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ABSTRACT

In this study, the structure of silicon iron oxide (Si:Fe203) was grown using co-sputtering. The Si:Fe;O3 film was
grown on glass substrates at a pressure of 8.5 mTorr and a temperature of 450°C for 35 minutes. Optical
measurements were revealed that the band gap of the structure ranged from 2,54 to 2.73 eV. The roughness values
of the obtained films were observed as Ra 3.08 nm and Sa 2.7 nm for Si:Fe;O3, and Ra 1.88 nm and Sa 2.09 nm
for Fe,Os, respectively. As obtained from XPS data, the change in binding energy was observed to depend on the
electron exchange between silicon, iron and oxygen. In the iron-silicon oxide structure, the energy increased
slightly as a result of the chemical environment. The Si%* ion had a strong tendency to distribute itself within the
tetrahedral region of spinel-like structures. The behavior of the structure was influenced by the stoichiometry of
oxygen. The consistent results from both XRD and SEM images indicated that the crystal grain sizes gradually
decreased as the silicon content increased.

Keywords: Silicon iron oxide, Co-sputtering, Spinel-like structures, Thin film, Semiconductor

DC-RF Magnetron Ortak Piiskiirtme ile Yetistirilen Si-Katkih Fe>Os
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Bu ¢alismada silikon demir oksidin (Si:Fe2O3) yapisi ortak sagtirma kullanilarak biiyiitiildii. Si:Fe,O3 filmi, 8.5
mTorr basingta ve 450°C sicaklikta cam taban malzemeler tizerinde 35 dakika siireyle biiyiitiildii. Optik dl¢timler,
yapinin bant araliginin 2.54 ila 2.73 eV arasinda degistigini ortaya ¢ikardi. Elde edilen filmlerin piriizliilik
degerleri Si:Fe;Os3 igin sirasiyla Ra 3.08 nm ve Sa 2.7 nm, Fe;Oj3 i¢in ise Ra 1.88 nm ve Sa 2.09 nm olarak
gozlemlendi. XPS verilerinden elde edildigi gibi, baglanma enerjisindeki degisim silikon, demir ve oksijen
arasindaki elektron aligverisine bagli oldugu gézlenmistir. Demir-silisyum oksit yapisinda kimyasal ortamin
etkisiyle enerjinin bir miktar artti1 goriildii. Si** iyonu, spinel benzeri yapilarn tetrahedral bolgelere yerlesme
konusunda gii¢lii bir egilime sahip oldugu goriildii. Yapinin davraniginin, oksijenin stokiyometrisinden etkilendigi
sonucunu ortaya koydu. Hem XRD hem de SEM goriintiilerinden elde edilen tutarlt sonuglar, silikon igeriginin
artmasi ile kristal tane boyutlarinin giderek azaldigini gosterd.

Anahtar Kelimeler: Silikon demir oksit, Birlikte piiskiirtme, Spinel benzeri yapilar, ince Film, Yar1 iletken
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1. Introduction

Soft magnetic metal oxide structures consist of
magnetic particles coated with an insulating
material. It is widely used in the construction of
commonly used tools such as inductors, sensors,
transformers, and electric motors (Shokrollahi
and Janghorban, 2007; Leary et al., 2012; Xiong
et al., 2013). The magnetic properties of electrical
machines have a very important effect on the
energy conversion process and also on the
performance of the machine. With this in mind, in
order to increase the energy efficiency of these
machines, it is important to consider the magnetic
core characteristics in the context of working
conditions as well as production processes. The
most commonly studied processes in the literature
are cutting, welding, pressing or shrinking
magnetic cores (Bali et al., 2017; Helbling et al.,
2020). For example; Magnetic circuits used in
industrial applications are heat treated after being
processed with dielectric materials under a certain
vacuum pressure (Hu et al., 2010; Uebe et al.,
2012). With the increasing demands in
technology, the development of magnetic
materials and devices with low magnetic loss and
also high saturation magnetization under high
frequency, which are widely used in electricity
and electronics, is a serious problem (Bourchas et
al., 2016). The main cause of high-frequency
magnetic loss is due to eddy current loss, and the
eddy current loss occurring in soft magnetic
structured materials consists of intra-particle and
inter-particle eddy current loss. Optimizing the
composition of magnetic materials is a very
important method to reduce eddy current losses in
the material. The use of additives is an effective
way to compound iron oxide. Therefore, 6.5% Si
doping causes the structure to exhibit relatively
high electrical resistance as well as low eddy
current loss. Eddy current loss between particles
in the material is related to the electrical resistance
of the materials, this loss can be reduced by
adding high resistance materials to the structure
(Wei et al., 2011; Silveyra et al., 2018). The most
commonly used method to reduce eddy current is
to create an insulating layer on the surface. In
recent years, it has aimed to focus on the selection

