Digest Journal of Nanomaterials and Biostructures Vol. 20, No. 2, April - June 2025, p. 457 - 463

A comparative investigation on the optical conductivity of Mg and Sn
doped ZnO nanoparticles in UV regime
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This study investigates the optical properties of zinc oxide (ZnO) nanoparticles, doped
with Mg and Sn, to enhance optical conductivity in the UV regime. ZnO was synthesized
via co-precipitation, and structural analysis confirmed the retention of its hexagonal
wurtzite structure. Using scanning electron microscopy and energy dispersive
spectroscopy, morphological and elemental analysis of the synthesized nanoparticles were
studied, respectively. Optical analysis via UV-vis-NIR spectroscopy revealed a blue shift
in absorbance, indicating an increase in bandgap with higher doping concentrations. The
results show that small Sn doping enhances optical conductivity more effectively than
higher Mg doping.
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1. Introduction

Zinc oxide (Zn0O), a wide bandgap semiconductor with excellent UV absorption is
well demanded for optoelectronic devices like LEDs, photodetectors, etc. in the UV
regime. The applications of such devices are very large in environmental monitoring, flame
detection and communication systems. The high exciton binding energy and nanostructured
designs on the ZnO (e.g. nanorods, nanoflakes) make it uniquely suited for optical detection.
Driven by recent advances of scalable fabrication methods including hydrothermal growth and
solution processed thin films, these are cost effective and high-efficient solutions. ZnO and its
alloys (such as ZnMgO) have revolutionized UV sensing technologies creating an alternative to
traditional materials like aluminum gallium nitride. ZnO's potential in highly sensitive and stable
UV photodetectors for a wide variety of applications is highlighted by these developments. A fair
number of studies on the application of ZnO for UV detection had been reported and still
researchers are focusing on the enhancement of optical properties for further improvements [1-3].
Doping with suitable dopants is one among the right methods to tune the optical properties of
ZnO. Lower wavelength shift in the ZnO band gap is preferred for UV applications which further
widen the absorption to deep UV regime [4-5]. Mg and Sn has been chosen as dopants because the
incorporation of these dopants into ZnO lattice leads to the formation of intermediate complex line
MgO and SnO which has higher band gap (MgO - 7.8 ¢V, SnO - 3.8 eV) compared to ZnO (3.37
eV). Also, the ionic radii of Mg®" (0.72 A) and Sn*" (0.69 A) in hexagonal coordination are
comparable with that of Zn** (0.74 A) such that they can replace Zn*" without introducing much
lattice distortion [6-7]. It is also proved that doping of Mg in ZnO nanostructure improves UV
photoluminescence emission and reduces deep level emissions [5, 8]. Sn*" in ZnO lattice possesses
two excess electrons which leads high electrical and optical conductivity. Being a doubly ionized
donor and possessing less ionization energy it improves both bandgap and optical conductivity in
the host material. Further, it enhances field emission, conductivity, and luminescence properties of
ZnO and produces constant optical conductivity because the induced charges are being trapped by
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the surface states [9-10]. Thus, the studies show that both the dopants benefit in improving the
opto-electronic characteristics of ZnO, eminently in the UV regime.

In this work, a detailed comparative investigation on the optical properties of Mg and Sn
doped ZnO nanostructures have been performed towards the feasibility of using ZnO in UV
photodetectors.

2. Experimental details

Pristine and doped ZnO nanoparticles were synthesized using co-precipitation method
which is similar to the procedure reported elsewhere [11]. Magnesium chloride and tin chloride
were used as the source materials in addition to zinc chloride for the synthesis of Mg and Sn doped
ZnO with the ratios of Zn;.xMgO (x = 0.05, 0.1 and 0.15) and Zn;.,Sn,O (y = 0.02, 0.04 and 0.06).

