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Abstract Pt electrode prepared by chemical method has

been employed as counter electrode in dye-sensitized solar

cell. TiO2 nanomaterial was deposited on fluorine-doped

tin oxide substrate to be used as photoanode. Structure of

the TiO2 and Pt films was investigated by atomic force

microscope. The effect of illumination intensity on the

photovoltaic parameters such as open circuit voltage, short

circuit current density, output power, fill factor and effi-

ciency of these cells was investigated in the range

2.5–130 mW/cm-2. The cell efficiency is stable above

70 mW/cm2. The fill factor is almost constant all over the

studied range of illumination intensity. Impedance spec-

troscopy of the studied device as the summary measure-

ments of the capacitance–voltage, conductance–voltage

and series resistance–voltage characteristics were investi-

gated in a wide range of frequencies (5 kHz–1 MHz). At

low frequencies, the capacitance has positive values with

peak around the origin due to the interfaces. At 200 and

300 kHz, the capacitance is inverted to negative with fur-

ther increasing of the positive biasing voltage. Above

400 kHz, C–V profile shows complete negative behavior.

Also, the impedance–voltage and phase–voltage charac-

teristics were investigated. This cell shows a new promis-

ing device for photosensor applications due to high

sensitivity in low and high illuminations.

1 Introduction

Dye-sensitized solar cells (DSSCs) have recently attracted

widespread scientific and technological interest due to their

simple process, high efficiency and low cost alternative to

conventional inorganic photovoltaic devices [1–3]. DSSC

consists of a photoanode which is nano-crystalline film

deposited on a SnO2:F transparent conductive glass, a dye

adsorbed and chemically anchored on the nanocrystalline

film, an electrolyte solution (normally based on the I3
-/I-

redox couple), and a platinized SnO2:F glass as a counter

electrode [2, 3].

The conversion of the absorbed photon to electrical

current in DSSCs is achieved by exciting the electrons in

the dye molecules (HOMO level) and jump to unoccupied

upper level (LUMO level). These electrons are then

injected into the conduction band of the photoanode and

pass through the photoanode layer to the transparent con-

ductive glass and to a load. The vacant HOMO level is then
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filled with electrons supplied by the iodide (I-) ions in the

electrolyte, while iodide is oxidized to tri-iodide (I3
-). Thus,

the sensitizing dye plays an important role in the absorption

of the photons and generation of electron and hole pairs;

the charge carriers are transferred to the photoelectrode and

the electrolyte. Meanwhile, the platinum counter electrode

acts as a catalyst for the redox reaction of the ions in the

electrolyte solution and reduces the tri-iodide back to

iodide [4, 5]. Conventional counter electrodes of DSSCs

prepared by the methods such as electrochemical deposi-

tion and sputtering have the higher platinum loadings due

to which they are not suitable for the low-cost approach for

the fabrication of DSSCs [6].

Our work is focused on the fabrication and analysis of

the results for TiO2 DSSC based on nanostructure Pt

counter electrode which has been prepared by chemical

deposition dropping of alcoholic solution on the highly

cleaned FTO glass followed by sintering at 400 �C for

30 min. This process involves the reduction of metallic

platinum as tightly adhered nanoscale clusters on the sub-

strate surface, as a simple and low-cost method. The pho-

tovoltaic performance of characterization of its

effectiveness on the photovoltaic performance of DSSCs

has been studied. Also, the electrical conduction mecha-

nism under the effect of light, the capacitance–voltage, the

conductance–voltage, and the series resistance–voltage

characteristics of the solar cell have been measured in a

wide range of frequencies.

2 Experimental procedures

2.1 Fabrication of dye-sensitized solar cell

The nanoporous TiO2 were prepared as published previ-

ously before in our work [5–8]. TiO2 colloid paste was

dropped on the FTO glass and spread by using a doctor

blading technique. The process was done for several times

to form a thick TiO2 film of about 10 lm. Finally, the

porous TiO2 thick film was sintered in a tube furnace at

450 �C in the environmental conditions for 30 min. The

tube furnace was allowed to cool down, and then, the

photo-/counter electrode was ready to be immersed in Ru-

dye (N719) with concentration of a 2.5 9 10-4 M soluble

in ethanol for 24 h. The photo-/counter electrode was

washed several times by anhydrous ethanol and dried in

moisture-free air. The electrolyte solution was papered as

follows [7, 8]: 0.5 M lithium iodide ?0.05 M iodine ace-

tonitrile. The counter electrode Pt/FTO were prepared by

dropping of alcoholic solution of H2PtCl6 (2 mg of H2PtCl6
in 1 mL of ethanol) on the highly cleaned FTO glass, and

after that it was heated up to 400 �C for 15 min in a tube

furnace. Liquid iodide electrolyte solution was injected

between the clipped photo-/counter electrodes. A

cyanoacrylate adhesive was used to prevent any leakage of

the electrolyte from the clipped cell. Finally the cell was

sealed by using epoxy resin [7, 8].

