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Abstract 
Two sets of Organic dyes were developed using kassod and senna plant leaves. 
The first sets of dyes are the organic dye from the leaves of two plants while 
the second set is the dye produce after combining together the dyes from the 
kassod and senna plants leaves. The two sets of dyes were used to sensitize the 
grown films. The films were characterized and the current voltage values 
of the grown films were obtained. The solar simulation result of the grown 
film for Kassod dyed TiO2 film was recorded for single dyes and for the 
combination of the two dyes. The result also covers absorbance of the spectra 
lines, absorbance coefficient values of the dyed TiO2, as well as transmittance 
and energy band gap values of the developed films. The precursors of tin (IV) 
chloride (SnCl4) (60%) and hydrofluoric acid (40%) was deposited on the 
cleaned soda-lime glass using the chemical vapour deposition method and 
nitrogen gas was supplied as a carrier gas through the bubbler to form the 
FTO layer. Titanium dioxide paste (TiO2) was deposited using a screen 
printing method to form M-TiO2. 
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1. Introduction 

The concept of DSSC was invented in 1988 by Brian O’Regan and Michael Grat-
zel at UC Berkeley [1]. Dye-sensitized solar cell operation is based on a semi-
conductor formed between a photon-sensitized anode and an electrolyte, a pho-
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toelectrochemical system [2] [3]. One of the important qualities of the plant is 
that it has the ability to produce pigment and chlorophyll we use for production 
of organic dye [2] [3]. The green leaves and flower of a plant are one of the nat-
ural storage units of energy [2]. The energy transformation that takes place in 
DSSC formed using organic dye produced from plants try to replicate the natu-
ral processes of photosynthesis that take place in the chlorophyll leaf of a plant 
[1]-[7]. In this work, the energy locked in the leaf of plants was extracted using 
the water extraction method and harnessed as the organic dye used as photo- 
sensitizers. The organic dye is used as a photo-sensitizer to sensitize the sub-
strate doped with TiO2 for a period of twelve hours before annealing it at a certain 
temperature to allow the deposited dyed TiO2 to settle inside the substrate [8]-[15]. 
The presence of dye on the substrate will form a dye layer on top of the sub-
strate and allow the substrate to absorb photon energy and conduct electricity 
even at room temperature [1]. DSSC is the only device that absorbs the photon 
and converts them to electric charge without the need for intermolecular trans-
port of electronic excitation [3] [16] [17] [18]. In conventional solar cells, both 
light absorption and charge carrier transport were performed simultaneously, 
whereas in DSSC the two operations are performed separately. Solar simulation 
of the doped substrate enables us to identify the rate of current voltage characte-
ristics of a particular cell or DSSC and other parameters required for developing 
a DSSC [1]. The operating cycle can be summarized in chemical reaction 
[16]-[25]. The organic dye (Q) will be excited and inject electrons in the conduc-
tion band as shown in Equation (1).  

Anode: *Q Qhυ + →  Excitation                  (1) 

where hυ is the incoming photon and Q* is the excited organic dye. The excited 
dye will inject electrons into the conduction band of TiO2 according to the injec-
tion process Equation (2): 

( )*
cb 2Q Q e TiO+ −→ +                        (2) 

The excited dye will be oxidized. The oxidized dye molecules will be reduced 
by an Iodide ion which in turn becomes a tri-iodide ion following regeneration 
given by Equation (3): 

32Q 3I I 2Q+ − −+ → +                        (3) 

Cathode: 3I 2e 3I− − −+ →                      (4) 

( ) ( )*
cb 2 cb 2Q e TiO Q e TiO− + −+ → +                 (5) 

( ) ( )3 cb 2 3 2I 2e TiO 3I TiO− − −+ → +                 (6) 

Cell: ( ) ( )22e pt 2e TiOhυ− −+ →                  (7) 

According to [23]-[28], the electron in the conduction band of TiO2 flows 
through the external circuit while at the counter electrode, the reactions from 
Equations (3) and (4) have to be effective and compete with the recombination 
reactions in order to generate high current. The aim of this paper is to show the 
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power voltage characterization of fabricated DSSC incorporating multiple or-
ganic dyes as photosensitizer. 

