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The most promising system for photo-electrochemical cell which has attracted extensively is the mesoporous 
semiconductor layer based on TiO2. The micrographs of atomic force microscope have widely supported the nano-structure 
of TiO2 thick film on FTO glass. In this study, we have fabricated a dye sensitized solar cell based on nanostructured TiO2 to 
investigate the electrical characterization of ammoniated ruthenium oxychloride dye (Ruthenium Red) based solar cell. We 
used the solar cell with an active area of 0.234 cm

2
 to measure a short circuit current density of 53μA/cm

2
 and an open 

circuit voltage of 0.45 V under AM1.5. For the DSSC applications the capacitance-voltage, the conductance-voltage and the 
series resistance-voltage characteristics of the solar cell were recorded in a wide frequency ranges. The experimental 
results of the current study led to this conclusion that the photovoltaic performance of the dye-sensitized solar cell can be 
enhanced/improved by using numerous dyes. 
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1. Introduction 
 

Due to the increased energy crisis and environment 

pollution over the past few decades, we have seen a 

growing concern on the research of photovoltaics. Beside 

the p-n junction based solar cells the other classes of solar 

cells which attract considerable interest are dye-sensitized 

solar cells (DSSCs) and quantum dot sensitized solar cells. 

The low cost solar cell is dye-sensitized solar cell which 

was first reported by different investigators like Michael 

Gratzel and Brian O’Regan at the Ecole ploytechnique 

Federal de laussanne in 1991 [1-3]. The basic phenomena 

involved in the development of dye sensitized solar cells 

are light-activation mechanism similar to the plant 

photosynthesis. The DSSC are fabricated by depositing a 

wide band gap semiconductor film over TCO substrate 

which serves as photo-electrode above which dye 

molecules are adsorbed. It is found that photo-excited dye 

electrons move towards the counter electrode (Pt coated 

TCO) via an external electric circuit to oxidize the 

electrolyte and hence completing the cycle [1-4]. Keeping 

in view of Dye-sensitized solar cell advantages like less 

toxic manufacturing, easy scale-up, light weight, potential 

use of flexible panels and above all their cost effectiveness 

over conventional p-n junction devices different 

investigators are attracted towards its use. The most 

important component of all the components of a DSSC is a 

photoelectrode, a kind of nanocrystalline film formed by a 

wide bandgap semiconductor which plays a very crucial 

role in the loading of dyes, accepting and transporting 

electrons [5, 6]. The following materials such as TiO2, 

ZnO, Nb2O5, and ZrO2 [7] can be used as photoelectrodes. 

The most important among them is TiO2 due to its 

advantages of good stability, non-toxicity, low price, etc. 

[8]. It is observed that the electron transportation in TiO2 

nanocrystalline film is a dynamic process of electron 

transportation and re-combination influencing directly the 

photoelectric conversion efficiency of DSSCs. Due to this 

reason; methods like electron transportation in 

photoelectrodes and reduction in the charge recombination 

have been extensively studied by many researchers around 

the world. Hence there are many techniques or ways to 

improve electron transportation and reduce their charges 

recombination in photoelectrodes e.g. by changing the 

morphology of TiO2 and decorating the photoelectrodes 

for example growing compact layers, doping in TiO2 

photoelectrodes etc [9–13]. These techniques or ways can 

enhance Voc or Jsc to some degree and thus improving the 

properties of DSSCs. Inspite of photovoltaic parameters, 

different investigators have tried towards electrical 

characterization of the DSSCs with ammoniated ruthenium 

oxychloride dye based solar cell.  

 In the current study we discussed a method to 

fabricate dye sensitized solar cell based on nanostructure 

TiO2 with ammoniated ruthenium oxychloride dye thus 

characterizing capacitance-voltage, conductance -voltage, 

and series resistance - voltage measurements in a wide 

frequencies ranges.  
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2. Experimental 
 

2.1. Fabrication of dye-sensitized solar cells 

 

