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1. Introduction
Dye-sensitized solar cells (DSSCs) have been regarded as one
of the most promising candidates to replace silicon cells since
O’Regan et al. reported their breakthrough results in 1991 [1]. As
the key component of DSSCs, the nanoporous electrode shows
high surface area, which enables both efficient electron injection
and light harvesting. Unfortunately, the nanoporous electrode also
introduces the charge recombination which mainly occurs at the
electrode/electrolyte interface due to the absence of energy barrier
layer [2,3]. In the last decade, several methods have been applied
to reduce recombination at the interface including dip-coating in a
solution to fabricate an insulating layer on TiO2 [3–10], spin-coating
a solution on TiO2 followed by oxidation [11,12], chemical vapor
deposition [13], electrochemical deposition [14,15], and mixing of
metal salts such as Al(NO3)3 and AlCl3 with TiO2 or SnO2 nanopar-
ticles in solution [16,17]. However, most of the modifications are
chemical methods. To make DSSCs a commercially competitive
technology, a recombination barrier layer prepared by easily avail-
able method is needed in DSSCs.

Han et al. reported that the TiO2 electrode treated with Ar
plasma shows better reactive activity [18]. Recently, Kim et al. found
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ethod was carried out by reactive dc magnetron sputtering to fabricate
O3 for improving the performance of dye-sensitized solar cells (DSSCs). The
d been characterized by X-ray photoelectron spectroscopy (XPS), scanning
–vis spectrophotometer, cyclic voltammetry (CV), and electrochemical
The study results revealed that the modification to TiO2 increases dye
p sites on TiO2, and suppresses interfacial recombination. The impact of

ic performance of DSSCs was investigated. Sputtering Al2O3 for 4 min on
ves all cell parameters, resulting in enhancing the conversion efficiency
creasing sputtering time decreases conversion efficiency.

Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

that treating TiO2 with O2 plasma can reduce oxygen vacancies on
TiO2, increase dye absorption, and improve performance of DSSCs
[19,20]. It was reported that exposing TiO2 to an O2 atmosphere can
reduce oxygen vacancies on TiO2 [21–23]. Aronsson et al. reported
that treating TiO2 film by O2 plasma can produce a uniform and

stoichiometric surface layer on TiO2 [24]. Gan et al. demonstrated
that O2 plasma treatment has an effect on the surface cleanness and
the stoichiometry of TiO2 (1 1 0) [25]. These indicated that using Ar
or O2 plasma to treat TiO2 films is a feasible method to enhance
the efficiency of DSSCs. Yanagida et al. found that the deposition
of Nb2O5 on conducting glass by RF magnetron sputtering signifi-
cantly improve the performance of dye-sensitized ionic liquid solar
cells [26,27]. Their reports present that the method of magnetron
sputtering can be used to deposit barrier layer in DSSCs.

In DSSCs, oxygen vacancies on TiO2 surfaces can be easily pro-
duced during the annealing of TiO2 films. However, the efficiency
and photocurrent decreases with the abundance of oxygen vacan-
cies, since these oxygen vacancies on TiO2 surfaces provide electron
traps and thus prevent electron transport in the system. To improve
the efficiency of DSSCs, we must reduce oxygen vacancies and
increase dye absorption amount. In the process of the sputtering,
the Ar plasma can enhance reactive activity while the O2 plasma
can decrease oxygen vacancies and create a hydrophilic surface
to facilitate dye absorption. Moreover, as an electric-insulating
oxide, the conduction band edge of Al2O3 is significantly nega-
tive of both the TiO2 conduction band edge and dye excited state
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sputtered Al2O3 on the performance of the DSSC. To verify the pres-
ence of Al2O3 on TiO2, the XPS spectrum of TiO2 sputtered Al2O3
for 30 min (TiO2/Al2O3 30 min) were carried out. As shown in Fig. 1,
the Al 2s, Al 2p, Ti 2p, Ti 3p, C 1s, O 1s can be observed easily.
The peaks detected at 458.86 eV for Ti 2p3/2 and at 37.52 eV for Ti
3p were in close agreement with Ti 2p3/2 (458.75 eV) and Ti 3p
(37.5 eV) of TiO2 while the peak at 532.29 eV can be attributed to
O 1s. Peaks assignable to Al 2s and Al 2p were detected at 122.8
and 78.99 eV, respectively. They are very close to the data for Al
2s (120.8 eV), Al 2p (77.3 eV) in Al2O3, confirming the formation
of Al2O3 on TiO2. The binding energies were calibrated by taking
C 1s peak (284.64 eV) as reference. Fig. 2 shows SEM micrographs
for bare TiO2 and TiO2/Al2O3 30 min. It can be observed that the
TiO2/Al2O3 30 min electrode is porous. From the analysis of SEM in
Fig. 2, it can be inferred that the porosity for TiO2/Al2O3 films is a
little smaller than that of bare TiO2.