2. Experimental Procedure 

1) Preparation of Fluorine Doped Tin Oxide (FTO) Film 
Flourine doped tin oxide thin film is the grown films developed as a result of 

precursors of tin (IV) chloride (SnCl4) (60%) and hydrofluoric acid (40%) depo-
sited on the cleaned soda lime glass and nitrogen gas which was used as carrier 
gas using chemical vapour deposition method.  

Nitrogen gas was supplied from a cylinder through a pressure regulator 
(Glook scientific) set at 0.5 bars and then through a mass flow controller (Alicat 
Scientific). The flow rate was set at 1 litre per minute and then through a bubbler 
containing SnCl4 (anhydrous). 

A separate gas stream at 1 litre per minute is bubbled through the hydrofluo-
ric acid precursor.  

The two gas streams converge on the substrate maintained at 550˚C by means 
of a thermocouple and temperature controller (Rex C-900). 

A chemical reaction took place leading to the deposition of a transparent and 
conductive FTO thin film. The deposition time is varied between 1 minute and 5 
minutes to generate films of a transparent and conductive quality. FTO usually 
generates films of different conductivities and transparency. 

2) Preparation of Natural Dyes 
The natural dyes are the dyes prepared using Kassord Plant (Cassia siamea) 

and Senna Plant (Senna occidentalis). The dyes were prepared individually using 
the same procedures, measurement, timing, ratio of water and methanol. Five 
grams (5 g) of each leave were measured using weighing balance. Mixture of 60 
ml water and methanol (50:50 ratios) was measured using conical cylinder and 
poured into an electronics grinder. The 5 g of leave and 60 ml of solvent (50:50 
ratios of water and methanol) was grinded for 5 minutes. The solution was fil-
tered after grinding and the dye separated and poured into a cylinder. The fil-
trate was filtered again by placing the solution on centrifuge machine. The cen-
trifuge machine was allowed to operate for 3 minutes to allow the natural dye 
from the leaf settle on top of the cylinder while the waste product clustered at 
the bottom of the cylinder. The filtered dye was transferred to a small container 
and covered. Mixture of 60 ml Kassord Plant (Cassia siamea) and Senna Plant 
(Senna occidentalis) dyes (50:50 ratios) was measured using conical cylinder and 
poured together in a cylinder. The solution of combined dye was placed on cen-
trifuge machine and allowed to centrifuge for 3 minutes to allow the natural dyes 
mix together. 

3) Sensitization of Natural Dye and Nanocrystalline M-TiO2 Thin Film  
Doped substrate was soaked into the prepared natural dye. After soaking the 

nanocrystalline substrate inside the dye, the soaked substrate was washed using 
the prepared solvent (50:50 ratio of water and methanol). The substrate was 
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dried using REX-C900 hot plate machine under the temperature of 80˚C for 3 
minutes. The UV spectroscopic data capturing was carried out on the three set 
of prepared dyes using UV spectrometer to find out the absorbance rate of each 
dye and that of TiO2 substrate. The generated data was used to calculate the ab-
sorptance spectra, transmittance value, energy band gap, fill factor FF, short cir-
cuit current Isc, open circuit voltage VoC, maximum power point MPP, sheet re-
sistance Rsh, serial resistance Rsend, efficiency of the solar cell, Tauc plot for band 
gap calculation and Beer-Lambarts law.  

The elococab layer acts as counter electrode of monolithic dye sensitized solar 
cell. Elcocab paste was deposited using screen printing method. At the end of 
deposition, the substrate was dried and annealed at 400˚C.  

After drying the films, a drop of iodolyte (AN 50 electrolyte) was added on 
top of the substrate. The iodolyte electrolyte will sink through the elcocab. 

