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Effect of the photoanode fabrication condition, electrolyte type
and illumination type on dye-sensitized solar cells performance
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Abstract. The combination of the photoanode fabrication condition, electrolyte type and light source effect on dyesensitized solar cell (DSSC) performance were investigated. Three different photoanodes (C1, C2 and C3) were used with
different fabrication conditions with two different redox concentration electrolytes (30 and 50 mM) for each photoanode.
For these six different combinations, DSSC performances were obtained for 12 different situations using two different
light sources, AM 1.5 simulated and ultraviolet (UV-365 nm) illumination. It was obtained that the HI30 electrolyte has
higher efficiency for UV illumination and the AN50 electrolyte has higher efficiency for AM1.5 simulated illumination. It
was also obtained that the C2 cell with double layer immersed in dye solution has higher efficiency for both two
illumination types and two electrolytes.
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Introduction

Due to increasing industry and technology, the demand for
usable electrical energy is increasing day by day. On the
other hand, generating electricity from fossil fuels becomes
more difficult due to both decreasing resources and damaging the nature. For this reason, renewable and green
energy resources have gained importance nowadays. Sunlight, an abundant and renewable energy source, is the most
promising candidate to change fossil resources. As a result,
researches on photovoltaic (PV) devices that convert solar
energy into electricity are of great importance. Dye-sensitive solar cells (DSSCs) are PV devices that attract great
attention due to their cost effective and simple production.
A wide variety of semiconductor oxide can be used as an
electronic transport layer in the photoanode of a DSSC.
Many oxides, such as TiO2, ZnO and SnO2, have been
successfully used as photoanode materials in the DSSC
industries [1–3]. The pioneering dye-sensitized nanocrystalline TiO2 solar cell (DSSC), studied by O’Regan and
Grätzel in 1991, has attracted intensive scientific and
industrial attention until today. Due to these pioneering
studies, the iodide/triiodide (I =I
3 ) redox pair has been
used as the main redox material for electrolyte for DSSCs
[4–6]. Though each component is important, sensitizer and
electrolyte are critical components in DSSC due to their
high efficiency and low production cost. So far, some
ruthenium complexes, organic coumarin and indoline dyes

have achieved high PV performances. In spite of that, only
one amphiphilic heteroleptic ruthenium complex referred to
as Z-907 has yielded devices that are stable under prolonged
thermal stress at 80°C [7].
In the DSSC, the gap between the electrodes is filled with
an electrolyte. The iodide/triiodide (I =I
3 ) redox pair,
which has proven to perform best in DSSC, has been used
for this purpose [8–10]. Voc in DSSCs is governed by energy
difference between the Fermi level of the wide bandgap
semiconductor and energy level of the redox electrolyte.
Electrolytes in DSSC control the overall power conversion
efficiency (PCE) by controlling the Voc. In this respect, the
composition of the electrolytes is very important to ensure
DSSC performance and durability. Different metal salts
containing liquid electrolytes and ionic liquids are used as
redox pairs in DSSC. These include such as triiodide
–
–
–
–

(I
3 =I ) based, thiocyanate SCN /(SCN)3, SeCN /(SeCN)3,
–
–
pseudo-halides (Br /Br3) and cobalt-based electrolyte in
various types of organic solvents (i.e., acetonitrile, 3methoxypropionitrile) and heterocyclic compound (i.e.,
ethylene carbonate, propylene carbonate, c-butyrolactone)
[10]. A main function of these additives is to prevent the
back-reaction of injected electrons with the residues (I
3 ),
present in the electrolyte by passivating, upon adsorption of
the semiconductor surface that is uncovered by the dye [11].
It is well known that thiocyanate shows high transparency
in the visible spectral region and easily absorbs energy
photons of UV–VIS frequencies. Thus, thiocyanate
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improves performance on charge transport and dye sensitivity. Besides, the thiocyanate has a cation-reduced ion
coupling effect for planar structure and strong charge
localization [12].
Morphological properties of the nanocrystalline semiconductor in DSSC are the most important components for
effective light collection and energy conversion.
Nanocrystalline molecules provide both high semiconductor/electrolyte interaction and effective adsorption/absorption surface for efficient energy conversion due to their high
surface-to-volume ratio. In literature there are many studies
examining the performance of DSSCs depending on photoanode fabrication condition [13–17], double-layered
photoanode [18], dye type [7,13,19,20], electrolyte combination [21,22] and illumination type [23].
In the present investigation, three different fabrication
conditions of the photoanodes and two types of electrolytes
were used in DSSC. Also, to obtain total effect of these
factors in DSSC, both AM1.5 simulated solar illumination
and ultraviolet (UV-365 nm) illumination were used as light
source for each sample combination.

