials, the 

investigations concerning other applications, such as hydrophobic surfaces and hard 

coating based on these films, have been neglected [3,9]. In the previous research, 

the wetting characteristics of the nanocrystalline FeSi2 constructed via sputtering 

were studied. It was found that the nanocrystalline FeSi2 film surface is hydrophobic, 

as the contact angle between the water droplet and the film surface was above 90° 

[12]. Additionally, the variations for the contact angle, including the structural and 

morphological characteristics after the thermal annealing procedure, were revealed 
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[13,14]. However, thermal annealing had proved to be ineffective in this regard. 

Hence, a new method to modify the wetting property of materials based on Fe-Si is 

needed. Numerous researchers have reported that the physical characteristics of the 

films can be altered via the usage of a plasma etching procedure [15-21]. Plasma 

etching is a procedure that modifies the material’s surface led to a change in 

roughness [15,16]. More importantly, plasma ion can reactively interact with the 

surface and remove some particle or contaminant from it which enhances the 

properties and quality of materials [17-21]. Among the conventional plasma, argon 

plasma possesses a set of intriguing characteristics [15-21]. Argon plasma treatment 

roughens the surface of the material and could also prevent oxidation of the surface 

as the plasma breaks the oxygen bond with the metal surface [21]. Enthrallingly, it 

has been reported that argon plasma could shift the wetting state of the material 

from hydrophobic to hydrophilic [17]. Based on the information above, argon plasma 

etching might be able to unlock a new possibility within the nanocrystalline FeSi2 

films and by extension Fe3Si films. 

For these reasons, this work will be focused on the modification of the 

wettability and surface morphology properties of the nanocrystalline FeSi2 and Fe3Si 

films. The experimental findings of this work are relevant to the impacts of argon 

plasma etching on the morphological and wettability properties of nanocrystalline 

FeSi2 and Fe3Si films. The argon plasma etching power will be altered for the 

optimization of the wettability and morphological characteristics. It is expected that 

the changes in microwave etching power will modify the roughness of the 

nanocrystalline FeSi2 and Fe3Si film surface, which may lead to the modification of 

the contact angle of the nanocrystalline FeSi2 and Fe3Si films surface and could open 

another route for their development as self-cleaning surface.   

 

1.2 Objectives of the study 

1) To create and modify surface of nanocrystalline FeSi2 an Fe3Si films using 

microwave plasma under argon atmosphere. 

2) To study the effect of plasma etching on morphological and wetting properties of 

the nanocrystalline FeSi2 and Fe3Si films. 
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1.3 Scopes of the study 

1) nanocrystalline FeSi2 and Fe3Si films were created through facing-target direct-

current sputtering. 

2) nanocrystalline FeSi2 and Fe3Si films were etched by argon plasma at different 

microwave power of 50, 100, and 150 Watts. 

3) The investigation on the surface morphology and wettability of the 

nanocrystalline FeSi2 and Fe3Si films in the case of unetched and etched under 

various microwave power were executed. 

 

1.4 Research organization 

Table 1.1 Research procedures 

Procedure Period 

Jul Sep Oct Nov Dec Jan Feb Mar Apr 

Study the article corresponding to 

the research topic 

         

Investigate the surface 

morphology and wettability of the 

as-deposited films 

         

Etched the as-deposited films with 

microwave argon plasma 

         

Characterize the surface 

morphology and wettability of the 

etched films 

         

Organize the topic for each 

chapter and write down the thesis 

         

 

1.5 Benefits of the study 

1) Surface morphology and wettability of as-deposited nanocrystalline FeSi2 and 

Fe3Si films were reported.  

2) Surface morphology and wettability of nanocrystalline FeSi2 and Fe3Si films 

were altered after etched at different microwave power by argon plasma. 

3) Effects of argon plasma on surface morphology and wettability of 

nanocrystalline FeSi2 and Fe3Si films were demonstrated. 



 

Chapter 2  

Theory and Literature Reviews 
 

 This chapter reviews the essential background for discussing the physical 

properties of Fe-Si based materials as well as the basic concepts of wettability 

properties. It starts with a discussion of the semiconducting properties of 

nanocrystalline FeSi2 and FeSi are then discussed. Next, the backgrounds of the 

deposition method, wettability, and plasma etching are described. Previously 

published papers related to this study are discussed and compared with the current 

research. 

  

2.1.  Physical features of nanocrystalline FeSi2 [22-37] 

 A previous report was made by M. Milosavlijevic et al. concerning the discovery 

of an amorphous form of FeSi2. Through ion-beam mixing (IEM) of Fe layers, 

homogenous amorphous FeSi2 layer was produced onto Si at 300 °C utilizing Ar8+ 

ions. The measurements of optical absorption revealed a direct band gap of around 

0.88 eV. The formation of amorphous FeSi2 was credited to the swift Si diffusion onto 

the surface. Previously, nanocrystalline FeSi2 films were successfully created via PLD 

employing FeSi2 targets, after which their physical properties were investigated. In 

recent years, nanocrystalline FeSi2 has become a promising candidate for use in near-

infrared (NIR) semiconductors and coating materials. Its physical properties are close 

to properties possessed by ß-FeSi2 as well as amorphous FeSi2. Further, it is 

comprised of elements of Fe and Si that are plentiful on earth and environmentally 

friendly. It is a semiconductor that possesses an optical band gap of 0.87 eV and its 

absorption coefficient is found to be more than 105 cm–1 at 1.2 eV. Notably, 

nanocrystalline FeSi2 films can be created on a variety of substrates that are made of 

various types of solids at room temperature. In previous research, structure of 

nanocrystalline FeSi2 films produced by means of PLD and FTDCS were examined by 

usage of X-ray diffraction (XRD) and TEM. Figure 2.1 depicts the XRD patterns for the 

nanocrystalline FeSi2 films produced via PLD and FTDCS. These XRD patterns were 

measured in the mode of 2θ-scan at a fixed incidence angle of 4°. A broad peak 

appeared at 2θ between 40° and 50°. This broad peak is likely due to the 
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nanocrystalline structure of the nanocrystalline FeSi2 films. Basically, ß-FeSi2 has 

many crystalline planes for diffraction, such as 422, 511, 313, 331, 004, 040, 114, and 

133, at 2θ between 40° and 50°. The broad peak might be resultant from the 

overlapping of the diffractions from these crystalline planes. The peak intensity for 

the nanocrystalline FeSi2 films created via FTDCS was slightly enhanced compared to 

that of nanocrystalline FeSi2 films produced by means of PLD. This suggests that the 

crystallite diameters of the nanocrystalline FeSi2 films created via FTDCS are slightly 

larger than those of the nanocrystalline FeSi2 films produced through PLD. The 

pattern of micro-area electron diffraction (MD) for the nanocrystalline FeSi2 films 

produced via PLD demonstrates the weak and broad ring, as depicted in the inset of 

Figure 2.6. radius of MD result corresponds to the 2.03 Å lattice spacing, which 

consisted with a weak and broad peak was found at 2θ between 40° and 50° 

acquired from XRD result. Figure 2.2 presents a dark-field image for the 

nanocrystalline FeSi2 film produced via PLD using the broad ring. The nanocrystalline 

FeSi2 films produced through PLD are comprised of many crystallites with diameters 

between 3-5 nm. This might be a nanocrystalline of ß-FeSi2. 
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Figure 2.1 XRD patterns of nanocrystalline FeSi2 films formed via PLD and FTDCS. The 

inset of Fig. 2.6 is the micro-area electron diffraction (MD) pattern of the 

nanocrystalline FeSi2 film produced via PLD [32]. 
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Figure 2.2 The Dark-field TEM image of the nanocrystalline FeSi2 thin films formed 

via PLD [32]. 

 

2.2  Physical features of Fe3Si [38-42] 

 Among homogeneous iron silicide phases of different stoichiometry, Fe3Si is the 

sole phase of iron-rich composition with well-ordered as shown in Figure. 2.3. It 

belongs in the bulk phase diagram at room temperature and is steady from there up 

to the melting point with crystal structure is of D03 type and can be treated as a 

Heusler alloy: Fe2FeSi. Due to Fe and Si randomly occupy the C sites while retain its 

symmetric structure, silicon atoms in this phase have maximized their mutual 

distance and dominate an impressively large chunk of the phase diagram from the 

ideal Si concentration of 25% and below. When Fe or Si randomly occupy C and B 

sites, The B2 (CsCl) phase will replace DO3 phase when Si concentration is below 

about 10%. At even lower Si composition, Fe or Si will randomly occupy all atomic 

sites and the A2 (bcc) phase emerge. At the phase above the idyllic concentration of 

the D03 structure, Fe3Si undergo an sudden transition into an inhomogeneous phase, 

where its phase boundary ranges from 26% to 31% at room temperature to 1200 ◦C. 
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Figure. 2.3 (a) Phase diagram of iron silicide where ordered, homogeneous phase 

regions are indicated by the grey shading. (b) Unit cell of the D03 

structure of Fe3Si made up of bcc and CsCl sub-cubic structure [38]. 

 

 Fe-Si alloys have captivated extensive attention for technological and 

fundamental reasons. Naturally, iron-rich composition displays ferromagnetism, which 

immediately made it promising candidate as magnetic devices in silicon-based 

semiconductor device. The ferromagnetic layer offering new potentials abilities to 

inject and control electric spin in a semiconducting layer to semiconductor device. 

