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Charge recombination at the electrode/electrolyte interface can be prevented by efficient blocking layers. Here,
TiO2 blocking layers have been deposited using atomic layer deposition (ALD) and TiCl4 treatment. The number
of TiO2 ALD cycles was optimized for I−/I3

− and Fc/Fc+ electrolytes. The optimized TiO2 ALD films' performance
was compared with the TiCl4 treated films. TiCl4 treated films performed better than the ALD deposited films,
attributed to reduction of the defects, which act as active sites of recombination.
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1. Introduction

In the dye-sensitized solar cell (DSSC), charge recombination at the
semiconductor/electrolyte interface is amajor loss pathway, and particu-
larly dominant at low light intensities [1]. The classic I−/I3− electrolyte has
slow recombination kinetics, but alternatives have been sought due to its
large overpotential loss, complex electrochemistry and corrosive nature.
Other redox couples like Fc/Fc+ [2], Co2+/Co3+ [3] and Mn3+/Mn4+ [4]
have the benefits of simple single electron transfers and minimized
overpotential loss, but have higher recombination rates. The DSSC record
efficiency was achieved with a cobalt complex but required an especially
thin semiconductor film to offset the relatively high recombination rate
[5]. Blocking layers are widely used in DSSC to prevent recombination
of the electron in the semiconductor or FTOwith the electrolyte. Blocking
layers are often thin layers of TiO2 [6], ZnO [7,8], ZrO2 [9,10], SiO2 [9],
Al2O3 [9,11], MgO [12,13], HfO2 [14], CdO [15], or polysiloxane [16] de-
posited on working electrode by various techniques like spray pyrolysis
[17], sputtering [18], spin coating [19], dip coating [20], chemical vapor
deposition [21], sol–gel deposition [9], TiCl4 treatment [6], chemical
bath deposition [22] or atomic layer deposition [23].

The ideal blocking layer should cover the entire surface of the FTO
and TiO2 to prevent recombination and should not prevent electron in-
jection (Fig. 1). Chemical bath deposition barrier layers often increased
the performance of the DSSC, but non-uniform growth of barrier layers
and lower precision of thickness control is observed. This led to growth
cut, Center for Clean Energy
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of atomic layer deposition (ALD) as an alternative to chemical bath de-
position. ALD offers precision thickness control in the Ångström range
and uniform coating. The thickness of the barrier layer is important as
it can prevent electron injection, overshadowing the effect of reducing
recombination or improving voltage of cell due to a conduction band
rise [24]. In this report we used two simple techniques for the synthesis
of the blocking layers on ZnO–TiO2 films. Atomic layer deposition and
TiCl4 treatment were used due to low temperature and large area syn-
thesis. We analyzed the effect of the thickness of the blocking layers
on DSSC performance in conventional I−/I3− electrolyte and the fast
recombining Fc/Fc+ electrolyte. The results provide understanding of
the role of blocking layer thickness and insight for optimizing DSSC
and other electrochemical processes like water splitting.

2. Experimental

2.1. Reagents and materials

All chemicals were purchased from Sigma-Aldrich (USA) and were
ACS grade. N719 was purchased from Dyesol (Australia). SnO2: F glass
(FTO, transmission N 80% in the visible spectrum; sheet resistance 8 Ω/
□) was purchased from Hartford Tec Glass (USA).

2.2. Electrode fabrication

ZnO–TiO2 (ZT) films are synthesized as reported previously [25].
TiCl4 treatment was carried by immersing the ZT films in 40 mM TiCl4
solution [6] at 4 °C for 30min and rinsed in deionizedwater and ethanol
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Fig. 1. Schematic of (a) ZnO–TiO2 film and (b) ZnO–TiO2 film with blocking layer.

Fig. 2. ALD of TiO2 on ZnO–TiO2 (ZT) films (a) 0, (b) 40, (c) 100, (d) 200, (e) 300, (f) 400
and (g) 500 cycles.
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[26]. ALD of TiO2 on the ZnO–TiO2 films was carried out using a Cam-
bridge Nanotech Savannah S100 using successive pulses of titanium
isopropoxide (75 °C) and deionized water (25 °C) and using nitrogen
as the carrier gas inside the vacuum chamber with base pressure of 2
mTorr. The substrate was held at 200 °C temperature inside the ALD re-
actor. After the pulse of titanium isopropoxide (14 s) andwater (7 s) the
precursors were confined in the reactor for 30 ms to ensure complete
coverage of the TiO2 inside the mesopores of the ZT films. The chamber
was flushed with nitrogen for 30 s between cycles to remove any
byproducts. The films were sintered on a titanium hot plate at 500 °C.
This ALD process was previously measured to deposit 0.04 nm of TiO2

per ALD cycle [27].