On the FTO glass plate a TiO2 colloid was positioned 

using a doctor blading technique. In order to form a thick 

TiO2 film about 3–5 µm the process was repeated several 

times. Finally for sintering the TiO2 porous film was 

annealed using a conducting glass sheet at 450 ◦C in air for 

30 min.  For cooling to 80 ◦C, the TiO2 film was immersed 

in ammoniated ruthenium oxychloride dye in absolute 

ethanol solution for 24 h to absorb the dye completely and 

then the prepared film was splashed with anhydrous 

ethanol and dried in moisture-free air. The iodide 

electrolyte solution consists of 0.5 M lithium iodide mixed 

with 0.05 M iodine in water-free acetonitrile and it was 

used for the cell. The active area of the measured solar 

cells was found to be 0.234 cm
2
 approximately. For 

sputtering over FTO the counter electrode was used in this 

device and then after dropping the liquid electrolyte above 

the photoactive TiO2 electrode, the dye-sensitized solar 

cell was collected.  A Pt-coated FTO electrode was placed 

over the dye-adsorbed TiO2 electrode, and the edges of the 

cell were wrapped with a sealing sheet porous film 

electrode. The two electrodes were clipped together in the 

prepared solar cell as shown in Fig. 1.  

 

 

Fig. 1. Schematic of Ammoniated ruthenium  

oxychloride dye based solar cell. 

 

 

2.2. Measurments 

 

To carry out the current–voltage characteristics 

KEITHLEY 4200 semiconductor characterization system 

was used. In order to perform photovoltaic and light 

intensity measurements respectively a Small-Area Class-

BBA Solar Simulator and TM-206 Solar Power Meter 

were used. All the measurements were performed at room 

temperature. Atomic force microscope (AFM) model: Park 

System, XE100 with a non-contact mode was used to 

investigate and observe the surface morphology of TiO2 

nanostructured photo-electrode. 

 

 

 

 

 

3. Results and discussion  
 

3.1.  Morphological characteristics 

 

The surface morphology of deposited TiO2 thick film 

on FTO was observed by Atomic Force Microscopy. In 

Fig. 2, the 2D and 3D micrographs of TiO2/FTO glass of 

1×1 µm
2
 are shown.  The morphology of TiO2 indicates a 

nano-structure of grain size approximately 50 nm and 

roughness 46.78 nm. By using a PARK system XEI 

software program attached with the AFM system both the 

grain size and the roughness were determined. 

 

 

 

Fig. 2. AFM image of TiO2/FTO glass. 

 

 

3.2. Photovoltaic properties of  

       FTO/TiO2+Ammoniated ruthenium  

       oxychloride dye based solar cell  

 

Standard solar simulator was used to record the J-V 

characteristics of the FTO/TiO2+ Ammoniated ruthenium 

oxychloride dye based solar cell. In Fig. 3 the fourth 

quadrant of current-voltage characteristics are shown and 

it can be also observed that the photocurrent and 

photovoltage values are increasing with the increasing 

illumination intensities. It can be observed that under 100 

mW/ cm
2
 illumination the values of short circuit current Isc 

(53 μA) and open circuit voltage Voc (0.45 V) respectively. 
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Fig. 3. I-V  characteristics of nanostructured  

TiO2 + Ammoniated ruthenium oxychloride dye based solar cell. 
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The photovoltaic  parameters plots (output power, 

open circuit voltage, short circuit current) against the 

incident light intensity were determined which represent 

the performance of the of sensitized TiO2 with 

Ammoniated ruthenium oxychloride dye based solar cell. 

The experimental results of the electric power are plotted 

against voltage for TiO2+ Ammoniated ruthenium 

oxychloride dye based solar cell which are shown in Fig. 4 

about the delivered power to this device.  
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Fig. 4. Output power against voltage curves for 

nanostructured     TiO2     +     Ammoniated     ruthenium  

                  oxychloride dye based solar cell. 

 

The results of the plots shows an electric power 

increasing trend with the increasing bias voltage which 

reaches its maximum power and then start decreasing until 

reaches zero values if we further increase the applied 

voltage. The maximum power is calculated by using the 

formula: 

 

 Pmax = Im xVm,                               (1)  

                                                                                                                                    
In this formula we have observed that Im is the 

maximum current and Vm is the maximum voltage at each 

value of the illumination intensity. Maximum power 

indicates how much maximum power of the DSSC can be 

supplied to its external load. The experimental result 

recorded shows that the maximum power peak is shifted to 

the higher voltages if we increase incident light as follows: 

0.175 V, 0.5 μW at 20 mW/cm
2 

and 0.35 V, 13 μW at 100 

mW/cm
2
.  Illumination intensity is plotted against open 

circuit voltage which is shown in Fig. 5. The illumination 

dependency of the open circuit voltage clearly demonstrate 

that Voc shows an increasing trend with the light intensity 

until it reaches at a saturation value of 0.45 V.  

