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Abstract.This paper studied undoped tin dioxide (SnO;), iron doped tin dioxide (FeTO),
cobalt doped tin dioxide (CTO), and iron-cobalt co-doped tin dioxide (FeCTO) thin films
using spray pyrolysis technique at a temperature of 480°C heated glass. The dopant
concentration value was 12wt %. Whilst, the structural and optical characteristics of
fabricated thin films were studied. XRD analyses avowed the formation of rutile thin films
structure along (211) and (110) as preferred orientations. The obtained crystallite size varies
from 31.96 nm to 46.48 nm. SEM analysis of the surface morphology shows that the whole
substrates are well covered by SnO, uniform material with variant shape upon post doping.
UV-visible investigation of optical transmittance spectra showed that the films have
transparency ranging in 85-98%, with a direct bandgap in the range 3.65-3.85eV. Found
results show that Fe/Co co-doped SnO, presents improvement in properties compared to other
single dopants.

Keywords:Fe-Co co-doped SnO; thin films, spray pyrolysis method, X-ray diffraction, SEM,
UV-Vis Spectroscopy

Acknowledgments.This work was supported in part by VTRS laboratory of EI-Oued
University. X-ray diffraction was acquired with an instrument supported by "CENTRE DE
DEVELOPPEMENT DES TECHNOLOGIES AVANCEES".

Citation: Chedala K., Benhaoua A., Gheriani R., Hima A., Ayachi L. Study of structural and
optical properties of iron, cobalt doped and iron-cobalt co-doped tin dioxide SnO, // Materials
Physics and Mechanics. 2022, V. 48. N. 1. P. 106-113.DOI: 10.18149/MPM.4812022_9.

1. Introduction

Transparent conducting oxides (TCOs) thin films are very useful materials for many
applications thanks to their high optical transparency in the visible region. They have
extensive use in solar cells [1], optoelectronics, display systems, catalytic, and smart window
heat mirrors [2,3]. Doped tin oxide (SnO,) has a particular use due to its essential properties,
which are strong electrical conductivity and high transparency [4,5]. Several processing
methods were developed in order to deposit tin oxide thin films, which can be generally
classified as physical, chemical vapor deposition (PVD) [6], pulsed laser ablation [7],
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molecular beam epitaxial [8], spray pyrolysis [9], sol-gel, and dip/spin coating method [10].
Among these deposition techniques, spray pyrolysis is a simple low-cost method for large
area coating [10,11]. Using this method, dopants such as antimony (Sbh), indium (In), fluorine
(F), iron (Fe), and cobalt (Co) are frequently used to improve tin oxide (SnO,) properties
[12,13].

Despite sustained efforts in research, a systematic study including surface and optical
properties are desirable requirements. The achievement of Fe and Co-doped SnO; thin films
with high crystalline quality and transparent conducting films remains a significant challenge.
Thus these synthesized possess potent and desirable physical properties for further
development in the industries in the future.

This paper aims to investigate the structural, optical properties of highly conducting
SnO,, FeTO, CTO, and FeCTO transparent conducting thin films on glass slides with a
doping concentration of (12wt.% ) on the structure.

2. Experimental details

Preparation of spray solution.SnO,, FeTO, CTO, and FeCTO thin films were fabricated by
means of a chemical spray pyrolysis with the moving nozzle method. As a precursor to tin,
Stannous Chloride (SnCl, 2H,0) was used and dissolved in a double-distilled mixture of
water and methanol (according to a volume ratio of 1/2:1/2) and then adding a few drops of
(HCI). The concentration of the precursor was (0.5 M). Iron chloride (FeCls) and cobalt
chloride dehydrate (CoCl,, 6H,0) were used as sources of Fe, and Co elements respectively.
In respect of theoretical amounts of doping values of: 12wt.% Fe doped SnO,; 12wt.% Co
doped SnO,, 12wt.% Fe + 12wt.% Co co-doped SnO,, the obtained solutions were sprayed
onto 480°C heated glass substrates (Ref 217102: having 7.5x2.5x0.13cm® as dimensions)
with keeping a distance of 5¢cm between the nozzle and the substrate. Whereas, the deposition
time was 5 min with a spray rate of 5ml/min. Once the deposition is made, films were
permitted to cool down in room temperature (rt) conditions.

