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Abstract: The growing demand for sustainable and efficient energy 

solutions has driven research into advanced materials for next-generation 

solar cells. This study investigates the effects of cerium (Ce) substitution 

on the structural, optical, and photovoltaic properties of cobalt spinel 

ferrite (CoFe₂O₄), a material known for its favorable magnetic and 

semiconducting properties. The advantages of CoFe2O4 for fabricating 

efficient photovoltaic devices are investigated in this work Cerium 

substituted Cobalt ferrites, CexCoFe2-xO4; (x=0,0.02,0.04,0.06,0.08,0.1) 

were successfully synthesized using microwave-assisted sol-gel 

technique. Detailed structural analysis using X-ray diffraction (XRD) 

and scanning electron microscopy (SEM) revealed changes in crystallite 

size, lattice parameters, and morphology due to cerium substitution. It is 

noted that the crystallite size decreases ranging from 24nm to 21nm with 

Ce concentration having a spinel structure. Optical properties were 

analyzed through UV-vis spectroscopy, indicating tuning of the 

bandgap, which is crucial for improving light absorption in the visible 

region. The results suggest that the CoFe2O4 possesses significant 

photovoltaic property under direct sunlight. The EDAX study confirms 

the absence of impurities. The bonding Formation of CoFe₂O₄ was 
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studied by FTIR. The photovoltaic properties were further analysed by 

current-voltage (I-V) measurements under direct sunlight. The results 

highlight the potential of Ce-substituted cobalt ferrite as a promising 

material for improving the efficiency of solar energy devices, paving the 

way for its application in future photovoltaic technologies. 

Keywords: Photovoltaic, solar cell, XRD, sol-gel, ferrite. 

 

1. Introduction 

 

The demand for effective and sustainable photovoltaic materials has 

increased since the world's shifting towards renewable energy sources as solar 

energy offers a practical way to fight climate change and energy 

insufficiency. Cobalt spinel ferrite (CoFe₂O₄) has drawn a lot of interest 

among the several materials that are researched for solar cell applications 

because of its useful qualities, which include good magnetic properties, 

excellent thermal stability, and an appropriate band gap for light absorption1. 

However, the performance of CoFe2O₄ in photovoltaic devices is limited by 

its inherent constraints, which include low electrical conductivity and menial 

optical characteristics2. 

Rare-earth elements have emerged as a key area of study in recent years 

due to their wide range of applications in solid-state lighting, bio-imaging, 

and solar cells3-5. Due to their high light conversion efficiency, silicon-based 

solar cells are in high demand; nevertheless, the spectrum mismatch between 

the silicon absorption region and the actual solar radiation prevents them from 

achieving the intended efficiency6,7. The primary way that energy is lost from 

Si-solar cells is by thermalisation, which is brought on by the absorption of 

incident photons with high or low energy. These losses can be reduced by 

using a layer that either up-converts or down-converts solar cells to increase 

efficiency. To increase the efficiency of PV cells, a promising method of solar 

spectrum conversion through the coating of down-converting phosphors has 

been tried in this work. The process by which high-energy photons are 

transformed into low-energy photons is known as down-conversion. 

Researchers are progressively using rare earth element substitution as a 

promising tactic to improve the functional characteristics of cobalt spinel 

ferrite8. Cerium (Ce) is notable for its unique electronic configuration, 

allowing it to exist in multiple oxidation states (Ce³⁺ and Ce⁴⁺)9. This 

flexibility can produce defect states in the crystal lattice, which are crucial for 

magnifying the efficiency of solar cells because they boost charge transport 

and decrease electron-hole recombination. According to previous research, 

cerium substitution can improve ferrite’s optical absorption characteristics 
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and electrical conductivity, which makes them more suitable for usage in 

solar energy applications10. 

Although silicon-based solar cells that are sold commercially are effective 

solar energy converters, efforts have been made to increase their efficiency 

by considering surface modification, defect control, and device 

optimisation11. The thermalisation process seems to be the primary cause of 

the significant radiation loss, hence downshifting is the best way to improve 

efficiency. In this process, high-energy photons from incident radiation are 

transformed into low-energy photons. Rare earth elements based on 

lanthanides are shown to be more effective in the downshift12. 

