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Abstract 

  

In this study, we explored the potential of iron silicide thin films 

(nanocrystalline FeSi2 (NC-FeSi2), orthorhombic β-FeSi2, and ferromagnetic Fe3Si) 

prepared by face-to-face target DC sputtering (FTDCS) as multifunctional materials. The 

electrical properties of n-β-FeSi2/p-Si and n-NC-FeSi2/p-Si heterojunctions were 

evaluated using impedance spectroscopy under various voltage and temperature 

conditions to clarify the charge transport properties, dielectric behavior, and detailed 

joining mechanism. The results suggest that these heterojunctions are suitable for 

storage and optoelectronic device applications. To improve the functionality, β-FeSi2 

and Fe3Si thin films were subjected to rapid thermal annealing treatment to improve 

the crystallinity and mechanical hardness as well as to control the wettability. In 

addition, argon plasma etching with varying duration was applied to β-FeSi2 films to 

induce a surface change from hydrophobic to hydrophilic, suggesting the possibility of 

self-cleaning applications. Through evaluation of various properties, including structure, 

morphology, electricity, mechanics, and wettability, it became clear that by 

appropriately controlling and modifying the Fe–Si compounds, they have great 

potential for application not only in optoelectronics but also as hard coating materials 

and self-cleaning surface materials. 
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Chapter 1  

 Introduction  
 

1.1 Signification of the research 

The semiconductor phase of the iron disilicide (FeSi2) compound with 

an orthorhombic (β) structure (β-FeSi2) possesses desirable characteristics [1-3]. Its 

absorption coefficient value is over 105 cm-1 for the photon 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 [1-3]. Both of these are in adherence to the 

wavelength for optical telecommunications ranging from 1.3 to 1.5 microns [1-3]. 

Nanocrystalline FeSi2 (NC-FeSi2) with a 10 nm crystalline size or lower in diameter 

holds unique characteristics like those of β-FeSi2 [4,5]. Both of Its optical band gap 

values are mostly identical to that of β-FeSi2, while its absorption coefficient values 

greater compared to β-FeSi2 [4,5]. Lattice parameter of ferromagnetic iron disilicide 

(Fe3Si) features a slightly mismatch of +4.2% and -2.5% with Si and semiconducting 

phase β-FeSi2 [6,7]. The Fe3Si films have high spin polarization of 45% and high Curie 

temperature level of 840 K, while have a small magnetic coercivity of 7.5 Oe [6,7]. 

Furthermore, Fe3Si films have a cubic DO3 structure which also be able to considered 

as a Heusler type alloy (Fe2FeSi) [6,7]. Fe3Si also possesses good hardness and 

resistance to corrosion [8].  

Heterojunctions consisted of n-type β-FeSi2 or n-type NC- FeSi2 on p-type Si 

have been created on p-type Si substrates using face-to-face targeted direct current 

sputtering (FTDCS) [9-11]. Although these structures have been initially evaluated for 

their electrical properties, including their applications in photodiodes and light 

detectors, detailed studies on the electrical behavior and mechanisms of the 

junction are limited [9-11]. Impedance spectroscopy is a prevailing technique to 

probe electrical phenomena within semiconductor devices, such as charge transport, 

carrier accumulation and recombination, junction response, and relaxation behavior 

[12-14]. With changing the applied voltage, it can be observed from the curves of real 

component of complex impedance (Z’) and imaginary component (Z”) that the 

parallel resistance (Rp) decreases and the capacitance (C) increases, resulting from 

the shrinkage of the depletion layer [15-17]. Furthermore, increasing the voltage also 
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increases the carrier density in the material [15-17]. This results in a higher direct 

current conductivity (σDC) [17,18]. The analysis of the dielectric properties also helps 

to understand the role of polarization in the electrochemical process of 

heterojunctions [19]. Therefore, the experiments under a varying voltage would be 

appropriate for acquiring response of impedance and related electrical properties to 

the biased signal with high precision. In addition to voltage, temperature is another 

important factor affecting the behavior of the device, as temperature can induce 

complex mechanisms, such as the change of the electrical conductivity, relaxation 

processes, carrier recombination, and the change of the interface state. In general, as 

the temperature increases, the total resistance and the grain boundary’s resistance 

decrease due to the shrinkage of depletion layer [19-21]. However, at very high or 

low temperatures, the carrier density may decrease [19-21]. Therefore, to fully 

understand the behavior of heterojunctions under real operating conditions, it is 

necessary to analyze the impedance response under different voltages and 

temperatures, and systematically evaluate both electrical and dielectric properties 

[19-21]. To extend the knowledge on electrical mechanism of FeSi2 heterojunctions 

and decide possible scenario for electronic applications, the impedance, 

conductivity, and dielectric properties under varying voltages and temperatures 

needed to be studied. 

Moreover, both variations of FeSi2 along with Fe3Si were reported to possess 

hydrophobic surface [22-24]. They could be grown on to a wide array of substrates 

and also possess an extremely smooth surface while created from eco-friendly 

elements like Si and Fe that are ample on the planet earth [22-24]. Based on these 

properties, β-FeSi2, NC-FeSi2 and Fe3Si is a potential contender for use as self-

cleaning coating and hard coating material [22-24]. In the past, there are sparsely 

report on mechanical properties of Fe-Si namely Fe3Si and a few of FeSi2. T. 

Murakami et al [25] reported friction and wear properties of Fe–Si intermetallic 

compounds through sintering reveal their films possess microhardness around 8.5 

GPa for Fe3Si, 11.5 GPa for FeSi and 7 GPa for FeSi2. T. Chang-bin et al [26] reported 

on Fe3Si created by molten-salt which showed hardness for different derivative of 

Fe3Si(2), Fe3Si(2Cr13), and Fe3Si(0Cr18Ni9) at 10.353 GPa, 10.944, and 12.763 GPa, 

respectively. S. Nakamura et al [27] reported on β-FeSi2 created by FTDCS where 

obtained nano-indentation hardness is about 10 GPa moderately compared to 
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various diamond-like carbon (DLC) films. However, there was limited study on 

wettability of Fe-Si material such as; Y.T. Chen et al [28] who study Fe2Si films 

created by DC magnetron sputtering which have surface energy correlate with around 

90°+ contact angle at 500 nm and the energy gradually decreased after annealing at 

150 °C and 250 °. B. Nunes et al [29] studied FeSi2 make from Fe implant into Si 

where the as implant films show contact angle around 70° and decrease to between 

40-50° after annealed at 550 °C, 800 °C, 1000 °C. Hence, wettability along with 

mechanical of Fe-Si created through FTDCS as well as effect of heat on the films to 

unlock potential for multifunctional self-cleaning and hard coating applications on 

top of study on electrical properties for optoelectronic applications firstly were 

reported. P. Charoenyuenyao et al [30] The influence of conventional thermal 

annealing on the β-FeSi2 film’s surface created through FTDCS was then studied, 

revealing that the hydrophobic surface of unannealed β-FeSi2 with contact angle of 

93.25° possess lower contact angle of 91.60° after 200 °C annealing. Then, β-FeSi2 

turned into a hydrophilic surface with contact angle of 88.85° and 82.15° after 

annealing at 400 and 600 °C. P. Charoenyuenyao et al. [22] measured the contact 

angle of β-FeSi2 thin films with deionized water under conditions of varying substrate 

temperatures to examine the wettability of the thin films. The contact angle was 

91.15° at 525°C, and increased to 94.43° at 550°C, 99.48° at 600°C, and 103.80° at 

660°C. In addition, P. Charoenyuenyao et al. [13] also reported that  the β-FeSi2 thin 

film formed at 525°C showed a nanohardness of 12.8 GPa and an elastic modulus of 

191.0 GPa, which were significantly improved to 21.3 GPa and 248.7 GPa, respectively, 

by increasing the substrate temperature to 660°C. In general, materials with self-

cleaning properties are known to be either superhydrophobic (contact angle 150° or 

more) or superhydrophilic (contact angle less than 10°) [31, 32]. On a 

superhydrophobic surface, water droplets roll off the surface, whereas on a 

superhydrophilic surface, water spreads and flows off the surface [31, 32]. Therefore, 

in order to give Fe-Si a self-cleaning function, the introduction of more advanced 

surface treatment techniques than conventional ones are required.  

To unlock the possibility of Fe-Si for new applications, a usage of the optimal 

modification methods along with investigation into their wetting and mechanical 

properties is necessary. The conventional thermal annealing (CTA) has been reported 

to be able to improve the atomic mobility and rate of diffusion, resulting to an 
This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



4 

 
increase in nucleation density and uniform distribution of surface atoms [30,33]. 

Thus, it also affects the wettability and mechanical properties of the material [30,33]. 

Further, there is rapid thermal annealing (RTA) which provide added benefit of faster 

grain growth, more accurate control over time-temperature heating cycles, shorter 

non-gradient isothermal cycles, less chance of dopant infusion, and lower cost on 

top of as benefit that CTA already presented [34-36]. Building on previous studies 

showing the advantages of rapid thermal annealing (RTA), X. W. Lin et al. [37] 

demonstrated that cubic metallic FeSi2 can be crystallized into the β-FeSi2 phase by 

RTA treatment at 600 °C for only 20 seconds. This treatment promoted the diffusion 

of iron during rapid heating, improved the consistency and stability of the crystal 

structure, and also produced a uniform surface morphology. Such control of the 

microstructure and surface state is a key factor in improving mechanical hardness 

through internal stress and wettability through tuning the surface roughness. 

Meanwhile, P.-H. Wu et al. [38] investigated the mechanical properties of SiN thin 

films subjected to RTA treatment at different temperatures (400, 600, and 800 °C) for 

10 minutes. The results showed that the hardness, Young's modulus, and residual 

stress could be significantly controlled with increasing temperature. These changes 

were probably caused by the gradual relaxation of the initially existing compressive 

stress by RTA and its transformation into tensile stress after treatment at higher 

temperatures. Y.-J. Chiu et al [39] reported on Characteristics of FePd alloy thin films 

deposited by magnetron sputtering. The RTA at 400 and 750 °C resulted in the 

noticeable increment of contact angle to 52 and 75° from origin of 20° for as-

deposited FePd. However, the usage of RTA to the modify the wetting and 

mechanical traits for Fe-Si films for multifunction hard coatings with self-cleaning has 

not been reported up until now.  

Another method among various techniques have been reported about the 

modification of physical characteristics for thin films, plasma etching has attracted 

particular attention because it can precisely control the interaction of ions with the 

material surface to tailor the material properties [23,24]. This process effectively 

improves the quality and performance of films by removing contaminants through 

interaction of plasma ion with bound particles present on the surface [23,24]. The 

results of plasma treatment are highly dependent on several process parameters, 

including the type of ionized gas used, electrical power, treatment time, and 
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chamber pressure. Among these, Ar plasma is widely used, since it has the ability to 

physically roughen the surface and can also remove oxide films by breaking the 

bonds between material and oxygen atoms [23,24]. Such surface modification 

significantly improves the surface reactivity and functional performance of materials, 

making plasma etching an essential process technology in advanced materials 

engineering [23,24]. Ar plasma etching under increasing power can also turn the Fe-Si 

based surface into highly hydrophilic state at higher power as reported in the 

previous works [23,24]. N. Borwornpornmetee et al [23] reported the effect of 

microwave Ar plasma treatment under variation of its power on the physical features 

of the Fe3Si films, where the hydrophobic condition of 101.70° for the original Fe3Si 

layer turned into a hydrophilic surface of 67.05° contact angle after exposing to Ar 

etching. Next, N. Borwornpornmetee et al [24] reported the effect of microwave Ar 

plasma etching under different powers on the NC-FeSi2 films which share the similar 

trend but can more effectively turn hydrophobic surface of 100.55° to highly 

hydrophilic of 35.65° rivaling less durable self-cleaning material like polymethyl 

methacrylate. However, the duration used to etch the sample with the plasma is 

also one of important factors for controlling the hydrophilicity of the material by 

controlling degree of interaction of ions [40]. According to the literature related to 

plasma surface modification, the time taken to etch the sample with the plasma is 

among the important factors for controlling the hydrophilicity of the material. Ru et 

al. [41] studied the effect of changing the time taken to etch Ar plasma on the 

properties of Polyvinyl Chloride (PVC) sheets. The findings reveal that PVC has 

hydrophobic wetting properties and a contact angle of more than 100º, which tends 

to decrease with increasing etching time, resulting in a decrease in hydrophilic groups 

such as carbon and chlorine, while the oxides become more hydrophilic, resulting in 

a rise in the surface free energy until the contact angle is less than 25º after eight 

minutes of etching. Zajíčková [42] studied the etching of a polycarbonate surface 

with Ar gas plasma and found that a longer etching time can increase the surface 

free energy and hydrophilicity from a hydrophilic surface of 70º to a superhydrophilic 

surface at a contact angle below 10º. Moreover, Ting et al. [40] studied the etching of 

an aluminum surface with Ar gas plasma at different etching times. They found that 

the plasma at 1000 W etching for 30 s could reduce the high hydrophilic contact 

angle from approximately 20º to approximately 13º, and when etched for a longer 
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time of 10 minutes, the contact angle of 13º reduced to approximately 4º, resulting 

in a superhydrophilic surface. Using the above-mentioned approach, it can be 

concluded that changing the duration of plasma etching can reduce the contact 

angle down to the superhydrophilic level. From these results, alteration of time 

should significantly increase hydrophilicity of the films.  

 Consequentially, all films will be deposited onto Si wafers by FTDCS In this 

research to then perform impedance spectroscopy on the junctions created from NC-

FeSi2 and β-FeSi2 films under different voltages and temperatures to further 

investigate their electrical characteristics, junction behaviors and mechanisms as 

response to working environment and deduct representative equivalent circuit and 

its parameters. More importantly, there might be possibility to adopt these 

heterojunction devices as storage devices based on electrical conductivities and 

dielectric properties that can be extracted from impedance. Then, RTA at different 

temperatures will be introduced to β-FeSi2 and Fe3Si films to enhance its mechanical 

properties and modify their wettability. Finally, the objective is to introduce the 

plasma etching process to β-FeSi2 films using different etching durations to determine  

their surface for self-cleaning surface application. The crystalline structure, chemical 

composition, morphological properties, wettability, and mechanical properties of all 

as-deposited, RTA, and plasma-etched films will be provided. This research is aim to 

understand deeper about the NC-FeSi2, β-FeSi2 and Fe3Si composites as well as 

unlock their potential to applied in several fields such as storage devices, self-

cleaning, and hard coating materials.  

  

1.2 Purposes of the study 

1) To explore the impedance as well as permittivity and conductivity under varying 

temperatures for p-Si /n-β-FeSi2 and p-Si/n-NC-FeSi2 heterostructures created 

through FTDCS. 

2) To study the surface wetting behavior and nanomechanical properties of β-FeSi2, 

and Fe3Si films created through FTDCS using RTA under different temperatures. 

3) To study the surface wetting behavior and nanomechanical properties of β-FeSi2 

films created through FTDCS using microwave plasma etching under different 

times. 
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1.3 Scopes of the study 

1) β-FeSi2 films were created onto Si substrate through FTDCS at 600 °C 

substrate temperature, while NC-FeSi2 and Fe3Si films were created onto Si 

substrate at room temperature using FTDCS. Al-electrodes were deposited 

onto β-FeSi2 and NC-FeSi2 films, while Pd-electrodes were deposited onto Si 

side by radio-frequency sputtering to form completed heterojunction devices. 

2) The impedances under board frequency of 20 Hz to 2 MHz in dark were 

performed under biased voltage of -1 to 0 V at ambient temperature then 

performed at 160-400 K under biased voltage of 0.01 V. 

3) β-FeSi2 and Fe3Si films were annealed by RTA at different temperatures (200, 

400, 600, and 800 ˚C) for 10 minutes. 

4) β-FeSi2 films were etched by plasma at varied times (5, 10, and 15 minutes) 

under 300 W power in Ar atmosphere.  

5) The investigation on crystalline structure, chemical composition, 

morphological properties, wettability, and mechanical properties of all as-

deposited, RTA, and plasma-etched films will be provided. 
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1.4 Research Organization 

Table 1.1 Steps in research process  

Research step Academic year 

2022 2023 2024 

Research on study materials related to the research topic.    

Learn about the fabrication process of β-FeSi2, NC-FeSi2, and Fe3Si 

films onto Si by FTDCS. 

   

Examine the impedance profiles and simulate associated 

parameters at various temperatures for n-β-FeSi2/p-Si and n-NC-

FeSi2/p-Si heterostructures. 

   

Anneal β-FeSi2 and Fe3Si films at varied temperatures by RTA, 

including characterization of their crystalline structure, chemical 

composition, morphological properties, wettability, and 

mechanical traits.  

   

Etch β-FeSi2 films at various times in Ar atmosphere, including 

characterize their crystalline structure, chemical composition, 

morphological properties, wettability, and mechanical properties. 

   

Perform plasma diagnosis for the plasma use during etching for 

plasma parameters. 

   

Provide the essential data for publication and thesis.    

 

1.5 Benefits of the study 

1) Impedance and associated properties of n-β-FeSi2/p-Si and n-NC-FeSi2/p-Si 

junctions were revealed which help further realize their electrical 

characteristics, junction behaviors and mechanisms as well as realized their 

new possible application as storage devices. 

2) Effects of RTA on wettability and mechanical properties of β-FeSi2 and Fe3Si 

films were demonstrated and revealed their potential to develop into hard 

coating surface. 

3) Effects of Ar plasma on wetting and mechanical traits of β-FeSi2 films were 

demonstrated and revealed their potential to develop into self-cleaning 
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Chapter 2  

Theory and Literature Reviews 
 

 Contents of his chapter review the essential background for discussing the 

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

impedance and wettability properties. It starts with a discussion of the 

semiconducting properties of NC-FeSi2, β-FeSi2, and Fe3Si are then discussed. Next, 

the backgrounds of the deposition method, impedance, wettability, annealing and 

plasma etching are described. Previously published papers related to this study are 

discussed and compared with the current research. 

  

2.1  The properties of Fe-Si system [41-45] 

 The Fe-Si system can be categorized into various phase. It can be seen as 

displays in a phase diagram below (Figure 2.1) that there are several phases including 

the intermediate phase (Fe5Si3), metal-rich silicide (Fe3Si), monosilicide (FeSi), and 

disilicide (FeSi2).  

 

 
 

Figure 2.1 A phase diagram of the Fe-Si composite [45]. 
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 2.1.1 Physical Features of β-FeSi2 [46-50] 

  In the area of the FeSi2, three phases are separated as follows: cubic (γ-
FeSi2), orthorhombic (β-FeSi2), as well as tetragonal (α-FeSi2). The cubic γ-FeSi2 phase 

of F-Si falls under a metastable phase that appears through polymorphic 

transformation of β-FeSi2 at low-temperature of 650 °C. The metallic α-FeSi2 phase 

stays stable when temperature is > 950 °C. It can be transformed into the 

orthorhombic β-FeSi2 phase when the temperature is < 950 °C. Recently, β-FeSi2, 

which is a semiconductor, has attracted significant attention owing to its potential as 

candidate for application in optoelectronic devices. Components of β-FeSi2 is 

contained Fe and Si, which are both eco-friendly, non-toxic, and plentiful in nature. 

The compound holds an orthorhombic structure having 48 atoms per unit cell (Si 32 

atoms and Fe 16 atoms) and lattice parameters value at c = 0.788 nm, b =0.778 nm, 

and a = 0.986 nm, as depicted in Figure 2.2. One unit cell possesses two Fe sites, 

both are inhabited by 8 atoms each and two Si sites each inhabited by 16 atoms. 

   

 
 

Figure 2.2 Primitive cell of orthorhombic β-FeSi2 structure [46]. 

