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ABSTRACT 

This study investigates the influence of tin (Sn) doping on the structural, 

microstructural, electrical, and optical properties of Zn₁₋ₓSnₓO nanoparticles at 

four dopant concentrations: x = 0.000, 0.001, 0.003, and 0.005, designated as 

Samples A, B, C, and D, respectively. X-ray diffraction (XRD) analysis 

confirmed that all samples retained the hexagonal wurtzite ZnO structure 

(JCPDS 36-1451) with no detectable secondary SnO₂ phases, indicating 

successful substitutional incorporation of Sn into the ZnO lattice. The 

crystallite size varied non-monotonically, increasing from 18.34 nm (undoped) 

to a maximum of 20.47 nm at x = 0.003, while microstrain and dislocation 

density reached their minimum values at the same composition. Scanning 

electron microscopy (SEM) revealed progressive modifications in particle 

morphology and agglomeration with increasing Sn content, and energy-

dispersive X-ray spectroscopy (EDS) confirmed the presence and systematic 

increase of Sn in the doped samples. Electrical characterization showed 

predominantly ohmic current–voltage behaviour for all samples. The electrical 

conductivity increased from approximately 26 S cm⁻¹ for the undoped sample 

to a maximum of approximately 51 S cm⁻¹ at x = 0.003, before declining to 

approximately 42 S cm⁻¹ at x = 0.005, with resistivity following the inverse 

trend. This non-monotonic behaviour was attributed to the competing effects 

of Sn⁴⁺ donor-related carrier generation and ionized impurity scattering at 

higher doping levels. Optical transmittance spectra showed that all films 

maintained greater than 90% visible transmittance with a sharp ultraviolet 

absorption edge. Tauc analysis yielded optical band gaps of 3.30, 3.32, 3.35, 

and 3.32 eV for Samples A–D, respectively, with the maximum blue-shift of 

0.05 eV at x = 0.003 attributed to the Burstein–Moss effect. The slight band-

gap contraction at x = 0.005 was associated with the onset of band-gap 

renormalization and Urbach band-tailing. The coherence between structural 

and optical data identifies x = 0.003 as the optimum Sn doping level, 

combining the best crystalline quality, highest electrical conductivity, and 

maximum band-gap widening, making it a promising composition for 

transparent-conductor and optoelectronic applications. 

 

INTRODUCTION 

Growing concerns about fossil-fuel depletion and the 

environmental effects of carbon-based energy systems 

have increased interest in renewable energy sources. 

Solar energy offers a renewable route to electricity 

generation with lower direct emissions than fossil-fuel 

systems. The performance and cost of photovoltaic (PV) 

systems depend partly on the properties of the materials 

used in their construction. Recent research has focused 

on using oxide semiconductors in thin-film solar cells 

because they are plentiful, chemically stable, and may 

offer high optical transparency (Green, 2020).  

Zinc–tin oxide (ZTO) has attracted attention as a ternary 

oxide for photovoltaic applications. It is recognized for 

its combination of good electrical conductivity from tin 

oxide (SnO₂) and high transparency from zinc oxide 

(ZnO), which makes it appropriate for use as a 

transparent conducting oxide (TCO) layer in solar cells. 
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The adjustable bandgap of ZTO, usually between 3.2 

and 3.9 eV, offers a significant benefit for optoelectronic 

uses, particularly in improving light absorption and 

charge movement in solar cells (Chopra & Major, 2019). 

In ternary oxides such as ZTO, changing the cation 

composition and deposition conditions provides a way to 

adjust film properties. This positions them as a practical 

substitute for traditional materials such as Indium Tin 

Oxide (ITO), which, although commonly used, is costly 

and not very abundant. ZTO films can be produced 

using several methods, including chemical spray 

pyrolysis, RF magnetron sputtering, sol-gel spin coating, 

and pulsed laser deposition. Each technique impacts the 

film's micro-structure, crystallinity, optical transparency, 

and electrical conductivity, which subsequently affects 

the performance of the solar cell (Okoye et al., 2021).  

The development of efficient thin films also requires 

detailed characterization of their structural, optical, and 

electrical properties. These properties determine the 

film’s functionality as a component in photovoltaic 

devices. For example, the crystallite size, surface 

roughness, bandgap energy, transmittance, and carrier 

mobility are critical parameters that must be optimized 

to achieve high-efficiency solar cells (Kim & Lee, 

2022). Understanding the relationship between 

preparation conditions and material properties is 

therefore essential to improve the performance and 

stability of solar devices. 

In countries like Nigeria, there is an immediate need for 

tailored solutions to address energy shortages. Using 

ZTO thin films in solar technology offers an affordable 

and effective solution to this issue. Areas such as Biu 

Local Government Area in Borno State, which 

experience inadequate electricity infrastructure, could 

significantly gain from the implementation of affordable 

solar energy systems produced locally. Research in these 

areas helps expand global knowledge-based and 

promotes technological progress and energy 

independence in the region (Adelakun et al., 2020).  

This study examines the synthesis and characterization 

of ZTO thin films for potential solar-cell applications. 

The ultimate aim is to optimize the material’s optical 

and electrical properties for enhanced solar energy 

conversion. Through this, the research seeks to 

contribute meaningfully to the development of 

affordable and efficient renewable energy technologies 

tailored to local environmental and economic conditions. 

Conventional unitary and binary thin films used in solar 

cell technologies often face significant limitations, 

including sub-optimal band gap values, narrow 

absorption spectra, low electrical conductivity, and 

limited control over optical and structural properties 

(Avasthi, 2016). These deficiencies hinder the overall 

efficiency and adaptability of solar energy devices, 

especially as the demand for low-cost, high-

performance, and environmentally friendly photovoltaic 

materials continues to grow. 

To overcome these challenges, research has increasingly 

turned to ternary oxide materials, such as ZTO, which 

offer enhanced tunability of optical and electrical 

properties through compositional control. The unique 

combination of zinc and tin oxides enables a wider range 

of band gap engineering, improved absorption 

characteristics, higher carrier mobility, and more stable 

crystal structures. However, despite their promising 

attributes, the synthesis and detailed characterization of 

ZTO thin films remain under explored, particularly in 

terms of optimizing their performance for solar cell 

applications. 

This study, therefore, seeks to synthesize and 

characterize ZTO thin films, with a focus on evaluating 

their structural, optical, and electrical properties to 

assess their suitability for efficient solar energy 

conversion. By tailoring the composition and processing 

conditions, the research aims to contribute to the 

development of cost-effective, high-efficiency thin-film 

solar cells based on ternary oxide systems (Fazal et al., 

2022).   