The fact that commercially available solar cells have strong surface 

reflection properties is yet another factor that makes surface modification a 

crucial component. This characteristic causes 30% of incident energy to be 

reflected, which ultimately reduces the solar cell's efficiency. As a result, 

efforts were made to increase its efficiency by applying coating materials to 

the solar cell's surface13.  

In the proposed work, Ce3+ substituted cobalt spinel ferrites were 

synthesized by a microwave-assisted sol-gel technique using urea as a fuel. 

The primary goal of this research is to increase solar cell efficiency by coating 

a thin layer of prepared samples on solar cells by using Dr Blade method. 

Commercially available silicon solar cells were successfully coated with the 

as-synthesised material, and the I–V parameters of the coated solar cell were 

assessed at 38 °C and in direct sunshine using an air mass ratio of 1.5. Under 

direct solar radiation, the coated solar cell's efficiency increased by 23.01%. 

These see the application of synthetic material as a viable option for 

enhancing the efficiency of solar cells. 

The main objective of this research work is to find a relationship between 

cerium doping levels and cobalt spinel ferrite's performance in solar cell 

applications which will provide important new information for sophisticated 

PV materials, opening the door for more sustainable and efficient solar cells 

of the future. 

 

2. Experimental and Characterization Details 

 

Cerium-substituted Cobalt Ferrite (CexCoFe2-XO4: with x = 0, 0.02, 0.04, 

0.06,0.08,0.10) was synthesised using a microwave-assisted sol-gel 

technique using urea as fuel. The stoichiometric proportions of AR grade 

powder of cobalt nitrate (Co(NO₃)₂·6H₂O), ferric nitrate (Fe(NO₃)₃·9H₂O), 

and cerium nitrate (Ce(NO3)3·6H2O) were dissolved in 30ml of distilled 

water adding the required urea (CH4N2O) in it as a fuel. The mentioned 
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compounds were weighed in the required molar proportion using a digital 

weighing balance. The mixtures of precursors were dissolved in distilled 

water in a borosil beaker. The beaker-containing solution was introduced into 

a hot plate magnetic stirrer. The solution was then allowed to form a gel by 

the slow drying process. Then the formed gel was kept in a microwave oven 

for instant fire at 600 watts to obtain burnt ash powder.  The ash powder 

is then followed by intermediate grinding in the pestle mortar for 3-4 hrs. The 

synthesized ferrites were kept in the crucible and sintered at 8000C for 4 hours 

in a muffle furnace. Then powdered samples were further grinded for another 

3 hours to obtain the final product. 

The phase recognition of materials was obtained by using X-ray 

diffraction (XRD) using Cu Ka- radiation in the range of 10 -80o of the 2θ. 

The low angle XRD patterns were recorded by Bruker (D8 Advance machine, 

Germany) x-ray diffractometer using CuKα radiation (1.5418 Å). The spectra 

were taken at a grazing angle of 1o. The surface morphology of the powder 

samples was analyzed by Scanning Electron Microscopy (SEM). SEM 

micrographs were taken with the help of a scanning electron microscope SEM 

(JEOL, JSM 6390LV) operated at an accelerating voltage of 20KV. An FTIR 

spectrophotometer (JASCO, 6100-type A) was used to record FTIR spectra 

in transmission mode throughout the 400–4000 cm−1 range. The optical 

properties such as band gap and absorbance of the CoFe2O4 at various cerium 

concentrations were investigated from UV-visible spectroscopy. Using a 

double-beam UV-visible spectrophotometer (Jasco, Japan, Model: V-670), 

the absorbance spectra were captured. These characterizations were 

performed at room temperature, I–V characteristics of the blank and coated 

solar cell were evaluated under direct sunlight at 38 °C for comparison14. 