 

  Band diagram of β-FeSi2 is displayed in Figure 2.3(a). The nature of the gap 

inside the band structure is indirect with small difference between the calculated 

direct and indirect gaps based on absorption spectrum showed in Figure 2.3(b). From 

indirect gap, the part of absorption found under the direct-gap transition energy level 

could be explained. As revealed in the inset of Figure 2.3(b), β-FeSi2 possesses an This material is reserved for educational use only, not allowed for commercial use. 
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indirect band gap of around 0.76 eV, which is less than the value of direct optical 

band gap of round 0.85 eV and matches to the fiber optic telecommunication’s 

wavelengths as well as specifically huge optical absorption coefficient that values 

bigger than 105 cm–1. The absorption coefficient is more than two magnitudes higher 

than what possessed by crystalline Si at 1.2 eV. 

 

 
 

Figure 2.3 (a) Band diagram and (b) absorption spectrum for β-FeSi2 with the 

interpolated line drawn for the indirect and the direct optical band gaps 

of the β-FeSi2 as its inset [50]. 

 

 2.1.2  Physical Features of NC-FeSi2 [51-53] 

  The formation of amorphous FeSi2 was first reported by M. Milosavlijevic 

et al. They created a Fe layer on a Si substrate at 300 °C by ion beam mixing (IEM) 

with Ar8+ ions, producing a uniform amorphous layer. Optical absorption 

measurements confirmed that the material was a semiconductor with a direct band 

gap of around 0.88 eV, and rapid surface diffusion of Si atoms was deemed to be the 

main cause of the creation of the amorphous phase. Nanocrystalline FeSi2 (NC-FeSi2) 

films were subsequently prepared by pulsed laser deposition (PLD) through an FeSi2 

target, and their properties were investigated. NC-FeSi2 has properties similar to β-

FeSi2 and amorphous FeSi2 and is of interest as a semiconductor and coating material 

for near-infrared (NIR) applications. The component elements Fe and Si are ample 

and non-toxic on Earth, making them promising materials with low environmental 

impact. NC-FeSi2 has an optical band gap of about 0.87 eV as well as a high 

(a) (b) 
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extinction coefficient of light beyond 105 cm-1 at 1.2 eV. Another major advantage is 

that its ability to be coated on various solid substrates at ambient temperature. The 

structure of NC-FeSi2 films prepared by PLD and FTDCS was inspected by X-ray 

diffractometer (XRD) and transmission variant of electron microscope (TEM). In the 

XRD pattern revealed in Figure 2.4, a broad peak was detected from 40° to 50° in the 

2θ scan mode with a static incident angle of 4°. Due to the nanocrystalline structure, 

the board peak is likely the result of overlapping diffraction from multiple crystal 

planes of β-FeSi2 (e.g., 422, 511, 313, etc.). Interestingly, the FTDCS-prepared film 

shows a slightly stronger peak than the PLD film, suggesting a slightly larger crystallite 

size. This trend is also seen in the microelectron diffraction (MD) results of the PLD 

film, which shows a weak, broad ring corresponding to a lattice spacing of 2.03 Å. 

Furthermore, the dark-field TEM image in Figure 2.5 shows that the PLD film is 

composed of nanocrystals with diameters of 3-5 nm, which are likely β-FeSi2 

nanocrystals. 
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Figure 2.4 XRD graphs of NC-FeSi2 films formed via PLD and FTDCS. The inset  

is the micro-area electron diffraction (MD) pattern of the NC-FeSi2 film 

produced via PLD [51]. 
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Figure 2.5 Dark-field imaging TEM result of the NC-FeSi2 films formed via PLD [51]. 

 

 2.1.3  Physical Features of Fe3Si [56-60] 

  Fe3Si is the sole phase among homogeneous iron silicide phases that has 

well-ordered iron-rich composition (sees Figure. 2.6). It belongs to the bulk phase 

diagram at ambient temperature and remains steady up to its melting point with 

crystal’s structure is of D03 type which can be deemed as a Heusler type alloy: 

Fe2 FeSi. Due to Fe and Si randomly inhabit 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 idyllic Si 

concentration of 25% and below. When Fe or Si randomly inhabit C and B sites, B2 

(CsCl) phase will take over DO3 phase when Si concentration less than about 10%. At 

even lower Si composition, Fe or Si will randomly inhabit all atomic sites and the A2 

(bcc) phase emerge. At the phase beyond the idyllic composition of the D03, Fe3Si 

undergo a sudden transition into an inhomogeneous phase, where its phase 

boundary ranges from 26% to 31% at room temperature to 1200 ◦C. 

 

 
 

Figure. 2.6 (a) Phase diagram for iron silicide where well-ordered homogeneous 

phase’s regions highlighted in the grey highlight. (b) Unit cell represents 

the D03 structured Fe3Si consist of bcc and CsCl sub-cubic structure [56]. 

(a) (b) 
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  Alloys in Fe-Si system have captivated extensive attention for 

technological and fundamental purposes. 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 manipulate electric spin inside a layer of 

semiconductor in semiconductor device. Ferromagnetic iron silicide or Fe3 Si has 

lattice constant a=5 .6 5 3  Å, which is almost the same as that for GaAs. Its lattice 

constant also slightly mismatches with lattice of semiconducting Si by +4 .2 %  and 

high Curie temperature level of 8 4 0  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, similar properties with DO3 Fe3Si can manifest 

within a Fe3Si of different atomic arrangement like B2 structure. The efficiency of 

electrical spin injection from the ferromagnet to the semiconductor is highly 

dependent on their interface quality. To prevent the interlayer diffusion between 

Fe3Si/Si, this material needs low-temperature growth to limit the generation of high 

velocity Fe species. Yoshitake et al. reported on the method of epitaxially creating 

ferromagnetic Fe3Si films via FTDCS at room temperature onto Si(111) substrate. This 

method allowed them to create Fe3Si films at a low-pressure sputtering with a lower 

rate of deposition with more precision. In exchange, the films created this way 

possess B2 structure instead of DO3. This evidenced by from superlattice reflection 

appear as (222) orientation XRD pattern, where h, k, and l are all odd number (see 

Figure 2.7). 

 

 

. 
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Figure 2.7 XRD pattern of Fe3Si expitaxially deposited onto Si(111) via FTDCS by 

Yoshitake et al [6].  

 

2.2  FTDCS [61-64] 

 Sputtering belongs to a physical vapor deposition (PVD) technique that is 

utilized for the growth of thin film layers as well as cleaning and etching of the 

surface of the thin film. 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 expelled from a target and deposited on a substrate. FTDCS is a 

modified sputtering system having the advantages of low-substrate temperature and 

high deposition rate during sputtering. A graphic of the FTDCS schematic is revealed 

in Figure 2.8. The FTDCS system consists of two circular-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. 
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Figure 2.8 The schematic diagram of the FTDCS system [23]. 

 

  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 safe from plasma. Besides, the energy of particles that deliver to the 

surface of the substrate is raised when compared to the use of other methods due 

to sputtering at low pressure. 

 

2.3  Heterostructure diode [65-67] 

Heterostructure diodes are typically dictated by the interface between two 

types semiconductors. Typically, these semiconductors would possess similar lattice 

constants to eliminate interface stress, but differ in energy bandgap and electronic 

relationships. This is different from using the same type of semiconductor on both 

sides of a homostructure. The difference in electronic structure leads to the 

generation of electric field at the connection point. When two types of 

semiconductors have the same type of conductivity condition (e.g., both types are n-

type or both types are p-type), if there are opposite types of conductivity conditions, 

the connection point is called isotopic hybridization. The connection point between 

a p-type and an n-type is called isotopic ectopic element, which is different from the 

curvature of flat bands in isotopes. The energy band structure of an ectopic element 

diode shows discontinuity at the interface due to differences in electronic affinity, 
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work functions, and characteristics of other materials. Such discontinuities can cause 

interface states or band offsets that act as recombination centers inside devices. 

Heterostructure diodes can be categorized into three types based on the 

arrangement of the valence and conduction bands as portrayed in Figure 2.9. 

  

   
 

Figure 2.9 Several kinds of heterojunctions based on alignment of band gap [66]. 

 

Heterojunction’s Charge transport models are developed from original models 

used in homojunctions. A spike in the band edges in Figure 2.10 arises from electron 

affinities (χ1,2), optical band gaps (Eg1,2), and work function (Φ1,2) mismatch between 

two different types of semiconducting materials. The inset figure in Figure 2.10 

displays discontinuity of conduction band and valance band. The band offset of the 

conduction band is defined by equation based on Anderson's rule as seen below: 

 

2 1cE q qχ χ∆ = −                                            (2.1) 

 

Meanwhile, the band offset appeared on the valance band is defined as follows 

 

 ( )V 1 2 C g CE Eg Eg E E E∆ = − − ∆ = ∆ − ∆                              (2.2) 
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Barrier in the heterojunction, which increases the rate of recombination of the 

carriers born from photogeneration and affect the carrier movement, is originated 

from band offsets of the heterojunction. To minimize the influence of band offset in 

a heterojunction, value of electron affinity and band gap need to be similar to 

minimize ∆Ec value. 
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Figure 2.10 Diagram for band structure of Type 1 heterojunctions in thermal 

equilibrium state [66]. 

 

Photodiodes are optical sensors that generate either current or voltage when 

photons strike the pn junction of a semiconductor. While this term can broadly 

include solar cells, it typically refers to sensors that detect light intensity. In 

photoconductive mode, the photodiode is reverse biased, expanding the depletion 

layer and reducing junction capacitance, which improves response speed. Though 

only a small saturation current flows in reverse bias, the photocurrent increases 

proportionally with light intensity. This mode responds faster than the photovoltaic 

mode but produces more electronic noise. 

Photodiodes are generally categorized into four types based on structure and 

function: pn junction, pin junction, Schottky, and avalanche. Each type is suited for 

detecting light intensity, position, color, or presence. Photons from incident light 

excite electrons in the semiconductor and induced the electron to move to the 

conduction from the valence band, relinquishing a hole If a photon's energy exceeds 

the bandgap energy (Eg). Electron-hole pairs can form in the p-layer, depletion region, 
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and n-layer. Inside the space-charge zone, an internal electric field drives negative 

charges onto the n-layer and positive charges onto the p-layer. Electrons and holes 

are collected in their respective bands, generating an electron in the n-layer and a 

hole in the p-layer. When an external circuit connects these two layers of 

semiconductors, electrons inside n-layer and holes inside p-layer move to opposite 

electrodes. These charge carriers are responsible for the resulting electric current. 

 

(a)

 

(b)

 
 

Figure 2.11 (a) Photodiode in cross section model and (b) diagram of p-n junction 

state in photodiode [67]. 

 

2.4  Impedance spectroscopy [12-14,68,69] 

Impedance spectroscopy is a procedure for analyzing the electrical response 

of a system using small amplitude AC signals over a board frequency range. Z’ and 

Z” in response to AC signals through the shape and number of arcs on the Nyquist 

diagram to get information about the internal electrical processes that occur 

internally. 
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This method is very effective to understand the electrical behavior of solar 

cells, optoelectronic devices, solid multilayer films, and heterojunction systems. For 

optoelectronic devices and heterojunction devices in particular, this technique help 

reveal detailed dynamics related to charge transfer, interfacial behavior, carrier 

relaxation, accumulation, recombination, and other factors affecting device 

performance. 

This technique is based on Ohm's law, which is a basis for understanding 

basic electrical properties based on the relationship between voltage and current in 

an ideal resistor as following: 

V IR=                                                  (2.3) 

 

Here V is the applied voltage existed throughout the resistor, I is electrical current 

that through, and R is resistance magnitude. 

The impedance presents in the form of vector and complex depiction. Phase 

difference is source of complexity for the concept of electrical impedance comparing 

to the common concept of the resistance. The impedance spectroscopy is managed 

with aforementioned small amplitude AC signal under frequency in an extensive 

range. Commonly, the function of complex impedance links to the relation as 

following: 

 

( ) ( )Z j Z Z ' Z"ω ω= = +                                     (2.4) 

 

( )Z Z ' jZ"ω = −                                          (2.5) 

 

The impedance for a resistor is defined by formula below: 

 

  
( )
( )R

V ,t
Z ( ) R

I ,t
ω

ω
ω

= =                                       (2.6) 

 

Thus, the impedance for a capacitor is defined by relation below: 

 

  
( )
( )

1
C

V ,t
Z ( )

I ,t C
ω

ω
ω ω

= =                                     (2.7) 
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And the capacitor-based impedance defined in complex form is as follows: 

 

1
CZ ( )

j C
ω

ω
=                                            (2.8) 

 

Furthermore, the common component, the constant phase element (CPE), 

Warburg impedance, and Warburg short impedance are basis to the system model. 

CPE commonly used to represent non-ideal behavior of capacitor to deal with 

imperfect interfaces when model the equivalent circuit. The impedance based on 

CPE follows given equation:  

 

                                          CPE
1

CPEaZ ( )
( j )

ω
ω

=                                       (2.9) 

 

The number and shape of semicircular arcs in a Z”-Z’ (Nyquist) graph depend 

on the material properties, layer structure, and interface characteristics, which can be 

used to model an equivalent circuit to reflect the performance of a heterojunction. 

The elements in the model can be built on resistors, capacitors, and/or inductors, 

depending on how the devices react to an AC signal’s disruption. In the basic case, a 

parallel circuit between Rp and C gives a symmetric semicircular arc starting from the 

origin. As shown in Figure 2.12(a), where Rp represents the resistance to charge 

movement across the junction interface, and the capacitance can be due to either 

the chemical capacitance or the capacitance of the depletion layer. If the curve is 

shifted to higher values on the Z’ axis, the equivalent circuit must add a series 

resistance (Rs) together with Rp||C, as shown in Figure 2.12(b), where Rs comes from 

the ohmic contact resistance as well as the active layer resistance. In the case where 

the curve is asymmetric, with its center below the Z’ axis and shifted towards higher 

values, it indicates non-ideal behavior. This can be modeled with a CPE connected in 

parallel with Rp and in series with Rs as shown in Figure 2.12(c), where CPE represents 

an imperfect capacitor caused by non-uniformities such as porous interfaces or 

surface states. The formulaic expression for complex impedance of the equivalent 

circuit model from Figure 2.12(c) is based on the equation below: 
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p
s

p1 CPEa

R
Z( ) R

R ( j )
ω

ω
= +

+
                               (2.10)     

 

where ω displays frequency in angular term. CPE is the value of constant phase 

element and a refers to a deviation of CPE from the ideal capacitor in ranging from 0 

to 1. If a = 1, CPE can be substitute for an ideal capacitor. 
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Figure 2.12 Nyquist diagram with related equivalent circuit models: (a) parallel circuit 

of Rp and C, (b) parallel circuit of Rp and C that serially combined with Rs, 

and (c) parallel circuit of Rp and CPE that serially connected with Rs [69]. 

 

The τ parameter defines as the characteristic relaxation time in relation to the 

characteristic frequency (fmax). τ can be used to characterize the relaxation process. 

Also, τ can applied to explain the charge carrier transport as well as the decay of its 

polarization throughout time in a discrete field. The assessment of τ can be achieved 

from the apex of the Z”-f spectrum per the utilization of the following equation: 

 
max max 1/ 1/ 2 fτ ω π= =                                        (2.11) 

 

Where τ is the carrier relaxation time, ωmax regards as the maximum angular 

frequency of relaxation, and fmax is the maximum relaxation frequency. 
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2.5  Dielectric Properties [70-73] 

Dielectric properties relate to the polarization and dielectric relaxation inside 

specific material. Complex permittivity (ε(ω)) can be separated to real term (ε’) and 

imaginary term (ε”). The parts of complex impedance can be used to obtained both 

terms following equation between the ε(ω) and Z(ω) as portrayed in: 

 

2 2 2 2
0 0

1 1  Z" Z '' , "
C CZ" Z ' Z" Z '

ε ε
ω ω

−   = =   + +     
(2.12) 

 

where C0 is capacitance in vacuum derived from the permittivity in vacuum (ε0) of 

8.8542 × 10−12 F m−1 proportion to the area of electrode (E) per film’s thickness (t). 

 

According to the Maxwell-Wagner model, in materials in which high 

conductivity grains are separated by high resistance grain boundaries, interfacial and 

space charge polarizations occur. This explains the frequency-dependent actions of 

the ε’ term in the measurement range. The high values of ε’ are due to the 

polarization phenomenon caused by the capture of charge carriers from the grain 

interior by the high resistance grain boundaries due to the external electric field. On 

the other hand, the ε” parameter mainly reflects the dielectric loss due to electrical 

conduction, and its peak position can be used to estimate the conduction 

mechanism in the material. Meanwhile, the dielectric loss tangent (tan δ) values is 

the relative dielectric loss from electrical energy used to induce the charge 

movement and the loss from thermal dissipation of dipole relaxation. Hence, tan δ 

could be obtained by the equation showed below: 

 

=
"tan( )
'

εδ
ε  (2.13) 

 

2.6  Conductivity [74,75] 

AC conductivity (σAC) profiles are obtained from impedance data. These data 

help to distinguish between the conduction models (e.g. band theory, jump 

relaxation model, variable range hopping model) for inorganic and organic materials. 

The frequency dependent behavior of σAC offers valuable information on the charge 
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transport mechanism in semiconductor materials and reveals the nature of the 

conduction process and relaxation mechanism. Furthermore, the σAC characteristics 

at high frequencies provide clues to understand the relaxation phenomenon and 

jump relaxation model. 

The roughly estimated σAC for the heterojunction devices can be derived 

through the formula seen below: 

 

2 2AC
t Z '
E Z" Z '

σ  =  +                                            (2.14) 

 

where σAC is to the AC electrical conductivity, t is the film thickness, and E is the area 

of the electrode. Z’ and Z” respectively are the real and imaginary terms of the 

complex impedance.  

The σDC value can be acquired from the y-intercept in the low frequency 

domain of the σAC value vs. frequency plot. This value helps to comprehend the 

conduction mechanism and electrical transport behavior in the material. 

The hopping frequency (fH) at each voltage value can be determined using a 

universal relationship and the point where the frequency corresponding to σAC is 

equal to σDC can also be used as an indicator to estimate fH: 
1

DC
H

S
f

A
σ  = 

 
                                               (2.15) 

 

where σDC is the DC conductivity based on interpolation of the characteristic σAC 

against voltage at a low frequency range. A is the dispersion parameter. S is 

interaction degree between the mobile ions and the lattices. 

Jonscher's power law describes how σAC increases at high frequencies 

following the displayed equation: 

 
S

AC DC Aσ σ ω= +                                            (2.16) 

 

Here, σAC is AC electrical conductivity, ω implies the angular frequency, σDC 

indicates the conductivity that does not depend on frequency, and A denotes the 

dispersion parameter. The exponent of S means interaction degree between the 
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transporting ions and the lattices. The dispersion parameters and the degree of 

interaction of the mobile ions with their lattice play a substantial role in this process. 

The exponent value indicates the type of charge carrier movement, with S values 

below 1 indicating translational motion and rapid hopping, and S values above 1 

indicating localized hopping over short distances between adjacent positions. 

 

2.7  Heat treatment [76,77] 

Post-coating heat treatment is a process that utilizes various sources of 

thermal energy such as furnaces, flashlights, or lasers to alter the properties of thin 

films. However, there are differences in the coefficient of thermal expansion (CTE) of 

the film compared to the substrate, as well as phase transitions within the film. May 

cause stress within the film structure. This stress may result in permanent 

deformation or cracking at the joint between the film and substrate. 

Despite these risks, heat treatment is still an important process for improving 

the quality of thin films. It promotes atomic diffusion, helps eliminate residual stress, 

and reduces structural defects that occur during the coating process. In addition, 

heat treatment stimulates particle growth. The phase transition and structural 

adjustment of materials directly affect the optimization of thin films. 

 2.7.1 CTA [76] 

  Annealing is commonly a means of softening in which samples are 

heated to create the steadiness high-temperature state and then allowed to 

moderate very slowly. For certain purposes, annealing is the standard method for 

developing mechanical, structural, stress reduction of materials, and surface 

morphology modification of samples with temperature and time. 