Ferromagnetic iron silicide or Fe3Si has lattice constant a=5 .653  Å, which is almost 

the same as that for GaAs. Its lattice constant also slightly mismatch with lattice of 

semiconducting Si by +4.2% and high Curie temperature of 840 K. At the Fermi stage, 

the low polarization threshold and high spin polarization is predicted, and it is an 

attractive electrical spin injection material. Hypothetically, Fe3Si with a different order 

of Si atom arrangement, such as B2 structure, can also have similar properties with 

DO3 one. The efficiency of electrical spin injection from a ferromagnet to a 

semiconductor is highly dependent on their interface quality. To prevent the 

interdiffusion between the Fe3Si and the Si layers as a result of the generation of high 

velocity Fe species, low-temperature growth of this material is needed. Yoshitake et 

al. [4] reported on the method of epitaxially creating ferromagnetic Fe3Si films via 

facing target direct-current sputtering (FTDCS) at room temperature onto Si(111) 

substrate. This method allowed them to create Fe3Si films at a low-pressure 

sputtering and a low deposition rate with precise control. In exchange, the films 

created this way possess B2 structure instead of DO3. This evidenced by from 
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superlattice reflection appear as (222) orientation XRD pattern, where h, k, and l are 

all odd number (see Figure 2.4). Therefore T. Sadoh et.al. [5] and K. Hamaya et. al. 

[40] studied epitaxial growth of the Fe3Si on Si using molecular beam epitaxy (MBE) 

for possibility of higher deposition control precision. They successfully synthesized 

DO3 structure films with at low temperature with relatively good interface sharpness 

and magnetic properties. 

 

 
 

Figure 2.4 XRD pattern of Fe3Si expitaxially deposited onto Si(111) via FTDCS by 

Yoshitake et al [4].  

 

2.3 Deposition method [43-46] 

 Sputtering is a physical vapor deposition (PVD) process that is utilized for the 

growth of thin film layers as well as cleaning and etching of the surface of the film or 

surface. This process is generated by the bombardment of accelerated ions on the 

surface of a sputtering target. After the accelerated ions reach the surface of the 

target with energy above the surface binding energy, a target atom can be ejected 

from a target and deposited on a substrate. 

 2.3.1 Facing-target direct-current sputtering (FTDCS)  

  FTDCS is a modified sputtering system having the advantages of low-

substrate temperature and high deposition rate during sputtering. A schematic of the 

FTDCS system is shown in Figure 2.5. The FTDCS system consists of two circular-
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shaped targets with the same dimension. Each target is situated opposing the other. 

Permanent magnets are arranged in a division behind the pair of targets to form a 

magnetic field spreading from one target to the other. Such a magnetic field confines 

plasma, generated by a discharge process, within the discharge area. A sputtering 

particle formed by the discharge process is deposited on a substrate attached in 

isolation from the discharge space. 

 

 
 

Figure 2.5 The schematic diagram of the FTDCS system. 

 

  FTDCS has the following advantages: (i) high plasma density generated 

from the sputtering process; (ii) sputtering at low pressure operation; (iii) low 

increment of substrate temperature; (iv) low damage from plasma; and (v) acquired 

films with low stoichiometric difference comparing to thier target owing to the 

substrate being free of plasma. Besides, the energy of particles that reach the surface 

of the substrate is higher when compared to the use of other methods due to 

sputtering at low pressure. 

 

2.4 Plasma etching [47,48] 

A definition of plasma as state within Oxford English dictionary is “An ionized 

gas consisting of positive ions and free electrons in proportions resulting in more or 

less no overall electric charge, typically at low pressures (as in the upper atmosphere 

and in fluorescent lamps) or at very high temperatures (as in stars and nuclear fusion 
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reactors)”. There are two main classifications for plasmas based on the state of 

thermal equilibrium. First of the two is called hot plasma, whose ions and electrons 

are close to thermal equilibrium creating fully ionized plasmas. Latter of the two is 

called cold plasmas which are weakly ionized plasmas due to non-equilibrium 

generation. In this study, we will solely study on the cold plasma, which were 

commonly used for plasma etching in the semiconductor industry. 

 2.4.1 Conventional set up for plasma procedure 

 Plasma etching chamber have many iterations throughout the years, the 

more recent one is the microwave excited downstream etcher or microwave etcher, 

which is widely use due to its versatility. Microwave etcher is the more refined 

version of normal downstream etcher equipped with microwave source, which 

mostly operated at 2.45 GHz input. Due to its ability to operate at extremely low 

pressure (10-5 Torr at maximum). The microwave etcher could carry out the etching 

process that have relatively slow charge-particle recombination in comparison to 

diffusion and flow while having high plasma density. The microwave etcher offers 

also better control over the etching process by the subtraction of ions from the 

plasma area prompted by magnetic field. Contrary to the benefit of ability to easily 

adjust the condition of the etching process due to being less damaging, the low 

energy of the ions come with the downside of having lower etching rate. Some of 

microwave etcher may also equipped with auxiliary magnet coil for even better 

electron confinement. Schematic of Microwave etcher is presented in Figure 2.6. In 

this set up, the accelerated energetic charge species within the plasma are charged 

straight onto the substrate surface and cause the ion bombardment effect. 

Furthermore, this plasma apparatus can be utilized for material sputtering deposition 

as well as induce structural and chemical change if flux densities or energy of plasma 

ion exceed certain level needed for surface bombardment process.  
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Figure 2.6 Schematic of Microwave etcher [47] 

 

 2.4.2 Mechanism behind the plasma etching 

  Plasma etching can proceed by physical sputtering or chemical reaction 

and ion-assisted mechanisms. The basic plasma etching processes can be 

schematically grouped into 3 categories as shown  

 

 
 

Figure 2.7 Variation of plasma interaction [47] 

 

  Plasma etching is a purely physical processes of material removal, where 

energetic ions transfer impact on the substrate and transfer large amounts of energy 

and momentum to it and ejected its material. Sputtering etching requires plasma 

conditions where ion energies are high, existing in low pressure of lower than 50 

mTorr. The long mean free paths of low-pressure plasma prevent the reflection and 

redeposition of the sputtered species when collisions in the gas phase happening. 

Also, the long mean free paths allow ejected sputtered material to reach opposing 
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walls across the reactor. However, purely physical method like this requires high 

energy, resulting in low efficiency, such as low etching rate, surface faceting and 

trenching as well as electrical damage to the substrate and ion implantation from ion 

bombardment. In contrast, chemical etching method only relies elementary 

interaction of gas species a surface. The only requirement of chemical etching 

process is the formation of a volatile product through chemical reaction. Due to 

inherently sensitivity to the chemical consistency and variations of bonds, chemical 

etching is the most selective process of its kind. the occasionally downside of this 

process is usually its isotropic or nondirectional nature, which vertically and 

horizontally remove material at the same rate. The fine lines cannot be formed 

during this removal procedure. When a high energy ion flow contacts with the 

surface concurrently, energetic ion-enhanced etching causes less ion damage but 

gains improved reactivity. It creates a quick reaction that forms chemical species and 

removes material at a pace faster than physical sputtering, causing flaws and 

dislocations in the lattice or dangling bonds on the surface. A surface compound can 

occasionally become partially separated. In general, the conventional etching 

process is based on the transfer of ion energy to the surface, which modifies the 

surface and makes the impact zone and its surroundings more reactive. 

 

2.5 Wettability of surface [49] 

 Figure 2.11 presents a liquid drop located on a solid surface. In this case, the 

contact angle is defined as the angle determined by the intersection of the liquid-

solid interface (γsl), and the liquid-vapor interface (γlv) (geometrically earned by 

employing a tangent line from the contact area that closes to the γlv in the droplet 

contour). In Figure 2.8, the three phases of the contact line are shown, representing 

solid, liquid, and vapor. A small contact angle is noticeable when the liquid flattens 

on the exterior layer of the substrate, while a high contact angle is noted when the 

liquid forms on the surface in round-shape. 
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Figure 2.8 Illustration of contact angles on a smooth surface of substrate [47]. 

 

 The material surface was indicated as a hydrophilic surface where the contact 

angle values between the drop and contact area of the surface were in a range from 

5° to 90°.  Namely, the drop will cover a large area on the surface. When the values 

of contact angle range from 90 to 150°, it can be determined that the surface is 

hydrophobic. In other words, the contact area between the water droplets is 

minimal, resulting in maintaining the drop in a sphere. In the case of contact angles 

evaluated in excess of 150°, the contact surface is shown to have nearly no contact 

between the drops, called a “Superhydrophobic surface”. Conversely, the surface 

will show superhydrophilic properties where the contact angle values are lower than 

5°. In this case, the drop is almost covering the entire contact regime of the substrate 

surface and showing a flat-shape for the drop on the substrate surface. The wetting 

behavior of the surface is revealed in Figure 2.9. 

 

θ
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θ
Solid

Liquid

Air or Vapor

θ
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Superhydrophilic
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Figure 2.9  The illustration of the liquid shape on the smooth surface substrate in 

 different range of contact angle [47].  

 

 2.5.1 Contact angle [50,51] 

  Atoms on a solid surface possess higher energy due to lack of bonds with 

its neighboring atoms in comparison to its interior. This surface energy or surface 

tension (γ) is equal to the work required to produce a unit area of the surface at 

constant temperature and pressure. As displayed in Figure 2.10, the equilibrium of 
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the solid surface will be established at a certain angle, when a liquid drop is placed 

in contact with a solid. This angle called the static contact angle (θ0), which is given 

by Young’s equation: 

 

  0cos sv sl

lv

γ γ
θ

γ
−

=                      (2.1)             

 
 

Where γsv, γsl and γlv are the surface energies of the solid against air, solid against 

liquid and liquid against air, respectively. 

 

 
 

Figure 2.10 Illustration of contact line for liquid on a flat surface [49]. 

 

 2.5.2 Wetting model of Wenzel and Cassie-Baxter [51-54] 

  In the case of a rough surface, two wetting models are usually seen: 

Wenzel’s model and Cassie-Baxter’s model. These two models are utilized for 

explanation of the contact angle between the drop and the rough surface, where the 

drop and air can infiltrate into the groove of the surface. The Wenzel and Cassie-

Baxter interface are revealed in Figure 2.11 (a) and (b), respectively. 

 

(a) (b)

 
 

Figure 2.11 Illustration of (a) Wenzel interface and (b) Cassie-Baxter interface [51]. 
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  For the Wenzel model, the liquid drops infiltrate into the surface grooves, 

resulting in higher surface wettability because of the increase in contact area. 