134

and synthesis of suitable insulation materials
(Chomoucka et al., 2010; Yamazaki and
Fukushima, 2015; Helbling et al., 2020).
Magnetite nanoparticles are frequently used in
magnetic resonance imaging, production of
contrast agents, magnetic separation and sorting
of cells and proteins, pathology laboratories, and
a variety of biomedical applications, including
hyperthermia therapy for cancer tumors (Zhu et
al., 2013). Considering the importance of
magnetite nanoparticles In recent years, there has
been an increase in the synthesis of magnetic
nanoparticles (Xiao et al., 2011; Chu et al., 2013;
Zhang et al., 2011)

2. Materials and Methods

Silicon iron oxide thin films (Si:Fe203) were
grown using DC magnetron and RF magnetron
sputtering techniques simultaneously. In general
terms, the sputtering technique is the process of
removing atoms or molecules from the target by
sending inert gas to a metal target. It is the
deposition of these atoms or molecules removed
from the surface as a thin film on the base
material, which is located in a cell under vacuum
and has a certain base temperature.

Argon (Ar) gas is often used as an inert gas to
remove atoms or molecules from the target
material surface. The inert gas used is converted
into plasma with the help of RF or DC power
supply. The plasma hits the metal surface on the
target material with high momentum and removes
atoms or molecules from the surface.

In our study, the diameter of the silicone target
material placed in the RF gun source was selected
as 2 inches and its thickness as 0.125 inches. In
addition, the diameter of the iron target placed in
the DC power gun was determined as 2 inches and
its thickness was determined as 0.005 inches.

In this experimental study, the DC power supply
was selected as 120 watts and the RF power
supply was selected as 40 watts. After the bottom
pressure was reduced to 5x10° Torr, the glass
substrates placed in the vacuum cell were heated
to 450 degrees. After these procedures, plasma
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was created by sending 100 sscm of inert argon
gas under vacuum to the cell. Then, 40 sscm of
argon and 3 sscm of oxygen gas were introduced
into the chamber with a growth pressure of
8.5x10° Torr and the growth process was carried
out for 35 minutes.

Thus, Si:Fe;0; crystalline thin films were grown
on glass substrate under 8.5 mTorr pressure.
Crystal structures of the films were analyzed by
XRD using X-ray diffractometer in the 6-20
Bragg Brentana configuration (CuKa
(A=1.5405A)). In addition, Tapping Atomic
Force Microscopy (AFM) images of the thin films
were obtained. Si:Fe,O3; SEM images of thin films
were taken with a Zeiss Sigma 300 SEM device.
XPS measurements were carried out using the
Flex Mod Specs XPS system. An Al anode was
used as the X-ray source.

3. Result and Discussion

X-rays can easily penetrate the crystal structure of
any material and give us information about the
properties of the material when exiting that
material.

This is why X-ray diffraction is very useful
technique for the characterization of different
types of materials. We can easily calculate the size
of particles from Debye Scherrer formula given:
Debye Scherrer Formula:

D = (0.94x1) / (BxCos0) 1)

Where, D = Average crystallite size, B = line
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broadening in radians (FWHM; Full Width at
Half Maximum), 6 = Bragg angle, A = X-Ray
wavelength. Average crystal sizes were calculated
by the Debye Scherrer method and according to
the calculation results, Fe;Os; crystal was
calculated as 20 nm and Si:Fe;O3 crystal was
calculated as 17 nm.

