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Abstract: Fe3Si films are deposited onto the Si(111) wafer using sputtering with parallel facing targets.
Surface modification of the deposited Fe3Si film is conducted by using a microwave plasma treatment
under an Ar atmosphere at different powers of 50, 100 and, 150 W. After the Ar plasma treatment,
the crystallinity of the coated Fe3Si films is enhanced, in which the orientation peaks, including (220),
(222), (400), and (422) of the Fe3Si are sharpened. The extinction rule suggests that the B2–Fe3Si
crystallites are the film’s dominant composition. The stoichiometry of the Fe3Si surfaces is marginally
changed after the treatment. An increase in microwave power damages the surface of the Fe3Si films,
resulting in the generation of small pinholes. The roughness of the Fe3Si films after being treated at
150 W is insignificantly increased compared to the untreated films. The untreated Fe3Si films have
a hydrophobic surface with an average contact angle of 101.70◦. After treatment at 150 W, it turns
into a hydrophilic surface with an average contact angle of 67.05◦ because of the reduction in the
hydrophobic carbon group and the increase in the hydrophilic oxide group. The hardness of the
untreated Fe3Si is ~9.39 GPa, which is kept at a similar level throughout each treatment power.

Keywords: Fe3Si film; facing targets sputtering; wettability; mechanical property; plasma treatment

1. Introduction

There are a variety of materials that could pair with silicon (Si) to form a silicide
composite such as nickel, titanium, chromium, and iron (Fe) to name a few [1]. Among those
elements, Fe is an excellent element to merge with Si because both are abundant within
the earth [2,3]. Iron silicide (FeSi) possesses various phases, ranging from the nonmagnetic
metallic FeSi to the ferromagnetic iron silicide (Fe3Si), all with unique properties and
potential applications of their own [2–8]. Fe3Si is an outstanding specimen among the
phases of FeSi because Fe3Si owns the following striking features: an almost identical lattice
constant to those of gallium arsenide (GaAs) [9], a slight lattice parameter misfit of −2.5%
with FeSi2 owning the β phase and 4.2% with Si [4,5,9,10], an impressive set of magnetic
properties of a slight coercive field of 7.5 Oe and a comparatively high spin polarization of
45%, and an impressive thermal stability of over 800 K Curie temperature [5,9,11,12]. These
features make Fe3Si attractive for the use in spin transistor application [2–8]. Aside from
its magnetic properties, Fe3Si also has good physical properties such as high hardness and
respectable corrosion resistance [13]. Additionally, Fe3Si films possess a smooth surface
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that can be epitaxially produced on the (111) orientation Si wafer [5,9,10]. Hence, it also
generates attention as a hard coating material.

Previously, our research group epitaxially created Fe3Si films onto Si wafers owning
a (111) orientation at ambient temperature, relying on sputtering with a facing targets
system [5,14–16]. This system provides several merits such as a high plasma density,
high-energy particle, stable substrate temperature, low stoichiometry discrepancy, and low
plasma damage [5,14–16]. The produced Fe3Si films also appear to be of a dominant B2
structure for all existing basic structures (DO3, A2 and B2) of Fe3Si [5]. We also created the
Fe3Si films at different substrate temperatures, which uncovered that 300 ◦C is the most
suitable substrate temperature for an epitaxial deposition of Fe3Si films [4]. Employing a
300 ◦C substrate temperature, Fe3Si structures are enhanced while they remained at the
same phase and kept their electromagnetic traits [4]. Our prior studies on Fe3Si mainly fo-
cused on the structural and magnetic properties of the films [4,5,9–12]. Despite those, there
has been little research that involves the wetting angle and the mechanical characteristics,
including the hardness and reduced elastic modulus for the Fe3Si film surfaces.

Many researchers have reported that the physical characteristics of films can be altered
via the usage of plasma treatment procedures [17–23]. Plasma treatment is a procedure that
changes the material’s surface, leading to a change in roughness [17–22]. Plasma ions can
chemically react with the film’s surface and can also physically bombard some particles
or contaminant from the surface, both resulting in the modification of the surface and
wetting properties, including an improvement of film surface quality [17–23]. Among the
conventional plasma, argon (Ar) plasma possesses a set of intriguing characteristics [19–23].
Ar plasma treatment roughens the surface of the material and can also control surface
oxidation, due to the fact that the plasma can either break the oxygen bond with the
metal surface or generate an active hydroxyl group on the surface [20,21]. It has been
reported that Ar plasma can shift the wetting state of materials from hydrophobic to
hydrophilic [21–23]. According to literature, variation of the generating power influences
the plasma properties and their interaction above the sample’s surface [20,23]. C.C. Surdu-
Bob et al. [20] discovered that low power plasma can induce oxidation on films, while
high power plasma can sputter etch a GaAs film’s surface. L. Ru and C. Jie-Rong [23]
studied the effect of plasma power on the wettability of poly-vinyl chloride (PVC). The
PVC samples were originally hydrophobic, but the wetting state shifted to hydrophilic after
Ar plasma treatment. The hydrophilicity of the treated PVC increased correspondingly to
the raising of plasma power. Hence, Ar plasma treatment with power variations should
have a potential for the surface modification of Fe3Si films.

