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A B S T R A C T   

Twelve dye-sensitized solar cells (DSSCs) were fabricated using Capsicum annuum and Tamarindus indica seeds 
extract as natural photosensitizing dyes. Zinc oxide-based three different films were employed as charge trans
porters, whereas graphite and PEDOT:PSS were adopted as electrode materials. The optical character of natural 
dyes and zinc oxide-based layers was obtained by UV–vis spectroscopy. Structural information was achieved by 
X-ray diffraction and modes of vibrations were obtained by Fourier Transform IR spectroscopy. Different schemes 
of DSSCs were considered by choosing from metal oxide films, seed extract, and electrode material. J-V curves 
recorded for all the DSSCs-configurations revealed that the maximum power conversion efficiency of 1.65% was 
found in the case of DSSC which comprised Capsicum annuum (dye), zinc oxide, and graphite as an electrode. 
Minimum 0.43% efficiency was obtained for the DSSC based on Capsicum annuum as a dye, Al-doped zinc oxide 
film, and PEDOT:PSS as an electrode. This study is a way forward to using recyclable natural resources for 
sustainable and economical solar power conversion devices.   

1. Introduction 

Various materials are being investigated to develop devices to 
address the challenges associated with energy generation. Dye- 
sensitized solar cells (DSSCs) are serving this purpose up to a certain 
extent. Photovoltaic cell (PVC) technology relies on organic and inor
ganic nanomaterials for its construction. A PVC connects the nano
materials and electrodynamical nature of dyes to achieve the goals of 
solar energy conversion with possible maximum efficiency, sustain
ability, and reliability (Shalini et al., 2015). 

DSSCs are photovoltaic devices that generate electrical energy from 
sunlight (El-Agez et al., 2014). They have been extensively explored 
since their beginning (O’Regan and Grätzel, 1991; Grätzel, 2001). Metal 
oxide-based dye-sensitized solar cells have been broadly studied to see 
the role of dye molecules in the sensitization of nanocrystalline struc
tures. For the DSSCs synthesis, different semiconductor metal oxides, 
ZnO, TiO2, Nb2O5, SnO2, etc., are famous due to their low cost, high 

dielectric constant, and high refractive index. Moreover, these metal 
oxides are further co-doped with other metals for better performance by 
modifying structural and optical properties (Banerjee, 2011; Bazargan 
et al., 2011). The ZnO nanoparticles layer provides a high surface area, 
mesoporous structure, and an appropriate band gap of 3.7 eV. Specif
ically, zinc oxide has been an ideal alternative to TiO2 because of a 
similar conduction band edge suitable for proper electron injection from 
excited dyes and also provides better electron transport due to its higher 
electronic mobility (Nukunudompanich et al., 2015; Ariyasinghe et al., 
2013). 

Solar cells based on ZnO nanomaterial are potentially favorable 
because of their easy construction, economical, and alternative to 
traditional photovoltaic devices. The efficiency and stability of DSSC 
using ZnO nanoparticles and dye-sensitized substances depend upon 
electron transport, dye absorption ability, band gap, and the nature of 
the semiconductor materials. Similarly, for large-scale production 
(Nukunudompanich et al., 2015; Ariyasinghe et al., 2013; Xu et al., 

Abbreviations: ZO, ZnO; AZO, Al-doped ZnO; NZO, Ni-doped ZnO; DSSC, dye-sensitized solar cell; FTO, fluorine-doped tin oxide; HSE, high stability electrolyte; 
FF, fill factor; FTIR, Fourier-transform infrared spectroscopy. 
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2011). 
Generally, transition metal compounds (ruthenium polypyridyl 

complexes) are used as photosensitizers due to their charge-transfer 
absorption in the visible range. Natural dyes are alternatives to metal- 
based dyes like ruthenium (Ru); N719, N3, etc. Ruthenium-based dyes 
are expensive, have a complex structure, and have environmental con
cerns. Natural dyes can be another option and are considered a part of 
current investigations of DSSCs (Zhou et al., 2011). Dyes play a key role 
in harvesting sunlight and transforming solar energy into electric energy 
(Grätzel, 2003). Natural dyes have distinct features: economically 
inexpensive, easy preparation, nontoxicity, complete biodegradability, 
eco-friendly, and wide availability. Various natural dyes can be extrac
ted and prepared from different plants, flowers, fruits, seeds, and leaves 
(El-Agez et al., 2014; Ito et al., 2010; Chou et al., 2007). Plants’ stems, 
leaves, roots, latex, seed, fruit, etc., can all be the source of natural dyes 
in the form of extracts (Hao et al., 2006). These extracts are also being 
used as a capping or dispersing agent in the green synthesis of nano
particles (Makarov et al., 2014). 