Figure 1(a) shows the XRD diffraction patterns of
maghemite iron oxide (Fe.0s) with a tetragonal
crystal structure. According to the XRD
diffraction pattern, it was observed that distinct
peaks occurred in the Fe,Os; phase at 18.55°
35.54°and 56.69° (Qayoom et al., 2020).

The crystal structure of Si:Fe;Os thin films also
has a tetragonal structure, and the XRD diffraction
patterns of both compounds are shown together in
Figure 1(a). It has been observed that the peak
value of the Si:Fe,O3 structure appears quite
clearly at 30.41° (Lee et al., 2013).

According to the XRD results taken to examine
the structural properties, it was observed that the
lattice parameters, especially the grain size,
gradually decreased as the silicon content
increased. The Si** cation in spinel-like structures
showed a strong distribution tendency in the
tetrahedral region, which was affected by the
oxygen content Figure 1(b). It was observed that
the grain size decreased significantly with the
amount of silicon added into the structure, and
there was a relatively small change in the lattice
distortion (Schoppa et al., 2003).
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Figure 1. (a) XRD patterns of Si:Fe,Osand Fe,Os3 structure (b) The spinel structure: the octahedral B sites are
represented by red balls and the AO4 units are plotted as green tetrahedra (Piekarz et al., 2010)
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Raman data measured at room temperature and in
the wavelength range of 0-3500 cm™ were
obtained. Raman measurements were taken for
pure and Si-doped magnetites (Si:Fe,O3), which
give very reliable information about the chemical
structure and crystal structure environment.
Figure 2 specifically shows the Raman spectrum
for the pure FesO, structure and according to
group theory Alg = 679.83, T2g(1) = 493.53,
T29(2) = 326.62 and T2¢(3)=194.24 cm™.
Raman’s active modes have been identified.
There are many sources regarding these data in
other studies (Gasparov et al., 2000; Piekarz et al.,
2010). It was observed that three strong peaks
occurred at 178.66, 551.38, and 737.68 cm?
points of the a-Fe,O3 phase, and two weak peaks
occurred at 242.63 and 409.40 cm'* points (Figure
2). According to XPS measurements of silicon-
doped Si:Fe,0s thin films, it was observed that the
peaks shifted towards lower values and there was
a weakening in the peak intensities. The peaks at
551.38 and 737.68 cm® belong to the FesOs
structure, and no y-Fe,O3 peak was found at 350,
500 and 700 cm? (Jubb et al., 2010). It was
concluded that the FesO4 structure may emerge
due to the transformation of Fe** ions into Fe?
during the reaction and the octahedral regions
being occupied by Fe?* ions.
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XRD diffraction patterns and SEM image showed
that the lattice parameters gradually decreased
with the increase of silicon doping. In the SEM
image (Figures 3(a), 4(a)), it was observed that the
structure was distributed quite homogeneously on
the substrate. The surface morphology of Si:Fe,Os
and Fe;Os structured thin films was analyzed
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using the non-contact mode of AFM (Fig. 3(b),
4(b)). Figures 3(b), 4(b) show 2D and 3D AFM
images of Si:Fe,O3 and Fe,Os structure grown on
glass substrates. The roughness values of the film
were determined to be Ra=3.08 nm, Sa=2.7 nm
(Si:Fe203) and Ra=1.88 nm, Sa=2.09 nm (Fe,0s),
respectively.