2.

Experimental

To prepare photoanodes, fluorine-doped tin oxide (FTO)coated glass was used. Before the doctor-blade coating of
FTO surface, the glass was cleaned with ethanol in ultrasonic bath for 15 min. To obtain counter electrode of the
cells, ethanolic solution of Platisol T/SP was stirred for
15 min at 500 rpm. A spin coater was used to coat the FTO
surface with rotation speed of 2000 rpm. For each cycle
(30 s) 100 ll of Platisol solution was dropped onto FTO
glass. Later, the counter electrode was annealed at 450°C
Table 1.
Sample
C1
C2
C3

Figure 1.

Photoanode fabrication conditions.
Fabrication conditions
20 lm TiO2
20 lm TiO2 ? dye ? 20 lm TiO2
40 lm TiO2

? Dye
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for 30 min after surface drying [13]. Titanium dioxide
(TiO2) films were prepared by[95% anatase colloidal paste
purchased from Sigma Aldrich and the films were annealed
at 350°C for 30 min at each step. Three different photoanodes were used and they were named as C1, C2 and C3
solar cells. Each photoanode fabrication condition is given
in table 1 and schematic illustration of the three kinds of
photoanodes is given in figure 1.
The prepared samples were put into 0.15 mM Z907 dye/
N,N-dimethylformamide (DMF) dye solution for 12 h. Two
different electrolytes AN50 (50 mM redox concentration)
and HI30 (30 mM redox concentration and with the addition
of thiocyanate) purchased from Solaronix were used to
obtain the effect on electrical parameters. The PV measurements of the cells were carried out by a Keithley 2400
source-meter under 100 mW cm-2 (AM1.5) solar simulator
and 100 mW cm-2 UV (365 nm) light source.

3.

Results and discussion

The surface morphologies of the fabricated three type
photoanodes were characterized by a scanning electron
microscope (SEM) and an atomic force microscope (AFM).
Figure 2 shows the SEM images of the C1, C2 and C3
samples’ cross-sectional view, while figure 3 shows the
surface view. Cross-sectional views clearly show that the C1
sample with one TiO2 layer has about 20 lm thickness,
while C2 and C3 samples have about 40 lm thickness due to
twice and double TiO2 layer.
Figure 4 shows the AFM results of the C1, C2 and C3
samples. Surface morphology and topology are quite
important properties for both adsorption of dye and sun
light due to higher surface/volume ratio. In this sense, the
surface roughness is an important parameter as well as the
nano-size of the particles. The increased roughness value
contributes to a high surface/volume ratio. The roughness
values obtained from the AFM analysis are 77, 80 and 93
nm for C1, C2 and C3 samples, respectively.
PV characteristics of the three different samples were
performed with a solar simulator and a UV (365 nm) light
source. Also, to obtain electrolyte effect on PV parameters
of the cells, two different solutions were used. Current

Schematic illustration of the C1, C2 and C3 photoanodes.
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Figure 2.

Figure 3.
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Thickness of the TiO2 layers for C1, C2 and C3 cells.

SEM images of the TiO2 layers for C1, C2 and C3 cells.
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Figure 4.

AFM images of the TiO2 layers for C1, C2 and C3 cells.

Figure 5.

Current density–voltage (J–V) plots of the C1, C2 and C3 cells for different conditions.
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Photovoltaic parameters of the cells for different conditions.
AN50 Electrolyte

C1
C2
C3

60

AM1.5
UV
AM1.5
UV
AM1.5
UV

HI30 Electrolyte

Voc (V)

Jsc (mA)

FF (%)

g (%)

Voc (V)

Jsc (mA)

FF (%)

g (%)