 2.7.2 RTA [77] 

  RTA relies on radiative heat transfer involving multiple bodies at varied 

temperatures, each emitting characteristic energy spectra. The process includes: (1) 

radiation emission of source, (2) absorption radiation, (3) conversion to heat, and (4) 

thermal conduction within the sample. RTA enables precise time-temperature 

control, ensuring reproducible results with minimal thermal stress and dopant 

diffusion—crucial for maintaining material hardness, which depends on internal stress 

without deformation. Its rapid heating cycles also enhance crystallization and grain 

growth, improving surface morphology and influencing wetting behavior. RTA 
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typically uses tungsten-halogen lamp arrays (above, below, or on both sides of the 

wafer) to emit infrared radiation. Chambers are designed to reduce reflection using 

reflector array and often equipped with thermal shields. Temperature is monitored 

via thermocouples, one usually in direct contact with the wafer.  

 

 
 

Figure 2.13 Schematic of RTA apparatus 

 

2.8  Plasma etching [78,79] 

A definition of plasma as state defines as an ionized gas comprises positive 

ions and free electrons in proportional amount resulting in no more or less number 

of overall electric charge either at low pressures or at very high temperatures in most 

case. 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 nearly 

achieve thermal equilibrium creating fully ionized plasmas. Latter of the two is called 

cold plasmas which are weakly ionized plasmas due to non-equilibrium generation.  

 2.8.1 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 
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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 2.14. 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.  

 

 
 

Figure 2.14 Schematic of Microwave etcher [78]. 

 

 2.8.2 Mechanism behind the plasma etching 

  Plasma etching can proceed through various processes of physical 

sputtering or chemical reaction or ion-enhanced mechanisms. The common methods 

of plasma etching are schematically grouped into 3 categories as shown  
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Figure 2.15 Variation of plasma interaction [78]. 

 

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

energetic ions transfer impact on the substrate and transfer their massive energy and 

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

energies, 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 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 regularly its isotropic 

or non-directional 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 quicker than 

physical sputtering. This cause flaws and dislocations in the lattice or dangling bonds 

on the surface, resulting in occasion where surface compound can become partially 
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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. 

 

2.9  Wettability of surface [80] 

 Figure 2.16 presents a liquid drop located on a solid surface. Fundamentally, 

the contact angle (θCA) is determined by the juncture between the interface of liquid-

solid (γsl) compared to the interface of liquid-vapor (γlv) (geometrically earned by 

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

contour). In Figure 2.16, the three phases of the contact line are shown, representing 

solid, liquid, and vapor. A small θCA value is noticeable when the liquid flattens on 

the exterior layer of the substrate, while a high θCA value is noted when the liquid 

forms on the surface in round-shape. 

 

 
 

Figure 2.16 Illustration of contact angles on a fully flat surface of substrate [80]. 

 

 The material’s surface was indicated as a hydrophilic surface where the θCA 

values between the droplet 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 

θCA 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 θCA 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 uncovered in Figure 2.17. 
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Figure 2.17 The illustration of the liquid shape on the smooth surface substrate in 

 different range of contact angle [80].  

 

 2.9.1 Contact angle [31,32] 

  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 the work mandatory to produce a unit area of individual surface under 

constant temperature and pressure. As displayed in Figure 2.18, the surface 

equilibrium will be established at a specific angle as a liquid drop contact with a 

solid. This angle is denoted to as the static contact angle (θ0), which is given by 

Young’s equation: 

 

  0cos sv sl

lv

γ γ
θ

γ
−

=                       (2.17)             

 
 

Where γsv refers to the surface energies of solid compared to air, while γsl represents 

the surface energies of solid compared to liquid, and γlv is the surface energies of 

liquid compared to air. 

 

 
 

Figure 2.18 Illustration of contact line for liquid on a flat surface [32]. 
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 2.9.2 Wetting model of Wenzel and Cassie-Baxter [32,81-83] 

  In the case of a surface with roughness, two wetting models are usually 

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

explanation of the θCA parameter of the drop versus the rough surface, where the 

drop and air can infiltrate into the groove on the surface area. The Wenzel and 

Cassie-Baxter interface are revealed in Figure 2.19 (a) and (b), correspondingly. 

 

(a) (b)

 
 

Figure 2.19 Illustration of (a) Wenzel interface and (b) Cassie-Baxter interface [32]. 

 

  For the Wenzel model, the surface grooves are soaked by liquid drops, 

resulting in higher surface wettability due to the larger contact area. Wenzel’s model 

describes the θCA on a rough surface in comparison to the flat solid surface. This 

model modifies Young’s equation as seen below: 

 

  0cos cossv sl

lv

r r
γ γ

θ θ
γ

 −
= = 

 
                (2.18)              

 

Where r represents the surface roughness factor in non-dimensional term. 

 The r is the proportion of the actual area presented on the rough surface 

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

 
sl

F

A
r

A
=     (2.19) 

 

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

the liquid drops, resulting in a larger θCA value. This model assumes a composite 

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

apparent θCA on such a metrial’s surface. Cassie-Baxter’s model explains the θCA 
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value 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= +  (2.20) 

 

Where 1 2 1f f+ =  (2.21) 

 

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

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

1 – fsl and θ2 = 180°. Combining (2.20) with (2.21), the Cassie-Baxter model can be 

presented as: 

 

0cos cos 1sl slrf fθ θ= − +  (2.22) 

 

2.10 Characterization methods [84-89] 

The basic principle of different characterization techniques used in this 

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

2.10.1 XRD 

XRD is a technique commonly utilized 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 This 

results in the Bragg’s Law related scattering and absorption as presented below: 

 

2 ( ) n dsinλ θ=                                        (2.23) 

 

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

represents a length between the atomic layers, and θ is an incident angle. 
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Figure 2.20 Diagram of XRD method.  

 

2.10.2 X-ray photoelectron spectroscopy (XPS) 

The XPS is one the most prevailing 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 2.21. 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. 
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Figure 2.21 Principal schematic of the XPS device.  

 

2.10.3 Scanning electron microscope (SEM) 

Figure 2.22 illustrates a 2D-diagram for SEM. SEM is a microscope that 

shot an electron beam to strike the atoms of the object of interest 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 recorded 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 2.22 2D-schematic for SEM machine. This material is reserved for educational use only, not allowed for commercial use. 
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2.10.4 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. 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 a spring with a spring 

constant smaller than that of the atomic bond. Van der Waals force attracts and 

repels the scanning probe tip 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. Then, the reflected beam is directed into a photodetector, which 

tracks the location of the beam to form an AFM picture. A piezoceramic scanner 

controlled by an electrical feedback loop voltage, maintaining the force between the 

probe's tip of AFM and the surface of the sample. AFM can be typically categorized 

into (i) contact mode, (ii) non-contact mode, and (iii) tapping mode. 

 

 
 

Figure 2.23 Basic diagram for AFM equipment.  

 

2.10.5 Contact angle measurement  

This technique measures θCA using a droplet of test liquid including the 

polar and non-polar liquids, such as deionized water, alcohol and oil, 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 
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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 the θCA between the tangent to the drop and the sample is measured for 

each frame. 

 

 
 

Figure 2.24 Photograph taken from sessile drop contact angle measurement. 

 

2.10.6 Nanoindentation 

Nanoindentation is performed to study the mechanical traits, such as 

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

applying a micro- or nanoscale force on to sample. Figure 2.25 expresses 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 2.25 2D-schematic diagram for a nanoindentation machine. 

 

2.11 Related research 

 This section presents the related research of this thesis. 

 In the previous works, heterojunctions consisted of n-type β-FeSi2 or n-type 

NC- FeSi2 on p-type Si have been created on p-type Si substrates using face-to-face 

targeted direct current sputtering (FTDCS) [9-11]. M. Shaban et al [9] reported 

photovoltaic Properties of β-FeSi2/Si Heterojunctions under different substrate 

temperature which revealed that the epitaxial growth of the heterojunctions requires 

at least 600 ˚C substrate temperature to reduce the electrical leakage by suppress 

atomic diffusion of Fe atoms into the space charge region. N. Promros et al [10] 

reported transportation mechanisms of carriers were investigated by analyzing the 

dark J–V characteristics at temperatures ranging from 60 K to 300 K. The ideality 

factor was almost 2 at 140-300 K suggesting that the recombination process is the 

dominant. Meanwhile, the value is above 2 when temperature below 140 K, implying 

that a trap-assisted multi-step tunnelling process. R. Chaleawpong et al [11] estimate 

the interface state density of n-β-FeSi2/p-Si heterojunctions. Based on the estimation, 

the values of interface state density were 4.68 × 1011 eV-1 cm-2 and 3.48 × 1012 eV-1 

cm-2 at 1 MHz and 5 kHz. This interface state at the interface of the heterojunctions 

which behaves as a trap center for photo-generated carriers and the source of 

electrical leakage. Despite that, detailed studies on the electrical phenomena within 

semiconductor devices, such as charge transport, carrier accumulation and 
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recombination, junction response, and relaxation behavior through Impedance 

spectroscopy are limited  

 In report by S. Sil et al. [70], the impedance analysis of hydrothermally 

synthesized Bornite showed that the Nyquist curves were characterized by a single 

hemispherical arc, indicating that the electrical response originated mainly from the 

bulk region, without significant influence from grain boundaries nor electrode 

interfaces. The total resistance decreased with increasing DC forward bias (0–0.8 V), 

indicating an increase in the carrier conductivity. The σAC analysis showed a 

frequency-independent part of conductivity within the low-range frequency (σ0) and 

increased after passing a fH. This behavior is consistent with Jonscher’s power law, 

where the exponent n (between 0 and 1) indicates the nature the charge transport 

involving charge carrier jumping between sites, facilitated by the electric field. 

Therefore, the investigation of impedance under varying voltages in fine-tuned range 

of ±1 V could expose precise mechanism behind conduction of heterojunctions. 

 

 
 

Figure 2.26 (a) Complex Nyquist plot of bornite composite and (b) σAC plot angular 

frequency for bornite material under different bias voltages [70]. 

 

Thakur et al. [21] reported the thermal transition of dielectric properties of 

Bi0.8Tb0.1Pb0.1Fe0.9Ti0.1O3 ceramics to decides the temperature range where the 

material can be utilized for application as an basis for electrical device. Based on 

dielectric results, variations of the ε' values of under increasing temperature at an 

frequency of 1 kHz, 10 kHz, and 0.1 MHz display seperate peaks at 200 and 350 ˚C. 

Contrarily, tan δ only display a abrupt rise at the last portion of the plot around of 

350 to 400 ˚C. These results indicate that opertion range of Bi0.8Tb0.1Pb0.1Fe0.9Ti0.1O3 

(a) (b) 
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ceramics as dielectric material is 200 ˚C. This experiment regime show that study of  

impedance and by extension dielectric properties is crucial to determined possible 

practical range of application of material/devices. However, this work will be with in 

range formerly reported by N. Promros who reported transportation of in β-FeSi2/Si 

Heterojunctions 60 K to 300 K but found tunnel effect when with temperature under 

140 K and M. Shaban et al [90] who reported impedance of N-doped UNCD/Si under 

300-400 K which is stable high temperature range for devices containing Si. Hence, 

160-400K would be suitalbe range for the experiment. 

 

 
  (a)  (b) 

 

Figure 2.27 (a) ε' and (b) tan δ of Bi0.8Tb0.1Pb0.1Fe0.9Ti0.1O3 ceramics at different 

frequencies of 1 kHz, 10 kHz and 100 kHz vs temperature [21]. 

 

In the past, there are sparsely report on mechanical properties of Fe-Si 

namely Fe3Si and a few of FeSi2 [25-27]. However, there was limited study on 

wettability of Fe-Si material [28,29]. Hence, wettability along with mechanical of Fe-Si 

created through FTDCS as well as effect of heat on the films to unlock new potential 

for multifunctional self-cleaning and hard coating applications on top of study on 

electrical properties for optoelectronic applications were reported [30,33]. The 

comparison of hardness from the past research and other research groups alongside 

commercial hard coating materials like DLC [91] can be found in figure 2.28. 

Meanwhile, the comparison of contact angle of the past works against value reported 

by other research group for Fe-Si based material can be found in figure 2.29. 
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Figure 2.28 Comparison of hardness from the past researches and other research 

groups. 

 

 
 

Figure 2.29 Comparison of contact angle from the past researches and other 

research groups. 

 

To maximize the potential of new applications of Fe-Si, it is important to 

comprehensively evaluate its wettability and mechanical properties and identify the 

optimal surface modification method. RTA has many advantages over CTA, including 

enhanced grain growth, precise control of heating time and temperature, uniform 

isothermal treatment with less thermal gradient, reduced dopant diffusion risk, and 
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cost advantages [34–36]. Focusing on these advantages, P.-H. Wu et al. [38] subjected 

SiN thin films to RTA at 400, 600, and 800 °C for 10 min and examined their 

mechanical properties. The results showed that with increasing RTA temperature, the 

hardness, Young's modulus, and residual stress control were significantly improved. 

This is attributed to the gradual release of the initial compressive stress, which 

turned into tensile stress at higher temperatures. In addition, Y.-J. Chiu et al. [39] 

performed RTA on FePd alloy thin films prepared by magnetron sputtering and 

reported that the contact angle increased from 20° before treatment to 52° and 75° 

after RTA treatment at 400 °C and 750 °C, respectively. These previous studies 

suggest that RTA is an effective surface modification method to improve the 

wettability and mechanical properties of Fe-Si thin films and can also be applied to 

the development of multifunctional hard coatings with self-cleaning capabilities. 

However, the annealing temperature should be limited to 800 °C to prevent the 

transformation to the undesirable α-FeSi2 phase. 

 

 
 

Figure 2.30 The values of hardness of SiN films versus RTA temperature [38]. 
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Figure 2.31 Contact angle of FePd films versus RTA temperature [39]. 

 

Self-cleaning materials can be or really close to either a superhydrophobic 

surface (contact angle > 150º) or a superhydrophilic surface (contact angle < 10º) 

[31,32]. Hence, the surface modification should be more effective method for Fe-Si 

to reach its potential as the self-cleaning surface. Plasma etching has attracted 

particular attention because it can precisely control the interaction of ions with the 

material surface to tailor the material properties [23,24]. Ar plasma is widely used, 

since it has the ability to physically roughen the surface and can also remove oxide 

films by breaking the bonds between material and oxygen atoms [23,24]. Such 

surface modification significantly improves the surface reactivity and functional 

performance of materials, making plasma etching an essential process technology in 

advanced materials engineering [23,24]. In the previous works, N. Borwornpornmetee 

et al [23,24] reported the effect of microwave Ar plasma etching under variation of 

power on the physical traits of the Fe3Si films and NC-FeSi2 films to tailor their 

surface for self-cleaning application. The contact angle of the etching works in 

comparison to commercial self-cleaning material like polymethyl methacrylate [92] 

can be found in figure 2.32. 
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Figure 2.32 Comparison of contact angle from Fe-Si etching and PMMA. 

 

However, the duration used to etch the sample with the plasma is also one 

of important factors for controlling the hydrophilicity of the material by controlling 

degree of interaction of ions [40]. According to the literature, Ting et al. [30] studied 

the etching of an aluminum surface with Ar gas plasma at different etching times. 

They found that the plasma at 1000 W etching for 30 s could reduce the high 

hydrophilic contact angle from approximately 20º to approximately 13º, and when 

etched for a longer time of 10 minutes, the contact angle of 13º reduced to 

approximately 4º, resulting in a superhydrophilic surface. Using the above-mentioned 

approach, it can be concluded that changing the duration of plasma etching can 

reduce the contact angle down to the superhydrophilic level. From the result, 

alteration of time should significantly increase hydrophilicity of the films.  
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Figure 2.33 Contact angles of Al samples etched air, O2 and Ar as working gases 

under varying plasma treatment duration [40]. 
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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 NC-FeSi2, β-FeSi2, and Fe3Si films by FTDCS. Next, the system and 

process for deposit electrode to complete heterojunction device, annealing of the 

films, and etching of the films are described. The last section of this chapter provides 

the details of several measurement methods for characterization of the electrical 

and physical properties of the films. 

 

3.1  Creation of Fe-Si based films and heterojunction devices 

 In this research, NC-FeSi2, β-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 NC-

FeSi2, β-FeSi2, and Fe3Si films is demonstrated in Figure 3.1. 

 

 

     
 

Figure 3.1 FTDCS system for the production of NC-FeSi2, β-FeSi2, and Fe3Si films. 
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 3.1.1 Production of NC-FeSi2 thin films on the Si(111) wafer substrates 

  Using FTDCS, n-type NC-FeSi2 films (film thickness of approximately 350 

nm) were coated on Si(111) wafer substrates at ambient temperature. Prior to 

deposition, p-type silicon substrates were cleansed three times using acetone, 

methanol, and deionized water for 5 min each to remove surface oils and organic 

contaminants. The Si substrates were then submersed in a 1%-diluted hydrofluoric 

acid (HF) solution for the purging the layer of oxide from wafer, then quickly rinsed 

with deionized water. After finished the cleaning, the substrates were fixed on the 

holder of the FTDCS apparatus, and the chamber was evacuated to 10 μPa. Thin 

films were created under a mixed atmosphere of 15 sccm Ar gas and 10 sccm 

hydrogen gas. During sputtering, a DC voltage of 950 V and a discharge current of 1.2 

mA were applied under a sputtering pressure of 133 mPa. Specifics of the sputtering 

conditions are shown in Table 3.1. Samples were separated into 2 batches one for 

heterojunction and another for surface modification. 

 

Table 3.1 Coating conditions for the creation of NC-FeSi2 films 

Substrate p-Si (111) 

Target of sputtering FeSi2 (Purity: 6N) 

Temperature of substrate Room temperature 

Base pressure 10 μPa 

Sputtering pressure 133 mPa 

Rate that Ar gas flow  15 sccm 

Rate that H2 gas flow  10 sccm 

Applied voltage 950   V 

Applied current 1.2     mA 

Thickness of the films 350   nm 
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 3.1.2 Fabrication process for β-FeSi2 on Si(111) wafer substrates 

To prepare n-type β-FeSi2 films, cleaned p-type Si substrates, prepared by 

same procedure as previous section, were placed in a sputtering chamber. The 

chamber was evacuated to 30 μPa using a rotary vacuum pump in tandem with a 

turbomolecular pump. Then, Ar gas was then introduced at a gas flow rate of 15 

sccm to stabilize the working pressure in the chamber at 133 mPa. The deposition of 

the thin film was performed by applying a discharge voltage of 1 kV and a direct 

current of 1.5 mA while maintaining the substrate temperature at 600 °C. The 

deposition conditions of FeSi2 films by the FTDCS method, as well as the details of 

the post-deposition rapid thermal processing (under different temperature 

conditions) and etching process, are shown in Table 3.2. Samples were separated 

into 2 batches one for heterojunction and another for surface modification. 

 

Table 3.2 Production condition for β-FeSi2 films formed via FTDCS 

Substrate Si(111) wafer 

Sputtering target FeSi2 (Purity: 6N) 

Substrate temperature 600 °C 

Ultimate pressure 30 μPa 

Rate of Ar gas feeding  15 sccm 

Working pressure 133 mPa 

Applied voltage 1  kV 

Applied Current 1.5 mA 

 

 3.1.3 Production of Fe3Si films onto the Si(111) wafer substrates 

 Fe3Si thin films with an estimated thickness of about 1000 nm were coated 

on p-type Si(111) wafer substrates by FTDCS. A pair of Fe3Si alloy targets was used. 

The substrate temperature was kept at ambient temperature during production. 

Before sputtering, the Si(111) substrate was cleaned in three steps with acetone, 

methanol, and deionized water for about 5 minutes in each step, then the native 

oxide was then removed by a 1% HF solvent and immediately washed with 

demineralized water to prevent HF residue. The cleaned Si wafer substrate was 

placed onto a holder in the FTDCS chamber, with a distance of 7.5 cm from the 

target. Sputtering was performed using 6N Ar gas under a working pressure of 133 This material is reserved for educational use only, not allowed for commercial use. 
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mPa and a gas flow rate of 15 sccm. The applied voltage was 1 kV and the applied 

current was about 1.2 mA. The details of the sputtering conditions used to form the 

Fe3Si thin film are revealed in Table 3.3. 

