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ABSTRACT 

The introduction of organic perovskite solar cells has shown a remarkable development in solar energy 

technology. It bridges the gap posed by the hazardous and poisonous activities of the pure inorganic perovskite 

solar cells. This study investigates the effect of incorporating pod extract (Cola nitida) in chemical bath 

deposited cadmium sulfide (CdS) films as an electron transport layer (ETL) in perovskite solar cells (PSCs). 

The electrical properties of the encapsulated material were studied, focusing on the electrical resistivity and the 

measurement of the mobility of the charge carriers. The optical properties were studied using UV-VIS and near-

infrared spectroscopy to characterize the material’s response to photon energy. The UV spectroscopy revealed 

good absorbance across the visible and ultraviolet ranges, with the encapsulated films showing about a 22.7% 

enhancement compared to the as-deposited film. This enhancement is attributable to the bioactive 

phytochemicals in Cola nitida such as tannins, flavonoids, and alkaloids, which passivate the surface defects in 

the film and thus increase the optical path length through modification of the electronic structure. The energy 

bandgaps of 2.15eV and 2.10eV were obtained for the deposited CdS and encapsulated films respectively. These 

values are consistent with the widely reported direct band gap of CdS nanoparticles, which usually ranges from 

2.10 to 2.5 eV for bulk CdS. The reduction in band gap energy shows agreement with the expected influence 

of organic encapsulation on the electronic structure of semiconductor nanoparticles. 
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INTRODUCTION 

The 
20103.4  J of energy obtained from the sun in an hour is 

more than enough to balance the Earth’s energy demand in a 

year of 
20101.4  J (Jun et al., 2013). This has paved the way 

for researchers to harness solar cell technology in energy 

generation through photovoltaic applications. 

Chronologically, solar cell technology has metamorphosed 

into three generations (Werner, 2004). The first-generation 

solar cells were based on single-crystal semiconductor wafers. 

The second generation used thin layers of polycrystalline 

semiconductors, and their production was highly adaptable, 

lightweight, and inexpensive. However, the performance is 

below that of the first generation. The third generation of solar 

cells is a new type of chemical solar cell. The third generation 

ranges from dye-sensitized solar cells (DSSC) up to current 

perovskite solar cells (PSCs) with the structure combining 

nanostructured electrodes and sufficient photosensitizers 

(O’Regan & Gratzel, 1991). PSCs have structures similar to 

those of dye-sensitized solar cells, with dye molecules 

replaced by perovskite nanocrystals as the light-harvesting 

material. PSCs have produced power conversion efficiency 

(PCE) greater than 25% in less than 11 years (Kojima et al., 

2009; Green et al., 2014; Qu et al., 2021). Such timely and 

extraordinary advances in PCE are achieved using several 

modifications in the device. This remarkable achievement 

resulted from different modifications across all the important 

layers of the PSCs. The absorber (perovskite) material is an 

important layer in PSCs responsible for absorption of light, 

creating photostimulated carriers, and transferring the carriers 

into the PSC network for electrical generation (Stranks et al., 

2015 & Xiang et al., 2019). Other layers include the electron 

transport layer (ETL) and hole transport layers (HTL), whose 

carrier mobility and conductivities play a vital role in the 

improved performance of the PSCs (Aslam et al., 2022) 

(Snaith et al., 2006; Crossland et al., 2013; Leijtens et al., 

2013). 

A chalcogenide material such as Cadmium sulfide (CdS) is 

one of the most common semiconductors widely used in 

recent years as an ETL. Its photoluminescence properties 

show good optical and electrical properties. Despite various 

methods (both wet and dry) of deposition of CdS, chemical 

bath deposition (CBD) is an attractive, simple technique that 

can yield highly stoichiometric thin films with excellent 

uniformity (Ahuome and Onimisi, 2016) and without 

pinholes. CdS has electron mobilities ranging between 1 and 

10 cm2V-1s-1 (Yang et al, 2008). A Sputtered CdS film has 

been successfully used as a replacement for compact TiO2 in 

mesoporous Al2O3 Scaffolding structures as an ETL in 

organic perovskite solar cells (OPSC) (Juarez et al., 2014). 

