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To improve the conversion efficiency of dye-sensitized solar cell, the cell was fabricated employing silver nanoparticles 
doped photoanode. The nanoparticles of silver were produced using the pulsed laser ablation technique. The I-V 
characteristics and impedance spectroscopic measurements were performed on the doped and undoped photoanode 
based devices under simulated AM 1.5 illumination (100 mWcm−2) and dark, respectively. The nanoparticles doped 
photoanode based plasmonic DSSC exhibited about 46.3 % higher efficiency than the reference cell. This boosted 
performance of the plasmonic DSSC can be attributed to enhanced interfacial charge transfer, decrease of charge 
recombination, decrease of series resistance and plasmonic enhanced absorption of radiation by the dye. The impedance 
spectra also revealed higher photovoltaic performance of the plasmonic cell. 
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1. Introduction 
 
Dye-sensitized solar cells (DSSCs), originally 

demonstrated by O’Regan and Gratzel in 1991,  have been 
extensively researched due to their ease of fabrication, 
 clean source of renewable energy, different colors,  
potential for Building Integrated PhotoVoltaics (BIPV), 
availability of numerous alternative materials for lowering 
cost, improving stability and enhancing efficiency [1-8]. 
Extensive work  is being done on the development and 
optimization of this next generation photovoltaic 
technology employing environmental-friendly materials 
[9, 10] with economical prices [5, 10], prolonged stability 
[11], and improved efficiency [12]. DSSC comprises a 
wide band gap semiconductor photoanode with a 
monolayer of a dye, a counter electrode and an electrolyte 
solution inserted inside the sandwiched electrodes. When 
solar radiation falls on the surface of a DSSC, the 
absorption of photons lead to the excitation of sensitizer 
molecules [13, 14]. Thereafter, the sensitizer molecules 
inject electrons into the conduction band of the TiO2, and 
afterwards by diffusion these electrons go to the FTO. 
From there, via the external circuit, the electrons reach the 
counter electrode. The sensitizing dye is oxidized by 
transferring the electron to the TiO2. This oxidized dye 
becomes neutralized by getting an electron from the iodide 
ion present in the electrolyte. Upon oxidizing, the iodide 
ion is converted to triiodide ion which further moves 
towards the counter electrode by the diffusion mechanism 
and hence taking  an electron from the counter electrode, it 

becomes the iodide ion [15]. Thus, providing electrical 
energy to the external load. 

Performance enhancement of DSSCs is an area of 
continued scientific research. One way of achieving this is 
to enhance its light harvesting and light trapping 
capabilities via surface modification of TiO2 based 
nanomaterials with noble metal nanoparticles, like Ag, Al 
or Au nanoparticles [16-18]. These metals have robust 
capability of scattering effect as well as localized surface 
plasmon resonance (LSPR). This is so  influential 
phenomenon which develops a strong electromagnetic 
field in the locality of these noble nanoparticles, 
consequentially, the photocurrent of DSSC boosts up as 
compared to the original current of DSSC [19]. The 
enhancement in the photocurrent by the localized 
electromagnetic field of noble metals results, in more 
efficient HOMO and LUMO transitions of the electrons in 
the dye molecules than the incident far field light [20]. 
Thus, the noble metal particles serve as light garnering 
probes for dyes [21, 22]. These noble metal nanoparticles 
used in DSSC require high purity and stability. 
Nanoparticles produced via different techniques have 
widely been adopted in DSSCs since its birth. The 
colloidal metal nanoparticles obtained via laser ablation 
are ligand-free and surface-clean [23]. Also, large scale 
production with controlled properties of NPs is attainable 
by this method [24]. 

In this work, nanoparticles of silver were produced 
using the pulsed laser ablation technique. Dye-sensitized 
solar cells were fabricated employing the undoped and 
silver nanoparticles doped titania photoanodes. 
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Photovoltaic and impedance spectroscopic measurements 
were performed under the radiance of 100 mW cm-2 (AM 
1.5) and under the dark, respectively. This study may 
provide deep insight into the enhanced performance of the 
plasmonic DSSC and the processes involved, such as, the 
decrease of charge recombination, decrease of series 
resistance, increase of shunt resistance, decrease of 
ideality factor, etc.   

