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Abstract: The aim of this work is to reveal the structural and photoluminescence properties of SnO2 

synthesized via facile sol–gel method by systematically varying annealing temperatures. X-ray 

diffraction (XRD) analysis showed that all samples possess a polycrystalline single-phase tetragonal 
rutile structure without impurities. Both the crystallite size and crystalline quality of the samples 

increase with rising annealing temperatures. Raman spectroscopy demonstrated the presence of 

forbidden Raman and IR-active modes in SnO2 nanoparticles. Both the positions and intensities of 

the Raman peaks are significantly influenced by annealing temperatures, which correlate with 

variations in crystallite size and crystalline quality of the synthesized materials. Additionally, 

photoluminescence (PL) spectra exhibited peaks in both the ultraviolet (UV) and visible regions. 

The UV emission peaks arise from electron recombination near the band gap, while the visible 

emission peaks are attributed to oxygen vacancies (𝑉𝑂
0, 𝑉𝑂

+ , 𝑉𝑂
++) and tin interstitials. This research 

provides valuable foundational knowledge that will support future studies on SnO2. 
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1. Introduction
*
\ 

In recent years, many researchers have focused on synthesizing SnO2 nanomaterials in various sizes 

and shapes to investigate their unique properties [1]. Tin dioxide is widely studied because it is 
chemically stable, transparent to light, and possible well to electrically conduct when it is doped by 

Fluorine (F) [2, 3]. These properties make SnO2 useful in several applications, including batteries [4], 

dye-sensitized solar cells [5], photocatalysis [6], transparent electrodes [7], and gas sensors [8]. The 
properties of SnO2, such as band gap, crystal structure, morphology, and defects, can be tailored by 
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adjusting the synthesis conditions, including temperature, precursor materials, and solvents used [9]. In 

this work, SnO2 nanoparticles were synthesized by sol–gel method using SnCl2 as precursor materials, 
without adding any capping agents or surfactants. We investigated how the size of the nanoparticles 

affects their light emission properties. Understanding these photoluminescence properties helps us to 

learn more about the optical behavior of SnO2 nanomaterials and improves their use in optical devices. 
The obtained results provide important foundational knowledge of nano SnO2 for the future research 

and applications in various technological fields. 

2. Experimental  

SnO2 nanoparticles were synthesized using sol-gel method. The precursor, SnCl2.2H2O was 

dissolved in 30 mL C2H5OH with continuously stirring. Next, the 10 ml ethylene glycol was added to 

the mixture solution under vigorous stirring. Then the solution was heated at 100 °C during stirring till 
getting a transparent gel, next it was dried at 100 °C for 24 h. The dried product was annealed at 

temperatures of 400, 600, 800 and 1,100 °C for 3 h. 

The crystalline structure of SnO2 nanoparticles was studied on an Empyrean X-ray diffractometer 
(XRD), using Cu-Kα1 irradiation (λ = 1.54056 Å). Raman spectra were obtained using a micro-Raman 

spectrophotometer LabRAM HR 800 (HORIBA JobinYvon) with a 632.8 nm excited wavelength. The 

morphologies of the samples were examined using a transmission electron microscope (TEM, 

JEOL/JEM 1010). Photoluminescence (PL) and photoluminescence excitation (PLE) spectra were 
recorded at room temperature using a Fluorolog FL3-22 spectrofluorometer (Jobin Yvon Spex) with a 

450 W xenon lamp as the excitation source. 

3. Results and Discussion 

3.1. Structure Characterization  

  

Figure 1. (A) XRD patterns of SnO2 samples at different annealing temperatures:                                                             

a- 400 ᵒC, b- 600 ᵒC, c- 800 ᵒC, d- 1100 ᵒC; (B) FESEM image of SnO2 sample annealed at 600 oC.  

XRD patterns of SnO2 samples annealed at temperatures of 400, 600, 800 and 1,100 oC are presented 

in Fig. 1 (A). All the samples have characteristic XRD peaks of (110), (101), (200), (111), (211), (220), 
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(002), (310), (112), and (301) crystalline planes of the tetragonal rutile structure with the space group 

D4h14 (P42/mnm), as referenced in JCPDS No. 21-1250. The positions of the diffraction peaks remain 
almost unchanged across different annealing temperatures, this indicates that the crystalline structure of 

SnO2 is stable under elevated temperatures. However, the intensity and sharpness of the peaks increase 

gradually with increasing annealing temperatures. This enhancement is explained due to the increase in 
crystallite size, which is attributed to thermally promoted crystallite growth and a reduction in specific 

surface area. The grain size of the crystallites and inter-planner spacing (d-value) were calculated based 

on Scherer’s and Bragg’s equations:  

𝐷 =
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
 [10] and 𝑑 =

𝜆

2𝑠𝑖𝑛𝜃
 [11] 

where D is the mean crystallite size, K is the shape factor taken as 0.89, λ is the wavelength of the 

incident beam, β is the full width at half maximum and θ is the Bragg angle. These results are shown in 
Table 1.  