 

Table 3.3 Production conditions for the creation of Fe3Si films 

Substrate Si (111) 

Target of sputtering Fe
3
Si

 
(Purity: 4N) 

Temperature of substrate Room temperature 

Base pressure 30 μPa 

Sputtering pressure 133 mPa 

Rate of Ar gas flow  15 sccm 

Applied voltage 1 kV 

Applied current 1.2     mA 

Thickness 1 µm 

 

3.1.4 Fabrication of metallic contacts 

The quality of the Al and Pd ohmic contacts was evaluated by their 

respective I-V characteristics. As shown in Figure 3.2, both the Al/β-FeSi2 (or Al/NC-

FeSi2) and Pd/p-Si contacts showed linear I-V curves in the low current region, 

confirming the formation of good ohmic contacts. Formation of stable contacts on 

both sides of the FeSi2/Si heterojunction ensures efficient flow of electrical current. 

The important factor for the formation of ohmic contacts are work function of the 

metal electrode (Φm), the electron affinity of the semiconducting material (χ), and 

the barrier height (Φb). For p-type semiconductors, Φm value should be higher than 

that of χ. For n-type semiconductors, Φm value should be as close as possible or 

lower than χ. Meanwhile, it is important to make Φb as small as possible to reduce 

the contact resistance. Hence, Pd with a Φm value of 5.12 eV was used on the p-type 

Si (χ = 4.05 eV) side and Al with a Φm value of 4.10 eV was used on the n-type FeSi2 

(χ = 4.16 eV) side to achieve a proper ohmic contact. Before the contact deposition, 

the native oxide was removed with 1% diluted HF, rinsed with deionized water, then 

dried with N2 gas. Pd and Al electrodes (both with 4N purity) were deposited at 

ambient temperature by means of RF magnetron sputtering (Cesar-133). The active 
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area of the completed device is about 1.0 mm² and no post-deposition annealing 

was performed. The deposition conditions are shown in Table 2 and the device 

structure is shown below: 

 

 
Figure 3.2 Schematic for Fe-Si/Si based heterostructures constructed by FTDCS. 

 

Table 3.4. Fabrication conditions utilized in the fabrication of Al and Pd electrodes 

 Al electrode Pd electrode 

Metallic target Al (purity: 4N) Pd (purity:4N) 

Substrate heating none  none  

Ultimate pressure 10 μPa 10 μPa 

Working pressure 266 mPa 133 mPa 

Rate of Ar gas flow  10 sccm 10 sccm 

Applied power 200 W 200 W 

Rate of puttering  252 nm/hour 498 nm/hour 

Thickness 500 nm 500 nm 

 

3.2  Modification methods 

 3.2.1 RTA procedure 

β-FeSi2 and Fe3Si Thin film Advance Riko Made MILA-5000 Rapid thermal 

annealing (RTA) was performed using the system. RTA temperature (Trta) is 200 ˚C, 

400 ˚C, 600 ˚C, 800 ˚C. The annealing duration of each RTA session was 10 minutes. 

The infrared gold image furnace variant of RTA (manipulated by the maker's 

programable temperature controller) quickly heated the sample within a minute 

from room temperature to the target temperature. RTA pressure in the chamber 

during process was control by Edwards Company RV series rotary vane pump to This material is reserved for educational use only, not allowed for commercial use. 
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maintain at 0.6 Pa. EYELA Company’s CA-1116A cooling water circulation equipment 

ensured temperature stability of the whole system. After annealing, the system 

stopped automatically and the sample was cooled for 10 minutes. 

 

 
 

Figure 3.3 Rapid Thermal Annealing machine (ADVANCE RIKO,Inc, MILA-5000) 

 

Table 3.5 RTA conditions of the β-FeSi2 and Fe3Si films formed by FTDCS 

Samples Pressure 

(Pa) 

TRTA 

(°C) 

time 

(minutes) 

Samples Pressure 

(Pa) 

Trta 

(°C) 

time 

(minutes) 

β-FeSi2 
- - - Fe3Si - - - 

β-FeSi2 0.6 200 10 Fe3Si 0.6 200 10 

β-FeSi2 0.6 400 10 Fe3Si 0.6 400 10 

β-FeSi2 0.6 600 10 Fe3Si 0.6 600 10 

β-FeSi2 0.6 800 10 Fe3Si 0.6 800 10 

 

 3.2.2 Plasma etching apparatus 

  In the current research, the etching process of β-FeSi2 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 3.4(a). This apparatus consists of three main 

parts: a plasma cleaning machine (Diener electronic, model: Pico) connected with a 

microwave source (Diener electronic, model: MWG 1200) and a gas relaying system. 

For the study, the film surfaces of the produced β-FeSi2 films were modified at varied 

duration in Ar atmosphere by utilizing this etching apparatus. Before loading samples 

into the stage inside the plasma chamber, the β-FeSi2 films were divide for each 
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condition and cleaning up with methanol rinsing at the preparation room. Next, the 

prepared samples were moved into cleaned room where the etching apparatus 

stationed, as shown in Figure 3.4(b). Inside the vacuumed etching chamber, the 

plasma was built up through the microwave 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 3.6. The etching times for 

the β-FeSi2 were set to 10, 20, and 30 minutes operating under fixed 300 W.  

  

  
 (a)  (b) 

 

Figure 3.4 (a) Plasma etching apparatus and (b) cleaned room at Beamline 6a, 

Synchrotron Light Research Institute, Thailand. 

 

Table 3.6 Etching conditions for the NC-FeSi2 and Fe3Si films 

Materials Etching pressure 

(Pa) 

Ar flow rate 

(sccm) 

Etching power  

(°C) 

Etching time 

(mins) 

β-FeSi2 - - - - 

β-FeSi2 50  50 300 10 

β-FeSi2 50  50 300 20 

β-FeSi2 50  50 300 30 

 

3.3  Electrical measurement 

Figure 3.5 shows the experimental setup used for measuring I-V and Z”-Z’ 

characteristics. All electrical measuring instruments were carried out at Kyushu 
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University in Japan. The system comprises a measurement station, temperature 

controller, liquid nitrogen container, rotary vacuum pump, personal computer, 

highly-stable power source, source meter, LCR meter, and a sealed chamber. The 

chamber's lid was kept closed during measurements to block ambient light and 

minimize other external interference. As shown in Figure 3.6, both the work station 

and the liquid nitrogen container were housed inside the chamber. Figure 3.7 

displays the heterojunction device placement on the copper electrode inside the 

work station and the probes were carefully aligned to make contact with both the 

heterojunction device's electrode and the copper plate.  

 

 
 

Figure 3.5 Electrical measurement system for examining the I-V and Z”-Z’ 

characteristics. 

 

 
 

Figure 3.6 Inside of the chamber for electrical measurement. This material is reserved for educational use only, not allowed for commercial use. 
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Figure 3.7 Placement of the sample inside the work station. 

 

Impedance spectroscopy inspections were executed using a high-precision 

LCR meter (Agilent, model:  E4980A). Before the measurements, I-V measurements 

were performed to confirm the rectifying properties of the fabricated heterojunction 

devices as mention in prior section. All impedance measurements were achieved in 

the dark environment under a frequency spanning from 20 Hz to 2 MHz. The data of 

n-type FeSi2/p-type Si devices were acquired in the voltage range of -1 V to 0 V. Both 

experiments were carried on at ambient temperature. Based on the obtained 

impedance spectra, equivalent circuit were constructed to translate the electrical 

response of each device in to model representation. Circuit parameters such as Rs, 

Rp, and CPE were extracted using EC-Lab software. In addition, the dielectric and 

conductive properties such as τ, ε’, ε”, and σAC were resulting from derivative of the 

Z’ and Z” data. The tan δ was calculated as the ratio of ε”/ε’ and was used as an 

index of relaxation loss. The σDC was obtained by linear extrapolation of the low 

frequency region of the σAC-f spectrum. In addition, the σDC and S value were also 

evaluated by applying the Jonscher power law to the σAC data. Then, temperature 

dependent impedance characteristics were inspected in the extent of 160–400 K, 

with the temperature controlled using a Model 335 temperature controller. The 

baised voltages was fixed to 0.01 V to induced the minimal response without causing 

conduction through electrical mean. 
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Figure 3.8 Precision LCR Meter : Agilent E4980A. 

 

 
 

Figure 3.9 Temperature controller. 

 

3.4  Characterization of the properties of Fe-Si films 

 Physical properties such as crystallinity, surface morphology, and wettability 

for the as-deposited and modified 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 NC-FeSi2 and 2θ-θ for Fe3Si and β-

FeSi2 films were measured through this apparatus. The XRD results of as-produced 

and modified Fe-Si films were characterized by Rigaku TTRAX III XRD diffractometer at 

the National Metal and Materials Technology Center (MTEC) as shown in Figure 3.10. 

 

 
 

Figure. 3.10 The XRD diffractometer (Rigaku, TTRAX III) at MTEC. 
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 3.4.2 Surface composition of films 

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

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

Testing Service Center (ATC), The Petroleum and Petrochemical College, 

Chulalongkorn University, as displayed in Figure 3.11. The atomic concentration and 

XPS spectra was analyzed through CasaXPS software. 

 

 
 

Figure 3.11 XPS equipment (Kratos Analytical, AXIS Ultra DLD). 

 

 3.4.3 Surface morphology of the films 

  The plane surface views of the as-created and modified Fe-Si films 

produced via FTDCS were displayed by utilizing a FESEM (Hitachi, SU 8230) with 

magnitude in a range from 30k to 300k.  Figure 3.12 displays the FESEM apparatus 

used for examination of the surface morphology of the as-created and modified 

films. 

 

 
 

Figure 3.12 The Hitachi SU 8230 FESEM apparatus. 
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 3.4.4 Surface roughness of the films 

  The roughness mesurement of the surface for as-produced and modified 

films was carried out by means of AFM. Figure 3.13 illustrates the AFM apparatus 

(Park system, XE-120) for observing surface roughness under 5 X 5 µm2. The surfaces 

of as-coated and modified Fe-Si films were scanned in non-contact mode. 

 

 
 

Figure 3.13 AFM apparatus (Park system, XE-120). 

 

 3.4.5 Contact angle measurement 

  To observe the wetting behaviors of the Fe-Si films prior and after the 

modification process, the θCA values of dropped deionized water on the surface of 

films were captured by contact angle analyzer (model: OCA 20), as shown in Figure 

3.14. In this measurement method, the deionized water was dropped from a syringe 

with a volume of 5 µl under liquid 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 built-in SCA 20 Software. 

 

 
 

Figure 3.14 OCA20 Optical contact angle analyzer and a computer with SCA 20. 
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 (a)  (b) 

 

Figure 3.15 Drop on the surface of films in (a) visible view and (b) software view to 

demostrate estimated θCA values. 
 

3.4.6 Mechanical investigation 

The mechanical traits for the surface of as-created and modified Fe-Si films 

produced via FTDCS were investigated through a nanoindentaion test with a 

Berkovich indenter’s tip. (Bruker Hysistron, model Ti Primier) at National 

Nanotechnology Center, as portrayed in Figure 3.16.  

 

 
 

Figure 3.16 Nanoindentation machine (Bruker Hysistron, model Ti Primier). 
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Chapter 4 

Results and discussion  
 

4.1 Effect of bias voltage on n-FeSi2/p-Si devices formed via FTDCS 

Based on the various parameters reported in previous studies, the fabricated p-

Si/n-NC-FeSi2 and p-Si/n-β-FeSi2 heterostructures can be represented by the band 

diagrams shown in Figure 4.1 [93-95]. The Fermi level of n-type FeSi2 is located near 

the conduction band due to the high carrier concentration and shallow donor levels 

[93-95]. The built-in potential (Vbi) of the junction is about 1.02 eV, which is 

reasonable for a heterojunction. However, the valence band offset (ΔEv) hinders hole 

transport, and the transport occurs mainly through the interface states, especially 

when the interface is not ideal [93-95]. This leads to the formation of band spikes at 

the interface due to imperfect bonding and lattice mismatch [93-95]. In both 

structures, the depletion region mainly extends to the p-Si side due to its lower 

carrier concentration [96]. When a reverse bias is applied, the built-in potential 

increases and the band bending near the interface becomes more pronounced [97]. 

This causes the depletion region to extend further, increasing the barrier to carrier 

transport [97]. As a result, minority carrier injection is more suppressed, the potential 

well for electrons in n-type FeSi2 becomes deeper, and thermionic emission 

becomes more difficult [97]. The interface state density (Nss) has been previously 

evaluated from the frequency-dependent capacitance-voltage (C–V) and 

conductance-voltage (G–V) characteristics, and it acts as a carrier trapping center 

under reverse bias, which can also cause leakage current [10]. The Nss is estimated to 

be 3.48 × 1012 eV-1·cm-2 at 1 MHz and 4.68 × 1011 eV-1·cm-2 at 5 kHz [10], and in 

particular, NC-FeSi2 has a very high Nss of 2.70 × 1014 eV-1·cm-2 at 60 kHz, and shows a 

tendency to exponentially decrease with increasing frequency up to 2 MHz [98]. Due 

to the high Nss of NC-FeSi2, the local band fluctuations and inhomogeneity of the 

electric field were presence across the junction [98]. In addition, the high carrier 

density of NC-FeSi2 slightly raises the conduction threshold, resulting in a slightly 

wider effective band gap (about 0.87 eV) [95, 97]. The carrier density may increase 

the resistance to carrier injection from the Si side hence larger space charge region. 

Overall, the application of reverse bias makes the electronic inhomogeneity at the 
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interface more pronounced, and the influence of the interface states and doping 

profile on device operation becomes more pronounced. 

 

 
 

Figure 4.1 Band diagram behavior of -1 to 0 V of p-Si/n-NC-FeSi2 heterojunctions and 

p-Si/n-β-FeSi2 heterojunctions. 

 

4.1.1 Impedance spectroscopy of n-FeSi2/p-Si devices under voltage  

In Figure 4.2(a), as voltage increases in the low frequency region, 

magnitude of Z’ decreases and the Z’ value trend downward with f until f reaching 

about 500 kHz and then becomes almost constant. On the other hand, Z’-f result of 

fabricated β-FeSi2 heterojunction also shown similar behavior but Z’ is almost 

constant regardless of bias voltage at f above 10 kHz instead. These trends are 

attributed to the release of space charge polarization due to the bias change [74]. 

The two plateau regions at low and high f indicate the existence of two types of 

resistance components [99, 100]. In the low frequency region, Rs due to the ohmic 

contacts, electrodes, and bulk is dominant, while in the high frequency region, Rp 

corresponding to the charge transfer resistance is dominant [99, 100]. In Figure 4.2(b), 

a relaxation peak appears at Z” for all voltage conditions. This peak shifts to the high 

frequency side as voltage increases, and the magnitude of the peak also decreases 
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from 8.824 kΩ to 1.294 kΩ. Meanwhile, the peak at -1 V is around 1.896 kΩ, then 

decreases to about 250.171 Ω at 0 V for β-FeSi2 heterojunction. From this, it is 

inferred that the Z” response shows bias-dependent electrical relaxation behavior 

and is non-Debye type due to the wide distribution of relaxation times (τ) which 

shorten by voltage [101,102]. Z” increases with increasing frequency and decreases 

after passing the peak. At higher V, Z” becomes smaller at low frequencies and 

shows a convergence tendency at f above 1 MHz for NC-FeSi2 heterojunction and at f 

region above 100 kHz β-FeSi2 heterojunction. This is likely related to the space charge 

polarization caused by the transfer of electrons from n-FeSi2 side to the space charge 

region of p-Si [100, 101].  
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(c)  
 

Figure 4.2 (a) Z’-f and (c) Z”-f under the variation of applied voltage for p-Si/n-NC-

FeSi2 heterojunctions along side (b) Z’-f and (c) Z”-f for p-Si/n-β-FeSi2 

heterojunctions. 
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The τ value is defined as the reciprocal of the frequency (fmax) of the 

maximum in the Z” component of spectrum, which correlate to the time taken for 

the dielectric polarization, once disturbed by the conduction phenomenon, to return 

to equilibrium. τ value is an important parameter for evaluating the relaxation 

process and the transport properties of charge carriers. It also indicates how the 

dielectric polarization decays with time as result of the application of an AC electric 

field [103,104]. The value of τ can be calculated based on a Z”-f plot using the 

following relationship [105]: 

max max 1/ 1/ 2 fτ ω π= =  (4.1) 

where ωmax represents the maximum relaxation angular frequency, fmax denotes the 

maximum relaxation frequency, and τ shows the carrier relaxation time value. 

Figure 4.3 shows the estimated τ of p-Si/n-NC-FeSi2 heterojunctions at 

applied voltage from -1V to 0V. At -1V, τ was calculated to be around 1.999 μs, then 

τ was significantly reduced to 0.427 μs at 0V. Figure 4.3 also shows the applied 

voltage dependency of τ for the p-Si/n-β-FeSi2 heterojunction. The longest τ was 

4.223 × 10-5 s at -1 V, and the shortest was 1.190 × 10-5 s at 0 V. The  higher τ of may 

orginated from higher polarisability. With increasing bias V, the τ of the mobile charge 

carriers decreases, suggesting that the release of space charges at high voltage ranges 

is promoted [99]. This is due to the fast charging and discharging of electrons at the 

interface between the n-type FeSi2 thin film and the p-type Si substrate, which 

accelerates the exciton generation at the interface and the charge transport in the 

active layer [99]. 
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Figure 4.3 Relationship between τ vs the applied voltage for the formed p-Si/n-NC-

FeSi2 and p-Si/n-β-FeSi2 heterojunctions. 

 

Figure 4.4(c) presents Nyquist plots (Z” vs Z’) for bias voltage ranging from 

0 V to –1 V for p-Si/n-NC-FeSi2 heterojunctions and 0 V to -1 V for p-Si/n-β-FeSi2 

heterojunctions. In all cases, the frequency decreases from left to right. Each plot 

forms a single semicircular arc, indicating a dominant single relaxation process within 

the heterostructures [99]. At lower V, the arc becomes smaller, suggesting a decrease 

in charge transfer Rp and thus improved electrical conduction due to increased 

carrier activation. Frequency shifts from right to left, reaffirming the presence of a 

single relaxation mechanism across all temperatures [99]. These observations are 

well-explained by the equivalent circuit model shown in Figure 4.4, which includes a 

Rs in combination with three parallel Rp–CPE circuits. These circuits represent 

contributions from the grain interior (Rg–CPEg), grain boundary (Rgb–CPEgb), and 

junction interface (Rj–CPEj) [90]. Rs accounts for resistance from the electrodes and 

ohmic contact. Each Rp represents resistance due to charge transport at a specific 

structural region, while the constant phase elements (CPEs) model non-ideal 

capacitive behavior caused by microstructural inhomogeneities [90]. The impedance 

of a CPE is described by the following function [106]: 

 

 (4.2) ( ) s
iZ Z' iZ" R

CPE
ω

ω
= − = +
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where 

 

 (4.3) 

   

  (4.4) 

 

 

Here, Rs is a series resistance. Rg, Rgb, and Rj are the Rp of the crystallite grain, 

boundary between the grains, and junction‘s interface. CPEg, CPEgb, and CPEj are the 

imperfect capacitance of the crystallite grain, boundary between the grains, and 

junction‘s interface. ω is an angular frequency. i is an imaginary element. Finally,  n 

parameter ranges from 1 for ideal capacitor to 0 for pure resistor. 

 

 
 

Figure 4.4 An equivalent circuit for both p-Si/n-NC-FeSi2 heterojunctions and p-Si/n-

β-FeSi2 heterojunctions. 

