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Enhancing Efficiency of Dye-Sensitized Solar Cells
Using TiO2 Composite Films and RF-Sputtered

Passivating Layer

CHANG HYO LEE, KYUNG HWAN KIM,
AND HYUNG WOOK CHOI∗

Department of Electrical Engineering, Kyungwon University,
Gyeonggi-do, Korea

The aim of this work is to prevent the backtransfer of electrons due to direct contact
between the electrolyte and the conductive substrate by using TiO2 passivation. A thin
TiO2 passivating layer was deposited on a fluorine-doped tin oxide (FTO) glass by radio
frequency (RF) magnetron sputtering at different RF powers and substrate temperatures.
A nanoporous TiO2 nanoparticles/TiO2 nanotubes (TNTs) upper layer was deposited
by the screen-printing method on the TiO2 passivating layer. The crystal structure
and the morphology were characterized by X-ray diffraction (XRD) and a scanning
electron microscope (SEM). The transmittance of TiO2 films were characterized by
ultraviolet–visible spectroscopy (UV-Vis). The conversion efficiency of a dye-sensitized
solar cell (DSSC) was measured by a solar simulator (100 mW cm−2). The thickness
and the crystalline structure were adjusted by applying various working conditions, and
the optical transmittance of the TiO2 films depended on the morphology of the TiO2

passivating layer. Using a TiO2 passivating layer and a TiO2/TNT hybrid electrode,
the maximum conversion efficiency of the DSSC was measured to be 5.12%, due to the
effective prevention of electron recombination to electrolyte. It was also found that the
conversion efficiency of the DSSC was highly affected by the crystalline structure and
thickness of the passivating layer.

Keywords DSSCs; passivating-layer hydrothermal method; TiO2 nanotube

Introduction

Dye-sensitized solar cells (DSSCs) have been studied intensively since their discovery in
1991 for use in a new generation of energy-harvesting devices because of their simple
structure and functioning, low-cost fabrication, transparency, color control, and applicabil-
ity in flexible DSSCs [1,2]. DSSCs have been studied extensively over the past few decades
also as cheaper alternatives to silicon solar cells owing to their high-energy-conversion
efficiency and low production cost [3,4]. DSSCs consist of a wide band-gap mesoporous
metal oxide film, such as that of TiO2, deposited on a conducting oxide layer as an electron
transport layer; an organic dye as a sensitizer, such as ruthenium; an electrolyte as an
ionic electron conductor, such as iodolyte; and a high work function metal as the counter
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10/[212] C. H. Lee et al.

electrode, such as platinum—i.e., DSSCs are composed of a dye-absorbed nanoporous
TiO2 layer on a conducting glass substrate, redox electrolytes, and a counter electrode. A
unidirectional charge flow with no electron leakage at the interfaces is essential for high-
energy conversion efficiency [5]. The energy conversion efficiency is likely to be dependent
on the morphology and structure of the dye-adsorbed TiO2 film. Grätzel et al. introduced
mesoporous TiO2 films as photoanodes to enhance the effective surface area to absorb
more dye molecules and thus to achieve more light absorption and greater efficiency [6,7].
Subsequently, researchers started to explore the use of ordinal TiO2 in DSSCs; this includes
TiO2 nanowires, nanorods, and TiO2 nanotubes (TNTs). The high level of dye adsorption
on TiO2 in the form of nanorods and nanotubes is expected because of the high surface
area of these nanostructures. The preparation of TNTs by a hydrothermal treatment of TiO2

nanoparticle in a 10M NaOH aqueous solution has been reported [8,9]. In addition, to obtain
high-performance DSSCs, it is desirable to prevent the carrier leakage at the nanoporous
TiO2/fluorine-doped tin oxide (FTO) interface by electron transfer to redox ions in the elec-
trolyte [10]. To avoid this problem, a TiO2 thin film is used as a compact layer in DSSCs
[11]. During the last decade, many studies have been reported on the electrode modification
of TiO2. Some researchers have tried to prepare thin TiO2 blocking (passivating) layers
by dry processes, such as the sputtering method [12] and the chemical vapor deposition
method [13], which are suitable for forming uniform and fine membranes over a large area
with more stable material properties than those prepared using wet processes.