Table 1. XRD parameters and size of SnO2 nanoparticles at different annealing temperatures. 

Annealing 

temperature (oC) 

2θ (o) d- spacing 

(Å) 

FWHM (o) Crystallite 

size (nm) 

Average crystalline 

size D (nm) 

400 26.44 

33.70 

51.67 

3.3687 

2.6574 

1.7676 

1.2232 

1.1681 

1.3842 

6.7 

7.1 

6.4 

6.7 

600 26.44 

33.71 

51.65 

3.3683 

2.6565 

1.7682 

1.0379 

0.96572 

1.0200 

7.9 

8.6 

8.7 

8.4 

800 26.43 

33.72 

51.65 

3.3701 

2.6558 

1.7681 

0.82288 

0.78625 

0.82315 

9.9 

10.6 

10.7 

10.4 

1100 26.48 

33.75 

51.65 

3.3635 

2.6536 

1.7679 

0.38631 

0.40635 

0.44148 

21.1 

20.4 

20.0 

20.3 

 
Annealing at temperatures of 400 °C, 600 °C, 800 °C, and 1,100 °C resulted in grain sizes with an 

average value of 6.7, 8.4, 10.4 and 20.3 nm, respectively. Fig. 1 (B) shows a typical TEM image of SnO2 

sample annealed at 600 oC. The TEM image depicts the irregular aggregated morphology. The SnO2 
nanoparticles are polyhedral or irregular in shape. The optimal annealing condition for SnO2 samples 

depends on the desired application. For photocatalytic applications, smaller particle sizes are generally 

preferred because their effective surface area for reactions increases, thus the photocatalytic activity is 
enhanced. Thus, an annealing temperature range of 400 °C to 800 °C may be suitable. 

Raman scattering is a useful technique for characterizing nanomaterials and identifying lattice 

defects in the materials [12]. Fig. 2 shows the room temperature Raman spectra from 170 cm-1 to 900 

cm-1 of SnO2 nanoparticles annealed at different temperatures. The positions and intensities of the 
Raman peaks vary significantly with annealing temperature. Notably, the intensity of the peak around 

634 cm-1 increases rapidly as the annealing temperature rises. These changes may be related to the 

crystallite size and the crystalline quality of the synthesized SnO2 [13]. Annealing at 1,100 °C, the 
Raman spectrum of the sample exhibits nine peaks at 228, 259, 475, 506, 546, 634, 695, 776, and 866 

cm-1, with the strongest peak at 634 cm-1 (Fig. 2A). The peaks at 475, 634, and 776 cm-1 correspond to 

the Eg, A1g, and B2g vibration modes, respectively, consistent with the rutile phase of SnO2 [14]. The A1g 

and B2g modes are associated with the expansion and contraction of Sn-O bonds, while the Eg mode 
relates to oxygen vibrations within the oxygen plane [14]. Additionally, the peaks at 228 and 259 cm-1 
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may correspond to the Eu(1)(TO) and Eu(1)(LO) modes, where TO stands for transverse optical phonons 

and LO stands for longitudinal optical phonons [15, 16]. The peaks at 506 and 695 cm-1 may be attributed 
to the A2u(TO) and A2u(LO) modes, respectively [17]. The peak at 546 cm-1 may correspond to the B1u 

mode [17], and the peak at 866 cm-1 is likely related to surface defects in the SnO2 nanocrystals [18,19]. 

In contrast, samples annealed at 600 °C and 800 °C exhibit six peaks at 475 cm-1 (Eg), 634 cm-1 (A1g), 
774 cm-1 (B2g), 253 cm-1 (Eu(1)(LO)), 301 cm-1 (Eu(2)(LO)) [15, 16], and 571 cm-1 (A2g) [20] (Fig 2, B and 

C). At the lowest annealing temperature of 400 °C, the Raman spectrum shows seven broad and weak 

peaks at approximately 218, 268, 411, 537, 638, 758, and 870 cm-1.  
 

  

  

Figure 2. Raman spectra of SnO2 samples at different annealing temperatures:                                                               

A- 1100 ᵒC, B- 800 ᵒC, C- 600 ᵒC, D- 400 ᵒC. 

The peaks at 218, 268, and 758 cm-1 are attributed to the Eu(1)(TO), Eu(2)(LO), and Eu(3)(LO) 

vibrational modes of SnO2, respectively [21]. The peaks at 411 and 537 cm-1 correspond to the A2g [12] 

and B1u [17] vibration modes. The peak at 638 cm-1 is attributed to the A1g symmetric Sn–O stretching 

mode in nanocrystalline SnO2, and the peak at 870 cm-1 is associated with surface defects [18, 19]. It is 
well known that the A2u and Eu modes are IR-active, while the A2g and B1u modes are Raman-silent [13-

19]. The presence of forbidden Raman modes (A2g, B1u) and IR-active modes (A2u, Eu) in the samples 
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can be attributed due to changes in bond lengths, reduced space symmetry, lattice distortions caused by 

oxygen vacancies, and local lattice disorders in the SnO2 nanoparticles [19]. 