For these reasons, this research work focuses on the modifications of the roughness
and chemical composition over the Fe3Si film’s surface through Ar plasma treatment under
various powers, to change the wettability and the mechanical properties of the Fe3Si films.
The wetting and mechanical properties for Fe3Si films are provided, including the effect of
microwave (MW) plasma treatment on such properties. Fe3Si films were formed on Si wafer
substrates via facing targets sputtering at 300 ◦C of substrate temperature, then, separated
for Ar plasma treatment at 50 to 150 W. The effect of power on the characteristics of all
Fe3Si samples, untreated and treated, was to be examined through several characterization
techniques. It was expected that the roughness and chemical composition of the Fe3Si
surface could be changed by a variation of the plasma power under an Ar ambient, which
may lead to the modifications of the wetting angle and hardness. The samples in this
research were investigated from a single Fe3Si sample, while there may be a minor deviation
from the results of the other Fe3Si samples under the same experimental condition.
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2. Materials and Methods
2.1. Epitaxial Creation of Fe3Si Films

The substrate of n-type Si wafers (SUMCO Corp., Tokyo, Japan) (orientation: (111),
resistivity: 1000–4000 ohm·cm) was used to produce the Fe3Si films. The Si wafer cleaning
was performed by the usage of acetone and methanol (FUJIFILM Wako Pure Chemical
Corp., Osaka, Japan) inside an ultrasonic cleaner (As One, Osaka, Japan; model US-1)
to remove surface contamination. After that, the Si substrates were dipped into diluted
hydrofluoric acid (1%) to remove the native oxide layer. The acid was then rinsed from
the substrate surface by using deionized water. Later, the cleansed Si wafers were dried
by using nitrogen gas (Iwatani Corp., Osaka, Japan; 99.999% purity) and transferred to a
substrate holder in the vacuum chamber.

For the sputtering systems, a couple of Fe3Si alloy targets (TOSHIMA Manufacturing
Co., Ltd., Saitama, Japan; 99.9% purity) with an atomic ratio of Fe:Si equal to 3:1 was
provided as the sputtering source. The sputtering chamber was connected to a rotary pump
(Alcatel Japan, Kanagawa, Japan; model CIT-Alcatel 2030C) and a turbo molecular pump
(Osaka Vacuum, Osaka, Japan; model TG1003) to vacuumize the sputtering chamber. The
base pressure was evacuated to below 3 × 10−5 Pa. Then, the chamber was filled with
Ar gas (Iwatani Corp., Osaka, Japan; 99.9999% purity) at a constant flow rate of 15 sccm
via a mass flow controller (KOFLOC, Kyoto, Japan; model 3660), where the pressure was
maintained at 1.33 × 10−1 Pa. The temperature controller (OMRON, Kyoto, Japan; model
E5CN) heated the Si substrate from the backside at the set temperature of 300 ◦C. The gas
discharge was generated at a voltage of 1 kV and a current of 1.2 mA through a direct
current power supply (Micro Denshi, Saitama, Japan; model HD1K-30N). The Fe3Si films
were produced at the deposition rate of 1.07 nm/min for 24 h.

Figure 1 illustrates the 2D diagram of facing targets sputtering system for the sput-
tering of Fe3Si films. The circular Fe3Si targets were provided on both facing cathodes,
where the positioning of the substrate located perpendicularly to the targets and outside
the ion bombardment confined to over the targets [24]. Permanent magnets were mounted
beneath each cathode to control and speed up the charged particles [24]. The inert gas
was introduced through the gas feed system, where the gas ions collided with the target
planar at the cathode with the same negative voltage [24]. The emitted electrons from the
collision were sped up by the electric and magnetic fields [24]. The electrons, which are
dominated by Lorentz force, moved toward the opposite target [24]. Consequently, the
ionization efficiency for facing targets sputtering could be improved, including deposition
rate [24]. The sputtered atoms moved onto the heated substrate surface and condensed
into the Fe3Si films [24].

Coatings 2021, 11, x FOR PEER REVIEW 3 of 15 
 

 

2. Materials and Methods 

2.1. Epitaxial Creation of Fe3Si Films 

The substrate of n-type Si wafers (SUMCO Corp., Tokyo, Japan) (orientation: (111), 

resistivity: 1000–4000 ohm·cm) was used to produce the Fe3Si films. The Si wafer cleaning 

was performed by the usage of acetone and methanol (FUJIFILM Wako Pure Chemical 

Corp., Osaka, Japan) inside an ultrasonic cleaner (As One, Osaka, Japan; model US-1) to 

remove surface contamination. After that, the Si substrates were dipped into diluted hy-

drofluoric acid (1%) to remove the native oxide layer. The acid was then rinsed from the 

substrate surface by using deionized water. Later, the cleansed Si wafers were dried by 

using nitrogen gas (Iwatani Corp., Osaka, Japan; 99.999% purity) and transferred to a sub-

strate holder in the vacuum chamber. 

