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Abstract 

Wet chemical process was successfully used to synthesize tin doped and undoped cadmium oxide nanoparticles. Cadmium 

acetate, sodium hydroxide, mercaptopropionic acid and tin chloride were used as starting materials for synthesizing the 

nanoparticles. The reaction was carried out in a single three-necked flask under reflux at 80°C for 2 hours and the solution was 

allowed to cool to room temperature. The precipitate was washed, dried, annealed and grounded to obtain the powder for further 

analysis. The phase and structure of the nanoparticles was studied using the X-ray diffraction equipment. Debye Scherrer’s 

equation was used to calculate the crystallite sizes of the doped and undoped nanoparticles. The XRD pattern displayed face 

centered cubic structure of cadmium oxide. When CdO was doped with Sn the intensity peaks decreased from 1650 a. u for pure 

CdO to 1235 a. u at 1% Sn doped and at 3.5% Sn doped, the intensity peak was 239 a. u. Increase in the doping concentration 

resulted in significant increase in grain size. Optical properties investigated for different doping concentration of tin showed that 

all the samples exhibited the well-defined absorption bands in the range of 298 nm to 340 nm. The bandgap energy was found to 

be 3.69 eV for pure CdO and a realistic decrease when doped. The corresponding PL spectra with the excitation wavelength of 

320 nm displayed a narrow emission at 429 nm. The obtained results displayed good material properties of the NPs suitable for 

possible solar cell applications. 
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1. Introduction 

More power use is anticipated in the future to support hu-

man progress [1]. Researchers have recently shown a signif-

icant deal of interest in creating nanoscale semiconductor 

particles because of their size-dependent optical and electrical 

properties [2]. Because of their numerous technical uses and 

basic scientific significance, scientists have been paying close 

attention to the development of these nanoparticles [3]. Gas 

sensors, phototransistors, optoelectronic devices and photo-

voltaics are just a few of the many industrial and commercial 

applications that are driving up demand for high-quality, 

dependable photovoltaic device [4]. The investigation of 

nanoparticles with varying sizes, compositions, and consistent 

morphological traits has garnered a lot of interest lately [5]. 

Among transparent conducting oxides (TCOs) for solar cells, 

cadmium oxide (CdO) is one of the most promising examples 

employed initially in the early 1900s [6]. The crystal structure 

of cadmium oxide is a cubic rock salt, an n-type semicon-

ductor. Cadmium oxide has garnered significant interest for a 
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range of applications, including photodiodes and solar cells. 

This is due to its low electrical resistivity and good visual 

transmittance in the visible spectrum [7]. One drawback of 

using cadmium oxide as the photoanode is its bandgap, which 

is 2.5 eV for a direct bandgap and 2.1 eV for an indirect 

bandgap [8]. CdO exhibits high optical transparency and 

strong electrical conductivity in the solar spectrum’s visible 

region [9]. The energy band gap of cadmium oxide can be 

modified by capping and doping during the synthesis of the 

nanoparticles. Cadmium oxide among the transparent semi-

conductors has low optical band gap in comparison with the 

others. The optical band gap of the NPs can be increased 

without altering its electrical properties. This is done by 

doping with metallic impurities with smaller ionic radius to 

increase electrical conduction and optical properties [10]. Tin 

is the most favored dopant which substitutes cadmium cations 

by controlling and enhancing optical and structural properties 

of CdO. Doping with metallic impurities having ionic radius 

less than that of cadmium ions, could increase electrical 

conduction and optical properties [10]. Tin is the most favored 

dopant to substitute cadmium cations since it enhances the 

optical and structural properties of CdO. Sn4+ions have four 

valence electrons (5s2, 5p2) and ionic radius of 0.69 Å which 

is smaller than that of Cd2+ ions (0.95 Å). It is anticipated that 

increasing electron concentration will improve electrical 

conductivity. Additionally, since Sn2+ ions have ionic radii of 

83 pm and Cd2+ ions have 109 pm, the optical band gap will 

shift in together with the increase in CdO's transparency [11]. 