Fgure 3. (a) SEM and (b) 2D-3D AFM images of the
Si:Fe;Oz thin film

Figure 4. (a) SEM and (b) 2D-3D AFM images of the
Fe»03 thin film

X-ray photoelectron spectroscopy (XPS) is a very
useful and effective technique used to determine
the chemical bonds on the surfaces of materials
and within the structure. This technique is
generally based on the calibration of the chemical
binding energy (BE) scale of the particles in the
structure. This analysis is a technique based on
comparing the spectrum of the carbon layer
exposed to air on its surface, using the Cls
spectrum of the material as a reference. This
technique is the relatively common method used
today for all sample types. The source voltage of
the x-ray source used for measurements in the
study was kept constant at 15 kV and its power at
400 W. The unloaded C1s signal of the calibrated
device was kept between 284.5 eV and 285¢V. In
the measurements, the spectra of all metallic
samples cleaned by spraying argon (Ar) were
evaluated according to Au 4f7/2 at an energy of
83.95 eV. As can be seen from the XPS Figures (5
(@), (b), (c), (d)); Although the binding energy of
the iron element is normally 706.7 eV, this value
was calculated as 709.13-711.77 eV on average in
the iron oxide structure and 714.50 eV in the iron-
silicon oxide structure. While the binding energy
of the silicon element is 90.2 eV,
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Figure 5. (a) XPS spectra for multi peak fit for C1s (b)
Ols and (c) Fe 3p (d) Si 2p of Si:Fe;03 thin film

this value increased to 90.74-92.25 eV on average
in the iron oxide structure.

This change in binding energy is due to the
electron exchange of silicon-iron with oxygen,
and in the iron - silicon oxide structure, this
energy increases slightly with the chemical
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environment effect.

One of the most used methods for determining the
band edges and band gap energy of semiconductor
thin films is the absorption measurement method.
In our study, absorption measurements of
semiconductor thin films grown on glass substrate
were obtained at room temperature using a Perkin
Elmer UV/Visible Lambda 2S spectrometer with
a spectrometric measurement range of 200-1100
nm.

In addition, the direct optical band gaps of the
samples were calculated with Tauc's law,

(axhv) = A (hv-Eg)? )

where o is the absorption coefficient, % is Planck's
constant, v is the photon's frequency, A is a
proportionality constant, In the above expression,
Eg is the band gap of the semiconductor and the
value of n is a parameter that varies depending on
whether the band gap energy of the material has a
direct or indirect transition (Viezbicke et al.,
2015). As a result of the calculations made with
Equation (2), the band gaps of the semiconductors
were found by drawing the graph in Figure 6(a-b).
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Figure 6. (a) Absorption and (b) band gap graph of
Si:Fe;03 and Fe,Oz structure
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As a result of optical measurements, it was seen
that the band gap of the structure was between
2.54-2.73 eV. Figure 6(a) shows the Tauc plot
corresponding to the absorption spectra. It was
calculated using the Tauc Equation that the band
structure of thin films has a direct optical band
gap. It was observed that with the doping of Si
into the Fe,Os structure, there was an increase of
0.19 eV in the band gap. As seen in Figure 6(a),
the absorption amount and absorption wavelength
changed as a result of the doping process of the
thin film. Thus, it was observed that a widening
occurred in the optical band gap of the
semiconductor (Figure 6(b)). Since the defects at
the edge of the iron oxide band are closed by
silicon, the band gap energy has increased and the
absorption has decreased.

4. Conclusion

In our study, as seen from the XRD diffraction
curve, it was observed that the maghemite iron
oxide (Fe203) semiconductor was in the tetragonal
phase and had very high peak values at 18.42°,
33.55°, 56.69°. Likewise, it was observed that the
silicon-doped iron oxide (Si:Fe2Os) compound
was in the tetragonal phase and had a high peak
intensity at 30.41°,

The binding energy of the iron element is 706.7
eV, and it has been observed that this value
increases to 709.13-711.77 eV on average in the
iron oxide structure and is 714.50 eV in the iron -
silicon oxide structure. While the binding energy
of the silicon element is 90.2 eV, this value
increased to 90.74-92.25 eV on average in the
iron-oxide structure. This increase in binding
energy is due to the electron exchange of silicon-
iron with oxygen, and in the iron-silicon oxide
structure, this energy increases slightly due to the
effect of the chemical environment.

As a result, XRD diffraction measurements for
structural characterization showed that crystal
grain sizes decreased with increasing silicon ratio
in the structure. The Si* cation in spinel-like
structures showed a strong distribution tendency
in the tetrahedral region, which was affected by
the oxygen amount parameter in the structure.
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XRD and SEM images show that crystal grain
sizes gradually decrease as the silicon ratio in the
structure increases. In the SEM image, it was seen
that the structure was distributed quite
homogeneously on the substrate.
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