The study aimed to synthesize and characterize zinc–tin 

oxide (ZTO) thin films and assess their potential 

suitability for solar-cell applications. The aim will be 

achieved with the following objectives to: 

i. Determine the optical properties of the ZTO thin 

films including transmittance, reflectance 

ii. Determine the electrical properties of the ZTO thin 

film (conductivity, carrier mobility, and Carrier 

Concentration) 

iii. Analyze the structural properties (crystallinity; 

grain size or morphology) using SEM, X-ray 

diffraction  

iv. Examine the surface properties (Surface 

roughness, and surface defects) – Atomic force 

microscopy (AFM) 

The synthesis and characterization of ZTO serve as an 

important area of the research in solid state physics. This 

is because the ternary thin films have potential to 

revolutionize the fabrication of both electronic and 

optoelectronic components of electrical devices due to 

their synergy and tunability which arises from their 

constituents which consist of three different elements as 

opposed to unitary and binary thin films. 

The study limited to fabrication of ZTO thin films, 

characterization and the determination of state properties 

of the fabricated thin films. The study further 

investigated the potential application of the fabricated 

ZTO thin films as functional layers in solar cells and 

evaluate their suitability for enhancing solar-cell 

performance 

 

MATERIALS AND METHODS 

Data and Modelling Framework 
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Materials 

The materials and chemical reagents required for the 

synthesis of zinc–tin oxide (ZTO) thin films and 

fabrication of the solar-cell devices are shown in table 

3.1  

Table 3.1: Materials and Chemicals 

S/N Material Quantity Specification 

1 ZnCl2 1.39g Reagent grade 

2 SnCl2 3,50g Reagent grade 

3 Distilled Water 5000mL Pure water, chemical grade 

4 Sieve 1 Mesh size as per requirement 

5 Whatman Filter Paper no.1 1 pack Grade 1 

6 Beakers 6 Various sizes, borosilicate glass 

7 Conical Flasks 10 Various sizes, borosilicate glass 

8 Funnel 1 Standard size 

9 Glass subtractes 1 15 mm by 22 mm 

10 Refrigerator 1 Laboratory grade 

11 Aluminum Foil Paper 1 roll Laboratory grade 

12 Magnetic Stirrer 1 With stir bar 

13 Digital Weighing Balance 1 Precision, 0.01 g accuracy 

14 Single Hotplate 1 Adjustable temperature 

15 Spatula 1 Stainless steel 

16 Silver Crest Blender 1 High speed 

17 Masking Tape 1 roll Standard size 

18 Hand Gloves 1 box Nitrile, normal sizes 

19 Face Mask 1 box Disposable, normal sizes 

20 Spin Coater 1 3 mm thickness, 10 mm diameter 

21 Ethanol 50mL Reagent grade 

22 Centrifuge Machine 1 4000rpm 

23 Scanning Electron Microscopy 1 SEM, high-resolution imaging 

24 X-ray Diffraction 1 XRD, phase analysis 

25  1  

 

Methods 

The research involve the synthesis of ZTO thin films 

using the sol-gel spin-coating technique, followed by 

structural, optical, morphological, and electrical 

characterization. The optimized ZTO films will 

subsequently be incorporated into solar-cell devices to 

evaluate their suitability for photovoltaic application. 

 

Substrate Cleaning 

Glass substrates measuring approximately 15 mm × 20 

mm will be used for the deposition of ZTO thin films. 

The substrates will first be washed thoroughly with 

laboratory detergent and rinsed with distilled water to 

remove dust and surface contaminants. The substrates 

will subsequently be ultrasonically cleaned in  ethanol, 

and for approximately 10 minutes in each solvent. After 

cleaning, the substrates will be rinsed with distilled 

water and dried using clean compressed air. The 

substrates will then be heated at approximately 100 °C 

for 20–30 minutes to remove residual moisture. 

The cleaned substrates will be stored in clean, covered 

containers prior to film deposition. Proper substrate 

cleaning will be maintained for all samples to ensure 

good film adhesion and minimize surface-related 

defects. 

 

Preparation of ZTO Precursor Solution 

ZTO precursor solutions will be prepared from ZnCl₂ 

and SnCl₄·5H₂O using a 1:1 Zn:Sn molar ratio and 0.20 

M concentration. The precursors will be dissolved 

separately, combined, and stirred at 60 °C for 2 h to 

obtain a homogeneous solution. The solution was then 

aged for 24 h at room temperature in a sealed container 

and visually inspected to ensure clarity and the absence 

of precipitates before spin coating. 

 

Deposition and Annealing of ZTO Thin Films 

ZTO thin films will be deposited on cleaned glass 

substrates using the spin-coating technique. 

Approximately 30–50 µL of the precursor solution will 

be applied to each substrate and spun at 3,500 rpm for 

30 s. The coated substrates will be pre-heated at 100–

150 °C for 10–15 min to remove residual solvent. This 

process will be repeated three times to obtain uniform 

films of the desired thickness. 

The coated films will subsequently be annealed in a 

programmable furnace at 400, 450, and 500 °C for 1 h, 

while maintaining a constant number of coating cycles 

for all samples. After annealing, the films will be 

allowed to cool gradually inside the furnace. The effect 
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of annealing temperature on the structural, optical, 

morphological, and electrical properties of the ZTO thin 

films will then be evaluated. 

 

 

 

 

Film Characterization 

The synthesized ZTO thin films will be characterized to 

determine their structural, optical, morphological, 

compositional, and electrical properties. 

 

X-Ray Diffraction (XRD) 

X-ray diffraction will be used to determine the 

crystalline structure, phase composition, preferred 

orientation, and crystallinity of the ZTO films. The 

diffraction patterns will be obtained using Cu-Kα 

radiation with a wavelength of approximately 1.5406 Å 

over an appropriate 2θ range, preferably 20–80°. The 

average crystallite size will be estimated using the 

Scherrer equation: 

  
  

     
    3.1 

where D is the crystallite size, K is the shape factor, λ is 

the wavelength of the X-ray radiation, β is the full width 

at half maximum (FWHM), and θ is the Bragg angle. 

 

UV-Visible Spectrophotometry 

The optical properties of the films will be determined 

using a UV-Visible spectrophotometer. The optical 

transmittance and absorbance will be measured over 

approximately 300–900 nm. The optical band gap 

estimated using the Tauc relation: 

                   3.2 

where α is the absorption coefficient, hν is the photon 

energy, Eg is the optical band gap, A is a constant, and n 

represents the nature of the electronic transition. 

 

Scanning Electron Microscopy (SEM) 

SEM will be used to examine the surface morphology of 

the ZTO films. The analysis will provide information on 

grain morphology, surface uniformity, grain size, pores, 

cracks, pinholes, and other surface defects. Where cross-

sectional SEM analysis is available, it will also be used 

to estimate the thickness of the deposited films. 

 

Energy-Dispersive X-Ray Spectroscopy (EDS) 

EDS coupled with SEM will be employed to determine 

the elemental composition of the films. The presence of 

zinc, tin, and oxygen will be confirmed, and the relative 

Zn/Sn composition will be estimated. 

 

Electrical Characterization 

The electrical properties of the films will be measured 

using a four-point probe system. The sheet resistance 

will be measured at different positions on each film to 

evaluate electrical uniformity. The resistivity will be 

calculated using: 

           3.3 

where ρ is the electrical resistivity, Rs is the sheet 

resistance, and t is the film thickness. The electrical 

conductivity will be calculated as: 

           3.4 

where ζ is the electrical conductivity. 