 

3. Results and discussion 
 

3.1 XRD analysis 

The XRD pattern of the synthesised Ce substituted CoFe2O4 samples 

calcinated at 800 °C is shown in Figure 3.1. From the XRD pattern, it is 

observed that the obtained diffraction peaks can be indexed with the spinel 

face centred cubic symmetry and the crystallographic peaks are well matched 

to the standard powder diffraction data, JCPDS Card No. 22-1086. The high 

intensity and sharpness of the obtained peaks indicate good crystallinity. The 

obtained Miller indices (220), (103), (311), (400), (511), and (440) are 

substantially indexed with the spinel CoFe2O4 structure. Similar results 

confirming the retention of the spinel structure with rare earth substitution 

have been reported15. As the concentration of cerium increases, the diffraction 

peaks gradually move to lower 2θ values, indicating an expansion of the 
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lattice parameter. This is explained by the larger Ce3+ ions (1.03 Å) replacing 

the smaller Fe3+ ions (0.64 Å). Lattice expansion improves electrical 

conductivity and ionic mobility by lowering electron hopping energy, which 

is beneficial for solar cell charge transport layers16. 

 The crystallite size D was calculated using the Debye-Scherrer equation 

as follows: 

𝐷 =
0.9 λ

β cosθ
 

where λ is the wavelength of the X-ray, β is the Full Width at Half Maximum 

(FWHM) value of diffraction peaks and θ is the Bragg diffraction angle. The 

calculated average crystalline size at different cerium concentrations varies 

from 24.69-21.61 nm and, we found minimal shifts in angles and changes in 

the intensity as shown in Figure 3.1 According to the Scherrer equation, a 

decrease in crystallite size is suggested by the broadening of peaks with 

greater cerium concentrations. For solar cell applications, a larger surface area 

is provided by smaller crystallite sizes. This increased surface area enhances 

dye loading in dye-sensitized solar cells (DSSCs), which improves light 

absorption and energy conversion17,18. 

Figure 3.1: XRD pattern of cerium substituted cobalt spinel ferrite 
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Table 1: The change in values of lattice constant, crystallite size, d-spacing, 

dislocation density and strain with cerium concentration. 

CexCoFe2-XO4 Lattice 

Constant 

(a) (Å) 

D 

(Crystallite 

Size) (nm) 

d-

spacing 

(Å) 

Dislocation 

Density (ρ) 

(x10-3 nm⁻²) 

Strain 

(ε) 

(x10⁻³) 

CoFe2O4 8.3798 24.691 2.5266 1.640 2.7 

Ce0.02CoFe1.98O4 8.3847 22.140 2.5281 2.040 2.8 

Ce0.04CoFe1.96O4 8.3855 22.400 2.5283 1.992 2.7 

Ce0.06CoFe1.94O4 8.3867 23.038 2.5287 1.886 2.6 

Ce0.08CoFe1.92O4 8.3706 21.107 2.5238 2.244 2.8 

Ce0.10CoFe1.90O4 8.3847 21.617 2.5281 2.139 2.7 

 

3.2. Sem analysis 

Figure 3.2(a) and (b) show the scanning electron microscopy (SEM) 

micrographs of Ce-substituted CoFe2O4.It is observed that the particles have 

self-assembled into an agglomerated structure with average particle sizes of 

the samples at x=0 and x=0.02 and centred around 45 and 25 nm, respectively. 

The particles are well interconnected, offering an improved surface area and 

mass transport property. The particles appear to be heavily aggregated. The 

main reason for this phenomenon is the high surface activity and strong 

magnetism of CoFe2O4 nanoparticles, consequently making it difficult to 

disperse them uniformly during the SEM sample preparation. The particles 

are still clearly visible as spheres with a limited diameter distribution, even 

though their edges are obscured by aggregation. 