 

To extract the equivalent circuit parameters from the Nyquist plot of p-

Si/n-NC-FeSi2 heterojunctions, nonlinear least-squares fitting was performed using EC-

Lab software. As shown in Figure 4.5(a), the Rs decreased with the reverse bias from –

1 V to 0 V with p-Si/n-β-FeSi2 heterojunctions has slightly lower value likely due to 

less defect. This can be attributed to the decrease in contact resistance and the 

improvement of charge transport at 0 V [107]. The Rg, Rgb, and Rj also decreased with 

increasing bias voltage, suggesting the promotion of electron transfer and the 

improvement of carrier mobility [99]. Meanwhile, the CPE parameters (CPEg, CPEgb, 

and CPEj) all exhibited capacitive behavior with n values close to 1. The magnitude 

of the CPE is in the nF range for CPEgb and in the pF range for CPEg and CPEj. These 

results are consistent with other studies on nanocrystalline materials such as ZnS 
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nanoparticles [74], and α-CuSCN [71], supporting the nanocrystalline nature of the p-

Si/n-NC-FeSi2 heterostructure. The increase in the CPE value with the change from –1 

V to 0 V can be attributed to the reduction in the depletion layer width and the 

increase in charge accumulation at the transport layer/active layer interface. These 

decreases in Rp and increases in CPE indicate improved conductivity with increasing 

bias [12,13]. Similarly, the Rg, Rgb, and Rj also decrease with increasing voltage. 

However, the values for p-Si/n-β-FeSi2 heterojunctions are significantly lower do to 

lack of grain boundary and interface state. As for the CPE, the exponents n of CPEg, 

CPEgb, and CPEj are all close to 1 throughout the voltage range, indicating nearly ideal 

capacitance. The CPE values also show the same trend with more reverse voltage 

but with lower magnitude likely due to aforenoted longer τ value. 
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Figure 4.5 Comparison of each type of fitted (a) Rs and (b) Rp characteristics of the 

manufactured p-Si/n-NC-FeSi2 and p-Si/n-β-FeSi2 heterojunctions 

monitored by changing the temperature. Figure (c) is trend of CPE at 

different temperatures for p-Si/n-β-FeSi2 heterojunctions.  
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4.1.2 Dielectric properties of n-FeSi2/p-Si devices under voltage 

Figure 4.6(a) shows that the real part of the ε’ of the fabricated p-Si/n-NC-

FeSi2 heterostructures remains high and nearly independent of frequency at low f. At 

100 Hz, ε’ was 20.216 at –1 V and 86.696 at 0 V, indicating enhanced dielectric 

response under zero bias. At the characteristic frequency (fc = 1/2πτ), ε’ dropped to 

4.16 (–1 V) and 5.54 (0 V). This behavior is well explained by the Maxwell-Wagner 

polarization model, where conductive grains separated by resistive grain boundaries 

lead to space charge accumulation at interfaces [72,73]. At low f, migrating carriers 

accumulate at these boundaries, increasing ε’ [72,73]. As frequency rises, the ability 

of dipoles to follow the external field diminishes, leading to charge relaxation and a 

sharp decrease in ε’ [72,73]. In comparison, the ε’ of p-Si/n-β-FeSi2 heterojunctions 

forms a broad plateau at f below 104 Hz. At 100 Hz, ε’ reaches 612.306 at 0 V and 

441.982 at -1 V. When the f exceeds 104 Hz, the charge carriers are unable to keep 

up with the rapid change in the electric field, and ε’ drops sharply. This suggests that 

the interfacial polarization due to charge accumulation at grain boundaries and 

interfaces is also dominant but p-Si/n-β-FeSi2 heterojunctions have better 

polarizability.  

As shown in Figure 4.6(b), the frequency dependence of the tan δ plot for 

p-Si/n-NC-FeSi2 heterojunctions has trend of high magnitude at low frequencies and 

decreasing steadily as frequency increases. Since tan δ is defined as the ratio of ε” to 

ε’, it reflects both resistive losses from mobile charges and relaxation losses from 

dipolar alignment [70]. The high value of tan δ in low f range mean ε” values of p-

Si/n-NC-FeSi2 heterojunctions were 2 magnitudes higher than ε’, reflecting dominant 

dielectric loss due to conduction [70]. At low frequencies, space charges accumulate 

at grain boundaries, enhancing interfacial polarization [70]. However, as frequency 

increases, carrier mobility is hindered, suppressing polarization and reducing tan δ 
[70]. A shoulder peak observed around 103–104 Hz may indicate carrier hopping 

under the influence of the electric field [109]. The high tan δ values at low 

frequencies also suggest a leaky capacitive nature of the heterojunction [73]. The 

decrease in ε’ and tan δ under reverse bias is likely due to reduced interface density 

[71]. The tan δ–f curve of p-Si/n-β-FeSi2 heterojunctions also reflects the interfacial 
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polarization due to the accumulation of space charges based on the Maxwell-Wagner 

effect [73]. As the f increases, the carrier movement is restricted and the tan δ value 

decreases, but it increases again above 105 Hz, suggesting absorption due to dipolar 

relaxation [73]. Overall, the tan δ value is high and there is a certain degree of 

leakage, but it is lower than that of the nanocrystalline system. Regardless, the 

change in dielectric properties due to the bias voltage is mainly due to the 

accumulation of interface states [71].  
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Figure 4.6 The (a) ε’-f and (b) tan δ-f plot at various voltage variances for the formed 

p-Si/n-NC-FeSi2 and p-Si/n-β-FeSi2 heterojunctions. 

 

4.1.3 Conductivities of n-FeSi2/p-Si devices under voltage 

Figure 4.7 reveals the dependent plot of estimated σAC value for the 

formed heterostructures extracted from impedance parameters.  
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Figure 4.7 (a) The tan σAC-f plot at various voltage variances for the formed (a) p-

Si/n-NC-FeSi2 and (b) p-Si/n-β-FeSi2 heterojunctions. 

 

The frequency dependence of σAC is explained by combining the Maxwell-

Wagner effect and Jonscher's universal power law [70,73]. At low frequencies, σAC is a 

constant value that shows little change with frequency. At this time, the applied 

electric field is weak enough to drive the polarization, and the charge carriers cannot 

hop to neighboring sites and tend to remain at the grain boundaries [70,73]. In this 

state, the AC conductivity is considered to be essentially dominated by the σDC 

[70,73]. On the other hand, as the frequency increases, the polarization response 

cannot keep up with the change in the electric field, and the carriers start hopping 

between localized states [70,73]. As a result, σAC increases with frequency, reflecting 

the improvement of the charge mobility [102]. To better understand this frequency 

response, a jump relaxation model is also used [102]. In this model, carriers move 

within a "cage effect" that results from the superposition of a potential formed by 

Coulomb interactions with a periodic potential of the crystal lattice [102]. The idea is 

that this potential structure affects the carrier jumps and contributes to the 

frequency dependence of AC conduction [102].  

The σDC value at each applied voltage was calculated by extrapolating a 

straight line from the low f plateau of the σAC vs. f plot to the y-axis.  At a reverse 

bias of -1 V, σDC was 2.666 × 10-5 S·m-1, but when the bias was returned to 0 V, it 

increased to 1.656 × 10-4 S·m-1. The decrease in σDC with increasing reverse bias is 

attributed to the expansion of the depletion layer, which reduces the majority 
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carriers, and the higher potential barrier hinders carrier movement [109]. As shown in 

Figure 4.8(b), the frequency index S was 2.791 at -1 V and 1.390 at 0 V, decreasing 

with decreasing bias. All S values are greater than 1, indicating that carriers hop 

locally within adjacent sites, and that short-range transport is dominant, rather than 

long-range [70,73]. S of p-Si/n-β-FeSi2 heterojunctions is greater than 1 for all 

conditions, being 1.607 at –1 V and 1.350 at 0 V. This suggests that the charge carriers 

move mainly by local hopping confined within adjacent sites. Meanwhile, the 

calculated σDC reflects the conduction component due to long-range hopping of 

carriers to unoccupied states. At –1 V, σDC is estimated to be 9.491 × 10-3 S·cm-1, and 

when the reverse bias voltage is decreased to 0 V, the carriers accumulate and σDC 

also increases to 6.290 × 10-2 S·cm-1. The higher conductivities of p-Si/n-β-FeSi2 

heterojunctions might be due to narrower depletion region and higher carrier 

mobility [109].   
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Figure 4.8 (a) The σDC-f plot and (b) the S plot under varying voltage ranges for n-NC-

FeSi2/p-Si devices along side n-β-FeSi2/p-Si devices. 

 

4.2 Effect of temperature on n-FeSi2/p-Si devices formed via FTDCS 

Based on the reported parameters from former works, the band diagram of 

formed p-Si/n-NC-FeSi2 and p-Si/n-β-FeSi2 heterojunction devices can be represented 

as seen in Fig. 4.9 [93-95]. The Fermi level of the n-FeSi2 is placed near the 

conduction band’s level due to its shallow donor level as well as excess carrier 

density [93-95]. At around room temperature (300 K), the FeSi2 possess the 
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respectable Vbi value of is roughly 1.02 eV. However, the ΔEv of the FeSi2 forces the 

transmission of holes to rely on the imperfect interface states instead since the 

photogeneration process was disrupted leading to formation of spike on the valence 

band [93-95]. Early appearance of band offset on conduction band with conduction 

band potential (ΔEC) is spotted due to a more pronouncing band bending effect 

from numerous nanocrystallites that present [55]. The Si side dominated the 

depletion layer of the p-Si/n-FeSi2 heterostructures [93-95]. The source of the 

device’s performance degradation that is Nss value of the p-Si/n-FeSi2 

heterostructures acts as a trapping mechanism for the photo-generated carriers.  

Similar to what mentioned on the diagram in the voltage segment, higher Nss value 

of NC-FeSi2 also increase trap center inside the devices hence space charge region of 

Si-p/NC-FeSi2-n heterostructures should be slightly wider [96]. At the same time 

higher carrier density of NC-FeSi2 also raise conduction band energy level hence 

slightly higher base energy gap of 0.87 eV [95,97]. At lower temperatures, the both of 

the bands (valence and conduction) place slightly slower while valence and 

conduction band potential may raise [98]. At the same time, the band bending effect 

become more pronounce due to slower vibration of particle and less free electron, 

leading to band offset at conduction band appear for both devices [98]. The space 

charge region also widens at lower temperature from afore mentioned slower 

particle vibration. On the opposite end, the band bending should be subdued 

alongside narrower depletion region at higher temperatures [97]. Regardless, the 

energy band on n-FeSi2 side should be rarely exhibit temperature dependence as the 

extra electron that being trapped should made the n-FeSi2 thermal stable [110]. 
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Figure 4.9 Band diagram behavior of 400 to 160 K of p-Si/n-NC-FeSi2 heterojunctions 

and p-Si/n-β-FeSi2 heterojunctions. 

 

4.2.1 Impedance spectroscopy of n-FeSi2/p-Si devices under temperature 

The Figure 4.10 impedance responses for n-NC-FeSi2/p-Si devices are 

similar to those reported for ferrites by K. Chandra et al., which show that increasing 

temperature reduces the bound charge density and increases mobility, thereby 

decreasing the impedance [110]. Figure 4.10(a), (c), and (e) shows the relationship 

between Z’ and frequency measured under temperatures from 160 K to 400 K. With 

increasing T, the Z’ value in the low f region decreases, but rarely change at high f 

above 10 kHz. This is interpreted as a result of a decrease in resistance due to 

thermally excited carriers and reduction of space charge’s influence [112]. Figure 

4.10(b) shows the relationship between Z” and f in the same temperature range. 

With increasing T, the Z” peak becomes smaller and shifts to higher f range. Namely, 

the peak value at 160 K is 21.8 kΩ (317 Hz) and decreases to 8.8 Ω (106 kHz) at 400 

K. At all temperature ranges, the peak shape is asymmetric, indicating a non-Debye 

characteristic due to the distribution of relaxation times in the p-Si/n-FeSi2 

heterostructures [113]. 400 K, the impedance of the n-NC-FeSi2/p-Si heterojunction is 
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higher than that of the n-Beta-FeSi2/p-Si junction due to the presence of abundant 

interface states and grain boundaries in NC-FeSi2, which trap carriers and hinder 

transport despite its higher carrier density [98]. In contrast, the fully crystalline Beta-

FeSi2 formed at 600 °C allows more efficient band conduction at these temperatures 

[95]. However, at 160 K, the impedance trend reverses: Beta-FeSi2 exhibits higher 

impedance than NC-FeSi2. This is attributed to carrier delay in the crystalline phase, 

where the lack of mid-gap states or alternative conduction paths suppresses charge 

transport [114,115]. Meanwhile, NC-FeSi2 retains lower impedance due to tunneling 

and hopping conduction across its disordered grain boundaries and defect-rich 

interfaces hence mechanisms that remain active at low temperatures and frequency 

[sees inset of Figure 4.10 (b)) without requiring thermal activation [114,115]. This 

behavior aligns with earlier reports suggesting tunnel-assisted transport in FeSi2 

nanostructures from N. Promros who computed ideality factor of the junction to be 

higher than 2 at low temperature suggesting presence of tunnel effect [11]. 
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Figure 4.10 (a) the Z' characteristics and (b) Z" vs f in the low temperature range of 

160 K and (c) Z' and (d) Z" plot under room temperature of 300 K then (e) 

Z' and (f) Z" plot under high temperature of 400 K of p-Si/n-NC-FeSi2 

heterojunctions. 

 

Regarding the temperature dependence, the peak value of Z” appeared at 

different frequencies, namely, 7.3 kΩ at around 2.2 kHz at 160 K and 330 Ω at 106 

kHz at 400 K. These changes suggest that τ is highly dependent on temperature. As 

shown in Figure 4.11(a), τ increases from 1.89 × 10-6 s at 400 K to 3.77 × 10-5 s at 160 

K. This shows that the lower the temperature, the fewer the number of excited 

carriers due to the decrease in thermal energy, and as a result, the longer it takes to 

relax [10]. Figure 4.11(b) shows the temperature dependency of the τ. At 160 K, τ is 
approximately 5.02 × 10-4 s. With increasing T, τ rapidly decreased to 1.5 × 10-6 s at 

400 K. This result indicates that at high temperatures, many charge carriers are 

activated by thermal energy, shortening the carrier relaxation time [10]. Still, τ values 

of the p-Si/n-NC-FeSi2 are shorter than τ values of p-Si/n-β-FeSi2 heterojunctions. As 

trap interface energized this led to shallower band gap and reduce band bending 

seen in band diagram which improve conductivity [10]. 
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Figure 4.11 Relationship between τ vs temperature for the formed p-Si/n-NC-FeSi2 

and p-Si/n-β-FeSi2 heterojunctions. 

 

Figures 4.12 (a-c) show Nyquist plots of p-Si/n-NC-FeSi2 heterojunctions 

measured under different temperatures, from 160-400 K, at a fixed bias of 0.01 V. All 

plots display a single semicircle, which increases in size as temperature decreases, 

indicating that resistance rises with decreasing thermal energy. Frequency shifts from 

right to left, reaffirming the presence of a single relaxation mechanism across all 

temperatures. Such behavior can be adequately described by the same equivalent 

circuit model shown in the voltage experiment section. Meanwhile, Z”–Z’ 

characteristics of p-Si/n-β-FeSi2 heterojunctions presents distinct a single semicircular 

arc but with slightly curled at the tail end. This curly end indicates inductive element 

likely from lack of mid-gap states or alternative conduction paths to response to 

signal of p-Si/n-β-FeSi2 heterojunctions [116,117]. The size of these arcs diminishes as 

temperature rises, indicating a reduction in resistance likely caused by thermally 

activated charge carriers [114,115]. This temperature-dependent behavior is 

effectively described by an equivalent circuit consisting of a parallel configuration of 

Rp, a CPE, and an inductive branch (L + RL), all connected in series with Rs. The 

corresponding circuit diagram is illustrated in the inset of Figure 4.12(d).  
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Figure 4.12 Z”-Z’ characteristic curves of the manufactured p-Si/n-NC-FeSi2 

heterojunctions monitored by changing the temperature of (a) 160, (b) 

300, and (c) 400 K. (d) equivalent circuit with inductive elements for p-

Si/n-β-FeSi2 heterojunctions. 

 

The temperature dependence of data extracted the equivalent circuit 

parameters from the Nyquist plot shown in Figure 4.13(a) show that the Rs values of 
p-Si/n-NC-FeSi2 heterojunctions remain low at 145 Ω at 160 K and 44.9 Ω at 400 K, 

indicating the formation of thermally stable ohmic contacts. At the same time, Rs p-

Si/n-β-FeSi2 heterojunctions is low at 21.0 Ω at 160 K and 49.6 Ω at 400 K, confirming 

the thermal stability of the ohmic contact in the p-Si/n-β-FeSi2 heterojunctions. As 

the temperature increases, the carrier activation increases, promoting the transition 

and recombination processes, which leads to a tendency for the resistance values Rg, 

Rgb, and Rj to decrease [90]. In addition, the CPE values (CPEg, CPEgb, CPEj) also 
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increase due to the increased conduction activity caused by the increase in 

temperature, suggesting that the decrease in resistance due to heat increases the 

electrical conductivity of the entire p-Si/n-NC-FeSi2 heterojunctions [90]. The n values 

corresponding to each CPE are all close to 1, indicating that these elements function 

as nearly ideal capacitors [90]. These fitting results are consistent with the typical 

characteristics seen in nanocrystalline materials [90]. It is generally known that in 

nanocrystalline materials, the capacitance of crystal grains and junction interfaces is 

on the order of pF, and the capacitance of grain boundaries is on the order of nF, 

confirming the presence of a nanocrystalline phase in the heterostructure [90].  For 

the p-Si/n-β-FeSi2 heterojunctions, with increasing T, carrier excitation increases, 

promoting charge transfer and recombination, resulting in a decreasing trend in Rp 

and RL. The CPE value also increases with increasing T, but the n value still remains 

near unity, supporting the capacitive interpretation [116]. Furthermore, the 

inductance (L) value at room temperature is consistent with that of the n-

Si/polyaniline heterojunction reported by S. Ebrahim [118]. The increasing trend in L 

is attributed to the enhanced inductive effect due to the increased local fluctuations 

in electron density with increasing temperature, which in turn promotes the 

generation of dipoles in the bulk [118]. 
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Figure 4.13 (a) comparison of each type of fitted R characteristic of the 

manufactured p-Si/n-NC-FeSi2 and p-Si/n-β-FeSi2 heterojunctions 

monitored by changing the temperature. (b) Trend of RL and L while 

(c) are trend of CPE at different temperature values for p-Si/n-β-FeSi2 

heterojunctions.  

 

4.2.2 Dielectric properties of n-FeSi2/p-Si devices under temperature 

The dielectric properties of the p-Si/n-NC-FeSi2 and p-Si/n-β-FeSi2 

heterojunctions show different responses to frequency and temperature, reflecting 

the differences in their interfacial structures and band alignments. In the NC-FeSi2 

junction, the dielectric constant ε′ at 100 Hz increases from 30.5 at 160 K to 191 at 

400 K, due to the enhanced interfacial polarization caused by thermally excited 

carriers [119,120]. On the other hand, at high frequencies, ε′ drops significantly, and 

ε″ dominates in the low-frequency region, indicating that Maxwell-Wagner relaxation 
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at the grain boundaries is dominant. The dielectric loss tanδ increases slowly with 

temperature, rising from 13.5 to 58.9 at 100 Hz, but stabilizes at a low value of about 

0.11 at 1 MHz, suggesting that NC-FeSi2 is suitable for applications in high-frequency 

dielectric layers, filters, resonators, etc [121-123]. In contrast, the β-FeSi2 junction 

exhibits a much higher dielectric response. At 100 Hz, ε′ is 512 at 160 K and reaches 

4,464 at 400 K. This is due to the sharp band offset and a strong built-in potential 

that effectively induces space charge polarization [119,120]. Tanδ also increases 

rapidly with temperature, reaching 891 at 400 K. However, at high frequencies, it 

shows stable values and stable performance can be expected for dielectric filters 

and sensing applications. For example, the ε′ of NC-FeSi2 at 300 K and 1 MHz is 

about 24.5, which is equivalent to lead oxide (PbO, ε′ ≈ 25.9), which is of concern for 

toxicity, and can be a more environmentally friendly alternative [123]. On the other 

hand, the high ε′ of β-FeSi2 is about half that of advanced supercapacitor materials 

such as carbon black and graphene oxide, indicating its potential as an energy 

storage material in harsh environments [124,125]. These differences are due to their 

respective band structures. NC-FeSi2 has a high interface state density and a gentle 

band alignment that expands the space charge layer as seen in band diagram 

section, resulting in significant polarization due to trapping states. On the other hand, 

β-FeSi2 has a steep band structure, which shows efficient carrier separation and high 

polarization effect. Therefore, β-FeSi2 is promising for use in high-capacity capacitors 

and sensing devices, and NC-FeSi2 is expected to be used in high-frequency 

electronics due to its stability and low-loss properties. 
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Figure 4.14 The plot of (a) ε′-f and (b) tan δ-f at varying temperatures for the created 

p-Si/n-NC-FeSi2 heterojunctions and p-Si/n-β-FeSi2 heterojunctions. 

