
Heliyon 10 (2024) e23190

Available online 12 December 2023
2405-8440/© 2023 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Effect of tin concentrations on the elemental and optical properties 
of zinc oxide thin films 

Adeoye Victor Babalola a,e,*, Victoria Oluwasusi e,f, Victor Adewale Owoeye b, 
Joseph Onyeka Emegha c, David A. Pelemo d, A.Y. Fasasi d, Umar Milka Gurku e, 
Samson Oluwagbemiga Alayande g, Samson Yusuf e, Baba Saje M a 

a Nile University of Nigeria, Research and Institution Area, Jabi, Abuja, FCT, Nigeria 
b Department of Physical and Chemical Sciences, Elizade University, Ilara-Mokin, Nigeria 
c College of Natural and Applied Sciences, Novena University Ogume, Delta State, Nigeria 
d Centre for Energy Research and Development, Obafemi Awolowo University, Ile Ife, Nigeria 
e Department of Physics, Nasarawa State University, Keffi, Nigeria 
f Department of Physics, Bingham University, Nasarawa, Nigeria 
g Department of Chemistry, First Technical University, Ibadan, Nigeria   

A R T I C L E  I N F O   

Keywords: 
Thin films 
Spray pyrolysis 
Semiconductor 
Thickness 
Composition and Rutherford Backscattering 
Spectrometry 

A B S T R A C T   

Pure zinc oxide and Sn-doped ZnO thin films were deposited on a pre-heated glass substrate from 
tin (II) chloride dihydrate (SnCl2.2H2O) and zinc acetate (Zn(CH3COO))2 precursors using spray 
pyrolysis technique. The doped films were achieved by adding various quantities of (SnCl2. 2H2O) 
precursor to the solution of zinc acetate in volume percent range of 0–10. Rutherford Backscat-
tering Spectrometry (RBS) was used to characterise the prepared films to determine their thick-
ness and elemental composition. To examine the films’ optical characteristics, a UV spectrometer 
operating at room temperature and covering a wavelength range of 300–1100 nm was employed. 
The film’s thickness and composition show that as the volume of Sn in the thin films increases, so 
does the film’s thickness. With average transmittance values up to 70 %, all the films are quite 
transparent in the visible region of the electromagnetic spectrum and have a significant UV cut-off 
at roughly 380 nm. The reflectivity of Sn-doped ZnO films is seen to be independent of the volume 
of Sn in the films, and the reflectivity of the films diminishes as the wavelength increases. Sn- 
doped ZnO thin film has an optical band gap of 3.14–3.18 eV. The properties of the thin film 
produced make it suitable for solar energy collection and improve the efficiency of solar energy 
system, various optoelectronics devices and sensor.   

1. Introduction 

Semiconductor oxide thin films are materials that find wide uses in optoelectronic and electrical devices, in addition to a few other 
uses including heat mirrors, protective coatings, and catalysis [1–3]. In the context of the world’s energy needs, particularly energy 
conversion, transparent conductive oxides (TCOs), which are based on semiconductor oxides, are essential to the development of 
contemporary thin film solar cells. Complex oxides with highly correlated functional characteristics exhibit quantum phenomena like 
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multiferroicity, Bose-Einstein condensation of magnons, and high temperature superconductivity with a broad range of peculiar 
electrical and magnetic phenomena, brought on by the interactions between charge and spin-orbit ordering [4]. 

High active losses in metal compounds and their alloys due to eddy currents are a serious drawback. This is not a problem for 
hexaferrites, which have good microwave properties and are dependable in challenging environments [5,6]. Researchers from all 
around the world are considering the potential uses of ZnO in several innovative devices, making it one among the widely studied 
transition metal oxides (TMOs). The various multifunctional applications of ZnO are because of its significant energy gap at ambient 
temperature of 3.37 eV and high 60 MeV exciton binding energy [7–9]. ZnO has recently been used in optoelectronic devices such as 
photocatalytic degradation, solar cells, gas sensors, photoanodes, and steel anti-corrosion protection [10–14]. 

