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a b s t r a c t

Tin oxide (SnO2) and Mg doped (2, 4, 6, and 8 wt%) SnO2 nanoparticles were synthesized by the self-
propagating solution combustion synthesis using citric acid as fuel. The characterization of samples was
done by X-ray diffraction spectroscopy (XRD), transmission electron microscopy (TEM), UV–visible
spectroscopy, SAED and photoluminescence (PL). XRD pattern and TEM studies show that the
synthesized particles are of average size 30 nm and they are in tetragonal rutile structure of SnO2.
Combined blue and green emission is seen in 4 wt% Mg doped SnO2 and intensity of blue band is
increased with respect to increase in Mg dopant concentration which is attributed to increase in
population of oxygen vacancies. The PL emission in blue and green region is due to the doubly charged
state (Vo

2þ) of oxygen and tin interstitial defects respectively and is explained with an energy band
diagram.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Tin oxide (SnO2) is a wide band gap n-type semiconducting
material (Eg¼3.6 eV at 300 K) which has good electric conductiv-
ity and optical transparency [1]. This property makes the material
for applications in solar cells, flat panel displays, catalysts, gas
sensors and optoelectronic devices like light emitting diodes [2–6].
Recently, more interest is focused on white light emission using
non-toxic and stable materials. Blue and green emission sources
can be effectively used for electron injection process in hetero-
junction LEDs in order to generate white light [7]. The bulk SnO2 is
not luminescent, however nanosized SnO2 exhibits a strong
luminescence, contributed to surface defects, tin interstitials,
dangling bonds or oxygen vacancies in the near surface region
[8–11]. It is previously reported that a broad symmetric band
centered around 560 nm in SnO2 nanowires are attributed to
structural defects [12]. However fish bone like SnO2 nanostruc-
tures gives PL peak at 597 nm and beak like nanorods exhibit
strong emission peaks at 602 nm due to oxygen vacancies [13,14].
An emission at 400 nm was observed in 2.8 nm sized SnO2 [15].
SnO2 nanoparticle has shown emission at 397 nm resulted from
the oxygen vacancy [16]. Depending on the preparation condition,
the types and numbers of defects, morphology and light emitting
properties may vary.The structural and physical properties of SnO2

also depend on the preparation method. There are several

methods like spray pyrolysis, hydrothermal method, chemical
vapor deposition, thermal evaporation, sol–gel method and che-
mical route are being used for the preparation of transition metal
doped SnO2 nanomaterials [17–22]. Apart from these methods,
simple and cost effective solution combustion method is also
being used [23].

In the present study, SnO2 nanopowders as well as Mg doped
SnO2 were synthesized using solution combustion method using
citric acid as fuel. The photoluminescence characteristics of SnO2

and Mg doped SnO2 are investigated. The contribution of Mg2þ

ion on the photoluminescence nature of SnO2 is studied in detail.

2. Experimental

2.1. Material preparation

Tin oxide nanopowder was synthesized by the self-propagating
solution combustion synthesis. Stochiometric amounts of oxidizer
(Tin chloride, SnCl4, 3 g) and fuel (Citric acid, C6H8O7 �H2O,
5.579 g), calculated based on the oxidizing and reducing vacancies
were dissolved in deionized distilled water. The concentration of
Mg2þ ion was varied from 2 to 8 wt% with respect to tin ion by
using MgCl2 in the initial reactants for doping. 30 ml of HNO3 is
added to the mixed solution which is the optimized quantity in
order to get high yield. The pH of the solution was adjusted to 7 by
adding NH4OH. The resultant clear solution was heated on a hot
plate maintained at a temperature of 200 1C inside a combustion
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chamber. The solution get foamed up and ignited, forming a
sponge-like mass.

2.2. Characterization

The samples were characterized by an X-ray diffractometer
(Rigaku) using Cu-Kα radiation (λ¼1.5414 Å). TEM measurements
were performed with JEOL JEM 2100 High Resolution Transmission
Electron Microscope (HRTEM) operated at 200 keV. UV–visible
reflectance measurements were carried out using a spectrophot-
ometer (Jasco V 570) in the range between 190 and 800 nm. PL of
the prepared samples was measured by a spectroflurometer
(Flurolog-3) with excitation source of 325 nm.

3. Results and discussion

3.1. XRD analysis of as synthesized samples

The X- ray diffraction peaks of the samples are sharp indicating
the highly crystalline nature of the particle (Fig. 1). Peaks corre-
sponding to diffraction planes (110), (101), (200), (211), (220),
(002), (221), (112), (301), (202) and (321) can be seen and are in
agreement with the standard JCPDS values (File no. 41-1445). This
observation indicates that the nanoparticles are in tetragonal rutile
phase of SnO2. The XRD pattern of Mg doped SnO2 nanoparticles is
almost similar to that of SnO2 nanoparticles with slight variation
in unit cell parameters which indicates the incorporation of Mg
ions into SnO2 host lattice (Table 1). The XRD pattern of Mg doped

SnO2 shows a shift towards lower angle, attributedto the stress
introduced by the incorporation of Mg2þ ions in Sn4þ site.