The absorbance behaviour of CdS is sensitive to factors such 

as film thickness, surface morphology, and deposition 

conditions, which can lead to suboptimal light absorption 

when fabrication parameters are inconsistent. Prolonged 

environmental exposure degrades optical stability, causing 

shifts in band gap and reduced performance over time 

(Molina-Jiménez et al., 2025). Recently, performance 

optimization of double perovskite solar cells was carried out 

with different TiO2, ZnO, CdS, ZnSe, and WS2; CdS yielded 

the lowest efficiency of 11.0% compared to 21.56% for WS2 

(Dahiru et al, 2026).   

CdS fits well as the window layer in high-efficiency thin-film 

solar cells based on cadmium telluride (CdTe) and copper 

indium gallium selenide (CuInxGaySe2), though with power 

conversion efficiencies as low as 1.53%. Progressively, CdS 

nanorods deposited through the hydrothermal method have 

yielded efficiencies ranging from 8.36%, when used as ETL 

in perovskite solar cells (Gu et al, 2015), 11.2% when grown 

through a chemical process and used as ETL in all-low-
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temperature-processed perovskite solar cells (Liu et al, 2015), 

and 15.0% (Peng et al, 2016) in OPSC.  

The deployment of metallic silver nanomaterial (AgNPs) in 

Perovskite Solar Cells (PSCs) provides an important avenue 

by enabling highly efficient devices to be developed by 

scattering of light to longer optical path length, or through an 

interaction via dipole–dipole and resonant energy transfer. 

However, it has been demonstrated that when AgNPs make 

direct contact with the perovskite absorber, it results in back 

e.m.f. reaction, recombination, and etching of the plasmonic 

effects are observed (Eli et al., 2020). Reports have 

demonstrated that TiO2, SiO2, and P4VP were applied as 

encapsulants to the perovskite absorber to prevent the effects 

stated above (Eli et al., 2020; Zhang et al., 2013). However, 

it limits the transfer of carriers generated by the perovskite to 

the surrounding porous semiconductor. Biogenically 

synthesized silver nanoparticles have shown some 

applications in antibacterial and antioxidant activities, and as 

an antimicrobial additive in paint (Jain et al., 2021; Yekeen et 

al., 2017; Lateef et al., 2016). Cola nitida is one of the light-

harvesting organic materials having a far-field light scattering 

effect. Encapsulating AgNPs improves the light-trapping of 

the devices. Properties such as electrical characteristics and 

light absorption are significantly enhanced due to improved 

optical path length.   With the introduction of one coating 

cycle of AgNPs, the highest power conversion efficiency 

(PCE) of the perovskite solar cells increases from a reference 

value of 4.543 to 10.856% (Danladi, 2023). Incorporating 

green-synthesized silver nanoparticles in perovskite solar 

cells has seldom been reported. This work investigates the 

effect of incorporating biosynthesized nanoparticles (Cola 

nitida-encapsulated CdS) as ETL in perovskite solar cells. 

The properties studied include Optical properties through 

UV-Vis spectroscopy and electrical properties through Four-

Points Probe analysis and Hall Effect Measurements. 

 

MATERIALS AND METHODS 

Cadmium Chloride (CdCl2, ADRICH 99.99%), Trisodium 

Citrate (Na3C6H5O7, ADRICH 99.98%), Thiourea 

(C=S(NH2)2, BDH 99.5%). The green metal nanoparticles 

were extracted from the pod through Hot Aqueous Extraction 

(Decoction). 10 g of dried and ground pods were added to 100 

mL of distilled water and heated at 70 °C for 45 minutes. The 

solution was allowed to cool and was filtered to obtain the 

green reducing agent (Kanchi & Ahmed, 2018). The filtrate 

was treated with the cation precursor CdCl2 or Cd (NO3)2. 

