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Abstract: The impact of thermal annealing under temperature alteration on the wetting and mechani-
cal attributes of Fe3Si films built through facing target sputtering (FTS) is an essential topic for study
in order to identify their characteristics under varying temperatures. Consequently, we introduced
a thermal annealing process in a vacuum for two hours under varying temperatures of 300, 600,
and 900 ◦C to our Fe3Si films created via FTS. The primary purpose of this current research is to
examine the effect of the thermal annealing technique under temperature alteration on the wetting
and mechanical traits of Fe3Si films. In this research, Fe3Si films were built onto the Si wafer by FTS
and divided for use in thermal annealing under temperature alteration. The structural, morphological,
wetting, and mechanical traits of the Fe3Si films under thermal annealing are provided in the present
work. Based on our information, this work represents an original study on the change in wetting and
mechanical traits of Fe3Si films through thermal annealing under temperature alteration.

Keywords: Fe3Si film; facing targets sputtering; wettability; mechanical property; annealing

1. Introduction

Ferromagnetic silicide (Fe3Si), composed of naturally available materials (Si and Fe),
is known to be appealing in the plausible application of spin transistors and self-cleaning
surfaces [1–4]. Prior related studies show that the epitaxial production of Fe3Si films onto
111-oriented Si wafers can be achieved via the usage of facing target sputtering (FTS) [5,6].
The Fe3Si films own the 4.2% misfit of the lattice parameter for Si and three different bcc-like
structures (D03, B2, A2) for Fe3Si to exist [5,6]. The Fe3Si films possess a striking magnetic
attribute of a small coercive field (7.5 Oe) and a high spin polarization (45%) [7–9]. They
also own a noticeable thermal stability above an 800 K Curie temperature [7–9]. The Fe3Si
films own corrosion resistance and a high degree of hardness [10–12]. With these promising
attributes, Fe3Si is a plausible candidate for ferromagnetic material, self-cleaning surfaces,
and hard coatings [1]. The magnetic and structural attributes of Fe3Si films have been
explored and reported in prior studies [2–4]. Nevertheless, the wettability and mechanical
attributes of the Fe3Si films including the influence of an annealing temperature have barely
been studied until now.

Upon a review of previous studies, the research team involved in this current work
reported the epitaxial production of the Fe3Si film layer onto 111-oriented Si wafers utilizing
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the FTS appliance [1–4]. In principle, the FTS appliance has two equally sized circular
targets facing each other, placed far from a substrate holder [13–16]. The advantages of
the FTS are that it creates high plasma density, operates under low pressure, suffers little
plasma damage, has a smooth surface, and exhibits little stoichiometry change [13–16].
The influence of temperature heated at the substrate on Fe3Si film growth was formerly
studied [3]. At a substrate temperature of 300 ◦C, the crystallinity of Fe3Si films increased
and retained its phase [3]. Xie et al. [17] reported dependency on the annealing temperature
of Fe3Si film’s properties. The Fe3Si films are fabricated onto SiO2 by resistive thermal
evaporation and annealed at temperatures ranging from 700 to 950 ◦C. The films initially
possessed a crystalline structure of Fe0.9Si1 and then developed into that of the Fe3Si phase
after annealing at 850 ◦C or higher. In comparison, our method of FTS epitaxy could
form Fe3Si at room temperature without the need for annealing. Recently, the author
reported the employment of argon (Ar) plasma etching by varying the etching power to
modify the surface as well as the chemical composition over the surface of Fe3Si films [1].
The hydrophobic behavior of the untreated Fe3Si layer surface was found to turn into
a hydrophilic surface through etching at 150 W of power [1]. Nevertheless, the surface
property of Fe3Si films needs to be further studied to identify its novel characteristics.

Based on the literature review, thermal annealing plays a primary role in modifying
the physical attributes of thin films, such as enhancing the crystallinity, crystallite size,
and surface roughness of the films as well as wettability [18–21]. According to a previous
report, Raj et al. annealed the BFO thin films under different annealing times, resulting in
the increment of grain size and roughness as the temperature increased [19]. Bazhan et al.
reported the influence of different annealing temperatures on the wettability of iron oxide
films [20]. An increment in temperature induces the transition of the phase and surface
topology of iron oxide films, increasing the contact angle of the film’s surface [20]. Until
now, reports on the influence of annealing as an extension of the wettability and mechanical
attributes of Fe3Si films created utilizing FTS are extremely scarce.