Average grain size is calculated by using Scherrer's formula [24]
which shows slight variation in grain size while doping with Mg
under identical experimental conditions. The obtained values for
SnO2 and 2, 4, 6 and 8 wt% Mg doped SnO2 are 31, 35, 29, 31, 33 nm
respectively (Table 2).

The calculated lattice parameters viz. “a” is slightly increased
and “c” is slightly decreased in Mg doped SnO2 crystals as
compared to that of SnO2 (Table 1). This observation indicates
that there is an increase in population of oxygen vacancies,
vacancy clusters and local lattice disorders in Mg doped SnO2

[25,26].

3.2. TEM analysis

Transmission electron microscopy (TEM) images (Fig. 2a) show
that the particles are nearly spherical in shape but in agglomerated
form. The size distribution in the material is not uniform. The
diameter of the particles varies from 25 to 36 nm which is
comparable with the results obtained from the XRD with slight
variation. The difference in average grain size from XRD data thus
may be due to the nonuniform size distribution. The high resolu-
tion TEM (Fig. 2b) shows that the obtained particles are highly
crystalline and the lattice spacing between the two planes is
0.185 nm which corresponds to (211) plane of SnO2 tetragonal
rutile structure. The rings in the SAED pattern can be indexed to
(110), (101), (200), (211) and (112) planes of SnO2 rutile structure
(JCPDS Card File no. 41-1445). These results are in agreement with
the previously discussed XRD result.

Fig. 1. XRD patterns of SnO2 and Mg doped SnO2 synthesized by the solution combustion method.

Table 1
Lattice parameters a110, a200,c101�110 and c101�200 calculated with XRD peaks corresponds to (100), (110) and (200) planes.

Sample a110 a200 Δa¼a110�a200 c101�110 c101�200 Δc¼c101�110�c101�200

SnO2 4.811 4.785 0.026 3.218 3.226 �0.008
2 wt% Mg doped SnO2 4.851 4.811 0.04 3.234 3.246 �0.012
4 wt% Mg doped SnO2 4.844 4.808 0.036 3.232 3.243 �0.011
6 wt% Mg doped SnO2 4.847 4.810 0.037 3.235 3.246 �0.011
8 wt% Mg doped SnO2 4.845 4.808 0.037 3.232 3.244 �0.012
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3.3. Optical reflectance study

UV–visible diffuse reflectance spectra (DRS) measured in the
wavelength range 190–800 nm at room temperature are as shown
in Fig. 3. Reflection is maximum at visible region and shows a
sharp reflection edge at wavelength 310–350 nm. The optical band
gap of the samples was calculated from a plot of {(k/s)*hν}2 vs. hν
where “k” and “s” denote absorption and scattering coefficients,
and hν is photon energy [27]. Minor modifications in band gap
while doping with Mg is observed (Fig. 4). The obtained values of
band gaps are 3.63, 3.82, 3.75, 3.73 and 3.67 eV respectively for
SnO2 and Mg doped SnO2 with doping concentrations 2, 4, 6 and
8 wt% (Table 2). In 2 wt% Mg doped SnO2 the band gap becomes

wider as a result of doping and band gap values found to be
decreases with increase in Mg dopant concentration. Band gap
likely to increase while doping with donors and decrease on
acceptor doping in oxide semiconductors [28,29]. Mg substitution
in Sn site may create two holes because of lower valancy of Mg2þ

ion as compared to Sn4þ ion. Creation of additional holes likely to

Table 2
Grain size and optical properties of SnO2 and Mg doped SnO2 synthesized by the
solution combustion method.

Sample Average grain
size (nm)

Band gap (eV) PL peak intensity
ratio (Ib/Ig)

SnO2 31 3.63 0.18
2 wt% Mg doped SnO2 35 3.82 0.8, 0.7
4 wt% Mg doped SnO2 29 3.75 1.05
6 wt% Mg doped SnO2 31 3.73 1.28
8 wt% Mg doped SnO2 33 3.67 2.56

Fig. 2. (a) TEM image of SnO2 nanoparticles synthesized by the solution combustion method, (b) HRTEM image of a single SnO2nanocrystal and (c) SAED pattern of single
SnO2nanocrystal.