A slight increase of Sn doping concentration increases crys-

tallite size of the nanoparticle. Further increase in doping 

causes re-orientation of the crystallites because a smaller 

amount of tin doping concentration allows the crystals to 

coalesce hence increasing crystal size. Tin atoms affect CdO 

lattice by producing oxygen vacancies, tin substitutesand 

stress variation which increases the lattice parameter [12]. 

Providing important insights into the structural and optical 

characteristics of CdO: Sn nanoparticles, this study may aid in 

the creation of more economical and efficient solar technol-

ogy cells. Enhancing solar cell efficiency lowers the cost of 

producing solar energy and reduces the over-reliance on 

non-renewable resources like fossil fuels, which helps to 

reduce the consequences of climate change. Synthesis and 

characterization of tin doped cadmium oxide nanoparticles for 

usage as photoanodes in solar cell applications is crucial in the 

renewable energy area. 

Although several studies have investigated metal-doped 

CdO nanoparticles, the systematic examination of how vary-

ing Sn doping concentrations influence both the structural and 

optical properties of CdO nanoparticles remains limited. This 

work presents a comprehensive analysis of Sn-doped CdO 

nanoparticles across different doping levels, providing new 

insights into the tunability of their crystal structure and optical 

behavior for potential optoelectronic applications. CdO na-

noparticles have attracted significant interest due to their 

unique combination of electrical conductivity, optical trans-

parency, and a direct band gap, making them promising can-

didates for a wide range of optoelectronic applications such as 

solar cells, gas sensors, and transparent conductive electrodes. 

The functional properties of CdO can be further enhanced 

through doping, which allows for controlled modification of 

their structural and optical behavior. Sn is considered a fa-

vorable dopant because its ionic size closely matches that of 

cadmium, enabling effective substitution in the crystal lattice 

without causing significant structural distortion. This study is 

significant because it provides a detailed investigation into 

how varying levels of Sn doping affect the crystal structure 

and optical characteristics of CdO nanoparticles, offering 

valuable insights for optimizing their performance in ad-

vanced technological applications in solar cells with the view 

to improve its power conversion efficiency. 

2. Materials and Experimental Procedure 

2.1. Chemicals 

All chemicals used in this study were of analytical grade 

purchased from Sigma Aldrich & A. B Chem. Co., Limited. 

They include; cadmium acetate di-hydrate Cd 

(CH3CO2)2(>98%), mercaptopropionic acid C3H6O2S (> 

98%), sodium hydroxide (NaOH), ethanol (>99.9%) and 

deionized water prepared from Murang’a University of 

Technology Research Laboratory 

2.2. Synthesis of Tin Doped Cadmium Oxide 

Nanoparticles 

The precursor was prepared by dissolving 1 mmol of cad-

mium acetate dehydrate in 100 mL of deionized water to form 

a clear solution This was followed by dropwise addition of 50 

ml 1M NaOH solution under vigorous stirring until a white 

precipitate of cadmium hydroxide (Cd (OH)₂) was formed. 

Mercaptopropionic acid (2 ml) was added to the 

pre-synthesized CdO nanoparticle dispersion. Using magnetic 

stirrer, the mixture was stirred continuously for uniform in-

teraction of the MPA with the surface of the CdO nanoparti-

cles. In a separate beaker tin chloride (SnCl₂) was dissolved in 

10ml deionized water to obtain portions of 0.5%, 1%, 1.3%, 

1.5%, 2.0%, 2.5%, 3.0%, and 3.5% mol to Cd. The tin pre-

cursor solution was added slowly to the CdO dispersion with 

continuous stirring to ensure uniform doping. The pH of the 

solution formed was adjusted to pH 10. The mixture was then 

transferred to a round bottom three necked flask and was 

refluxed under continuous stirring for 2 hours at 80 °C to 

allow tin atoms to integrate into the CdO lattice. The solution 

was then removed from the hotplate and allowed to cool to 

room temperature. The CdO NPs was washed several times 

using deionized water and ethanol in the centrifuge at 2000 

rpm. The CdO NPs was dried in an oven at 100 °C before 

annealing at 350 °C in the muffle furnace for 2 hrs. The MPA- 
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capped CdO: Sn NPs was kept in sample holders for further 

analysis. The procedure was repeated for different Sn doping 

concentrations to study effects on the CdO NPs. 