 

4.2.3 Conductivities of n-FeSi2/p-Si devices under temperature 

Figure 4.15 shows the frequency dependence of σAC in the temperature 

from 160 K to 400 K, indicating that the conduction property is dominated by the 

localized charge movement, such as hopping mechanism [102]. The trend is 

supported by the consistent increase in σAC with frequency in the whole 

temperature region  [102]. In the low f region, σAC is almost constant, which is 

consistent with σDC extrapolated from zero frequency in the σAC–f plot. This indicates 

that the electric field is not sufficient to cause hopping conduction [102]. Meanwhile, 

in the high f region, σAC shifts to the dispersion region, which can be attributed to the 

increased frequency that increases the possibility of charge carriers overcoming the 

local potential barrier [102]. 
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Figure 4.15 The σAC-f plot under varying temperature ranges for n-NC-FeSi2/p-Si 

devices along side n-β-FeSi2/p-Si devices.   

 

The data in Figure 4.16(a) show that σDC of p-Si/n-NC-FeSi2 heterojunctions 

increases sharply from 160 K to 180 K, and then gradually increases afterward. This 

behavior is consistent with the general characteristics of bulk-type heterojunctions, 

and supports the validity of the equivalent circuit model used in this study [90]. At 

temperatures between 160 and 180 K, the parameter S is less than 1, suggesting that 

the carriers undergo translational long-range hopping. On the other hand, in the 

range of 200 to 400 K, S exceeds 1, and localized short-range hopping becomes 

dominant. The increase in σAC with frequency also reflects the improved electric 

field response and the associated increased energy dissipation. At low temperatures, 

the lack of thermal energy and high resistivity limit carrier mobility, and mechanisms 

such as tunneling and capacitive conduction dominate. Below 180 K, these 

conduction processes also become less efficient leading to more difficult carrier 

transport [126]. From fitting parameters of p-Si/n-β-FeSi2 heterojunctions at different 

temperatures in Figure 4.16(b) the S value is 1.01 at 200 K and 1.65 at 400 K. If S is 

less than or equal to 1, it means that the carriers made a long-distance jump, and if 

S is greater than 1, the transition is considered to be that of the local jump between 

adjacent stations is dominant. The increase of electrical conductivity observed with 
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the increase of frequency is due to the decrease of Rs of materials due to the 

increase of eddy current loss and energy dissipation, making the bound charge move 

easier [127]. In addition, when the temperature is below 180 K, the transportation 

behavior changes to tunnel effect which is different from mechanic on higher T, 

which means that the tunnel effect at low temperature will be suppressed when 

temperature increase [126].  
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Figure 4.16 (a) The σDC-f plot and (b) the S plot under varying temperature ranges for 

n-NC-FeSi2/p-Si devices along side n-β-FeSi2/p-Si devices. 

 

4.3 RTA treatment of Fe-Si based films 

4.3.1 Physical properties of the β-FeSi2 vs Fe3Si films under different RTA 

temperatures 

Figure 4.17(a) shows the XRD spectrum of the β-FeSi2 thin film immediately 

after deposition on the Si(111) substrate, which confirms the peaks of Si(111) at 

about 28.4°, β(202/220) at about 29°, and β(404/440) at about 60°, which are 

consistent with the JCPDS card (No. 04-007-1080). After RTA treatment, the Si(111) 

peak disappears, which is believed to be due to overlap with the grown β(202/220) 

peak [128]. Annealing at 200-400°C improves the crystallinity of β-FeSi2 and increases 

the peak intensity. Meanwhile, the peak intensity decreases at 600-800°C, which is 

believed to be the result of Fe and Si atoms being rearranged by thermal energy, 

promoting recrystallization [129-132]. Such structural changes are due to the higher 

mobility of Fe atoms compared to Si, which promotes diffusion within the film. EDS 
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measurements showed that the Fe:Si ratio remained nearly 1:2 for all samples, and 

no significant interdiffusion between the film and the substrate was observed. 

Although β-FeSi2 has an ordered compositional structure, significant interdiffusion is 

unlikely to occur, localized self-diffusion may have caused structural changes inside 

the film. Trace signals of C and Al were also detected, but these are likely due to 

organic contamination on the surface and trace impurities in the Si target. The XRD 

pattern of the as-deposited Fe3Si film, shown in Figure 4.17(b), shows a prominent 

Fe3Si(222) peak at 56.34° and a Si(111) peak at 28.46°. This is consistent with previous 

reports that Fe3Si deposited by FTS at low temperatures forms a superposition state 

of the B2 structure [6]. When RTA is performed in the range of 200°C to 400°C, the 

peak intensities of Fe3Si(222) and Si(111) increase, and new peaks such as β-FeSi2 

(021) at 25.70° and Fe3Si(422) at 82.00° appear at 400°C [26,132]. Further heating to 

600°C increases the intensity of the Si(111) and β(021) peaks, while Fe3Si(222) and 

Fe3Si(422) disappear, and instead, the Fe3Si(220) peak appears at 45.34° [133,134]. In 

addition, peaks corresponding to FeSi(111) and FeSi(211) appear at 34.76° and 49.99°, 

indicating the progression of a phase transition [133,134]. At 800°C, the XRD pattern 

becomes dominated by the β-FeSi2 phase, and in addition to Si(111), characteristic 

peaks of β(202)/(220) and β(404)/(440) also appear at 29.22° and 61.70°. These phase 

changes are considered to be thermal phase transitions caused by the large 

difference in the diffusion coefficients of Fe and Si (e.g., Fe→Si: approx. 3.5×10-6 

cm²/s, Si→Fe: approx. 1.5×10-8 cm²/s at temperatures above 1000°C) [129-132]. 

High-temperature annealing promotes diffusion of Fe atoms and crystal 

reconstruction, and the structure and composition of the film transitions from Fe₃Si 

(200-400 °C) through FeSi (600 °C) and finally to β-FeSi2 (800 °C) [129-132]. EDX 

analysis (Table 4.1) confirms this change, confirming that the Fe:Si ratio changes from 

Fe-rich to Si-rich. The phase transition adheres to phase diagram of Fe-Si based 

material as seen in Figure 4.18. 
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Figure 4.17 XRD spectrum under 20-70° range of the (a) β-FeSi2 and (b) Fe3Si layers 

and rapidly annealed films by changing the TRTA from 200 °C to 800 °C. 

 

Table 4.1 Atomic compositions of β-FeSi2 and Fe3Si films at different TRTA ranges 

Condition Composition of films (%) Ratio of Fe:Si  

C Al Si Fe  

β-FeSi2 3.99 0.29 64.21 29.40 0.44 

200 
o
C 5.63 0.41 66.83 27.13 0.41 

400 
o
C 4.07 0.31 65.22 30.39 0.46 

600 
o
C 5.59 0.39 65.53 28.49 0.43 

800 
o
C 4.84 0.34 60.29 34.53 0.57 

Fe3Si 4.34 0.69 23.92 76.08 3.18 

200 4.21 0.70 23.52 76.48 3.25 

400 4.14 0.82 23.98 76.02 3.17 

600 4.46 0.48 49.17 50.83 1.03 

800 8.82 0.38 66.23 33.77 0.51 
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Figure 4.18 Phase diagram of Fe-Si based material at different Si atomic 

concentrations and temperatures. 

 

Figure 4.19(a–e) shows the surface morphology of β-FeSi2 films deposited 

on Si(111) substrates after as-deposited and RTA at 200–800 °C. The as-deposited 

films (Figure 4.19(a–e)) had a uniform grain distribution with an average grain size of 

about 29.16 nm estimated by XRD and Scherrer’s equation function of Jade software. 

At 200 °C and 400 °C, the grain size grew to about 32.55 nm and 33.93 nm, 

respectively (Figure 4.19(b), (c)), confirming grain growth. Meanwhile, at 600 °C and 

800 °C, the grain size decreased to about 30.17 nm and 28.01 nm, with simultaneous 

grain coarsening (Figure 4.19(d), (e)), suggesting the occurrence of recrystallization 

and/or structural dislocations. These changes reflect the change in atomic mobility 

with temperature, which leads to gradual grain growth at low temperatures, whereas 

at temperatures above 600 °C, the grains aggregate due to the sudden thermal stress, 

rearrange the structure, and relieve the internal stress. The AFM image (2.5 × 2.5 

μm²) shown in Figure 4.19(f) shows that the Rrms increased with increasing TRTA from 

3.83 nm as-deposited to 6.08 nm at 800 °C. The increase in roughness was gradual up 

to 400 °C, but progressed rapidly above 600 °C due to particle clustering, strain 

redistribution, deepening of grain boundaries, and crystallographic heterogeneity. 

Even though the grain size temporarily decreased, the surface roughness shows an 

overall tendency to increase due to the effects of particle aggregation and atomic 

diffusion at high temperatures. The surface morphology of Fe3Si films, both as-
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deposited and post-RTA, was analyzed using FESEM and AFM. Figures 4.20(a)–(c) 

show that the as-deposited and 200–400 °C RTA films exhibit uniform 

nanocrystallites. The as-deposited film had an exceptionally smooth surface with an 

Rrms of ~1.339 nm, as shown in Figure 4.20(f), due to the benefits of FTDCS, which 

minimizes plasma bombardment via magnetic confinement [53]. At 200 °C and 

400 °C, limited atomic diffusion led to only slight increases in Rrms values of 2.137 nm 

and 4.379 nm, respectively. At 600 °C, nanocrystallites merged into larger grains, 

roughening the surface significantly (Rrms = 21.190 nm, as seen in Figures 4.20(d). This 

trend intensified at 800 °C, with crystallites forming clustered colonies and Rrms 

reaching 51.320 nm. The trend is summarized in Figure 4.20(f).  
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Figure 4.19 The images from FESEM on (a-e) top view for β-FeSi2 films as-prepared 

then after rapid annealing under a TRTA ranging from 200 °C to 800 °C 

and (f) plot of AFM results. 
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Figure 4.20 (a) Morphological image of the films on surface view before rapid 

annealing taken at 300 kx magnification taken from FESEM. Figure (b), (c), 

(d), and (e) are the images of the films after rapid annealing at 200 °C 

TRTA, 400 °C TRTA, 600 °C TRTA, and 800 °C TRTA, respectively. The insets in 

Figures (d) and (e) depict 50 kx FESEM images of Fe3Si film’s surfaces at 

600 and 800 °C TRTA, respectively. Figure (f) is plot of Rrms versus TRTA. 

 

  
(a) (b) 

  
(c) (d) 

 

0

10

20

30

40

50

60

2.137 nm

 

 

R r
m

s (
nm

)

1.339 nm

4.379 nm

21.190 nm

51.320 nm

Deposited 200 400 600 800
TRTA (oC)  

(e) (f) 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



87 

 
In the cross-sectional images (Figure 4.21(i–j)), the film thickness increases 

slightly from about 512 nm as deposited to a maximum of about 548 nm after RTA 

at 200 °C–800 °C. This is likely due to the slight diffusion of Fe into the Si substrate, 

as it has a higher diffusion coefficient than Si. The film after low-temperature 

treatment maintained a smooth surface and a clear interface, whereas at 800 °C, the 

grains coarsened and the deep diffusion of Fe caused the surface to become rough 

and the interface to become unclear [129-132]. Cross-sectional FESEM images of 

Fe3Si (Figures 4.21(a)–(e)) show that up to 400 °C, the films retained a smooth surface 

and clear interface. At 600 °C, structural uniformity degraded and a sub-layer 

emerged likely due to Fe diffusing into the Si substrate and triggering recrystallization. 

By 800 °C, this fusion layer dominated the film structure. This similar phenomenon 

was reported by M N Volochaev et al. [135] who annealed Fe3SI and received similar 

trend of result as annealing temperature increased. They refer the cause to diffusion 

of films to substrate as TEM result revealed that diffusion layer firstly composed of 

FeSi then the result at higher temperature revealed mix phase including β-FeSi2. 

Thicknesses measured via FESEM and surface profiler showed differing absolute 

values of 717.3 to 1704.2 nm (Figures 4.22(a)–(e)) but with similar trends. After 

subtracting the fused layers at 600 °C and 800 °C (818.6 nm and 553.5 nm, from 

ImageJ), the surface profile values better aligned with cross-sectional data. These 

comparisons are shown in Figure 4.22(f). 
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Figure 4.21 The images from FESEM on (a-e) side view for β-FeSi2 films as-prepared 

then after rapid annealing under a TRTA ranging from 200 °C to 800 °C 

and (f) plot of thickness results. 
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Figure 4.22 (a-e) The side-viewed images of Fe3Si films before rapid annealing and after 

rapid annealing at TRTA of 200 °C, 400 °C, 600 °C, and 800 °C at 30kx. 

Figure (f) presents a comparison of film thicknesses of each film at 

different TRTA ranges. 

 

A comparison of the contact angle behavior of β-FeSi2 and Fe3Si thin films 

highlights the influence of the differences in surface structure and morphology on 

wettability. Both films exhibit hydrophobicity as deposited, with contact angles of 
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96.75° for β-FeSi2 and 103.6° for Fe3Si. Annealing at 200–400 °C gradually reduces the 

contact angles to 91.20° and 94.4°, respectively, due to grain growth and the 

reduction of microporosity on the surface. These pores trap air beneath the water 

droplet, which plays a role in maintaining hydrophobicity based on the Cassie-Baxter 

model [31,31]. Although the surface roughness increases, the hydrophobicity remains 

relatively stable under moderate temperature conditions. However, when the 

annealing temperature reaches 600–800 °C, both films turn hydrophilic. The contact 

angle of β-FeSi2 drops significantly to 63.00°, and that of Fe3Si also drops to 69.0°. 

This change is thought to result from a larger change in the surface structure. In β-

FeSi2, the particles gather to form clusters, and the fine voids that held the air 

disappear, changing the surface into one that is easier for water droplets to spread. 

[136] AFM measurements have also confirmed that above 600°C, the surface 

roughness increases while the water repellency of the surface tends to decrease. 

Similarly, in Fe3Si, the nanocrystals fuse to form an uneven structure, and the air 

layer disappears. At this stage, the droplet comes into direct contact with the 

surface, and the wettability improves with the increase in surface roughness and 

actual contact area, which is consistent with the Wenzel model. Comparing the two, 

β-FeSi2 shows more significant changes in the contact angle and surface behavior. In 

particular, the film treated at 800°C is located in the area classified as an "immersion 

film" in the Kao diagram, and it can be seen that it has higher wettability [137]. These 

properties make β-FeSi2 highly promising for applications requiring this range of 

contact angle to interaction with fluids, such as microfluidic devices [138]. On the 

other hand, Fe3Si transitions more gently to hydrophilicity and maintains a smooth 

surface even at low temperatures, making it suitable for applications requiring 

moderate surface adhesion and surface stability, such as interfaces for magnetic and 

electronic devices [6]. Overall, the change in contact angle strongly reflects the 

structural and morphological changes caused by heat treatment, and these findings 

provide an important guide for the design of surface functional materials with 

tailored wettability. 
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Figure 4.23 The θCA results using a deionized water testing solution for β-FeSi2 and 

Fe3Si layers as-created and after being rapidly annealed under different 

TRTA ranges from 200 °C to 800 °C. 

 

 
 

Figure 4.24 A Kao diagram of θCA values for β-FeSi2 layers as-created and after being 

rapid thermal annealed under different TRTA ranges from 200 °C to 800 °C 

in vacuum. 
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Comparing the mechanical properties of β-FeSi2 and Fe3Si thin films, it is 

clear that the structural and morphological changes significantly affect the hardness 

and elastic modulus of the respective films. For β-FeSi2, the as-deposited hardness is 

13.9 ± 0.64 GPa and the elastic modulus (Er) is 192.3 ± 9.45 GPa, and both values 

increase with increasing annealing temperature, reaching 15.2 ± 0.93 GPa and 225.8 ± 

1.99 GPa after annealing at 800 °C. These values indicate mechanical strength 

comparable to or even superior to that of diamond-like carbon (DLC) films (hardness 

12–30 GPa) [90], suggesting excellent wear resistance. Annealing at 200–400 °C is 

dominated by the inverse Hall-Petch effect, which promotes crystallinity and grain 

growth and reduces grain boundaries, resulting in increased deformation resistance 

[139]. On the other hand, at temperatures above 600 °C, dislocation activation by 

fine particles occurs, and further strengthening is promoted by the usual Hall-Petch 

effect [139]. Thus, the change in the dominant strengthening mechanism depending 

on the heat treatment is a major characteristic of the properties of β-FeSi2. On the 

other hand, Fe3Si has a slightly low hardness of 8.466 ± 0.016 GPa and Er of 189.3 ± 

2.9 GPa immediately after deposition, but shows a rapid improvement above 600 °C, 

reaching a hardness of 19.129 ± 0.305 GPa and Er of 218.2 ± 9.7 GPa at 800 °C. In 

particular, the hardness at 800 °C exceeds that of β-FeSi2, indicating that Fe3Si also 

undergoes significant structural strengthening by high-temperature treatment [139]. 

This strengthening is thought to be mainly due to work hardening caused by 

structural phase transition and internal strain and is supported by the fact that larger 

stress is required during nanoindentation [139]. At intermediate temperatures (200–

400 °C), the mechanical properties of Fe3Si do not change significantly, but the 

surface remains relatively smooth and stable, and the deformation energy absorption 

is well balanced. Comparing the two in terms of applications, both have high 

hardness, elastic modulus, and good crystallinity with slightly to β-FeSi2, making them 

resistant to wear and promising as a tool coating, highly durable protective film, and 

hard film material by epitaxial growth on steel substrates [26].   

 

 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



93 

 

10

15

20

25

 

 Hardness
 Reduced Young's modulus

H
ar

dn
es

s (
G

Pa
)

TRTA (oC)
As-prepared 200 400 600 800

100

150

200

250

 R
ed

uc
ed

 Y
ou

ng
's 

m
od

ul
us

 (G
Pa

)

 

0

10

20

30

40

 

 Mean hardness
 Mean reduced modulus

M
ea

n 
ha

rd
ne

ss
 (G

Pa
)

Non-RTA 200 400 600 800
TRTA (oC)

0

100

200

300

400

 M
ea

n 
re

du
ce

d 
m

od
ul

us
 (G

Pa
)

 
(e) (f) 

 

Figure 4.25 (a-e) Mechanical properties presented in the form of an indentation load 

and penetrating depth plot of β-FeSi2 and Fe3Si layers as-prepared and 

after being rapidly annealed at different TRTA of 200 °C to 800 °C. (f) 

Trend of hardness and reduced Young’s modulus observed through 

different TRTA values.  
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Figure 4.26 Yield stress vs grain size-1/2 plot of β-FeSi2 layers as-created and after 

being rapid thermal annealed under different TRTA ranges from 200 °C to 

800 °C in vacuum. 
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4.4 Plasma treatment of Fe-Si based films 

4.4.1 Plasma’s Analytical Discussion  

A study on the optical emission spectrum of Ar gas plasma generated from 

the microwave frequency used in surface etching with a plasma power of 300 W at 

different etching times of 5 , 1 0 , and 1 5  minutes revealed spectral lines, These 

included excited Ar atoms at wavelengths 693.76, 704.61, 725.26, 736.28, 747.95, 

761.15, 770.13, 792.44, 799.23, 809.35, 824.49, 849.49 and 909.62 nm, which also had 

oxygen atoms excited at wavelengths 775 .00 , 839 .78 , and 919 .87  nm as well as 

atoms of hydrogen at a wavelength of 653.76 nm mixed in [140]. Figure 4.27 shows 

the spectral intensity ratio of Ar peak wavelengths at 761.15 and 809.35 nm from the 

National Institute of Standards and Technology’s databank [140], selected to 

calculate Te from two-emission-spectra ratio method [141]. The calculation revealed 

that the etching using Ar gas plasma produced by a microwave frequency of 300 W 

for 5 minutes had a Te value of 0.287 eV, decreasing to 0.286 and 0.283 eV at 10- 

and 15 -minute etching times, respectively. The ne value using stark broadening was 

then calculated, revealing that the Ar gas plasma etching for 5, 10, and 15 minutes 

resulted in ne values of 3.973 × 1017, 3.977 × 1017, and 4.027 × 1017 cm-1 indicating 

properties consistent with cold plasma at low vacuum [141]. The change in Te but ne 

increase over time was insignificant. This relative stability is due to the extremely high 

frequency of microwave which made energy distribution of plasma almost time 

independent [78,79]. 
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Figure 4.27 Optical emission spectra of microwave-based Ar plasma at 300 W under 

different durations of 5, 10, and 15 minutes. 

