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Abstract

Iron oxide has recently attracted considerable interest because of its diverse structural and morphological
configurations, leading to progressions in various technologies, including ultrahigh magnetic storage, magneto-
optical sensors, humidity sensors, and gas sensors. In this research, a thin film of iron oxide doped with
chromium was produced on a glass substrate using simultaneous RF and DC magnetron sputtering. The resulting
thin film's optical, structural, elemental, and surface characteristics were thoroughly investigated using UV-VIS
spectroscopy, XRD, XPS, AFM, and SEM. XRD was utilized to examine the structure of the thin film, which
demonstrated good crystallinity. Notably, prominent diffraction peaks at various angles corresponded to specific
planes of the normal hematite phase of Fe20s3, as verified by the JCPDS Card No. 33-0664. A significant peak at
(104) indicated a sturdy development of the hematite phase. The XPS spectrum analysis approved the presence
of iron, oxygen, and chromium in the thin film. This study, known for its straightforward methodology, provides
valuable insights into the chromium impurity doping process of Fe20s, contributing to a deeper understanding
of its structural and morphological characteristics.
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Eszamanh RF ve DC Magnetron Sactirma Teknigi ile Uretilen Bir Cr Katkih Demir

Oksit ince Filmin Baz1 Fiziksel Ozellikleri

Oz

Demir oksit, ¢esitli yapisal ve morfolojik formlar1 nedeniyle son zamanlarda biiyiik ilgi gormiis ve ultra yiiksek
manyetik depolama, manyeto-optik sensorler, nem sensorleri ve gaz sensorleri gibi gesitli teknolojilerde
ilerlemelere yol agmistir. Bu arastirmada, eszamanli RF ve DC magnetron sagtirma kullanilarak bir cam altlik
iizerinde krom katkil1 ince bir demir oksit filmi iiretilmistir. Ortaya ¢ikan ince filmin optik, yapisal, elementel
ve yiizey Ozellikleri UV-VIS spektroskopi, XRD, XPS, AFM ve SEM kullanilarak kapsamli bir sekilde
aragtirilmistir. Optik sogurma dl¢limlerine dayanarak bant araligi enerji degeri hesaplandi ve 2,12 eV olarak
bulundu. lyi bir kristal yap1 gosteren ince filmin yapisinm incelemek i¢in X-1s1m1 kirinimi (XRD) kullamlmistir.
JCPDS Kart No. 33-0664 ile dogrulandig: iizere, gesitli agilardaki géze ¢arpan kirinim pikleri, Fe2Os3'tin normal
hematit fazinin spesifik diizlemlerine karsilik geldigi gozlemlenmistir. (104) piki, hematit fazinin kuvvetli bir
sekilde olustugunu gostermistir. XPS spektrum analizi ince filmde demir, oksijen ve kromun varligini
dogrulamistir. Basit bir metodolojisi ile yiiriitiilen bu ¢alisma, Fe2Os'lin krom safsizlig1 katkilama siirecine
iliskin degerli bilgiler saglayarak yapisal ve morfolojik 6zelliklerinin daha derinlemesine anlasilmasina katkida
bulunmaktadir.

Anahtar Kelimeler: Fe:Os, Cr katkilama, RF and DC Magnetron Sagtirma Teknigi
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1. Introduction

Due to its narrow band gap, strong corrosion resistance, non-toxicity, and plenty in the earth's
crust, a-Fe2O3 is a favorable material [1-5]. Additionally, it is capable of absorbing large
quantities of visible light. These properties make it attractive for various applications, including
gas-sensitive materials, water photo-oxidation, electrochromism, photocatalysis, interference
filters, and solar energy conversion [6, 7]. Recent research indicates that nanostructured o-
Fe;0Os3 thin films are suitable for developing hybrid photoelectrodes with multiple junctions,
aimed at hydrogen production. [8]. Nevertheless, a-Fe;Os; has limited carrier mobility and
absorption coefficient [9]. To overcome these limitations, researchers have employed elemental
doping, including Cr doping, which has shown promise in enhancing its electronic and optical
properties. Cr incorporation introduces structural modifications and alters electronic
configurations, potentially improving the material's efficiency in applications such as
photocatalysis and photoelectrochemical systems. Various techniques are used to address these
constraints, including the use of nanoparticles and elemental doping [10-12].