2.3. Characterization Techniques 

The structural and lattice parameters of nanoparticles were 

analyzed using ARL EQUINOX 100 X-ray diffractometer 

(XRD) at 40kV, 0.9mA. It was operated at a scanning range of 

20-1000 an interval time of 240 seconds. The data obtained 

were plotted in origin, analyzed and compared to those of 

standard in Joint committee on powder diffraction standards 

(JCPDS). Debye Scherrer equation was used to calculate the 

crystallite size of the nanoparticles formed. The optical 

properties of CdO nanoparticles were determined using 

Evolution One Plus Model Ultra Violet (UV-Vis) spectros-

copy. Infitek SP-LF97 photoluminescence (PL) spectroscopy 

was used to determined electronic structure and defects in 

nanoparticles. 

2.4. Results and Discussion 

2.4.1. XRD Analysis 

The structural characteristics of the synthesized nanoparti-

cles were studied using X-ray diffractometer. This is in order 

to compare the crystal structures of the as prepared samples by 

comparing the corresponding XRD pattern with the standard 

diffraction file. The XRD pattern of pure CdO and tin doped 

cadmium oxide (CdO: Sn) nanoparticles prepared using 10ml 

tin chloride (0.5%, 1%, 1.3%, 1.5%, 2.0%, 2.5%, 3.0%, and 

3.5% mol to Cd) solutions was plotted using origin. The XRD 

pattern was recorded in the 2ϴ range from 0 to 120 degrees. 

The peaks of the XRD are in agreement with JCPD card 

(073-6494), showing face-centered cubic structure which is 

polycrystalline. The peaks were indexed to the (111) (200), 

(220), (221), (311) and (400) planes with respect to XRD card 

file. The peaks were broadened in their shapes and the nano-

particles showed a preferential growth along (111) and (220) 

planes with increased intensity due to increased tin doping 

concentration. The increased peak intensity could indicate an 

enhanced crystallinity in the structure of the nanoparticles 

[13]. The presence of additional peaks at different doping 

levels indicates the presence of Sn in CdO nanostructures and 

confirms the orthorhombic structure of cadmium stannate 

(Cd2SnO4) formation, well matched with JCPDS card no. 20–

0188. At 3.0% and 3.5% Sn concentration the peaks confirm 

the change of the crystal lattice structure which is attributed to 

more tin ions substituting cadmium ions in the host CdO 

crystal lattice. Figure 1 shows the XRD pattern of pure CdO 

and doped CdO nanoparticles with various concentration of 

tin prepared using wet chemical process. 

 
Figure 1. XRD spectra for the pure CdO and doped CdO with var-

ious concentration of tin prepared using wet chemical technique. 

 
Figure 2. The XRD major intensity peaks for varying levels of tin for 

(111) plane synthesized using wet chemical process. 

Debye Scherrer equation (1) was used to calculate the 

crystal size of nanoparticles [14]. 

D=
𝐾𝜆

𝛽ℎ𝑘𝑙𝐶𝑜𝑠𝜃
                  (1) 

Where D is the crystal size, K is the constant equals 0.9, 

the wavelength of the radiation denoted by𝜆 is 1.54960Å for 

copper K𝛼 radiation, full width at half maximum (𝛽hkl) and 

𝜃is the peak position. A slight increase of Sn doping concen-

tration (1%Sn) increases crystallite size of the nanoparticle 

from 20.07nm for pure CdO to 25.35nm tin doped, for 

2.5%Sn the crystallite size increased to 24.45nm and further 

increase in doping (3.0%Sn) causes reduction of the crystal-

lite size to 19.04nm. This could be attributed by a smaller 

amount of tin doping concentration allowing the crystals to 

coalesce hence enhancing crystallinity. Table 1 presents cal-

culated crystallite sizes for plane (111) for pure and doped 

CdO. 
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Table 1. Tabulated crystallite sizes D (nm) for plane (111) for pure CdO and Sn doped CdO. 