The doping of parent materials with additional reinforcing agents is a result of parent metallic oxide’s inability to satisfy the 
required need in industries and engineering. Studies on ZnO have revealed that adding metallic ions into its crystal structure can 
improve the material’s characteristics for various applications [15–24]. Particularly elements with periodic arrangements in III and IV, 
including Sn, In, Ga, and Al, are suitable for n-type ZnO doping. Previous studies suggested that ZnO’s properties depend on prepa-
ration processes, morphology, and life conditions change [25]. The addition of a second phase has also been reported to increase the 
electronic characteristics of the composite materials produced through combining various compounds with excellent electronic 
properties [26–28]. According to a study by Ref. [29], Ni/Zn/Fe2O4 (NZF)-BaTiO3 (BT) could have their electrical and conductivity 
properties improved by growing NZF at the nanoscale on top of or in between microscale BT. Because of the composite materials’ 
observable properties, they can be used in ceramic supercapacitors, tunable frequency filters, and high-frequency microwave devices. 

The synthesis of nanostructured Sn-doped ZnO via hydrothermal process for dye sensitized solar cells was the focus of [17], the 
study also examined the doped ZnO’s photovoltaic capabilities. By arranging the tiny ZnO nanoparticles, the dopant was said to change 
the morphology of ZnO into a spindle shape. It was found that adding a Sn atom to the ZnO nanostructure increased conversion 
effectiveness and photocurrent density, which may have benefited the high charge collection and electron transport at the interfaces 
between the electrolyte and doped zinc oxide layers. 

The preparation of undoped and Sn–ZnO nanoparticles for magnetic applications is the focus of the study [25]. Sn doped ZnO 
nanoparticles were discovered to have hexagonal wurtzite structure, with a minimum crystal size of approximately 32.7 nm. With an 
increase in Sn doping concentration, it was shown that the quantity of defects and catalyst formed in ZnO both increased. Sn doped 
ZnO nanoparticles were found to exhibit greater saturation magnetization at room temperature because of the annealing effect. ZnO 
was synthesized using a conventional chemical precipitation process and doped with a transition metal (Sn) in Ref. [30]. Addition of Sn 
atom to the ZnO crystal structure caused the lattice gap to increase and the 2 angle to decrease. 

Research study [31] focused on the antibacterial and photocatalytic properties of Sn–ZnO nanoparticles prepared using precipi-
tation method. Increased Sn concentration was shown to increase crystallite size and reduce lattice parameter without altering the zinc 
oxide structure. The optical reflectance and band gap of Sn doped ZnO were decreased as the dopant concentration was increased. In 
comparison to the 3 % Sn, 5 % Sn doped ZnO nanoparticles showed a higher dye removal rate for methylene blue. The Sn doped ZnO’s 
antibacterial activity shown an increased inhibition of roughly 14 × 10− 3 m against various pathogens. The photocatalyst of 5 % 
Sn–ZnO increases photo excite carrier transfer rate and decreases recombination rate, may significantly influence the photocatalytic 
performance. Other complex oxide groups, including FeCo/Fe2CoO4/Co3O4, were also revealed to have exceptional electrical 
properties and could be utilized as anode materials for lithium-ion batteries [32]. New materials with enhanced and appealing 
electrical properties could be produced by mixing various types of polymers with nanoparticle ceramic fillers [33,34]. 

Both top-down and bottom-up approaches can be used to nanostructure materials. Top down involves transforming a bulk material 
into a nanostructured material. Different severe plastic deformation techniques, like extrusion, drawing, rolling, equal channel angular 
extrusion, and others, are used in this process [35]. The second approach means developing nanostructured materials from the atom 
up, and the thin-film method of doing so falls under this category [10,15,16,36]. A material with a thin layer is one whose thickness is 
between one and one hundred nanometers, or less than 1 μm [36]. 

