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ABSTRACT 
 

We reported an improved performance of a dye sensitized solar cell (DSSC) using silver 
nanoparticles (Ag-NPs) modified fluorine tin oxide (FTO) electrode through successive ion layer 
adsorption and reaction (SILAR). The resulting photoelectrode was successfully incorporated in the 
DSSC. The photovoltaic performance was evaluated under 100 mWcm

-2
 light intensity. The 

performance, especially the photocurrent, and open circuit voltage of the DSSC containing Ag-NPs 
was significantly affected by the Ag-NPs. The modified Ag-NPs photoanode shows a short circuit 
current density (JSC) of 0.0316 mAcm

-2
, a photovoltage VOC of 0.442 V yielding an overall 

conversion efficiency of 0.00710%. This represents a 22% improvement in photocurrent over the 
photocurrent (0.0259 mAcm

-2
) of bare FTO without Ag-NPs. 
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1. INTRODUCTION 
 
Organic solar cells (OSCs) have the potential to 
become a promising technology towards the 
harvesting of solar energy. One of the major 
advantages that this technology offers is the ability 
to fabricate devices out of solutions of the active 
materials employing cheap, scalable printing 
techniques with low environmental impact [1]. 
Incorporation of dye molecules in some wide 
bandgap semiconductor electrodes was a key 
factor in developing photoelecrochemical solar 
cells. Michael Gratzel and coworkers at the Ecole 
Polytechnique Federale de Lausanne [2-4] 
succeeded for the first time to produce what is 
known as “Gratzel Cell” or the dye sensitized solar 
cell (DSSC) to imitate photosynthesis, the natural 
processes plants convert sunlight into energy by 
sensitizing a nanocrystalline TiO2 film using novel 
ruthenium (Ru) bipyridl complex. In DSSC charge 
separation is accomplished by kinetics 
competition like in photosynthesis leading to 
photovoltaic action. The organic dye monolayer in 
the photoelectrochemical or DSSC replaces light 
absorbing pigments (chlorophylls), the wide 
bandgap nanostructured semiconductor layer 
replaces oxidized dihydro-nicotinamide-adenine-
dinucleotide phosphate (NADPH), and carbon 
dioxide acts as the electron acceptor. Moreover, 
the electrolyte replaces the water while oxygen as 
the electron donor and oxidation product, 
respectively [5,6]. It has been shown that DSSCs 
are promising class of low cost and moderate 
efficiency solar cell based on organic materials 
[7,8]. DSSCs are based on the photo-injection of 
electrons from dye molecules into an inorganic 
semiconductor and holes transport by a redox 
mediator [9]. The nanoporous structure of the 
inorganic semiconductor provides the large 
surface area necessary to achieve significant 
optical density of the solar cell despite the low 
light absorption of a dye monolayer [10-12]. 
However, the porous electrode also plays an 
important role in the enhancement of 
recombination processes in the DSSC, thus 
decreasing all cell parameters and its total 
conversion efficiency [13-15]. Since the electrolyte 
penetrates throughout the entire porous structure, 
a large surface area is available for a reaction 
between the photo-injected electrons in the 
semiconductor and the oxidized ions in the redox 
mediator or oxidized dye at the semiconductor 
surface [13,16].  
 
Efforts for achieving higher efficiencies are 
focused in optimizing the morphology of the 

active photovoltaic layer and the charge transport 
properties of the absorber through thermal 
annealing treatment [17,18], use of various 
solvents [19], the use of additives [20]. 
Alternatively, introduction of metallic 
nanoparticles (NPs) in suitable places to trap or 
confine light inside the active layer and enhance 
the absorption in the organic semiconductor film 
could provide superior performances [21-25]. 
Metal NPs embedded in a dielectric matrix 
strongly interact with light at their dipole surface 
plasmon frequency due to the excitation of a 
collective electron motion (a so called plasmon) 
inside the metal particle [26]. The surface 
confines the conduction electrons inside the 
particle and sets up an effective restoring force 
leading to resonant behavior at the dipole 
surface plasmon frequency, namely Surface 
Plasmon Resonance (SPR). This resonance 
depends strongly on the shape, size and 
distribution of the NPs as well as on the dielectric 
functions of the metal and the dielectric 
surrounding environment. Therefore, the line-
shape of the SPR can be widely tailored. Among 
the metals that support SPR modes, noble 
metals, gold, silver and copper (Au, Ag, Cu) 
exhibit resonances in the visible or near infrared 
region of the electromagnetic spectrum, which is 
the range of interest for photovoltaic applications. 
 