Simulated solar irradiation was provided by a solar simulator, model 4200-scs 
semiconductor characterization system under the irradiation of AM 1.5 9100 
mW∙cm−2. The current voltage curves were recorded by a digital keithley multi-
meter model 2400 coupled to a computer. 

Amosil 4 R and Amosil 4 H gums were mixed together and used to gum the 
glass together with the cell. The two gums were mixed together and screen 
printed on the mapped out dimension of the cell before placing the glass that 
were used to cover the cell.  

3. Results and Discussions 

Figure 1 and Figure 2 show the absorbance as a function of wavelength for 
Kassod and Senna (liquid and solid respectively). 

It was noticed that as the wavelength increases the absorbance decrease in all 
the samples. The liquid samples recorded the highest absorbance as they absorb 
more cells compared to the solid samples. The liquid sample recorded absorb-
ance above 2.0 a.u while the solid sample absorbance lies within 0.1 - 0.27. From 
the plots, the solid sample absorbance will be suitable for the solar application 
while the liquid sample will be suitable for photovoltaic application.  
 

 

Figure 1. Plot of absorbance vs wavelength for Kassod (liquid and solid sample). 
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Figure 2. Plot of absorbance vs wavelength for Senna (liquid and solid sample). 
 

Figure 3 shows the absorbance as a function for Kassod and Senna combined 
(liquid and solid) samples. 

It was observed that as the wavelength of the incident radiation increases the 
absorbance increase from the ultraviolet and infrared region. The Kassod + 
Senna (liquid sample) absorbed more cells at both regions compared to the solid 
sample. This high absorbance in the UV region combined Kassod and Senna 
plant samples useful in p-n junction formation of solar cells with other suitable 
thin film materials for photovoltaic applications. However, the low absorption of 
Kassod and Senna solid sample Plants in the infrared makes it useful for the 
mass production of solar cells and for the fabrication of solar panel. 

UV transmittance analyses of dyed TiO2 were carried out for the samples as 
before. Figures 4-6 show the plots of transmittance against wavelength for Kas-
sod and Senna Plants synthesized on FTO.  

The plots show that the transmittance increases as the wavelength of incident 
radiation increases for the transmittance above 56% in the infrared region and 
transmittance below 45% in the ultraviolet region. The plot revealed that Kassod 
plant has the highest transmittance of about 57%. Films of low transmittance in 
the infrared region are used in the mass production of solar cells and for the fab-
rication of solar panel, while films with high transmittance in the ultraviolet re-
gion are useful in photosynthetic coatings as they exhibit selective transmittance 
of photosynthetic active radiation (PAR) and also used as reflector and dielectric 
filter. 

The band gap energy and transition types were derived from mathematical 
processing of the data obtained from the optical absorbance as a function of wa-
velength with the following relationships for near edge absorption as in Equation 
(8): 

( )2
n

ghv Yα = − ,                          (8) 

where α is the absorption coefficient, υ is the frequency, h is the Planck’s con-
stant, Yg is the band gap energy while n carries the value of either 1 or 4. The 
band gap energy could be obtained from a straight line plot of α² as a function of  
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Figure 3. Plot of absorbance vs wavelength for Kassod + Senna (liquid and solid sample). 
 

 

Figure 4. The plot transmittance (%) as a function wavelength for Kassod plant. 
 

 

Figure 5. The plot transmittance (%) as a function wavelength for Senna plant. 
 

hυ and by extrapolation of the straight line portion of the plot on the energy axis 
and results to band gap energy. If a straight line graph is obtained from n = 1, it 
indicates a direct transition between the states of the semiconductor, whereas the 
transition is indirect if a straight line graph is obtained from n = 4 as shown in 
Figures 7-9. 
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Figure 6. The plot transmittance (%) as a function wavelength for Kassod + Senna plant 
solid. 
 

 

Figure 7. The plot of absorption coefficient square as a function photon energy for Senna 
plant. 
 