The structural properties, morphology, composition and optical properties were analysed
using X-ray diffraction (Model: D8 Advance, BRUKER, Germany), Raman spectroscopy,
scanning electron microscopy (Zeiss EVO 18, Germany), energy dispersive spectroscopy (Zeiss
EVO 18, Germany), and UV- Vis spectroscopy (JASCO-V670, Germany) in DRS (diffuse
reflectance spectroscopy) mode respectively.

3. Results and discussions

The XRD patterns of Zn;.\Mg,O (x = 0.05, 0.1 and 0.15) and Zn;.,Sn,O (y = 0.02, 0.04
and 0.06) given in Fig. la shows that all the synthesised nano powders were crystallized in
hexagonal wurtzite structure and are well matched with the standard available data for ZnO
(JCPDS No. 36- 1451). Non-existence of secondary phases corresponding to Mg or Sn oxides
point out that Mg and Sn ions have been well incorporated into the ZnO lattice without reforming
its crystal structure. The sharp high intense peaks show that the samples are highly crystalline
nature and also imply that the crystallinity of ZnO is maintained after Mg and Sn doping. From the
XRD data, crystallite size (D) of the synthesised nanoparticles were determined from the
Williamson and Hall (W-H) plot using the Cauchy-Lorentzian relation [12],

BcosO =%+4ssin9 ()

where, € is the micro strain, c is the shape factor (0.89), 0 is the diffraction angle and f is the full
width half maximum. The crystallite size of the pristine, Mg and Sn doped ZnO nanostructures
were calculated in the range of 25-30 nm.

Fig. 1b shows the Raman spectra of synthesized pristine, Mg doped and Sn doped ZnO
nanopowders, in the range of 300-650 cm™. The well-known first order Raman modes such as
E»(high), Ei(LO) and second order mode 2E, were observed in all the samples [13]. The E(high)
mode ascribes to the hexagonal wurtzite structure of ZnO indicates the crystalline structure of
nanopowders which is in well agreement with XRD results. The E;(LO) peak is defect induced
mode arising from oxygen vacancies and Zn interstitials in the crystal [14]. 2E> second order mode
attributes to the zone-bounded phonon of ZnO crystals [15]. Besides these first and second order
modes, furthermore modes could be seen at ~560 nm and ~645 nm which may correspond to
Bl(high) and TA + Bl(high) silent modes of ZnO, respectively based on the reported ab initio
calculations [13]. Raman analysis along with XRD results confirms that ZnO structure has not
been noticeably altered with Mg and Sn doping.
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Fig. 1. (a) XRD pattern and (b) Raman Spectra of ZnO, Zn;..Mg.O and Zn;.,Sn,O nanoparticles.

Fig. 2a shows the surface morphology and elemental composition data of synthesised
nanoparticles analysed using SEM imaging and EDS, respectively. Nanoparticles with irregularly
spherical shape and homogenous size distribution were observed. This homogeneity in particle
size suggests controlled synthesis conditions and a uniform nucleation process, critical for
ensuring reproducibility and desired material properties in advanced applications. From the EDS
analysis, the presence of elements Mg and Sn in addition to the Zn and O has been observed in
Zni;xMgO and Zni,Sn,O, respectively. The EDS results are in excellent agreement with the
findings from the XRD analysis, which further supports the successful incorporation of Mg and Sn
into the ZnO lattice without the formation of secondary phases. The absence of detectable
impurities in the nanopowders ensures that the observed physical and chemical properties can be
attributed solely to the intended compositional modifications, making these materials suitable for
potential applications in optoelectronic and sensing devices.

The optical absorbance and reflectance spectra of the synthesised Mg and Sn doped ZnO
nanopowders recorded using UV-Vis-NIR DRS is depicted in Fig. 3a and 3b, respectively and the
corresponding insets shows the magnified absorbance and Kubelka monk plot. The Kubleka monk
plot aids to determine the optical bandgap of materials using the relation [16],

1-R?