 
 
2. Experimental details 
 
2.1. Preparation of silver nanoparticle dispersion 
 
Silver nanoparticle dispersion was synthesized using 

the pulsed laser ablation (PLA) technique. The silver pellet 
was placed in a beaker containing deionized water and was 
fired by the Quantel's nanosecond Q-switched pulsed 
Nd:YAG laser (Model  Brilliant B) operated at its second 
harmonic wavelength of 532 nm and at frequency 10 Hz 
for about 30 minutes in free running mode, which resulted 
in a colloidal solution of the Ag nanoparticles. 

 
2.2. Preparation of silver nanoparticle doped TiO2  
      photoanode 
 
The mesoporous titania electrode at about 80 oC was 

dipped in the nanoparticle dispersion of silver for about 16 
hours, changing the color of the photoanode from crystal 
clear to yellowish after Ag nanoparticles were attached to 
TiO2.  

 
2.3. Fabrication of the reference and plasmonic  
       DSSCs 
 
The undoped and silver nanoparticles doped 

mesoporous titania electrodes at about 80 oC were soaked 
in the N719 dye solution in ethanol and were left for 
staining for about 16 hours. Subsequently, the sensitized 
photoanodes were taken out, washed carefully with 
ethanol and dried up with nitrogen gas. Afterwards, 60 μm 
thick Meltonix 1170-60 PF spot gasket was positioned on 
the top surface of anode over the titania area, the 
conductive side of Pt counter-electrode was placed over 
the gasket and immediately heated up to 100 ̊C. After 
sealing, through the drilled hole, an iodide-based 
electrolyte of tri-iodide in acetonitrile (Solarnix, AN-50) 
was injected. The hole was then sealed with the Meltonix 
spot sealing and the glass spot cap. In addition to the silver 
nanoparticles, all the chemicals and substrates used for the 
assembly of DSSCs were acquired from Solaronix, 
Switzerland. The solvents were purchased from Sigma–
Aldrich, United States. Active area of the cell was 0.36 
cm2. 

 
2.4. Photovoltaic and impedance spectroscopy  
       measurements 
 
The photovoltaic and impedance spectroscopy 

parameters of the fabricated cells were measured using 

Keithley 4200-SCS equipped with a digital capacitance 
meter (model 4210-CVU) under dark and at AM 1.5 
simulated illuminations (OAI TriSOL, AM1.5G Class 
AAA, USA). The power was set to 100 mWcm-2 using 
Newport Oriel PV reference cell system (Model 91150V). 
Impedance spectra were studied applying a 30 mV AC 
signal from 1 kHz to 10 MHz.  

 
 
3. Results and discussion 
 
3.1. Photovoltaic performance 
   
The characteristic photovoltaic parameters desired for 

the evaluation of the cells can be drawn out from the 
current density–voltage (J-V) characteristics. The J-V 
curves of the plasmonic and reference DSSCs fabricated 
using N719 dye as a sensitizer are compared in figure 1. In 
general, the efficiency () of a device is the output to the 
input power of the device. In case of a solar cell output is 
in the form of electric power and the input is the optical 
power incident on the cell. The cell efficiency can be 
calculated through the Eq. 1. 

 

  = 
௃ೞ೓ ൈ ௏೚೎ ൈிி

௉೔೙
                                (1) 

 
where Jsh, Voc, Pin and FF represent the short circuit 
current density, open circuit voltage, incident optical 
power and fill factor, respectively. The fill factor can be 
obtained using Eq. 2. 
 

FF = 
௃೘ೌೣ ൈ ௏೘ೌೣ

௃ೞ೎ ൈ ௏೚೎
                                      (2) 

 
where Vmax and Jmax represent the maximum voltage and 
the maximum current density at the peak output power 
point of the cell, respectively. The J-V curves  greatly 
depend on  the shunt  (Rsh) and series (Rs) resistances [25]. 
The resistance due to recombination at contact interfaces, 
charge transfer in TiO2 and sheet resistance of the 
electrodes are responsible for the series resistance (Rs) of 
the device. For improvement in device performance, the 
fill factor should be high enough. High Rs results in 
dropping the fill factor that in turn decreases the maximum 
power output of the device. 

The electron dynamics at the 
semiconductor/dye/electrolyte interface is responsible for 
the device shunt resistance which offers an alternative 
route for the photo-generated current. The recombination 
at these interfaces are as the results of the crystal defects in 
the semiconductor material [26, 27]. The reduced shunt 
resistance means the high power loss in the device. The 
series and shunt resistances are obtainable from the J-V 
curve (Fig. 1) by means of the following relations [28]. 