In this work, a thin TiO2 passivating layer was deposited on an FTO glass by radio
frequency (RF) magnetron sputtering at different RF powers and substrate temperatures. In
addition, a nanoporous TiO2 upper layer was prepared by an application of TNTs and TiO2

nanoparticles constructed by the sol-gel method and the hydrothermal method.

Experimental Details

Deposition of TiO2 Passivating Layer

To prevent the leakage caused by an electron transfer to the electrolyte, dense TiO2 passi-
vating layers were employed. Optically transparent conducting glass [FTO (fluorine-doped
SnO2, sheet resistance 8 �/sq)] was washed in ethanol and deionized (DI) water in an
ultrasonic bath for 10 min. A passivating TiO2 underlayer, 2′′ in diameter and 0.25′′ in
thickness, with a purity of 99.99%, was deposited onto the FTO glass by sputtering with
an RF magnetron at different RF powers (80 W, 120 W, 160 W, and 200 W) and substrate
temperatures (room temperature, 200◦C, 300◦C, and 400◦C). Argon gas was introduced
into the chamber of the magnetron at 15 sccm at a working pressure of 5 mTorr for 1 h.
The crystalline structure of the rutile-phase TiO2 passivating layer was controlled by an
increase in the working pressure at optimized constant conditions [14]. In order to remove
the surface contaminants from the layer, presputtering was done for 20 min in pure argon.

Preparation of Electrode Films

The TiO2 main layer was prepared using the sol-gel method. TNTs were prepared using a
hydrothermal process described in the authors’ previous work. TiO2 particles, in the amount
of 5 g, prepared by the sol-gel method, were mixed with 500 ml of a 10M NaOH aqueous
solution, followed by hydrothermal treatment at 150◦C (TNTs) in a Teflon-lined autoclave
for 12 h. After the hydrothermal reaction, the treated nanoparticles were washed thoroughly
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Enhancing Dye-Sensitized Solar Cells by TiO2 [213]/11

Figure 1. (a) FE-SEM images of the TiO2 nanoparticles by the sol-gel method and (b) FE-SEM
images of the TNTs films by the hydrothermal method at 150◦C for 12 hours.

with DI water and 0.1M HCl and subsequently filtered and dried at 80◦C for one day. To
achieve the desired TNT size and crystallinity, the nanoparticles were calcined in air at
500◦C for 1 h. Field emission scanning electron microscopy (FE-SEM) images of the TiO2

nanopaticles and TNTs prepared by the sol-gel method at hydrothermal temperatures are
shown in Fig. 1 [15]. TiO2 nanoparticles and TNTs prepared by the sol-gel and hydrothermal
methods were mixed at a specific weight ratio (TiO2 nanoparticles: TNTs 9:1, 10 wt.%)
and ground in a mortar. Acetic acid (1 ml), distilled water (5 ml), and ethanol (30 ml)
were added gradually, drop by drop, to disperse the TiO2 nanoparticles and TNTs under
continuous grinding. The TiO2 dispersions in the mortar were transferred with an excess
of ethanol (100 ml) to a tall beaker and stirred with a 4-cm-long magnet tip at 300 rpm.
Anhydrous terpineol (20 g) and ethyl celluloses (3 g) in ethanol were added, followed by
further stirring. The dispersed contents were concentrated by evaporating the ethanol in a
rotary evaporator. The pastes were finished by grinding in a three-roller mill [16]. A TiO2

film with a thickness of 10 µm was deposited onto the pretreated conducting glass using the
screen-printing technique and sintered again at 450◦C for 15 min and at 500◦C for 15 min
in air.

Assembly of the Dye-Sensitized Solar Cells

The nanoporous TiO2 electrode films were immersed in the dye (N719) complex for 24 h
at room temperature. A counter electrode was prepared by spin-coating with an H2PTCl6
solution onto the FTO glass and heating at 450◦C for 30 min. The dye-adsorbed TiO2

electrode and the platinum counter electrode were assembled into a sandwich-type cell and
sealed with a hot-melt sealant 50 µm thick. An electrolyte solution was introduced through
a drilled hole in the counter electrode. The hole was then sealed using a cover glass.