Researchers have designed and tested various 
plasmonic light-trapping geometries for 
enhancing conversion efficiency of DSSCs 
[27,28], however, the interaction and working 
mechanisms in plasmonic DSSCs containing 
metal nanostructures are dramatically 
complicated. A detailed description of the kinetics 
of electrochemical and photoelectrochemical 
processes in plasmonic DSSCs has not been 
established [29].  

 
In this present work, Ag-NPs with four SILAR 
cycles was synthesized on porous TiO2 film 
fabricated on FTO substrates. The effects of Ag-
NPs on the photovoltaic (PV) performance of the 
formed DSSC were investigated systematically. 
The performance characteristics of the plasmonic 
DSSC were analysed. An overall conversion 
efficiency of 0.00710% was obtained when Ag-
NPs was added, which had a 6% improvement 
over the performance (0.00670%) of bare                  
FTO based device without Ag-NPs. The                 
related PV performance enhancement 
mechanisms and surface-plasmon resonances in 
DSSCs with Ag nanostructures are analysed and 
discussed. 
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2. EXPERIMENTAL SECTION 
 
2.1 Synthesis of Nanocomposite Material 
 
Dip coating method was used to synthesize the Ag 
nanocomposite on the glass substrate. The 
microscope slide was cleaned with sodium laury 
sulphate solution and then rinsed with water three 
times. Thereafter dipped into a beaker containing a 
mixture of 40 ml concentrated tetraoxosulphate 
(iv) acid (H2SO4) and 40 ml chromic acid to make 
the surface hydrophilic for 10 min, the sample 
was thereafter rinsed with distilled water. After 
making it hydrophilic, it was immersed in 2 moles 
SnCl2 for two (2) min then rinsed with distilled water 
for 2 min, then immersed  in 0.35 mole silver nitrate 
(AgNO3) for 2 min and  rinsed  with mixture of 150 
ml distilled water (H2O) and 0.4 moles 
hydrochloric acid (HCl) for 15 sec. This procedure 
is called one cycle; the number of cycles was 
varied upto four cycles to obtain the thickness of 
the silver deposited. 
 
2.2 Fabrication Process 
 
The FTO electrodes were washed with laury 
sulphate then later rinsed with water six times in 
an ultrasonication bath for 10 min, then finally 
washed in propanol. The photoanode was 
prepared by first depositing a blocking layer on 
the FTO glass, followed by the nanocrystalline 
titanium dioxide (TiO2.) The blocking layer was 
deposited from a 2.5 wt% TiO2 precursor and 
was applied to the FTO glass substrate by spin 
coating and subsequently sintered at 450°C for 
40 min. The 9  m thick nanocrystalline TiO2 

layer was deposited by screen printing. It was 
then sintered in air for 30 mins at 500°C. The 
silver was deposited on the bare surface of the 
TiO2 with four silar cycles that has thickness of 
40 nm through successive ion layer adsorption 
and reaction.  
 
We spin coat titanium tetrachloride (TiCl4) (40 
mmoles) at 2500 rpm and thereafter annealed at 
200°C to 350°C for 30 min. To ensure the silver 
was protected, we treated it with 40 mmoles 
solution of TiCl4 prepared at 40°C, then raised 
the temperature to 70°C and finally annealed at 
300°C to 350°C. Silicon dioxide (SiO2) was 
deposited on the Ag using SILAR method with 
sodium silicate (Na2SiO3) as the precursor. The 
minimum number of cycles that gave the cell with 
Ag-NPs stability was ten cycles. The counter 
electrode was prepared by screen printing a 
platinum catalyst gel coating onto the FTO glass. 