 

0


VdJ

dV
Rs                          (3) 
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Another key parameter which governs the DSSC 

mechanisms is the ideality factor n and its value under 
light can be obtained using Eq. 5 [29]. 
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where oJ represents saturation current density, q is the 

electron charge, V is the applied voltage, and kB is the 
Boltzmann constant. The recombination in the device is 
high if the value of n is high and vice versa. 

 

 
 

Fig. 1. J-V curves in the dark and under AM 1.5 
illumination on TiO2 and TiO2:Ag NPs photoanodes 

based DSSCs. 

 
Table 1. Parameters of undoped and doped photoanodes based DSSCs 

 
Photoanode Jsc (mA.cm-2) Voc (mV) FF (%)  (%) n Rsh () Rs ()  
Undoped 11.7 640 55.6 4.1 1.7 1466 16 
Doped 15.4 670 57.8 6.0 1.2 2133 11 

 
The important parameters extracted from the J-V 

characteristics of the TiO2 and TiO2:Ag NPs photoanodes 
based DSSCs are listed in Table 1. 

It is noticeable that the  of plasmonic DSSC (6.0 %) 
is much higher than the reference cell (4.1%).  The values 
of Jsc (15.4 mA/cm2), Voc (670 mV) and FF (57.8 %) of 
doped photoanode based DSSC have all increased as 
compared to the reference cell based on undoped 
photoanode. The overall , Jsc, Voc, and FF of the 
plasmonic cells were observed greater than the reference 
cell by 46.3 %, 31.6 %, 4.7 %, and 3.9 %, respectively. 
This enhanced performance of the plasmonic DSSC over 
the reference cell may be due to the light trapping effect, 
reduction in the electrons recombination and the boosted 
absorption of radiation by the dye [17, 18, 30]. The 
enhancement in Jsc may be credited to the better 
interconnectivity of TiO2 particles and the Ag NPs in the 
porous TiO2 film. The treatment of the TiO2 via Ag NPs 
provides more efficient electron transfer in DSSCs. 
Surface plasmon resonance (SRP) effect given by the Ag 
NPs boosts the neighboring electromagnetic fields, 
because of this enhancement the capability of photon 
captivation by the dye molecules increases, which in turn 
increases the exciton generation and dissociation and 
hence increases the device photocurrent.  

The relatively higher performance of plasmonic 
DSSC may be attributed to the lowered series resistance 
and higher shunt resistance. The increase of Rsh in the case 
of plasmonic DSSC specifies the comparatively fewer 
shorts in the Ag doped DSSC. The boosted comportment 
of the plasmonic cell may also be ascribed due to the 
decrease in its ideality factor. The percentage increase of  
and Jsc, observed in this work are much higher than 
reported in a recent study on efficiency improvement in 
dye sensitized solar cells by the plasmonic effect of green 
synthesized silver nanoparticles [23]. This may be 

attributed due to the clean nature of laser generated 
nanoparticles dispersion employed in this work. 

 
3.2. Impedance spectroscopy 
 
To boost the efficiency, develop stable and lower cost 

DSSC technology, the researchers are working to improve 
the various components of this technology, such as, 
semiconductor, sensitizer, electrolyte, counter electrode, 
photoanode and interfaces involved.  These different 
components and interfaces can be modeled by equivalent 
electrical circuits comprising electrical components.  

In this work, the DSSCs are replaced by their 
equivalent series and parallel measurement models [31], 
and impedance spectroscopy is performed to probe into the 
electrical properties of the DSSCs fabricated using TiO2 
and TiO2:Ag NPs photoanodes. The wealth of data 
obtained through these experimental studies may be useful 
for (i) evaluating the performance of solar cells, (ii) testing 
and developing the solar cell models, (iii) examining the 
role of different components and interfaces affecting the 
DSSC performance, (iv) knowing causes of cell 
degradation, (v) knowing the processes required to be 
optimized during the preparation of cell components for its 
better performance.  

Electrochemical impedance spectroscopy (EIS) has 
been performed in order to investigate the kinetic 
processes within the DSSC and the impedance data for a 
DSSC is reported to consist of three semicircles in the 
Nyquist plot [32, 33]. These three semicircles denote the 
responses in high-frequency, intermediate-frequency and 
low-frequency regions when the solar cell is biased at its 
VOC [33]. The high frequency region is due to the charge 
transfer between the electrolyte and counter electrode 
interface while intermediate-frequency is attributed due to 
the electron transport in the dye-sensitized semiconductor 
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layer and the recombination process at the dye-sensitized 
layer and the electrolyte interface. The low-frequency 
region represents the diffusion process in the electrolyte.  