There are various natural dyes extracted and prepared from different 
plants by easy procedures. Any sensitizer should absorb the maximum 
solar radiation energy necessary for improved cell conductivity. A nat
ural sensitizer contains carboxyl and hydroxyl-based compounds needed 
for interfacing with the semiconducting nanolayer in the DSSCs to 
enhance the absorption of the electromagnetic spectrum (Richhariya 

et al., 2017). In nature, the dyes or pigments are there in various parts of 
the plants, such as seeds, flowers, fruits, leave, etc., to be used for DSSC 
(Shalini et al., 2015). 

Due to their cost-effectiveness, abundance, chemically safe nature, 
and facile preparation, natural dyes are famous for the sensitization 
process in solar cells (Hemalatha et al., 2012). When sunlight interacts 
with the electronic structure of dyes (chlorophyll, carotenoid, flavonoid, 
and anthocyanin) having certain spectral properties, it is dispersed 
along with the change in its wavelength (Kumara et al., 2013). The 
energy requirements for exciting dye molecules, from HOMO to LUMO, 
by incident light, are different in chlorophyll, carotenoid, flavonoid, and 
anthocyanin. The minimum energy requirement is for flavonoids, and 
they can easily be adsorbed to the surface of semiconducting material. 
Therefore, these dyes interfaced with a semiconducting surface; they 
move an OH counter ion from the semiconducting nanomaterial; later, 
this OH ion combines with the proton provided by the dye (Ludin et al., 
2014). 

Anthocyanin dye and TiO2 semiconducting material are employed in 
the DSSC, and the obtained efficiency is 0.56% (Olea et al., 1997). Using 
blackberry extract to sensitize the TiO2 in a DSSC produces maximum 
current and overall efficiency of 4 mA and 1%, respectively (Garcia 
et al., 2003). No collective effects have been seen in the case of mixed 
dyes incorporated in the construction of DSSC having a TiO2 layer 
(Calogero et al., 2010). The best performance of 1.70% is noted for the 
DSSC based on red turnip extract. The wild Sicilian prickly pear extract 
revealed a 9.4 mA/cm2 current density and 1.26% conversion efficiency. 
Moreover, pomegranate extract as a dye in DSSC has also revealed an 
efficiency of 1.50%. Also, TiO2 with gold NPs as Schottky barrier helps 
better dye-absorption in a DSSC and sufficed a 1.49% power conversion 
efficiency (Garcia et al., 2003). The efficiency of 1.8% is noted for 
Punica Grantum peel consisting of anthocyanins (Hemandez-Martinez 
et al., 2012). Similarly, red turnip contains Betalin dye is recognized for 
its photosensitization to produce 1.7% efficiency (Calogero et al., 2010). 

Material-based dyes, active medium, and conjugated layers have 
been studied in DSSCs for their solar energy conversion potential. But 
the natural dyes extracted from recyclable and sustainable green 

Fig. 1. Schematic illustration of the functioning of a DSSC.  

Fig. 2. Real photograph of assembled DSSCs: graphite (a) and PEDOT:PSS (b) 
as the counter electrode. 
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resources also need to be utilized seriously and extensively, especially 
from an environmental point of view. Moreover, it is well-known that 
different natural dyes exhibit different photosensitizing properties, and 
therefore, they need to be explored for their best power conversion 
performance. In the literature, there is no such work that has considered 
the natural dyes, nanomaterials, and electrodes arranged alternatively 
to construct DSSCs for solar energy conversion investigations. This is a 
novel part of this article where, dye-sensitized solar cells based on two 
natural dyes Tamarindus indica and Capsicum annuum extracted from 

their seeds, ZnO and Ni, Al-doped ZnO nanomaterials, and choices of 
counter electrode materials; Graphite and PEDOT:PSS [poly (3,4-eth
ylenedioxythiophene):poly (styrenesulfonate)] are prepared and 
explored for their solar energy conversion potential in the form of 12 
different kinds of DSSCs. This article highlights the significance of 
naturally sustainable resources for solar spectrum harvesting. 