 
Fig. 5. Illumination dependence of the open circuit 

voltage Voc  for the  nanostructured  TiO2+ Ammoniated  

            ruthenium oxychloride dye based solar cell 

 

It is important to mention here that at the lower 

intensity values the photovoltaic voltage is only 

proportional to the light intensity [14]. When a sensitizer 

dye absorbs the incident light it resulted in the generation 

of a photocurrent in the DSSC and thus causing an ultra-

fast electron injection into the conduction band of the TiO2 

[15-18]. Using an arbitrary route method [19] the injected 

electrons are transported via the network of interconnected 

oxide particles until they touch the conducting glass 

substrate. 

The oxidized dye is rejuvenated in the electrolyte by 

fast electron transfer from the iodide ions before it has 

time to endure irretrievable bleaching [20–22]. Diffusion 

takes place between the I
3− 

ions formed in the regeneration 

phase and the short distance to the platinum-coated 

cathode, where they found to be condensed to create 

iodide ions to complete the reformative cycle. Both the 

dye rejuvenation step and the super-sensitization process 

are identical which is employed in photography to permit 

the dye molecules in order to vaccinate electrons 

recurrently without bleaching. From the I-V graphs, under 

different illuminations, the recorded short circuit currents 

Isc of the solar cell shows that its increase fulfil linearity  

with increasing illumination intensity specifically at the 

higher intensities as shown in Fig.6. This behavior is quite 

significantly evident from the photo-oxidization and 

regeneration (by the I−/I
3−

ions) of the adsorbed dye 

molecules. 

 
Fig. 6. Light intensity dependence of the short circuit 

current Isc for the nanostructured TiO2+ Ammoniated 

ruthenium oxychloride dye based solar cell. 
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At both lower and higher radiant powers the short 

circuit current Isc varies linearly with the power 

illumination showing that mass transport does not bound 

to the Isc [23]. The Fig. 7 clearly shows the variation 

between the short circuit current Isc and open circuit 

voltage Voc . Hence it is understandable that Voc enhances 

exponentially with the increase of Isc which mean that the 

curve plotted clearly demonstrating the variation of Voc 

with Jsc obeying the relation [24-26]: 
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Where k is the Boltzmann’s constant, n is the diode 

ideality factor, J0 is the reverse saturation current density 

and q is the electric charge. Hence according to Eq. (2), 

Voc is proportional to the log of Isc. From figure 5 & 6 it is 

clear that Voc increases with the increase of light intensity 

[26]. 

 

 

Fig. 7. The plot of short circuit current density Jsc as a 

function of open circuit voltage Voc for the 

nanostructured     TiO2       +    Ammoniated     ruthenium  

                   oxychloride dye based solar cell. 

 

3.3. C-V, G-V and Rs-V characteristics of  

        FTO/TiO2+ Ammoniated ruthenium  

        oxychloride dye based solar cell 

 

Mott-Schottky equation shows a linear relationship 

between C
-2

-V [27-29] in a single n-type semiconductor 

layer for band bending 
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where ε is the dielectric constant of the semiconductor, CSC 

is the space charge capacitance of semiconductor 

electrode, ε0  is the permittivity of the free space, Vfb  is the 

flat band potential, V is the applied potential and Nd is the 

dopant density. The Mott-Schottky (1/C
2
 against V) plots 

of DSSC for TiO2 electrode are shown in Fig. 8(a). This 

deviation from linearity is in excellent agreement with the 

results reported by Yin et al. [29] attributing to the 

recombination effects as well as effect of surface states 

plus insufficient etching and non-negligible contributions 

of the Hemholtz layer. Hence Hemholtz layer capacitance 

can be interpreted as the interface between metallic 

electrodes and an electrolyte solution that behaves like 

capacitor which means that it has a capacity of storing 

electric charge [30]. 