Spray pyrolysis [13, 14], magnetron sputtering [15, 16], molecular beam epitaxy (MBE) [17],
sol-jel [18, 19], chemical vapor deposition (CVD) [20, 21], pulsed laser deposition (PLD) [22],
spin coating [23, 24] and electrodeposition [25] are some of the techniques used to produce
doped and undoped o-Fe>Os thin films. Among these, magnetron sputtering has garnered
significant interest in recent decades due to its economic feasibility and capacity to apply thin
films onto diverse substrates for industrial use. In this research, the optical, structural,
elemental, and surface attributes of a thin Cr-doped a-Fe>Os film deposited using RF and DC
magnetron co-sputtering techniques have been investigated. In this study, the optical, structural,
elemental, and surface properties of a Cr-doped a-Fe>O; thin film fabricated using RF and DC
magnetron co-sputtering are investigated, offering novel insights into the material's potential
enhancements through doping. To the best of our knowledge, limited research exists on Cr-
doped a-Fe20s3 thin films produced by this technique, adding to the novelty of the present work.

2. Material and Methods

In this research, the RF and DC magnetron co-sputtering technique was used to deposit a Cr-
doped a-Fe>Os thin film on a glass microscope slide at a substrate temperature of 400°C. Two-
inch Fe (99.99% purity) and Cr (99.99% purity) sputtering targets were installed in two
sputtering guns located at the bottom of the vacuum chamber. A DC sputtering voltage of 75
W was applied to the Cr target, while an RF power of 150 W was applied to the Fe target. The
distance between each target and the substrate holder was 57 mm, positioned at the summit of
the vacuum chamber. During deposition, the substrate spinning was set to 3 rpm. The vacuum

*Corresponding Author: vsenay@bayburt.edu.tr 130
Giinay MERHAN MUGLU, https://orcid.org/0000-0002-4664-1482

Maryam SALARI, https://orcid.org/0009-0002-1199-5632

Volkan SENAY, https://orcid.org/0000-0002-6579-2737

Sevda SARITAS, https://orcid.org/0000-0002-7274-3968



Some Physical Attributes of a Cr-Doped Iron Oxide Thin Film Produced by Simultaneous RF and DC
Magnetron Sputtering Technique

chamber pressure was reduced to 3.5x10° Torr using a mechanical pump and a turbo molecular
pump. High-purity (99.99%) Ar gas was then introduced into the sputtering chamber,
maintaining an environment pressure of 8.2x107% Torr throughout the deposition process with
an Ar flow rate of 41 standard cubic centimeters per minute and 4 standard cubic centimeters
per minute (sccm) Oz. The film thickness was monitored using a thickness monitor during
deposition. The deposition process lasted for fifty minutes. These film parameters have been
optimized based on our previous research [26, 27]. This study focuses on demonstrating
feasibility rather than parameter optimization.

The Cr-doped o-Fe;Os3 thin film obtained in this study was analyzed using UV-VIS
spectroscopy, X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), atomic force
microscopy (AFM), and scanning electron microscopy (SEM). To examine the structure of the
thin film, an XRD study was conducted using a PANalytical Empyrean system with CuKal
radiation (A = 1.5406 A). XPS measurements were performed at 1486.6 eV X-ray energy using
a Specs-Flex system. Surface analysis was carried out using a Zeiss Sigma300 scanning electron
microscope (SEM). The surface topography of the thin layer was examined with an AFM
500011 instrument.

3. Results and Discussion

The optical absorption of the resulting film at room temperature was examined over
wavelengths ranging from 400 to 900 nm. Fig. 1 illustrates the obtained absorption spectrum.
The well-known Tauc equation [28] can be utilized to estimate the energy band gap from the
absorption data of the sample.

ahv = A(hv —E,)" (1)

Where hv represents the energy of the incident photon, a is the absorption coefficient, and A is
a constant related to the energy of the thin film. The parameter n assumes values of 1/2 and 2
for permissible direct and permissible indirect transitions, respectively. The relation below can
be used to calculate the absorption coefficient in Equation 1 [29].

a=2.303(A/) )

The diagram in Fig. 2 illustrates the relevancy between the square of the absorption coefficient
and the photon energy of radiation; the thickness of the film (220 nm) is denoted by t. The
intersection point on the horizontal axis represents the band gap energy value of the thin layer.
The straight line pattern indicates a direct band gap for the film. The calculated E; value of 2.12
eV perfectly matches the known energy range of Fe,0Os.
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Fig. 2 Band gap of the produced thin film
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The structural feature of the obtained thin layer was studied using X-ray diffraction at 20 angles
ranging from 20° to 70°. The resulting XRD pattern is shown in Figure 3. The thin film exhibits
a well-defined crystal structure. The (JCPDS Card No. 33-0664) [30-34] confirms that the
prominent peaks at approximately 24°, 33°, 36°, 40°, 42°, 55°, and 63° 28 correspond to the
(012), (104), (110), (113), (202), (211), and (214) planes of the normal hematite phase of Fe2Os.
The peak observed at 50° corresponds to the (211) plane of Cr [35]. The sharpness and intensity
of these peaks imply a high degree of crystallinity, which is crucial for optimizing the material's
functional properties. Such structural insights are essential for correlating the crystal orientation
with the material's potential applications in areas like photocatalysis, gas sensing, and magnetic
devices.
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Fig. 3 XRD pattern of the produced thin film