2. Working of DSSC 

Schematically the working of a DSSC is explained in Fig. 1, by 
considering the stacked layers of prepared and standard materials in this 
article. By nature, the materials ZnO (ZO), Ni-doped ZnO (NZO), and Al- 
doped ZnO (AZO) are not useful for producing photoelectrons (Sharma 
et al., 2018). Therefore, sensitizing dyes, Capsicum annuum and Tamar
indus indica can maximize the light absorbance to enhance the photo
generation of electrons. Capsicum annuum or Tamarindus indica dye 
molecules in DSSC produce excited electrons when sunlight falls on its 
surface. The transition of electrons from the highest occupied molecular 
orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). 
These electrons instantaneously move to the conduction band of the 
semiconductor interlayer (ZO, NZO, or AZO). The conduction band of 
the semiconducting NPs lies below the excited state of a dye. The elec
trons produced from the incident energy, which lies in the UV–vis re
gion, are percolated through the nanoparticles’-based interlayer and 
diffuse into the conducting FTO (fluorine-doped tin oxide) connected 
with the external circuit. On the other side, the reduction process occurs 
at the counter electrode (Graphite or PEDOT:PSS); as a result, the 
electrolyte medium receives electrons from the coupled electric circuit. 

3. Experimental procedure 

3.1. Extraction of natural dye sensitizers 

Natural dyes were extracted from plant seeds Capsicum annuum 
(Paprika) and Tamarindus Indica (Tamarind). After washing with 
distilled water and drying at 50 ◦C for 24 h, seeds were ground 

Fig. 3. Schematic representations of selected designs of DSSC in this article. Films of various materials are stacked together in four different schemes.  

Table 1 
List of the DSSC configurations with their names as used throughout the article.  

Dye Scheme DSSC 
name 

Configuration 

Capsicum 
annuum 

Scheme-I DSSC-1 FTO/ZO/Capsicum annuum (dye)/ 
HSE/Graphite 

DSSC-2 FTO/NZO/Capsicum annuum (dye)/ 
HSE/Graphite 

DSSC-3 FTO/AZO/Capsicum annuum (dye)/ 
HSE/Graphite 

Scheme- 
II 

DSSC-4 FTO/ZO/Capsicum annuum (dye)/ 
HSE/PEDOT:PSS 

DSSC-5 FTO/NZO/Capsicum annuum (dye)/ 
HSE/PEDOT:PSS 

DSSC-6 FTO/AZO/Capsicum annuum (dye)/ 
HSE/PEDOT:PSS 

Tamarindus 
indica 

Scheme- 
III 

DSSC-7 FTO/ZO/Tamarindus indica (dye)/ 
HSE/Graphite 

DSSC-8 FTO/NZO/Tamarindus indica (dye)/ 
HSE/Graphite 

DSSC-9 FTO/AZO/Tamarindus indica (dye)/ 
HSE/Graphite 

Scheme- 
IV 

DSSC-10 FTO/ZO/Tamarindus indica (dye)/ 
HSE/PEDOT:PSS 

DSSC-11 FTO/NZO/Tamarindus indica (dye)/ 
HSE/PEDOT:PSS 

DSSC-12 FTO/AZO/Tamarindus indica (dye)/ 
HSE/PEDOT:PSS  
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separately to obtain their powder form. One gram of powder of Capsicum 
annuum and Tamarindus indica extracts was added, separately, to the 10 
ml ethanol and placed in the dark for one day under normal temperature 
and pressure. After 24 h, filtration of two solutions delivered, Capsicum 
annuum extract (CAE) and Tamarindus indica extract (TIE) of natural 
dyes, which were concentrated by heating at 40 ◦C to a final volume of 5 
ml (Tennakone et al., 1997). Dye solutions were kept protected from 
direct sunlight exposure until their use in cell fabrication. 

3.2. Synthesis of ZnO nanoparticles 

ZnO (ZO) nanoparticles were prepared by the sol–gel technique 
(Znaidi, 2010). Sodium hydroxide (NaOH) of 1.0 M (4 gm) was dissolved 
in distilled water and heated up to 90 ◦C under constant stirring. Solu
tions of 0.5 M (6.81 gm) of ZnCl2 and 0.5 M (14.87 gm) of Zn 
(NO3)2⋅6H2O were slowly added through dripping for 40–100 min into 
the solution of NaOH after achieving the required temperature of the 
reactor. Immediately, the precipitates of zinc oxide (ZnO), a gel-type, 
were formed as indicated by the color change of the solution from 
transparent to white. The agitation period of the reaction was 150 min 
approximately. Finally, after repeated washing with distilled water, 
filtering, and vacuum drying at 80 ◦C, the ZnO material was abraded 
into a fine powder. 