Wenzel’s model describes the contact angle (θCA) with a rough surface by relating it 

to that of a flat solid surface. This model modifies Young’s equation as follows: 

 

  0cos cossv sl

lv

r r
γ γ

θ θ
γ

 −
= = 

 
               (2.2)              

 

Where r is the non-dimensional surface roughness factor. 

 The r is defined by the ratio of the actual area of the rough surface to 

the flat projection area, as symbolized by Asl and AF, respectively. 

 
sl

F

A
r

A
=     (2.3) 

 

 The Cassie-Baxter model explains that an air pocket occurs underneath 

the liquid drops, resulting in a larger contact angle. This model assumes a composite 

surface is comprised of two kinds of patches. The resulting equation is for the 

apparent contact angle on such a composite surface. Cassie-Baxter’s model explains 

the contact angle with two parameters of fractional area (f), and θCA. The contact 

angle of this model is given by: 

 

 1 1 2 2cos cos cosf fθ θ θ= +  (2.4) 

 

Where 1 2 1f f+ =  (2.5) 

 

 For composite interface, the first fraction corresponds to the solid–liquid 

interface, fsl and θ1 = θ0. The second fraction corresponds to the liquid-air interface,  

1 – fsl and θ2 = 180°. Combining (2.4) with (2.2), the Cassie-Baxter model can be 

presented as: 

0cos cos 1sl slrf fθ θ= − +  (2.6) 
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2.6 Characterization methods [55-60] 

The basic principle of different characterization techniques used in this 

research to investigate film’s properties is presented this topic. 

2.6.1 X-ray diffraction (XRD) 

XRD is a technique commonly used for the characterization of 

crystalline structure. This technique detects the crystal of the coated layer in relation 

to a single wavelength of an X-ray source. The crystal structure can be categorized as 

either a monocrystalline or a polycrystalline. Myriad of structural characteristics, such 

as crystalline structure, crystalline diameter, and atomic spacing can be clarified using 

XRD. In general, cathode ray tube with a heated filament generates the X-ray, which 

generate the electron. Under an applied voltage, the generated electrons will 

proceed to bombard the sample. In case that the incident electrons having a 

sufficient energy, the electrons from an inner shell would be ejected from the 

sample and produces an X-ray photons-sample interaction. This results in the Bragg’s 

Law related scattering and absorption as presented below: 

 

2 ( ) n dsinλ θ=                                        (2.7) 

 

where n is a diffraction order, λ is a wavelength of the generated X-ray, d is a 

distance between the atomic layers, and θ is an incident angle. 

 

 
 

Figure 2.12 Diagram of XRD method. [55] 
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2.6.2 X-ray photoelectron spectroscopy (XPS) 

The XPS technique is one the most powerful methods measuring the 

chemical composition (both qualitative and quantitative) and bond structure of 

tested surfaces. At the first step the X-Ray gun generates a directed flow of X-ray 

with defined energy to the sample surface. A flow of photoelectrons and Auger 

electrons departed from the sample surface as a result of interaction between an X-

Ray beam and tested surface. For the most cases an analysis depth about 1-5 nm 

can be considered. A loss of kinetic energy due to collisions and scattering occurred 

for the depth more than 5 nm. Then the ejected photoelectrons focused to the 

entrance of hemispherical analyzer, where a kinetic energy of photoelectrons can be 

evaluated. Principal schema of XPS apparatus is shown in Figure 2.13. The XPS 

spectrum is representing a dependence of counts per unit of time (or intensity) from 

binding energy (can be recalculated directly from kinetic energy of photoelectrons). 

Analyzing the peak positions with help of XPS handbooks or XPS spectra databases, a 

conclusion about chemical elements can be done. Atomic concentrations can be 

further calculated, bond structure can be analyzed by peak fitting routines. 

 

 
 

Figure 2.13 Principal schematic of the XPS device. [56] 
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2.6.3 Scanning electron microscope (SEM) 

Figure 2.14 illustrates a 2D-diagram for SEM. SEM is a microscope that 

employs an electron to hit the atoms of the specimen to create the morphological 

image of the sample’s surface. The backscattered and secondary electrons produce 

from the source with a sufficient energy had a potential to hit the inner electron of 

the sample, causing the atom to be excited. Following the excitation of atom, the 

atom may release Auger electrons or X-ray photons to achieve relaxation process. 

The electron beam is guides toward the sample through electromagnetic lens. Then, 

the scanned signal that scatter from the incident electron beam was mapped from 

each scanning point. Finally, the scanning signal was detected by detector, where the 

signal will be translated into an image and displayed on the screen. 

 

 
 

Figure 2.14 2D-diagram for SEM equipment. [57] 

 

2.6.4 Atomic force microscopy (AFM) 

An AFM is a nano-resolution microscope which uses a Van der Waals 

force for an observation of the topological properties of the sample surface. AFM 

technique can also be used for investigation of mechanical and electrical properties 

of the sample. The measurement starts by moving a scanning probe over the 

scanning area. The AFM probe is typically made up of a Si tip and a cantilever set on 
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a spring with a spring constant smaller than that of the atomic bond. Van der Waals 

force attracts and repels the scanning probe to the surface. The AFM probe is then 

pulled down the scanning path, while a laser focused on it is reflected by a reflector 

on the reverse of the cantilever. The reflected beam is then directed into a 

photodetector, which tracks the location of the beam to form an AFM picture. A 

piezoceramic scanner, which is controlled by an electrical feedback loop voltage, 

maintains the force between the probe's tip and the sample. AFM can be used in 

contact mode, non-contact mode, or tapping mode. 

 

 
 

Figure 2.15 Basic diagram for AFM equipment. [58] 

 

2.6.5 Contact angle measurement  

Contact angle measurement using a droplet of test liquid such as water, 

alcohol and oil, including the polar and non-polar liquids to determine a wetting 

properties of sample surface through a contact angle between the solution and the 

surface. It can be used for various task such as study of self-cleaning surface, non-

stick pans, and waterproof fabrics etc. The contact angle measurement technique 

that is mostly used is the direct measurement of the static angle of wetting at point 

of contact known as sessile drop method. These measurements can be taken with 

various liquids and may be conducted on goniometers. A drop with a well-defined 

volume is positioned on the sample, and then several photographs are taken and 
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the angle between the tangent to the drop and the sample is measured for each 

frame. 

 

 
 

Figure 2.16 Photograph taken from sessile drop contact angle measurement. 

 

2.6.6 Nanoindentation 

Nanoindentation is used to study the mechanical properties, such as 

hardness, stiffness, elasticity, wear resistance and adhesion force of the sample by 

applying a micro- or nanoscale force on to sample. Figure 2.17 shows the schematic 

diagram for a nanoindenter. The nanoindentation is performed by the indenter 

attached to load-controlled instrument. The sample is placed on piezoelectric stage 

which can be precisely positioning throughout the x-y-z axis. The applied load from a 

coil and magnet assembly leads the indenter to penetrate the sample’s surface 

under measurement of displacement sensors. The most common indenter is 

diamond indenter with a three-sided pyramidal geometry called Berkovich tip.  
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Figure 2.17 Schematic diagram for a nanoindentation apparatus. [60] 

 

2.7  Related research 

 This section presents the related research of the effect of Etching on films 

properties from other research groups. 

2.7.1  Impact of argon plasma exposure on the material’s properties [16] 

 D. Ujino et.al. reported the effect of plasma treatment of titanium 

surface employing Ar plasma. After plasma treatment, surface of the Ti films did not 

undergo the noteworthy change on the morphological properties. On the other 

hands, surface composition of Ti films changed. The content of oxygen increased, 

while content of carbon decreased. The changes on composition also reduce contact 

angle of the films. 

 

   
 

Figure 2.18 XPS analysis of titanium and plasma-modified titanium [16]. 
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Figure 2.19 Contact angle of titanium and plasma-modified titanium [16]. 

 

 2.7.2 Studies on effect of plasma power on the material’s properties 

[21,61] 

  L. Ru and C. Jie-rong studies modification of polyvinyl chloride (PVC) for 

medical purpose using remote argon plasma treatment. They characterized surface 

structure and wettability of treated PVC. The results show that the remote argon 

plasma makes the surface of the PVC film became increasingly hydrophilic as radio 

frequency (RF) power and the plasma exposure time increased. The wettability of 

PVC films to be depending on the chemical composition of the sample. In term of 

physical change, remote plasma posted no treat of degradation towards the film 

surface. The remote argon plasma was proved to be more effective on forming the 

oxide group upon the PVC surface.  

 

    
   (a)                                                (b) 

 

Figure 2.20 Effect of (a) exposure time and (b) RF power on the contact angles to 

water of PVC [21]. 
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   (a)                                      (b)                                    (c) 

 

Figure 2.21 SEM surface images PVC at different condition of (a) original PVC, (b) 

directed argon plasma treated PVC, and (c) remote argon plasma 

treated PVC at 60 W for3 minutes [21]. 

 

 Further, P. Muthimongkol et al. reported the effect of Ar plasma 

treatment on the Al-doped ZnO. They reported that alteration of the plasma 

pressure and plasma power can lead to change on surface structures and surface 

roughness. After argon plasma treatment, the ratio of peak intensity changed, due to 

the oxygen vacancy left behind after the surface being bombarded by high energy Ar 

ion. Meanwhile for the morphology of the films, the roughness of Al-doped ZnO 

tends to decrease by pressure while it mostly increases by power. 

 

     
 

Figure 2.22 XRD patterns of the AZO films were treated at the different (a) operating 

pressures and (b) plasma power [61]. 
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Figure 2.23 AFM images of AZO film were treated by argon plasma at the different 

(a) operating pressure and (b) plasma power [61]. 

Table 2.1 The root mean square (rms) value of AZO film was treated by argon 

plasma at different operating pressure and plasma power. 

Sample rms (nm) 

ASD 2.167 

Order-1 1.974 

Order-2 2.387 

Order-3 1.645 

25W 2.288 

50W 2.387 

75W 1.847 

100W 2.304 

 



 

Chapter 3 

Research methodology  
 

 This chapter describes the details of film production, etching and 

characterization of film properties. It begins by describing the conditions for the 

creation of the nanocrystalline FeSi2 and Fe3Si films by FTDCS. Next, the system and 

process for etching of the films are described. The last section of this chapter 

provides the details of several measurement methods for characterization of the 

physical properties of the films. 