3.2. Optical Characterization  

  

Figure 3. PL spectra under excitation wavelengths of (A) 300 nm and (B) 335 nm of the samples annealed  

at (a) 400 oC, (b) 800 oC and (c) 1100 oC. 

Photoluminescence (PL) spectroscopy is a highly sensitive and effective technique for studying 

charge carrier recombination, trapping, and defects within materials. In SnO₂ nanoparticles, the most 

energetically favourable intrinsic defects are oxygen vacancies and tin interstitials. Tin interstitials are 
located within the conduction band, while oxygen vacancies exist in the band gap region [16]. PL spectra 

were recorded at two excitation wavelengths, λex = 300 nm and λex = 335 nm, for samples annealed at 

different temperatures, as shown in Figs 3A and 3B, respectively. When excited at λex = 300 nm, the 

sample annealed at 1,100 °C exhibited a strong emission peak at 363 nm (3.42 eV) and four weaker 
peaks at 412 nm (3.01 eV), 436 nm (2.84 eV), 449 nm (2.76 eV), and 468 nm (2.65 eV). The samples 

annealed at 400 °C and 800 °C showed similar emission peaks but with significantly lower intensities 

compared to the sample annealed at 1,100 °C. When excited at λex = 335 nm, all samples displayed a 
new emission peak at approximately 395 nm (3.14 eV). Additionally, the samples annealed at 400 °C 

and 800 °C showed a broad emission band centred around 560 nm (2.21 eV). Emission peaks observed 

at 363 nm and 369 nm have energies lower than the band gap of SnO₂, indicating that these emissions 
are not due to the direct recombination of electrons in the conduction band with holes in the valence 

band. Instead, they are attributed to near-band edge (NBE) transitions resulting from the radiative 

recombination of electrons and holes [22]. The emission peak at 395 nm originated from the combination 

of the electron in the conduction band and the hole in the 𝑉𝑂
++ (oxygen vacancy has not captured any 

electron) [23]. Another emission peak at 412 nm/410 nm was attributed to the 𝑉𝑂
0 (which has captured 

two electrons and is neutral to the lattice) [24]. The emission peak at 436 nm was attributed to the Sn 

interstitials [24]. The peak at 449 nm might be attributed to the transitions from the various levels of 

shallow donor states 𝑉𝑂
𝑜 to acceptor level [16]. The peak at 468 nm was attributed to the 𝑉𝑂

+ (which has 

captured a single electron) [25]. Finally, the broad peak at 560 nm might be originating because of the 

transitions from the shallow donor levels of 𝑉𝑂
𝑜 to the surface states and 𝑉𝑂

+ levels [16]. 
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 The PL spectra of the sample annealed at 800 °C were systematically examined under excitation 

wavelengths of 280 nm, 300 nm, 310 nm, 324 nm, and 335 nm (Fig. 4). Visible emission peaks at 
approximately 395 nm, 440 nm, 450 nm, and 468 nm, along with a broad peak around 560 nm, were 

consistently observed across all excitation wavelengths, with their intensities increasing as the excitation 

wavelength increased, aligning with previous studies on SnO₂ nanomaterials [23]. Additionally, the 
ultraviolet (UV) emission peaks shifted to longer wavelengths with higher excitation wavelengths, likely 

due to varying contributions from NBE emissions and their phonon replicas, resulting from 

recombination involving energy levels near the band gap [22, 25]. 

 

Figure 4. The excitation wavelength-dependent emission spectra of the samples annealed at 800 oC. 

4. Conclusion 

SnO2 nanoparticles were successfully synthesized using simple sol–gel method. We investigated the 
effect of annealing temperature on the crystalline structure and the origin of luminescence peaks in SnO2 

nanoparticles. XRD analysis revealed that all samples are polycrystalline, with diffraction lines 

corresponding to the rutile phase of SnO2. Both the crystallite size and crystal quality of the samples 
increased when annealing temperatures increased. These improvements in crystallite size and quality 

significantly enhanced the intensity of the A₁g vibration mode. Furthermore, some forbidden Raman and 

IR-active modes, such as A2g, B1u, A2u, and Eu, which are inactive in bulk samples, became active in the 
SnO2 nanoparticles. PL spectra exhibited peaks in both the UV and visible regions. Visible emission 

peaks correspond to the 𝑉𝑂
0 , 𝑉𝑂

+, 𝑉𝑂
++ and the Sn interstitials in SnO2 nanoparticles. The existence of 

oxygen vacancies and Sn interstitials in the sample annealed at temperatures of 400 °C to 800 °C creates 
the defect energy levels within the band gap, effectively reducing the energy required for electrons to 

transition across the gap. This phenomenon can improve the material's solar light absorption and 

utilization. This research provides valuable foundational knowledge of SnO2 that would be useful for 

further studies. 
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