 
3.2.1. Parallel capacitance – voltage (CP-V)  
         characteristics 
 
Results of frequency dependent capacitance – voltage 

studies on the TiO2 and TiO2: Ag NPs photoanodes based 
DSSCs are shown in Fig. 2. For the voltage sweep from -
1.0 to +1.0 volts, at lower frequencies, the devices exhibit 
an increasing behavior in the capacitance. This increase in 
capacitance reaches up to certain maximum value and after 
then a decline in the capacitance value may be observed. 

Some extra peaks, not observed in the Nyquist plots, 
are exhibited at low frequencies and are attributed due to 
series resistance and interface states[34]. 

 As shown in the graph (Fig. 2) at high frequencies, 
declination towards zero or even negative capacitance is 
observed which may be due to the fact that up to certain 
frequencies the probe signal is followed by the trap states 
but at large frequencies the probe signal is quicker and trap 
states are unable to follow them as a result probe signal 
respond is zero which is the mean value of the oscillation. 
[35]. Similar behavior of capacitance at high frequencies 
has also been reported in other DSSCs studies [34, 36]. 
The physical phenomena behind the positive to negative 
shift in capacitance is the electrons injection in the 
semiconducting surface from the FTO in the DSSC [36]. 

 

 
 

 
 

Fig. 2. Cp-V curves recorded at different frequencies in 
the dark on (a) TiO2 and (b) TiO2:Ag NPs photoanodes 

based DSSCs. 
 
 

3.2.2. Series resistance – voltage (Rs-V) and series  
         capacitance – voltage (Cs-V) characteristics 
 
Similar to the EIS studies [33], three characteristic 

regions are observed in the frequency dependent series 
resistance versus voltage and series capacitance versus 
voltage characteristics of DSSCs. The lower frequencies 
reflect the diffusion aptitude of the redox species inside 
the electrolyte, the mid frequencies domain arises from the 
electron transfer processes between the semiconducting 
oxide and electrolyte interface while the higher side 
represents the charge transport behavior at the platinum 
electrode [37]. 

The frequency dependent series resistance versus 
voltage and series capacitance versus voltage 
characteristics of TiO2 and TiO2:Ag NPs photoanodes 
based DSSCs measured at mid and high frequencies are 
exhibited in figures 3 and 4, respectively. Both the 
resistance and capacitance characteristics persist non-
responded around the unbiased low voltage regime. When 
the applied voltage is increased, the resistance and 
capacitance are observed voltage and frequency 
dependent. This voltage and frequency dependence of the 
impedance spectra of DSSCs may be attributed due to 
several causes, already described in our earlier study [7].  

 

 
 
 

 
 

Fig. 3. Rs-V plots taken at various frequencies in the 
darker conditions (a) TiO2 and (b) TiO2:Ag NPs 

photoanodes based DSSCs. 
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Fig. 4. Cs-V plots taken at various frequencies in the 
darker conditions (a) TiO2 and (b) TiO2:Ag NPs 

photoanodes based DSSCs. 
 
At lower frequencies and higher applied bias voltages, 

the impedance spectra compared in Figs. 3 and 4. These 
spectra are dominated by the recombination resistance and 
chemical capacitance [38, 39] and are in agreement with 
the enhanced photovoltaic performance exhibited by the 
plasmonic device.  

 
 
4. Conclusions  
 
On the basis of photovoltaic measurements and 

impedance spectroscopy, a relative evaluation of the TiO2 
and TiO2:Ag NPs photoanodes based DSSCs has been 
performed. The J-V characteristics have revealed better 
photovoltaic behavior of the plasmonic DSSC. The Cp-V, 
Rs-V, Cs-V along with impedance measurements on the 
TiO2 and TiO2:Ag NPs photoanodes based cells were 
examined. An understanding into the better photovoltaic 
performance exhibited by the plasmonic DSSC is 
presented. This may be attributed due to increase in shunt 
resistance, the boosted photonic absorption of the dye due 
to plasmonic behavior, decrease in the series resistance, 
and decrease in the ideality factor. The measured 
performance of the fabricated DSSCs is established from 
the comparative study of the recombination resistance and 
chemical capacitance.  
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