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Tin doped SrCo204 thin films at 0%, 3% and 5% on "pyrex" glass substrates have been prepared by Sol-gel
Dip-coating method. In both cases cobalt nitrate, strontium nitrate and tin chloride were used as cobalt and
strontium precursor and tin dopant source, respectively. X-ray diffraction analysis confirms the SrCo0204 spinel
crystal structure (311) as the preferential orientation with crystallite sizes ranging from 23.58 to 25.44 nm. Analysis
of optical transmission spectra as a function of wavelength shows that transmission of the doped films is found to
be superior to the undoped film and the band gaps (Eg) decreased from 1.48 to 1.43 eV by Sn dopants. Complex
impedance spectroscopy indicates that the grain boundary effect is dominant in the mechanism of conduction. The
resistance at the room temperature varied from 47.75 Q to 41.87 Q for variation of Sn concentration. The ICS
results showed that the doped samples exhibit a smaller arc radius than the undoped sample, indicating faster
electron transfer corresponding to lower electron transfer resistance at the surface.
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Introduction

Modern scientific research has focused on the
technology of production and processing of new materials
in the form of nanostructured thin films because it allows
the development of devices with excellent optoelectronic
properties suitable for new technological applications [1].
Mixed oxides with spinel structure and general formula
AB>04 belong to the space group Fd-3m, where 32 oxygen
ions form a cubic close-packed structure forming
tetrahedral and octahedral sites (A and B sites,
respectively) [2]. They are characterized by higher
electrochemical activity and electrical conductivity than
simple oxides, which makes them more widely used in
many fields, especially for the production and storage of
electrochemical energy [3-5]. Thus, ternary metal
cobaltites (TMCs) constitute a special class of materials
due to their multiple oxidation states, high charge storage
capacity, enhanced electrical conductivity and
thermodynamic stability [6]. Because of the low electrical
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conductivity of cobalt spinel oxide (Co304), several
research studies propose reducing the Co content by
substituting Co?* in the tetrahedral sites of spinel structure
with alkali metals, alkaline earth metals, metals from rare
earths or certain other transition metals thus forming
spinels with formulas MCo0,04 such as; LiC0,04 [7],
MgCo0204[8], CaC0204 [9], NiC0204 [10], MnCo,04 [11],
CuCo0,04 [12] and ZnCo0,04 [13]. In addition, it has been
proven that the thermodynamic stability as well as the
optoelectric characteristics of thin films strongly depends
on the synthesis method and the optimization of the
deposition conditions [14]. Many techniques have been
suggested to obtain nanostructured thin films such as;
vacuum evaporation, laser ablation, molecular beam
epitaxy, sputtering, chemical vapor deposition, atomic
layer epitaxy, spray pyrolysis and sol-gel in combination
with spin coating or dip coating [15]. Sol-gel method in
combination with dip-coating technique has become a
simple and convenient technology for the low-temperature
preparation of nanomaterials in various types such as;
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nanopowders, fibers, nanotubes and thin films [16]. In this
paper, nanostructured undoped and tin-doped strontium
cobalt spinel oxide thin films were prepared by sol- gel
dip-coating process. Physical properties, such as
structural, optical and electrical were investigated using
X-ray Diffraction (XRD), Fourier Transform Infrared
(FTIR), UV-Visible spectroscopy and impedance
complex spectroscopy (IC).

I. Experimental

1.1. Preparation of films

The synthesis was carried out by preparing three
solutions in parallel. The first solution was obtained by
dissolving 291 g of cobalt nitrate powder
(Co(NO3),.6H,0) (Sigma Aldrich, 99.8%) in a volume of
120 ml of ethanol (CoHeO) (Sigma Aldrich, 99.8%).
Magnetic stirring for 30 min resulted in the formation of a
colored solution. The second is a solution of copper
nitrates obtained by dissolving 4.36 g of strontium nitrate
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(Sr(NOs),) in 120 ml of distilled water. After mixing the
two solutions, the citric acid solution was added. The
mixture was slowly heated to 80°C for 5 hours under
magnetic stirring; this solution is characterized by a
purple-red colour. Tin solutions were prepared using
2.91 g of a tin (I) chloride powder dissolved in ethanol
and stirred for 2 hours. The solution obtained is
transparent, yellow in colour and slightly viscous.
Appropriate volumes of doping solutions were taken and
added to the corresponding volumes taken from the
mixture in order to obtain a doping rate (3% and 5%). The
mixtures thus obtained were stirred and then spread by
immersion on pyrex glass substrates well cleaned. After
removing the glasses, the layers obtained were dried at
100° before being heat treated at 500°C. This protocol is
well detailed in Figure (1).