Synthesis of metal/semiconductor oxide thin film has been done by various techniques including, electrochemical deposition 
method [27,28], sol–gel spin-coating technique [37–39], spray pyrolysis [10,12,15,16], molecular beam epitaxy [40], metalorganic 
chemical vapour deposition [41], pulsed laser deposition [42], co-precipitation technique [29,43], electrodeposition [44], 

Due to its many advantages over other deposition techniques, including its ability to adjust to a wide range of deposition pa-
rameters, its low power consumption, and its affordability, spray pyrolysis technique (SPT) was chosen as the thin film deposition 
technique used in this study [45–47]. Thin film technology is essential for materials research since materials exhibit distinctiveness in 
each of their properties at the nanoscale, including morphology, microstructure, electrical, thermal, optical, magnetic, anti-corrosion, 
and mechanical properties [10,15,16]. 

A review of the literature showed limited publications on the study of thickness and elemental composition of Sn/ZnO thin film for 
optoelectronic applications using Rutherford Backscattering Spectrometry (RBS). We present the synthesis of Sn:ZnO thin films via SPT 
in this work, as well as the physical characterization of the resulting films. To determine the ideal conditions for the deposition process, 
the influence of Sn concentrations on the thickness, elemental composition, and optical characteristics of these films was examined. 

2. Experimental 

Zinc acetate was used to synthesize the precursor for zinc oxide and tin oxide from tin (II) chloride dihydrate (SnCl2.2H2O) pre-
cursor, both were dissolved in methanol at 0.01 M and 0.05 M. The choice of the zinc salt over other precursors’ salts like zinc chloride, 
zinc nitrate and zinc sulfate has been reported by Refs. [15,16,24]. Undoped films of ZnO were deposited separately on a glass sub-
strate and characterised. Sn-doped ZnO were achieved by adding various quantities of (SnCl2. 2H2O) to the solution of zinc acetate 
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solution in volume percent range of 0–10. Using the methods previously employed in Refs. [15,16,24], the amount of the dopant was 
determined as a function of the desired Sn/Zn ratio. Chemical spray pyrolysis technique (SPT) was used to pyrolyze the prepared 
precursor and deposit thin films on a clean glass substrate at 350 ◦C. Deposition temperature was monitored with a thermocouple. 

Characterisations were carried out using RBS to examine the composition and thickness of the films. The samples were analysed 
using 2 MeV He+ tandem electrostatic ion accelerators with 0.3 μC. The data were collected electronically and analysed using dedi-
cated software called SIMNRA [15]. A UV-1800 Spectrophotometer operating at room temperature and covering a wavelength range of 
300–1100 nm was used for evaluating optical measurements of the films. 

Fig. 1. RBS Spectra of (a) ZnO (0.05 M) (b) 0.05 M SnO and (c) 4 % Sn-doped ZnO 0.05 M 
RBS Spectra of Sn-doped ZnO 0.05 M (d) 6 % dopant (e) 8 % dopant, and (f) 10 % dopant. 

A.V. Babalola et al.                                                                                                                                                                                                   



Heliyon 10 (2024) e23190

4

3. Results and discussion 

3.1. Film’s thickness and stoichiometry 

The RBS spectra of ZnO, Sn-doped ZnO, and undoped 0.05 M SnO films are displayed in Fig. 1(a–f). The experimental RBS data was 
fitted with SIMNRA software, and the thickness and composition of the films were determined. For ion beam analysis using MeV ions, 
SIMNRA is a suitable Microsoft Windows tool for simulating back- or forward-scattering spectra. As a result, it is mostly used to 
simulate spectra with nuclear processes, elastic recoil detectors, non-RBS, or EBS cross sections. The application fits the data (layer 
roughness, thickness, energy calibration, and layer composition) using the Simplex algorithm, which is very stable and converges 
slowly but almost always. The RBS analysis of the films was conducted using this software. 