%Concentration of Sn 2ϴ FWHM 𝜷  Peak intensity Crystallite size D (nm) 

0 33.79 0.3957 0.006907 1651.99 20.07 

0.5 33.80 0.1282 0.002237 297.19 61.98 

1.0 33.81 0.3134 0.005470 1235.34 25.35 

1.3 33.41 0.1491 0.002601 386.28 53.31 

1.5 33.91 0.1666 0.002908 453.55 47.68 

2.0 33.95 0.1204 0.002101 520.77 65.99 

2.5 33.95 0.3249 0.005671 518.55 24.45 

3.0 33.70 0.4167 0.007272 247.77 19.07 

3.5 33.95 0.22168 0.003869 239.81 35.83 

 

The lattice constant d was calculated using the Bragg’s 

equation (2) [6] 

𝑛𝜆 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃              (2) 

For Cadmium oxide face centered cubic structure, a=b=c 

therefore equation (3) was used to calculate lattice constant a 

𝑎 = 𝑑ℎ𝑙𝑘√ℎ2 + 𝑘2 + 𝑙2            (3) 

The calculated values of lattice constant a, and d spacing 

presented in the table 2 shows that the lattice parameters 

deviate slightly from the standard values. According to JCPD 

file no 00-005-0640, plane (111) records d spacing of 0.2712 

nm. The deviation is attributed to by the tin doped cadmium 

oxide trying to adopt the lattice constant for pure cadmium 

oxide during the reaction. Also, the presence of strain in the 

nanoparticles could contribute to the lattice parameters devi-

ation from the standard values. The micro strain (ℇ) values of 

the CdO: Snwere estimated using equation (4) [15]. 

𝜀 =
𝛽

4 tan 𝜃
                    (4) 

Where 𝜃 is the diffraction angle and 𝛽 is the full width at 

half maximum. The length of the dislocation lines per unit 

volume that is dislocation density ( 𝛿 ) was calculated by 

means of Williamson and Smallman equation (5) [16]. 

𝛿 =
1

𝐷2                     (5) 

Where D is the crystallite size obtained from the XRD re-

sults. Table 2 displays structural parameters for pure CdO and 

Sn doped CdO NPs prepared using wet chemical process. 

Generally, it was found that with increase in the doping con-

centration the strain and dislocation decrease. Although Sn⁴⁺ 

ions have a smaller ionic radius (0.69 Å) than Cd²⁺ ions (0.95 

Å), allowing for substitution within the CdO lattice, the vari-

ation in crystallite size with increasing Sn concentration does 

not follow a strictly linear trend. At lower doping levels, the 

introduction of Sn can enhance crystallinity by improving 

lattice coherence, leading to larger crystallites as dopant at-

oms occupy substitutional sites with minimal distortion [17]. 

From the calculated values of stress and dislocation density, it 

is clear that the CdO NPs faced some strain and defects. 

Therefore, as the doping concentration increases beyond an 

optimal point, excess Sn may have introduced localized strain, 

structural defects, or even form secondary phases (as ob-

served in the XRD pattern), which can hinder grain growth 

and reduce the crystallite size. This competition between 

improved ordering at low concentrations and increased lattice 

distortion or defect accumulation at higher concentrations 

resulted in the observed non-monotonic trend in crystallite 

size. Similar behavior has been reported in other doped metal 

oxide systems, supporting this interpretation [18]. Addition-

ally, the variation in the crystallite sizes could be attributed to 

the particle agglomeration due to Ostwald ripening process 

where smaller particles combine to form larger particles [19]. 
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Table 2. Structural parameters for pure CdO and Sn doped CdO. 