Solar Cell Fabrication 

The ZTO thin film with the optimum properties will be 

selected for solar-cell fabrication. The device will use 

the Glass/FTO/ZTO/Perovskite/HTL/Metal structure, 

with ZTO serving as the electron-transport layer. The 

cleaned FTO substrate will be coated with the optimized 

ZTO film, followed by deposition of the perovskite 

absorber, HTL, and metal electrode. The active area of 

each device will be defined and kept constant.  

 

Solar Cell Characterization 

The fabricated solar cells will be tested under simulated 

sunlight, and their open-circuit voltage (Voc), short-

circuit current density (Jsc), fill factor (FF),  and power-

conversion efficiency (PCE). 

The fill factor will be calculated using: 

                      3.5 

The power-conversion efficiency will be calculated 

from:  

  
        

   
         3.6 

where Pin is the incident solar power density 

 

RESULTS AND DISCUSSION 

Structural Properties of Sn doped ZnO 

Nanoparticles 

The X-ray diffraction patterns of           samples 

with x=0.000, 0.001, 0.003 and 0.005 are presented in 

Figure 4.1. The XRD patterns of           samples 

A–D confirm that all samples retain the characteristic 

hexagonal wurtzite structure of ZnO. The principal 

diffraction peaks observed at approximately 2θ=31.84°, 

34.52°, 36.28°, 47.5°, 56.65° and 62.87° can be indexed 

to the (100), (002), (101), (102), (110), (103) and (200) 

planes, respectively. These reflections agree well with 

the standard wurtzite ZnO structure (JCPDS 36-1451). 

The (101) reflection is the most intense peak, indicating 

preferential orientation along this plane. No distinct 

secondary peaks attributable to      or other impurity 

phases are evident, suggesting that the low 

concentrations of Sn do not significantly alter the ZnO 

wurtzite phase and that Sn is likely incorporated into the 

ZnO lattice within the detection limit of XRD. The 

increase in overall peak intensity from sample A to D 

also suggests an improvement in the apparent 

crystallinity and/or the amount of well-oriented 

crystalline material with increasing Sn concentration. 
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The differences in peak intensities and profiles among 

samples A–D indicate that Sn incorporation influences 

the structural ordering and crystal-growth behaviour of 

ZnO. Because the Sn concentrations are very low, any 

shift in peak position is expected to be subtle; 

nevertheless, substitution of Zn by Sn can introduce 

lattice distortion, strain and point defects due to 

differences in the charge state and local coordination of 

the dopant. The preservation of the same diffraction 

pattern across all compositions demonstrates that the 

fundamental ZnO crystal structure remains stable up to 

x=0.005.  

The present results are consistent with recent reports on 

Sn-doped ZnO, although the effect of Sn concentration 

on crystallinity can depend strongly on the synthesis 

method and dopant level. Munna et al., (2023) reported 

retention of the hexagonal ZnO structure, absence of 

secondary      phases and preferential orientation 

along the (101) plane after Sn doping, while observing 

changes in peak intensity, FWHM, crystallite size and 

lattice strain with increasing Sn content. More recently, 

Arif et al., (2025) also confirmed that Sn doping 

preserves the wurtzite ZnO phase without impurity 

peaks but can modify peak positions, crystallinity and 

defect-related lattice strain. Thus, the present XRD 

results support the conclusion that low-level Sn doping 

modifies the crystallographic quality and lattice 

characteristics of ZnO without causing a structural phase 

transformation. 

 

 
Figure 1: XRD spectra of Sn doped ZnO 

 

Sample A represents undoped ZnO and provides the 

reference structure. The diffraction peaks are 

characteristic of hexagonal wurtzite ZnO, with the (101) 

reflection appearing as the dominant peak. This agrees 

with reports in which the (101) plane is the preferred 

growth orientation of ZnO nanostructures. In sample B, 

the same ZnO reflections remain visible. There is no 

obvious additional crystalline phase. The small change 

in peak profile relative to A can be attributed to the 

initial incorporation of Sn into the ZnO lattice and the 

resulting local structural distortion/defect modification. 

The wurtzite structure is still maintained in sample C. 

The changes in peak intensity and broadening compared 

with A and B indicate that Sn is influencing the 

crystallization process. At this concentration, Sn may act 

as a lattice perturbation and modify nucleation and grain 

growth. Importantly, the absence of distinct SnO2 

reflections suggests that the Sn concentration remains 

below the level required to produce a readily detectable 

separate crystalline SnO2 phase. 

Sample D continues to exhibit the same ZnO wurtzite 

reflections, with particularly clear (100), (002), (101), 

(102), (110), (103) and (200) peaks. Thus, increasing the 

Sn content to 0.5 at.% does not destroy the ZnO host 

lattice. The broadening/profile changes visible in the 

pattern suggest increasing structural disorder or changes 

in crystallite dimensions. 

The structural parameters extracted from the X-ray 

diffraction patterns of the Sn-doped ZnO nanoparticles 

are collected in Table 4.1. For each nanoparticles the 

diffraction angles of the (100) and (101) reflections, the 

full width at half maximum (FWHM, β₁₀₁) of the (101) 

peak, the lattice parameters a and c, the axial ratio c/a, 

the interplanar spacing d, the crystallite size D (Scherrer 

equation), the microstrain ε and the dislocation density δ 

are listed. 

 

Table 4.1: Structural parameters of the Sn-doped ZnO nanoparticles 

Sample 

ID 

              ( ) Lattice 

Parameters 

c/a      D 

(nm) 

  (%) dislocation 

density,   
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( ) ( ) a      c      (nm⁻²) 

A 32.240 36.592 0.456 3.221 5.160 1.602 2.584 18.34 0.602 2.973 × 10⁻³ 

B 31.807 36.290 0.447 3.246 5.204 1.603 2.478 18.69 0.595 2.862 × 10⁻³ 

C 31.823 36.297 0.408 3.244 5.200 1.603 2.473 20.47 0.544 2.387 × 10⁻³ 

D 30.861 36.967 0.424 3.243 5.192 1.601 2.430 19.75 0.554 2.563 × 10⁻³ 

 

All four nanoparticles exhibit the (100) and (101) 

reflections of the hexagonal wurtzite ZnO structure, with 

an axial ratio c/a of 1.601–1.603 for every sample, 

confirming that the wurtzite lattice is retained and that 

no secondary Sn-oxide phase is detected within the 

resolution of the measurement. The lattice parameters (a 

≈ 3.22–3.25 Å, c ≈ 5.16–5.20 Å) are close to the 

standard bulk ZnO values (a = 3.2498 Å, c = 5.2066 Å). 