2.2 Measurements and devices

Atomic force microscope (AFM) (model type: Park Sys-

tem, XE100) was used to study the surface morphology of

both photoelectrode and the counter electrode using non-

contact mode. The analysis of the grain size and the

roughness was done by Park system software. Current–

voltage/capacitance–voltage characteristics under different

illumination intensities were measured by Keithley-4200

semiconductor characterization system. The light intensity

was controlled via a Small-Area Class-BBA Solar Simu-

lator by changing the current throughout the lamp. Also,

for more accurate measurements of the light intensity, the

light was controlled by (TM-206) solar power meter. All

measurements were taken at room temperature under

environmental conditions.

3 Results and discussion

3.1 Structure morphology of Pt/FTO glass

The structure properties of TiO2 thick film on FTO were

studied by AFM. Both the grain size and the film roughness

were measured. Figure 1a represents the 2D micrographs

of TiO2/FTO with grain size equal to 63.44 nm and

roughness equal to 46.78 nm. The TiO2/FTO film electrode

consists of spherical TiO2 nanoparticles. The Pt/FTO

counter electrode has a cluster shape that consists of

nanoparticles with cluster size equal to 192.12 nm and

roughness equal to 15.69 nm.

3.2 Photovoltaic characteristics

Figure 2 shows the current density–voltage (J–V) charac-

teristics of the DSSC under different illumination intensi-

ties ranging from 2.5 to 130 mW/cm2. It can be seen that

the cell shows photovoltaic behavior for the studied DSSC-

based TiO2 photoanode.

From the analysis of Fig. 2, some parameters concern-

ing the photovoltaic response of the solar cell were

extracted such as open circuit voltage Voc, short circuit

current Jsc, the efficiency g and the fill factor FF. Open

circuit voltage can be defined as the voltage of the cell

produced when there is no current source (i.e., I = 0). The

short circuit current can be defined as the current of the cell

produced when the two electrodes are shorted (i.e., V = 0).
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The device shows a high sensitivity at lower illuminations

supporting its applications in photo/light sensor.

The dependence of Voc and Jsc on the illumination

intensity L is shown in Fig. 3a, b. It is clear that the short

circuit current density increases linearly with increasing

illumination intensity, while the increase in the open circuit

voltage with increasing illumination intensity become

slower after 50 mW/cm2 which mean that this solar cell

can work in diffused light as shown in Fig. 3a. For further

investigation, the increase in the short circuit current den-

sity Jsc with increasing illumination intensity was found to

satisfy the following equation [9–11]:

Jsc ¼ BP
c
in ð1Þ

where B is a constant. The exponent c determines the type

of the recombination mechanism, i.e., the c values 0.5 and

1.0 correspond to bimolecular recombination and

monomolecular recombination mechanism, respectively

[8–10]. It can be determined from the plotting of ln Jsc
versus ln L as shown in Fig. 3b. The value of c was found

Fig. 1 a 2D AFM micrograph of TiO2/FTO thick film, b 2D AFM

micrograph of Pt/FTO thin film
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Fig. 2 J–V characteristics under different illumination intensities for

the studied TiO2 DSSC solar cell
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Fig. 3 a Dependence of Voc and Jsc on the illumination intensity,

b ln Jsc versus lnL for the studied TiO2 DSSC solar cell
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to be 1.27, whereas the value of exponent lies between 0.5

and 1.0 for continuous distribution of trapping centers [9–

11]. It is clear that the value of m is larger than 1, and so the

conduction mechanism under different light intensities can

be interpreted as the increase in the mobility at higher

density of carriers and field-enhanced dissociation of

excitons [12–15]. The increase of Jsc with light intensity

almost linearly. This suggested that both the photo-oxi-

dization and regeneration (by the I-/I3
? ions) of the

adsorbed dye molecule are very efficient. The dynamic

process of the studied dye is working according to its

conduction mechanism [16].

The voltage dependence of the output power (P = IV)

under different illumination intensities is shown in Fig. 4.

