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Abstract TiO2 dye-sensitized solar cells (DSSCs) coated
with various oxide layers were fabricated via a screen
printing method and the effects of the oxide layers on the
photovoltaic properties were systematically investigated.
The open circuit voltage (Voc) was closely dependent to the
conduction band (CB) edge position and the band gap
energy (Eg) of the oxide layers, while the short circuit
current density (Jsc) was related to the iso-electric point
(IEP). Voc showed an increasing behavior with the CB edge
position of the oxide layers, which could be explained by
the blocking effect of the insulating layers. Although Jsc
was basically proportional to the IEP and the resulting dye
adsorption, there were other factors like the resistance of
oxide layers. The cell efficiency could be enhanced by 60%
when the cells were coated with the oxide layers of high Eg

and IEP.
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1 Introduction

Dye-sensitized solar cells (DSSCs) based on oxide-
semiconductor nanocrystals such as TiO2 are of great
interest as alternatives to the conventional solar cells due
to their high performance and low-cost production [1, 2].
The cell performance is influenced by the parameters such
as morphology and optical properties of nanocrystalline
oxide films [3–6], electrochemical characteristics of redox
electrolytes [7, 8], and photochemical properties of
molecular sensitizers [9–14]. Oxide layers coated on the
TiO2 nanocrystals have received much attention [15]
because the cell efficiency can be enhanced through the
modification. For instance, in case that the oxide layers
such as ZnO [16], CaCO3 [17], Nb2O3 [18], and SrTiO3

[19] were coated on the TiO2 electrodes, the overall cell
efficiency was improved due to the enhanced short circuit
currents and/or open current voltages. The improvement in
cell efficiency has been ascribed to following two factors.
First, the insulating layers with wide band gap and high
conduction band edge can retard the back transfer of
electrons from TiO2 to the electrolytes or dye molecules
[20]. Second, the enhanced dye adsorption by the oxide
layers can improve the cell performance [15]. Because the
oxides layers are more basic than TiO2, carboxyl groups in
the dye molecules can be adsorbed more easily. In this
study, effects of various oxide layers on the performance
of TiO2 DSSCs are investigated more systematically.

2 Experimental procedures

2.1 TiO2 electrode preparation

Porous TiO2 thick films (~20μm) were prepared on
conducting glasses (indium tin oxide, Samsung SDI) via a
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screen printing method. Dense TiO2 thin films (~30nm)
were deposited between the porous film and conducting
glass in order to avoid direct contacting between electro-
lytes and the conducting glass. To make the paste, Degussa
P25 TiO2 powders were mixed with some organics by a
three-roll mill. As-prepared films were dried at 200°C for
1h to remove the solvent. Then, various oxide layers were
coated onto the porous TiO2 layer by a spin coating method
at 5,000rpm for 30s followed by annealing at 450°C for 1h
for the complete removal of organics. Starting materials and
the solvent for coating solutions were Zn-acetate-tetrahydrate,
Ti-isopropoxide, Sn(IV)-acetate, Zr-butoxide, Mg-methoxide,
Al-butoxide and 2-methoxyethanol, respectively. To make the
Zn-solution, diethanolamine was added as a chelating agent.
All chemicals were purchased from Aldrich and used as-
received. The thickness of oxide layers was controlled to be
approximately 20nm by adjusting the concentration of coating
solutions.

2.2 Cell fabrication and characterization

For the fabrication of solar cells, the electrodes formed
were immersed in a solution of ruthenium dye (ruthenium
(2,2′bipyridyl-4,4′-dicarboxilate)2(NCS)2 (Solaronix), dis-
solved in ethanol) for 2h at 50°C. The resulting electrode
with dye-adsorbed film was assembled with a Pt-sputtered
glass electrode to form a sandwich-type dye cell. A drop of
an electrolyte solution (Solaronix) was infiltrated into the dye
cell. Photocurrent–voltage characteristics of each film were
measured with a potentiostat (CHI 608A, CH Instruments)
under the illumination of AM 1.5 (intensity = 100mW/cm2).
To characterize the dye adsorption, dye molecules were
desorbed from the photoelectrodes by soaking in alkaline
alcoholic solutions. UV-Vis Spectrophotometer (LAMBDA
650, Perkin-Elmer) was used to determine the amounts of
dye molecules in the solution. High resolution-transmission
electron microscopy (HR-TEM; JEM 3000F, JEOL) was
used to investigate the thickness and uniformity of the oxide
layers coated on nanocrystalline TiO2. The transient photo-
current was measured using an oscilloscope (TDS 420A,
Tektronix) and the Nd:YAG laser (NL 303H, EKSPLA,
355nm, 0.2J/cm2, 10Hz, 4.5ns pulse duration).

3 Results and discussions

Current–voltage characteristics of DSSCs coated with
various oxide layers are compared in Fig. 1. As can be
seen in Fig. 1, photovoltaic properties of TiO2 DSSCs are
directly influenced by the oxide layers, since the major
solar cell parameters such as the open circuit voltage (Voc)
and the short circuit current density (Jsc) show remarkable
changes with the oxide layers. Measured solar cell
parameters and the important information on the coating
layers are listed in Table 1. According to the Table 1, the
cell efficiency is also dependent on the species of the oxide
layers (i.e. on the conduction band (CB) edge position,
band gap energy (Eg) and the iso-electric point (IEP) of
oxide layers). In order to investigate the effects of oxide
layers on the cell efficiency, it is desirable to consider their
effects on Voc and Jsc separately. Although the fill factor
(FF) is also an important cell parameter, it was excluded
since it does not show any remarkable changes with the
oxide layers.