3.3. Synthesis of Ni-doped ZnO (NZO) nanoparticles 

Ni-doped ZnO (NZO) nanoparticles were produced employing a hy
drothermal approach (Rana et al., 2016). Solution-A of 1.0 M (8.83 gm) 
of zinc acetate dihydrate (Zn(CH3COO)2⋅2H2O) was prepared by dis
solving in a distilled water and ethanol mixture of 40:10 ratio. Another 
solution-B was prepared by dissolving 0.1 M (1.163 gm) nickel nitrate 
hexahydrate (Ni(NO3)2⋅6H2O) in distilled water and ethanol of 40:10 
ratio. Solution-A and solution-B were mixed by dripping to form 
solution-C. Milky-colored precipitates of zinc acetate appeared when 10 
ml ammonia solution was added dropwise in solution C with vigorous 
stirring. 1.0 M buffer solution of sodium hydroxide (NaOH) was pre
pared separately and added into solution-C dropwise until the turbidity 
appeared. The resultant precipitates were filtered and washed several 

times with distilled water. Afterward, the obtained substance was dried 
in a vacuum oven at 70 ◦C for 90 min and then dried at 500 ◦C for 1 h in a 
muffle furnace to get a purified nanopowder of Ni-doped ZnO (NZO). 
Finally, the powder was pestled before further use. 

3.4. Synthesis of Al-doped ZnO (AZO) nanoparticles 

Aluminum-doped zinc oxide (AZO) nanoparticles were prepared via 
the sol–gel method (Khan et al., 2013). Starting with the preparation of a 
solution of 1.0 M of zinc acetate dihydrate (Zn(CH3COO2)2⋅2H2O) by 
dissolving an amount of 10.977 gm in 50 ml of distilled water. After 
initial stirring and heating at 80 ◦C for 15 min, 0.5 at% (6.17 gm) of 
aluminum sulfate (Al2 (SO4)3⋅18H2O) was added to the zinc acetate 
solution. After vigorous stirring at 80 ◦C, the solution transformed into a 
gel-like material. Later, by mixing citric acid (C6H8O7) dropwise to set 
the pH of the solution at 1.5, the ammonia solution (10 ml) was added. 
Finally, centrifugation of gel-like solution at 6000 rpm sufficed the 
required Al-doped ZnO nanoparticles. The obtained material was first 
vacuum dried at 100 ◦C, then annealed at 500 ◦C for 3 h. After the heat 
treatments, the AZO material was ground to achieve a dark brown fine 
powder. 

3.5. Assembling of DSSCs 

Dye-sensitized solar cells were assembled using FTO conductive glass 
sheets, procured from Sigma Aldrich, Product of USA, of area 2.4 × 2.4 
cm2 with a sheet resistance of 15 Ω/cm2 and transmission > 80 %. 
Cleaning agents, acetone, ethanol and isopropanol in an ultrasonic bath 
were used after one another to clean the glass sheets, followed by 
distilled water rinsing to get rid of residuals. For the dimensions of the 
ZnO film, plastic adhesive tape was applied to the glass sheet. A ho
mogenous ZnO paste was prepared by grinding 50 mg of ZnO nano
particles in ethanol in a mortar for 5 min (Pervez et al., 2018). ZnO thin 
film was developed on FTO glass by the doctor blade method. Later it 
was dried by heating at 60 ◦C for 20 min. During cooling to room 
temperature, the film was dipped, for 24 h, in an alcoholic solution of 
Capsicum annuum and Tamarindus Indica (as natural dye sensitizers). 
Molecules of these dyes were adsorbed on the surface of porous ZnO 
film. Similarly, the same route was adopted for achieving Ni-doped ZnO 
and Al-doped zinc oxide films on conducting glass. 

Two different types of counter electrodes were prepared for dye- 
sensitized solar cells. The counter electrodes, graphite (prepared by a 
lead pencil) and PEDOT:PSS materials were considered. The electrode 
materials were coated on conducting FTO (fluorine-doped tin oxide) 
separately by a spin coating method. Both electrode materials were 
provided a gentle heat treatment (at 40 ◦C on a hot plate) to homogenize 
the films (Yue et al., 2013). Final photovoltaic devices as the integrated 
cells are shown in Fig. 2. For the assembling of the dye-sensitized solar 

Fig. 4. The absorption spectra of natural dyes; (a) Capsicum annuum and (b) Tamarindus indica.  