XPS analysis was employed to examine the electronic properties of the Cr-doped Fe;O3 thin
film. The obtained spectrum (Figure 4) reveals the presence of Fe, O, and Cr in the film.
Prominent signals observed include O 1s, Cr 2p3/2, Cr 2p1/2, Fe 2p3/2, Fe 2p1/2, and Fe LMM.
Peaks at 707 eV and 721 eV correspond to Fe 2p3/2 and Fe 2p1/2, respectively. The energy
difference of 14 eV between Fe 2p3/2 and Fe 2p1/2 is consistent with literature values [36].
These peak positions are characteristic of the Fe’* state in Fe;O3 [37]. The Ol spectrum
exhibited a peak at 588 eV, representing oxygen atoms in a-Fe;Os. According to the XPS
results, the elemental atomic percentages of Fe, O, and Cr were determined to be 38%, 60%,
and 2%, respectively.
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Fig. 4 XPS spectra of the produced thin film

Fig. 5 shows the SEM image at 30,000x magnification, corresponding to the surface
morphology of the thin layer deposited onto the glass substrate. The image indicates that the
film has a structure with uniformly sized crystals. It also reveals a continuous, homogeneous,
and dense film surface without voids or cracks. To calculate the grain size from the top-view
SEM image with well-defined grains and the 300 nm scale bar, the grain size can be estimated
by measuring the diameters of multiple grains relative to the scale bar. Based on SEM analysis,
the calculated average crystallite size is approximately 50 nm. In a scanning electron
microscopy (SEM) image, the white and gray areas represent different levels of electron signal
intensity, which can provide important information about the sample's composition and
topography. The brightness of areas in the SEM image is influenced by the angle at which the
sample's surface reflects electrons. Areas facing the detector directly may appear brighter
(white), while areas at steeper angles or shadowed regions appear darker (gray). Differences in
atomic number can also affect brightness. Higher atomic number elements tend to scatter
electrons more effectively, resulting in brighter regions. Conversely, lower atomic number
materials scatter electrons less efficiently, appearing darker. In some cases, non-conductive
materials can accumulate charge under the electron beam, leading to local brightness variations.
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Thicker or denser areas of the sample may reflect or scatter more electrons, appearing brighter
compared to thinner or less dense regions. By analyzing the contrast between the white and
gray areas, researchers can infer information about the surface morphology, composition, and
other material properties.

300 nm™

Fig. 5 SEM image of the produced thin film

The surface topography of the thin layer was analyzed using AFM, as depicted in Fig. 6 Surface
roughness is crucial for charge transport in thin films and significantly influences the properties
of any interfacial layers in device applications. Two-dimensional AFM micrographs exhibit
considerable similarity with SEM images. In the three-dimensional representation, needle-like
structures are observed on the surface of the thin layer. Additionally, the images indicate the
absence of particle clusters on the thin film surface. RMS, which stands for root mean square,
quantifies surface roughness by averaging the square root of microscopic peaks and valleys
across surfaces. In this film, the RMS surface roughness measures around 2.2 nm. This indicates
that the Cr-doped Fe;Os3 film possesses a smooth surface.
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Fig. 6 AFM image of the produced thin film
4. Conclusion

In this research, optical, elemental, structural, and surface attributes of a Cr-doped a-Fe>O3 thin
layer generated via RF and DC magnetron co-sputtering technique were investigated. It was
observed that the thin film exhibits a well-defined crystal structure. In the XRD pattern, a
prominent (104) peak indicates the strong presence of the hematite phase, highlighting its
significance in the crystal structure of the thin film. The calculated band gap of 2.12 eV matches
precisely with the known energy range of Fe2Os. XPS analysis was employed to examine the
electronic properties of the Cr-doped Fe;Os thin film, showing the Fe, O, and Cr presence in
the film. This study may contribute to understanding the doping process of Fe>O3; with Cr
impurities. The findings verify the chemical states and composition of the elements in the thin
film. SEM imaging reveals that the film has a homogeneous and dense surface with uniformly
sized crystals, and no voids were observed. Based on analysis, the average crystallite size of
the film was obtained to be approximately 50 nm, indicating a stable structure and
homogeneous crystal growth. AFM images confirm the absence of particle clusters on the film
surface. The RMS value representing surface roughness was approximately 2.2 nm for this
specific film, indicating that the Cr film exhibits a highly smooth surface.
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