0.60
0.60
0.60
0.61
0.57
0.58

2.45
1.31
2.64
3.46
2.58
3.83

51.69
52.73
56.52
31.74
55.37
48.06

0.76
0.41
0.90
0.67
0.82
1.07

0.62
0.64
0.62
0.62
0.59
0.59

2.03
3.05
2.24
3.36
2.11
3.51

58.65
54.86
32.08
54.55
58.05
53.56

0.74
1.07
0.45
1.14
0.72
1.11

density–voltage (J–V) characteristics of these cells are
given in figure 5 and table 2, respectively. Photocurrent
density–voltage (J–V) graphs of C1, C2 and C3 cells, whose
fabrication details are given in table 1, are given in figure 5a, b and c, respectively. The plots of the sample containing AN50 and HI30 electrolytes for each cell are shown
under dark, AM1.5 simulated light (Sun) and UV illumination. While dark curves for all three cells (C1, C2 and C3)
are almost independent of the electrolyte type, the curves
under illumination are highly dependent on the electrolyte
type.
The energy conversion efficiency (g) was calculated by
using the following equation:
Pm
Vm Jm Voc Jsc FF
g¼
¼
¼
ð1Þ
Plight
Plight
Plight
where Pm is maximum power point (=VmJm), Plight is
incident light power, Voc is open circuit voltage, Jsc is short
circuit current density, FF is fill factor of the cell.
Table 2 shows the open circuit voltage (Voc), short circuit
current density (Jsc), fill factor (FF) and efficiency (g) of the
fabricated cells. From the table, it can be clearly said that
the electrolyte AN50 provides higher efficiency with higher
Jsc for each cell under solar illumination due to higher redox
concentration, whereas the HI30 electrolyte provides higher
efficiency for each cell under UV illumination. Besides, as
can be seen from the table, the Voc values obtained for HI30
electrolyte are higher in all conditions. The electrolyte
composition consists of the solvent, redox couple and
additives, affects both the activity of each species and the
standard electrochemical potential. As a result of this, the
overall electrochemical potential is affected. Since the HI30
electrolyte contains additionally thiocyanate, the Voc values
of all the cells become higher for both AM1.5 and UV
illumination due to the changing chemical potential of the
electrolyte. Also, it was obtained that the current density
and efficiency of the C2 solar cell are higher than others
under AM1.5 solar illumination with AN50 electrolyte and
UV illumination with HI30 electrolyte.
Illumination of a DSSC with a light source results in the
generation of electron–hole (or ion) pairs in the active
region. Some of these newly generated charge carriers can
recombine, while some of them can be dragged in opposite

directions and thus they contribute to photocurrent. In a
DSSC, Voc and Jsc are related to the following equation
[13,24,25]:

  
Iinj
kB T
Voc ¼
ln
;
ð2Þ
q
Ir
where kB, T, q, Iinj, Ir are Boltzmann constant, temperature in Kelvin, injected current from the excitation of the
dye molecules and the charge-recombination current,
respectively. Upon photo-excitation of sensitizing dye
molecules, electrons are injected into the conduction
band. Alternatively, the injected electrons can undergo
surface recombination with either the oxidized half of the
redox couple in solution or oxidized dye molecules.
However, at the high concentration of I– ions, recombination of injected electrons with dye molecules can be
neglected. The observed photocurrent density Jph is thus
given by [26]:
Jph ¼ Jinj  Jr ;

ð3Þ

Jinj is related to the ratio of absorbed photon flux. Increased
Jph affects both Jsc and FF. Photoanode thickness and fabrication conditions are important to increase Jinj and thereby
to increase both Jsc and Voc. Increased photoanode roughness and optimization of the optimal dye adsorption and
light absorption, increase overall yield for the reasons listed
above. As shown in table 2, the Voc values for each electrolyte are almost the same for C1 and C2 samples, while the
Voc values of C3 are lower. Although C3 has the same
thickness with C2 and the highest roughness, Voc values are
lower than C1 and C2. The notable enhancement of the PV
efficiency was obtained with double-layer photoanode
(TiO2 nanowire arrays and nanoparticles) PV performance
by Wu et al [18]. They reported that the notable enhancement of the PV efficiency is mainly attributed to faster
electron transport, lower electron recombination and superior light scattering ability. Also in our study, there is an
adsorbed dye layer between the double TiO2 layers. In the
literature, when anchored to TiO2, ruthenium based-dyes
have been reported to be stable at higher temperatures
(above 250°C) [23,27]. Considering the obtained data and
the studies in the literature, the C2 cell has higher PV efficiency and can be attributed to the shorter path for Jinj,
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faster electron transport, lower electron recombination and
higher light scattering ability.

4.

Conclusions

The effects of the TiO2 layer thickness and its formation
conditions, electrolyte type and illumination type on performance parameters of DSSC were investigated. The
results clearly show that the overall performance of the
fabricated solar cells strongly depends on the TiO2 layer
thickness and its formation conditions, electrolyte type and
illumination type. It was obtained that the HI30 electrolyte
has higher efficiency for UV illumination and the AN50
electrolyte has higher efficiency for AM1.5 simulated illumination. It has also been found that the C2 cell has higher
efficiency for both types of illumination compared to other
cells, but these high efficiencies are obtained for different
electrolytes. In summary, the results of this study indicate
that the solar illumination efficiency can be increased by
dye adsorption at much thinner TiO2 layer structures for
each stage with suitable electrolyte and illumination type.
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