Concentration of Sn 

used to dope CdO. (%) 
d-spacing (nm) Lattice parameter, a (Å) Strain,𝓔 Dislocation density, 𝓸 

0 0.2650 4.589 0.3257 0.002483 

0.5 0.2649 4.588 0.1055 0.0002603 

1.0 0.2649 4.588 0.2578 0.001556 

1.5 0.2641 4.4575 0.1366 0.0004399 

2.0 0.2638 4.569 0.0985 0.0002296 

2.5 0.2638 4.569 0.2661 0.001673 

3.0 0.2657 4.602 0.3439 0.00275 

3.5 0.2638 4.569 0.1814 0.000779 

 

2.4.2. UV-Vis Analysis 

The evolution of the optical properties of the as-prepared 

pure CdO and doped CdO NPs were monitored using UV-Vis 

absorption spectroscopy. The bandgap energy (Eg) of 

semi-conductor materials dispersed in liquid with known 

coefficient is mostly obtained using UV-Vis spectrometer. 

The nano powders of the samples were dispersed in a liquid of 

known absorption coefficient. The nanoparticles absorbed 

light at different wavelength depending on the doping con-

centration. Absorption edge for pure CdO was 298 nm and 

increased in the range of 300 nm to 340 nm for other samples 

when the dopant was introduced. The introduction of the 

dopant modifies the electronic properties of nanoparticles due 

to defects that result from stress, strain, interstitial and va-

cancies defects. The absorption wavelength of pure CdO is 

shorter compared to the standard wavelength and this could be 

due to the quantum confinement effect which arises as a result 

of formation of the CdO nanoparticles [15]. This quantization 

causes an increase in band gap energy, causing the absorption 

edge to red shift in wavelength. Figure 4 shows the UV-Vis 

absorption spectra of pure CdO and CdO: Sn aliquot. 

 
Figure 3. The evolution of absorbance spectra of different tin doping concentration. 

Band Gap Analysis 

The electronic structure of a material is defined by its band 

gap energy. Tauc relation equation (6) [20] was used to predict 

the energy band gap of the as-obtained CdO and CdO: Sn 

NPs. 

(𝛼ℎ𝑣)𝛾 = 𝐴ℎ𝑣 − 𝐴𝐸𝑔             (6) 

where αis the absorption coefficient, hv is the incident photon 

energy, 𝛾is allowed transition, A is a constant and Eg is the 
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electronic band gap of the semiconductor material. When 𝛾 is 

2 it is indirect and when ½ it is direct allowed transition from 

the valence band to transition. The values of the energy band 

gaps of the as-prepared NPs were approximated by drawing a 

tangent of (𝛼hv)2 on Tauc’s plot and extrapolating to the 

(𝛼hv)2 = 0 axis. Figure 4 shows the Tauc’s plot (a) and band 

gap energies for different doping concentration (b). 

 
Figure 4. Tauc’s plot (a) and band gap energies of the NPs (b) for different Sn doping concentration. 

From the Tauc’s plot the band gap energy for pure CdO 

NPs was 3.68 eV and for doped CdO NPs ranges from 1.81eV 

to 3.52eV depending on the dopant concentration. It is found 

that as the doping concentration of tin increases, the bandgap 

energies decrease. The bandgap energies for doped and un-

doped CdO nanoparticles differ from the standard values of 

the corresponding bulk material. The discrepancies could be 

attributed by the lattice strain and dislocations during the 

formation of the nanoparticles. Table 3 presents the summary 

of the bandgap energies (eV), absorption edge (nm) and the 

corresponding concentration of tin. 

Table 3. Summarized table showing absorption edges and bandgap energies for different concentrations of tin doping. 

Concentration of Sn used to dope CdO (%) Absorption edge (nm) Band gap energy (eV) 

0 298 3.688 

0.5 305 3.168 

1.0 311 1.9566 

1.5 315 2.4893 

2.0 320 1.8120 

2.5 295 3.5181 

3.0 328 2.4893 

3.5 337 2.8281 

 

The increase in the UV region (298nm -337nm) with in-

creasing tin doping concentration and reduction in band gap 

energy could be attributed to enhanced electronic transitions 

due to modification of the band structure [21]. When Sn4+ ions 

are incorporated into CdO lattice, they substitute Cd2+ ions 

and introduce extra free electrons into the conduction band 

due to charge compensation [11]. The increase in free carrier 

concentration leads to formation of defect states or shallow 

donor levels near conduction band from 3.688 eV to 1.812 eV. 