For the sputtering systems, a couple of Fe3Si alloy targets (TOSHIMA Manufacturing 

Co., Ltd., Saitama, Japan; 99.9% purity) with an atomic ratio of Fe:Si equal to 3:1 was pro-

vided as the sputtering source. The sputtering chamber was connected to a rotary pump 

(Alcatel Japan, Kanagawa, Japan; model CIT-Alcatel 2030C) and a turbo molecular pump 

(Osaka Vacuum, Osaka, Japan; model TG1003) to vacuumize the sputtering chamber. The 

base pressure was evacuated to below 3 × 10−5 Pa. Then, the chamber was filled with Ar 

gas (Iwatani Corp., Osaka, Japan; 99.9999% purity) at a constant flow rate of 15 sccm via 

a mass flow controller (KOFLOC, Kyoto, Japan; model 3660), where the pressure was 

maintained at 1.33 × 10−1 Pa. The temperature controller (OMRON, Kyoto, Japan; model 

E5CN) heated the Si substrate from the backside at the set temperature of 300 °C. The gas 

discharge was generated at a voltage of 1 kV and a current of 1.2 mA through a direct 

current power supply (Micro Denshi, Saitama, Japan; model HD1K-30N). The Fe3Si films 

were produced at the deposition rate of 1.07 nm/min for 24 h. 

Figure 1 illustrates the 2D diagram of facing targets sputtering system for the sput-

tering of Fe3Si films. The circular Fe3Si targets were provided on both facing cathodes, 

where the positioning of the substrate located perpendicularly to the targets and outside 

the ion bombardment confined to over the targets [24]. Permanent magnets were mounted 

beneath each cathode to control and speed up the charged particles [24]. The inert gas was 

introduced through the gas feed system, where the gas ions collided with the target planar 

at the cathode with the same negative voltage [24]. The emitted electrons from the colli-

sion were sped up by the electric and magnetic fields [24]. The electrons, which are dom-

inated by Lorentz force, moved toward the opposite target [24]. Consequently, the ioniza-

tion efficiency for facing targets sputtering could be improved, including deposition rate 

[24]. The sputtered atoms moved onto the heated substrate surface and condensed into 

the Fe3Si films [24]. 

 

Figure 1. Schematic of facing targets sputtering apparatus used in creating Fe3Si films. Figure 1. Schematic of facing targets sputtering apparatus used in creating Fe3Si films.



Coatings 2021, 11, 923 4 of 15

2.2. Surface Modification of Fe3Si Films

After the production, the Fe3Si films were divided for surface treatment with Ar
plasma using a commercial plasma system (Diener Electronic, Ebhausen, Germany; model
PICO) equipped with a 2.45 GHz MW generator (Diener Electronic, Ebhausen, Germany;
model MWG 1200), as can be seen in Figure 2. Before the treatment process, a rotary
pump (ULVAC KIKO Inc., Miyazaki, Japan; model DIS-251) was employed to purge the
air inside the chamber of the MW plasma system until the pressure became lower than
2 Pa, which was the base pressure of this arrangement. After that, Ar gas was introduced
into the chamber at a 5 sccm flow rate, where the operating pressure for surface treatment
was kept at 50 Pa throughout the treatment process. The magnetron head, on the top
of the vacuum chamber, generated MW radiation with a consistent power, which was
transferred to the chamber through a dielectric quartz window [25]. The channel MW
radiation induced Ar gas ionization within the vacuum chamber, causing the generation of
Ar plasma that bombarded the film’s surface [25]. For the treatment condition, the Fe3Si
films were treated for 10 min under the various generating powers of 50, 100, and 150 W.
After the process ended, the gas feed was stopped followed by a ventilation process until
there was no processing gas remaining and the pressure within vacuum chamber returned
to atmospheric pressure. Afterward, the treated samples were safe to be retrieved from
the chamber.
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2.3. Investigation of the Properties of Fe3Si Films

Several properties of the untreated and treated Fe3Si films were inspected with instru-
ments such as X-ray diffractometer (XRD), X-ray photoelectron spectroscopy (XPS), field
emission scanning electron microscope (FESEM), atomic force microscope (AFM), contact
angle meter, and nanoindenter. A structural investigation of the untreated and treated
Fe3Si films, such as crystal orientation and crystallite size, was performed through XRD
(Rigaku, Tokyo, Japan; model TTRAX III) under the conventional 2θ-θ scanning mode in the
range 20◦–90◦. The size of the crystallite was simulated by using JADE software (Materials
Data, Inc., Livermore, CA, USA; version 9.7.0). The atomic concentration of untreated and
Ar-treated Fe3Si films was measured by using an XPS (Kratos Analytical, Manchester, UK;
model Axis Ultra DLD) and quantified through CasaXPS software (Casa Software Ltd.,
Devon, UK; version 2.3.24). The morphology of the Fe3Si film’s surface, before and after
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plasma treatment, was studied through FESEM (Hitachi, Tokyo, Japan; model SU 8230) at
300 kx magnification, under a 10 kV load. The cross-sectional properties for all Fe3Si films
were captured at 30 kx magnification, under a 10 kV load. The surface roughness of the
untreated and Ar-treated Fe3Si was scanned through AFM (Park Systems, Suwon, Korea;
model XE-120) in the non-contact scanning mode at 5 × 5 µm2 of scanning area, while the
root-mean-square roughness (Rrms) was evaluated through Gwyddion software (General
Public License). The wetting properties for all the Fe3Si film’s surfaces were exposed by a
contact angle meter (DataPhysics, San Jose, CA, USA; model OCA20) applying deionized
(D.I.) water as the test liquid. The mechanical characteristics of hardness and reduced
elastic modulus for the untreated and treated Fe3Si films were assessed by a nanoindenter
(Bruker’s Hysitron, Minneapolis, MN, USA; model Ti premier).

