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Abstract

SnO2 is an n-type semiconductor with rutile crystalline structure and display many interesting optical properties.
However, there are limited reports on effect of Mn doped SnO2 on optical properties, prepared by mechanochemical
processing. This paper reports the effect of Mn doping on structural and optical properties of SnO2 nanoparticles
(Sn1-xMnxO2, x = 0, 0.02, 0.04, 0.06, 0.08, 0.1) prepared by mechanochemical processing in a high energy ball mill
and heat-treated at 600°C. Phase analysis of the dried powders was carried out from the data obtained by X-ray
Diffraction (XRD) of the samples. The peak shifting in XRD patterns indicate that Mn ions were successfully doped
into the SnO2 crystal lattice with successive increase in dopant levels. Average crystallite size, was calculated based
on Scherrer’s equation, and was found to vary from 24 to 35 nm. Blue shift in Eg at x>0.02 may be affected by
decrease in crystallite size. Red shift in Eg with increasing Mn concentration (x < 0.02) could be attributed to either
sp-d exchange interaction and to the increasing crystallite size of the SnO2 nanoparticles. The quantum confinement
effect was suggested to be the dominant reason for the changes in Eg. The reduction in emission intensity could be
due to non-radiative recombination processes promoted by Mn ions with increasing Mn content.
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1. Introduction

Many studies have been carried out in the area of the wide band gap semiconductor materials during
last few years due to their potential use in short wavelength optical devices [1]. Tin oxide (SnO,) is one of
n-type wide-band-gap semiconductor material (3.6 V) and has large exciton binding energy (130 meV)
[2]. Furthermore, tin oxide also could be one of most promising candidates for Diluted Magnetic
Semiconductor (DMS) materials, when 3d ions of magnetic transition metal impurities were replaced or
substituted into cation sites of ZnO [3]. Mn ion could be a good candidate to replace Sn ion in SnO,
lattice due to its larger thermal solubility (10 mol%) which can increase the amount of injected spins and
carriers [4]. Which can make Mn doped SnO, as a promising material for spintronics application [5].
Most of studies paid attention on the magnetic properties of Mn doped SnO, (SMO) until now [6].
However, studies of effect Mn doped SnO, on optical properties are still lacking and need further research.

Nanosized doped SnO, have been prepared by several methods such as simple sol-gel method [7],
chemical co-precipitation method [8], simple chemical precipitation method [9] and other methods.
However, nanoparticles synthesized by the above methods are often expensive to produce nanoparticles
in mass scales. Mechanochemical processing is an alternative economical method to produce the
nanoparticles without serious agglomeration. In addition, studies on optical and structural properties of
doped ZnO nanoparticles, prepared by mechanochemical processing are also still limited.

In this paper, structural and optical properties of Sn;,Mn,O, nanoparticles prepared by
mechanochemical processing are reported and the results are discussed in detail.

2. Method

Analytical grade SnCl12, Na2CO3, NaCl and MnCI2 were used as starting materials for the synthesis of
SnO2 and Mn doped SnO nanoparticles with a starting composition of Sn1-xMnxO (x = 0, 0.02, 0.04,
0.06, 0.08, 0.1). NaCl was used as diluents. The starting powder of the material were sealed in a 250 ml
zirconium oxide vial along with 10 zirconium oxide balls of 20 mm diameter using a ball-to-powder
weight ratio of 10:1 and was milled in a planetary mill for 5 hours at 500rpm. After 5 h of milling, the
milled powders were heat-treated at 600°C for 1 h. NaCl was removed from the milled powders by
selective leaching using deionised water as leachant and were dried at 100°C for 24 hours to obtain Snl-
xMnxO nanoparticles. X-Ray Diffraction (XRD) data was collected from Panalytical X- Ray
diffractometer using Cu-Ka radiation for phase identification and crystallite size calculation. The surface
morphological analysis of the SnO and Mn doped SnO nanoparticles were investigated using Field
Emission Scanning Electron Microscope (FESEM). Uv-Visible spectroscopic (Uv-Vis) technique was
used for optical properties characterization of the samples. Energy gap (Eg) value of the samples was
determined from Tauc plots using the relation

(anv)? = A (hv — Ey) ()
where o, A, hv and Eg are absorption coefficient, constant, photon energy and energy gap (Eg). Eg was
estimated from the intercept of the linear portion of the curve of (ahv)2 versus ho plots [10].
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3. Result and Discussion
3.1. Structural Properties

Figure 1 show the XRD patterns of Snl1-xMnxO2 nanoparticles which were heat-treated at 600°C. All
the diffraction peaks were indexed and found to match with the JCPDS standard (No. 88-0287) data of
rutile-type tetragonal structure of SnO2. The clear diffraction peaks shows that the nanoparticles are well
crystalline. No trace of impurities phase such as manganese oxide or other tin oxides are detected in the
XRD patterns. The diffraction peaks are observed to be shifting towards higher angles with increased Mn
content which indicate that Mn ion has substituted the Sn site without changing the rutile structure.
Lattice constant values were calculated from the XRD peak positions using least square method and
shown in Figure 2. Lattice parameters and unit cell volume parameters are seen to decrease with the
increased Mn content in the nanoparticles. The shrinkage of the lattice constant could be due to smaller
ionic radius of Mn3+ (0.65 A) substituted in place of Snd+ (0.69 A) site [8]. Figure 3 shows the crystallite
size of Snl-xMnxO2 nanoparticles, determined from the full width at half maximum (FWHM) of the
XRD peaks using the Scherrer’s formula [11] as function of the Mn content. The samples are
nanoparticles with an average crystallite size lying in the range of 24-35 nm. Average crystallite size of
nanoparticles was observed to increase at lower (at x<0.02 ) Mn content and at higher Mn content
(x>0.02) crystallite size is seen to decrease. Decrease with the increasing Mn concentration may be
caused by decreasing in diffusion rate with the increasing of dopant. Some quantity of Mn atoms may
prefer to locate near or in crystal boundary regions when SnO2 is doped with Mn and could hinder the
growth of the crystals during the reaction in the ball mill resulting in decreased crystallite size [12].
Decreased in crystallite size with increasing Mn content also was observed by several researchers [9].
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FIG. 2. (a) Lattice constant of Sn; ,Mn,O, nanoparticles; (b) Crystallite size of Sn; . Mn,O, nanoparticles.
3.2. Optical Properties