The RBS results confirmed the synthesis of Sn, Zn and Sn–ZnO films as evident from the RBS spectra showed in Fig. 1 and Table 1 
respectively. The two peaks detected by the RBS in Fig. 1(c–f) confirmed the successful substitution of Sn4+ ion into the zinc oxide 
crystal lattice. The substitution reaction is enhanced by the variation in the ionic radius between Sn4+ (0.69 Å) and Zn2+(0.74 Å). The 
elemental compositions and thickness of the films shown in Fig. 1 were analysed by SIMNRA with the results presented in Table 1. 
According to the elemental analysis, the percentage of 0.05 M SnO is Sn: 10.16 % and O: 89.84 % with 65.66 nm thickness while that of 
0.05 M ZnO are in proportion of Zn: 53.96 % and O: 46.04 % with 63.96 nm thickness. 

The deposited thin films of 0.05 M Sn-doped ZnO on glass substrate reveals that the thickness increases with increased volume of Sn 
in the thin films except for the suspicious behaviour of 8 % Sn doped film which shows high thickness value which then makes 10 % Sn 
doped thickness values look as if it decreases as shown in Table 1. The drop in ZnO thickness from 8 to 10 % Sn dopant may have 
resulted from contamination of the films with impurities during preparation and characterization. Although the thickness values 
reported by RBS in this investigation are consistent with the conclusion reached in Ref. [48], it is expected that the thickness would 
increase as the amount of dopants in Sn-doped ZnO increases. The substitution reaction of the Sn atom into the ZnO crystal structure 
causes the ZnO thickness to rise with increased Sn dopant. The vacant sites in ZnO are filled with Sn atoms because of the substitution 
reaction caused by the variation between Sn and Zn’s ionic radii, which reduces the amount of crystal defect in the Sn–ZnO crystal 
structure. 

The elemental composition for 0.05 M Sn-doped ZnO thin film are as follows: 4 % Sn-doped ZnO are 1.14 %, 29.36 % and 69.51 % 
for Sn, Zn and O, respectively and for 6 % Sn-doped ZnO are 2.39 %, 52.56 % and 45.05 % for Sn, Sn, and O, respectively and for 8 % 
Sn-doped ZnO are 2.14 %, 24.74 % and 73.12 % for Sn, Zn and O, respectively, and for 10 % Sn-doped ZnO are 1.50 %, 23.71 % and 
74.79 % for Sn, Zn and O, respectively. The noticeable characteristic in the RBS result at 8–10 % Sn-doped ZnO may possibly be caused 
by air and other impurities contaminating the films after deposition, which causes the Sn concentration to decrease rather than rise 
with increased Sn content in the Sn-doped ZnO lattice. From Table 1 above, it was observed that the oxygen stoichiometry of the 
deposited films easily allows the excess composition of oxygen compared to the zinc and tin contents in the samples, Oxygen content 
had been reported to be proportional to the stoichiometric [49,50]. 

Table 1 
SnO, ZnO, and Sn-doped ZnO thin film composition & thickness.  

Thin film Sn Zn O Thickness (nm) 

0.05 M SnO 0.101592 – 0.898408 65.66 
0.05 M ZnO – 0.539630 0.460370 63.96 
4 % Sn–ZnO 0.05 M 0.011351 0.293571 0.695078 45.84 
6 % Sn–ZnO 0.05 M 0.023886 0.525646 0.450468 74.92 
8 % Sn–ZnO 0.05 M 0.021379 0.247403 0.731218 97.56 
10 % Sn–ZnO 0.05 M 0.014999 0.237111 0.747890 78.87  

Fig. 2. Optical transmittance of 0.05 M Sn–ZnO thin films.  
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3.2. Optical analysis of 0.05 M Sn-doped ZnO 

The optical characteristics of Sn/ZnO films are among the crucial characterizations to determine the nature of semiconducting 
materials for device applications. The transmittance of 0.05 M Sn– ZnO thin films is shown in Fig. 2. With average transmittance values 
up to 70 %, all the films (Fig. 2) show a sharp ultraviolet cut-off at about 380 nm and are highly transparent in the visible portion of the 
electromagnetic spectrum. The results agree with the work of [51], which suggests that the produced films have good optical quality 
due to low scattering or absorption losses [52]. 