3. Results and Discussion
3.1. Structural Properties of Fe3Si Films

Figure 3 presents the XRD patterns for the Fe3Si films, created at 300 ◦C substrate
temperature, with before and after Ar plasma treatment at different powers. The sharp
diffraction pattern of the untreated Fe3Si films exhibited the preferential orientations of
Fe3Si(220), Fe3Si(222), Fe3Si(400), and Fe3Si(422) at the positions of 44.42◦, 56.26◦, 64.70◦,
and 81.88◦, respectively. The plasma-treated Fe3Si films were also observed for the peaks
of Fe3Si(220), Fe3Si(222), Fe3Si(400), and Fe3Si(422). The untreated Fe3Si films showed
the sharp peaks of Fe3Si(220) and Fe3Si(222), including the weak peaks of Fe3Si(400) and
Fe3Si(422). These obtained peaks are well-known as successful coatings for Fe3Si films
onto Si substrate. The preferential orientations of Fe3Si(220), Fe3Si(222), Fe3Si(400), and
Fe3Si(422) were also reported and confirmed by the literature of S.I. Hirakawa et al. [14]
and C.B. Tang et al. [26,27]. For the details, the orientation of Fe3Si(222) denoted that the
films hold a B2 structure with a superlattice reflection of B2–Fe3Si crystallites [5]. The
preferred orientations of Fe3Si(220), Fe3Si(400), and Fe3Si(422) showed a fundamental
reflection of Fe3Si films [5]. From the XRD peak profiling, the untreated Fe3Si exhibited
the full width at half maximum (FWHM) of the sharpest diffraction peak with a value of
0.379. After treating with 50, 100, and 150 W, the change in the FWHM was observed with
the values of 0.322, 0.342, and 0.361, respectively. Based on the appraisement by Scherrer’s
equation through the JADE software, the crystallite size for the untreated films was around
30.925 nm. The crystallite size became 35.200, 33.175, and 31.225 nm after treating with
Ar plasma at 50, 100, and 150 W, respectively. This behavior shows a rise in the crystallite
size of the Fe3Si films after the 50 W plasma treatment, which may originate from the
enhancement in crystallinity of the Fe3Si films [28–30]. The crystallinity improvement may
be due to the defect annihilation progression [28]. The crystallite sizes for the Fe3Si films
treated at 100 and 150 W were both relatively smaller than that of the 50 W treated films
due to orientational disarrangement caused by the more energetic ions that bombarded
the surface [30,31]. In contrast, the change of grain size scarcely occurred when using
Ar plasma treatment due to the nature of the noble gas, which does not cause epitaxial
growth [32].
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Figure 3. XRD patterns of the untreated Fe3Si film and treated Fe3Si films under the different powers.

3.2. Chemical Properties of Fe3Si Films

Figure 4 demonstrates the XPS results for the surface composition of the untreated
Fe3Si films and Fe3Si films treated at different powers. From the XPS results, the peaks
of Fe 2p, O 1s, N 1s, C 1s, and Si 2p were observed. These peaks were translated into an
atomic concentration of the film’s surface, as represented in Table 1. The results showed
an opposite behavior between the content of O 1s and C 1s concentrations for all Fe3Si
films. In response to the plasma exposure, the C 1s concentration decreased, while O 1s
concentration increased as the MW power was raised. The XPS analysis revealed that, aside
from Fe and Si, the surface of the Fe3Si films also features abundant carbon and oxygen.
Carbon and oxygen are common contaminants found in any material, especially on the
metal-contained ones after exposing to the environmental air [33,34]. Fe3Si is an oxidation-
prone material that allows the layer of the oxide group to form on its surface easily [33]. The
C 1s peak mainly originated from the layer of adventitious carbon, which forms easily on
atmospherically exposed metal [34]. For N 1s, the nitrogen content may have come as a part
of organic residues on the exposed surface, which is consistent with the copious amounts
of C found on the surface [34]. These adventitious carbons are commonly attributed to
be the reason behind hydrophobicity [22]. Under the low-pressure MW plasma treatment
of Ar, high-energy ions collide with the sample surface, dissociate the organic carbon
contaminants, and cause them to volatilize [22]. There is also the contribution from the
oxide group, which evidently was the major contributor to hydrophilicity of the treated
surface [21,22]. Hydrophilic oxide groups may come from the MW plasma chamber as the
Ar gas may contain a tiny amount of oxygen, as well as the highly active groups remaining
on the surface after plasma bombardment, which subsequently react with oxygen when
exposed to air or plasma impurity [20,21].
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Figure 4. XPS patterns of the untreated Fe3Si film and treated Fe3Si films under the different powers.

Table 1. Atomic concentration of Fe3Si films at different MW plasma treatment conditions.