Table 2 
UV–vis characteristics of natural dyes and prepared nanoparticles.  

Natural dyes and nanomaterials Absorption edge (nm) Band gap energy (eV) 

Capsicum annuum 525  2.36 
Tamarindus indica 510  2.40 
ZnO 364  3.47 
Ni-doped ZnO 330  3.08 
Al-doped ZnO 325  3.16  
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cell, an electrolyte was applied between the sensitized nanoparticle 
layer (as a photoanode) and graphite/PEDOT:PSS (as a counter cathode) 
(Wei et al., 2011). The high stability electrolyte (HSE), procured from 
Solaronix, was used as a redox mediator (non-volatile HSE). Real pho
tographs of the assembled DSSCs are shown in Fig. 2. All the interlayers 
with outer electrodes are clipped together. 

3.6. Configurations of DSSCs 

To evaluate the efficiency of DSSCs in this article following different 
parts of each cell were arranged alternatively to achieve 12 different 
possibilities.  

1. Capsicum annuum or Tamarindus indica as a sensitizing dye  
2. ZO, NZO, or AZO as a semiconductor interlayer  
3. Graphite or PEDOT:PSS as an electrode 

Whereas the glass, FTO and high stability electrolyte (HSE) remained 
unchanged in all four schemes. Where all four schemes were considered 
by varying dye, interlayer and electrode. The selected DSSCs are sche
matically illustrated in Fig. 3. For all these opted DSSCs, the choice of 
Capsicum annuum or Tamarindus indica allowed us to evaluate its effect 
on the efficiency of the final device. The names of all DSSCs and mate
rials stacked together are listed in Table 1. 

3.7. Photovoltaic measurements of DSSCs 

For each configured DSSC, J-V measurements were recorded to 
determine the respective power conversion efficiency. Measurements 
were done at a computer-controlled source meter (Keithley 2400) under 
a solar simulator (Oriel Sol3A, Newport). Observations were noted for 
the sweeping voltage window 0–1.0 V at 0.1 V/s. The power conversion 
efficiency η = V OC× JSC×FF

Pin 
of prepared DSSCs was obtained (Hou et al., 

2013) from the J-V curves, where Voc is open-circuit voltage and Jsc 

Fig. 5. UV–vis absorption spectra of ZnO nanoparticles (a), Ni-doped ZnO nanoparticles (c), and Al-doped ZnO nanoparticles (c).  
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Fig. 6. FTIR spectrum of zinc oxide (ZnO) nanoparticles.  

Fig. 7. FTIR spectrum of nickel-doped zinc oxide (NZO) nanoparticles.  

Fig. 8. J-V curves of DSSC1: FTO/ZO/Capsicum annuum (dye)/HSE/Graphite, 
DSSC2: FTO/NZO/Capsicum annuum (dye)/HSE/Graphite, and DSSC3: FTO/ 
AZO/Capsicum annuum (dye)/HSE/Graphite. 

Fig. 9. J-V curves of DSSC4: FTO/ZO/Capsicum annuum (dye)/HSE/PEDOT: 
PSS, DSSC5: FTO/NZO/Capsicum annuum (dye)/HSE/PEDOT:PSS, and DSSC6: 
FTO/AZO/Capsicum annuum (dye)/HSE/PEDOT:PSS. 
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(short circuit photocurrent density. The power of incident light per unit 
area, Pin, was adjusted at 100 W/m2. Current density Jsc in mA/cm2 and 
fill factor FF, defined as FF = Vmax Jmax

V OC JSC
, were considered for the power 

conversion efficiency calculations. Vmax and Jmax were the maximum 
voltage and maximum photocurrent density, respectively. 

4. Results and discussion 

4.1. UV–vis spectroscopy 

One of the ultimate goals in solar cell science and technologies is to 
capture the maximum spectrum of light by reducing the band gap energy 
of the active medium. The active/conjugated medium may be a single 
substance or a combination of two or more materials. In the present case, 
Capsicum annuum and Tamarindus indica are playing their role as light- 
absorbing mediums. Due to low band gap energies, these dyes are 
favorable for fabricating dye-sensitized solar cells (DSSCs) as an active 
layer material. Band gap energy calculations are done by the Tauc’s 
relation, αhν = C(hν − Eg)n, where α is absorbance, C is a constant, and n 
is to identify the direct and indirect band gap transition. By plotting 
(αhν)2 against incoming photon energy, E = hν suffices the desired band 
gap energy. 