 Figure 3.2 (a) Sem image at x = 0  Figure 3.2 (b) Sem image at x = 0.02 

Although the films consist of particles of slightly varying size the particles 

are almost spherical Fig. 3.3 reveal the EDS spectra of the synthesized 

CoFe2O4 nanoparticle, the presence of Co, Fe and O peaks confirm the 

formation of pure CoFe2O4 with no other elemental impurity. 
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Figure 3.3: EDS spectra of the synthesized CoFe2O4 nanoparticle 

 

3.3. UV Analysis 

UV–visible absorption spectroscopy was used to investigate the optical 

properties of transition metal spinel ferrite nanostructures. Figure 

3.4(a) shows the absorption profile of cerium-substituted CoFe₂O₄. In the 

UV-Vis spectrum, the absorption edge gradually shifts toward longer 

wavelengths (redshift) as the cerium concentration increases. The UV-Vis 

absorption spectra of CoFe₂O₄ and cerium-doped CoFe₂O₄ samples 

exhibited strong absorption in the UV and visible regions, characteristic of 

ferrite materials. The strong absorbance in the visible region (400–800 nm) 

suggests that the material efficiently captures solar radiation within this range. 

Materials with such characteristics are desirable for solar cell absorber 

layers19.Cerium alters the electrical structure, most likely by adding 

intermediate energy levels to the bandgap, as seen by the gradual increase in 

absorbance with cerium substitution. Findings with rare-earth-doped ferrites, 

where rare-earth ions enhance light absorption by generating defect levels, 

are in line with this phenomenon20.  A redshift was shown by the absorption 

edge shifting towards longer wavelengths with cerium substitution. Cerium 

doping-induced alterations in the electronic structure, including bandgap 

modifications and localised states in the forbidden gap, are responsible for 

this shift. 

For each sample, the optical bandgap (Eg) was determined using the Tauc 

plot method. The samples' Tauc plot displays a bandgap between 1.12 to 1.54 

eV, which is within the optimal range of 1.1 to 1.5 eV for single-junction solar 

cells.  
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Figure 3.4 (a) Absorption spectra of cerium substituted cobalt spinel ferrite, Tauc 

plot at (b) x = 0,(c) x = 0.02, (d) x =0 .04, (e) x = 0.06, (f) x = 0.08. 
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This range optimises the trade-off between photon absorption and 

thermalisation losses, as described by Shockley and Queisser's efficiency 

limit (Shockley & Queisser, 1961). The bandgap of the undoped CoFe₂O₄ 

was around 1.12 eV, which is in line with values reported in the literature for 

spinel ferrites. The bandgap was systematically raised by the cerium 

substitution, reaching 1.54 eV at the maximum doping concentration. Fig 3.4 

(b), (c),(d),(e),(f) shows the change in bandgap values with concentration of 

cerium. 

Due to the introduction of localised states or changes to the electrical 

environment surrounding cobalt ions, cerium substitution may result in minor 

bandgap alterations. This impact is consistent with earlier research on ferrites 

rare-earth replacement21. The material's absorption across the visible and NIR 

regions indicates suitability as an active layer for solar cells. For example, 

tandem solar cells could benefit from combining this material with others to 

optimize light harvesting across the solar spectrum20. 
 

Table 2: The changes in bandgap with concentration of Cerium. 

Cerium 

Concentration  

Absorption 

Edge Shift 

Bandgap 

(Eg) (eV) 

Remarks 

x = 0.00 No significant 

shift 

1.12 Original CoFe₂O₄ with no 

cerium substitution. 

x = 0.02 Slight redshift 1.17 Minor redshift due to initial 

cerium substitution. 

x = 0.04 Moderate 

redshift 

1.31 Noticeable redshift with 

increased cerium concentration. 

x = 0.06 Notable 

redshift 

1.44 Significant redshift with 

enhanced absorption in the 

visible region. 

x = 0.08 Strong redshift 1.54 Maximum redshift, indicating 

substantial changes in electronic 

structure. 

 

3.4 FTIR analysis 

Fig. 3.5 shows the FTIR spectra of Ce doped CoFe2O4 prepared by 

microwave-assisted sol-gel method using urea as fuel and sintered at 800o C 

recorded between 4000 cm-1 and 400 cm-1. The O–H stretching vibrations 

interacting through H bonds are observed at 3393 cm-1, 2927 cm-1 and the 

absorption band present at about 1647 cm-1 is due to the bending of the 

absorbed water molecules.  The absorption band at 1120 cm-1 is the 

characteristic of the cobalt ferrite system, possibly due to the residual 

FeOOH. The presence of spinel ferrite is demonstrated by the absorption 

bands at roughly 635 cm-1, which are caused by the stretching vibrations of 
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metal oxide in the octahedral group complex Co(II)–O2 of the cobalt ferrite 

phase. 