1.2. Characterization

The structural characterization was analyzed using a
Philips PW1830 X-ray diffractometer with (CuKa)
radiation with copper anticathode (I =30 mA; V =40 KV
and A = 1.5406 A). The optical transmittance of the films

C;H:0H l

C,;H0H
SnClL.2H, O

SrNOy); 3H,0 C,H:0H |

/ Stirring for 30min
(T=30°C)

/

Stirring for 2h

Solution
C:H;O-+Ethanol

Dopant Solution (Sn27)

Stirring for
Amin

Solution

Stirring at. 30°C (30min)

e

SriCo, 0y Solution ‘

Stirring for 5 h

Sol

Dip-Coating

Drving (T=100C)

I

Heat treatment (T=300°C)

Thin films SrCo;04:5n

Fig. 1. Schematic diagram of the experimental protocol for the preparation of undoped and tin-doped SrCo,04
thin films.
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was measured using UV-1650 Shimadzu
spectrophotometer in the wavelength range from 300 to
900 nm. FTIR spectra of the samples were recorded using
a Shimadzu 8400 Spectrometer in the wave number range
from 400 cm™ to 4000 ¢cm™'. Impedance measurements
were performed using the Agilent4284A LCR meter
operating in the frequency range of 75 kHz to 20 MHz
with oscillation amplitude of 1 V.

II. Results and discussion

2.1. Structural analysis (DRX)

Figure.2. shows the diffractograms of undoped and
Sn-doped SrCo,04. The diffractograms thus obtained
present reflections similar to those of Co0304
corresponding to the face centre cubic phase which
matched with JCPDS No. 00-042-1467 with FD-3m space
group with a preferred (311) orientation [17]. There were
small peaks from impurity phases such as CoCOs3
(standard JCPDS file n°.78-0209) [18,19]. No peaks
associated with the SnO, phase were detected with
increasing Sn concentrations, indicating that tin ions are
uniformly incorporated into the SrCo,04 lattice. It can be
observed that the cubic planes of the spinel phase exhibit
a slight shift with increasing Sn content. The apparent
diffraction peaks indicated the formation of well-
crystallized SrCo,0O4 nanoparticles. It should be noted that
the crystallinity is much more developed for the sample
with 3% doping.

The most intense reflection corresponding to the (311)
plane was used to calculate the average crystallite size (D)
of SrCo,0,4 nanoparticles [20], using Scherrer equation

(1):
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Where K= 0.9, A is the X-ray wavelength, f is the full
width at half maximum of the XRD peak, 0 is the Bragg
diffraction angle.
The microstrain (g) and the in the deposited films is
calculated from the slope of Bcos vs. 2sinf plot using the
formula given below (2) [21,22]:

& = Bcosb /4 2)

On the other hand, the dislocation density (0) is
calculated using the formula given below [21,22]:

§=1/D? 3)

The calculated values of average crystallite size (D),
average microstrain (g¢) and dislocation density ()
presented in Table 1 were plotted as a function of Sn
content as shown in Fig 3.

The values of the average crystallite sizes (D) of the
undoped, 3% Sn- and 5% Sn-doped SrCo;0O4 thin films
(table 1), are 23.58 nm, 24.03 nm and 25.44 nm,
respectively. The obtained microstrain values are positive
and increase following the doping of tin in the SrCo,04
spinel indicating the tensile stress [23]. As shown in the
figure 3, the increase in dislocation density and micro-
strain shows that the SrCo,0Oy4 lattice is destabilized by tin
doping [24]. This decrease in the dislocation density can
be justified by a weak inperfection of the lattice caused by
the reduction in the occurrence of grain boundaries and the
increase crystallites size [25].
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Fig. 2. The X-ray diffraction patterns of Sn:SrCo,0O4 thin layers.

Table 1.
FWHM, crystalline size, strain and dislocation density of pure and Sndoped SrCo,04 thin films
FWHM (B) . L . . 3 Dislocation
Sample (rad) Cristallite size (nm) | Microstrain (107) density (10°) nm2
Undoped SrCo204 0,0125 23.58 1.39 1.79
SrC0,04:Sn(3%) 0,00676 24.03 1.60 1.73
SrC0,04:Sn(5%) 0,00638 25.44 1.53 1.54

600



Effect of tin doping on thin SrCo>O4 layers properties prepared by Sol-gel Dip-coating technique

160 180

25,54

| 1,55 175

25,0
1,70

[N

»

3]
1

1,65

Cristallite size
Microstrain
Dislocation density

24,04 1,60
—@— Cristallite size D
—@— Microstrain

—@— Dislocation density

1,55
23,54

1,35

- 1,50

0 1 2 3 4 5
Sn content

Fig. 3. Variation of crystallite size, microstrain and
dislocation density of pure and Sn-doped SrCo,O4 thin
films.