The influence of temperature in the annealing procedure on the wettability and me-
chanical attributes of Fe3Si films is an essential topic for study to provide their annealing
characteristics under varying temperatures. Thus, the characteristics of the Fe3Si film
attributes after annealing in a vacuum for two hours at different annealing temperatures of
300 ◦C, 600 ◦C, and 900 ◦C are revealed in the current study. To the best of the author’s in-
formation and knowledge, this current study is the first on the characteristics of wettability
and mechanical attributes of Fe3Si films after annealing at different temperatures.

2. Materials and Methods
2.1. Production of Fe3Si Films

The n-type 111-oriented Si wafer (SUMCO Corporation) with a resistivity of
1000–4000 ohm·cm was used as a substrate for producing the Fe3Si film. The oils and
organic residues on the Si sample were cleaned utilizing two acetone and methanol sol-
vents obtained from the Fujifilm Wako Pure Chemical Corporation. Next, the native silicon
dioxide on the Si sample surface was removed using 1% hydrofluoric acid. Deionized
water was then employed to rinse the hydrofluoric acid from the Si sample surface. Finally,
nitrogen gas (99.999% purity) obtained from the Iwatani Corporation was used for blow
drying the Si wafer. Two equally sized circular Fe3Si alloy targets (99.9% purity) purchased
from TOSHIMA Manufacturing Co., Ltd. were used in the sputtering process. A rotary
pump (model: CIT-Alcatel 2030C) obtained from Alcatel Japan and a turbo molecular pump
(model: TG1003) obtained from Osaka Vacuum were used to vacuumize the FTS chamber
for sputtering. For the Fe3Si deposition procedure, the base pressure was achieved with a
value below 3 × 10−5 Pascal. A sputtering pressure with a value of 1.33 × 10−1 Pascal was
achieved after feeding Ar gas (99.9999% purity) obtained from the Iwatani Corporation
into the inside of the FTS chamber. The Ar gas flow rate was 15 sccm. The temperature at
the rear of the Si sample was fixed at 300 ◦C through the temperature controller (model:
E5CN) purchased from OMRON. A voltage of 1 kV for the gas discharge process was fixed
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via a DC power source (model: HD1K-30N) purchased from Micro Denshi. A current of
around 1.2 mA was generated during the sputtering process. After sputtering for 24 h, the
rate of Fe3Si film production was 0.57 nm/min. The low pressure and low deposition rate
during sputtering are the key that allows FTS to precisely coat Fe3Si at low temperatures as
reported by our past work, where K. Sakai et. al. were able to epitaxially coat the Fe3Si on
FeSi2 with a deposition rate of 0.62 nm/min at an ambient temperature [4]. This precision
and energy allow the epitaxy mechanism to occur without the need for external thermal
energy [2].

2.2. Post Annealing of Fe3Si Films

After completing the sputtering process, the Fe3Si films were separated into four pieces
in the case of non-annealing and annealing at 300 ◦C, 600 ◦C, and 900 ◦C temperatures.
In the annealing process, the Fe3Si films were positioned on the inside of the quartz tube.
Through the operation of a mechanical pump (Leybold, Bonner, Germany, Trivac D2.5) and
a turbomolecular pump (Leybold, TW70 H), the base pressure inside the quartz tube was
vacuumized below 3 × 10−6 mbar. The temperature and annealing period were set through
the temperature controller (Shimaden, SR53, Tokyo, Japan). The period for annealing under
the current study conditions was two hours.

2.3. Investigation of the Properties of Fe3Si Films

An X-ray diffractometer (XRD; Model: Rigaku, TTRAX III, Tokyo, Japan) was utilized
to investigate the crystallographic features of the as-produced and annealed Fe3Si films. The
measurement was performed in the grazing incidence mode (2θ scan) with a fixed incidence
angle of 2◦. To confirm the crystallinity, the crystallite size was simulated using JADE
software by a function of Scherrer’s equation. A SU 8230 Field Emission Scanning Electron
Microscope (FESEM, Hitachi, Tokyo, Japan) and an XE-120 Atomic Force Microscope
(AFM, Park Systems, Suwon, Korea) were employed to investigate the morphology and
roughness of the as-produced and annealed Fe3Si film surface. The Hitachi S-4700 Scanning
Electron Microscope was utilized to study the cross-sectional view of as-produced and
annealed Fe3Si films. The Contact Angle OCA 20 appliance (DataPhysics, San Jose, CA,
USA) was used to measure the contact angles of the unannealed and annealed Fe3Si film
surface. A nanoindenter (model: Ti premier) obtained from Bruker’s Hysitron (Minneapolis,
MN, USA) was employed to measure the mechanical attributes of the non-annealing and
annealing Fe3Si films.