 

4.4.2 Analytical Discussion of Chemical Composition 

The spectra from the XPS measurement of unetched β-FeSi2 thin films and 

films etched under different times are displayed in Figure 4.28. The XPS spectra 

identified peaks corresponding to Fe 2p and Si 2p as well as C 1s and O 1s, which 

were used to calculate the atomic concentrations in percentage terms using a 

proportion of the corrected peak area for a specific element for summation of the 

corrected peak area for all elements (corrected area = raw area/relative sensitivity 

factor) [142]. The calculated results of the β-FeSi2 film surface can be observed in 

Table 4.2. The results indicate an inverse relationship between the percentage value 

of O 1s and C 1s in all β-FeSi2 films. With an increase in the etching time, the 

percentage value of C 1s decreased while the percentage value of O 1s increased. 

The XPS analysis revealed that in addition to Fe and Si, the surface of all β-FeSi2 thin 

films also contained a large amount of carbon and oxygen. These elements are 

common contaminants, especially in materials containing metals, as exposure to the 

environmental air promotes the formation of contamination [143,144]. The C 1s peak 

is caused by the spontaneous carbon layer which could also easily formed on 

materials exposed to the atmosphere [143]. These spontaneous carbon layers are 

often associated with hydrophobic properties. Under low-vacuum microwave plasma 

etching with high-energy Ar ions, these ions react with the sample surface, removing 
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organic carbon contaminants by volatilizing them [141]. β-FeSi2 is susceptible to 

oxidation, which facilitates the formation of the surface oxide layer [144]. The oxide 

groups, identified as the main factor in the hydrophilicity of the etched surface, also 

play an important role. Figure 4.32 shows the component peaks of the O 1s peak, 

representing the hydroxyl and oxide groups. The hydroxyl peak and oxide areas were 

relatively close when unetched [145]. The oxide peak reduced when first exposed to 

5 minutes of etching, likely due to the selective etching of SixOx [145], then slightly 

increased with a longer etching time. Meanwhile, the oxide and hydroxyl peak 

increased along with the etching duration but slightly decreased in the case of films 

etched for 15 minutes compared to those etched for 10 minutes due to cessation of 

oxide/hydroxyl formation from overexposure, causing the ion bombardment to also 

remove the dangling hydroxyl radical and oxide layer [145]. These additional 

hydrophilic oxide groups and hydroxyl radicals may originate from various source 

such as the trace amount of oxygen and air in the Ar gas and low-vacuum 

environment in the microwave plasma chamber, as well as the reactive groups 

remaining on the surface after plasma exposure [141]. The surface reacting with 

oxygen from the environment or impurities in the plasma led to the formation of an 

oxide group [141]. 
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Figure 4.28  The XPS spectra of β-FeSi2 films under various conditions: (1) as-coated 

β-FeSi2 films, (2) after 5 minutes etching, (3) after 10 minutes etching, 

and (4) after 15 minutes etching. 
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Table 4.2 Results derived from the XPS spectra representing the surface chemical 

composition of β-FeSi2 films under various conditions 

Sample at% 

Fe Si C O 

Unetched  5.40 14.05 58.70 21.85 

5 minutes 15.37 24.19 34.33 26.10 

10 minutes 16.51 25.73 27.99 29.78 

15 minutes 18.22 24.32 28.27 29.19 

 

 
 

Figure 4.29 XPS spectra components of Fe 2p of the etched β-FeSi2 thin films and 

the films after plasma etching at durations of 5, 10, and 15 minutes. 
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Figure 4.30 XPS spectra components of Si 2p of the etched β-FeSi2 thin films and the 

films after plasma etching at durations of 5, 10, and 15 minutes. 

 

 
 

Figure 4.31 XPS spectra components of C 1s of the etched β-FeSi2 thin films and the 

films after plasma etching at durations of 5, 10, and 15 minutes. 
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Figure 4.32 XPS spectra components of O 1s of the etched β-FeSi2 thin films and the 

films after plasma etching at durations of 5, 10, and 15 minutes. 

 

4.4.3 Analytical Discussion on the Structure 

According to the XRD analysis of β-FeSi2 thin films and those etched under 

the condition of the same power at 300 W, the etching time was different at 5, 10, 

and 15 minutes for deviations in the crystal structure when etching the surface with 

Ar gas plasma generated from the microwave measurement of a 2θ–θ scan from 20° 

to 70°. Figures 4.33(a) and 4.33(b) show that both XRD spectra demonstrate peaks of 

β(202/220) at about 29.1° and Si(111) at about 28.5°, including a small peak of 

β(404/440) at 60.3°, which are consistent with the characteristics of β-FeSi2 reported 

in previous research [22]. The spectra after etching with Ar gas plasma at different 

durations do not exhibit any significant changes. Since the XRD measurement relies 

on detecting the diffraction of an X-ray beam from the sample, the presence of a 

defect layer could slightly deter the X-ray beam trajectory [146]. Therefore, the 

removal of the surface defect and contaminant through plasma etching grants the 

sample a slightly better alignment for the X-ray beam to propagate. In contrast, 

structure degradation caused by an overexposure of plasma may create more 

defects. Hence, the slight fluctuation may be due to the change of defect on the 

surface since the etching should rarely cause a shift in bulk structure, detected by 

the 2θ–θ mode [141]. 
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Figure 4.33 XRD spectra in the as-coated β-FeSi2 thin films and films after etching in 

durations of 5, 10, and 15 minutes: (a) full peak intensity and (b) a 

zoom-up view. 

 

4.4.4 Analytical Discussion on Surface Morphology 

The β-FeSi2 thin films were examined before and after etching with Ar gas 

plasma generated by a microwave under the same power condition of 300  W and 

different etching durations of 5 , 1 0 , and 1 5  minutes, respectively, and the surface 

area and side-view cross-section of the thin film then analyzed. According to the 

surface area images of β-FeSi2 thin film before and after etching, the morphology 

changed from the original cluster with a clear grain boundary, becoming almost 

amorphous. In addition, more holes appeared on the surface, and the hole size 

increased along with the etching duration. The cause is likely to be the plasma 

process in which Ar gas plasma particles or atoms are accelerated by the electric 

field into colliding with the particles on the surface of the samples, causing the 

bonds on the film surface to be broken and atoms volatilized [147]. The volatilized 

atoms come off, resulting in surface changes, as shown in Figure 4.34. Increased 

etching of the surface should originate from the increasing plasma saturation 

attributed to the OES, resulting in higher plasma temperature and broader energy 

distribution [148]. A longer etching duration also increases the likelihood of impact 

on the film area [149]. Hence, the morphology of the films becomes less defined 
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with a longer duration despite the boundary becoming sharper five minutes after the 

selected etching of Ar plasma.  

 

  

  
 

Figure 4.34 Surface-viewing FESEM micrographs for the surface of β-FeSi2 films under 

various conditions: (a) as-coated β-FeSi2 films, (b) after 5 minutes etching, 

(c) after 10 minutes etching, and (d) after 15 minutes etching. 

 

When analyzing the cross-section of a sample unetched by plasma, the 

average thickness of the film was 5 6 3 nm. The β-FeSi2 film’s surface, etched at a 

power of 300 W for 5 minutes, caused the β-FeSi2 films to become relatively thinner, 

with an average thickness of 553 nm. At the surface etching durations of 10 and 15 

minutes, the average thickness of the β-FeSi2 films decreased to 537  and 508  nm, 

respectively. The decrease in average film thickness, resulting from an increase in 

etching duration, is due to the interaction between the Ar plasma accelerated by the 

microwave electric field and the surface atoms of the film, causing atomic 

detachment on the surface of the film [141]. Therefore, as expected, the longer 

etching duration reduced the cross-section thickness of the etched β-FeSi2 thin film, 

(b) 

(d) 

(a) 

(c) 
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as shown in Figure 4.35 [149]. However, the thickness of β-FeSi2 layers is less affected 

by plasma etching than the previously reported NC-FeSi2 films [141] despite being 

etched in the plasma for a longer duration, likely due to stronger bond between film 

atoms. 

 

  

  
 

Figure 4.35 Cross-sectional FE-SEM photographs for the β-FeSi2 thin films and Si 

substrate under various conditions: (a) as-coated β-FeSi2 films, (b) after 5 

minutes etching, (c) after 10 minutes etching, and (d) after 15 minutes 

etching. 

 

The AFM analysis results for β-FeSi2 thin films before and after microwave 

plasma etching with Ar gas plasma generated from a microwave at the same power 

and different etching durations were used to observe and compare the RRMS values 

of the films changed in the form of RRMS, which could find the average deviation from 

the normal mean to be used as the accurate roughness value. The RRMS surface 

image value of the β-FeSi2 thin films before etching was 3.975 nm. When comparing 

the β-FeSi2 thin films after etching with Ar gas plasma generated from a microwave at 

 

(b) 

 

(d) 

(a) 

(c) 
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etching durations of 5, 10, and 15 minutes, under different durations were 4.117, 

5.595, and 7.510 nm, respectively, indicating that the surface of the films slightly 

roughened with an increase in etching duration. This initially conflicted with the FE-

SEM results but was expected due to the large holes appearing on the surface of the 

etched films. The interaction resulted from the volatilization of surface atoms, 

causing holes on the surface to become enlarged by longer exposure to plasma, as 

shown in Figure 4.36 [147]. These holes swayed to RRMS values due to their drastic 

deviation, causing the overall value to increase. 

 

  

  
 

Figure 4.36 AFM images of the β-FeSi2 thin films: (1) as-coated β-FeSi2 films, (2) after 5 

minutes etching, (3) after 10 minutes etching, and (4) after 15 minutes 

etching. 

 

4.4.5 Analytical Discussion of Wettability 

The results of the water contact angle measurement on β-FeSi2 thin films 

before and after microwave plasma etching with Ar gas plasma generated from a 

microwave at the same power and different etching times showed that the sessile 

(a) (b) 

(c) (d) 
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contact angle of DI water droplet on top of β-FeSi2 thin film’s surface prior to surface 

etching was 95.5°, indicating hydrophobicity. The water contact angle on the β-FeSi2 

surfaces after etching the surfaces at 300 W for 5, 10, and 15 minutes was measured. 

The contact angle was found to slightly decrease with longer etching duration, 

remaining at around 73.85°, 71.60°, and 70.75°, respectively, indicating hydrophilicity. 

As can be observed from Figure 4.37(b), the wetting properties of the surface 

changed after etching from hydrophobicity to hydrophilicity of the β-FeSi2 thin film. 

The hydrophilicity properties remained the same as those shown in Figures 4.37(c) 

and 4.33(d). The wetting properties of the material can be explained physically by 

the Cassie-Baxter model, which uses the simple principle of air bubbles in gaps on 

the rough surface to support the water droplets in the explanation, alongside 

complex factor such as disjoining pressure and the liquid thin film at the interface 

that could support the shift in wetting state [150, 151]. Here, plasma etching results 

in the destruction of the air gap structure via surface changes, causing the surface to 

lose its hydrophobicity, and the contact angle decreases with a longer etching time 

resulting from the increased roughness [152]. The change in chemical composition on 

the XPS section might also shares responsibility for the change of the surface wetting 

state from hydrophobic to hydrophilic despite the shift in chemical composition is 

not as drastic as the previously reported NC-FeSi2 study [141]. However, this range of 

contact angle is typical range for dental implant materials [153]. 

 

 
 

Figure 4.37 Contact angle values between DI water and β-FeSi2 films as function of 

etching duration. 
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4.4.6 Solid Mechanic’s Analytical Discussion 

Figure 4.38 presents the load-depth curve for each β-FeSi2 thin film. The 

surface of the unetched β-FeSi2 film exhibited Hnano of around 14.058 GPa, with an Er 

of around 204.670 GPa. The results show that β-FeSi2 samples possess noticeably 

higher Hnano and Er than the Fe3Si and NC-FeSi2 from the previous work and are closer 

to those of commercial coating material such as DLC [90]. The etched β-FeSi2 films at 

a duration of 5 minutes exhibited a Hnano value of 15.649 GPa and 220.110 GPa for 

the Er value. With a longer etching duration of 10 minutes, the Hnano and Er β-FeSi2 

films exhibited 15.851 GPa and 216.027 GPa, altering to 15.891 GPa and 219.062 GPa 

after 15 minutes of etching. The Hnano and Er were almost the same, albeit slightly 

inclined, with a lower estimated standard deviation after Ar plasma etching. These 

results align with the inverse Hall-Petch principle which shows an inclining trend 

when the reduction of surface defects such as the oxide layer and grain boundary 

slide after the surface change (as can be observed in the morphology section) [139]. 

Following ion bombardment by Ar plasma, which increased saturation over time, the 

surface was damaged, resulting in less consistency on the surface structure and a rise 

in the standard deviation after increasing the etching duration [154]. 
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Figure 4.38 Hardness and reduced modulus for each β-FeSi2 film in the case of (a) as-

coated β-FeSi2 films, (b) after 5 minutes of etching, (c) after 10 minutes of 

etching, and (d) after 15 minutes of etching. 
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Chapter 5 

Conclusion and Suggestions 

 

5.1 Conclusion 
5.1.1 Effect of voltage on heterojunction devices of p-Si/n-FeSi2 

Al/n-NC-FeSi2/p-Si/Pd heterostructures were fabricated by FTDCS at room 

temperature without post-annealing. J–V characteristics confirmed rectifying behavior 

with high leakage current due to accumulation of interface states. Impedance 

spectroscopy performed at frequencies ranging from 20 Hz to 2 MHz and varying 

reverse bias (–1 V to 0 V) revealed a single semicircular arc in the Z”–Z’ plot, 

indicating that one relaxation process dominates. Weakening the reverse bias 

shortened τ and the radius of the arc, suggesting faster charge entry and exit. An 

equivalent circuit model reproduced this behavior, confirming that the CPE values of 

the components are in the range of nanocrystalline materials. Dielectric 

characterization also revealed a shoulder-like peak in tan δ around 103–104 Hz, with 

ε” significantly larger than ε’, revealing leakage dielectric behavior due to space 

charge polarization. The σAC increased with frequency, and the exponent S obtained 

by the Jonscher power law exceeded 1, suggesting that the local conduction 

mechanism in which carriers hop between neighboring sites is dominant. The σDC 

also increased significantly with decreasing reverse bias, suggesting improved carrier 

mobility. The electrical behavior of the n-β-FeSi2/p-Si heterojunction was analyzed 

under varying bias voltage and temperature using AC impedance spectroscopy across 

a wide f range. Under different applied voltage (–1 V to 0 V), the impedance spectra 

exhibited single semicircular arcs, indicating a dominant relaxation process. With 

increasing V, reduced arc radius, lower Rs and Rp values, and higher CPE parameters 

pointed to enhanced carrier mobility and charge accumulation. The ε’ and tan δ 
decreased with increasing frequency, with σAC displaying clear flat and dispersive 

regions. The extracted S values (1.23–1.61) confirmed a localized hopping 

mechanism. The σDC values rose with increasing bias, suggesting improved long-range 

charge transport and increased carrier injection, though some leakage remained 
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under reverse bias. These result reveal mechanism of conduction as well as reveal 

dielectric properties of heterojunctions which would be basis for further studies to 

determine possible potential for storage application 

5.1.2 Effect of temperature on heterojunction devices of p-Si/n-FeSi2 

Furthermore, temperature-dependent impedance measurements 

performed in the range of 160–400 K showed that the resistance components (Rs, Rg, 

Rgb, and Rj) increased with decreasing temperature, while the CPE components (CPEg, 

CPEgb, and CPEj) decreased, indicating ideal capacitor-like behavior. The relaxation 

time τ increased from approximately 1.5×10-5 s at 400 K to approximately 7.1×10-5 s 

at 160 K, which is likely due to the decrease in thermally excited carriers. The 

dielectric constant ε’ increased with temperature and showed stable values in the 

frequency range of 100 Hz–1 MHz. At 300 K and 1 MHz, the heterojunction shows ε’ 

= 24.5 and low tan δ, comparable to PbO (ε’ ≈ 25.9) but without the associated 

toxicity. The S value is close to unity around 180 K and exceeds unity at higher 

temperatures, indicating that the carrier transport mechanism transitions from 

translational movement to local hopping. σDC decreases with decreasing 

temperature, confirming the thermally activated transport properties. These results 

confirm that the heterostructure exhibits sensitive and stable electrical response to 

bias and temperature. In particular, the high ε’ value and tunable dielectric loss 

characteristics at high frequencies and temperature indicate the potential for 

applications in sensor components, dielectric filters, resonators, and even future 

energy storage devices. Temperature variation (160–400 K) also significantly affected 

electrical properties. As temperature increased, Rs and Rp decreased, while CPE and τ 
also shifted, indicating thermally activated conduction. Above 300 K, a pronounced 

change in ε’ and tan δ behavior was observed, particularly with a growing donor-

acceptor deionization peak in the low-frequency region. At 400 K, ε’ reaches 4,464 at 

100 Hz, which is roughly half the value of supercapacitor materials such as carbon 

black and graphene oxide. The S values transitioned from <1 at low temperatures, 

indicating of long-range transition, to >1 at higher temperatures, confirming a shift to 

localized carrier transport. The value of σDC increased with T due to enhancement of 
This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



108 

 
carrier excitation. In conclusion, both bias voltage and temperature significantly 

influence the conduction and dielectric behavior of the n-β-FeSi2/p-Si 

heterostructure. These results highlight the potential for devices to be employed in 

high-temperature applications such as aerospace and downhole electronics. 

However, reduction of dielectric loss is necessary for practical usage. 