2.2. Optical analysis

Fig. 4 shows the transmittance spectra of pure and Sn-
doped SrCo,04 thin films with different tin concentration.
It observed that all the as prepared films were highly
transparent in the visible range. The transmittance shows
an increasing tendency with increasing tin doping. The
average value of transmittance increases from 82% to 95%
as tin concentration increases from 0% to 5%. The
observed results are in good agreement with similar
investigations on the Sn-doped nanostructured thin films
[26,27].

As reported in numerous studies in the literature [28-
31], the absorbance spectrum of cobalt-based spinel
oxides MCo0,04 contains two distinct regions with
absorption maxima. The first region is attributed to the
transition from the valence band to the conduction band,
which is the fundamental absorption transition
(0> — M?"), while the other is attributed to the transition
from the valence band to the band that is created as a sub-
band by Co’" ions and located below the conduction band.
Consequently, a double band gap structure with two
optical band gaps, Eg; and Eg, [32].

Assuming that the cobaltite spinel structure is known
to be a direct band gap material [33], the optical band gap
of pure and Sn-doped SrCo,Os thin films are computed

from Tauc's plot [34,35] between hv (eV) and (ahv)?,
using the following equation:

(ahv) = A*(hv — Eg)'/? 4)

Here, a is the absorption coefficient, hv is the photon
energy, A is a constant, Eg is the optical bandgap energy
and the value of the exponent (n =1/2) in the right-hand

side means that the authorized transition is indirect.

As shown in Figure 5, two linear regions appear,
indicating the existence of two different band gap energy
values. The computed band gap values as indicated in
Table 2 and presented in figure 5, decreases for direct
transitions when the Sn-content increases in the 3% and

5% Sn/SrCo,04.

2.3. FT-IR spectroscopy

FTIR spectra (Figure 6) demonstrated two strong

absorption bands at 670 and 580 cm™!, which confirms the

formation of the spinel structure of cobaltite [36,37]. The
first peak is attributed to the stretching vibrational mode

of M-O in which M is Co?" or Sr?' tetrahedrally

coordinated [38]. The second peak can be attributed to M—

O in which M is Co*" octahedrally coordinated [39]. The

observed symmetric metal-oxygen stretching vibrations at
the tetrahedral and octahedral sites confirm the formation
of the spinel structure [40]. The two peaks located at

1458 cm™! and 875 cm™! are assigned to the vs vibration

mode and v, vibration mode of free, planar carbonates

(COs*) ions (group symmetry Ds;H) [41]. The band
observed at approximately 3400 cm™' is due to O-H

stretching assigned to adsorbed water on the metal surface
[42]. The FTIR bands of the spinel structure shift slightly
to lower wavenumbers after tin doping. This shift can be
explained by the slowing down of the vibration of
chemical bonds due to the increase in molecular weight

[43].
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Fig. 4. Transmittance spectra of pure and Sn-doped SrCo,0s thin Films.

Estimated optical band gap energy values

Table 2.
of undoped and Sn-doped SrCo,04 thin films.

Samples Undoped SrCo,04 SrC0204:Sn3% SrC0204:Sn5%
Egi(eV) 1.48 1.45 1.43
Eg(el) 1.76 1.74 1.71
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Fig.6. FT-IR spectra of undoped and Sn-doped SrCo,04 thin Films.

2.4. Impedance spectroscopy

Using complex impedance spectroscopy (CIS), the
electrical properties of pure and tin-doped strontium
cobaltite thin films were studied. Figure 7 depicts the
Nyquist plots (Z” vs. Z’) of pure and doped SrCo,04 thin
films, measured from the complex impedance under
standard illumination conditions, in the range of 75 kHz to
20 MHz and at an applied potential of 1V. The Nyquist
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diagram for undoped and Sn-doped SrCo,0s films (figure
7) shows semicircles. The impedance parameters were
estimated by considering the equivalent circuit of the
samples shown in the inset of the figure, consisting of a
parallel RC circuit. It was noticed that the value of Z' and
Z" in the spectra decreases with increasing doping
concentration, suggesting that the net resistance of
SrCo,04 nanoparticles decreases steadily [44].
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As shown in the fitted results (Table 3) and plotted
(Figure 8), the resistance Rp decreased from 47.75 to
41.87 ohms, while the capacitance increased from 6.41 to
7.32 nF. The thin films of the tin-doped samples exhibit
reduced resistance compared to the doped sample due to
the incorporation of Sn** and the consequent improvement
in conductivity [45]. Sn-doped thin films showed reduced
electron transport resistance and high capacitance
compared to undoped SrCo,04, which is consistent with
the enhanced electrical conductivity over Sn*' [46].
Indeed, doped nanoparticles develop a larger surface area.
This structure is characterized by greater electronic
recombination induced by the electron hopping
mechanism and consequently lower resistance to
electronic transport, which is consistent with several
results reported in the literature [47,48].