 

3.1 Creation of nanocrystalline FeSi2 and Fe3Si films  

 In this research, nanocrystalline FeSi2 and Fe3Si films were formed onto the 

surfaces of Si(111) substrates by Asst. Prof. Dr. Nathapron Promros and Japanese 

students at Kyushu University, Japan. The FTDCS system for the production of 

nanocrystalline FeSi2 and Fe3Si films is illustrated in Figure 3.1. 

 

 

     
 

Figure 3.1 FTDCS system for the production of nanocrystalline FeSi2 and Fe3Si films. 
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 3.1.1 Production of nanocrystalline FeSi2 films on Si(111) wafer substrates 

  By use of the FTDCS method, nanocrystalline FeSi2 films with 350 nm of 

thickness were created on Si(111) wafer substrates at room temperature. Prior to the 

creation of the nanocrystalline FeSi2 thin films, solvents were employed to clean off 

the oils and organic residues on the surfaces of the Si wafer substrates. Initially, the 

Si wafer substrates were cleaned with acetone. Then, they were transferred and 

cleaned by methanol. Next, they were transferred and cleaned with deionized water. 

Each cleaning step was carried out for a period of 5 minutes. Subsequently, a 1% 

concentration diluted hydrofluoric solution was applied on the surface of the Si 

wafer to eliminate the native oxide from the substrate. After being dipped in HF 

solution, each Si wafer substrate was then transferred and washed in deionized 

water. After mounted the cleaned Si substrate onto substrate holder, the inside of 

the FTDCS chamber was ventilated until the pressure reach of 1 × 105 Pa, which was 

base pressure. The nanocrystalline FeSi2 thin creation was performed in an 

atmosphere consisting of Ar and H2 mixed gases flowing at constant flow rate of 15 

and 10 sccm, respectively. The operating pressure was maintained at 1.33 ×10–1 Pa 

during the film creation. Meanwhile, the applied direct current voltage were 950 V 

and discharge current were 1.2 mA. The conditions for sputtering of the 

nanocrystalline FeSi2 films can be summarized as shown in Table 3.1. 

 

Table 3.1 Conditions for the creation of nanocrystalline FeSi2 films 

Coating conditions for nanocrystalline FeSi2 films 

Substrate Si (111) 

Target of sputtering FeSi2 (Purity: 6N) 

Temperature of substrate Room temperature 

Base pressure 1 x 10-5 Pa 

Sputtering pressure 1.33 x 10-1 Pa 

Ar gas flow rate 15 sccm 

H2 gas flow rate 10 sccm 

Discharge voltage 950   V 

Discharge current 1.2     mA 

Film thickness 350   nm 



27 

 

 

 

 3.1.2 Production of Fe3Si films on Si(111) wafer substrates 

 Fe3Si films with a film thickness of 1000 nm were produced on p-type 

Si(111) wafer substrates via FTDCS by utilizing a pair of FeSi2 alloy targets. During the 

production of the Fe3Si layer, the substrate temperature was maintained at 300 °C. 

The Si(111) wafer was cleaned by washing it for 5 minutes in each of acetone, 

methanol, and deionized water. Following that, a 1% concentration of HF acid 

solution was used to eliminate the oxide layer. In deionized water, the HF residue 

was instantly purged from the p-type Si wafer. After cleaning, the Si(111) wafer was 

mounted to the substrate holder within the FTDCS chamber, leaving 7.5 cm between 

the wafer and the target. The Fe3Si films were formed on the Si(111) wafer substrates 

at a sputtering pressure of 1.33 × 10-1 Pa. The sputtering process was performed in Ar 

gas with 6N purity. The flow rate of the argon gas was maintained at 15 sccm. The 1 

kV voltage was applied for sputtering, while the created sputtering current was 

approximately 1.2 mA. The conditions for sputtering of the Fe3Si films can be 

summarized as shown in Table 3.2. 

 

Table 3.2 Conditions for the creation of Fe3Si films 

 Coating conditions for Fe3Si films 

Substrate Si (111) 

Target of sputtering Fe
3
Si

 
(Purity: 4N) 

Temperature of substrate 300 ºC 

Base pressure 3 x 10
-5
 Pa 

Sputtering pressure 1.33 x 10
-1
 Pa 

Ar gas flow rate 15 sccm 

Discharge voltage 1 kV 

Discharge current 1.2     mA 

Film thickness 1 µm 
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3.2 Plasma etching apparatus 

 In the current research, the etching process of nanocrystalline FeSi2 and Fe3Si 

films produced via FTDCS method was carried out using Microwave (MW) plasma 

apparatus installed at Beamline 6a, Synchrotron Light Research Institute (SLRI), 

Thailand. The plasma etching apparatus is shown in Figure 3.2. This apparatus 

consists of three main parts: low-pressure plasma system (Diener electronic, model: 

Pico), microwave generator (Diener electronic, model: MWG 1200), gas feeding 

system. The film surfaces of the produced nanocrystalline FeSi2 and Fe3Si films were 

modified at different power in Ar atmosphere by utilizing this etching apparatus. 

 

 
 

Figure 3.2 Plasma etching apparatus for etching the nanocrystalline FeSi2 and Fe3Si. 

 

As shown in Figure 3.3, the control panel of the plasma system possess 

multiple command switch and status indicator as listed in table 3.3. 
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Figure 3.3 The control panel of low-pressure plasma system (Diener electronic, 

model: Pico). 

 

Table 3.3 List for components of plasma apparatus control panel. 

1.  Main switch 2. Pressure gauge 

3.  Timer 4. Power meter 

5.  Pump switch                            6. Gas selector 

7.  Generation switch                  8. Potentiometer Knob  

9.  Purge switch 10. Ventilation switch 

11. Temperature controller 12. Gas flow valve  

13. Emergency cancel switch  

 

 3.2.1 Preparation of samples for Etching 

 Before loading samples into the plasma chamber, the nanocrystalline 

FeSi2 and Fe3Si films were divide for each condition and cleaning up with methanol 

rinsing at the preparation room, as shown in Figure 3.4 (a) and (b) 
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(a)                                      (b) 

Figure 3.4 Images of (a) the sample preparation process and (b) the prepared 

samples. 

 

 Next, the prepared samples were moved into cleaned room where the 

etching apparatus stationed, as shown in Figure 3.5.  

 

 
 

Figure 3.5 Images of the cleaned room at Beamline 6a, Synchrotron Light Research 

Institute, Thailand. 

 

3.3. Etching process 

 3.3.1 Etching procedure 
 After the samples were successfully transfered, the researcher switched 

on the main switch on both pump system and plasma system. Then, turned on the 

microwave generator, where the maximum output was set to 300 W, as shown in 

Figure 3.6.  
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Figure 3.6 The panel of microwave generator (Diener electronic, model: MWG 1200). 

 

 Push the ventilation button and wait until the pressure reaching at 

atmospheric level. After ventilation is completed, open the sample chamber, where 

etching process will be carried on, and load the sample prepared for etching into the 

chamber.  

 

 
 

Figure 3.7 Vacuum chamber when opened for sample loading. 

 

  Shut off the chamber door, hit the pump button, and wait until 

pressure reaching 0.1 mbar guaging with the pressure guage. After feeding completed, 

choose the gas to feed onto the system and set the valve to allow the gas to flow at 

5 sccm. 

  Set the timer to 10 minutes and dial the potentiometer knob to certain 

percentage of generating power, such as 50% for 150 W. Hit generation button to 

start the plasma etching process.  
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Figure 3.8 plasma chamber while operating. 

 

 After process finished, push ventilation again to feed air into the chamber 

aand open the chamber to retrieve the etched sample. 

 

 3.3.2 Etching condition 

  Inside the etching chamber, the plasma was built up through the 

microwave radiation from the magnetron head. The fed Ar gas was ionize by the 

microwave and generated Ar plasma within vacuum chamber. The etching conditions 

for all films are depicted in Table 3.4. The etching powers for the nanocrystalline 

FeSi2 films and Fe3Si films were set to 50, 100, and 150 W operating for 10 minutes. 

The as-produced and etched nanocrystalline FeSi2 films and Fe3Si films are shown in 

Figure 3.9 and 3.10, respectively. 

  

Table 3.4 etching conditions for the nanocrystalline FeSi2 and Fe3Si films 

Materials Etching 

pressure (Pa) 

Etching power  

(°C) 

Etching time 

(hours) 

nanocrystalline FeSi2 50  50 10 

nanocrystalline FeSi2 50  100 10 

nanocrystalline FeSi2 50  150 10 

Fe3Si 50  50 10 

Fe3Si 50  100 10 

Fe3Si 50  150 10 
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Figure 3.9 The as-produced and etched nanocrystalline FeSi2 films.  

 

 
 

Figure 3.10 The as-produced and etched Fe3Si films. 

 

3.4 Characterization of the properties of unetched and etched films 

 Physical properties such as crystallinity, surface morphology, and wettability 

for the as-deposited and etched films were characterized using the following 

measurements: 

 3.4.1 Structure of films 

  The epitaxial production and crystallinity of the films were examined by 

utilization of XRD measurement using 2θ for the nanocrystalline FeSi2 and 2θ-θ for 

Fe3Si films were measured through this apparatus. The XRD patterns of as-produced 

and etched nanocrystalline FeSi2 films were characterized by XRD diffractometer 

(Rigaku, TTRAX III) at National Metal and Materials Technology Center (MTEC) as 

shown in Fig. 3.11. 
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Figure. 3.11 The XRD diffractometer (Rigaku, TTRAX III) at MTEC. 

 

 3.4.2 Surface composition of films 

  The atomic concentration of the as-deposited and etched films were 

monitored by means of XPS (Kratos Analytical, Axis Ultra DLD) at Central equipment 

unit, ThEP, Chiangmai University, as displayed in Figure 3.12. The atomic 

concentration and XPS spectra was analyzed through CasaXPS software. 