In Fig. 8(b) the capacitance-voltage characteristics at 

different frequencies for FTO/TiO2+Ammoniated 

ruthenium oxychloride dye based solar cell are shown. The 

experimental results indicate with the increase of the bias 

voltage from -3.5 V to +3.5 V, the capacitance also shows 

an increasing trend slowly. Thereafter it reaches its 

maximum followed by a decrease in its values leading 

towards saturation with further increase of the bias 

voltage. Hence by increasing the frequency from 50 kHz 

to 7 MHz the device capacitance represents a decreasing 

trend towards zero. Further work is necessary to interpret 

these results. 

 

 
Figs. 8. (a) Mott-Schottky plot of the nanostructured 

TiO2+ Ammoniated ruthenium oxychloride dye based 

solar cell at different frequencies. (b) The capacitance 

profile as a function of biasing voltage at different 

frequencies  for the nanostructured TiO2+ Ammoniated  

           ruthenium oxychloride dye based solar cell. 
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At different frequencies room temperature 

Conductance-Voltage (G-V) were studied. The plots of 

conductance against bias voltage at different frequencies 

are shown in figure 9. When a slight ac signal is applied to 

the semiconductor device, loss of conductance is observed 

due to the exchange of majority carriers between interface 

states and majority carrier band of the semiconductor [31]. 

The experimental results revealed that conductance is 

showing a decreasing trend with the increase of applied 

voltage from -4.0 to +4.0 V. We have also observed the 

conductance decrease with the increasing applied 

frequency. This behavior is due to the of capacitance shift 

towards lower values which mean that there is an increase 

of the frequency.  

 

 

Fig. 9. Conductance-Voltage dependence of the 

nanostructured TiO2+ Ammoniated ruthenium 

oxychloride dye based solar cell at different frequencies. 

 

 
Fig. 10. The plot of series resistance as a function of 

voltage at different frequencies of the nanostructured 

TiO2+ Ammoniated ruthenium oxychloride dye based  

                    solar cell at different frequencies. 

 

 

The series resistance dependence of voltage and 

frequency are shown in Fig. 10. At different frequencies Rs 

values were measured from cell capacitance CM and 

conductance GM.  Hence for solar cells the following 

formula holds [32]. 

 

YMA=GMA + jωCMA,                                             (4) 

 

Hence at different frequencies the series resistance was 

evaluated by the following relation: 

 

   (
  

   
       

 ),                            (5) 

 

The Rs is the series resistance which is considered to 

be a real part of the impedance. At a wide range of 

frequencies from 2 kHz to 7 MHz, the series resistances 

were found to be a function of biasing voltage which 

means that the series resistance is showing an increasing 

behavior for the bias voltage from -4.0 to +4.0 V if we 

increase the frequency from 2 kHz to 50 KHz. This 

resistance increasing trend slows down due to saturation 

for the frequencies from 60 kHz to 7 MHz. In summary at 

the lower frequencies, the interface states follow the ac 

signal and yield an excess capacitance, which is dependent 

on the frequency [33]. In the case of higher frequencies, 

the interface states do not follow the ac signal. Hence the 

contribution due to interface state capacitance in the total 

capacitance is found to be negligibly small.   

 

 

4. Conclusion 
 

For the preparation of nano-structure of TiO2 thick 

film on FTO glass doctor blading technique is used.  The 

experimental results indicate a grain size 50 nm and 

roughness 46.78 nm of Tio2/FTO glass respectively. In this 

study the photovoltaic properties (I-V) and impedance 

spectroscopy (C-V, G-V and Rs-V) characteristics of 

nanostructured TiO2+ Ammoniated ruthenium oxychloride 

dye based solar cell have been described. The DSSC cell 

revealed a short circuit current density of 53μA/cm
2
 and an 

open circuit voltage of 0.45 V under AM 1.5 due to the 

experiment. In order to control the photovoltaic 

mechanism of the solar cell recombination technique is 

used. At different frequencies the capacitance–voltage 

characteristics of the device were compared under 

negative and positive bias voltages. Due to the experiment 

the capacitance–voltage characteristics a decreasing trend 

of capacitance is observed. It is therefore concluded that 

by improving the optimizing and production conditions a 

substantial increase in the photoelectrical performance of 

DSSCs is found.  
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