Measurements

The TiO2 passivating layer was measured by X-ray diffraction (XRD) using a Rigaku
D/MAX-2200 diffractometer with CuKα radiation. The morphology and the thickness of the
prepared TiO2 passivating layers were investigated using FE-SEM (model S-4700, Hitachi).
The transmittance of the TiO2 thin films was measured using a UV-Visible spectrometer
(UV-Vis 8453, Agilent). The conversion efficiency of the fabricated DSSC was measured
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Figure 2. XRD patterns of as-deposited and annealed-deposited TiO2 passivating layer.

Figure 3. The cross-sectional FE-SEM image of the TiO2 passivating layer at various RF powers:
(a) 80 W, (b) 120 W, (c) 160 W, and (d) 200 W.
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Figure 4. The FE-SEM images of the TiO2 passivating layer deposited at various RF powers and
substrate temperatures: (a) FTO, (b) 80 W, (c) 120 W, and (d) 160 W at room temperatures (e) 200◦C,
(f) 300◦C, and (g) 400◦C at RF power of 160 W.
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using an I-V solar simulator (Solar Simulator, McScience). The active area of the resulting
cell exposed to light was approximately 0.25 cm2 (0.5 cm × 0.5 cm).

Results and Discussion

Figure 2 shows XRD patterns for the deposited TiO2 passivating layer. As-deposited films
are amorphous, and the observed peaks are due to the FTO backcontact. Films annealed
at 450◦C are crystalline and show evidence only of the rutile phase of TiO2. These results
are in agreement with literature data [14]. The XRD patterns of the TiO2 passivating layer
annealed at 450◦C shows prominent rutile-phase peaks: 27.4◦ (110), 54.2◦ (211).

The cross-sectional FE-SEM image of the TiO2 passivating layer is shown in Fig. 3.
The cross-sectional view clearly indicates that it is composed of three parts. The top part
is the TiO2 passivating layer; the middle one is the FTO layer; and the lowest one is
the glass substrate. It was shown that the deposition rate of the TiO2 passivating layer
monotonically increased with increasing RF power due to increase in the plasma density.
Because the sputtering rate of Ar ions is critically dependent on the current density, which
is applied on the cathode target, the sputtering rate of the TiO2 passivating layer increased
with increasing RF power [17]. Figure 3 shows the FE-SEM surface morphologies of the
bare FTO substrate and the TiO2 passivating layers.

The TiO2 passivating layers deposited at low temperatures revealed rough surfaces, as
shown in Fig. 4b, c, and d. Figure 4e, f, and g shows the increasing substrate temperatures,
the changes from rough surface to smooth with the disappearance of the TiO2 particles,
which means that TiO2 particles might be cohesive.

Figure 5. The optical transmittance of the TiO2 passivating layer at the sputtering power.
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Enhancing Dye-Sensitized Solar Cells by TiO2 [217]/15

Figure 6. The optical transmittance of the TiO2 passivating layer at sputtering room temperatures.

Figures 5 and 6 show the transmittance spectra of the TiO2 passivating layer de-
posited by sputtering with the RF magnetron at different RF powers and substrate tem-
peratures. From Fig. 5, the transmittance of the films is decreased by increasing the RF
power. Considering the light transmission though the TiO2/FTO/glass substrate, the RF

Figure 7. The photocurrent and voltage curves of the DSSCs prepared at the sputtering power.
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Figure 8. The photocurrent and voltage curves of the DSSCs prepared at various temperatures.

power of the TiO2 passivating layer for control thickness should be lower than 200 W.
In contrast, a slight increase in transmittance is observed with the increase in substrate
temperature, as shown in Fig. 6. The sputtering at room temperature results in the least
transmittance, which may be attributed to the light scattering loss for its higher surface
roughness.