The deposition of Cadmium Sulphide (CdS) thin film layer 

through the electroless chemical deposition method was done 

as follows. 20 mL of 0.15 M CdCl2 (cadmium Chloride), 25ml 

of 0.5 M Na3C6H5O7 (trisodium citrate), 10ml of 0.5 M KOH 

(Potassium Hydroxide), 25ml of 0.5 M C=S (NH2)2 

(Thiourea), and 20ml of deionized water were added together 

in a 100ml beaker at a reaction temperature of 70oC. With the 

pH value of the solution maintained between 10 and 11 and a 

constant stirring rate of 100rpm, the CdS thin film layer was 

deposited for 120 mins (Ahuome and Onimisi, 2016). 

CdS layer was placed between the poles of a bar magnet, and 

a load voltage VL  was applied through a variable-control 

direct current (d.c) power supply, and the corresponding Hall 

voltage, VH was then measured as shown in Figure 1a. The 

slope of the graph of Hall voltage against load voltage was 

obtained. Then the charge carrier mobility was calculated as 

µ =
VHL

WVLB
=

Slope×L

W×B
   (1) 

Where L and B are dimensions of the area covered by the film, 

and B is the magnetic field strength (Onimisi and Musa 2013). 

The four-point probe collinear device revealed the voltage 

drop across the inner probes 2 and 3 with a variable current 

allowed to pass through the outer probes 1 and 4, as shown in 

Figure 1b. The slope of the graph of voltage drop against the 

current was obtained. Thus, the resistivity is given as, 

𝜌 = 2𝜋𝑆 (
𝑉

I
) = 2𝜋𝑆 × 𝑠𝑙𝑜𝑝𝑒   (2) 

 Where S is the uniform space between the probe’s points 

(Ahuome and Onimisi, 2016).   

 

 
Figure 1a: Hall voltage measurement set-up 

 
Figure 1b: Four-point probes for resistivity measurement 

 

Bandgap energy: The absorbance of the CdS layer between 

the ultraviolet, visible range and near-infrared wavelength 

(300 nm – 680nm) was studied through the use of a JENWAY 

6405 UV/VIS Spectrophotometer. A baseline was formed 

through baseline scanning using a blank slide in order to 

cancel the effect of absorption by the glass. The deposited 

layer was tested, and absorbances were measured as plotted 

in Figure 3a. The Tau’c plot revealed the band gap energies 

as plotted in Figure 4a and 4b. 

 

RESULTS AND DISCUSSION 

Electrical Properties of the encapsulated CdS 

The current-voltage characterization in the dark was studied 

as shown in Figure 2. The characteristics formed the model 

shown by the equation 𝑦 = 12.766𝑥 + 16.622  where 𝑦 

represents the voltage drop in mV, and 𝑥  represents the 

corresponding current in 𝜇𝐴  as measured. The slope of 

12.766 × 103Ω was obtained. Using equation 2 with a probe 

spacing of 0.1𝑐𝑚,  the material showed the resistivity of 

8.022 × 103Ω𝑐𝑚 . Though with little concern, this value 

measured favourably with the existing literature (Chaure et al, 

2003; Ahuome & Onimisi, 2016). The Hall effect 

measurement under a 0.5 T magnetic field strength was 

graphed as shown in Figure 2b, with the trend 𝑦 = 1.4017𝑥 −
0.1036 where 𝑦 represents the Hall voltage in V, as measured 

against the load voltage in V represented by 𝑥. The mobility 

of the charge carrier of 2𝑐𝑚 × 1𝑐𝑚 film was calculated to be 

5. 6068 cm2V-1s-1. (Yang et al, 2008; Walker et al, 2015).  
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Figure 2a: I-V in Dark of Encapsulated CdS for Resistivity 

Calculation 

 
Figure 2b: Hall voltage vs Load voltage for Mobility of the 

Charge Carrier Calculation 

 