3. Results and Discussion
3.1. XRD Results of Fe3Si Films

The measured XRD patterns of the Fe3Si films without annealing and under the
annealing procedure with fixed temperatures of 300 ◦C, 600 ◦C, and 900 ◦C are shown in
Figure 1, while the list of preferred orientation of Fe-Si based materials can be referred in
Table 1. In the case of Fe3Si films without annealing, the preferred crystal orientations of
Fe3Si (111), Fe3Si (220), Fe3Si (222), Fe3Si (400), and Fe3Si (422) were observed at 28.50◦,
44.38◦, 56.28◦, 64.72◦, and 82.06◦, respectively [2,3,11]. The strongly preferred orientations
of Fe3Si (222) in comparison to the fundamental peaks of Fe3Si (111), Fe3Si (220), Fe3Si
(400), and Fe3Si (422) indicate that the film’s structure was predominantly occupied by
a B2 structure superlattice [2]. Among homogeneous iron silicide phases of different
stoichiometry, Fe3Si is the sole well-ordered phase of the Fe-rich composition. As shown in
Figure 2, Fe3Si exists in the bulk phase at room temperature and is stable from there up to
the melting point [5]. Hypothetically, Fe3Si with a different order of Si atom arrangement,
such as the B2 structure, can also have similar properties to D03. The B2 (= CsCl) phase,
where either Fe or Si randomly occupy the C sites and B sites, will replace the D03 phase
when the Si concentration is below the threshold [5,6]. In our work, we formed the Fe3Si at
room temperature to prevent the inter-diffusion of Fe to Si from thermal energy, resulting
in a B2 structure [2]. At an annealing temperature of 300 ◦C, the obtained preferential
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orientations were observed to be in the same positions as without annealing. However,
an increase in peak intensity was detected after annealing at 300 ◦C. This is due to the Fe
atoms gaining activation energy by annealing, allowing lower surface energy atoms to
diffuse to a site in the crystal lattice with favorable energy [18]. Afterward, the crystallites
grew in the preferred direction and the crystallinity of the film was improved [18]. After
annealing at 600 ◦C, an intense peak of Si (111) was clearly observed at 28.44◦. In contrast,
the peak intensity of Fe3Si (111) and Fe3Si (222) disappeared. After gradually providing
thermal energy by conventional annealing, the structure implied to undergo a transition
into a D03 structure [6]. The peak of the semiconducting phase (β-FeSi2) of β (202)/(220) at
29.12◦ also appeared [22–25]. Since Fe has a significantly higher diffusion coefficient than
Si, the Fe atoms could diffuse into the Si layer with the application of sufficient diffusion
energy [26–28]. Therefore, an improvement in the crystallinity of the film along with
the phase transition was observed during annealing at 600 ◦C [26–28]. Subsequently, the
crystalline orientation shifted further with a higher activation energy from annealing at
900 ◦C. The β (202)/(220) evolved dramatically, causing a superposition between itself and
Si(111). At the same time, several peaks of β (400), β (331), β (422), and β (333) appeared
at 34.72, 45.20, 49.80, and 58.90◦, respectively [22,29]. When annealing further, the sample
at the phase above the ideal Si concentration of the D03 structure can retain the phase
from the boundary of 26% at RT to 31% at 1200 ◦C, even when an absurd phase transition
occurs [5]. The FeSi phase will only appear when the Fe and Si atom’s structure themselves
in the almost 1:1 composition [5,6]. Meanwhile, the β phase could mainly form when
Si concentration is around 67% at temperatures below 950 ◦C. Also, the β phase could
appear with periodic stoichiometry deviations after atomic segregation and diffusion at the
Fe3Si surface [5]. According to the estimation, the crystallite size of the Fe3Si films without
annealing was 22.69 nm. The estimated values for the crystallite size were improved to
33.97, 34.71, and 37.98 nm under fixed annealing temperatures of 300 ◦C, 600 ◦C, and
900 ◦C, respectively. In contrast to the result reported by Xie et al. [17], the annealing
reduces our film’s Fe3Si structure rather than enhances the structure. This should be taken
into account that our circumstances are wildly different since our films were B2 structured
Fe3Si on Si (111) substrate. The combination of the high diffusion coefficient of Fe in
Si combined with the structure defect allows our films to phase shift to compensate for
those downsides [30,31]. On the other hand, Xie et al.’s sample was bcc-structured Fe3Si
resulting from the 700 ◦C annealing of the thermally evaporated sample on the SiO2 before
turning into fcc-structured Fe3Si by thermal annealing of 950 ◦C [17]. Si has a high diffusion
coefficient against the SiO2, while diffusion rate of Fe against SiO2 is dwarfed by that
of Fe against Si [32,33]. Hence, the misaligned Fe-Si structure and stoichiometry of the
evaporated films were corrected resulting in enhancement by increasing the temperature
rather than a phase shifting through interdiffusion like in our case [34].