 
 

Figure 3.12 XPS equipment (Kratos Analytical, AXIS Ultra DLD). 

 

 3.4.3 Surface morphology of the films 

  The plane surface and cross-section views of the as-created and etched 

nanocrystalline FeSi2 and Fe3Si films produced via FTDCS were displayed by utilizing a 

FESEM (Hitachi, SU 8230) with magnitude in a range from 30k to 300k.  Figure 3.13 

displays the FESEM apparatus used for examination of the surface morphology of the 

as-created and etched films. 
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Figure 3.13 The Hitachi SU 8230 FESEM apparatus. 

 

 3.4.4 Surface roughness of the films 

  The roughness of the surface for as-produced and etched films was 

investigated by means of AFM. Figure 3.14 illustrates the AFM apparatus (Park system, 

XE-120) for observing surface roughness under 5 X 5 µm2. The surfaces of as-

produced and etched nanocrystalline FeSi2 and Fe3Si films were scanned in non-

contact mode. 

 

 
 

Figure 3.14 AFM apparatus (Park system, XE-120). 
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 3.4.5 Contact angle measurement 

  To identify the wettability properties of the nanocrystalline FeSi2 and 

Fe3Si films before and after the etching process, the contact angle values of dropped 

water on the surface of films were measured by contact angle OCA 20, as shown in 

Figure 3.15. In this measurement method, the DI water was dropped from a syringe 

with a volume of 5 µl and dosing rate of 1 µl/s. Images of the drop on the film 

surface were captured by a camera on the instrument. The contact angle values 

were analyzed through SCA 20 Software. 

 

 
 

Figure 3.15 Contact angle analyzer (OCA 20) and a display monitor. 

 

    
 (a)  (b) 

 

Figure 3.16 Drop on the surface of films in (a) normal view and (b) view on  the 

monitor with an estimation of contact angle values. 
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3.4.6 Mechanical investigation 

The mechanical property for the surface of as-created and etched 

nanocrystalline FeSi2 and Fe3Si films produced via FTDCS was investigated through a 

nanoindentaion test with a Berkovich indenter’s tip. (Bruker Hysistron, model Ti 

Primier) at National Nanotechnology Center, as depicted in Figure 3.17. 

 

 
 

Figure 3.17 Nanoindentation apparatus (Bruker Hysistron, model Ti Primier). 



 

Chapter 4 

Results and Discussion 
 

 This chapter describes the experimental results of surface morphology, 

structural, and wetting properties for as-produced and etched samples 

(nanocrystalline FeSi2 and Fe3Si thin films). The results of etched films were 

compared to the as-produced films. The results are presented in a sequence of as-

produced nanocrystalline FeSi2, etched nanocrystalline FeSi2, as-produced Fe3Si, and 

etched Fe3Si, respectively. 

 

4.1 Physical properties of as-produced nanocrystalline FeSi2 films 

 4.1.1 XRD pattern of as-produced nanocrystalline FeSi2 films 

 Figure 4.1 depicts the obtained XRD patterns for the nanocrystalline 

FeSi2 films formed by FTDCS.  This measurement was carried out with an XRD 

apparatus utilizing the grazing incidence method (2 θ scan) at a fixed incidence angle 

of 2°.  It was clear that these XRD patterns exhibited a broad peak in the range of  

40-50°. The superposition of several diffraction peaks of β-FeSi2 was the likely culprit 

for this peak The crystallite size could be estimated based on the Scherrer equation 

using the peak of the XRD pattern, which is as follows [62,63]: 
 

 
0.94

cos
D λ

β θ
=      (3.1)   

 

where λ is the X-ray wavelength (λ = 1.542 Å) (CuKα), β is the full width at half 

maximum (FWHM) in the radian and θ is the diffraction angle. From estimation using 

the Scherrer equation, the grain sizes of the nanocrystalline FeSi2 films formed by 

FTDCS was 2.51 nm.  
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Figure 4.1 XRD patterns at a fixed incidence angle of 2° of the as-produced 

nanocrystalline FeSi2 films formed by means of FTDCS. 

 

 4.1.2 XPS spectrum of as-produced nanocrystalline FeSi2 films 

  Figure 4.2 displays the XPS line of the nanocrystalline FeSi2 layer coated 

on a p-type Si(111) wafer via FTDCS compose of the peaks of Fe 2p, O 1s, N 1s, C 1s, 

and Si 2p. From the obtained spectra, the atomic concentration of the films can be 

quantified through the relative intensities of the peaks. The chemical composition of 

the as-produced nanocrystalline FeSi2 film's surface was display in table 4.1. The 

results of these lines my implied that a dominant source of the FeSi2 film’s 

hydrophobicity may come from the organic carbon [16,20]. There is also the strong 

presence of oxide layer that can be found easily on the Fe-based material [64,65]. 

These contaminants cover large chunk of the surface of Fe3Si films resulting in low 

amounts of Fe an Si observed. For N 1s, the nitrogen content may have come as a 

part of organic residues on the exposed surface, which is consistent with the copious 

amounts of carbon found on the surface [64,65]. 
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Figure 4.2 XPS lines of as-created nanocrystalline FeSi2 films produced by FTDCS. 

 

Table 4.1 Atomic concentration of nanocrystalline FeSi2 films created by FTDCS. 

Sample 
Surface Atomic Concentration (at.%) 

Fe 2p O 1s N 1s C 1s Si 2p 

Unetched nanocrystalline 

FeSi2 films 

2.91 36.93 1.87 34.47 23.83 

 

 4.1.3 FESEM image of as-produced nanocrystalline FeSi2 films 

  Figure 4.3 portrays the FESEM images in plain view of  

as-produced nanocrystalline FeSi2 thin films created by FTDCS. The unetched 

nanocrystalline FeSi2 films possessed a very flat surface and consisted of numerous 

crystallites smaller less than 5 nm aligning in uniform fashion. This can be explained 

by the fact that, in the creation process of nanocrystalline FeSi2 films employing 

FTDCS at room temperature, the Si substrate is placed on a substrate holder far 

away from the plasma that was created by the sputtering process [44-46]. 

Furthermore, the film surface temperature during film formation was not increased 

because the Si substrate was located out of the plasma zone [44-46]. This substrate 

placement allowed the surface of the nanocrystalline FeSi2 films to suffered only 

very minor damage from plasma. As a result, the nanocrystalline FeSi2 films with 

relatively flat surface could be formed utilizing FTDCS. 
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Figure 4.3 FESEM surface of the produced nanocrystalline FeSi2 layer formed via 

FTDCS. 

 

 4.1.4 AFM image of as-produced nanocrystalline FeSi2 films 

  Figure 4.4 presents a three-dimensional AFM image of the as-produced 

nanocrystalline FeSi2 film surfaces created by FTDCS at room temperature. Due to 

the low plasma damage and temperature during sputtering using FTDCS, the surfaces 

of the as-produced nanocrystalline FeSi2 films were very smooth and continuous [44-

46]. The rms roughness (Rrms)for the surfaces of the as-produced nanocrystalline FeSi2 

layer was found to be 1.04 Å.   
 

 

 

Figure 4.4 Illustration of AFM for the surface of unetched nanocrystalline FeSi2 films. 
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 4.1.5 Wettability of as-produced nanocrystalline FeSi2 films 

  Figure 4.5 presents an image of the sessile contact angle measurement 

of as-produced nanocrystalline FeSi2 films formed by FTDCS. The wetting property 

can be verified based on the average contact angle (θca), into super-hydrophobic 

(150° ≤ θca ≤ 180°), hydrophobic (90° ≤ θca <150°), hydrophilic (10° < θca < 90°), and 

super-hydrophilic (θca ≤ 10°) [47]. In the case of non-etching, the θca of water 

dropped on the nanocrystalline FeSi2 film surface was 100.55°. This experimental 

result established that the nanocrystalline FeSi2 films had wetting state of 

hydrophobic surface.  
 

 
 

Figure 4.5 Image of water droplet on the surface of the nanocrystalline FeSi2 films. 

 

4.1.6 Mechanical property of as-produced nanocrystalline FeSi2 films 

For the mechanical properties, the nanoindentation technique using a 

Berkovich indenter was used to investigate the hardness and reduced elastic 

characteristics of the untreated nanocrystalline FeSi2 film surfaces. The indentation 

test was carried on by applying an indentation load of 3 mN to the nanocrystalline 

FeSi2 films. The maximum depth for the test was controlled at 10% of the thickness 

of all films, where the effect of the substrate could be suppressed [66,67]. The 

nanoindentation test for the was performed repeatedly, five times. Figure 4.6 

presents the plot set of the applied indentation load versus the depth of 

penetration (load–depth curve) for the nanocrystalline FeSi2 films. The average 

hardness value (H) and reduced elastic modulus value (Er) of the untreated 
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nanocrystalline FeSi2 films were calculated from the unloading portions of their 

load–depth curve [68,69]. The H and Er for the nanocrystalline FeSi2 samples are 

summarized in Table 4.2. The result shown that nanocrystalline FeSi2 samples 

possess significantly lower H and Er compare to β-FeSi2 from our previous work and 

conventional coating material like diamond-based films [70-72] 
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Figure 4.6 Load-depth plots of the nanocrystalline FeSi2 films created by FTDCS. 

 

Table 4.2 H and Er for unetched nanocrystalline FeSi2 created by FTDCS in 

comparison with various materials. 