3.2. Optical properties of TiO2/Al2O3
120 S. Wu et al. / Journal of Pow

oxidation potential, indicating that Al2O3 can function as physi-
cal barrier layer for both electron injection and charge electron
recombination reactions [9]. Furthermore, the higher isoelectric
point (iep) of Al2O3 (iep at pH 9) compared to anatase TiO2 (iep at
pH 6.2) favors stronger dye adsorption and thus better light absorp-
tion [16]. On the basis of these considerations, we fabricated DSSCs
based on TiO2 electrodes coated with Al2O3 (TiO2/Al2O3) prepared
by reactive dc magnetron sputtering, and investigated the effects of
sputtering Al2O3 for different time on micrograph, the absorption
and transmission properties, dye adsorption amount, surface states
on TiO2, interfacial electrochemical characteristic, and performance
of the DSSC.

2. Experimental

2.1. Materials

All the regents used were of analytical purity. LiClO4, 2-
propanol, Triton-X100, poly(ethylene glycol) (PEG, MW = 20,000)
and propylene carbonate (PC) were purchased from Sinopharm
Chemical Reagent Corporation (China). I2 was obtained from
Beijing Yili chemicals (China). LiI, titanium tetraisopropox-
ide and 4-tert-butylpyridine were obtained from Acros. The
Ru dye, N719 (Ruthenium 535 bis-TBA) and 1,2-dimethyl-3-n-
propylimidazolium was purchased from Solaronix (Switzerland).
Fluorine-doped SnO2 conductive glass (FTO, transmission >80% in
the visible, sheet resistance 20 � sq−1) obtained from China Yaohua
Glass Group Corporation was used as the substrate to deposit TiO2
films. The metal aluminum target (purity 99.9%) was purchased
from Beijing Cuibolin Non-ferrous Technology Developing Co., Ltd.

2.2. Preparation of TiO2/Al2O3

Anatase TiO2 colloids were prepared by hydrolysis of titanium
tetraisopropoxide. The TiO2 slurry was spread on FTO by a glass
rod, using adhesive tapes as spacers. After the TiO2 films dried, they
were sintered in air. The thickness of TiO2 films was about 5 �m,
controlled using tapes. The Al2O3 was deposited on TiO2 by reac-
tive direct current magnetron sputtering to fabricate TiO2/Al2O3
electrodes. The sputtering target was an aluminum metal with the
diameter of 60 mm. Different thicknesses of Al2O3 were deposited
at direct current power of 40 W under 1.3 Pa working pressure of
the mixture of Ar and O2. The thicknesses of Al2O3 were estimated
by different sputtering time. The deposition rate of Al2O3 was about

3 nm min−1. To ensure fair comparison, TiO2 film was cut into two
identical pieces. One was used to deposit Al2O3 and the other served
as a reference.

2.3. Fabrication of DSSCs and measurements

A platinized conducting glass was used as a counter-electrode
and 0.1 M LiI, 0.05 M I2, 0.6 M 1,2-dimethyl-3-n-propylimidazolium
and 0.5 M 4-tert-butypyridine in propylene carbonate was used
as electrolyte. Both TiO2 and TiO2/Al2O3 electrodes were dipped
in a N719 solution (0.5 mM in dry ethanol solution) for 12 h. The
thicknesses of films were measured with a TalyForm S4C-3D pro-
filometer (U.K.). The XPS measurements were carried out with a
Thermo VG Multilab 2000 electron spectrometer (Thermo Electron
Corporation) fitted with an Mg X-ray source. The surface morpholo-
gies of electrodes were observed by scanning electron microscopy
(SEM, Sirion FEG, USA). The transmission and UV–vis absorption
spectra were recorded on a UV–vis–NIR spectrophotometer (Cary
5000, Varian). The current–voltage (I–V) characteristics and dark
current curves were measured using a 1000 W xenon lamp (New-
port, USA) and a 2400 source meter (Keithley, USA), in which light
urces 182 (2008) 119–123

intensity of 50 mW cm−2 was calibrated by a Si photodiode. The
active area of the cells was 0.45 cm2.