UV–vis absorption spectra of natural dyes; Capsicum annuum and 
Tamarindus indica are shown in Fig. 4. Capsicum annuum and Tamarindus 
indica seed extracts have characteristic absorption edges of 510 nm and 
525 nm, respectively. According to Tauc’s plot, the band gap energies 

are 2.36 eV of Capsicum annuum and 2.40 eV of Tamarindus indica. For 
Tamarindus indica, the UV–vis absorption spectrum is analogous to ab
sorption peaks in the ultraviolet and blue-green regions. The analogous 
absorption peaks of the Capsicum annuum exist in the UV and blue re
gions. The absorption edge and band gap energies of considered natural 
dyes are listed in Table 2. 

The UV–vis absorption spectrum of synthesized zinc oxide (ZnO) 
nanoparticles is shown in Fig. 5(a). The strong absorption is observed at 
364 nm. Whereas the band gap energy of nanoparticles is calculated as 
3.47 eV. 

The UV–vis response of nickel-doped zinc oxide (NZO) nanoparticles 
and aluminum-doped zinc oxide (AZO) nanoparticles are shown in Fig. 5 
(c,e). The absorption edge is shifted to the lower energies due to the 
incorporation of Ni or Al atoms inside the ZnO matrix separately (Yue 
et al., 2013). In the case of Ni doping in ZnO, the band gap is shifted to 
3.08 eV from 3.47 eV, as shown in Fig. 5(d). The band gap energy of 
3.47 eV of pure ZnO reduces to the band gap energy of 3.16 eV by Al- 
doping in ZnO. The annealing of specimens was done to improve the 
electro-optical characteristics of the nanoparticles (Jin et al., 2000). The 
band gap energies of undoped and co-doped ZnO nanoparticles are listed 
in Table 2. 

4.2. X-ray diffraction 

X-ray diffraction results indicated the desired crystalline nature of 
the prepared nanomaterials. 

4.3. FTIR analysis 

In the FTIR spectrum of ZnO NPs, shown in Fig. 6, a broad peak at 
3460 cm− 1 indicates the O–H stretching and bending modes associated 
with water absorbed at the surface of metal oxide nanoparticles. Two 
stretching modes are present at 711.9 cm− 1 and 902.0 cm− 1, indicating 
the Zn–O lattice. Another peak around 1041 cm− 1 is attributed to the 
C–N stretching mode (Music et al., 2002). 

FTIR spectrum of Ni-doped ZnO nanoparticles is presented in Fig. 7. 
The characteristic peak of stretching Ni-Zn-O asymmetric vibrations 
exists at 673 cm− 1. The stretching O–H vibrations at 1110 cm− 1 and 
3335 cm− 1 are associated with the hydroxyl group. The IR peaks at 
1340 cm− 1 and 1546 cm− 1 are attributed to C=O symmetric and 
asymmetric stretching modes, i.e., the carbonyl group exists on the ZnO 
surface due to absorption. C–H stretching mode is indicated at 1019 
cm− 1 (Raja et al., 2014; Cong et al., 2005). 

4.4. J-V measurements 

The J-V curves of all DSSC configurations for Capsicum annuum and 
Tamarindus indica dyes have been plotted in Figs. 8-9, and Figs. 10-11, 
respectively. The characteristics parameters, derived from the J-V 
curves, are plotted in Fig. 12 for all twelve DSSC configurations. 

Fig. 8 includes the J-V plots of DSSCs arranged by considering 
different metal oxide NPs while keeping other layers of FTO, Capsicum 
annuum dye, HSE, and graphite electrodes fixed. Compared to Fig. 8, J-V 
plots in Fig. 9 are obtained by selecting different metal oxide NPs and the 
PEDOT:PSS electrode instead of graphite. In contrast, the natural dye 
Capsicum annuum remains the same. So this will lead to six different 
schemes to study the DSSCs based on Capsicum annuum as a natural dye 
for solar energy conversion. Following the pattern of DSSCs, as 
explained above, J-V curves are measured for the other six DSSC designs 
by only replacing Capsicum annuum with Tamarindus indica dye. All 
outer and intermediate layers of metal oxide NPs, electrolyte, and 
electrode materials remain the same in DSSCs settings. 

