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Effects of Cobalt Doping on the Structural, Optical, and Electrical Properties
of SnO2 Nanostructures Synthesized by SILAR Method
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Highlights
+ Cobalt doping into SnO2 samples grown successfully by SILAR method.
* The bandgap of SnO2 was red-shifted due to Co doping.
« The PL emission intensity can be controlled by cobalt content in the SnO lattice.
« Co ions were efficiently incorporated into host SnO2 structure.
* Semiconductor nature of samples was reported in the electrical characterization.

Article Info Abstract

Undoped and cobalt (Co) doped tin oxide (SnOz) films were prepared onto glass slides via the
Received: 10 April 2021 successive ionic layer adsorption and reaction (SILAR). Variable characterization methods were
Accepted: 26 Aug 2021 applied to examine the effects of cobalt impurities on physical properties of SnO films. The

performed characterization measurements were X-ray diffraction, Ultraviolet-visible
spectrometer, Photoluminescence, and Raman. No peak ascribed to Co, SnO, or Sn was found in

Keywords the XRD spectrum which may indicate the integration of cobalt in SnO> crystal lattices. And the
Co: SN0, thin films obtained XRD peaks may be related to the tetragonal rutile phase of pure SnO2. SEM images
SILAR exposed that the Co dopant atoms affectedthe sample morphologies. The optical analyses showed
XRD that the transmittance and reflectance percentages dropped by the introduction of impurities to
Bandgap the SnO2 system as the absorbance values of doped SnO2 samples increased. Thus,a red shift
PL (2.6-1.8 eV) occurred in the bandgapsas Co concentration changed in the films. The Raman

spectra of pure SnO2and Co:SnO2 samples exhibited major peaksaround 481 cm™, 571 cm™* and
602 cm. In photoluminescence spectrum, it was noted that the emission intensity can both
increase or decrease due to the different cobalt doping ratios in the SnO2 nanostructures.
Resistance measurements displayed that the resistivity increased with the increment of doping
concentration. However, it was shown that the electrical conductivities could be increased after
the heat treatment of glass substrates up to 500 °C, a common behavior of semiconductor
materials.

1. INTRODUCTION

Recently, metal oxide semiconductors (MOSs) like CdO, ZnO, SnO,, CuO, In,O3 and TiO, have received
considerable attention due to their wide-ranging applications like LEDs, solar cells, gas sensors, display
panels, transparent electrodes and so forth [1, 2]. SnO- is a well-recognized unique n-type semiconductor
due to its intriguing electrical and optical properties. SnO- thin films are highly conductive and transparent
in the visible spectrum with direct bandgap energy of 3.67 eV [3]. And, by being a wide bandgap
nanomaterial, it is an excellent candidate to be employed in optoelectronics. However, most of the previous
studies on MOSs focused on zinc oxide (binding energy=60 meV, bandgap=3.37 eV) [1, 4]. Hence, there
is a gap in the literature on characterizing SnO; thin films produced by different methods. Besides, it is
noted that SnO- nanostructures have a wider bandgap including a higher binding energy (130 meV) which
may help enhancing the performance of the blue emission devices which are based on tin oxides [5, 6].

One important method to accomplish better physical characteristic features of SnO- films is to modify the
traits of these semiconductor nanostructures by the introduction of transition metal dopants (Cr, Co, Fe, Ni,
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Mn, Zn, etc.) into the parent system [3, 6-8]. For example, the photoluminescence emission intensity and
bandgap energy of SnO; thin films, which can be significant factors that decide their successes in the
optoelectronic applications, have been shown to be affected due to the presence of dopants in their crystal
system [5, 6, 8]. Among the dopant elements, the studies related to the incorporation of cobalt (Co; [Ar]
3d’4s?) into the SnO- lattices (SCO) are incomplete, even though cobalt has a broad branch of utilizations
in batteries, catalysis and electroplating [9]. Moreover, researchers have carried out considerable amount
of work on the sensors and catalysts features of tin oxide samples, however, optical traits of SnO. were
studied less compared to other oxide nanostructures. Therefore, researches on the optical characters of SnO>
nanoparticles would be very valuable for the related science fields. There are several numbers of methods
that are available to synthesize SnO; nanocrystallites like pulsed laser deposition (PLD), sol-gel, spray
pyrolysis, magnetron sputtering, hydrothermal routes, spin coating, chemical vapor deposition, etc. [5-12].
In the present investigation, we have adapted the SILAR method for the preparation of cobalt doped SnO;
(Co:Sn0O2) nanoparticles as this method is easily operated with no sophisticated equipment.