It is seen that the power has a maximum value PM at

certain values of current density (JM) and voltage (VM). It

is clear that the power conversion increases with the

increase in the light intensity until 350 lm at 140 mW/

cm2. The fill factor (FF) and power conversion efficiency

(g) of the DSSC are calculated by the following equations

[17]:

FF ¼ VMJM

VocJsc
; ð2Þ

g ¼ VocJsc

Pin

xFF� 100 %; ð3Þ

The dependence of the fill factor (FF) and power conver-

sion efficiency (g) is shown in Fig. 5. With increasing

illumination intensity, the fill factor decreases slightly

along with increasing light intensity, while the efficiency is

increased exponentially with increasing the illuminations

until 2.57 at 130 mW/cm2.

3.3 Capacitance–voltage characteristics

In order to study the capacitance behavior of the studied

DSSC, the capacitance–voltage characteristic is measured

at different frequencies ranging from 5 kHz to 1 MHz (as

seen in Fig. 6a. It is clear that the capacitance shows a peak

at low frequencies. The origin of such peak has been

ascribed to the interface states and series resistance effect

[18]. With increasing the frequency, the capacitance shows

a plateau in the negative bias. At 200 and 300 kHz, the

capacitance is converted from positive to negative as

shown in Fig. 6b. At the higher frequencies, all the C–

V profiles are negative values [18]. The negative capaci-

tance appears in DSSC with other configurations as

reported by Yahia [5, 7, 8]. In DSSCs, the origin of neg-

ative capacitance (inductive) is due to the electrons injec-

ted from the front electrode of fluorine-doped tin oxide into

titanium dioxide (TiO2). The time delay between electron

injection and the modulation of the hole concentration

leads to the observed inductive behavior [5–8, 14, 19].

The conductance–voltage characteristics of the investi-

gated DSSC are shown in Fig. 7. At low frequencies, the

conductance G decreases till it reaches a minimum then

increases again with increasing the biasing voltage. This

seems to be inverted behavior of the capacitance as shown

in Fig. 6a. Also, the conductance increases with increase in

the frequency. At the higher frequencies, the conductance

shows a plateau which increases with increasing the fre-

quency under the negative biasing. In the positive biasing,

the conductance G increases suddenly to show another

plateau which decreases with increasing the frequency.
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Fig. 4 Voltage dependence of the calculated power P under different

illumination intensities for the studied TiO2 DSSC solar cell
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3.4 Series resistance, impedance and phase change

characteristics

The series resistance Rs of the solar cell can be calculated

from the measured capacitance and conductance according

to the following equation [5–8]:

Rs ¼
G

G2 þ ðxCÞ2
; ð4Þ

The Rs–V is shown in Fig. 8a. It is clear that the series

resistance decreases with increasing the frequency. The

series resistance is the real part of the impedance. The same

behavior can be seen for the impedance–voltage data for

the studied DSSC (see Fig. 8b). The decrease in the series

resistance and the impedance with increasing the applied

frequency can be explained as follow: the interface state

can follow the ac signal and yield an excess capacitance at
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the lower frequencies. While at the higher frequencies, the

interface states cannot follow the ac signal.

Figure 9a, b represents the relation between theta (h)
and the biasing voltage at different frequencies. Phase

change (h) is the phase difference between the applied ac

voltage and the ac current flowing through the device [20].

It is clear that at low frequency (B100 kHz), theta has a

negative value. At 200 and 300 kHz, theta has negative

value and increases by increasing the applied voltage to

reach a positive value. At higher frequencies, the phase

change has positive value. The negative phase means a

capacitive dominant response, however, a phase of 0 means

a resistive dominant response, and the abnormal positive

phase confirms the negative capacitance behavior at the

high frequencies.

4 Conclusions

Photovoltaic and impedance characteristics of the dye-

sensitized solar cell based on nanostructure Pt have been

investigated by current–voltage and capacitance–voltage

measurements. The cell shows photovoltaic behavior short

circuit current density (Jsc = 10.5 mA/cm2) and open cir-

cuit voltage (Voc = 0.575 V) at condition AM1.5. The cell

efficiency is stable at 2.5 % above 70 mW/cm2. The fill

factor is almost constant (about 0.6) all over the studied

range of illumination intensity. The cell exhibits a con-

version behavior from the positive capacitance to the

negative capacitance. This cell has promising photovoltaic

and impedance characteristics. The sensitivity of this

device towards the lower and/or higher illumination sup-

ports its application in optoelectronic devices.
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