Table 1. The crystal orientation of non-annealed Fe3Si films along with annealed Fe3Si films at
300 ◦C, 600 ◦C, and 900 ◦C.

Angle Orientation Reference

28.50 Fe3Si (111) [8]
29.12 β (202)/(220) [19–22]
34.72 β (400) [19]
44.38 Fe3Si (220) [8]
45.20 β (331) [19]
49.80 β (422) [26]
56.28 Fe3Si (222) [2]
58.90 β (333) [26]
64.72 Fe3Si (400) [8]
82.06 Fe3Si (422) [8]
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Figure 1. The measured XRD spectra of non-annealed Fe3Si film along with annealed Fe3Si films at
300 ◦C, 600 ◦C, and 900 ◦C.

Coatings 2023, 13, x FOR PEER REVIEW 5 of 14 
 

 

 
Figure 1. The measured XRD spectra of non-annealed Fe3Si film along with annealed Fe3Si films at 
300 °C, 600 °C, and 900 °C. 

 
Figure 2. Phase diagram of Fe-Si material as a function of temperature versus Si atomic concentra-
tion. 

Table 1. The crystal orientation of non-annealed Fe3Si film along with annealed Fe3Si films at 300 °C, 
600 °C, and 900 °C. 

Angle Orientation Reference 
28.50 Fe3Si (111) [8] 
29.12 β (202)/(220) [19–22] 
34.72 β (400) [19] 
44.38 Fe3Si (220) [8] 

30 40 50 60 70 80

 Non-annealing
 300 οC anneanling
 600 οC anneanling
 900 οC anneanling

In
te

ns
ity

 (a
rb

. u
ni

ts
)

2θ  (degree)

Fe
3S

i (
11

1)
/S

i(1
11

)

β 
(2

02
)/(

22
0)

Fe
3S

i (
22

0)
β 

(3
31

)

Fe
3S

i (
22

2)

Fe
3S

i (
42

2)

Fe
3S

i (
40

0)

β 
(4

22
)

β 
(3

33
)

β 
(4

00
)

Figure 2. Phase diagram of Fe-Si material as a function of temperature versus Si atomic concentration.

3.2. FESEM Results of Fe3Si films

The FESEM images of the surface morphology together with cross sections of Fe3Si
films without annealing and annealed under various temperatures are displayed in Figure 3.
From the FESEM images in plane view, the Fe3Si films without annealing and annealing at
300 ◦C exhibited a smooth surface consisting of many tiny uniform crystallites. The tiny
crystallites with surface uniformity merged together and became nanocrystalline clusters
with an annealing temperature of 600 ◦C. In addition, a void increment can be observed
in the midst of the generated nanocrystalline clusters. At an annealing temperature of
900 ◦C, many tiny crystallites were completely clustered, leading to many bigger clusters.
Xie et al. [17] also report a significant change of surface morphology after annealing, where
their Fe3Si films possess an island-like morphology at 700 ◦C similar to ours at 600 ◦C.
Then, 950 ◦C turns separated crystallites into clustered, like we observe at 900 ◦C.
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The FESEM cross-sectional images of the Fe3Si films for non-annealing and annealing
at a temperature of 300 ◦C showed a sharp interface between the produced films and the Si
wafers. In addition, the unannealed Fe3Si films exhibited a smooth surface which changes
slightly after annealing at 300 ◦C. After annealing at 600 ◦C and 900 ◦C, the interface became
uneven. A rough surface on the Fe3Si films can be observed due to the creation of several
big clustered crystalline structures together with pinholes on the Fe3Si film surface.