Sample H (GPa) Er (GPa) 

Unetched nanocrystalline FeSi2 9.616  159.146  

β-FeSi2 via FTDCS 37.55 643.42  

Fe3Si via FTDCS 9.392 204.862 

DLC film 12-30 68-213 

Diamond film 80-100 500-533 

Natural diamond 56-102 1050 
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4.2 Physical properties of unetched and etched nanocrystalline FeSi2 

films 

 4.2.1 XRD patterns of unetched and etched nanocrystalline FeSi2 films 

 Figure 4.7 depicts XRD patterns for the as-produced nanocrystalline 

FeSi2 films and Ar etched nanocrystalline FeSi2 films at 50, 100, and 150 W. After 

etching with 50 W Ar plasma, the board peak was turned into multiple peaks with 

sharp nanocrystalline FeSi2 (110) peak at 44° and weak nanocrystalline FeSi2 (200) 

peak at 64°. The peak intensity is observed to increase with etching at 100 W and 

decrease with etching at 150 W. Due to peak intensity being correlated to 

crystallinity, higher peak intensity for 100 W etched can be translate to improvement 

of crystallinity [73]. The improvement may attributed to the volatilization of the 

surface contaminants and defects as well as the energy transfer from the impact of 

high energy Ar ion, which lead to preferable crystal orientation [73,74]. Meanwhile, 

lower peak intensity for 150 W etched can be translate to crystallinity derangement. 

During Ar plasma etching, high energetic ion bombarded the surface and remove 

defected portion and contamination out of the films resulting in preferrable 

orientation [73,74]. In contrary, crystalline structure can be damaged by the ion with 

sufficient energy resulting in less preferrable orientation [74]. 
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Figure 4.7 XRD spectra for nanocrystalline FeSi2 films without etching and etching at 

different plasma power. 
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 4.2.2 XPS spectra of the unetched and etched nanocrystalline FeSi2 films 

   Figure 4.8 demonstrates the XPS results for the surface composition of 

the etched nanocrystalline FeSi2 films and nanocrystalline FeSi2 films treated at 

different powers, which were used as a basis for atomic concentration of the film’s 

surface, as represented in Table 4.3. The results showed an opposite behavior 

between the content of O 1s and C 1s concentrations for all nanocrystalline FeSi2 

films. In response to the plasma exposure, the C 1s concentration decreased, while 

O 1s concentration increased as the MW power was raised. Under the low-pressure 

MW plasma etching of Ar, high-energy ions collide with the sample surface, dissociate 

the hydrophobic organic carbon contaminants, and cause them to volatilize [16]. 

Meanwhile, hydrophilic oxide groups may come from the MW plasma chamber as 

the Ar gas may contain a tiny amount of oxygen, as well as the highly active groups 

remaining on the surface after plasma bombardment, which subsequently react with 

oxygen when exposed to air or plasma impurity [19,20]. 
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Figure 4.8  XPS spectra of etched nanocrystalline FeSi2 films under various etching 

power in comparison with as-produced nanocrystalline FeSi2 films. 
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Table 4.3  Atomic concentration of nanocrystalline FeSi2 films at different MW 

plasma treatment conditions. 

Sample 
Surface Atomic Concentration (at.%) 

Fe 2p O 1s N 1s C 1s Si 2p 

Unetched nanocrystalline FeSi2 2.91 36.93 1.87 34.47 23.83 

Ar etched (50 W; 10 min) 3.02 38.61 3.13 29.22 26.02 

Ar etched (100 W; 10 min) 3.19 40.42 2.57 27.15 26.68 

Ar etched (150 W; 10 min) 5.51 35.96 2.57 24.04 31.92 

  

 4.2.3 FESEM of unetched and etched nanocrystalline FeSi2 films 

  Figure 4.9 depicts FESEM images in plain view of nanocrystalline FeSi2 

films created by FTDCS in the case of unetched and etched at temperatures of 50, 

100, and 150 W. From the obtained FESEM images, it was apparent that the 

unetched nanocrystalline FeSi2 films had a very smooth surface and consisted of 

numerous small uniform crystallites. At a plasma power of 50 W, the crystallites in 

nanocrystalline FeSi2 possessed some holes over its structure due to surface 

bombardment. The holes one on nanocrystalline surface became wider and 

appeared more frequent as the power raised. This may have originated through the 

rise in the etching rate because of the Ar ions kinetic energy elevation [15]. 
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(c) (d) 

 

Figure 4.9 Plain-view FESEM micrographs for the as-produced nanocrystalline FeSi2 

films at and after etching at 50 W, 100 W, and 150 W. 

 

 4.2.4 AFM images of unetched and etched nanocrystalline FeSi2 films 

  Figure 4.10 shows the surface of the as-produced and etched  

nanocrystalline FeSi2 films. It can be observed that the surfaces of the unetched 

nanocrystalline FeSi2 films were very smooth. The Rrms of the unetched 

nanocrystalline FeSi2 film surface was about 1.04 Å. Increasing the etching power 

caused the rms roughness to gradually increase. The Rrms values were 1.21, 2.41, 4.25 

Å at etching power of 50, 100, and 150 W, respectively. The pinholes that appeared 

on the film surface should be the cause of the roughening. 

 



48 

 

 

 

  
(a) (b) 

 
(c) 

 
(d) 

 

Figure 4.10 AFM images of the nanocrystalline FeSi2 films in the case of unetched and 

etched under various power of 50, 100, and 150 W. 

 

 4.2.5 Wettability of unetched and etched nanocrystalline FeSi2 film 

surface 

  Figure 4.11 represents the wetting angle between the droplet and the 

surface of the unetched Fe3Si films, where the evaluated θca was determined to be 

100.55°. After treating with Ar plasma, θca was reduced to 53.90° for the 

nanocrystalline FeSi2 films after treated at 50 W, in which the surface was 

determined as a hydrophilic state. At increasing powers, the θca values for the Fe3Si 

films gradually decreased to 43.60° and 35.65° at 100 W and 150 W, respectively. 

  It was observed that the surface of the unetched nanocrystalline FeSi2 

films exhibited their hydrophobicity, while the surfaces of all plasma-etched 

nanocrystalline FeSi2 films turned into the hydrophilic state. This behavior can be 

normally explained by the Wenzel model as well as Cassie and Baxter model [53,54]. 

Based on the FESEM and AFM results, the surfaces of all the nanocrystalline FeSi2 

films comprised nano-rough morphology. However, our result shows a significant 
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alteration of the wetting behavior of nanocrystalline FeSi2 despite the insignificant 

change in surface morphology. Hence, the wettability of the Fe3Si films was 

predominantly dictated by their chemical composition on the surface of the 

unetched and plasma-etched films. The gained results of XPS revealed that more 

than a third of the unetched nanocrystalline FeSi2 film’s surface was covered by the 

carbon functional group following by the oxide group and nanocrystalline FeSi2 

compositional elements. Hence, the hydrophobicity for the surface should be 

predominantly controlled due to this reason [16]. After the plasma etching, the XPS 

results for the etched films revealed a decrease of the hydrophobic carbon chemical 

composition by selective etching through energetic Ar ions impact [16]. The oxygen 

concentration also increased due to the highly polarized group left behind after 

sputter etching at low-pressure MW plasma under an Ar atmosphere [19]. These 

changes in surface composition resulted in the change in the wetting state from 

hydrophobic to hydrophilic. The trend continued as the power was increased.  

 

  
(a) (b) 

  
(c) (d) 

 

Figure 4.11  Images of contact angles for the as-produced nanocrystalline FeSi2 films 

and nanocrystalline FeSi2 films etched at 50, 100, and 150 W. 
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4.2.6 Mechanical property of unetched and etched nanocrystalline FeSi2 

film surface 

Figure 4.12 presents plots of load versus depth from nanoindentation 

test on the film’s surface of nanocrystalline FeSi2 films in cases of unetched and 

etched. For the unetched nanocrystalline films, the surface revealed the H of around 

9.616 GPa, where the Er was around 159.146 GPa. For the etched nanocrystalline 

FeSi2 at varied power, the etched films at power of 50 W exhibited a H of 9.493 GPa 

and 164.967 GPa for the Er. With an increasing of power, the H and Er for the 100 W 

etched nanocrystalline FeSi2 films were 9.488 GPa and 168.424 GPa, where they 

altered to 9.425 GPa and 169.146 GPa after etching at 150 W. The H and Er were 

almost the same with slightly declined after the Ar plasma treatment, corelating with 

the morphology results of the films, where the inconsistency of the film’s surface 

was observed as the standard deviation [75]. As the plasma power increased, the 

deviation increasingly swayed by the accumulated plasma damage [75].  

 

0 10 20 30 40 50
0.00

0.25

0.50

0.75

1.00
Unetched NC-FeSi2

 Area 1
 Area 2
 Area 3
 Area 4
 Area 5

Lo
ad

 (m
N)

Depth (nm)  
0 10 20 30 40 50

0.00

0.25

0.50

0.75

1.00
50 W etched

 Area 1
 Area 2
 Area 3
 Area 4
 Area 5

Lo
ad

 (m
N)

Depth (nm)  
(a) (b) 

0 10 20 30 40 50
0.00

0.25

0.50

0.75

1.00
100 W etched

 Area 1
 Area 2
 Area 3
 Area 4
 Area 5

Lo
ad

 (m
N)

Depth (nm)  
0 10 20 30 40 50

0.00

0.25

0.50

0.75

1.00
150 W etched

 Area 1
 Area 2
 Area 3
 Area 4
 Area 5

Lo
ad

 (m
N)

Depth (nm)  
(c) (d) 

 

Figure 4.12 Load-depth plots of the nanocrystalline FeSi2 films etched at 50, 100, 

and 150 W. 
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Table 4.4 H and Er for unetched nanocrystalline FeSi2 and Ar plasma etched 

nanocrystalline FeSi2. 

Sample H (GPa) Er (GPa) 

Unetched nanocrystalline FeSi2 9.616 ± 0.060 159.146 ± 2.502 

Ar etched (50 W; 10 min) 9.493 ± 0.088 164.967 ± 3.798 

Ar etched (100 W; 10 min) 9.488 ± 0.100 168.424 ± 4.503 

Ar etched (150 W; 10 min) 9.425 ± 0.155 169.146 ± 4.425 

 

4.3 Physical properties of as-produced Fe3Si films 

 4.3.1 XRD pattern of as-produced Fe3Si films 

 Figure 4.13 presents the XRD patterns for the Fe3Si films, created at 300 

°C substrate temperature. The unetched Fe3Si films showed the sharp peaks of 

Fe3Si(220) and Fe3Si(222), including the weak peaks of Fe3Si(400) and Fe3Si(422) at the 

positions of 44.42°, 56.26°, 64.70°, and 81.88°, respectively. These obtained peaks are 

well-known as successful coatings for Fe3Si films onto Si substrate. The preferential 

orientations of Fe3Si(220), Fe3Si(222), Fe3Si(400), and Fe3Si(422) were also reported 

and confirmed by the literature of S.I. Hirakawa et al. [73] and C.B. Tang et al. [74]. 