Sample
Surface Atomic Concentration (at.%)

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

Untreated 10.30 47.19 3.28 35.68 3.55
Ar treated (50 W; 10 min) 12.78 53.07 2.87 26.47 4.81

Ar treated (100 W; 10 min) 13.61 56.15 2.00 23.48 4.76
Ar treated (150 W; 10 min) 15.49 56.23 2.02 20.35 5.92

3.3. Surface Morphologies of Fe3Si Films
3.3.1. FESEM Images

Figure 5 shows typical FESEM micrographs from a top view of the untreated and
treated Fe3Si film surfaces by Ar plasma treatment under the various biased powers. These
micrographs were captured at the magnification of 300 kx. Figure 5a exposes that the
untreated Fe3Si films presented an abundance of small crystallites over the entire surface
area with a uniform surface structure; pinholes with a destructive surface area were not
observed. This should be because of the advantages of sputtering with a pair of facing
targets. Namely, this coating technique has the benefits from a low increment of substrate
temperature, low-different stoichiometry films compared to the sputtering target, and
high plasma density [35–37]. Additionally, the plasma’s particles were detained within the
generated magnetic field from the permanent magnet beneath the sputtering targets [35–37].
For a sputtering technique with facing targets, the surface of the Si wafer substrate was
in parallel and situated away from the originated plasma zone during a film’s coating,
which led to less plasma damage over the film surface [35–37]. The surface structure of the
50 W treated Fe3Si films was slightly changed from that of the untreated Fe3Si films. At
the higher treating powers of 100 and 150 W, the influence of the plasma treatment on the
morphology of the treated Fe3Si film’s surface became more noticeable with the formation
of slight bumps, including a non-smooth surface pattern and pinholes. The change of the
treated Fe3Si film’s surface increased as the power was increased. This may have originated
through the rise in the etching rate because of the Ar ions kinetic energy elevation [20].
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Figure 6 demonstrates the representative cross-sectional FESEM micrographs of the
untreated Fe3Si films and the Fe3Si films treated by plasma at various powers. All cross-
sectional FESEM images were captured with a magnification of 30 kx. Figure 6 uncovers
the linear interface between the film layer and the substrate layer. All untreated and treated
Fe3Si films were absent from deformity and discontinuity of interface between the layers.
Figure 6a discloses that the constructed Fe3Si film layer under the untreated condition
owned an average thickness of 1.11 µm. The average thickness for the Fe3Si films treated at
the 50 W power was calculated to be around 1.09 µm. By raising the plasma powers to 100
and 150 W, the average thickness values of the treated Fe3Si films slightly diminished to
1.08 and 1.05 µm, in order. The diminution of the film thickness as the power was increased
may be attributable to the rise in high energetic ion bombardment, engendering a higher
etching rate [20].

Coatings 2021, 11, x FOR PEER REVIEW 8 of 15 
 

 

  
(a) (b) 

  
(c) (d) 

Figure 5. Planar FESEM micrographs of the coated Fe3Si films (a) without and with treatment using 

Ar plasma at the different applied powers of (b) 50 W, (c) 100 W, and (d) 150 W. 

Figure 6 demonstrates the representative cross-sectional FESEM micrographs of the 

untreated Fe3Si films and the Fe3Si films treated by plasma at various powers. All cross-

sectional FESEM images were captured with a magnification of 30 kx. Figure 6 uncovers 

the linear interface between the film layer and the substrate layer. All untreated and 

treated Fe3Si films were absent from deformity and discontinuity of interface between the 

layers. Figure 6a discloses that the constructed Fe3Si film layer under the untreated con-

dition owned an average thickness of 1.11 μm. The average thickness for the Fe3Si films 

treated at the 50 W power was calculated to be around 1.09 μm. By raising the plasma 

powers to 100 and 150 W, the average thickness values of the treated Fe3Si films slightly 

diminished to 1.08 and 1.05 μm, in order. The diminution of the film thickness as the 

power was increased may be attributable to the rise in high energetic ion bombardment, 

engendering a higher etching rate [20]. 

  
(a) (b) 

Figure 6. Cont.



Coatings 2021, 11, 923 9 of 15
Coatings 2021, 11, x FOR PEER REVIEW 9 of 15 
 

 

  
(c) (d) 

Figure 6. Cross-sectional FESEM micrographs of the Fe3Si films on Si wafers treated at different 

powers: (a) untreated and (b) 50 W, (c) 100 W, and (d) 150 W treated. 

3.3.2. AFM Images 

Figure 7 represents the AFM scanned images of the untreated and treated Fe3Si films 

through Ar plasma at the different applied powers. Using AFM analysis, the determina-

tion of Rrms for the untreated and treated Fe3Si film’s surface could be conducted. Accord-

ing to the AFM topography, it was visible that the untreated Fe3Si films exhibited a rather 

smooth surface with an appraised Rrms of 10.63 Å . This outcome was consistent with that 

of the FESEM result, where the smoothness of the untreated Fe3Si films should be due to 

the advantages of facing targets sputtering. As a result, the damage from the plasma 

should have been low and generated less surface roughness over the film’s surface plane 

[35–37]. After the treatment with Ar plasma, the Rrms value for the Fe3Si films treated with 

50 W power was evaluated to be 10.71 Å , where the Rrms value was slightly higher than 

that of the Fe3Si films without plasma treatment. The treated Fe3Si films at 100 and 150 W 

manifested the assessed Rrms values of 11.07 and 13.06 Å , respectively. Based on the surface 

topography, the roughness for the Fe3Si films was not drastically changed by the Ar 

plasma treatment compared to similar materials such as GaAs [20]. In the process of MW 

plasma treatment, the Fe3Si film surface was bombarded by highly energetic species eject-

ing some Fe and Si atoms from the Fe3Si surface out, resulting in a physical change in the 

surface roughness [20]. There was also an occurrence of a dangling bond on the film’s 

surface, which was not permanent as it could either diffuse from the surface or induce 

oxidization when aging [20,38]. It is acknowledged that elements such as Fe and Si are 

easily oxidized [33]. As mentioned above, there is a possibility that the Fe3Si surface can 

be oxidized. Hence, its physical properties, such as the surface roughness, may have 

changed after the treatment. Oxidation has been proven to hardly affect the roughness of 

alloy surfaces, where the effect of roughness would not wear off for a considerable amount 

of time [39,40]. 