Characterization.The structural properties of studied (undoped SnO,, FeTO, CTO, and
FeCTO thin films are investigated by means of X-ray diffraction (XRD) among an Xray
diffractometer (BRUKER — AXS type D8) which is equipped with X'Pert High Score under
Cu Ka(k = 1.5405 A) radiation in the scanning region between 26=20° and 80°. However, the
film's grain size was estimated using X'Pert High Score. The surface investigation was done
with the scanning electron microscope (SEM). The spectra of the optical transmission were
obtained via an UV-VIS-NIR spectrophotometer (Shimadzu, Model 1800) in the spectral
area of (200-900 nm). The entire measurements were achieved at room temperature.

3. Results and discussion

X-ray diffraction study.Figure 1 illustrates the XRD patterns of SnO, thin films deposited on
a glass substrate. Five diffraction peaks were observed at 20 = 26.609°, 33.792°, 38.011°,
51.683°, and 65.815° which can be attributed respectively to (110), (101), (200), (211), and
(301) planes of SnO, phase. It is to notice that the obtained XRD spectra have a good
agreement with the space group P42/mnm according to JCPDS (No. 41-1445) of the
tetragonal, rutile SnO, structure [14]. XRD samples spectra show that the preferred trend is
(211) peak at 51.683°, the (211) surface exhibits the lowest energy surface. There was a
decrease in peak intensity (211) with an increase in Fe and Co doping. The intensity decrease
for all the rest amount of doping, When compared to the reported pure SnO, [5,15] and owing
to this the crystallinity of the Co-doped metal oxides of SnO, tends to enhance than that of
pure SnO, [16].
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Fig. 1.XRD patterns images of SnO,, FeTO, CTO, and FeCTO thin films

To get more information concerning the favorite growth directions, different texture
coefficient TC(hkl) have been calculated from the X-ray data using the well-known
equation (1) [17]:

1(hk1)/To (hkI)
T(hkD) = N-1 ¥N1(hkl) /1o (hkD)’ (1)
where 1(hkl) and I,(hkl) are the measured intensity and the standard intensity of the same
(hkl)plane according to the JCPDS data, respectively. Whereas, N and n are the reflection
and the diffraction peaks number, respectively. TC(hkl) values for (110), (101), (111), (211),
and (301) at different vaccinations are illustrated in Fig. 2 and summarized in Table 1. The
polycrystalline nature of the films was confirmed by the peaks that are less than the unity.
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Fig. 2. TC (hkl) variation of SnO,, FeTO, CTO, and FeCTO thin films

Both lattice constants (a) and (c), for the tetragonal phase structure, were calculated
from XRD results via equations (2,3) [18]:

2dhkl sin0 = 1’17\., (2)
1 h2+k? = 12
dpjer® T2 + 2 (3)

where dy;;, and (hkl) are the inter-planar space and Miller indices (a) and (c). The values of
lattice parameters, 'a' and 'c' are listed in Table 1. It was noted that the lattice parameters (a)
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and (c) of SnO, thin film are a=b = 4.733 A and ¢ = 3.198 A and decrease after Fe, Co and
Fe-Co doping.

Table 1. Lattice parameters a, and c, crystallite size D and Tc(hkl)of the products

Materail | Crystallite Lattice constants (A°) TC(hkl) of plane
Size
(nm) a Aa c Aa (110) | (101) (211)
=a =C
— Qo — Co
Sn0O; 46.48 4.733 | -0.005 3.198 | 0.011 0 2.59063 | 0.745692
FeTO 44.36 4,727 |-0.011 3.188 | 0.001- | 1.2554 | 1.15337 | 0.497295
CTO 31.96 4.728 |-0.01 3.188 | 0.001 1.9612 | 1.96024 | 0.560913
FeCTO |40.82 4.729 |-0.0092 |3.172 | 0.0151- | 0.9828 | 0.58187 | 1.427167

In order to calculate the crystallite size D of the SnO; films from the XRD patterns, we

used Scherer's formula (4) [19]:

0.9%
D= Bcoso’ (4)
where D is the crystallite size, B is the full width at half-maximum (FWHM) of the most
intense diffraction peak, A is the X-ray wavelength (1.54056 A), and 0 is Bragg angle. As
presented in Fig. 3, The crystallite size D(nm) along different orientations, but in Table 1
there is average crystallite size ranged from 46.48 nm to 31.96 nm. This decrease in crystallite

size can be crystal defects as a result of the presence of cobalt and iron ions.
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Fig.3.The crystallite size D(nm) along different orientations of SnO,, FeTO, CTO, and
FeCTO thin films

Surface morphology.The surface morphology of as-deposited SnO,, FeTO, CTO, and
FeCTO thin films is studied using field scanning electron microscopy (SEM). As shown in
Fig. 4, the surface morphology shows a homogeneous surface structure for the undoped
sample. But for the doped films, it was observed the presence of agglomerations revealst he
co-existence of cobalt and iron as doping elements substituting the tin atoms and oxygen
ones.
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Fig. 4. SEM images of a) undoped, b) FeTO, ¢) CTO, and d) FeCTO thin films

EDX analysis.EDX spectra of the un-doped and FeCTO thin films on glass substrates
are shown in Fig. 3. EDX results confirmed the presence of the constituents Cobalt (Co),
oxygen, (O), Iron (Fe), and tin (Sn) in the grown films. It is clear from Fig. 3 that Co and Fe
ions are successfully incorporated in the host SnO, material. The consistent and sharp peaks
with tin oxide and cobalt and Iron demonstrated that both synthesized were crystalline in
nature [20].
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Fig.5. EDX images of a) undoped, b) Fe/Co co-doped SnO, (FeCTO12wt %) thin films

Optical properties.Figure 5 shows the transmittance spectrum for all of the samples.
The average transmittance spectra of thin films were found to be about 90% in the visible
range. The transmittance of the films exhibits an increase in their values after doping (FeTO,
CTO) and is more enhanced for the co-doped (FeCTO) reaching 98%.
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Fig. 5. Transmittance spectra of SnO,, FeTO, CTO, and FeCTO thin films

The direct optical band gap energy of SnO, films was obtained from the transmission
spectra using Tauc's relation (5) [6]:
(ahv)? = A(hv — Eg)?, (5)
where o is the absorption coefficient, h is the Planck constant, v is the frequency, and Eg is
the bandgap energy. Whereas, A is a constant independent on hv. According to Fig 6, the
measurement of bandgap plays a vital role in semiconductors. The bandgap energy of an
insulator is large (> 4 eV), but is lower for a semiconductor (< 3 eV) [19]. The direct optical
band gap (Eg) has augmented from 3.65 eV to 3.85 eV with doping increasement. This
increase in the energy bandgap was already observed in Co and Fe-doped SnO, [5], which
may be due to the defects decreament.This increase in optical bandgap may be due to two

effects: the decrease in defects; also it may be related to the increase in the grain size which is
inverted to Eg.

2.5
o 207 SnO,Undoped
= 1 SnO;:FeTO
g SnO,:CTO
= 1.5 )
@ SnO,:FeCTO
£
1.0
-
]
0.5
0.0 — —

3.00 3.25 3.50 3.75 4.00
Photon energy (eV)

Fig. 6. Bandgap (Eg) of SnO,, FeTO, CTO, and FeCTO thin films
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4. Conclusions

In this study SnO,, FeTO, CTO, and FeCTO thin films were successfully synthesized using
the spray pyrolysis with moving nozzle method (SPMN). Structural and optical properties of
SnO, thin films have been studied. XRD analyses showed the presence of polycrystalline
structure with the tetragonal crystal structure. Both the undoped and doped tin oxide films
grew along (211) as favorite orientation. The values of crystallite size decrease from 46.48 to
31.96 nm. Optical transmittance spectra of the thin films are more than 85% in the visible
spectrum, with a direct bandgap in the range of 3.65-3.85eV. Results of SEM, XRD, EDX



112 Study of structural and optical properties of iron, cobalt doped and iron-cobalt co-doped tin dioxide SnO2

and gap energy data were found supportive of each other. A close agreement of our results
was observed with the previously reported data [15].
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