The crystallite size varies non-monotonically with Sn 

content: it increases from 18.34 nm (A) to a maximum 

of 20.47 nm at a Sn content of 0.003 (C), then decreases 

to 19.75 nm at 0.005 (D). This trend mirrors the FWHM 

of the (101) peak, which is narrowest for sample C 

(0.408°) and broadest for the undoped sample A 

(0.456°), in accordance with the inverse relationship 

between crystallite size and peak broadening in the 

Scherrer analysis. The microstrain (ε) and dislocation 

density (δ) follow the opposite trend, both reaching their 

minima for sample C (ε = 0.544 %, δ = 2.387 × 10⁻³ 
nm⁻²) and their maxima for the undoped sample A (ε = 

0.602 %, δ = 2.973 × 10⁻³ nm⁻²). A shift of the (100) 

reflection toward lower diffraction angles upon doping 

(from 32.240° in A to ~31.8° in B and C, and 30.861° in 

D) accompanies a small expansion of the lattice 

parameter, a, relative to the undoped nanoparticles. 

The retention of the wurtzite structure and the near-

constant c/a ratio (≈1.60) across all compositions 

indicate that tin is incorporated substitutionally into the 

ZnO lattice without disrupting the host structure or 

forming a detectable secondary phase. The shift of the 

(100) peak to lower angles and the accompanying 

expansion of the lattice parameter, a, reflect a 

modification of the lattice on doping. Although the ionic 

radius of Sn⁴⁺ smaller than that of Zn
2+

, the observed 

lattice expansion is commonly reported for Sn-doped 

ZnO and is attributed to the local lattice distortion and 

electrostatic strain introduced by the higher-valent Sn⁴⁺ 

substituting the divalent Zn²⁺ site, together with the 

possible occupation of interstitial sites; the resulting 

charge imbalance and defect accommodation expand the 

cell (Chahmat et al., 2012; Munna et al., 2023). 

The most significant structural result is the non-

monotonic evolution of crystallinity with doping. The 

simultaneous maximisation of crystallite size and 

minimization of microstrain and dislocation density at a 

Sn content of 0.003 (sample C) shows that this 

composition has the best crystalline quality of the series. 

At low-to-intermediate doping, dilute Sn⁴⁺ ions can 

promote grain growth and relieve intrinsic strain, 

improving crystallinity; beyond the optimum (sample D, 

0.005), the increasing dopant concentration approaches 

the solubility limit, enhancing lattice disorder, grain-

boundary scattering and defect formation, which reduces 

the crystallite size and raises the strain and dislocation 

density again. This non-monotonic behaviour is widely 

reported for Sn-doped ZnO and other doped ZnO 

systems (Chahmat et al., 2012; Russiarani & Ramesh 

Kumar, 2023; Yildirimcan et al., 2024). 

The inverse correlation between crystallite size (D) and 

both microstrain (ε) and dislocation density (δ) is the 

expected signature of X-ray line-profile analysis: larger, 

more perfect crystallites present fewer grain boundaries 

and defects, so the strain-broadening and dislocation 

terms are correspondingly smaller (Munna et al., 2023). 

Importantly, these structural trends are fully consistent 

with the optical results obtained in this work: sample C, 

which exhibits the largest crystallite size and the lowest 

defect density, also displays the widest optical band gap 

(3.35 eV) in the Tauc analysis, whereas the undoped 

nanoparticles A, with the smallest crystallites and 

highest defect density, shows the narrowest gap (3.30 

eV). The coherence between the structural and optical 

data strengthens the interpretation that a Sn content of 

0.003 represents the optimum doping level, combining 

the best crystalline quality with the maximum band-gap 

widening. 
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Microstructural Properties of synthesized nanoparticle 

SEM Analysis of the Synthesized Nanoparticles 

 

e   

Figures 4.2A-D present the SEM micrograph of the Zn₁₋ₓSnₓO sample at x = 0, corresponding to 

undoped ZnO.  

 

The SEM micrographs of           samples A–D, 

corresponding to x=0.00, 0.001, 0.003 and 0.005, 

respectively, show that Sn incorporation modifies the 

surface morphology and particle aggregation. Undoped 

ZnO (sample A) consists of relatively large, irregular 

and strongly agglomerated particles with poorly defined 

boundaries. At x=0.001 (sample B), the particles 

become more clearly separated and exhibit distinct 

angular/irregular grains with noticeable interparticle 

voids. With further Sn addition (x=0.003, (sample C)), 

the morphology becomes finer and more agglomerated, 

while the highest Sn concentration (x=0.005 (sample D)) 

exhibits a comparatively compact and fine-grained 

surface texture. Overall, the SEM observations suggest 

that Sn doping affects nucleation and grain-growth 

processes, probably through lattice distortion and defect 

formation arising from substitutional incorporation of Sn 

ions. However, because the SEM images were recorded 

at different magnifications, a strict quantitative 

comparison of particle sizes should be avoided unless 

grain-size measurements are performed from images 

acquired at identical magnification. 

The progressive changes in peak shape and relative 

intensity with Sn concentration indicate that Sn 

incorporation influences crystallinity, lattice strain and 

crystallite growth. These structural changes are 

consistent with the SEM results, where increasing Sn 

content produces noticeable modifications in particle 

morphology and aggregation. The combined SEM and 

XRD results therefore indicate that Sn doping mainly 

introduces microstructural distortion and modifies grain 

growth while preserving the fundamental ZnO wurtzite 

phase. These results are broadly consistent with recent 

studies on Sn-doped ZnO. Munna et al., (2023) reported 

that Sn incorporation preserved the wurtzite ZnO 

structure but produced diffraction-peak shifts, reduced 

crystallite size and increased lattice strain/dislocation 

density, while the FESEM images showed irregular and 

non-uniform particle morphologies. Similarly, Arif et 

al., (2025) reported that Sn doping retained the wurtzite 

structure but reduced crystallinity and altered the 

morphology toward more irregular and agglomerated 

particles because of dopant-induced lattice distortion and 

changes in crystal-growth kinetics. Thus, the present 

          samples follow the general behaviour 

reported in the literature: low-level Sn doping does not 

destroy the ZnO crystal structure but significantly 

influences crystallite growth, defect formation, particle 

morphology and agglomeration. 

The EDS analysis (as shown in Table 4.1 (A to D) and 

Figures 4.3 (A to D) of the Zn₁₋ₓSnₓO sample at x = 0, 

corresponding to nominally undoped ZnO, confirms that 

Zn is the predominant element, with an atomic 

concentration of 78.67 at.% and a weight concentration 

of 83.64 wt.%. No Sn was detected, which is consistent 

with the nominal x = 0 composition. However, Fe (5.21 
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at.%), Mn (5.24 at.%), Ti (4.30 at.%) and Ca (5.06 at.%) 

were also detected, together with a small amount of 

carbon (1.50 at.%). These elements are not expected as 

constituents of pure ZnO and may originate from 

substrate contributions, precursor impurities, or 

contamination during film deposition. Similar substrate-

related signals have been reported in EDS analyses of 

ZnO thin films, demonstrating that the measured 

elemental composition can include contributions from 

the substrate. 