  
(a) (b) 

Figure 6. Cross-sectional FESEM micrographs of the Fe3Si films on Si wafers treated at different powers: (a) untreated and
(b) 50 W, (c) 100 W, and (d) 150 W treated.

3.3.2. AFM Images

Figure 7 represents the AFM scanned images of the untreated and treated Fe3Si films
through Ar plasma at the different applied powers. Using AFM analysis, the determination
of Rrms for the untreated and treated Fe3Si film’s surface could be conducted. According to
the AFM topography, it was visible that the untreated Fe3Si films exhibited a rather smooth
surface with an appraised Rrms of 10.63 Å. This outcome was consistent with that of the
FESEM result, where the smoothness of the untreated Fe3Si films should be due to the
advantages of facing targets sputtering. As a result, the damage from the plasma should
have been low and generated less surface roughness over the film’s surface plane [35–37].
After the treatment with Ar plasma, the Rrms value for the Fe3Si films treated with 50 W
power was evaluated to be 10.71 Å, where the Rrms value was slightly higher than that
of the Fe3Si films without plasma treatment. The treated Fe3Si films at 100 and 150 W
manifested the assessed Rrms values of 11.07 and 13.06 Å, respectively. Based on the surface
topography, the roughness for the Fe3Si films was not drastically changed by the Ar plasma
treatment compared to similar materials such as GaAs [20]. In the process of MW plasma
treatment, the Fe3Si film surface was bombarded by highly energetic species ejecting some
Fe and Si atoms from the Fe3Si surface out, resulting in a physical change in the surface
roughness [20]. There was also an occurrence of a dangling bond on the film’s surface, which
was not permanent as it could either diffuse from the surface or induce oxidization when
aging [20,38]. It is acknowledged that elements such as Fe and Si are easily oxidized [33].
As mentioned above, there is a possibility that the Fe3Si surface can be oxidized. Hence, its
physical properties, such as the surface roughness, may have changed after the treatment.
Oxidation has been proven to hardly affect the roughness of alloy surfaces, where the effect
of roughness would not wear off for a considerable amount of time [39,40].

Coatings 2021, 11, x FOR PEER REVIEW 9 of 15 
 

 

  
(c) (d) 

Figure 6. Cross-sectional FESEM micrographs of the Fe3Si films on Si wafers treated at different 

powers: (a) untreated and (b) 50 W, (c) 100 W, and (d) 150 W treated. 

3.3.2. AFM Images 

Figure 7 represents the AFM scanned images of the untreated and treated Fe3Si films 

through Ar plasma at the different applied powers. Using AFM analysis, the determina-

tion of Rrms for the untreated and treated Fe3Si film’s surface could be conducted. Accord-

ing to the AFM topography, it was visible that the untreated Fe3Si films exhibited a rather 

smooth surface with an appraised Rrms of 10.63 Å . This outcome was consistent with that 

of the FESEM result, where the smoothness of the untreated Fe3Si films should be due to 

the advantages of facing targets sputtering. As a result, the damage from the plasma 

should have been low and generated less surface roughness over the film’s surface plane 

[35–37]. After the treatment with Ar plasma, the Rrms value for the Fe3Si films treated with 

50 W power was evaluated to be 10.71 Å , where the Rrms value was slightly higher than 

that of the Fe3Si films without plasma treatment. The treated Fe3Si films at 100 and 150 W 

manifested the assessed Rrms values of 11.07 and 13.06 Å , respectively. Based on the surface 

topography, the roughness for the Fe3Si films was not drastically changed by the Ar 

plasma treatment compared to similar materials such as GaAs [20]. In the process of MW 

plasma treatment, the Fe3Si film surface was bombarded by highly energetic species eject-

ing some Fe and Si atoms from the Fe3Si surface out, resulting in a physical change in the 

surface roughness [20]. There was also an occurrence of a dangling bond on the film’s 

surface, which was not permanent as it could either diffuse from the surface or induce 

oxidization when aging [20,38]. It is acknowledged that elements such as Fe and Si are 

easily oxidized [33]. As mentioned above, there is a possibility that the Fe3Si surface can 

be oxidized. Hence, its physical properties, such as the surface roughness, may have 

changed after the treatment. Oxidation has been proven to hardly affect the roughness of 

alloy surfaces, where the effect of roughness would not wear off for a considerable amount 

of time [39,40]. 

  
(a) (b) 

Figure 7. Cont.



Coatings 2021, 11, 923 10 of 15
Coatings 2021, 11, x FOR PEER REVIEW 10 of 15 
 

 

 
(c) (d) 

Figure 7. AFM images of the Fe3Si film surfaces (a) before and after plasma treatment at (b) 50 W, 

(c) 100 W, and (d) 150 W. 