5.1.3 RTA treatment of Fe-Si based films 

Effect of RTA temperature on the structure, morphology, mechanical 

properties, and surface properties of Fe3Si and β-FeSi2 thin films prepared on Si(111) 

substrates by the FTDCS method were studied. In the Fe3Si film, RTA at temperatures 

above 400 °C promotes a phase transition from Fe3Si to FeSi and then to β-FeSi2 at 

800 °C. During this process, grain growth, surface roughening, and heterogeneity of 

the interface with the substrate progressed, and the hardness significantly increased 

from about 8.5 GPa to about 19.1 GPa. This indicates an improvement in mechanical 

strength due to grain boundary dislocations and recrystallization. The change in 

surface structure also changed the wettability of the film from hydrophobic to 

hydrophilic. On the other hand, in the β-FeSi2 film, RTA at low temperatures (~400 

°C) promoted grain growth, while high temperatures (above 600 °C) caused grain 

refinement and clustering. Concurrently, the crystallinity improved due to Fe 

diffusion, and the film thickness also increased slightly. The Rrms increased with 

increasing T, reflecting the change in the grain structure. Mechanically, both the 

hardness and elastic modulus improved, and the properties reached a level 

comparable to that of diamond-like carbon DLC films. Similarly, the wettability 

changed to hydrophilic above 600 °C due to the loss of the surface's air-retention 

function. These results suggest that RTA is an effective process for precisely 

controlling the properties of Fe-Si-based thin films, and indicates their potential for 

applications in protective hard coatings and even hydrophilic functional surface 

materials such as microfluidic for medical usage. 
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5.1.4 Plasma treatment of Fe-Si based films 

In this study, the effects of microwave-generated Ar gas plasma etching on 

β-FeSi2 thin films are examined through various aspects after being subjected to Ar 

plasma etching at different durations of 5, 10, and 15 minutes. The key findings 

include plasma diagnosis, chemical composition, structural analysis, surface 

morphology, wettability, and mechanical properties. The OES spectra of Ar plasma 

used for etching with 300 W power over 5–15 minutes showed excited Ar and oxygen 

atoms, where the Te decreased from 0.287 eV to 0.283 eV with increased etching 

time, while ne increased. These plasma parameters are consistent with cold plasma 

characteristics. The XPS analysis revealed changes in the surface composition of β-

FeSi2 films, with decreased C 1s and O 1s concentrations over a longer duration, 

implying the removal of surface contaminants and accumulation of hydrophilic oxide 

and hydroxyl by increasing the plasma etching duration. Meanwhile, the XRD patterns 

showed no significant changes for the β-FeSi2 films etched in any duration. The FE-

SEM and AFM analyses revealed a transition from defined grain boundaries to a less 

defined morphology with increasing RRMS (from 3.975 nm as-created to 7.510 nm after 

15 minutes of etching) due to larger holes and a reduction in film thickness (from 563 

nm at as-created to 508 nm after 15 minutes of etching). Plasma etching reduced the 

contact angle from 95.5° (hydrophobic) to 70.8° (hydrophilic) after 15 minutes of 

etching due to a combination of the change in morphology leading to a collapse in 

the gap that supported the droplet and chemical composition changes on the 

surface. The values of Hnano and Er remained relatively consistent, with slight 

deviations attributed to surface damage from prolonged etching, where Hnano 

increased from 14.058 GPa to 15.891 GPa while Er increased from 204.670 GPa to 

219.062 GPa. These results highlight the impact of plasma etching duration on the β-

FeSi2 film’s morphology, composition, and wettability of β-FeSi2 films while 

preserving their mechanical integrity, allowing further development into coating 

materials for use in self-cleaning coating, friction-reducing coating for automotive 

parts, water vapor barrier coating for food packaging, and even dental implants. 
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5.2 Suggestions 

1) The effect on RTA treatment on electrical properties on Fe-Si based 
heterojunction devices should be studied. 

2) Effect of RTA duration should also be studied for modification of 
wetting properties and machinal properties of Fe-Si based materials 

3) Effect of different gas flow rates and atmospheres during plasma 
etching should also be studied for wetting properties and machinal 
properties of Fe-Si based materials 

4) Effect of aging should be included in study of wettability of Fe-Si 
based films.  
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Supplementary 

S.1 I-V inspection 

Figure S.1 displays the source measure unit (Keithley, model: 2400 Series), 

which was used to perform the I-V inspections. The rectifying behaviour and near-

infrared (NIR) photoresponse of the n-β-FeSi2/p-Si and n-NC-FeSi2/p-Si heterojunction 

devices were evaluated under both dark and illuminated conditions. I-V data for both 

device types were collected in the dark environment within a bias voltage span of -1 

V to 0 V at room temperature to confirm their rectifying characteristics. These dark 

measurements also served as the basis for extracting diode parameters using 

thermionic emission (TE), Cheung’s method, and Norde’s technique. Additionally, at 

lower temperatures, the dark J-V curves were analysed using the TE and Norde 

models to further examine the temperature dependence of the diode parameters. 

 

 
 

Figure S.1 Keithley 2400 Series Source Measure Unit Instrument. 

 

S.2 Dark and illuminated J-V profiles at room temperature of the NC-FeSi2/Si 

Figure S.2 shows the J–V characteristics of the fabricated heterostructure 

(device area 1 mm2) measured at room temperature in the dark under forward and 

reverse bias (–1 V to 1 V). It can be seen that the heterojunction exhibits a clear 

rectifying behavior. At 0 V, a leakage current density of 3.0 × 10-4 A cm-2 was 

observed, and this value increased to 1.8 × 10-2 A cm-2 when the reverse bias was 

applied up to –1 V. Such an increase in leakage current under reverse bias may be 

due to the accumulation of interface states at the NC-FeSi2/Si interface, which 
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promotes the recombination and tunneling of charge carriers. In addition, the high 

carrier concentration from the nanocrystalline FeSi2 layer may also contribute to the 

increase in leakage current. 
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Figure S.2 A plot of J against bias V from 1 to -1 V for the formed heterostructures. 

 

Figure S.3 displays the dark measured J-V curve in the positive region of 

the voltage for the formed heterostructures. Based on the thermionic emission 

theory, the linearity of J values when voltage ≤ 0.20 V could be explained through 

the diode equation as follows: 

0

exp 1

JJ
Vq
Tkn

=
   −    

 (S.1) 

 

where J0 and J refer to the density of saturation current and density of the current, 

while V, q, T, and k are the biased voltage, electron charge, temperature, and 

Boltzmann constant, respectively. Per Eq. (S.1) in the circumstance of voltage value 

beyond 3kT/q, the ideality factor (n) could be computed using the linear slope of 

the linear part of the lnJ-V plot through the following equation:                 
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1

(ln( )) slope
dV q qn

d J Tk Tk
= × = ×

 

(S.2) 

 

In the bias voltage range of 0.04 to 0.16 V, the ideality factor n calculated 

using equation (S.2) was approximately 2.45. This relatively high n value indicates 

that recombination occurs not only at the junction interface but also inside the film, 

and that tunneling effects may also be involved. This phenomenon is thought to be 

caused by grain boundaries in the nanocrystalline film, which form deep trap levels 

in the energy band. 
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J0 = 3.61 × 10-3 A cm-2 

 

Figure S.3 Dark measured lnJ –V curve on the positive voltage region of the created 

heterostructures. 

The y-axis interception of the linear part on the J –V plot can be utilized 

for J0 estimation, where it indicates that the heterostructures possess J0 of 3.61 x 10-3 

Acm-2. When the value of J0 is calculated, the barrier height (ϕb) can be estimated 

by Eq. (S.3), where the ϕb of the created heterostructures was estimated to be 0.55 

eV. 

0
* 2lnb
JkT

q A T
φ  = −  

 
 

(S.3) 

 

where A* is the effective Richardson’s constant. 
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Further, the values of Rs and ϕb can be calculated through Norde’s 

method. This method can be expressed as the relationship below: 







−= 2*ln)(

TA
J

q
kTVVF

γ
 

(S.4) 

 

where F(V) is the function of the biased voltage, and γ is the first integer with a value 

greater than that of the n value.  

When the lowest point of F(V) is acquired, the ϕb and Rs values can be 

determined through the following equations: 

q
kTVVFb −+=

γ
φ 0

0 )(
 

(S.5) 

 

where F(V0) denotes the lowest point of F(V), and V0 denotes the biased voltage 

corresponding to the F(V0). Rs can be extracted as:  

( )
AqJ

kTnRs
min

−= γ
 

(S.6) 

 

where Jmin is the current density corresponding to F(V0), and A is the junction area. 

Figure S.4 shows the plot between F(V) and voltage for the 

heterostructures formed at room temperature. From this plot, the F(V0) value was 

0.54 at the V0 of 0.12 V. From the F(V0) value, the ϕb value was calculated through 

Eq. (4.5) and was found to be 0.57 eV. This acquired ϕb is concordant with that 

appraised by Eq. (S.3). In addition, the evaluation of Rs using Eq. (S.6) revealed a 

value of approximately 42.42 Ω. This Rs value might originate in the Rs of the 

heterostructures occurring at the neutral regimes together with ohmic contact. 
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Figure S.4 A plot of F(V) versus voltage for the heterostructures formed at room 

temperature. 

 

S.3 Dark and illuminated I-V profiles at room temperature of the β-FeSi2/Si 

In this study, both sides made Ohmic contact, ideally to allow the current to 

pass from both sides of the β-FeSi2/Si heterojunction devices. Pd was applied on the 

Si side due to its Mφ of 5.12 which is higher than χ of 4.05 eV of p-type Si. 

Meanwhile, Al with Mφ of 4.10 eV is the closest possible value to χ of 4.16 eV for n-

type β-FeSi2 among other conventional metal electrodes. The quality of Al and Pd 

electrodes was demonstrated using I-V characteristics, separately measured at each 

side of the Ohmic contact. Fig. 4.10 reveals the I-V curve of the Al/ β-FeSi2 and Pd/p-

Si Ohmic contact. The results for both Ohmic contacts show a straight line with very 

low current values, proving that the Pd and Al electrodes were properly created. 
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Fig. S.5 The I-V measurements of the Al/ β-FeSi2 and Pd/p-Si Ohmic contact. 

 

S.4 Table of fitted values 

Table S.1 Software-fitted circuit parameters of p-Si/n-NC-FeSi2 heterojunctions 

V (V) Rs (Ω) Rg (Ω) Rgb (Ω) Rj (Ω) CPEg 

(pF) 

CPEgb 

(nF) 

CPEj (pF) 

-1 196.200 6485.000 3588.000 8732.000 277.000 1.056 205.700 

-0.9 173.800 3762.000 2133.000 5198.000 320.500 2.124 235.800 

-0.8 157.100 2512.000 1445.000 3610.000 417.000 3.230 329.000 

-0.7 139.600 1993.000 1098.000 2769.000 451.000 4.080 384.900 

-0.6 126.700 1701.000 912.000 2298.000 547.400 4.877 456.100 

-0.5 115.500 1490.000 773.840 2032.000 665.700 5.839 541.100 

-0.4 108.400 1303.000 703.000 1892.000 802.600 7.094 660.300 

-0.3 96.600 1202.000 663.000 1730.000 957.700 8.773 812.700 

-0.2 90.290 1112.000 620.500 1591.000 1048.500 10.040 993.000 

-0.1 84.580 1045.000 576.000 1497.000 1178.000 11.250 1042.000 

0 78.800 988.000 557.000 1429.000 1379.000 12.230 1133.000 
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Table S.2 Software-fitted circuit parameters of p-Si/n-β-FeSi2 heterojunctions 

simulated via EC-Lab Software 

V (V) Rs (Ω) Rg (Ω) Rgb (Ω) Rj (Ω) CPEg 

(nF) 

CPEgb 

(nF) 

CPEj 

(nF) 

-1.0 84.160 1467.000 428.000 2101.000 11.840 43.600 4.843 

-0.9 75.990 798.000 247.500 1279.000 12.200 43.700 4.944 

-0.8 65.200 486.312 141.036 871.056 12.630 43.780 5.000 

-0.7 58.600 344.088 102.060 641.520 13.000 44.440 5.042 

-0.6 55.500 271.635 81.445 522.795 13.890 45.280 5.104 

-0.5 53.270 242.312 72.694 437.027 15.870 47.620 5.260 

-0.4 51.830 230.065 68.183 380.653 18.600 51.670 5.556 

-0.3 50.580 219.132 64.928 340.872 22.300 57.610 6.348 

-0.2 49.520 209.456 62.442 316.160 26.950 65.800 7.440 

-0.1 48.600 200.720 60.602 301.080 32.350 76.900 8.920 

0 47.720 192.372 58.843 290.444 38.630 82.310 9.544 

0.1 46.970 184.850 57.304 280.972 42.350 84.700 10.783 

0.2 46.340 178.066 55.964 272.550 44.600 90.920 11.487 

0.3 45.990 172.752 55.065 266.326 47.980 95.960 11.993 

0.4 45.500 166.850 53.960 259.150 53.950 107.900 12.983 

0.5 45.200 161.920 53.152 253.440 58.430 116.860 14.477 

0.6 45.100 157.950 52.650 249.210 60.230 124.460 15.743 

0.7 45.000 139.000 42.150 225.000 61.190 132.380 17.063 

0.8 44.900 130.100 41.650 220.800 63.430 149.100 19.480 

0.9 44.900 126.580 41.303 217.320 72.450 176.300 23.030 

1.0 44.870 122.967 40.910 213.629 80.160 198.500 25.330 
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Table S.3 Fitted parameters based on Jonscher’s power law under different applied 

voltage for p-Si/n-NC-FeSi2 

V (V) σDC (S m-1) S A 

-1.0 2.67 × 10-5 2.79 6.60 × 10-22 

-0.9 4.60 × 10-5 3.06 3.06 × 10-22 

-0.8 6.75 × 10-5 3.04 3.04 × 10-23 

-0.7 8.54 × 10-5 1.93 1.17 × 10-16 

-0.6 9.99 × 10-5 1.31 8.95 × 10-13 

-0.5 1.14 × 10-4 1.22 3.88 × 10-12 

-0.4 1.26 × 10-4 1.22 4.23 × 10-12 

-0.3 1.37 × 10-4 1.19 5.73 × 10-12 

-0.2 1.47 × 10-4 1.18 6.58 × 10-12 

-0.1 1.57 × 10-4 1.30 1.35 × 10-12 

0 1.66 × 10-4 1.39 4.32 × 10-13 
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Table S.4 The fitted σDC and S parameters based on the Jonscher’s power law under 

various applied voltage for p-Si/n-β-FeSi2 

V (V) σDC (S cm-1) A S 

-1.0 9.49 × 10-3 3.15 × 10-13 1.61 

-0.9 1.58 × 10-2 3.56 × 10-13 1.58 

-0.8 2.22 × 10-2 4.79 × 10-13 1.55 

-0.7 2.80 × 10-2 7.91 × 10-13 1.52 

-0.6 3.35 × 10-2 1.35 × 10-12 1.48 

-0.5 3.77 × 10-2 2.29 × 10-12 1.44 

-0.4 4.39 × 10-2 3.83 × 10-12 1.41 

-0.3 5.08 × 10-2 4.84 × 10-12 1.38 

-0.2 5.53× 10-2 6.90 × 10-12 1.37 

-0.1 5.96 × 10-2 8.77 × 10-12 1.36 

0 6.29 × 10-2 1.53 × 10-11 1.35 

0.1 6.64 × 10-2 2.01 × 10-11 1.33 

0.2 7.00 × 10-2 2.29 × 10-11 1.32 

0.3 7.35 × 10-2 2.9 × 10-11 1.31 

0.4 7.67 × 10-2 3.27 × 10-11 1.30 

0.5 7.98 × 10-2 3.91 × 10-11 1.29 

0.6 8.28 × 10-2 3.94 × 10-11 1.29 

0.7 8.52 × 10-2 4.23 × 10-11 1.28 

0.8 8.68 × 10-2 5.71 × 10-11 1.26 

0.9 8.82 × 10-2 7.22 × 10-11 1.25 

1.0 8.87 × 10-2 8.75 × 10-11 1.23 
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Table S.5 Fitted circuit parameters for the p-Si/n-NC-FeSi2 heterojunctions under 

various temperatures 

T (K) Rs (Ω) Rg (Ω)  Rgb (Ω) Rj (Ω) CPEg 

(pF) 

CPEgb 

(nF) 

CPEj 

(pF) 

160 145.100 5571.000 2512.500 7150.200 250.900 1.800 175.200 

180 125.120 4201.600 1964.800 5490.800 291.600 2.500 201.000 

200 118.640 2986.400 1453.600 3844.100 365.000 2.968 238.600 

220 105.450 2413.400 1051.000 3215.400 452.100 3.330 255.700 

240 92.580 1923.400 723.100 2611.100 555.000 3.900 300.200 

260 81.500 1648.500 578.900 2261.700 658.400 5.200 406.600 

280 74.600 1272.400 460.500 1833.300 721.000 5.970 499.900 

300 71.300 971.200 352.100 1292.500 875.000 8.330 670.000 

320 70.320 740.500 286.600 901.200 1134.500 12.200 875.000 

340 65.800 544.800 168.200 712.200 1340.800 15.100 1090.000 

360 58.640 435.000 128.400 599.800 1791.200 20.020 1382.000 

380 49.420 325.200 83.600 487.400 2241.600 24.840 1674.000 

400 44.850 244.800 53.600 351.100 2475.000 31.200 2045.000 
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Table S.6 Fitted circuit parameters for the p-Si/n-β-FeSi2 heterostructures under 

various temperatures 

T (K) Rs (Ω) CPE (nF) n Rp (Ω) RL (Ω) L (H) 

160 21.000 9.140 0.970 46417.000 1190000.00

0 

0.270 

180 21.600 9.640 0.940 38336.000 745567.000 0.440 

200 22.000 1.110 0.960 29558.000 135105.000 0.240 

220 22.200 12.100 0.990 29349.000 86082.000 0.290 

240 24.200 12.400 0.990 17714.000 35105.000 0.770 

260 24.500 15.800 0.980 7329.000 21866.000 0.550 

280 25.100 16.700 0.970 2249.000 19696.000 0.650 

300 25.900 16.800 0.930 578.100 17514.000 0.620 

320 26.900 19.100 0.990 186.400 15071.000 0.840 

340 28.700 22.700 0.990 153.800 13266.000 1.020 

360 33.500 23.900 0.980 126.600 11270.000 1.020 

380 34.600 42.400 1.000 75.430 5779.000 1.480 

400 49.600 83.700 1.000 19.040 2724.000 1.080 
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Table S.7 The values of σDC, S, and A from Jonscher’s fitting on σAC-f plots under 

varying temperatures 

T (K) σDC (× 10-5 S cm-1) A (× 10-14) S 

160 1.82  13600 1 

180 3.04 20100 0.98 

200 3.87 6680 1.06 

220 4.56 8090 1.04 

240 5.06 1190  1.18 

260 6.4 3910  1.1 

280 8.43 546 1.24 

300 11.4 209 1.32 

320 14.5 924 1.22 

340 18.7 98.4 1.38 

360 27.0 327  1.29 

380 35.1 200  1.34 

400 45.4 7.34 1.57 
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Table S.8 The σDC, S, and A parameters of p-Si/n-β-FeSi2 heterojunctions under 

different temperatures fiitted from Jonscher’s law 

T (K) σDC (× 10-4 S cm-1) S A (× 10-13) 

160 6.47  0.89 15600 

180 8.42 0.94 9410 

200 11 1.01 4180 

220 14.7  1.06 1700 

240 21.1  1.17 402 

260 44.6  1.19 851 

280 153 1.23 551 

300 621 1.36 188 

320 1570 1.58 6.60 

340 1860 1.62 4.33 

360 2210 1.62 4.57 

380 3230 1.64 3.75 

400 6340 1.65 4.44  
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S.5 Contact angle image 
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Figure S.6 The θCA results using a deionized water testing solution for β-FeSi2 layers 

as-created and after being rapidly annealed under different TRTA ranges 

from 200 °C to 800 °C. 
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Figure S.7 (a) Contact angle images of the DWN droplet on as-created film’s surfaces 

and film’s surfaces after RTA at different TRTA values of (b) 200, (c) 400, (d) 

600, and (e) 800 °C and 6f-the trend line between contact angles and TRTA. 
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Figure S.8 Images of the surface contact between DI water and β-FeSi2 films in the 

case of (a) as-coated β-FeSi2 films, (b) after 5 minutes of etching, (c) after 

10 minutes of etching, and (d) after 15 minutes of etching. 
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S.6 Load-depth plot 
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Figure S.9 (a-e) Mechanical properties presented in the form of an indentation load 

and penetrating depth plot of β-FeSi2 layers as-prepared and after being 

rapidly annealed at different TRTA of 200 °C to 800 °C. (f) Trend of 

hardness and reduced Young’s modulus observed through different TRTA 

values.  
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Figure S.10 Penetrate depth versus load of (a) pre-RTA and (b-e) post-RTA Fe3Si films 

at 200 °C, 400 °C, 600 °C, and 800 °C, in order. The Figure (f) is plot of 

derived H and Er results against TRTA. 
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Figure S.11 Load-depth plots for each β-FeSi2 film in the case of (a) as-coated β-FeSi2 

films, (b) after 5 minutes of etching, (c) after 10 minutes of etching, and 

(d) after 15 minutes of etching. 
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