The deposited nano-films are suitable as an aesthetically pleasing window glazing material due to their excellent transmittance in 
the visible region [52,53]. Additionally, the film’s high transmittance makes it appropriate for lowering solar radiation reflection, solar 
energy collection, and sending radiation photons to the collector [53]. The behaviour of Sn doped ZnO at wavelengths (λ <400 nm) 
has a great application in such a way that the film can be used as UV-wavelength absorber for the wavelength less than 400 nm. 

The films’ reflection spectrum is presented in Fig. 3. It was observed that the reflectivity of Sn–ZnO films is independent of the 
volume of Sn in ZnO films, and the film reflectivity decreases with increase in wavelength. Usually, the films exhibited low reflectance 
values that lie between 0 and 0.8. Higher reflectivity was observed at around 360 nm and this spontaneously decreases with increase in 
wavelength, this could be caused by the film’s density reducing as tin concentrations rise [27]. The low reflectivity values of the 
deposited material make tin-doped-zinc oxides thin films good material for anti-reflective coatings [53,54]. 

The refractive index (n) of thin films is an important optical property that is closely related to the electronic polarizability of ions 
and the local field within materials. Several optoelectronic devices such as solar cells, modulators, switches, waveguides, filters, 
detectors, etc, are based on the optical refractive index [55]. Equation (1) was utilized to estimate the refractive index of Sn:ZnO thin 
films [54–56]. 

n=
− (R+1) ±

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3R2+10R− 3

√

2(R− 1)
(1) 

Fig. 4 shows the Sn-doped ZnO thin film’s refractive index (n) against wavelength. The result demonstrates that the thin film first 
increases with the wavelength and then decreases after reaching a maximum value in the range of 300 nm–380 nm which could be 

Fig. 3. The reflectivity of 0.05 M Sn-doped ZnO thin films.  

Fig. 4. The refractive index of 0.05 M Sn-doped ZnO.  
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compared with the study of [57], where the ZnO film’s refractive index first rises with wavelength and then falls after reaching a 
maximum in the 380–420 nm wavelength region. 

Also, it is observed that the refractive index of the Sn–ZnO thin film is independent on the volume of tin in the deposited thin films. 
The cause of the increased refractive indexes of deposited thin films is suggested to be the deposition conditions, which agrees with the 
works of [53,58]. 

For Sn–ZnO, the extinction coefficient (k) was estimated using the relation in Equation (2) [56]. 

k=
αλ
4π (2)  

where λ and α are wavelength and the absorption coefficient of the material. The extinction coefficient of the thin films is shown in 
Fig. 5. The plot shows that the extinction coefficient decreased with wavelength. Furthermore, the overall decrease in extinction 
coefficient can be likened to the degree of crystallinity of the films as the tin (Sn) content increases. Commonly, the ranges of the 

Fig. 5. The extinction coefficient of 0.05 M Sn–ZnO.  

Fig. 6. Imaginary part of the dielectric constant of 0.05 M Sn-doped ZnO thin film.  

Fig. 7. Real part of the dielectric constant of 0.05 M Sn–ZnO film.  
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estimated extinction coefficients were somewhat low along the wavelength regions, thus, losing some absorption energy within the 
wavelength regions [56]. 

A fundamental characteristic of any optical material, the dielectric constant is correlated with the values of the deposited sub-
stance’s extinction coefficient and refractive index [52,56]. The real (Ɛᵣ) and imaginary (Ɛᵢ) parts of Sn–ZnO dielectric constant were 
determined using Equation (3) and equation (4) [56]. 