Although, a large number of studies have been carried out on the SnO, semiconductor nanostructures, the
investigations of the Co doped SnO; nanoparticles appear to be inadequate, all things considered. Based on
the literature survey, to find a complete work regarding the influence of Co impurity on the physical
properties of SnO; thin films is very limited. Therefore, more studies should be conducted on the cobalt
doped SnO; nanostructures to comprehend the impacts of the introduced impurities into the SnO; crystal
lattice. Currently, in the web of science database, there are 19 studies which include “cobalt doped tin
oxide” as keywords in their title. Additionally, no results appear if “SILAR” term is included to this search
in the same database. As a new approach, we have prepared pure SnO; and Co:SnO; thin films by
employing the SILAR deposition method. Also, the influence of Co doping on the structural,
morphological, optical and electrical properties of SnO, thin films is investigated by using the XRD,
FESEM, Uv-vis spectrometer, Raman, Photoluminescence and two probe resistance vs temperature
measurements. Here, in this article we present the synthesis and characterization of undoped SnO. and
Co:SnO; thin films grown by the SILAR technique which requires neither expensive equipments nor a
complex system. And, we believe that this will be the first work that performed the SILAR deposition to
fabricate cobalt doped SnO; nanostructures.

2. MATERIAL METHOD

cationic

‘ precursor ’ ‘ precursor,

Adsorption Reaction

Repeat the cycle
Figure 1. One cycle of SILAR deposition method
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Undoped and Co doped SnO, nanostructures have been produced by the SILAR method onto the glass
slides. Detailed growth process of thin films was described in our previous studies [13]. However, in this
study, cationic precursor for pure SnO, (SCO) sample was prepared using 0.1 molar (M) tin chloride (SnCl;
+ 6H20). And, 0.1 M cobalt chloride (CoCly) were used as doping agent at different ratios, 0.5%, 1%, 2%,
and 4% which were named as SCO1, SCO2, SCO3, and SCO4, respectively. Total of 70 cycles were
performed for this particular set of experiment as one cycle shown in Figure 1. Afterwards, the thin films
were dried in open air, and later placed in a convection ashing furnace for an hour at 400 °C.

3. THE RESEARCH FINDINGS AND DISCUSSION

The XRD spectra of the undoped SnO; and Co:SnO; thin films are displayed in Figure 2. The
maindiffraction peak positions (°28) at 26.65°, 34°, 38° and 51.9° of all samples are assigned to the
tetragonal, rutile SnO; of polycrystalline nanostructures (ICDD card No. 77-0452), and the diffraction
peaks can be indexed to (110), (101), (200) and (211) lattice planes, respectively. Neither any other impurity
peaks nor any significant shifts in the XRD spectra for Co, SnO or Sn was detected in the XRD pattern
which may indicate that annealing the thin films at 400 °C was a suitable temperature to obtain fully
oxidized SnO; nanostructures [11]. Also, this formation can be interpreted as the evidence of
homogeneously scattered of Co into the SnO, matrix as the radii difference between Co?* (0.65 A) and Sn*
(0.69 A) is negligibly small so that Co?* can substitute Sn** in the crystal system which is compatible with
previous reports [14, 15]. Table 1 presents the crystalline size (D), dislocation density (d) and lattice strain
(¢) of all the samples, computed by the performing formulas below [3, 5-8]

_ 094

_ﬁ cos6 (1)

1
0==3 2
e= B cos6O (3)

4

where 1 is the wavelength of X-ray radiation, and g is the full width at half maximum (FWHM) of the peaks
at the Bragg diffraction angle @ in degree. The intensity of XRD peaks decreased and FWHM increased
due to strengthened Co presence as shown in the Figure 2 and Table 1, which were originated from the
deformities in the crystallites. This incidence may suggest that, although the Co?* atoms take up the space
which meant for Sn** elements, they generate defect sites in the crystals around the dopants. Also, this will
ignite a chain reaction, and eventually affect the charge densities of these semiconductor nanomaterials.
Table 1 and Figure 3 (f) revealed that the calculated crystalline size (D) of SnO, nanostructures showed
increment for the lower cobalt doping ratios, but then the D values dropped down as Co?* ions multiplied.
This data may hint that the increasing Co?* ions in SnO; lattice and annealing thin films may have a
tendency of both enhancing and blocking effects on the growth of crystal grains. Accordingly, the formation
of smaller crystals may be caused by the improved density of nucleation centers which belongs to the 2%
and 4% Co doped SnO; thin films [3, 7, 11].