Cyclic voltammetry (CV) measurements were performed on a
computer-controlled electrochemical workstation (CHI660A, CH
Instruments, Inc., USA) in combination with a conventional three-
electrode. The TiO2 and TiO2/Al2O3 (geometric surface area 1 cm2)
were employed as the working electrode. A Pt wire and a satu-
rated calomel electrode (SCE) were used as counter electrode and
reference electrode, respectively. In order to detect the interfacial
electron transfer related reaction in the anodic TiO2/electrolyte, CV
was performed at a potential ranging from −1.2 to 0.6 V versus SCE
in 0.2 M LiClO4/PC solution (pH 2) at a scan rate of 100 mV s−1.
Impedance measurements were performed with a computer-
controlled potentiostat (EG&G, BES). The frequency range is
0.01–100 kHz, and the magnitude of the modulation signal is 10 mV.

3. Results and discussion

3.1. Characterization of TiO2/Al2O3

The thin TiO2 films were used to deposit sputtered Al2O3, as
described in Section 2. Though 10–15 �m TiO2 films usually can
achieve higher conversion efficiencies, we employed only very thin
TiO2 films intending to enhance the effects of the O2 plasma and
The DSSCs were illuminated from FTO substrate side in working
conditions, so it needs to think about the optical properties when

Fig. 1. XPS spectrum for TiO2/Al2O3 30 min.
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l2O3 3
Fig. 2. SEM micrographs of bare TiO2 and TiO2/A
Fig. 3. Optical properties for TiO2 and TiO2/Al2O3 electrodes

Al2O3 was sputtered on TiO2. As shown in Fig. 3, the absorption
and transmittance spectra change hardly when the sputtering time
is less than 12 min, indicating that sputtering Al2O3 for less than
12 min does not influence the light absorption and transmission.

3.3. Dye absorption properties of TiO2/Al2O3

Since Al2O3-coated surface is more basic than bare TiO2,
the higher basicity of TiO2/Al2O3 surface favors dye attachment
through its carboxylic acid groups. And in the process of the mag-
netron sputtering the O2 and Ar plasmas create a hydrophilic
surface which can cause the increase of adsorbed dye amount
[19,20,28]. Therefore, an increase in dye adsorption is expected.
Fig. 4 shows the UV–vis adsorption spectra for the dye-absorbed
TiO2 and TiO2/Al2O3 electrodes. As expected, the metal-to-ligand

Fig. 4. UV–vis absorption spectra for N719-loaded TiO2 and TiO2/Al2O3 electrodes.
0 min: (a) bare TiO2 and (b) TiO2/Al2O3 30 min.

: (a) absorption spectra and (b) transmission spectra.
charge-transfer (MLCT) absorption peaks significantly increased
upon sputtering Al2O3 on TiO2. It indicated that the dye adsorp-
tion is apparently enhanced with increasing sputtering time [3].
The increased dye absorption leads to enhanced light harvesting
and thereby increased short-circuit photocurrent (Jsc) for the cor-
responding DSSCs. At the same time, it should be noted that the
maximum absorption peak for N719, which is assigned to the MLCT
band, blue shifts gradually with increasing sputtering time. The
blue shift was attributed to the increased surface basicity due to
Al2O3 modification. Upon Al2O3 coating, the coordination of Ti4+ to
the carboxylates on the N719 dye is strengthened, thus resulting in
the decrease in the electron density at Ru (�) center. The decrease
in the electron density will stabilize the t2g orbital and induce blue
shifts of MLCT bands [4].

3.4. Comparison of current–voltage curves of TiO2 and
TiO2/Al2O3 cells

Fig. 5 shows I–V curves for TiO2 and TiO2/Al2O3 cells in the dark
and under illumination with the light intensity of 50 mW cm−2. The
corresponding solar cell parameters are summarized in Table 1.