For the details, the orientation of Fe3Si(222) denoted that the films hold a B2 

structure [4]. The preferred orientations of Fe3Si(220), Fe3Si(400), and Fe3Si(422) 

showed a fundamental reflection of Fe3Si films [4].  
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Figure 4.13 XRD patterns of the as-produced Fe3Si films formed by means of FTDCS. 
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 4.3.2 XPS spectrum of as-produced Fe3Si films 

  Figure 4.14 demonstrates the XPS results for the surface composition of 

the unetched Fe3Si films formed by means of FTDCS at 300 °C substrate 

temperature. From the XPS results, the peaks of Fe 2p, O 1s, N 1s, C 1s, and Si 2p 

were observed. These peaks were translated into an atomic concentration of the 

film’s surface, as represented in Table 4.5. The XPS analysis revealed that, aside from 

Fe and Si, the surface of the Fe3Si films also features abundant carbon and oxygen. 

Carbon and oxygen are common contaminants found in any material, especially on 

the metal-contained ones after exposing to the environmental air [64,65]. Fe3Si is an 

oxidation-prone material that allows the layer of the oxide group to form on its 

surface easily [64]. The C 1s peak mainly originated from the layer of adventitious 

carbon, which forms easily on atmospherically exposed metal [65]. These 

adventitious carbons are commonly attributed to be the reason behind 

hydrophobicity [16].  
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Figure 4.14  XPS spectra of unetched Fe3Si films formed by means of FTDCS. 

 

Table 4.5 Atomic concentration of Fe3Si films at different MW plasma treatment 

conditions. 

Sample 
Surface Atomic Concentration (at.%) 

Fe 2p O 1s N 1s C 1s Si 2p 

Unetched Fe3Si 10.30 47.19 3.28 35.68 3.55 
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 4.3.3 FESEM image of as-produced Fe3Si films 

  Figure 4.15 shows typical FESEM micrographs from a top view of the 

unetched Fe3Si film surfaces created at 300 °C substrate temperature. These 

micrographs were captured at the magnification of 300 kx. Figure 4.15 exposes that 

the unetched Fe3Si films presented an abundance of small crystallites over the 

entire surface area with a uniform surface structure; pinholes with a destructive 

surface area were not observed. This should be because of the advantages of FTDCS. 

Specifically, the fact that FTDCS has the benefits from a small increase in substrate 

temperature, high plasma density, and low-different stoichiometry between the 

sputtering target and films layer [44–46]. For the FTDCS, the surface of the Si wafer 

substrate was in parallel and positioned away from the generated plasma zone 

during a sputtering of the film, which led to the plasma’s particles being confined 

within the generated magnetic field originated from the permanent magnet beneath 

the sputtering targets [44–46]. As a result, this sputtering schematic dealt less plasma 

damage over the film surface [44–46]. The cross-section view of unetched Fe3Si films 

shown seamless interface between films layer and Si with the film’s thickness of 1.11 

µm. 

 

  

(a) (b) 

 

Figure 4.15 FESEM (a) surface and (b) cross-section of the produced Fe3Si layer 

formed via FTDCS. 

 

 

 

 



54 

 

 

 

 4.3.4 AFM image of as-produced Fe3Si films 

  Figure 4.16 represents the AFM scanned images of the unetched Fe3Si 

films. According to the AFM topography, it was visible that the untreated Fe3Si films 

exhibited a rather smooth surface with an appraised Rrms of 10.63 Å. This outcome 

was consistent with that of the FESEM result, where the smoothness of the 

untreated Fe3Si films should be due to the advantages of facing targets sputtering. As 

a result, the damage from the plasma should have been low and generated less 

surface roughness over the film’s surface plane [44–46].  

 

 

 

Figure 4.16 Illustration of AFM for the surface of unetched Fe3Si films. 

 

 4.3.5 Wettability of as-produced Fe3Si films 

  Figure 4.17 displays the captured images for the contact angle 

measurement of the unetched Fe3Si films. For the surfaces of the untreated and 

treated Fe3Si films, the wetting angles were determined by using D.I. water droplets. 

The obtained contact angle is in the range of 90° < θCA < 150°. The wetting angle 

between the droplet and the surface of the untreated Fe3Si films, where the 

evaluated θCA was determined to be 101.7°. The result shows that the Fe3Si films 

exhibited a wetting state of hydrophobic.  
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Figure 4.17 Image of water droplet on the surface of the Fe3Si films. 

 

4.3.6 Mechanical property of as-produced Fe3Si films 

The Berkovich indenter was used to investigate the mechanical 

properties, such as hardness and reduced elastic characteristics, of the untreated 

Fe3Si film surfaces. The indentation test was performed under similar condition as 

the nanocrystalline FeSi2. Figure 4.18 presents the load–depth curve of the unetched 

Fe3Si films, which can be used to calculate the average H and Er of the untreated 

Fe3Si films. The calculated H and Er values for unetched Fe3Si films using the 

unloading portions of their load–depth curve is summarized in Table 4.6. The H and 

Er of the untreated Fe3Si films were relatively similar to nanocrystalline FeSi2 films 

presented in this work and Fe3Si films reported by other research groups [77,78]. 
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Figure 4.18 Load-depth plots of the Fe3Si films created by FTDCS at 300ºC. 
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Table 4.6 H and Er for unetched Fe3Si created by FTDCS at 300ºC in comparison with 

various materials. 

Sample H (GPa) Er (GPa) 

Unetched Fe3Si 9.392  204.862  

Nanocrystalline FeSi2 via FTDCS 9.616 159.146 

β-FeSi2 via FTDCS 37.55 643.42  

Fe3Si via molten-salt infiltration 10.944 275.448 

Fe3Si via molten-salt infiltration 8.8 - 

DLC film 12-30 68-213 

Diamond film 80-100 500-533 

Natural diamond 56-102 1050 

 

4.4 Physical properties of unetched and etched Fe3Si films 

 4.4.1 XRD patterns of unetched and etched Fe3Si films 

 Figure 4.19 presents the XRD patterns for the Fe3Si films before and 

after Ar plasma treatment at different powers. The plasma-treated Fe3Si films were 

also observed for the peaks of Fe3Si(220), Fe3Si(222), Fe3Si(400), and Fe3Si(422) like 

the unetched films. From the XRD peak profiling, the untreated Fe3Si exhibited the 

full width at half maximum (FWHM) of the sharpest diffraction peak with a value of 

0.379. After treating with 50, 100, and 150 W, the change in the FWHM was observed 

with the values of 0.322, 0.342, and 0.361, respectively. Based on the appraisement 

by Scherrer’s equation through the JADE software, the crystallite size for the 

untreated films was around 30.925 nm. The crystallite size became 35.200, 33.175, 

and 31.225 nm after treating with Ar plasma at 50, 100, and 150 W, respectively. This 

behavior shows a rise in the crystallite size of the Fe3Si films after the 50 W plasma 

treatment, which may originate from the enhancement in crystallinity of the Fe3Si 

films [73]. The crystallinity improvement may be due to the defect annihilation 

progression [73,74]. The crystallite sizes for the Fe3Si films treated at 100 and 150 W 

were both relatively smaller than that of the 50 W treated films due to orientational 

disarrangement caused by the more energetic ions that bombarded the surface [74].  
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Figure 4.19 XRD patterns of the as-produced and etched Fe3Si films. 

 

 4.4.2 XPS spectra of the unetched and etched Fe3Si films 

  Figure 4.20 displays the XRD lines for the as-created and etched Fe3Si 

layers created via FTDCS method. Based on the table 4.7, the result extracted from 

the peak show that the created film surfaces were full of contamination such as 

oxide group and carbon group. After etching by Ar plasma, the content of oxide 

group possessed upward trending because of either the oxide formation during the 

etching session or aging effect [19,20]. Meanwhile, carbon content went down 

through ejection of carbon atom after its clash against the high energy Ar ion. the 

trend continued as the ion energy raised through increasingly plasma power [16]. The 

contents of Fe and Si increased also increased after etching due to reduction of 

contaminants. 
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Figure 4.20  XPS spectra of etched Fe3Si films under various etching powers in 

comparison with as-produced Fe3Si films. 

 

Table 4.7 Atomic concentration of Fe3Si films at different MW plasma etching 

conditions. 

Sample 
Surface Atomic Concentration (at.%) 

Fe 2p O 1s N 1s C 1s Si 2p 

Unetched Fe3Si 10.30 47.19 3.28 35.68 3.55 

Ar etched (50 W; 10 min) 12.78 53.07 2.87 26.47 4.81 

Ar etched (100 W; 10 min) 13.61 56.15 2.00 23.48 4.76 

Ar etched (150 W; 10 min) 15.49 56.23 2.02 20.35 5.92 

 

 4.4.3 FESEM images of the unetched and etched Fe3Si films 

  Figure 4.21 shows FESEM micrographs from a top view of the unetched 

and etched Fe3Si film surfaces by Ar plasma etching under the various etching 

powers. The surface structure of the 50 W etched Fe3Si films was slightly changed 

from that of the unetched Fe3Si films. At the higher powers of 100 and 150 W, the 

influence of the plasma etching on the morphology of the etched Fe3Si film’s 

surface became more noticeable with the formation of slight bumps, including a 

non-smooth surface pattern and pinholes. The change of the etched Fe3Si film’s 

surface increased as the power was increased.  
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Figure 4.21 FESEM images in plane surface view of as-created Fe3Si films and after 

etching at powers of 50 W, 100 W, and 150 W. 