Fig. 3. Reflectance spectra of SnO2 and Mg doped SnO2 synthesized by the solution
combustion method.
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decrease the band gap. On the other hand the dopant Mg goes to
interstitial site in the host lattice, the concentration of holes may
reduce and hence band gap value may decrease. In the present
case, while doping with 2 wt% Mg in SnO2 the Mg atoms probably
enter into the interstitial site in SnO2 lattice. As a result we
observed a band gap value of 3.82 eV. However for higher doping
concentrations the quantity of substitutional Mg atoms may
greater than Mg occupied in the interstitials. Thus band gap of
the material likely to reduce as observed in the present case.

3.4. Photoluminescence analysis

The PL emission spectrum of SnO2 is broad which is extended
from 510 to 550 nm and centered at 540 nm (Fig. 5a). Additional
weak peaks are observed in 2 wt% Mg doped SnO2 at 417 and
439 nm. The intensity of peaks at blue region increases and merge
together with increase in concentration of Mg2þ ion, and the
intensity of green emission decreases (Table 2). In the case of 4 wt
% Mg doped SnO2 peaks in the blue region as well in the green
region having almost same intensity (Ib/Ig¼1.05). Intensity of broad
band in the blue region is enhanced and band in the green region
having comparatively less intensity in 6 wt% Mg doped SnO2. It is
interesting to note that in 8 wt% Mg doped SnO2, only blue band is
observed. The present optical studies reveals that optical band gap of
the as synthesized samples varies from 3.6 to 3.8 eV (345–370 nm)
which is shown in Table 2. So the observed PL bands are not merely
contributed to direct recombination of conduction electrons and
holes in the valance band. Broadening of PL spectra of samples is
probably due to different energy states located within the band gap.
However the defects and impurities present in crystalline structure
contribute to emission in the visible region.

One can see an emission at 540 nm in SnO2 and is due to the
presence of structural defects like tin interstitials. The blue emission
appeared at 417 and 439 nm is generated due to the formation of
additional defect levels introduced by Mg dopant. Generally, oxygen
vacancies are the common defect in nanocrystalline metallic oxides
which act as luminescent centers [30,31]. The possible charged states
of oxygen vacancies are Vo

0, Vo
þ and Vo

2þ [10]. Among these Vo
0 is a

shallow donor which lies near the conduction band. Most of the
oxygen vacancies likely in the Vo

þ state under flat-band conditions, Vo
þ

state combine with a hole may generate Vo
2þ state.

The schematic band diagram of Mg doped SnO2 nanostructures
is given in Fig. 6.

The relaxation process of photoexcited electron in SnO2 lattice
likely to occur in different ways. If the energy of excitation photon is
greater than the band gap energy of SnO2, the electron excited to the
conduction band leaving a hole in the valance band. These photo-
excited electrons can recombine with Vo

þ or Vo
2þ center. Even at room

temperature Vo
0 level dissociates into Vo

þ level and a conduction
electron and vice versa. When an electron de-excite to Vo

þstate, the
electron combines with Vo

þ state and consequently Vo1 state will be
generated, the intensity of Vo

0 state will increase. Thus in effect, the
relaxation process is simply the change over state from Vo

þ to Vo
0 state.

On the other hand, the probability to occur radiative emission from
Vo
þ state is less. The observed weak emission at 440 nm in 2 wt% Mg

doped SnO2 probably due to the above process. Recombination of an
excited electron to Vo

2þ level gives the blue emission observed at
lower wavelength. Since ionic radii of Sn4þ (0.69 Å) and Mg2þ

(0.72 Å) are comparable, Mg can easily substitute for Sn4þ in host
lattice [32]. The deficiency of 2þ charge can be considered as an
oxygen vacancy. In other words, the incorporation of Mg2þ into host
lattice creates an oxygen vacancy Vo

2þ . So the intensity at 417 nm is
increased with concentration of Mg and is consistent with the
obtained optical band gap values.

Fig. 4. Tauc plots of SnO2 and Mg doped SnO2 synthesized by the solution
combustion method.

Fig. 5. PL spectra of SnO2 and Mg doped SnO2 synthesized by solution combustion
method.

Fig. 6. Schematic representation of relaxation process in photoexcited SnO2 lattice.
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4. Conclusions

The optical band gap and PL emission nature of SnO2 is
modified due to the Mg incorporation in SnO2 lattice. A combined
blue and green emission observed in 4 wt% Mg doped SnO2 is
attributed to the oxygen vacancies (Vo

2þ) and tin interstitials.
Intensity enhancement corresponds to blue emission with
increase in Mg doping concentration is due to the increase in
population of oxygen vacancies. Combined blue and green emis-
sion property of 4 wt% Mg doped SnO2can be used for electron
injection in heterojunction LEDs in order to generate white light.
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