3.3. AFM Results of Fe3Si Films

AFM topographic images of the Fe3Si film surface in the case of non-annealing and
annealed under temperature values set at 300 ◦C, 600 ◦C, and 900 ◦C are depicted in
Figure 4. For non-annealing Fe3Si film, an extremely smooth surface was observed with
an estimated root-mean-square (RMS) roughness of 0.588 nm as shown in Table 2. In
the case of film fabrication via FTS, the plasma zone was far from the Si wafer on the
substrate holder [13–16]. Thus, the plasma caused very little damage by plasma to the Fe3Si
film surface [13–16]. The temperature of the film surface during film production did not
increase. For these reasons, the Fe3Si film surface was quite smooth. After annealing at
300 ◦C, the RMS roughness increased slightly to 0.743 nm. The RMS roughness increased
dramatically to 98.235 and 113.361 nm under annealing temperatures fixed at 600 ◦C
and 900 ◦C, respectively. Based on the FESEM images, big clusters and pinholes were
formed in the case of annealing temperatures set at 600 ◦C and 900 ◦C. Thus, the Fe3Si film
surfaces after annealing under these temperatures were rougher than those under lower
temperatures and non-annealing.
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Table 2. The values of RMS roughness of Fe3Si films without annealing and through annealing at
fixed temperatures of 300 ◦C, 600 ◦C, and 900 ◦C.

Annealing Temperature (◦C) RMS Roughness (nm)

Non-annealing 0.588
300 0.743
600 98.235
900 113.361

3.4. Contact Angles of Fe3Si Films

In this work, the measurement of the contact angle in the midst of the droplet and
the Fe3Si film surface was carried out to determine the wetting behavior of the Fe3Si
film surface under annealed and unannealed conditions. Normally, the hydrophilicity
can be defined by the acquired contact angle values measured in the range of 10◦ < θ <
90◦ [35–37]. For hydrophobicity, the measured contact angle values are in the range of 90◦

< θ < 150◦ [35–37]. Superhydrophilic and superhydrophobic are defined as the values of
the contact angle measured in the range of θ < 10◦ and θ > 150◦, respectively [35–37].

The contact angles in the midst of the droplet and surface for the as-produced and
annealed Fe3Si films are displayed in Figure 5. The contact angles of the Fe3Si film sur-
face without annealing and with annealing at 300 ◦C were 95.8◦ and 95.5◦, respectively.
These contact angle values show that the Fe3Si film surfaces are hydrophobic under these
conditions. Several porous regions between the crystallites can be seen on the FESEM
image of the unannealed and annealed Fe3Si films at 300 ◦C. According to the model of
Cassie and Baxter, the porous region performs like an air pocket, allowing air to enter the
grooves and assist in the buoyancy of the liquid [38,39]. This leads to a higher contact angle
value than for a flat surface. A decrement in contact angles was found with annealing
under fixed temperatures of 600 ◦C and 900 ◦C with values of 80.6◦ and 77.9◦, respectively.
This suggests the transition from the Cassie and Baxter model to the Wenzel model for
the Fe3Si film surface [40,41]. The spaces in the midst of the nanostructures are filled by
water since a water/solid interface is more desirable than an air/solid interface at high
annealing temperatures [40,41]. Hence, the droplet bottom possesses conformal contact
with the solid surface [40,41]. This can increase the interfacial force between solids and
water on the surface, leading to a decrement in the contact angle value. Therefore, the
contact angles of annealed films reduced with the significantly increasing roughness are
shown in Figure 5e, depicting the correlation between the contact angles and roughness
of annealed films. The contact angle values of non-annealing Fe3Si films and annealing at
different annealing temperatures were summarized in Table 3.

Table 3. Contact angle values of Fe3Si films at different annealing temperatures.