The variations in the lattice parameter (a) and interplanar distances (d) for the tetragonal rutile SnO; phases
are also computed for different doping rates, and their values are tabulated in Table 1 as well. And, these
values are compatible with the JCPDS card No. 72-1147. The values of a increase or decrease with varying
densities of Co ions in the SnO; lattice in a random manner. This change in a may suggest that the grains
of these thin films are constrained due to the cobalt doping and substitution of Co?* and Sn** ions in the
crystal system as they own comparable ionic radiuses. Furthermore, decreasing lattice parameters may
imply that Co ions are well incorporated into the SnO, nanostructures [7, 10].

The microstrain and dislocation density were observed to be increased as a result of increase in cobalt
doping concentrations to the 2% and 4%, unlike the same values recorded for the lower doping
concentration levels. The crystallization process in polycrystalline nanostructures may ignite the change in
microstrain and dislocation density due to the differences in the ionic sizes of Co** and Sn**materials [5,
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16]. Therefore, it is safe to say that there is a clear relation between crystallite size, microstrain, dislocation
density, and cobalt doping. Moreover, the variation in crystallite size, dislocation density and microstrain
may point out the formation of improved or weakened crystal structure, due to the cobalt doping [5-7].

Table 1. Peak positions (°26), FWHM, inter-planer distance (d), the particle sizes (D), the dislocation
density (), the microstrain (g), and the lattice constant (a) values of the pure and Co doped SnO,thin films

Sample  Pos. FWHM d-spacing D ) € a
name (°20) (°20) (A) (nm) (10%cm?)  (102%) (A)
SnO 26,55 0,714 3,355 20,84 23,03 0,17 4,7441
SCO1 26,65 0,591 3,342 25,18 15,77 0,14 4,7266
SCO2 26,59 0,696 3,350 21,38 21,88 0,17 47371
SCO3 26,71 0,998 3,335 14,91 44,96 0,24 4,7162
SCO4 26,50 0,733 3,361 20,30 24,27 0,18 4,7529
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Figure 2. XRD spectra of SILAR grown SnO, and Co:SnO; nanostructures
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Figure 3 shows the SEM morphologies of pure SnO, and SCO thin films. The pure and 1%, 2%, 4% Co
doped SnO; nanostructures are magnified at 200 nm (see the Figure 3 (a), (c), (d), (e)), and 0.5% Co doped
SnO; thin film is magnified at 300 nm as shown in the Figure 3 (b). Accumulations of irregular particle
shapes can be seen in the Figure 3 from a to d while the SEM image for 4% cobalt doped SnO thin film
displays flowerlike structures as a result of the SILAR deposition process. Besides, it is observed that dense
clusters are formed with the crystalline sizes in the range of 14 nm and 26 nm which is in agreement with
our XRD analysis. Although, the Figure 3 (a) for pure SnO- thin film exhibits a less dense morphology with
the voided grain boundaries, the clusters appear to be distributed more evenly in the related SEM figures
(the Figure 3 (b), (c), (d)) as the cobalt doping concentration is increased from 0 to 2%. The semiconductor
thin films with wider homogenous surface areas are considered to have the potential of reaching better
optoelectronic device performances [17].
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Figure 3. FESEM images of pure (a) and Co (0.5%, 1%, 2%, and 4%) doped (b), (c), (d), (e)
respectively, and crystallite sizes of undoped SnO, and SCO nanostructures (f)

The optical absorption properties of pure SnOzand SCO thin films are shown in Figure 4. The absorbance
spectrum of these nanostructures can be manipulated by many factors, for instance surface defects,
bandgap, oxygen vacancies, and impurity centers. The obtained absorbance spectra, in the wavelength
range of 300-1100 nm, unveils that the prepared samples went to an ultraviolet cut-off about 300 nm due
to the excitations of electrons from valence band to conduction band. The absorption spectra of different
samples clearly vary as the concentration of cobalt ions in the SnO. nanostructures was changed. And, it
can be observed that the absorption decreases towards higher wavelenghts while it increases with the
increased cobalt content in the thin films. The absorption spectrums, which are broadened as a result of the
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change imourity levels in the produced SnO nanocrystallites, may be attributed to the quantum
confinement of the nanostructures [18].
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Figure 4. The optical absorbance of SILAR grown SnO, and Co:SnO; nanostructures