 

Figure 8. The plot of absorption coefficient square as a function photon energy for 
Kassod + Senna. 
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Figure 9. The plot of absorption coefficient square as a function photon energy for 
Kassod plant. 
 

The band gap energy as obtained for Kassod, Senna, and Kassod + Senna 
Plants synthesized on FTO was in the range of 1.25 - 3.71 eV. From the fig, it is 
observed that the absorption coefficient squared increases exponentially with 
photon energy. The range of the band gap energy makes the material useful for 
fabrication of blue and green light emitting devices, photocell window layer and 
light emitting laser diode. 

Figures 10-12 reveal the plot of absorption coefficient as a function of photon 
energy. Absorption coefficient determines how far light enters into a material of 
a particular wavelength before it is absorbed.  

The absorption coefficient spectra of Kassod and Senna films showed that the 
films have a sharp edge at the lower energies. Thus the light energies below the 
band gap (3.0 eV and above) do not have sufficient energy to excite an electron 
into the conduction band from the valence band. Consequently, the light was 
not absorbed. But, as the photon energy increased sufficiently to about 3.25 eV, 
the absorption coefficient increases with the photon energy. Materials with 
higher absorption coefficients such as Senna plant, more readily absorbs photons 
which excite electrons into the conduction band.  

The absorption coefficient as a function of photon energy shows a steady rela-
tionship at lower energy. As the energy increases up to 2.5 eV, the rate of de-
crease of the radiation, increases at increasing photon energy. The result pro-
vides evidence of significant dependence on TiO2.  

The efficiency of the Kasod, Senna and their combined dyed TIO2 is shown. 
The current density plots as a function of the voltage are shown in Figures 

13-15.  
The Kassod, Senna Plant, and Kassod + Senna Plants natural dye extracts 

revealed good absorbance. The efficiency of a solar cell and incident power con-
verted to electricity was determined using Equation (9) 

Ideally, an excellent dye should absorb very well for all wavelengths below 920 
nm. The DSSCs fabricated using these natural dyes gave overall photocurrent  

https://doi.org/10.4236/epe.2021.136015


I. F. Okoye et al. 
 

 

DOI: 10.4236/epe.2021.136015 229 Energy and Power Engineering 
 

 

Figure 10. The plot of absorption coefficient as a function photon energy for Kassod + 
Senna plant solid. 
 

 

Figure 11. The plot of absorption coefficient as a function photon energy for Kassod 
plant solid. 
 

 

Figure 12. The plot of absorption coefficient as a function photon energy for Senna plant 
solid. 
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(a)                                  (b) 

Figure 13. (a): Current/voltage for Kassod plant; (b): Voltage/power curve for Kassod 
plant. 
 

    
(a)                                       (b) 

Figure 14. (a): Current/voltage for Senna plant; (b): Voltage/power curve for Senna plant. 
 

   
(a)                                    (b) 

Figure 15. (a): Current/voltage for Kassod + Senna Plant; (b): Voltage/power curve for 
Kassod + Senna Plant. 
 

conversion efficiencies of η 0.492%, 0.028%, and 0.0223% respectively. However, 
the Kassod plant outperformed the others probably due to the dye molecules’ 
ability to anchor more firmly to the surfaces of the TiO2. Moreover, the solar cell 
fabricated using the Kassod plant dye exhibited high shunt 10 resistances which 
implies that there were fewer alternative paths for current leakage in the cell. 
One of the greatest challenges to TiO2 DSSCs is its ability to strongly adsorb dye 
molecules. 
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Figures 16(a)-(d) shows the thickness and shape of the scanning electron 
microscope (SEM) images of the TiO2 (anatase) grown thin films deposited by 
screen printing on FTO glass slide while Figure 17 shows the graph of the EDX 
analysis of the grown film. SEM analysis revealed that the particles contained in 
the grown film are irregular and the surface morphology was rough. The porosi-
ty found on the surface of TiO2 is a result of the degree of thermal treatment, 
time given to the thin film during annealing processes and cooling rate given to 
the nanoparticles deposited in the film [2] [3] [4]. The porosity allows electrons  
 