3.4. Wetting Properties of Fe3Si Films 

Figure 8 displays the captured images for the contact angle measurement of the un-

treated and treated Fe3Si films under the varied powers. For the surfaces of the untreated 

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

For the wetting property, it can be verified, based on the average contact angle (θca), into 

super-hydrophilic (θca ≤ 10°), hydrophilic (10° < θca < 90°), hydrophobic (90° ≤ θca <150°), 

and super-hydrophobic (150° ≤ θca ≤ 180°) [41]. Figure 8a represents the wetting angle 

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

was determined to be 101.7°. The result shows that the Fe3Si films exhibited a wetting state 

of hydrophobic. Figure 8b–d presents the captured images between the droplet and the 

treated Fe3Si films at the increased powers of 50, 100, and 150 W, respectively. After treat-

ing with Ar plasma, θca was slightly reduced to 87.75° for the Fe3Si films after treated at 

50 W, in which the surface was determined as a hydrophilic state. At increasing powers, 

the θca values for the Fe3Si films gradually decreased to 79.20° and 67.05° at 100 W and 150 W, 

respectively. 

It was observed that the surface of the untreated Fe3Si films exhibited their hydro-

phobicity, while the surfaces of all plasma-treated Fe3Si films turned into the hydrophilic 

state. The gained results of XPS revealed that more than a third of the untreated Fe3Si 

film’s surface was covered by the carbon functional group following by the oxide group 

and Fe3Si compositional elements; the hydrophobicity for the surface should be predom-

inantly controlled due to this reason [22]. After the plasma treatment, the XPS results for 

the treated films revealed a decrease of the hydrophobic carbon chemical composition by 

selective etching through energetic Ar ions impact [22]. Concurrently, the oxygen concen-

tration also increased due to the highly polarized group left behind after sputter etching 

at low-pressure MW plasma under an Ar atmosphere [20]. These changes in surface com-

position resulted in the change in the wetting state from hydrophobic to hydrophilic. The 

trend continued as the power was increased. Based on the FESEM and AFM results, the 

surfaces of all the Fe3Si films comprised nano-rough morphology. In physical terms, the 

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

Wenzel and Cassie-Baxter [42–45]. Wenzel and Cassie-Baxter incorporated the roughness 

as one of the important parameters in their models, where the former is based on surface 

alignment and the latter relies on the air groove [42–45]. However, our result shows a 

significant alteration of the wetting behavior of Fe3Si despite the insignificant change in 

surface morphology. Hence, the wettability of the Fe3Si films was predominantly dictated 

by their chemical composition on the surface of the untreated and plasma-treated films. 

Figure 7. AFM images of the Fe3Si film surfaces (a) before and after plasma treatment at (b) 50 W, (c) 100 W, and (d) 150 W.

3.4. Wetting Properties of Fe3Si Films

Figure 8 displays the captured images for the contact angle measurement of the
untreated and treated Fe3Si films under the varied powers. For the surfaces of the untreated
and treated Fe3Si films, the wetting angles were determined by using D.I. water droplets.
For the wetting property, it can be verified, based on the average contact angle (θca), into
super-hydrophilic (θca ≤ 10◦), hydrophilic (10◦ < θca < 90◦), hydrophobic (90◦ ≤ θca <150◦),
and super-hydrophobic (150◦ ≤ θca ≤ 180◦) [41]. Figure 8a represents the wetting angle
between the droplet and the surface of the untreated Fe3Si films, where the evaluated θca
was determined to be 101.7◦. The result shows that the Fe3Si films exhibited a wetting
state of hydrophobic. Figure 8b–d presents the captured images between the droplet and
the treated Fe3Si films at the increased powers of 50, 100, and 150 W, respectively. After
treating with Ar plasma, θca was slightly reduced to 87.75◦ for the Fe3Si films after treated
at 50 W, in which the surface was determined as a hydrophilic state. At increasing powers,
the θca values for the Fe3Si films gradually decreased to 79.20◦ and 67.05◦ at 100 W and
150 W, respectively.

It was observed that the surface of the untreated Fe3Si films exhibited their hydropho-
bicity, while the surfaces of all plasma-treated Fe3Si films turned into the hydrophilic state.
The gained results of XPS revealed that more than a third of the untreated Fe3Si film’s
surface was covered by the carbon functional group following by the oxide group and
Fe3Si compositional elements; the hydrophobicity for the surface should be predominantly
controlled due to this reason [22]. After the plasma treatment, the XPS results for the treated
films revealed a decrease of the hydrophobic carbon chemical composition by selective
etching through energetic Ar ions impact [22]. Concurrently, the oxygen concentration
also increased due to the highly polarized group left behind after sputter etching at low-
pressure MW plasma under an Ar atmosphere [20]. These changes in surface composition
resulted in the change in the wetting state from hydrophobic to hydrophilic. The trend
continued as the power was increased. Based on the FESEM and AFM results, the surfaces
of all the Fe3Si films comprised nano-rough morphology. In physical terms, the surface
wetting of the Fe3Si films can be commonly attributed to the wetting models of Wenzel and
Cassie-Baxter [42–45]. Wenzel and Cassie-Baxter incorporated the roughness as one of the
important parameters in their models, where the former is based on surface alignment and
the latter relies on the air groove [42–45]. However, our result shows a significant alteration
of the wetting behavior of Fe3Si despite the insignificant change in surface morphology.
Hence, the wettability of the Fe3Si films was predominantly dictated by their chemical
composition on the surface of the untreated and plasma-treated films.
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3.5. Mechanical Properties of Fe3Si Films