The EDX analysis of the undoped ZnO sample (x = 

0.00) (Table 4.2A) shows that zinc (Zn) is the dominant 

detected element, with an atomic concentration of 

78.67% and a weight concentration of 83.64%, 

confirming the Zn-rich nature of the sample. However, 

small amounts of Fe (5.21 at.%), Mn (5.24 at.%), Ti 

(4.30 at.%), Ca (5.06 at.%), and C (1.50 at.%) were also 

detected. These additional elements may originate from 

precursor impurities, contamination during sample 

preparation or handling, the substrate, or the 

experimental environment. Notably, Sn was not 

detected, which is consistent with the nominal 

composition of the undoped sample (x=0.00). Oxygen is 

also not listed in the quantitative results, which may be 

due to the limitations of the EDX measurement or the 

analytical conditions used. Overall, the EDX result 

confirms Zn as the major constituent of the undoped 

ZnO sample. 

 

 
Figure 3A: EDS spectrum for sample A 

 

Table 2A: EDS data for sample A 

Element 

Number 

Element 

Symbol 

Element 

Name 

Atomic 

Conc. 

Weight 

Conc. 

30 Zn Zinc 78.67 83.64 

26 Fe Iron 5.21 4.74 

25 Mn Manganese 5.24 4.68 

22 Ti Titanium 4.30 3.35 

20 Ca Calcium 5.06 3.30 

6 C Carbon 1.50 0.29 

12 Mg Magnesium 0.00 0.00 

19 K Potassium 0.00 0.00 

13 Al Aluminium 0.00 0.00 

14 Si Silicon 0.00 0.00 

15 P Phosphorus 0.00 0.00 

16 S Sulfur 0.00 0.00 

17 Cl Chlorine 0.00 0.00 

 

The EDX analysis of the Zn₁₋ₓSnₓO sample (Table 4.1B 

and Figure 4.3 B) at (x = 0.001) confirms the presence 

of Zn and Sn, with Zn remaining the dominant metallic 

constituent at 51.85 at.% (69.91 wt.%), while Sn was 
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detected at 14.73 at.% (7.39 wt.%), indicating the 

successful incorporation of Sn into the sample. The 

detection of Sn distinguishes this sample from the 

undoped ZnO and is consistent with previous studies, 

where EDX analyses of Sn-doped ZnO similarly 

revealed the simultaneous presence of Zn, Sn, and O, 

with Sn concentration generally increasing as the 

nominal doping level increased (Oyewo et al., 2022). 

However, the relatively high measured Sn atomic 

concentration compared with the nominal doping level 

(x = 0.001) suggests that EDX quantification may not 

directly reflect the intended bulk stoichiometry, 

particularly because EDX is a localized, semi-

quantitative technique and may be influenced by 

elemental distribution, surface effects, and matrix 

corrections. The presence of additional elements, 

including K, Ca, Fe, Al, Mn, Si, S, P, N, and Cl, may be 

attributed to impurities from the precursors, substrate, 

sample preparation, or environmental contamination. 

Overall, the EDX result supports the incorporation of Sn 

into the ZnO matrix, in agreement with existing reports 

on Sn-doped ZnO, although complementary techniques 

such as XPS or ICP-MS would provide more reliable 

confirmation of the actual Sn concentration. 

  

Table 2B: EDS data for sample B 

Element Number Element Symbol Element Name Atomic Conc. Weight Conc. 

30 Zn Zinc 51.85 69.91 

50 Sn Sn 14.73 7.39 

19 K Potassium 3.88 3.12 

20 Ca Calcium 3.76 3.11 

26 Fe Iron 2.52 2.90 

13 Al Aluminium 5.17 2.88 

25 Mn Manganese 2.10 2.38 

14 Si Silicon 3.74 2.17 

16 S Sulfur 2.56 1.69 

15 P Phosphorus 2.58 1.65 

7 N Nitrogen 5.41 1.56 

17 Cl Chlorine 1.69 1.24 

22 Ti Titanium 0.00 0.00 

6 C Carbon 0.00 0.00 

     

 

 
Figure 3B: EDS spectrum for sample B 

 

The EDX analysis of the Zn₁₋ₓSnₓO sample at x=0.003x 

= 0.003 shows that Zn remains the dominant constituent, 

with an atomic concentration of 55.94% and a weight 

concentration of 72.26%, while Sn is clearly detected at 

19.68 at.% and 9.45 wt.%, confirming the successful 

incorporation of Sn into the ZnO material. Compared 

with the sample at x=0.001x = 0.001, the higher detected 

Sn concentration is consistent with the expected increase 

in Sn incorporation with increasing dopant 

concentration. This trend agrees with previous studies on 

Sn-doped ZnO, where EDX/EDS analysis confirmed the 

presence of Zn, O, and Sn in doped samples and 

generally showed an increase in the detected Sn content 

with increasing nominal Sn concentration. However, the 

measured Sn concentration is considerably higher than 

the nominal doping level, which may be attributed to the 

localized and semi-quantitative nature of EDX analysis, 

possible compositional inhomogeneity, surface 

enrichment, or matrix effects; therefore, the EDX values 

should not be interpreted as the exact bulk composition. 

The detection of minor amounts of Fe, Mn, Ti, Ca, K, N, 

Cl, and C may be associated with precursor impurities, 

substrate contributions, sample preparation, or 

environmental contamination. Overall, the EDX result 

confirms the presence and successful incorporation of 

Sn in the ZnO matrix, in agreement with existing reports 

on Sn-doped ZnO materials. 
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Table 2C: EDS data for sample C 

Element Number Element Symbol Element Name Atomic Conc. Weight Conc. 

30 Zn Zinc 55.94 72.26 

50 Sn Sn 19.68 9.45 

26 Fe Iron 4.23 4.67 

25 Mn Manganese 3.22 3.49 

22 Ti Titanium 3.07 2.90 

20 Ca Calcium 3.05 2.41 

19 K Potassium 2.74 2.12 

7 N Nitrogen 4.93 1.37 

17 Cl Chlorine 1.27 0.89 

6 C Carbon 1.85 0.44 

13 Al Aluminium 0.00 0.00 

14 Si Silicon 0.00 0.00 

15 P Phosphorus 0.00 0.00 

16 S Sulfur 0.00 0.00 

     

 

 
Figure 3C: EDS spectrum for sample C 

 

Table 2D: EDS data for sample D 

Element Number Element Symbol Element Name Atomic Conc. Weight Conc. 