 

Figure 16. (a)-(d): Show the SEM analysis. 
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Figure 17. EDX analysis. 
 
to move around the surface. The generated electrons were absorbed at the con-
ducting substrate (FTO layer). The TiO2 nanoparticles produced have thickness 
of 14 μm. The morphology shows that the TiO2 paste have agglomeration par-
ticle size with spherical shape doted on the film as shown in Figure 17. The 
thermal treatment given to the TiO2 thin film allows the internal gas, voids that 
clusters on top of the film layer to be eliminated as well as the impurity found on 
the substrate. Elimination of these particles leads to the creation of holes on the 
morphology of the films and increase in the quantity of TiO2 nanoparticles in a 
particular section of the film thereby enhancing the absorptive capability of nat-
ural dye molecules. The films in Figures 16(a)-(d) were deposited using screen 
printing method parameters of (a) 0.2 g/l, 15 kV, 537 μm and 17 hrs: 25 S (b) 0.2 
g/l, 15 kV, 100 μm and 16 hrs: 26 S (c) 0.2 g/l, 15 kV, 80 μm and 16 hrs: 27 S (d) 
0.2 g/l, 15 kV, 50 μm and 16 hrs: 29 S. The SEM images of TiO2 thin films shows 
that film at 17 hrs: 25 S formed some cracks in Figure 16(a) more than those 
deposited time in Figures 16(b)-(d); 16 hrs: 26 S, 16 hrs: 27 S and 16 hrs: 29 S 
respectively. Extending deposition time provides more particles to move and 
form thicker films. These results concur with other studies [29] which confirmed 
that film quality deteriorates when deposition time is extended. The SEM images 
show that TiO2 dye particles formed in the grown films were spherical in struc-
tures. These qualities make the film to be more compatible with various metallic 
and polymeric matrices in lattice structure resulting to a more usefulness in the 
production of solar cells and for the fabrication of solar panel [1] [2] [3] [4] [5]. 

4. Conclusion 

The research on power voltage characteristics of fabricated DSSC incorporating 
multiple organic dyes as photosensitizer was successfully carried out. The FTO 
films were grown using the chemical vapour deposition method and screen 
printing method to deposit the precursors and TiO2 dye paste respectively. The 
three films characterized have absorbance, transmittance, coefficient of absor-
bance as well as energy band gap and solar simulation results. The SEM and 
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EDX results were also provided. The current voltage values of each film were 
obtained using four-point probe solar simulation characterization. The solar si-
mulation results obtained are (Isc) = 1.44 mA, (Voc) = 0.524 V, FF (%) = 65.30%, 
η (%) = 0.492% and MPPT (mW) = 0.492 mW for Kassod dyed, and (Isc) = 0.217 
mA, (Voc) = 0.362 V, FF (%) = 35.99%, η (%) = 0.028% and MPPT (mW) = 0.028 
mW for senna dyed TiO2 and (Isc) = 1.075 mA, (Voc) = 0.474 V, FF (%) = 
43.817%, ɳ (%) = 0.223% and MPPT (mW) = 0.223 Mw for Kassod + Senna 
dyed TiO2,. These results satisfied the requirement for the production of DSSCs 
as confirmed in some other researchers’ work. The SEM results show that there 
is a crack on the surface of the films. However, the cracks that were shown in the 
first SEM result in Figure 16(a) is far better than the cracks that appear on other 
SEM results in Figures 16(b)-(d). The reason for these discrepancies is that 
extending the deposition time of nanoparticles deteriorates the image of the 
formed film. The EDX graph revealed that the lattice structure of the film is 
spherical in nature. The results of this research work are recommended for the 
production of solar panels and photovoltaic materials. 
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