Annealing Temperature (◦C) θ CA (◦) Wetting State

Non-annealed 95.8 Hydrophobic
300 95.5 Hydrophobic
600 80.6 Hydrophilic
900 77.9 Hydrophilic
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(e) shows the relation between contact angle and rms roughness.

3.5. Nanoindentation Results of Fe3Si Films

A nanoindentation appliance was used with a Berkovich indenter to assess the average
hardness (H) and reduced elastic modulus (Er) values for the surfaces of annealed and
unannealed Fe3Si films. The applied indentation load was 3 mN and the fixed maximum
depth was 10% of the Fe3Si films’ thickness. Figure 6 demonstrates the applied indentation
load versus the depth plot for the Fe3Si films without annealing and through annealing
under temperature values of 300 ◦C, 600 ◦C, and 900 ◦C. The values of H and Er of the
annealed and unannealed Fe3Si layer surfaces were extracted from the unloading portions
of their curve of load–depth [42,43]. The acquired H and Er values for the experimental
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conditions in this study are displayed in Table 4. The H value of unannealed Fe3Si film was
8.741 GPa. The Fe3Si films exhibited an increment in hardness values of 9.363, 14.543, and
15.341 GPa under fixed annealing temperatures of 300 ◦C, 600 ◦C, and 900 ◦C, respectively.
An increase in the annealing temperature can enhance the grain size of the Fe3Si films.
This developed grain may affect the nanoindentation mechanism by dislocation through
grain boundary sliding [44–46]. Hence, the hardness result trending in the same manner as
the inverse Hall–Petch effect relies heavily on the grain boundary structure of the testing
material [44–46]. This sudden change in the film’s morphology may also be linked to
inconsistency in the hardness [47]. The Er value of Fe3Si films without annealing was
approximately 184.899 GPa. The Er value exhibited the same rising trend as the hardness.
In other words, the value of Er increased along with the annealing temperature. The Er
values of 204.803, 271.261, and 323.187 GPa were obtained for Fe3Si films annealed at 300
◦C, 600 ◦C, and 900 ◦C, respectively. The Er tends to follow the crystal orientation of the
crystalline materials, aligning with the XRD results in this study [44].
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Figure 6. Comparison between depth and load on non-annealed and annealed Fe3Si films. (a) is
non-annealed Fe3Si films; (b) is 300 ◦C annealed Fe3Si films; (c) is 600 ◦C annealed Fe3Si films; (d) is
900 ◦C annealed Fe3Si films.

Table 4. H and Er values of Fe3Si films at different annealing temperatures.

Annealing Temperature (◦C) H (GPa) Er (GPa)

Without annealing 8.741 ± 0.111 184.899 ± 1.343
300 9.363 ± 0.081 204.803 ± 1.347
600 14.543 ± 0.983 271.261 ± 34.495
900 15.341 ± 1.777 323.187 ± 89.125
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4. Conclusions

This study reveals the results of the thermal annealing process under fixed tempera-
tures of 300 ◦C, 600 ◦C, and 900 ◦C for the modification of wettability, surface morphology,
and mechanical attributes of Fe3Si films produced through FTS. According to the XRD
measurement, several preferred crystal orientations can be observed for Fe3Si films with-
out annealing and those annealed at 300 ◦C. Higher crystallinity and several preferred
crystal orientations appeared in the 600 ◦C and 900 ◦C annealed Fe3Si films. According to
the FESEM results, the Fe3Si films without annealing and those annealed under a fixed
temperature of 300 ◦C exhibited a significant number of little uniform nanocrystallites.
At an annealing temperature of 600 ◦C, they merged into little nanocrystalline clusters,
huddling to generate large clusters at 900 ◦C. The acquired AFM images indicate that Fe3Si
films without annealing and with an annealing temperature of 300 ◦C own a very smooth
surface, having a small rms roughness which increased dramatically by annealing at tem-
peratures above 300 ◦C. The average contact angle for the surface of the Fe3Si films without
annealing and with annealing exhibited hydrophobic properties. It became hydrophilic
after annealing at temperatures above 300 ◦C. The film hardness of the as-formed Fe3Si
was significantly enhanced after annealing above 300 ◦C. It can therefore be concluded that
an annealing temperature above 300 ◦C significantly alters the structural, morphological,
wettability, and mechanical attributes of Fe3Si films.
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