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1. Introduction 

In 1991, the dye-sensitised solar cell (DSSC) has been 
proposed as a low-cost and high-efficiency alternative to 
conventional photovoltaic cells by O’Regan and Grätzel [1]. In 
DSSCs, electrons of a dye adsorbed on the surface of 
nanocrystalline TiO2 are photo-excited by incident light and 
injected into the conducting band of TiO2. The oxidized dye is 
regenerated by the reduced species of a redox-couple, typically 
I−/ I3

− that is dissolved in the electrolyte. The resulting I3
− 

diffuses to the Pt-counter electrode where it is reduced [2]. 
Ruthenium polypyridyl complexes have been proved to be the 
most efficient TiO2 sensitizers, with the cis-RuL2(SCN)2 (L) 
2,2¢-bipyridyl-4,4¢-dicarboxylic acid) dye (N3-dye) 
demonstrating incident photon-to-electron conversion 

efficiencies (IPCEs) of up to 85 % from 400 to 800 nm, 
corresponding to almost unity quantum yield (electrons per 
absorbed photon) when light losses are taken into account [3-5]. 
A good understanding of the charge transports mechanism in the 
titania nanostructured-based DSSCs is of great importance for the 
development of an efficient solar cell [6]. However, to our 
knowledge, there is rare publications were reports the conduction 
mechanism of the TiO2-based dye-sensitized solar cells. 

In the present work, the electrical conduction mechanism of 
TiO2 nanostructured-based DSSCs in dark and under illumination 
has been studied. The extracted electrical parameters such as 
saturation current, the ideality factor, and barrier height and 
series resistance of DSSC device have been determined. The 

ARTICLE  INFO ABSTRACT 

Article history: 

Received 5 December 2012 
Received in revised form 28 December 2012 
Accepted 29 December 2012 
Available online 31 December 2012  

The electrical Conduction mechanism and the extracted electrical characteristics of the TiO2-

based DSSCs were studied in dark and under different illumination intensities. The forward 

current was found to be increased exponentially with the applied voltage in the region of V ≤

0.4 V, which was dominated by the thermionic emission. The ideality factor, barrier height and 

series resistance values of the DSSC were determined. In the region 0.4 ≤ V ≤ 1 V, the current 

transport was due to the space-charge-limited current controlled by an exponential trap 

distribution. From the current–voltage characteristics of the DSSC under illumination, the 

photocurrent response of the solar cell indicates that the photogeneration of charge carriers was

controlled by of supralinear recombination mechanisms with γ -value equals to 1.32. 
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photovoltaic response and parameters under different 
illumination intensities have been determined and interpreted. 

2. Experimental 

2.1. Materials 

Titanium (IV) isopropoxide is purchased from Fluka 
and used as received. Tetrapropylammonium iodide, acetonitrile, 
potassium iodinate and iodine were purchased from Oxford co., 
India, and used without further purification. Organometallic dye 
cis-bis(isothiocyanato)bis(2,2_-bipyridyl- 4,4_-dicarboxylato) 
ruthenium (II) [RuL2(NCS)2] known as N719 was obtained from 
Solaronix SA (Switzerland). Conductive glass substrate (FTO 
glass, Fluorine doped tin oxide over-layer, and sheet resistance 8 
Ω.cm−2) were purchased from Hartford Glass Co., USA, was 
used as a substrate for precipitating TiO2 porous film, and was 
cut into 2×1.5 cm2 sheets. 