Also, variation in band gap energy observed with increasing 

Sn doping can be correlated with the structural changes iden-

tified in the XRD analysis. A decrease in crystallite size, as 

seen at higher doping concentrations, as determined by the 

Debye–Scherrer equation, suggests the presence of quantum 
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confinement effects, which result in a widening of the band 

gap [22]. Additionally, the increase in lattice strain and dis-

location density, inferred from the broadening of XRD peaks, 

can also influence the electronic band structure by introducing 

localized states and altering the potential landscape within the 

crystal lattice [23]. These strain-induced distortions can lead 

to changes in the band structure and contribute to the observed 

shifts in optical absorption edge. Thus, the nonlinear trend in 

band gap energy with Sn doping is consistent with the struc-

tural modifications revealed in the XRD analysis, where 

competing effects of improved crystallinity at low doping and 

increased defect density at higher doping levels play a sig-

nificant role. 

2.4.3. Photoluminescence (PL) Analysis 

The photoluminescence properties of doped and undoped 

CdO nanoparticles were carried out at an ambient temperature 

and at an excitation wavelength of 320 nm, the photolumi-

nescence properties of CdO were found to depend on the 

concentration of the dopant. Pure CdO was found to exhibit 

high luminance with an emission wavelength of 395nm 

compared to tin doped cadmium oxide which shows emission 

at wavelength in the range of 396nm to 400nm. Figure 5 

shows photoluminescence emission spectra of CdO: Sn (a) 

and pure CdO (b). 

 
Figure 5. Photoluminescence emission spectra of tin doped cadmium oxide (CdO: Sn) (a), pure CdO (b) and deconvoluted graph of 3% Sn (c). 

The intensity of emission peaks was found to decrease with 

increase in doping concentration. However, at a higher con-

centration of tin doping, photoluminescence quenching was 

observed. This could be due to surface recombination caused 

by Sn ions which creates surface states that act as traps for 

photogenerated electrons and holes, preventing them from 

participating in emission of light [24]. This is also associated 

with the fact that highly doped nanoparticles excite electrons 

which can return to ground state without emitting photons. 

Table 4 shows a summary of tin doping concentration, 

emission wavelength and relative intensity for pure and doped 

CdO. 
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Table 4. Emission wavelengths, and relative intensity for pure and doped CdO NPs obtained fromPL spectra. 

% Sn concentrations Wavelength (nm) Relative intensity (a. u.) 

0 395 2.470 

0.5 398 1.11 

1.0 399 1.04 

1.5 393 1.10 

2.0 396 1.09 

2.5 397 1.07 

3.0 397 1.07 

3.5 400 1.04 

 

3. Conclusion 

Undoped and tin doped cadmium oxide nanoparticles were 

successfully prepared using precipitation by reflux method. 

The study investigated structural and optical properties of 

pure CdO and CdO: Sn NPs with different concentration of tin 

(0.5, 1, 1.5, 2, 2.5, 3 and 3.5% to Cd). The XRD pattern dis-

played face centered cubic structure of cadmium oxide. In-

crease in the level of tin resulted in significant increase in 

grain size. Absorbance of the nanoparticles increased with 

increasing Sn dopant in the range of 298nm to 340nm and 

their corresponding band gap energy decreased with increase 

in the dopant (3.688 eV to 1.812 eV). The trend could be 

attributed to enhanced electronic transitions and increased 

free carrier absorption. PL properties showed a decrease in 

peak intensity of the nanoparticles when doping was increased 

and a shift in emission wavelength from 395nm for pure to 

400nm in doping with 3.5% Sn. The synthesized nanoparti-

cles possessed good structural and optical properties for pos-

sible solar cell applications. 

Abbreviations 

CdO Cadmium Oxide 

PL Photoluminescence 

XRD X-ray Diffaction 

UV-Vis Ultra-violet and Visible 

NPs Nanoparticles 

TCOs Transparent Conducting Oxides 

MPA Mercapto-propionic Acid 

JCPDS Joint Committee on Powder Diffraction 

Standards 

Eg Band Gap 
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