Table 3.
Values of: fmax, Rp, and Cp of undoped and Sn-
doped SrCo,04 thin Films.

Samples Fmax(KHZ) | R(Q) | C(@nF)
Undoped SrCo,04 519.44 47.75 6.41
SrC0204:Sn(3%) 519.44 42.95 7.13
SrC0,04:Sn (5%) 519.44 41.87 7.32

Conclusion:

Sn-doped SrCo,04 thin films were prepared by sol-gel
dip-coating method on a pyrex glass substrate. The effect
of Sn doping on the structural, optical and electrical
properties of SrCo,Os4 thin films was studied. The
deposited films of pure and Sn-doped SrCo,O4 showed
good crystallinity of cubic spinel structure and retain their
preferential orientation (311). The crystallite size of the
samples increased as increasing Sn doping concentrations.
Optical spectra show that all films exhibit good
transparency of about 85% in the visible region. The
optical band gap of the films is decreasing with increasing
Sn content. The complex impedance spectroscopy
indicates that the effect of the grain joints is dominant in
the conduction mechanism; we also note that the
equivalent pattern of SrCo,04 films for each incorporation
rates is a parallel RC circuit.
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BnuiuB JieryBaHHsl 0JI0BOM HA BJIACTHBOCTI TOHKUX mapiB SrCo0204,
OTPUMAHHUX METOJA0M 30/Ib-TeJIb 3aHyPEeHHS

labopamopis hizuunoi inocenepii, haxynomem npupoonuyuux nayk, Yuisepcumem Tiapem, Anocup;
’Kaghedpa ximii paxynbmemy npupoonuuux nayk Yunicepcumemy Tiapem, Anowcup, benhebalh@yahoo.fr

Tonki mniBku SrCo204, JteroBani oiaoBoM, 3 BMictoM 0%, 3% i 5% Ha migkmaakax 3i ckia "mipekc" Oynu
BUTOTOBJIEHI METOJOM 30JIb-Tellb 3aHypeHHA. B 000X BHmaakax HITpaT KoOalbTy, HITPAT CTPOHIIIO Ta XJIOPUT
0JI0OBa BUKOPHCTOBYBAJIUCS SIK IOMEPETHUK KOOAJIbTy Ta CTPOHIUIO Ta DKEPENO JOMAHTy OJI0Ba BiIMOBITHO.
PeHTreHOCTpYKTYpHHUI aHami3 MiATBEpIKYE KpHUCTalmiuHy cTpykrypy mminemi SrCo204 (311) sk mepeBaxkHy
Opi€HTAII0 3 po3MipaMHu KpuCTamiTiB Bix 23,58 mo 25,44 HM. AHami3 CIEKTPiB ONTHUYHOTO MPOIYCKAHHA SIK
(GyHKUIT TOBXKUHM XBHJII MOKa3ye, IO MPOITYCKaHHs JICTOBAHUX ILTIBOK BUSIBISETHCS KPaIlUM, HDK HEJIErOBaHOT
IUTIBKH, a IupHHA 3a6opoHeHoi 30uu (Eg) 3mennmnacs 3 1,48 no 1,43 eB 3a nonmoMororo jeryrouux JOMinox Sn.
CIeKTpOCKOIIis KOMIDIEKCHOTO IMIEaHCy IOKa3ye, M0 3epPHOrPaHHYHUH e(eKT € NOMIHYyIoYHM y MeXaHi3Mi
npoBigHocTi. Omip Mpu KIMHATHIM TemrepaTtypi 3MiHtoBaBcs Bin 47,75 Om o 41,87 OM i 3MiHH KOHIIGHTpAIIii
Sn.

Kunroudosi cioBa: 30mb-rens, SrCo204, IeTyBaHHS 0JIOBOM, 3aHYPEHHS.
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