2.2. Fabrication of Dye-Sensitized Solar Cells. 

Nanoporous TiO2 film was manufactured by our 
methods described elsewhere [7]. In a typical method, titanium 
Isopropoxide (10 ml) was rapidly added to distilled water (100 
ml) and a white precipitate was formed immediately. The 
precipitate was filtered using a glass frit and washed three times 
with 100 ml distilled water. The filter cake was added to nitric 
acid aqueous solution (0.1 M, 160 ml) under vigorous stirring at 
80 oC until the slurry became a translucent blue–white liquid. The 
resultant colloidal suspension was autoclaved at 200 oC for 12 h 
to form milky white slurry. The resultant slurry was concentrated 
to 1/4 of its original volume, then PEG-20000 (10 wt% slurry) 
and a few drops of emulsification regent of Triton X-100 was 
added to form a TiO2 colloid. A conducting glass sheet (FTO) 
was immersed in an isopropanol solution for 48 h to remove any 
impurities. Then, it was cleaned in Triton X-100 aqueous 
solution, washed with ethanol and de-ionized water. A plastic 
adhesive tape was fixed on the four sides of conducting glass 
sheet to restrict the thickness and area of TiO2 porous film. The 
TiO2 colloid was dropped on the FTO glass plate by using a 
doctor scraping technique. The process was done for three times 
to form a thick TiO2 film about 6–8 μm. Finally, the TiO2 porous 
film was sintered by firing the conducting glass sheet at 450 oC in 
air for 30 min. After cooled to 80 oC, the TiO2 film was 
immersed in a 2.5x10-4 M cis-[(dcbH2)2Ru(SCN)2] absolute 
ethanol solution for 24 h to absorb the dye adequately, then the 
dye-sensitized TiO2 film was washed up with anhydrous ethanol 
and dried in moisture-free air. 

The counter electrodes were prepared by coating with a 
drop of H2PtCl6 solution (2 mg of Pt in 1 mL of ethanol) on the 
FTO and then heating at 400 °C for 15 min. The iodide 
electrolyte solution (0.5 M Lithium iodide mixed with 0.05 M 
iodine in water-free acetonitrile). 

A dye-sensitized solar cell was assembled by dropping 
a drop of liquid electrolyte above the dye-sensitized TiO2 porous 
film electrode and then a platinum counter electrode was placed 

above it. The two electrodes were clipped together and a 
cyanoacrylate adhesive was used as sealant to prevent the 
electrolyte solution from leaking. 

2.3. Measurements. 

Current-voltage characteristics in dark and illumination 
were measured using a high internal impedance electrometer 
(Keithly 6517A). The source of light was a high power tungsten 
filament lamp. The intensity of light was measured with a solar 
power meter (TM-206). The intensity of light was varied by 
changing the voltage across the tungsten lamp. It should be 
mentioned that all the measurements in the present work were 
carried out in the environmental conditions. The surface 
morphology of the nanostructure TiO2 photo-electrode was 
investigated by atomic force microscope (AFM, Park System, 
XE100) using a non-contact mode. 

3. Results and discussion 

3.1. Structure Characterization. 

AFM micrographs of 2D and 3D TiO2/FTO are shown in 
Fig.1 in 1x1 µm2. It is clear that TiO2 has a nano-particles 
structure and the mean values of the nano-clusters sizes were 
found to be 83.121 nm for and their roughness 40.628 nm 
determined using a PARK system XEI software programming. 

               

 

 

 

 

 

 

 

 

 

 

                                                             

Figure 1 The AFM micrographs of TiO2 in 2D and 3D structure 
of 1x1 µm2.   

3.2. Dark-Current-voltage characteristics  

The dark current-voltage characteristic of the prepared 
cell at room temperature is shown in Fig. 2.  It is clear that the  

VI −  characteristic of the prepared DSSC are nonlinear. This 
deviation from linearity may be attributed to the series resistance, 
bulk resistance and interface state properties of the device. This 
resistance is an important factor for scaling the performance of 
the solar cells. The existence of interfacial layer and series 
resistance affect the ideality factor of the diode. The current as a 
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function of applied biasing voltages due to the thermionic 
emission model is given by equation 1[8-11]: 
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where n  is the ideality factor, sI  is the saturation current, Bk  is 

the Boltzmann's constant, T  is the absolute temperature and V  
is applied voltage. The Eq.(1) was fitted at the lower part of the 
dark forward I-V curve in the  region (V < 0.4 V).  The 
saturation current was obtained by extrapolating the linear region 

of the curve to zero applied voltage. Values of sI  and n  are 

3.892x10-5 and 4.037, respectively.  The saturation current sI  is 

given by [11]: 
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where 32 /4 hkqmA ∗∗ = π  is the Richardson constant *m  is the 

effective mass of the carriers, Bφ  is the potential barrier height, 

T  is the device temperature and A  is the device area. We 

assumed an effective electron mass *m  in TiO2 of 10 times the 
free electron mass [12], which gives a Richardson constant, of 

1200 A.cm-2/K2. The value of zero-bias barrier height bφ  was 

calculated from the well known relationship:  

s
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Figure 2 Semi-logarithmic plot of the dark current–voltage 
characteristic of the prepared DSSC. 