It was then dried at 100°C and fired at 450°C for 
30 mins. The method of heating in water was 
used to extract the dye. Distilled water was the 
solvent for aqueous extraction. 6 g of the sample 
(Dried Hibiscus Sabdariffa flower) was measured 
using analytical scale and dipped in 50 ml of the 
solvent heated to 100°C for 30 min, after which 
solid residues were filtered out to obtain clear 
dye solutions. Roselle extract is rich in 
anthocyanins. It was reported that anthocyanin 
obtained from roselle are delphinidin and 
cyanidin complexes [30,31].  
 
The sintered photo anode with four SILAR cycles 
was sensitized by immersion in the sensitizer 
solution at room temperature overnight. The cell 
was assembled by pressing the photoanode 
against the platinum-coated counter electrode 
slightly offset to each other to enable electrical 
connection to the conductive side of the 
electrodes. Between the electrodes, a 50  m 

space was retained using two layers of a 
thermostat hot melt sealing foil. Sealing was 
done by keeping the structure in a hot-pressed at 
100°C for 1 min. The liquid electrolyte constituted 
by 50 mmol of iodide/tri-iodide in acetonitrile was 
introduced by injection into the cell gap through a 
channel previously fabricated at opposite sides of 
the hot melt adhesive, the channel was then 
sealed with an epoxy based two part resin. 
 
2.3 Characterization  
 
The current-voltage (I-V) data was obtained 
using a keithley 2400 source meter under AM1.5 
(100 mw/cm

2
) illumination from a Newport A 

solar simulator. Scanning electron micrographs 
were taken with Phenom Pro X model, 
Eindhoven de Netherlands SEM. The absorption 
spectrum of the dye was recorded on Ava-spec-
2048 spectrophotometer. The cell active area 
was   1.82 cm2. Thickness measurement was 
obtained with a Dektac 150 surface profiler. X-
ray microanalysis was carried out with INCA EDX 
analyzer. Sheet resistance was obtained with a 
signatone four point probe resistivity apparatus. 
 
3. RESULTS AND DISCUSSION 
 
Fig. 1 shows the absorbance of the dye and 
prepared Ag-NPs suspension with the dye within 
the wavelength range of 350-1000 nm. The 
absorption peak of Hibiscus Sabdariffa dye was 
observed around 550 nm (indicated in Fig. 1a). 
The relatively broad and strong enhancement is 
observed in the range of 370–650 nm with peaks 
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at about 390 nm and 550 nm as shown in                
Fig. 1b. (FTO/TiO2/NPs-Ag) which coincides with 
the localized surface plasmon resonance (LSPR) 
band position of decorated Ag-NPs and a peak 
around 550 nm as shown in Fig. 1b. (FTO/TiO2). 
This enhanced absorption and broadened 
spectrum absorption range of the photoanode 
was mainly attributed to the SPR of Ag-NPs, 
which interacted with the dye, enhancing dye 
absorption that resulted in more charge carrier 
generation [32]. 
 
Fig. 3 shows SEM images of FTO/TiO2 and 
FTO/TiO2/Ag-NPs. The SEM micrograph shows 
that the TiO2 nanoparticles produced have a 
mean particle size of about 25 nm. It also reveals 
that the surface is porous and has 
agglomeration. 
 
Fig. 4 shows the X-ray microanalysis of TiO2. 
The elements present in the TiO2 are Titania, 
Oxygen and Nitrogen. Nitrogen is present due to 
the blower that was used to dry the TiO2 
semiconductor.  
 

 
 

Fig. 1a. UV-vis spectra of the dye 
 

 
 

Fig. 1b. UV-vis spectra of FTO/TiO2, and 
FTO/TiO2/Ag-NPs with dye 

 
The absorption of the entire visible region for the 
electrodes with Ag-NPs was stronger than that 
for the electrodes without Ag-NPs, which was the 
product of two distinct effects. First, an 

absorption attributed to the surface plasmon 
resonance (SPR) of metallic silver nanoparticles 
in the TiO2, [33]. Second, well-separated Ag-NPs 
with wide range of size and shape exhibits a 
broad and redshifted SP band, improving the 
absorption throughout the entire region [34].          
Fig. 2 shows the photocurrent density–voltage (J 
–V) curves of the DSSCs with and without silver 
nanoparticles. Based on the curves in Fig. 2, the 
fill factor (FF) and solar cell efficiency ( ) were 

determined following the equations: 
 

max max max

in SC OC

P J V
FF

P J V


 