F(R) = R

2)

where F(R) is the Kubelka Munk function and R is the reflectance. As expected, an increase in
optical bandgap of ZnO was found with increasing Sn and Mg doping concentrations, also a
corresponding lower wavelength shift has been observed in the absorbance which are pursuant to
the previous reports [9, 17-19]. The band gap of pristine ZnO was estimated as ~3.19 eV whereas
it increased to ~3.22 eV (x=0.05), 3.232 eV (x=0.10), 3.244 eV (x=0.15) for Zn;«\Mg,O and to
3.210 eV (y=0.02), 3.224 eV (y=0.04) 3.226 eV (y=0.06) for Zn;.,Sn,O. This shows that all the
synthesised nanoparticles are well suited for the light detection in UV regime among which 15%
Mg exhibited relatively wide extension to UV region. The intensity of UV absorption was found to
be highest for ZngosSno02O. These results demonstrate the effectiveness of controlled doping for
the purpose of changing the optical behaviour of ZnO in specific applications in UV
photodetectors, optoelectronics, or any other UV related systems.
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Fig. 2. SEM images and EDS data of ZnO, Zn;..Mg.O and Zn,.,Sn,O nanoparticles.
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Fig. 3. (a) Optical absorption (Inset: Magnified absorption) (b) optical reflectance (Inset: Kubleka monk
plot) and (c) real and imaginary part of optical conductivity of ZnO, Zn;..Mg:O and Zn;,Sn,O
nanoparticles.

Further, from the DRS data, real (R(c)) and imaginary (I(c)) part of the optical
conductivity (o) is derived using the relations [20],

R(O') = wI(e)aO 3)

I(cs) = (nR(s)sO “4)

where @ = 2¢/A is the angular frequency, c is the velocity of light, R(¢), real and I(g), imaginary
part of permittivity and & is the permittivity of free space. The detailed calculation of optical
parameters is reported elsewhere [21]. The variation of R(c) and I(c) with wavelength is shown in
Fig. 3c. An increase in optical conductivity of ZnO could be seen with Mg and Sn doping. But this
increase is found to be very less with Mg doping, compared to Sn doping. An appreciably large
enhancement is observed with 2% Sn doping and decreases with further increase in Sn
concentration. This enhancement in optical conductivity with lower concentration of Sn doping
can be attributed to the doubly ionising characteristic of Sn*". With UV absorbance, the acceptor
energy levels introduce in Sn doped ZnO nanostructures boost up the carrier transport and optical
conductivity [10, 22]. Thus, to increase the optical conductivity of ZnO without altering its basic
structure and characteristics, incorporation of Sn in small concentrations can be well preferred.
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4. Conclusion

Pristine, Mg and Sn doped ZnO nanoparticles with hexagonal wurtzite structure have been
synthesised by co-precipitation method. The structural integrity and crystallinity of the synthesized
materials were confirmed, while the doping of Mg and Sn introduced significant modifications to
their optical properties. The optical band gap of Mg and Sn doped ZnO nanostructures was found
to increasing with the increase in doping concentration. All the nanoparticles exhibited excellent
UV absorbance and maximum lower wavelength shift was obtained with 15% Mg doping. This
significant shift highlights the potential of Mg doping to extend the UV absorption range, making
ZnogsMgo 15O particularly suitable for applications requiring broad UV sensitivity. Optical
conductivity studies revealed that maximum improvement in UV regime optical conductivity of
ZnO was obtained with 2% Sn doping. This enhancement in optical conductivity underscores the
superior light-harvesting capabilities of Sn-doped ZnO nanostructures. In conclusion, while both
Mg and Sn doping effectively improve the UV optical properties of ZnO, the results indicate that
Sn-doped ZnO, particularly at 2% doping concentration, emerges as a more desirable candidate for
the fabrication of UV photodetector with increased optical conductivity. The enhanced optical
conductivity achieved with Sn doping ensures improved performance in light detection and energy
conversion for advanced optoelectronic devices. Future studies could explore the integration of
Mg and Sn-doped ZnO nanostructures into photodetector prototypes to evaluate their practical
performance and stability under real-world conditions.
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