The calculated value of zero-bias barrier height bφ  is 

0.728 eV. The ideality factor higher than unity displays the 
presence of non-ideal behavior in VI −  characteristics at lower 
voltages. The non-ideality causes the limitation of photocurrents 

generated in the solar cell by diffusion of the iodide or tri-iodide 
ions within the nano-structured TiO2 film [6]. The higher value of 
n  may be due to potential drop in the interfacial layer and 
presence of excess current and the recombination current through 
the interfacial states between the metal/insulator layers. There are 
different possible factors can affect in the higher ideality values 
such as: series resistance, image forces, tunneling, generation-
recombination, interface impurities and interfacial oxide layer 
[14,15]. 

In order to determine the effect of series resistance on 
the solar cell parameters, we used the functions of Cheung and 
co-workers as follows [6,13,16]: 

sIR
q

kTn
Id

dV
+=

ln
,                                                                  (4) 

sIRn
TAA

I
q

kTnVIH +=⎟
⎠
⎞

⎜
⎝
⎛−= Bφ2*ln)( ,                             (5) 

Figure 3 represents the plots of IddV ln/  and )(IH  as a 

function of I . The calculated values of sR  in terms of 

IddV ln/  vs. I  and )(IH  vs. I  plots found to be equaled 

4.435 kΩ and 5.593 kΩ, respectively. The mean value of sR  is 

5.014 kΩ. The obtained series resistance sR  is an important 

factor for the operation and efficiency of the prepared DSSC and 
affects the current–voltage characteristics of the cell. The 
magnitude of the obtained sR  causes a deviation from the 

linearity in the forward current region. Furthermore, the series 
resistance causes a voltage drop across the interface layer of the 
diode [17]. 

In the voltage range (0.4 < V ≥  1), the double logarithmic 
plot of forward ( FI – FV ) characteristics is shown in Fig. 4. The 
results exhibit a linear relation and the current follows the voltage 
dependence of the form I α  mV  with value of the exponent 
m =3.6 which is greater than 2. This means that the current in 
the device is controlled by the space charge limited conduction 
SCLC dominated by exponential trap distribution (TSCLC). In 
this model, the relation between current and voltage is expressed 
as [18,19]:  
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where  ε  is  the  dielectric  constant  of  the effective layer TiO2 , 
e   is  the  electronic  charge, μ  is  the  mobility of carrier 

charges, N  is  the effective density of states  in  electronic band 
edge, d  is  the  thickness, l   ( 1−= ml )  is a parameter given by  

TTl t /= , tT  is a characteristic  temperature of the exponential 

distribution of the traps and 
oP  is the trap density per unit energy 

range at the valence band. The values of m , l  and 
tT  are 3.6, 2.6 

and 787.8, respectively,  at room temperature.   
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Figure 3 Plots of )(IH  and IddV ln/  versus I  for the 
prepared DSSC. 
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Figure 4 Double-logarithmic plot of the forward ( FI – FV ) 
characteristic of the prepared DSSC. 
 
3.3. Illuminated current-voltage characteristics.   

The standard characterization techniques of 
photovoltaic cells include the determination of dc current-voltage 
characteristic under the effect of the white light illumination of 
different intensities. In order to evaluate the photoresponse of the 
prepared DSSCs, a sample was subjected to a high power 
tungsten lamp at suitable distance to avoid the thermal heating of 
the cell. Fig.5 shows the photocurrent–photovoltage 
characteristics of the DSSCs under the effect of different 
illumination intensities. This plot represents the fourth quadrant 
region of the IV  measurements at different illumination 
intensities. It is clear that the photocurrent and the photovoltage 
increased with the increasing the applied illumination. It is 
evaluated that the dye sensitization of semiconductor materials 
generates a high photovoltages, but with low photocurrents. This 
is mainly due to aggregation and self-quenching of particles 
[6,20].  
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Figure 5  Photocurrent–photovoltage plot of the DSSCs under 
the effect of illuminations. 
 