Table 1
DSSCs performance of TiO2 (N719) and TiO2/Al2O3 (N719) electrodes under the light
intensity of 50 mW cm−2

Electrode Jsc (mA/cm2) Voc (mV) FF � (%)

TiO2 4.27 668 0.689 3.93
TiO2/Al2O3 2 min 4.49 674 0.711 4.30
TiO2/Al2O3 4 min 5.97 691 0.716 5.91
TiO2/Al2O3 6 min 3.95 716 0.713 4.03
TiO2/Al2O3 12 min 3.25 640 0.671 2.79
TiO2/Al2O3 30 min 1.61 607 0.617 1.21
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1–103, and 0.01–1 Hz were assigned to charge-transfer processes
occurring at the Pt/electrolyte interface and TiO2/dye/electrolyte
interface, in Nernst diffusion within the electrolyte, respectively
[40]. In the dark, the DSSC behaves as a leaking capacitor [41,42].
Under forward bias in the dark, electrons are transported through
the TiO2 network and react with I3−. At the same time, I− is oxidized
to I3− at the counter electrode. The dark reaction impedance due
to electron transfer from the conduction band of TiO2 to triiodide
ions in the electrolyte is presented by the semicircle in intermediate
frequency regime in the Nyquist plots [33]. The bigger the middle
frequency semicircle in the Nyquist plots is, the slighter the electron
recombination at the TiO2/dye/electrolyte interface is.

It is clear to see that after the modification of TiO2 by the sput-
tered Al2O3, the radius of the middle frequency semicircles in
the Nyquist plot increase. The increase in the radius of the mid-
dle frequency semicircle in the Nyquist plot reveals the reduced
electron recombination at the TiO2/dye/electrolyte interface which
is caused by the conduction band electrons of TiO2 electrode
captured by the reduction of I3− ions. The slightly increased
122 S. Wu et al. / Journal of Pow

Fig. 5. I–V curves for TiO2 and TiO2/Al2O3 cells in the dark and under illumination
with the light intensity of 50 mW/cm2.

After sputtering Al2O3 for less than 4 min on TiO2, the electrodes
give higher short-circuit photocurrent (Jsc), open-circuit photovolt-
age (Voc) and fill factor (FF). Especially in the case of TiO2/Al2O3
4 min, the cell shows the great improvement in all cell parameters.
The Jsc increases from 4.27 to 5.97 mA cm−2, the Voc from 668 to
691 mV, and the FF from 0.689 to 0.716. As a result, the cell efficiency
(�) of TiO2/Al2O3 4 min increases from 3.93% to 5.91%. It shows the
positive roles of O2 plasma treatment and Al2O3 coating on TiO2.
The increase of Jsc is consistent with the increased dye adsorption
amount. With increasing sputtering time to 6 min, the Voc further
increases but Jsc decreases greatly, resulting in the decreased over-
all efficiency. Upon further increasing sputtering time, due to the
drastic drop of all parameters, the DSSCs give poor conversion effi-
ciency. The poor performances based on TiO2/Al2O3 12 min and
TiO2/Al2O3 30 min revealed that excessive Al2O3 beyond tunneling
distance would play a negative role in the photoelectron conversion
process [16,27].

The dark current was not a good simulation of the recombination
current under illumination. However, it can be used as an estimate
of the extent of reduction of I3− with conduction band electrons.
The dark current data in Fig. 5 shows that the dark current reduces
gradually with increasing sputtering time for the first 6 min, indi-
cating charge recombination between injected electrons and I3−

ions being retarded in the procedure. The reduced dark currents
account partly for the increased Voc in TiO2/Al2O3. On the basis of
these results, it can be seen that the cells’ performance is so sen-
sitive that we need to control appropriate sputtering time in the

DSSCs. And more detailed electrochemical analyses were carried
out to understand the properties of TiO2/Al2O3 electrodes prepared
by the sputtering method.

3.5. Electrochemical characterizations

To demonstrate the effects of surface states on TiO2 and
TiO2/Al2O3 electrode, cyclic voltammetry was conducted. Fig. 6
shows the typical CV curves of TiO2 and TiO2/Al2O3 in 0.2 M
LiClO4 solution. As shown in Fig. 6, scanning the bare TiO2 and
TiO2/Al2O3 electrode potential in the negative direction yields a
large featureless cathodic current. Scan reversal, however, yields
an anodic current, which suggest that electron charging/discharge
occurred at the anodic TiO2/electrolyte interface, indicating Faradic
currents in the electrolyte. In principle, for a perfect n-type
semiconductor–electrolyte junction, charge injection will com-
mence once the quasi-Fermi level reaches the lower edge of the
conduction band. However, due to the presence of coordinatively
unsaturated Ti species on the surface of TiO2, some electronic lev-
els exist at energies below the conduction band edge [29–31]. In
urces 182 (2008) 119–123