In Figure 5, the direct bandgap energies were calculated by applying the Tauc relation;

o= Absortbance (4)

(ahv) = A(hv — E,)" (5)

where Ao refers to the photon energy, A is an energy-independent constant semiconductor, t quantifies the
thickness, and a symbolizes the absorption coefficient. The bandgap values was found to be 1.8 eV, 1.9
eV, 2.2 eV, 2.3 eV and 2.6 eV for 0.5%, 1%, 2%, 4% cobalt doped and pure SnO, nanostructures,
respectively. Even though, the bandgap of bulk SnO; was reported to be 3.6 eV, the lowest theoretical
bandgap of SnO; was found to be 0.6 eV with the presencce of impurities in SnO; crystals [19]. The
bandgap energy decreases as a result of doping with cobalt ions as shown in the Figure 5. There are several
explainations to this phenomenon. First of all, these narrowed bandgaps may be signs of the alloying effect
of host material with varied cobalt dopants. Besides, this red shift in the bandgap of SCO thin films may
also be activated by change in charge carrier density, oxygen vacancies, and the sp-d exchange interactions
between Co?* and Sn** ions. Also, as discussed in the XRD analysis and displayed in Table 1, the increasing
cobalt doping ratio led to the sinking of grain boundaries, hence the enlargement of dislocation densities
and microstrain, correspondingly. This may also result in bandgap narrowing [3, 5, 20-22]. Furthermore, it
is noted that the found bandgap of SnO, samples are comparable with that of CdO thin films reported by
Dugan et al and that of CosO4 and NiO samples studied by Yetim et al, which are all promising metal oxides
that can be used for optoelectronic applications [23, 24]. However, it is also possible to have different
optical energy bandgaps for different needs as Ilhan et al showed CuzNiSnS4 having lower bandgap values
than the SnO> nanostructures presented here [25].

Figure 6 displays the optical transmittance of pure SnO, and SCO thin films annealed at 400 °C for 1.0 h.
The transmission characteristic is inversely proportional with absorption behavior as it is shown in the
Figure 4. The pure SnO- thin film exhibits higher transparency for the inspected wavelength range as it is
compared to the thin films where cobalt atoms integrated in. It is noted that the transmittance of the doped
samples was considerably decreased as cobalt doping concentration increased from 0 to 4% as shown in
the Figure 6. This result was also reported by other researchers in the previous studies [22, 26]. The lowered
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transmittance percentages may acknowledge the crystal defects which are generated as a result of cobalt
dopants introduced to the system, and these defects prevents the scattering of lights. Besides, the shrinking
of crystallite sizes due to cobalt dopingcan lead to the occurrence of weakened transmission values for
doped SnO; nanostructures [3, 11, 27].
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Figure 5. The variation in Eg of SILAR grown SnO, and Co:SnO; nanostructures

60
——SCOo1
504 —sco2
- ——SCO3
‘E\i 40] ——scod
>
2 304
=
g
= 20-
g
—_
104
0 - . :
400 600 800 1000

Wavelength (nm)
Figure 6. The optical transmittance of SILAR grown SnO; and Co:SnO, samples

Figure 7 shows the optical reflectance measurement which was conducted by UV-Vis spectrometer. The

reflectance spectra of all samples start from zero percentage as this point in the spectrum corresponds to
absorption edge shown in the Figure 4. The pure sample demonstrates varying reflectance percentages
between 400 nm to 1100 nm, and the highest reflectance in this spectrum range was detected around 60%
in the electromagnetic spectra of NIR. On the other hand, the reflectance of SCO samples decreased as
cobalt doping concentration increased, and eventually almost vanished as seen in the Figure 7. The
decrement in the reflectance may be explained by the surface imperfections which formed by the impurities
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which increased the in-gap absorption and decreased internal reflection of pure SnO, nanocrystallites [22,
26].
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Figure 7. The optical reflection patterns of SILAR grown SnO, and Co:SnO- hanostructures