Figure 4 presents the change in Eg as a function of Mn content and the inset shows the Tauc plots of
(ah[1)2 versus h(l. The value Eg of SnO2 nanoparticles (3.76 eV) is larger compared to value Eg of bulk
SnO2 (3.60 eV). The quantum confinement effect is expected increase the energy gap of semiconductor
nanoparticles when the particle size decreases [7]. The Eg of Mn-doped SnO2 is seen to decrease with the
Mn doping, achieves a minimum value of 3.75 eV at x=0.02, and with further addition of Mn (x>0.02)
energy gap displayed a blue shift. The blue shift in Eg could be attributed to the sp-d exchange
interactions between the localized d electrons of Mn ions substituting Sn4+ and the band electrons [13].
On the other hand, the Eg of Mn-doped SnO2 is found to be inversely proportional to the crystallite size
nanoparticles due to the quantum confinement effect [14]. As can be seen from Figure 3, crystallite size
increased up to x< 0.02 where as crystallite size decreased at x = 0.04 which correlates with sudden Eg
increase at x=0.04 (Figure 4). It could be suggested that dominant reason of forthe shift in Eg is due to
quantum confinement effect. Figure 5 shows the Fluoroscence emission spectra of Snl-xMnxO2
nanoparticles at 270nm excitation wavelength and the inset shows the emission spectrum of undoped
SnO2 nanoparticles fitted by Lorentzian peaks. Firstly, the emission peak of SnO2 at 328nm (3.78 eV),
could be assigned to the direct recombination of a conduction electron in the Sn ‘“4p’ and a hole in the O
2p’ valence band since the value of emission is consistent with energy gap of SnO2 nanoparticles.
Secondly, the emission peak of SnO2, which was observed at 389nm (3.19 eV) probably correspond to
the electron transition from the oxygen vacancies level to the valence band in SnO2 nanoparticles [15].
Thirdly, the appearance of the strong emission peak at 419nm (2.96 eV) can be ascribed to the
interactions between Sn vacancies and oxygen vacancies as suggested by Cheng et al. [16]. These
interactions may result in the formation of trapped state as well as a series of metastable energy levels
within the energy gap, thereby lead to strong emission at room temperature [16]. Fourth, the emission
peak at 458nm (2.71 eV) might be due to electron transition mediated by defect levels such as oxygen
vacancies in the energy gap [17]. In addition, the emission peak at 485nm (2.55 eV) is rarely found for
SnO2 and the emission near 485nm has been observed by Xu et al [15]. The emission should be from the
defect generated during formation of SnO2 nanoparticles. More theoretical work is needed to identify the
origin of the observed emission. Based on the above discussion, the oxygen-related defects can be
suggested to be most dominant defect centres in the emission of SnO2, which also have been supported
by Gu et al. and Rani et al. [7, 18]. Emission intensity of Sn; Mn,O, nanoparticles are seen to reduce
with the increasing Mn doping (Fig. 5). The reduction of emission intensity is related with the interaction
among Mn ions and Mn ions may also tendency to cluster on the surface or on the grain boundaries of the
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nanoparticles which could promote the non-radiative recombination processes [17]. Apart from non-
radiative recombination, the reduction of emission intensity may due to the acceptor nature of Mn®" ions
with respect to Sn*" ions in the SnO, naoparticles. Doped Mn®" ions may reduce donor type oxygen
vacancies; hence reduce the intensity of oxygen vacancy related emission [18]. However, emission peak
at 328nm doesn’t involve any of the oxygen vacancy defects, also decreased significantly with increasing
Mn. Thus, it can be suggested that non-radiative recombination is dominant phenomenon in the overall
reduction in the emission intensity.
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FIG. 3. The energy gap of Sn;,Mn,O, nanoparticles. Inset shows plot of (anv)* versus av.
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FIG. 4. Room temperature emission spectra for Sn;_Mn,O, nanoparticles with an excitation wavelength of A.,. = 270
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Inset shows the emission peaks of SnO, nanoparticles that were fitted by Lorentzian peaks.
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4. Conclusion

Sn1-xMnxO2 nanoparticles have been successfully prepared by mechanochemical processing. The
structural and optical properties of Sn1-xMnxO2 nanoparticles were studied using XRD and Uv-Vis. Mn
substitution into the SnO2 nanoparticles can be confirmed by the shifting of peaks in XRD patterns and
shrinkage the lattice constant with increasing Mn content. The shift in Eg could be attributed to the sp-d
exchange interactions or increase in crystallite size. Sudden decrease in crystallite size could have
resulted in blue shift in Eg. In conclusion, it can be suggested that quantum confinement effect dominates
the Eg behavior of Snl1-xMnxO2 nanoparticles. Except for the 328 nm emission, all other emissions are
suggested to have originated from oxygen defects and mechanochemical processing is suggested to
induce more defect centered emissions compared to the SnO2 nanoparticles prepared by other synthesis
methods. Mn doping resulted in the overall reduction of emission intensity which could be due to non-
radiative recombination processes promoted by Mn ions.
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