The influence of the incident light power density on the 
photovoltaic parameters has also been investigated as follows:  

I. The typical values of the short-circuit current  scI  and the 

circuit voltage 
ocV   are determined and then plotted as a 

function of the illumination intensities L  of the prepared 
device as shown in Fig. 6.  It is clear that, both the short 
circuit current 

scI  and the open circuit voltage 
ocV  

increased with the increasing the illumination intensities. 
The DSSC generated power as a function of the 
photovoltage under different of illumination is shown in 
Fig.7. The calculated values of the maximum power 

maxP , 

maximum current 
MI  and the maximum voltage MV  are 

shown in Fig. 8. The low values of power conversion 
efficiency are attributed to the large internal resistance of 
the cells. The internal resistance may reduce the continuous 
movement of the actual charge carriers [21]. 
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Figure 6 The plot of the short-circuit current  
scI  and the open 

circuit voltage 
ocV  as a function of the illumination intensities. 
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Figure 7 Voltage dependence of the generated power under 
different illumination intensity. 
 

II. The variation in the current at different intensities of 
illumination is shown in Fig. 9. It has been observed that the 
variation obeys the power law [22,23]: 

 
γLII scph == ,                                                                       (7) 

where phI  is the photocurrent, L  is the intensity of the light and 

γ  is the scaling exponents, which depends on the recombination 
mechanism. The γ  value was determined from the slope of the 

linear line of the plot LIsc lnln −  and was found to be 1.32. 

The γ values for 0.5, 1.0 are larger than one correspond to 
bimolecular recombination, monomolecular recombination and 
supralinear photocurrent, respectively [22,23]. 
According to the value of the exponent γ , the photoconduction 
mechanism is interpreted by the supralinear photocurrent.  
Finally, the observation of a supralinear photocurrent (γ  > 1.0) 
at fixed temperature and thermal quenching of photocurrent may 
be attributed to exchange in the behavior of the sensitizing 
centers. In other words, the supralinear photocurrent at fixed 
temperature is observed when sensitizing centers change their 
behavior from traps to recombination centers. On the other hand, 
when sensitizing centers change their behavior from 
recombination centers to traps at fixed illumination intensity, 
thermal quenching of photocurrent is observed [22-23]. 
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Figure 8 Plotting of the maximum power maxP , maximum 

current MI  and the maximum voltage MV  as a function of 
illumination intensities. 
 
3.4. An equivalent circuit model of the DSSCs. 
 
To analyze the DSSC characteristics and its efficiency limiting 
factors, we have conducted the device modeling and simulation. 
Fig. 10 shows one-diode equivalent circuit model of the DSSC. 
A constant-current source 

phI  results from the photogenerated 

carriers by the illumination of incident light i.e. the excitation of 
excess carriers by solar radiation [9,24,25]. A diode in shunt with 
a resistance 

shR  represents the rectifying properties of dye/oxide 

interface. 
 
The series resistance 

sR  is mainly caused by the bulk resistance 

of semiconductor materials, metallic contacts, TCO electrode, 
electrolyte and interconnections, and the contact resistance 
between the metallic contacts and the semiconductor. The shunt 
resistance 

shR  is due to leakage across the cell edge, and the 

presence of crystal defects and/or impurities in the junction 
region i.e. dye/oxide interface. The current flow through the 
external load is given by [26]: 
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I I I I I
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Figure 9 Dependence of the photocurrent on the light intensity at 
room temperature in logarithmic scale. 

 
Figure 10 A one-diode equivalent circuit model of dye-sensitized 
solar cells. 
 

4. Conclusions  

 
The electrical conduction mechanisms of the prepared 

TiO2 based DSSC were studied at low and high biasing voltages. 
The device mechanism was controlled by the thermionic 
emission at lower voltage followed by space charge limited 
current (SCLC) at the higher voltages. The electronic parameters 
such as saturation current, the ideality factor, barrier height and 
the mean value of the series resistance of DSSC are 3.892x10-5 
and 4.037, 0.728 and 5.014 kΩ , respectively. The light current-
voltage characteristics showed high performance of the 
photovoltaic properties. The photoconduction mechanism is 
interpreted by supralinear recombination mechanisms.  
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