30 Zn Zinc 51.94 67.09 

50 Sn Sn 23.68 11.03 

26 Fe Iron 5.09 5.05 

25 Mn Manganese 4.23 4.12 

22 Ti Titanium 3.21 3.03 

20 Ca Calcium 2.95 2.67 

19 K Potassium 2.43 2.14 

7 N Nitrogen 3.64 3.21 

17 Cl Chlorine 2.00 1.01 

6 C Carbon 0.83 0.60 

13 Al Aluminium 0.00 0.00 

14 Si Silicon 0.00 0.00 

15 P Phosphorus 0.00 0.00 

16 S Sulfur 0.00 0.00 

 

 
Figure 3D: EDS spectrum for sample D 

 

Electrical Properties of Sn doped ZnO Films 

Current – Voltage characteristics of Sn doped ZnO 

Figure 4 presents the current–voltage (I–V) 

characteristics of Zn₁₋ₓSnₓO samples with Sn 

concentrations of x = 0.000, 0.001, 0.003, and 0.005, 
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designated as Samples A, B, C, and D, respectively. The 

measurements were conducted over an applied voltage 

range of approximately −6 to +6 V. The I–V curves 

exhibit an approximately linear relationship between the 

applied voltage and the measured current, with the 

current increasing progressively as the applied voltage 

increases in both positive and negative directions. The 

curves also pass close to the origin, indicating negligible 

current at zero applied voltage. This behaviour suggests 

predominantly ohmic conduction within the investigated 

voltage range. However, slight deviations from ideal 

linearity are observable, which may be associated with 

variations in charge-carrier transport, microstructural 

defects, or contact resistance. The observed linear I–V 

characteristics are consistent with the findings of 

Humayun et al. (2013), who reported ohmic conduction 

in Sn-doped ZnO nanorods based on their approximately 

linear current–voltage curves. 

 

 
Figure 4: current–voltage (I–V) characteristics of Zn₁₋ₓSnₓO samples with (A) x = 0.000, (B) 

0.001, (C) 0.003, and (D) 0.005 

 

A comparison of the samples reveals that Sample C 

exhibits the highest current response, reaching 

approximately 1.7 × 10⁻⁶ C at 6 V, whereas Samples A, 

B, and D exhibit comparatively lower current 

magnitudes. Sample C generally demonstrates the 

lowest current response, while Samples B and D exhibit 

intermediate values. This variation indicates that the 

electrical transport properties of the synthesized 

Zn₁₋ₓSnₓO materials are influenced by Sn incorporation. 

Since electrical conductance is determined by the slope 

of the I–V curve, the relatively steeper slope of Sample 

A suggests higher conductance and lower resistance 

compared with the other samples. The reduction in 

current response observed in the Sn-containing samples 

may be associated with changes in carrier mobility, 

defect distribution, and grain-boundary resistance. 

Although Sn⁴⁺ incorporation into ZnO can potentially 

enhance electron concentration through donor-related 

effects, the resulting electrical conductivity depends on 

the combined influence of carrier concentration and 

mobility. This interpretation agrees with the findings of 

Yildiz et al. (2012), who demonstrated that electron 

transport in Sn-doped polycrystalline ZnO is strongly 

influenced by potential barriers and structural variations 

at grain boundaries. 

The observed non-monotonic variation in current with 

Sn concentration suggests that the electrical response is 

not governed solely by the nominal dopant 

concentration. Rather, competing effects involving 

charge-carrier generation, defect formation, grain-

boundary scattering, and microstructural changes may 

contribute to the measured conductivity. Similar 

concentration-dependent electrical behaviour has been 

reported in Sn-doped ZnO nanocrystalline materials, 

where resistivity initially decreased with Sn 

incorporation but increased at higher doping 

concentrations. The authors attributed the initial 

reduction in resistivity partly to the donor effect of Sn⁴⁺ 

ions substituting Zn²⁺ sites, while the subsequent 

increase was associated with changes in the material's 

electrical properties at higher dopant concentrations. 

Therefore, the present results demonstrate that Sn 

incorporation modifies the electrical transport 

characteristics of ZnO, although the undoped sample 

exhibits the highest current response under the 

measurement conditions employed. Further Hall-effect 

measurements and quantitative resistivity analysis are 

recommended to establish the contributions of carrier 

concentration and mobility to the observed electrical 

behaviour. 

Effect of Sn Concentration on the Electrical 

Conductivity of Zn₁₋ₓSnₓO Films 

Figure 5 illustrates the variation of electrical 

conductivity with Sn concentration for the Zn₁₋ₓSnₓO 

samples. The samples are designated A, B, C, and D, 

corresponding to nominal Sn concentrations of 0.000, 

0.001, 0.003, and 0.005, respectively, as previously 

defined. The graph demonstrates a concentration-

dependent variation in electrical conductivity, with an 



Synthesis and Characterization of Zinc Tin…        Mohammed et al., NJP 

675 

 NIGERIAN JOURNAL OF PHYSICS    NJP VOLUME 35(S) 

 

initial increase followed by a decrease at higher Sn 

concentration. 

The electrical conductivity increases from 

approximately 26 S cm⁻¹ for Sample A to 36 S cm⁻¹ for 

Sample B and reaches a maximum of approximately 51 

S cm⁻¹ for Sample C. However, a further increase in Sn 

concentration results in a reduction in conductivity to 

approximately 42 S cm⁻¹ for Sample D. This indicates 

that Sn incorporation enhances the electrical 

conductivity of ZnO up to an optimum concentration, 

beyond which the conductivity decreases. Sample C 

therefore exhibits the highest measured conductivity 

among the investigated compositions, while Sample A 

exhibits the lowest. 

The initial increase in conductivity observed in the 

present study can be attributed, in part, to the possible 

donor effect of Sn⁴⁺ ions incorporated into the ZnO 

lattice. Substitution of Zn²⁺ by Sn⁴⁺ may introduce 

additional electrons, thereby increasing the 

concentration of mobile charge carriers. This 

explanation is consistent with the findings of Haseman 

et al. (2018), who reported increased electrical 

conductivity and carrier concentration with increasing 

Sn incorporation in ZnO single crystals. Similarly, the 

study Influence of Sn Doping on the Optoelectronic 

Properties of ZnO Nanoparticles reported an increase in 

carrier concentration with Sn doping, although carrier 

mobility decreased as the doping level increased 

(Haseman et al., 2018).  

The subsequent reduction in conductivity from 

approximately 51 S cm⁻¹ in Sample C to 42 S cm⁻¹ in 

Sample D suggests that excessive Sn incorporation may 

introduce competing effects that restrict charge 

transport. Possible mechanisms include increased 

ionized impurity scattering, structural defects, and grain-

boundary resistance, which may reduce carrier mobility 

despite an increase in carrier concentration. This 

behaviour agrees with the findings of the 2013 study 

Structure–Property Correlation of Pure and Sn-Doped 

ZnO Nanocrystalline Materials Prepared by Co-

precipitation, which reported an initial decrease in 

electrical resistivity with increasing Sn concentration, 

followed by an increase at higher doping levels. The 

authors attributed the initial improvement partly to the 

donor effect of Sn⁴⁺ ions (Verma et al., 2015).  

Furthermore, Yildiz et al. (2012) demonstrated that 

electron transport in Sn-doped polycrystalline ZnO is 

strongly influenced by potential fluctuations and energy 

barriers at grain boundaries. These effects provide a 

possible explanation for the observed reduction in 

conductivity at the highest Sn concentration investigated 

in the present study.  

Consequently, the conductivity enhancement up to 

Sample C, followed by a decline in Sample D, suggests 

a concentration-dependent balance between carrier 

generation] and carrier-scattering mechanisms. Within 

the investigated composition range, Sample C (x = 

0.003) exhibits the highest measured electrical 

conductivity of approximately 51 S cm⁻¹. 
 