The most important parameter for a solar cell is its photoelectric conversion efficiency:
the ratio of the output power to the incident power. The I-V characteristics of the prepared
DSSCs, obtained under simulated sun light (an irradiated power density equal to Ps =
100 mW cm−2) are presented in Fig. 7. For the hybrid TiO2/TNT 10 wt.% cell, the best
results for conversion efficiency were obtained; the cells made purely of TiO2 nanoparti-
cles showed the worst results for conversion efficiency. The DSSCs made of TNT/TiO2

nanoparticles hybrids showed better photovoltaic performance than cells made purely of
TiO2 nanoparticles. The DSSC prepared without a passivating layer had a short-circuit

Table 1. The photovoltaic performances of the DSSCs prepared at different RF powers and
without TNTs.

Voc (V) Jsc (mA/cm2) FF (%) η (%)

Without passivating layer (without TNT) 0.66 8.66 66.8 3.84
Without passivating layer (TiO2/TNT) 0.66 8.58 74.9 4.31
RF power at 80 W (TiO2/TNT) 0.65 9.29 75.1 4.57
RF power at 120 W (TiO2/TNT) 0.66 9.75 73.4 4.76
RF power at 160 W (TiO2/TNT) 0.65 9.93 74.8 4.89
RF power at 200 W (TiO2/TNT) 0.66 9.40 75.0 4.72
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Table 2. The photovoltaic performances of the DSSCs prepared at different substrate
temperatures.

Voc (V) Jsc (mA cm−2) FF (%) η (%)

Room temperature (RF power 160 W) 0.65 9.93 74.8 4.89
Substrate temperature 200◦C (RF power 160 W) 0.67 9.85 74.7 4.93
Substrate temperature 300◦C (RF power 160 W) 0.66 10.18 73.8 4.99
Substrate temperature 400◦C (RF power 160 W) 0.67 10.18 74.7 5.12

current density (Jsc) of 8.58 A cm−2, an open-circuit potential (Voc) of 0.66 V, and a
cell conversion efficiency of 4.31%. The DSSC fabricated with the TiO2 passivating layer
sputtered at 5 mTorr, 160 W, shows the highest efficiency (4.89%) value, due to the de-
creased conductivity of electrons from the nanoporous TiO2 layer to the FTO electrode.
The increase in the thickness of the the TiO2 passivating layer by increasing the RF power
resulted in a decreased efficiency of the RF power at 200 W (4.76%) due to a decreased
conductivity of electrons from the nanoporous TiO2 layer to the FTO electrode.

Figure 8 shows the photocurrent-photovoltage characteristics of the solar cells with
the TiO2 passivating layer sputtered at room temperature, 200◦C, 300◦C, and 400◦C at RF
power of 160 W. In this work, a slight increase in the transmittance and in the efficiency are
observed with the increase in substrate temperature. Tables 1 and 2 summarize the detailed
performances of the fabricated DSSCs. Although the insertion of the TiO2 passivating layer
increases the efficiency by effective prevention of electron transfer from the FTO electrode
to the electrolyte, the decreased fill factor (FF) value demonstrated the decreased conduc-
tivity of the FTO electrode covered by the TiO2 passivating layer. Therefore, considering
the effective passivation and high conductivity and transmittance of the FTO electrode
simultaneously, it is necessary to optimize the thickness and substrate temperature of the
TiO2 passivating layer.

Conclusion

In summary, the characteristics of the RF-sputtered TiO2 passivating layer at various sub-
strate temperatures and thicknesses at different RF powers on the FTO electrode were
investigated for its application in DSSCs. The optical transparency and surface roughness
of the TiO2 passivating layer depend on the RF sputtering conditions. The passivating layer
deposited at an RF power of 160 W and a substrate temperature of 400◦C shows the best
result at 5.12%: a short-circuit current density of 10.18 mA cm−2, an open-circuit voltage
of 0.67 V, and an FF of 74.70% was achieved. In addition, The DSSC based on a TiO2/TNT
combination at the optimal weight ratio (TNT 10 wt.%) showed better photovoltaic perfor-
mance than the cell made purely of TiO2 nanoparticles. It can be said that the improved
conversion efficiency could be associated with the improved specific surface area of the
passivating layer.
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