In Fig. 12(a), the maximum open-circuit voltage (Voc) of 0.98 V is 
calculated for DSSC-8 (FTO/NZO/Tamarindus indica (dye)/HSE/ 
Graphite), whereas the minimum Voc of 0.69 V is noted for DSS-6 (FTO/ 
AZO/Capsicum annuum (dye)/HSE/PEDOT:PSS). In Fig. 12(c), the 

Fig. 10. J-V curves of DSSC7: FTO/ZO/Tamarindus indica (dye)/HSE/Graphite, 
DSSC8: FTO/NZO/Tamarindus indica (dye)/HSE/Graphite, and DSSC9: FTO/ 
AZO/Tamarindus indica (dye)/HSE/Graphite. 

Fig. 11. J-V curves of DSSC10: FTO/ZO/Tamarindus indica (dye)/HSE/PEDOT: 
PSS, DSSC11: FTO/NZO/Tamarindus indica (dye)/HSE/PEDOT:PSS, and 
DSSC12: FTO/AZO/Tamarindus indica (dye)/HSE/PEDOT:PSS. 
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maximum short circuit current density (Jsc) of 2.5 mA/cm2 is obtained in 
the case of DSSC-1 (FTO/ZO/Capsicum annuum (dye)/HSE/Graphite), 
which also shows maximum power conversion efficiency. On the other 
hand, a minimum short circuit current density (Jsc) of 0.91 mA/cm2 is 
measured for DSSC-6 (FTO/AZO/Capsicum annuum (dye)/HSE/PEDOT: 
PSS), which also exhibits minimum efficiency as the final device. In 
Fig. 12(c), the fill factor (FF) is maximum, that is 0.89, in the case of 
DSSC-7 (FTO/ZO/Tamarindus indica (dye)/HSE/Graphite), whereas it is 
0.68 minimum FF for the DSSC-6 (FTO/AZO/Capsicum annuum (dye)/ 
HSE/PEDOT:PSS). DSSC-7 is among the DSSC configurations having 
higher power conversion efficiencies than the DSSC-6. 

According to Table 3, DSSC-1: FTO/ZO/Capsicum annuum (dye)/ 

HSE/Graphite shows maximum efficiency compared to all other 
arrangments. The efficiency is decreased by 28% in DSSC-7, where the 
natural dye Capsicum annuum is replaced by Tamarindus indica. Simi
larly, the efficiency of DSSC-2 is larger than the DSSC-8, where the ZnO 
layer replaces by the Ni-doped ZnO layer, while the Capsicum annuum 
replaces by Tamarindus indica. But in the case of DSSC-3, the efficiency is 
smaller than the DSSC-9 having an Al-doped ZnO layer in both config
urations while the Capsicum annuum is replaced by Tamarindus indica. 

In scheme-II and scheme-IV, the DSSCs performance is measured 
using PEDOT:PSS as an electrode material. The efficiency of all the cells 
is approximately the same except for DSSC-6 and DSSC-12. The effi
ciencies of DSSC-1 and DSSC-4 are compared to see the effect of 

Fig. 12. Open-circuit voltage (a), maximum voltage (b), short circuit current density (c), maximum current density (d), fill factor (e), and power conversion effi
ciency (f) of all 12 DSSCs. 

Table 3 
Power conversion efficiencies and other parameters of all selected DSSCs.  

Dye Schemes DSSC name Configuration Voc 

(volts) 
Jsc 

(mA /cm2) 
FF η 

(%) 

Capsicum annuum Scheme-I DSSC-1 FTO/ZO/Capsicum annuum (dye)/HSE/Graphite  0.78  2.5  0.85  1.65 
DSSC-2 FTO/NZO/Capsicum annuum (dye)/HSE/Graphite  0.8  2.06  0.78  1.29 
DSSC-3 FTO/AZO/Capsicum annuum (dye)/HSE/Graphite  0.78  1.04  0.77  0.62 

Scheme-II DSSC-4 FTO/ZO/Capsicum annuum (dye)/HSE/PEDOT:PSS  0.76  2.12  0.7  1.27 
DSSC-5 FTO/NZO/Capsicum annuum (dye)/HSE/PEDOT:PSS  0.86  1.84  0.76  1.21 
DSSC-6 FTO/AZO/Capsicum annuum (dye)/HSE/PEDOT:PSS  0.69  0.91  0.68  0.43 