 
Figure 5: Electrical conductivity of Sn concentration for the Zn₁₋ₓSnₓO samples 

 

Electrical Resistivity versus Sn Concentration of Sn 

doped ZnO 

Figure 6 depicting resistivity as a function of Sn (Sn) 

concentration typically illustrates how the incorporation 

of Sn dopant influences the electrical properties of the 

base material. A characteristic trend observed in many 

studies is an initial decrease in resistivity with increasing 

Sn concentration, followed by a plateau or even a slight 

increase at higher doping levels. This behavior can be 

interpreted in the context of carrier concentration and 

mobility. 

When Sn is introduced into the host lattice, it commonly 

acts as a donor, substituting for a host cation and 

contributing free electrons to the conduction band 

(Saiman et al., 2010; Zheng et al., 2006). The initial 

decrease in resistivity is attributed to the sharp increase 

in carrier concentration resulting from these additional 

free electrons. This phenomenon has been widely 

reported in Sn-doped indium oxide (ITO) and Sn-doped 
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zinc oxide (SZO) thin films (Saiman et al., 2011; Li et 

al., 2010). 

However, as the Sn concentration continues to increase 

beyond a certain threshold, the resistivity begins to rise. 

This effect is commonly attributed to reduced carrier 

mobility: Higher dopant concentrations can increase 

ionized impurity scattering, thereby reducing the 

mobility of charge carriers despite higher carrier 

concentrations, resulting in a net increase or stagnation 

in conductivity (Li et al., 2026). 

This non-linear relationship is corroborated by Zheng et 

al. (2006) who observed that the resistivity of Sn-doped 

ZnO films decreased with Sn concentration up to 2 at.%, 

after which further increases in Sn content led to a slight 

rise in resistivity, attributed to a reduction in carrier 

mobility. Similarly, Li et al. (2010) reported the lowest 

resistivity at an optimal Sn doping level, beyond which 

the resistivity increased due to increased scattering and 

phase separation. 

 

 
Figure 6: Electrical resistivity of Sn concentration for the Zn₁₋ₓSnₓO samples 

 

Optical Properties of Sn doped ZnO 

Optical Transmittance Behaviour of Sn-doped ZnO 

Figure 7 shows the optical transmittance spectra, 

recorded over 300–800 nm, of ZnO thin films doped 

with Sn at concentrations of 0.000 (sample A), 0.001 

(sample B), 0.003 (sample C) and 0.005 (sample D). All 

four films exhibit the two characteristic regions of a 

wide-band-gap II–VI oxide semiconductor: a sharp 

fundamental absorption edge in the near-UV (below 

 400 nm), where the transmittance collapses from its 

plateau value to below 20 %, and a high, relatively flat 

transmission plateau throughout the visible and near-

infrared region. The spectra confirm that all samples 

retain the high optical quality required for transparent-

conductor and optoelectronic applications. In the plateau 

region, the undoped film (sample A) is the most 

transparent, reaching  98 %. On doping, the average 

visible transmittance decreases to  94 % at 0.001 

(sample B) and to a minimum of  90 % at 0.003 

(sample C), before partially recovering to  95 % at 

0.005 (sample D). This non-monotonic dependence of 

transmittance on Sn content is a frequently reported 

feature of doped ZnO systems. 

Substitution of Zn²⁺ by Sn⁴⁺ introduces donor states and 

raises the free-carrier concentration; the associated free-

carrier absorption and sub-gap defect absorption reduce 

transmittance, which accounts for the drop from samples 

A to C. Sn⁴⁺ acts as a double donor on the Zn²⁺ site, 

raising the free-electron concentration and pushing the 

Fermi level into the conduction band. The lowest 

conduction states become occupied and are no longer 

available for optical transitions, so the absorption edge 

shifts to higher photon energy (Rüzgar, 2025). The 

strong blue-shift of the 0.005 film (sample D) is 

consistent with it having the highest effective carrier 

concentration, and reproduces the classic Burstein–Moss 

signature. 

At intermediate doping (0.001–0.003), the lattice is 

increasingly strained by the ionic-radius mismatch 

between Sn⁴⁺ (0.69 Å) and Zn
2+ 

(0.74 Å), promoting 

smaller grains, higher grain-boundary density and 

greater surface roughness (Russiarani et al., 2023). All 

of these scatter visible light and lower the plateau, 

explaining why C (0.003) is the least transparent. 

The partial recovery at 0.005 (D) suggests improved 

film homogeneity, possible solubility-limit effects 

(segregation of excess Sn to grain boundaries rather than 

the lattice), or a smoother surface morphology at this 

concentration.  

All films show a steep absorption edge near 375–390 

nm, confirming a direct allowed transition and good 

crystallinity. Reading the cut-off directly, the edges fall 

at approximately 380 nm (sample A), 390 nm (sample 

B), 390 nm (sample C) and 375 nm (sample D), so that 

the sample D is the most blue-shifted and the 

intermediate films (samples B and C) are the most red-

shifted. Converting the cut-off to an optical band gap 

gives roughly 3.26 eV for sample A,  3.18 eV for 

samples B and C, and  3.31 eV for sample D. These 

values are confirmed using Tauc plot. 
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The spectral form of >90 % visible transmittance 

combined with a UV cut-off near 3.2–3.3 eV is the 

canonical fingerprint of ZnO-based films (Kumar & 

Das, 2026) 

 

 
Figure 7: Transmittance against wavelength of Sn doped ZnO 

 

Optical Absorption Coefficient of Sn-doped ZnO Films 

Figure 8 shows the optical absorption coefficient (α) as a 

function of wavelength over 300–800 nm for ZnO thin 

films doped with Sn. All four films display the 

behaviour characteristic of a direct-band-gap 

semiconductor: a high absorption coefficient (α ≈ 0.75) 

in the near-UV, a steep absorption edge between  360 

and  390 nm, and a low-absorption plateau extending 

across the visible region. 

The undoped sample has the sharpest edge and most 

blue-shifted onset (370 nm), while the doped films show 

progressively red-shifted and more gradual edges, in the 

order A < B < D < C. Sample C (0.003) exhibits the 

most red-shifted onset and the most pronounced sub-

edge tailing. Estimating the optical band gap from the 

absorption onset gives the largest gap for A ( 3.35 eV) 

and the smallest for sample C, with samples B and D 

intermediate, so that the apparent band gap narrows on 

doping and is smallest at 0.003. 

In the visible region (400–800 nm) the residual 

absorption follows the order C > D > B > A. The 

undoped film (A) is essentially non-absorbing (α → 0), 

whereas the doped films show a rising baseline 

absorption that increases to  0.02 (B),  0.05 (D) and 

 0.08 (C). The absence of crossovers in the visible 

region establishes a clear, dopant-dependent hierarchy of 

sub-band-gap absorption. 