 

The cross-section view shown in Figure 4.22 is for as-produced Fe3Si 

films and after etching at 50, 100, and 150 W of plasma power. From observation of 

film interface, all the Fe3Si films also showed a clean interface between the films and 

the substrate. The etched Fe3Si exhibited reduction of the films thickness as the 

power in creased due to increased of etch rate. The Fe3Si films possess post-etched 

thickness of 1.09, 1.08, and 1.05 µm for 50, 100, and 150 W etching, respectively. 
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Figure 4.22 Crossectional view of as-created Fe3Si films and after etching at powers 

of 50 W, 100 W, and 150 W. 

 

 4.4.4 AFM images of unetched and etched Fe3Si films 

  Figure 4.23 represents the AFM scanned images of the unetched and 

etched Fe3Si films through Ar plasma at the different applied powers. The unetched 

Fe3Si films exhibited a rather smooth surface with an appraised Rrms of 10.63 Å. After 

the etching with Ar plasma, the Rrms value for the Fe3Si films etched with 50 W power 

was evaluated to be 10.71 Å, where the Rrms value was slightly higher than that of 

the Fe3Si films without plasma etching. The etched Fe3Si films at 100 and 150 W 

manifested the assessed Rrms values of 11.07 and 13.06 Å, respectively. In the process 

of MW plasma etching, the Fe3Si film surface was bombarded by highly energetic 

species ejecting some Fe and Si atoms from the Fe3Si surface out, resulting in a 

physical change in the surface roughness [15].  
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Figure 4.23  AFM images of the Fe3Si film surfaces in case of unetched and etched 

at power of 50, 100, and 150 W. 

 

 4.4.5 Wettability of unetched and etched Fe3Si films 

  Figure 4.24 presents images of the measured contact angles for  

as-created and etched Fe3Si films at 50, 100, and 150 W. For water dropped on the 

as-produced Fe3Si film surface, the θca was 101.70°. When the Fe3Si thin films were 

etched at a power of 50 W, the θca was slightly decreased to 87.75° and turned to 

hydrophilic surface. According to the acquired surface morphology from the FESEM 

and AFM image of the Fe3Si films under power at 50 W, the Rrms were increased in 

comparison with those of unetched Fe3Si films due to pinhole. In physical terms, the 

surface wetting of the Fe3Si films can be commonly attributed to the wetting models 

of Wenzel and Cassie-Baxter [53,54]. Wenzel and Cassie-Baxter incorporated the 

roughness as one of the important parameters in their models, where the former is 

based on surface alignment and the latter relies on the air groove [53,54]. However, 

due to insignificant change on the physical properties on the Fe3Si films after etching, 
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the change of wetting state should come from chemical composition of the film’s 

surface. After the etching power were increased to 100 W and 150 W, the θca values 

were decreased to 79.20° and 67.05°, respectively. The change in wetting properties 

corresponds to XPS results. The hydrophobic carbon reduction and hydrophilic oxide 

increment result correlated with the trend of contact angle. 
 

  
(a) (b) 

  
(c) (d) 

 

Figure 4.24 Contact angles of (a) as-produced and etched Fe3Si films at (b) 50, (c) 

100, and (c) 150 W. 
 

4.4.6 Mechanical property of unetched and etched Fe3Si films 

Figure 4.25 presents the plot set of the applied indentation load versus 

the depth of penetration (load–depth curve) for the Fe3Si films under the conditions 

of untreated, 50 W treated, 100 W treated, and 150 W treated, respectively. The 

measurements of etched films were performed in the similar parameter as the 

unetched films. The H results in Table 4.8 shows the decreasing trend of the 

hardness characteristic of Fe3Si films with increasing Ar plasma treatment power. In 



63 

 

 

 

the same vein, the Er decreases. Based on the nanoindentation result, the H of the 

untreated Fe3Si films was close to the Fe3Si reported by various sources [78,79]. The 

standard of H and Er also unnoticeably change as the power increased. The 

behaviors observed here indicative that plasma etching rarely effect Fe3Si films. 
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Figure 4.25 Load-depth plots of the as-created Fe3Si films and the films after etching 

at 50, 100, and 150 W. 
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Table 4.8 H and Er for unetched Fe3Si and Ar plasma etched Fe3Si. 

Sample H (GPa) Er (GPa) 

Unetched Fe3Si 9.392 ± 0.070 204.862 ± 1.226 

Ar etched (50 W; 10 min) 8.991 ± 0.069 205.943 ± 4.633 

Ar etched (100 W; 10 min) 8.881 ± 0.080 208.085 ± 3.113 

Ar etched (150 W; 10 min) 8.857 ± 0.094 212.693 ± 3.211 



 
 

Chapter 5 

Summary and Suggestions for Future Work 
 

This chapter highlights the experimental data obtained from the research and 

makes recommendations for future relevant research activity. 

 

5.1  Summary 

 In this research, nanocrystalline FeSi2 films were epitaxially produced on 

Si(111) wafer substrates through the utilization of FTDCS. The sputtering pressure was 

set at 1.33 × 10-1 Pa at room temperature. After production, the as-produced 

nanocrystalline FeSi2 films were moved to the microwave plasma apparatus and 

etched for 10 minutes in Ar atmosphere at 50, 100 and 150 W. The XRD results of 

the as-created nanocrystalline FeSi2 show a broad peak at 2θ ranging from 40 to 50°. 

The nanocrystalline FeSi2 films etched at 50 to 150 W comprised several preferred 

orientations evidencing the improved crystallinity. the XPS spectrum revealed that 

the surface of the untreated Fe3Si was laden with carbon and oxygen. The Ar plasma 

etching increasingly reduced the carbon concentration as the power increased by the 

volatilization of the carbon atoms through ion collision. The rising plasma also 

increased the presence of radical reactive site which formed into an oxide layer on 

the nanocrystalline FeSi2 surface. FESEM images of the as-formed nanocrystalline 

FeSi2 films films exhibits a large amount of crystallites with diameters of less than 5 

nm. At an etching power of 50 W, the small pores began to appear within uniform 

crystallites and became more apparent as the power increased. The Rrms of the as-

produced nanocrystalline FeSi2 films was 1.04 Å, which changed slightly after etching. 

The θca between the water droplet and as-produced nanocrystalline FeSi2 film 

surface was 100.55° , showing that the surface of the nanocrystalline FeSi2 films was 

hydrophobic. The θca value reduced to 53.90°, 43.60°, and 35.65° at an etching power 

of 50, 100, and 150 W. The change in wettability of the nanocrystalline FeSi2 films 

from hydrophobic to hydrophilic was mainly dictated by chemical alteration after 

plasma etching. Nanoindentation revealed H value of 9.616 GPa and Er value of 

159.146 GPa for the unetched. After etching with Ar plasma, the value of H and Er 

remained relatively unchanged. 
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  Utilizing FTDCS, Fe3Si films were created at temperature of 300 °C. The 

Fe3Si films were etched using power of 50, 100, and 150 W under Ar gas for 

10minutes. The XRD results of the as-created Fe3Si show multiple peaks of Fe3Si 

representing a combination of a B2 and DO3 crystal structure. The Fe3Si films etched 

at 50 and 100 W showed gradual improved crystallinity, while 150 W Ar plasma may 

cause a slight damage to the surface structure. the XPS spectrum of Fe3Si films 

yielded similar trend to that of nanocrystalline FeSi2 but with noticeable higher oxide 

concentration. Based on FESEM micrographs in planar view, the unetched  

Fe3Si films were composed of a large amount of small uniform crystallites, which 

became more porous as the plasma etching power increased. From an AFM 

micrograph, the unetched Fe3Si films showed a very smooth surface with a Rrms of 

10.63 Å, which was increased by etching. The unetched Fe3Si films exhibited an θca of 

101.7°, indicating hydrophobic properties. After plasma etching, the film surface 

turned to hydrophilic surface with lowest contact angle of 67.05° at 150 W. The H 

and Er of the Fe3Si films were not significantly influenced by the Ar plasma at 

different powers. The findings of the experiments showed that the etching power 

had an effect on the surface morphology, as well as the structural, chemical 

composition, and wettability properties of both nanocrystalline FeSi2 and Fe3Si films 

without compromising mechanical qualities. 

 

5.2  Suggestions 

 The current study offers the following recommendations for further relevant 

investigation: 
 1) The surface morphology and wettability of the nanocrystalline FeSi2 and 

Fe3Si films should be studied under different etching atmospheres, such as 

O2, N2, and CF4. 

2) The surface morphology and wettability of the nanocrystalline FeSi2 and 

Fe3Si films should be studied with different etching times, pressure, and 

flow rate. 

3) The aging effect on the nanocrystalline FeSi2 and Fe3Si films after plasma 

etching should be studied. 

4) Plasma profile should be observed through optical emission spectroscopy. 

5) Wear resistance should be tested along with other mechanical properties. 
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Appendix A 
 

Supplementary Materials for Magnetic Properties 

Vibrating sample magnetometer (VSM) of unetched and etched Fe3Si films 

were measured through custom-made VSM based on Lake Shore, model 730908 

at room temperature with maximum applied magnetic field of 3 kOe. The result 

reveals saturated magnetization of the constructed Fe3Si films to be 1.318 × 10-2 

emu/g. After plasma treated, the films show an unclear trend of magnetization of 

2.571 × 10-2 emu/g, 1.522 × 10-2 emu/g, and 1.774 × 10-2 emu/g for 50 W, 100 W, 

and 150 W treated films. The VSM plot between mass magnetization versus 

applied magnetic field reveals an unclear trend of results, as depicted in Figure 

S1(a). This result probably originated from an error of instrument and film 

inconsistency rather than the effect of Ar plasma treatment, as evident by the 

identical hysteresis loops of each Fe3Si film shown in Figure S1(b).  
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Figure S1. The (a) VSM plot between mass magnetization versus applied magnetic 

field and (b) hysteresis loop of the etched and unetched Fe3Si film’s surface  
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Figure S2. The separated hysteresis loop based on plot between ratio of mass 

magnetization and saturated magnetization versus applied magnetic field of (a) 

unetched, (b) 50 W, (c) 100 W and (d) 150 W treated Fe3Si film.  
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