In Figure 8, the photoluminescence emission intensities are illustrated for the pure SnO, and SCO
nanostructures prepared by SILAR technigue. The PL spectrum helps to gather valuable information on the
deformations of the produced SnO; nanostructures which originated from cobalt doping atoms in the crystal
system. The PL emission curves of pure and 0.5%, 1% cobalt doped SnO- thin films show two main
emission peaks in the visible spectrum which are centered at 416 nm (2.98 eV) and 551 nm (2.25 eV). It is
clear that thefirst two doping levels of cobalt increased the PL emission intensity. However, the higher Co
doping ratios decreased the intensity and combined the two main peaks into one which was centered at 551
nm. Also, a shoulder peak for 2% and 4% cobalt doped SnO, samples were occurred in the PL spectrum
which was located at 652 nm(1.90 eV). The obtained peaks can be attributed to violet, green, and red
emission bands, respectively. In addition to that, it is well known that oxygen deficiencies are one of the
decisive factors on tuning the PL emission intensity. The weakened emission intensities may point out the
electron-hole pair recombinations, created by oxygen vacancies, which ultimately may cause the higher
photocatalytic activity to occur as a result. And, these changes in the emission intensities can also be related
to the red shift in the optical band gap which was proven by XRD and Uv-vis analysis [7, 11, 28, 29].

The Raman measurements of the pure SnO, and SCO samples grown by SILAR technigue were shown in
Figure 9 so that it enables to further prove the presence of cobalt dopant related distortionsin the SnO,
crystallites which results in the vibrational modes [5]. The Raman spectra of the pure SnO; and SCO2,
SCO3 and SCO4 crystal structures display two distinct peaks centered at around 481 =2, and 602 +2 cm ™.
However, it is observed that the SCO1 thin film shows only one noticeable peak, located at 571cm™.
Therefore, these peaks could be ascribed to Eg, S2 (surface phonon mode) and Aig fundamental modes of
tetragonal rutile SnO; [30]. The Figure 9 also reveals that the intensity of these modes for the samples with
different doping concentrations has either showed small changes or diminished with varied doping ratios
which affirms the successful incorporation of cobalt ions into SnO- lattice. Moreover, the variations in the
measured Raman spectra can be related to the altered structural features of the tin oxides samples due to
the introduced impurities to the SnO nanostructures, which is supported by the XRD results [5, 30].
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Figure 8. The PL emission patterns of SILAR grown SnO; and Co:SnO; nanostructures
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Figure 9. Raman spectrum of SILAR grown SnO, and Co:SnO; nanostructures

In Figure 10, the variation in the resistance for the pure SnO; and SCO thin films depending on substrate
temperature have been evaluated in an attempt to have an idea on the electrical properties of the prepared
SnO; nanostructures. The Figure 10 uncovered that the resistivity decreased while the temperature
increased from 50 to 500 °C, which is in good agreement with the literature [11]. This behavior may be
originated from thermally activated charge carriers and their mobility. The resistance was high at low
temperatures, however, it reduced with the increment in temperature. On the contrary, the resistance slightly
increased again owing to the fact that the elimination of oxygen vacancies after 300 °C. In general, the
charge carriers of a material is inversely proportioned with its resistance, thus lower resistance with
enhanced carrier concentration will encourage better electrical conductivity results. Also, there are other
factors that may affect the efficiency of charge carriers such as crystallinity, grain size, surface contact
areas, etc. [3, 10, 11].
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Figure 10. Change in resistance of SILAR grown SnO- and Co:SnO; nanostructures with respect to
temperature

4. CONCLUSIONS

All in all, SILAR grown pure SnO; and Co:SnO; thin films have been obtained onthe glass slides at room
temperature. Structural analysis concluded that the pure SnO, and Co:SnO; nanostructures have the rutile
tetragonal phase of polycrystalline SnO,. The surface morphologies of the prepared SnO, samples were
noticeably modified where the random shaped and flowerlike crystals formed due to the deposition method
and cobalt dopants. The resistivity of the analyzed samples was increased due to the increment in the cobalt
subjects whereas the electrical conductivity was inversely proportioned, which is considered as
characteristic trait of semiconductors in the presence of varying temperature. The optical evaluations
concluded that the bandgaps of films red shifted simultaneously with the increased concentration of cobalt
ions in SnO. nanostructures. This change in bandgap may be caused by the presence of increased
deformations in the Co:SnO; crystals, such as modified grain sizes, dislocation densities, microstrain, and
oxygen vacancies. Furthermore, the transmittance and reflectance in the visible region decreased while the
absorbance values showed opposite trend as Co content increased. The PL spectrum of produced SnO;
nanostructures showed both increment and decrement in the emission intensities which may also be caused
by the defects in the SnO, nanocrystallites formed by cobalt contents. Therefore, it is safe to say that the
physical aspects of SnO; can be modulated by forming defects with different doping ratios in the grown
SnO; crystallites. Accordingly, this can aiddevelopingnew materials to be used in catalysis, optoelectronics,
solar cells, LCDs and sensor applications.
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