 Fading and diminishing of the absorption band at 1647 cm-1 may be due 

to the desorption of water molecules after 0.06% Conc. Also, the 

characteristic 1120 cm-1 peak reappears after 0.08% Conc. This is due to the 

restructuring and affixing of the dopant % in the spinel structure with 

decreased strain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.5: FTIR spectra of synthesized cerium substituted cobalt ferrite 

 

3.5. IV characteristics 

 

Figure 3.6 (a) Silicon solar cell without coating, (b) Coated silicon solar cell22 

 

The experiment was performed in open conditions at 38 °C of temperature in 

the Nagpur Region (21.129516968235478, 79.06755089527041) at 12:30 pm 

on summer day 21 May 2024 in intense sunlight under constant temperature 

monitoring using a digital thermometer. The I-V properties of blank silicon 

solar cells were measured at the same temperature outside in direct sunlight. 
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This cell is then coated by CexCoFe2-xO4 (x=0,0.02,0.04,0.06,0.08) by doctor 

blade method using terpineol, ethyl cellulose, ethanol, and acetic acid as a 

combined binder by taking them in a stoichiometric ratio. The blank solar cell 

and solar cell after being coated looks like this as reported as the synthesized 

sample is displayed in the Figure 3.6. 

Figure 3.7: The plot of I-V characteristics under direct sunlight at different Ce3+ 

doping %. 
 

Figure 3.8: Efficiency enhancement by coating of Ce3+ doped CoFe2O4 
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The solar cell efficiency enhancement is determined by following the 

formula; 

Efficiency % =
slope of coated cell

slope of without coated cell
∗  100 % 

It is observed that maximum solar cell efficiency is enhanced after coating of 

sample by 23.01% for x = 0.06 conc. of Ce3+ under direct sunlight. 

 

4. Conclusion 

 

A series of Ce3+ substituted cobalt spinel ferrite was synthesized by 

microwave-assisted sol-gel technique using urea as a fuel. The structural, 

optical, and photovoltaic properties of the proposed material were 

characterized using several characterization techniques. The crystalline 

nature of the proposed phosphor was characterized using XRD, which was 

then compared with the standard JCPDS Card No. 22-1086 which confirms 

the cubic spinel crystal structure of CexCoFe2-XO4. XRD profile shows that 

all peak positions are in good agreement with the standard data. Increasing 

cerium concentration leads to lattice strain and slight reductions in crystallite 

size, as evident from peak broadening. The spherical shape and limited size 

distribution of the particles, despite significant aggregation, are explained by 

the strong magnetic properties and high surface activity of CoFe₂O₄. These 

materials' connected particle structure, which boosts surface area and 

enhances mass transport properties, makes them suitable for applications 

needing high reactivity, such solar cells or catalysis. Furthermore, the 

elemental purity of the synthesised CoFe₂O₄ is confirmed by the energy-

dispersive X-ray spectroscopy (EDS) study. A redshift in the absorption edge 

with increasing cerium concentration is revealed by UV–visible absorption 

spectroscopy of cerium-substituted CoFe₂O₄, suggesting improved optical 

characteristics brought about by structural changes.  The strong absorption in 

the visible region (400–800 nm) highlights its potential for solar cell 

applications. Cerium doping introduces intermediate energy levels, which 

increase light absorption and systematically raise the bandgap from 1.12 eV 

to 1.54 eV, aligning with the optimal range for single-junction solar cells. 

These modifications, consistent with prior studies, improve photon capture 

and energy conversion efficiency, demonstrating the material’s suitability for 

active layers in solar energy devices. Moreover, Ce3+ substituted CoFe₂O₄ 

was coated on solar cells and tested for IV characteristics, Results show 

enhancement in its efficiency by 23.01% under direct sunlight. Therefore, 

with all these results, we can conclude that Ce3+ substituted CoFe₂O₄  is a 
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potential candidate for solar cell efficiency enhancement, and a broad spectral 

converter for next-generation solar cells. 
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