Optical Properties of the Encapsulated CdS 

Figure 3 gives the optical absorbance of the deposited and the 

encapsulated cell. It is noticeable that the optical activity of 

the material revealed that the absorbance values for both 

samples increase as wavelength decreases from 660 nm to 

approximately 380 nm, after which the values plateau. This 

activity within this range of wavelengths (UV-Visible) 

confirmed the semiconducting nature of the deposited CdS 

and the encapsulated cell.  For the pure CdS, the absorbance 

increases from 0.6343 at 660 nm to a peak of approximately 

5.2273 at 360 nm. The Cola nitida-encapsulated CdS, on the 

other hand, exhibits consistently higher absorbance values, 

rising from 0.8732 at 660 nm to a maximum of approximately 

6.4151 at 360 nm. This represents an enhancement in 

absorbance of approximately 22.7% at 660 nm and a sustained 

improvement across the entire spectral range measured. 

The sharp increase in absorbance between 660 nm and 480 

nm for both samples indicates strong photon absorption in this 

region, which is consistent with the known optical behavior 

of CdS nanoparticles whose band gap lies within the visible 

to near-UV spectral range. The absorption edge onset, which 

corresponds to the fundamental band gap, is observed at 

approximately 520–540 nm for unencapsulated CdS and 

shows a slight red-shift to approximately 540–560 nm for the 

encapsulated sample. This red-shift is indicative of a slight 

reduction in the optical band gap due to encapsulation. 

 

 
Figure 3: UV-Visible Spectroscopy for Optical Absorbance 

 

The higher absorbance values recorded for the encapsulated 

sample throughout the measured spectral range suggest that 

the Cola nitida extract significantly enhances the optical 

absorption capacity of CdS nanoparticles. This enhancement 

is attributable to the bioactive phytochemicals in Cola nitida, 

the presence of tannins, flavonoids, and alkaloids, which 

interact with the CdS surface, passivating defects, increasing 

the optical path length, and modifying the electronic structure 

of the nanoparticles to enable stronger light-matter 

interaction.  

 

 
(a) 

 
(b) 

Figure 4: The Tau’c plot of (a) deposited CdS, (b) Cola nitida-encapsulated CdS 

 

The Tau’c plot in Figures 4a and 4b gives the energy bandgaps 

of the pristine CdS and the encapsulated CdS as 2.15 eV and 

2.10 eV respectively. The reduction in the bandgap results 

from the improved optical activity of the encapsulated cell. 

This value is consistent with the widely reported direct band 

gap of CdS nanoparticles, which usually ranges from 2.10 to 

2.5 eV for bulk CdS. The variations are attributed to 

modification of the surface particle size, synthesis method, 

and film deposition conditions (Manir et al., 2025; Ruiz-

Ortega et al., 2023). The reduction in band gap energy is 

consistent with the expected influence of organic 

encapsulation on the electronic structure of semiconductor 

nanoparticles. 

 

CONCLUSION 

A uniform CdS film was deposited on a glass substrate via a 

low-cost and scalable Chemical Bath Deposition (CBD) 

method, and encapsulated with Cola nitida nanoparticles.  The 

electrical properties studied through electrical resistivity and 

charge carrier mobility were found to be  8.022 × 103Ω𝑐𝑚 
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and 5. 6068 cm2V-1s-1 respectively. These values are within 

the literature, indicating an average conductivity of the 

encapsulated CdS, while the mobility shows an improved 

value within the range reported by Yang et al and Walker et 

al. The encapsulation treatment enhanced the material’s 

optical response by 22.7% and showed a narrower bandgap 

energy of 2.10 eV compared to 2.15 eV of deposited CdS. In 

conclusion, it was demonstrated that organic encapsulants 

such as cola nitida can be used to obtain enhanced 

performance of the metal chalcogenide CdS. This has shown 

high stability, reproducibility, and a better optical response to 

photon energy. 
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