                         (1) 

 

%100.
IRRADUANCE

OCSC

P

VJFF 
           (2)                     

 
Where Vmax = maximum voltage (V);  
Jmax = maximum current density (mA/cm

2
);  

Jsc = short circuit current density (mA/cm2);  
Voc = open circuit voltage (V) and  
PIRRADIANCE = light intensity (mW/cm

2
) 

 
The open-circuit voltage (Voc), short-circuit 
current density (Jsc), fill factor (FF), and overall 
conversion efficiency ( ) are summarized in 

Table 1. The performance of DSSC fabricated 
with anode deposited on bare FTO substrates 
was provided for comparison in the Table 1.  

 

 
 

Fig. 2. The photocurrent density–voltage  
(J –V) curves with and without Ag-NPs 

 
Table 1. Performance characteristics of 
DSSCs fabricated with different anodes  

under 100 mWcm
-2 

 
Sample Jsc 

(mAcm
-2

) 
Voc(V)  FF  (%) 

FTO/TiO2 0.0259 0.432  0.594  0.00670 
FTO/TiO2/AgNPs 0.0316 0.442  0.507  0.00710 
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a 
 

 
 

b 
 

Fig. 3. SEM images of (a) FTO/TiO2 and (b) 
FTO/TiO2/Ag-NPs 

The total photon-to-current energy conversion 
efficiency, for the standard and FTO/TiO2/Ag-NPs 
electrodes are 0.0067, and 0.0071%, 
respectively. The short-circuit photocurrent (Jsc) 
of the electrode with Ag-NPs that was coated 
upon mesoporous titania was 0.0316 mA/cm

2
, an 

improvement from 0.0259 mA/cm2 for the pure 
TiO2 electrode, exhibiting a 22% enhancement in 
the charge-separation transfer efficiency. These 
results were close to those reported previously 
that revealed plasmon induced enhancement of 
molecular charge separation [35]. We suggest 
that the enhanced photocurrent response was 
mainly attributed to plasmonic scattering which 
caused an apparent increase of the optical 
absorption of dye, resulting in a drastically 
enhanced photocurrent (Fig. 2). The optimum 
photovoltage may be explained by the fact that, if 
the Ag nanoparticles and titania are linked 
together, this leads to shifting conduction band 
edge of titania negative [36], further increasing 
the gap between the Fermi level of the 
photoelectrode and the redox potential under 
illumination which is the definition of 
photovoltage [37]. 
 

 

 
 

Fig. 4. EDX image showing the elements present in the TiO2 compound 
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4. CONCLUSIONS 
 
A TiO2 photoanodes with an amount of Ag-NPs 
was investigated through successive ion layer 
adsorption and reaction. The performance of 
the DSSC highly depends on the Ag 
nanoparticles. The results shows that adding 
Ag-NPs to TiO2 photoanode significantly 
improved the performance of the DSSC. The 
FTO/TiO2/Ag-NP electrode presents an 
enhanced photocurrent response compared to 
the standard electrode. The DSSC containing 
four SILAR cycles of Ag-NPs, gave a short-
circuit current density (Jsc) of 0.0316 mAcm

-2
, 

open-circuit voltage (Voc) of 0.442 V and fill 
factor (FF) of 0.51, yielding an efficiency (η) of 
0.00710%. The cell exhibited a 22% 
improvement over the photocurrent (0.0259 
mAcm

-2
) of bare FTO-based device lacking Ag. 

The increase of JSC is attributed to the 
enhanced light absorption and broadened 
absorption spectral range of the composite 
photoanode due to the Surface Plasmon 
Resonance of the Ag-NPs, While the Voc 
increase may be reasonably related to the more 
negative quasi-Fermi energy of the Ag-TiO2 
composite system due to the enhanced electron 
capture and storage capability resulting from 
Ag-NP doping.  
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