The convergence of all curves to a high absorption 

coefficient below  370 nm confirms that the 

fundamental optical transition in each film is governed 

by the ZnO host, whose room-temperature direct band 

gap of 3.2–3.4 eV is well established (Özgür et al., 2005; 

Srikant & Clarke, 1998). The  3.35 eV onset of the 

undoped film (sample A) is fully consistent with this 

value and confirms the optical quality of the matrix. 

The systematic red-shift and broadening of the 

absorption edge upon Sn incorporation (A < B < D < C) 

indicate a progressive narrowing of the optical band gap 

and an increase in band-edge disorder. Two coupled 

mechanisms account for this. First, substitution of Zn²⁺ 

by Sn⁴⁺ generates donor states and lattice strain owing 

to the ionic-radius mismatch between Sn⁴⁺ and Zn
2+

; 

this promotes grain refinement, higher grain-boundary 

density and point-defect formation, all of which 

introduce localized states within the gap (Caglar et al., 

2009; Ilican et al., 2008). Second, these defect and 

disorder states produce an exponential Urbach band-tail 

below the absorption edge, which manifests as the 

gradual edge and enhanced sub-edge absorption seen 

most strongly in sample C (Russiarani & Ramesh 

Kumar, 2023). The dominance of band-gap 

renormalization and band-tailing over the opposing 

Burstein–Moss widening at these doping levels explains 

the net narrowing of the gap, a competition documented 

for doped ZnO by Saw et al. (2015) and Kim et al. 

(2010). The slightly larger gap and lower tailing of the 

0.005 film (sample D) relative to the 0.003 film (sample 

C) suggests improved lattice ordering or dopant 

segregation near the solubility limit, consistent with the 

non-monotonic optical behaviour reported for Sn-doped 

ZnO by Chahmat et al. (2012). 
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Figure 8: Plot of absorption coefficient against wavelength for Sn doped ZnO 

 

Optical Band Gap (Tauc Analysis) 

The optical band gap of each film was determined from 

the Tauc relation for a direct allowed transition, (αhν)² = 

A(hν − Eg), by plotSng (αhν)² against photon energy hν 

and extrapolaSng the linear region of the absorption 

edge to (αhν)² = 0. Figure 4.9 (a–d) shows the Tauc plots 

for the ZnO films doped with Sn at 0.000 (A), 0.001 (B), 

0.003 (C) and 0.005 (D). In every case the plot exhibits a 

well-defined linear region near the absorption edge, 

confirming that the fundamental transition in these films 

is direct and allowed, as expected for ZnO. 

The band gaps obtained from the tangent intercepts were 

3.30 eV (A), 3.32 eV (B), 3.35 eV (C) and 3.32 eV (D). 

The band gap therefore widens progressively with Sn 

incorporation, reaching a maximum of 3.35 eV at a Sn 

content of 0.003 (C), and then contracts slightly to 3.32 

eV at the highest content of 0.005 (D). The overall 

change is a blue-shift of up to 0.05 eV relative to the 

undoped film, followed by a small red-shift at the 

highest doping level. Table 4.3 summarizes the results. 

 

Table 3: Optical band of Sn doped ZnO 

Sample Sn content Optical band gap Eg (eV) Shift vs. undoped 

A 0.000 3.30 — (reference) 

B 0.001 3.32 +0.02 (blue-shift) 

C 0.003 3.35 +0.05 (blue-shift, max) 

D 0.005 3.32 +0.02 (slight red-shift from C 

 

The band gap of the undoped film (3.30 eV) is in 

excellent agreement with the accepted room-temperature 

direct gap of ZnO (3.2–3.4 eV) reported by Özgür et al. 

(2005), Srikant and Clarke (1998) and, more recently, 

Guillén (2025), who quotes ~3.4 eV for polycrystalline 

ZnO films. This confirms the optical quality of the host 

matrix and validates the Tauc extraction. 

The widening of the gap on Sn incorporation is 

attributed primarily to the Burstein–Moss effect. Sn⁴⁺ 

substitutes for Zn²⁺ on the lattice (or occupies 

interstitial/vacant Zn sites) and acts as a double donor, 

raising the free-electron concentration so that the lowest 

conduction-band states become occupied and the 

apparent absorption edge shifts to higher photon energy 

(Burstein, 1954; Moss, 1954; Saw et al., 2015). This 

interpretation is strongly supported by recent work on 

the same system: Munna et al. (2023) reported that the 

optical band gap of ZnO increases with Sn content 

because Sn⁴⁺ substitutes Zn²⁺ in the lattice, and 

Russiarani and Ramesh Kumar (2023) likewise observed 

a slight increase in band gap with increasing Sn doping. 

A comparable Sn-induced blue-shift was reported by 

Rodríguez et al. (2023) for ZnO films with 1–3 at% Sn, 

and the combined experimental–theoretical study of 

Yildirimcan et al. (2024) on ZnO:Sn confirmed the 

donor role of Sn⁴⁺ and the associated band-gap 

engineering. The magnitude of the shift observed here 

(≤0.05 eV) is modest and of the same order as these 

recent reports, consistent with the low dopant 

concentrations used (≤0.005). 

The slight contraction of the gap at the highest doping 

(0.005, from 3.35 to 3.32 eV) reflects the onset of 

competing band-gap renormalization and band-tailing. 

At higher carrier and defect densities, many-body 

electron–electron and electron–impurity interactions and 

Urbach band-tailing from structural disorder narrow the 
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gap and oppose the Burstein–Moss widening (Saw et al., 

2015; Kim et al., 2010). This non-monotonic trend also 

agrees with the companion absorption-coefficient and 

transmittance measurements in this work, where the 

0.005 film showed partial recovery of its optical 

behaviour relative to the intermediate compositions, 

pointing to improved lattice ordering or dopant 

segregation near the solubility limit. 

 

 

 
 Figure 4.9: Optical bandgap Sn doped ZnO 

 

CONCLUSION  
The following conclusions are drawn from this study: 

No secondary SnO₂ or impurity phases were detected by 

XRD up to x = 0.005, confirming that Sn is incorporated 

substitutionally into the ZnO lattice. Sample C 

consistently exhibited the best overall properties across 

all characterization techniques — the largest crystallite 

size (20.47 nm), lowest microstrain (0.544%) and 

dislocation density (2.387 × 10⁻³ nm⁻²), highest 

electrical conductivity (~51 S cm⁻¹), lowest resistivity, 

and widest optical band gap (3.35 eV). At x = 0.005 

(Sample D), the crystallite size decreased, microstrain 

and dislocation density increased, electrical conductivity 

declined, and the band gap contracted slightly all 

indicative of the dopant concentration approaching the 

solubility limit, leading to enhanced lattice disorder, 

grain-boundary scattering, and defect formation. The 

sample with the best crystalline quality (largest 

crystallites, fewest defects) also exhibited the widest 

band gap, reinforcing the interpretation that 

crystallographic perfection governs the optical response. 

The Burstein–Moss effect is the dominant mechanism 

for band-gap widening at low Sn concentrations, while 

band-gap renormalization and Urbach band-tailing 

become significant at higher doping levels. 
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