Ɛᵣ = n2 − k2 (3)  

and 

Ɛᵢ = 2nk (4) 

The variations of the dielectric constant of the deposited materials are depicted in Figs. 6 and 7. It was observed from Figs. 7 and 8 
that the dielectric constants (real and imaginary) were decreasing with increase in wavelengths. The figures also made it evident that 
the real and imaginary dielectric constants have different values. This is because, as Equation (3) shows, the real dielectric constant 
depends on the refractive index [56]. Similar development was reported in Ref. [56] for chalcogenide thin films. 

The optical conductivity (σ) of the samples was evaluated using Equation (5) [54]. 

σ= αnc
4π (5)  

where c = speed of light. The films’ optical conductivity increased rapidly and get to a peak at 375 nm and starts decreasing (Fig. 8). 
Increasing the tin (Sn) concentrations has revealed a notable enhancement of the deposited material’s optical properties. It was found 
that the presence of Sn dopant reduced the ZnO crystal structure’s barrier height, which increased ZnO’s conductivity. When a new Sn 
atom is added to the ZnO crystal lattice, the improvement further suggests that there are no crystal defects present. According to 
reports, dopants, or combinations of several compounds with good electrical properties result in novel composite materials that have 
attracted a lot of interest from the technology community recently. Incorporating an additional phase can greatly increase the elec-
trical properties of the composite material [15,16,29,59]. Different polymer types could also be combined with ceramic nanoparticle 
fillers to develop novel materials with enhanced and appealing electrical characteristics [33,34]. The difference between the values of 
the optical conductivities shows that the Sn–ZnO thin films depended largely on the impurity concentration. 

The optical band gap of Sn-doped ZnO was determined using the relation in Equation (6) [55]. 

α=
B
hυ[hυ − Eg]n (6)  

where E g, α, B, and hv are the band gap, absorption coefficient, proportionality constant, and photon energy respectively. The plot of 
(α2) against (hv) for Sn-doped ZnO thin films is depicted in Fig. 9. Given that the films are produced using a direct band gap material 
[60,61], extrapolating the linear portion (Fig. 9) to the x-axis zero gives the E g. The E g values obtained were found to be 3.17, 3.18, 
3.14, 3.17 and 3.15 eV for 0–10 % Sn-doped ZnO thin films. The estimated result is smaller than the values for Sn-doped ZnO thin films 
reported in Ref. [60], but higher than the value obtained in Ref. [62]. However, the obtained values in this study show that it obeys the 
Vegard rule of mixture [63]. Different factors may cause the variation in optical band gaps as tin content is added to ZnO thin films. 
Generally, optical band gaps in semiconducting materials are mostly influenced by the impurities level, grain boundary, heat treat-
ment, structural defects as well as crystallinity [63–65]. According to study [65], irradiation-induced changes in grain size can 
significantly affect changes in structural and optical properties. Deformation of the crystalline structure and a decrease in crystallite 
size suggest a change in the dislocation density of defects, which rises due to grain fragmentation, along with their reorientation and 
the formation of new grain boundaries. It was reported that the main cause of the changes in band gap was the occurrence of new 
imperfections and porous inclusions in the near-surface layer, which led to the emergence of more absorption centers. The electrical 
structure of the near-surface layer is influenced by the processes of defect emergence and electron redistribution due to irradiation, 
which influences the band gap [65]. As a result, the Sn–Zn–O system’s impurity levels and the deposition technique used to produce 
this film can be used to explain changes in energy gap values [54,55]. 

Fig. 8. The optical conductivity of 0.05 M Sn-doped ZnO.  
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4. Conclusions 

ZnO and Sn:ZnO thin films were deposited on glass substrates using SPT. The samples were characterised using RBS for thickness 
and elemental composition determination. The presence of Sn, Zn and Sn-doped ZnO were all confirmed in the deposited films. It was 
observed that ZnO films’ thickness increases with increased Sn dopant except for the suspicious behaviour of 8 % Sn-doped film. The 
transmittance of the films in the electromagnetic spectrum is around 70 % and above which agrees with the optical property of ZnO 
thin film, and the refractive index of the Sn-doped thin film is independent on the volume of Sn in the deposited thin film. 
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