For the mechanical properties, the nanoindentation technique using a Berkovich
indenter was used to investigate the hardness and reduced elastic characteristics of the
untreated and treated Fe3Si film surfaces. The indentation test was carried on by applying
an indentation load of 3 mN to all the Fe3Si films, before and after Ar plasma treatment
at 50 W–150 W. The maximum depth for the test was controlled at 10% of the thickness
of all films (100 nm), where the effect of the substrate could be suppressed [46,47]. The
nanoindentation test for the untreated and Ar plasma-treated Fe3Si films was performed
repeatedly, five times. Figure 9 presents the plot set of the applied indentation load versus
the depth of penetration (load–depth curve) for the Fe3Si films under the conditions of
untreated, 50 W treated, 100 W treated, and 150 W treated, respectively.

The average hardness value (H) and reduced elastic modulus value (Er) of the un-
treated and Ar plasma-treated Fe3Si films were calculated from the unloading portions
of their load–depth curve [48,49]. The H and Er for all Fe3Si samples are summarized
in Table 2. Figure 10 (red line) presents the relative plot between the H for the Fe3Si
samples regarding their treatment power, with a standard deviation. The H-power plot
shows the decreasing trend of the hardness characteristic of Fe3Si films with increasing Ar
plasma treatment power. In the same vein, the Er decreases, as shown in Figure 10 (blue
line), where a plot between the Er versus power for Fe3Si films is depicted. Based on the
nanoindentation result, the H of the untreated Fe3Si films was close to the Fe3Si reported by
various sources [25,50]. The H and Er were almost the same, albeit slightly declined after
the Ar plasma treatment. They agreed with the morphology results of the films, where
the inconsistency of the film’s surface was observed as the standard deviation [51]. As the
plasma power increased, the deviation increasingly swayed by the accumulated plasma
damage [51]. Considering the fact that the nanoindentation only penetrated 10% of the
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film’s thickness, these changes as a response to surface modification are insignificant when
taken together.
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Figure 9. Load versus depth plots of the Fe3Si films (a) before and after treated at (b) 50 W, (c) 100 W, and (d) 150 W.

Table 2. H and Er for untreated Fe3Si and Ar plasma-treated Fe3Si.

Sample H (GPa) Er (GPa)

Untreated 9.392 ± 0.070 204.862 ± 1.226
Ar treated (50 W; 10 min) 8.991 ± 0.069 205.943 ± 4.633
Ar treated (100 W; 10 min) 8.881 ± 0.080 208.085 ± 3.113
Ar treated (150 W; 10 min) 8.857 ± 0.094 212.693 ± 3.211
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Figure 10. Plots of the (red) H and (blue) Er with standard deviation versus plasma-treated power of
the surface of the Fe3Si films treated by Ar plasma under different powers.
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4. Conclusions

The present study clarified the cause of hydrophobicity of Fe3Si films epitaxially
created through facing targets sputtering at 300 ◦C heated substrate and the effect of Ar
plasma treatment power on the film’s properties. The XRD patterns for all Fe3Si films
presented a combination of a B2 and DO3 Fe3Si crystal structure. The orientational peaks
of the XRD pattern became much higher at 50 W due to the suppression of surface contam-
ination, resulting in preferable orientations. Meanwhile, the peak intensities went down
as the power was increased, due to the sputter etching caused by the higher energy ions.
The atomic concentration extracted from the XPS spectrum revealed that the surface of the
untreated Fe3Si was laden with carbon and oxygen, which was the general contamination.
The Ar plasma treatment reduced the carbon concentration by the volatilization of the
carbon atoms through ion collision. The plasma also left behind a radical reactive site which
formed into an oxide layer on the Fe3Si surface. As the power increased, the atomic concen-
tration of oxygen also increased, while carbon decreased. The morphological outcomes, as
gained from both the FESEM and AFM, showed a seamless surface with an Rrms of 10.63 Å
for the untreated Fe3Si films. After plasma treatment, the surface was bombarded by high
energy ions, causing the appearance of pinholes which roughened the surface to 13.06 Å at
150 W of power. The film’s thickness of the constructed Fe3Si was only slightly decreased
by the Ar plasma at different powers. From the contact angle results, the untreated Fe3Si
films possessed θca of 101.7◦, which changed to 67.05◦ after Ar plasma treatment at 150 W.
The shift in hydrophobicity was likely due to the change in the chemical composition of the
surface, namely, the reduction in hydrophobic organic carbon and the augmentation of the
hydrophilic oxide group. The H and Er of the untreated Fe3Si films were not significantly
influenced by the Ar plasma at different powers. For the next settlement, the effect of
other plasma treatment parameters on Fe3Si’s properties such as time, pressure, and gas
type can be explored. The study will mainly focus on how these parameters can affect
the wettability and mechanical properties of Fe3Si to properly determine the optimized
condition for the modification of wettability and mechanical properties.
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