Tamarindus indica Scheme-III DSSC-7 FTO/ZO/Tamarindus indica (dye)/HSE/Graphite  0.84  1.59  0.89  1.19 
DSSC-8 FTO/NZO/Tamarindus indica (dye)/HSE/Graphite  0.98  1.2  0.72  0.84 
DSSC-9 FTO/AZO/Tamarindus indica (dye)/HSE/Graphite  0.81  1.5  0.69  0.84 

Scheme-IV DSSC-10 FTO/ZO/Tamarindus indica (dye)/HSE/PEDOT:PSS  0.83  1.7  0.85  1.2 
DSSC-11 FTO/NZO/Tamarindus indica (dye)/HSE/PEDOT:PSS  0.8  1.77  0.86  1.22 
DSSC-12 FTO/AZO/Tamarindus indica (dye)/HSE/PEDOT:PSS  0.8  1.8  0.81  1.17  
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electrode material. The efficiency dropped by 23% from DSSC with 
PEDOT:PSS as an electrode layer compared to the DSSC with graphite as 
an electrode. The efficiency of DSSC with ZnO is superior to the Al or Ni- 
doped ZnO nanomaterial layer with alternatively considered natural 
dyes. The DSSCs with Capsicum annuum as a sensitizing dye are more 
efficient in all configurations than the Tamarindus indica. Overall better 
photon absorption and performance point of view, the DSSC-1 with the 
configuration, FTO/ZO/Capsicum annuum (dye)/HSE/Graphite is at the 
top among all twelve DSSCs. Further, in DSSC-1, not only a dye but also 
the ZnO NPs layer and electrode material play their role during the 
photon-energy conversion process. The efficiencies of all twelve DSSC 
arrangements are sown in Fig. 12(f). 

In configurations of DSSCs of schemes I and III, there is a trend of a 
gradual decrease in η and FF when replacing ZnO with Ni-doped ZnO 
and Al-doped ZnO films, as shown in Fig. 13(a,c). But in the case of 
DSSCs of schemes II, the η decreases continuously while FF first in
creases and then decreases when ZnO film is exchanged by Ni-doped 
ZnO and then by Al-doped ZnO films (Fig. 13(b). For DSSCs of scheme 
IV, both η and FF first increase and then decrease when considering the 
Ni-doped ZnO and then Al-doped ZnO films instead of ZnO Fig. 13(d). 

Anthocyanin is the pigment present in the seed extracts of Capsicum 
annuum (Amogne et al., 2020) and Tamarindus indica (Mayavel et al., 
2012) responsible for sensitizing the ZnO and co-doped ZnO films in the 
selected DSSC configurations. Anthocyanin in Capsicum annuum and 
Tamarindus indica can develop bonds with the metal ions through 
carbonyl and hydroxyl groups (Norasikin et al., 2014) necessary for 
solar energy conversion. Along with the production of excitons, these 
dyes also change the absorption maxima by the adsorption process that 
occurs at the surface of ZnO, Al, or Ni-doped ZnO responsible for charge 
transportation. Further, the carbonyl and hydroxyl groups present in the 
anthocyanin molecules of Capsicum annuum and Tamarindus develop 
different interfacial interactions with the prepared metal oxide layers. 
Also, it is important to mention that the conduction bands of ZnO and co- 
doped ZnO are different; therefore, the charge flow is variable through 
them. As a result, random transportation trends are observed in different 
DSSCs. 

5. Conclusion 

Natural dyes Capsicum annuum and Tamarindus indica have been 
investigated for their role as an active medium for light absorption in 
DSSCs with the choices of metal oxide interlayers and electrode mate
rials. Various DSSC configurations have been achieved by combining a 
dye from Capsicum annuum and Tamarindus indica, nanoparticle layers 
from ZO, NZO, and AZO, and electrode material from Graphite and 
PEDOT:PSS. Other necessary layers such as FTO and HSE have been 
provided in all selected DSSC schemes. Results show that the maximum 
power conversion efficiency of 1.65% has been found in the case of DSSC 
configured as FTO/ZO/Capsicum annuum (dye)/HSE/Graphite. Most of 
the DSSCs with ZO as a transport layer reveal better efficiency. Also, it 
has been seen that the efficiency varies by only switching the electrode 
material. In general, the effect of Capsicum annuum or Tamarindus 
combined with the ZO, AZO or NZO suffices the arbitrary conditions for 
each configured DSSC for its operation with a certain efficiency. 
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