At first, we investigated the effects of oxide layers on the
Voc. As can be seen in Fig. 2, which shows the Voc as a
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Fig. 1 Current–voltage characteristics for DSSCs coated with various
oxide layers

Table 1 Solar cell parameters for cells coated with various oxide layers

Oxide layer Eg (eV) Voc (V) Jsc (mA/cm2) FF (%) Efficiency (%) IEP (pH)

ZnO 3.0 0.662 6.51 53 2.30 9.5
TiO2 3.2 0.678 8.06 46 2.53 5.5
SnO2 3.8 0.682 7.20 54 2.66 4.0
ZrO2 5.0 0.711 8.16 57 3.32 5.1
MgO 7.8 0.734 9.29 58 3.98 12.5
Al2O3 8.8 0.740 8.91 58 3.84 9.2
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function of the CB deviation from TiO2, Voc is almost
proportional to the CB deviation especially for high CB
oxide layers. They exhibited the similar behavior when
plotted as a function of Eg, but CB edge position is selected
as an independent parameter since it is a more direct factor
to affect the Voc. Two possible mechanisms for the
increased Voc can be suggested; blocking effects and
surface dipole effects. In the case of the DSSCs coated
with oxide layers of higher conduction edges (usually
higher Eg), the coating layers act as blocking barriers for
the recombination of the injected electrons either with the
oxidized dye molecules or with the oxidized redox couple.

The photocurrent transient seen in the inset of Fig. 2
confirms that the charge recombination has been retarded
by the oxide layers with high CB edge and Eg since the
characteristic time increases. If the recombination of the
injected electrons is retarded, the electron population and
the resulting quasi Fermi level of TiO2 nanocrystals near
the coating layer will increase. As a result, Voc will increase
due to the increased offset between the quasi Fermi level of
TiO2 nanocrystals and the red/ox level of electrolytes. This
is the “blocking effect” of the insulation layer. The other
possible mechanism is “surface dipole effect” which is not
related directly to the charge recombination. If the coating
layers induce the positive charges near the surface of the
coating layers, an electrostatic field will be generated,
which can increase the offset of conduction edges. Then,
the Voc will also increase. The oxide layers with high IEP
such as MgO and Al2O3 can introduce the electrostatic
field, since they attract more dye molecules which can
deprotonate the TiO2 nanocrystals.

Effects of oxide layers on the Jsc were also investigated.
It is readily understood that Jsc will be influenced by the
amounts of adsorbed dye molecules, since they can produce
electrons by absorbing the light. Jsc and the amounts of
dye-adsorption are presented as a function of IEP in Fig. 3.
To compare them clearly, deviations from the TiO2 layer are
plotted. Jsc is expected to increase with increasing IEP since
the dye adsorption increases monotonically as seen in
Fig. 3. However, there are two exceptions in the increasing
trend. In the case of ZnO layer [denoted as (1) in Fig. 3], Jsc
is smaller than TiO2 by 19%, while dye adsorption is larger
by 24%. Much smaller Jsc relative to the dye adsorption can
be ascribed to the defective nature of ZnO. Many defects
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and states of ZnO layer may trap the electrons, which can
lower the current density. Corrosion of ZnO in the electro-
lytes can be another reason. In cases of MgO and Al2O3

[denoted as (2) in Fig. 3], increment in Jsc is smaller than
dye adsorption by 12% and 14% for Al2O3 and MgO,
respectively. This result can originate from the highly
insulating nature of MgO and Al2O3. While Jsc is enhanced
by the high electron population due to the large dye-
adsorption, the increment may be lessened since the injection
of electrons through the insulating layers is difficult.

The cell efficiencies of the DSSCs coated with various
oxide layers are presented in Fig. 4. The cell efficiency can
be calculated as the following equation.

Efficiency %ð Þ ¼ Voc � Jsc � FF

Pinput
� 100 ð1Þ

The cell efficiency shows an increasing manner with the
increasing Eg. This result can be readily understood since
Voc and Jsc shows a similar manner to the efficiency as can
be seen in the inset of Fig. 4.

4 Conclusions

TiO2 DSSCs coated with various oxide layers were
fabricated and the effects of the oxide layers on the Voc,
Jsc and the resulting cell efficiency were investigated. Voc
increased with the increasing conduction band (CB) edge
position of the oxide layers, which could be explained by
the “blocking effect” of oxide layers with high CB edges.
Although Jsc was basically proportional to the iso-electric
point (IEP) and resulting dye-adsorption, defects and
insulation of oxide layers made some exceptions. The cell
efficiency, which can be determined by Voc, Jsc and the fill
factor, showed an increasing manner with the increasing Eg,
since both of Voc and Jsc showed an increasing behavior. In
cases of MgO and Al2O3 layers, the cell efficiency was near
4%, which was enhanced by approximately 60% compared
to TiO2 layer.
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