the case of bare TiO2 electrode, the anodic current starts to flow at
−0.19 V versus SCE, whereas in TiO2/Al2O3 4 min and TiO2/Al2O3
30 min, the current starts to flow at a lower potential (−0.24 and
−0.33 V versus SCE, respectively), as compared with the bare TiO2.
The modified TiO2 surfaces induce shifts to a more negative poten-
tial region at the start point of the cathodic current. These indicated
that the edge of conduction band of modified TiO2 moves nega-
tively toward the vacuum level. The phenomenon was due to better
surface passivation on the surface of the anodic TiO2 [31]. This
demonstrated that the O2 plasma treatment and Al2O3 coating pas-
sivate the surface states on TiO2, resulting in a decrease in trap sites
[32]. TiO2 nanocrystals are not fully covered by dye molecules, and
consequently, there are some surface areas directly in contact with
the electrolyte. The use of the O2 plasma treatment and Al2O3 coat-
ing passivate these surface areas, which makes a large contribution
to the increase of Jsc and Voc and is beneficial for the improvement
on the performance of the DSSCs.

Electrochemical impedance spectroscopy (EIS) technique had
been widely employed to study the kinetics of electrochemical and
photoelectrochemical processes occurring in DSSCs [33–39]. We
also investigated the effect of the O2 plasma treatment and Al2O3
coating on the interface and kinetics in TiO2 and TiO2/Al2O3 cells
by EIS technique. Fig. 7 shows typical electrochemical impedance
spectra of TiO2, and TiO2/Al2O3 cells measured under forward bias
(−0.8 V) in the dark. Responses in the frequency regions 103 to 105,
resistance in TiO2/Al2O3 4 min indicated that the coating of sput-
tered Al2O3 increases the surface resistance of TiO2 electrode,

Fig. 6. Cyclic voltammograms of TiO2 and TiO2/Al2O3 electrodes in the 0.2 M
LiClO4/PC solution (pH 2). The scan direction with a scan rate of 100 mV/s is negative
to positive potential. The active area is approximately 1 cm2.
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Fig. 7. (a) Impedance spectra for TiO2 and TiO2/Al2O3 cells measured at −0.8 V in t
range.

suppresses the back transfer of photo-generated electrons from
TiO2/Al2O3 4 min to the electrolyte, and reduce recombination at
the TiO2/dye/electrolyte interface. Therefore, the photo-generated
electrons are extracted more efficiently, and thereby Voc, FF, and Jsc

increase together. However, excessive Al2O3 coating in TiO2/Al2O3
30 min significantly increases surface resistance of TiO2 electrode.
Due to the increase of resistance, electron is difficult to transfer to
the underlying SnO2, resulting in the reduced electron injection and
decreased conversion efficiency. It can be noted that the Nyquist
plots consist of two semicircles in TiO2 and TiO2/Al2O3 4 min while
it shows three semicircles in TiO2/Al2O3 30 min. As shown in Fig. 7b,
the semicircles for TiO2 and TiO2/Al2O3 4 min in the low frequency
range are overlapped with that in the medium-frequency region.
The semicircle for TiO2/Al2O3 30 min occurs in the low frequency
region corresponding to the larger Nernst diffusion within the elec-
trolyte.

4. Conclusions

In summary, a novel surface modification method based on
Al2O3-coated TiO2 electrode was successfully developed by reac-
tive dc magnetron sputtering in DSSCs. The study results show that
the TiO2 electrode sputtered Al2O3 for 4 min indicates the clas-
sic performance, which increases all cell parameters, resulting in
improving efficiency from 3.93% to 5.91%. Further, with the increase
of sputtering time, the conversion efficiency is decreased caused
by the reduced electron injection efficiency. Further investigations

had been done to study the characteristics of the Al2O3-coated
TiO2 electrode by the sputtering method. It was found that the
Al2O3 coating and the O2 plasma treatment increase dye adsorption
amount, decrease trap sites on TiO2, and suppress the back trans-
fer of photo-generated electrons from Al2O3-coated TiO2 electrode
to the electrolyte at the TiO2/dye/electrolyte interface. These find-
ings open a way for using dc magnetron sputtering to fabricate an
electronic insulating substance as a coating material in DSSCs.
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