2.3. Dye loading

2.3.1. Sensitization
After sintering at 500 °C, films were allowed to cool to 100 °C then

immediately immersed in 0.3 mM N719 in ethanol. After 12 h they
were removed and rinsed in acetonitrile and dried in air. The amount
of N719 adsorbed by films was measured by immersion of a dyed film
in aqueous 0.1MNaOH to desorb the dye, followed by spectroscopic de-
termination of the dye concentration, as we reported previously [25].

2.3.2. Solar cell assembly
Each sensitized electrodewas sealed against a counter electrode on a

hot plate at 120 °C using a hot-melt plastic frame (Solaronix, Meltonix
1170, 25 μm thick), applying light pressure with a glass rod. The assem-
bled cell was filled with electrolyte through two holes in the counter
electrode. The holes were then sealed using hot-melt plastic and a thin
glass cover slide. The exposed conducting glass leads of each electrode
were coatedwith copper tape (3M) for improved electrical conductivity.

2.3.3. Electrolyte composition
Minimal electrolyte recipes were used to exclude complications due

to interactions with the various additives that are commonly used.
Iodide/triiodide (I−/I3−) electrolyte was prepared with 0.5 M tetra-
butylammonium iodide and 0.05 M iodine (I2) in 3-methoxypro-
pionitrile. The ferrocene/ferrocenium (Fc/Fc+) electrolyte contained
0.1M ferrocene and0.05M ferroceniumhexafluorophosphate (Aldrich)
in 3-methoxypropionitrile. The Fc/Fc+ electrolyte was prepared fresh
and deoxygenated by bubbling nitrogen 10 min prior to cell fabrication
to minimize reaction of ferrocene with oxygen.

2.3.4. Solar cell characterization
Current–voltage (J–V)measurementsweremade using Keithley 2400

source/meter controlled by a PC, while irradiating at 100 mW/cm2
(1 sun) with AM 1.5G simulated sunlight produced by a solar simulator
(Newport 91160), calibrated against a silicon reference cell with KG5
filter (PV Measurements, Inc., Boulder, CO). The DSSC active area was
1 cm2.



Fig. 3. SEM image of TiCl4 treated ZT Film.
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2.3.5. Characterization
The morphology of ZnO–TiO2 films treated with TiCl4 and ALD was

investigated by scanning electron microscopy (FEI Quanta FEG250
Fig. 4. EDX spectrum of ZT films coated with TiO2 by
SEM in High vacuum mode) with attached EDX, and characterized by
X-ray powder diffraction (XRD) using a Bruker D8 Advance X-ray
diffractometer using Cu Kα radiation (λ= 0.154178 nm) at a scanning
rate of 0.04° s−1 in the 2θ range from 10° to 90°.
3. Results and discussion

3.1. ALD TiO2 blocking layers on ZnO–TiO2 films

Fig. 2 shows SEM images of hybrid ZnO nanorod–TiO2 nanoparticle
(ZT) films coated with TiO2 blocking layers of varying thickness by
ALD. The increasing thickness of the blocking layer with increasing
number of ALD cycles is apparent in the images. As the number of cycles
goes into the hundreds it can be seen that the nanoparticles are encased
in a thick TiO2 coating. This has the effect of closing the small pores
between nanoparticles, which can be expected to reduce the total sur-
face area.

Fig. 3 shows an SEM image of a ZT film coated with a TiO2 blocking
layer via TiCl4 treatment. This resembles the thinnest of the ALD
blocking layers we produced. This is to be expected, as previous studies
indicate a TiO2 particle growth of about 1 nm after TiCl4 treatment [28].

From the EDX spectrum in Fig. 4 we can compare themass ratio of Ti
to (Ti + Zn) between the two coatings on ZT films, which is 2.63% Ti for
a 100-cycle ALD film and 3.22% Ti for a TiCl4 treated film.
(a) 100 layers of ALD and (b) TiCl4 treatment.
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3.2. Effect of number of ALD cycles

The performance of DSSC devices with different numbers of TiO2

ALD layers over ZT electrodes is shown in Fig. 5. In both I−/I3− (Fig. 5a)
and Fc/Fc+ (Fig. 5b) electrolytes, thin ALD coatings improved perfor-
mance until an optimum thicknesswas reached, afterwhich the current
and voltage decreased significantly. Thin ALD layers of TiO2 do not crys-
tallize even upon sintering [29]. The amorphous coating lacks abundant
electronic states to effectively relay charges between the underlying
TiO2 or ZnO and species outside the coating such as dyes and triiodide,
forcing such exchange to occur by tunneling, reducing electron transfer
rates. Dye injection efficiency is reduced only slightly, since the dye's
electron injection rate is orders of magnitude faster than its excited
state decay [9]. But the slower recombination kinetics tilt the competi-
tion between electron transport and recombination toward the former,
resulting in better charge collection. In competition with this favorable
effect, the filling in of pores results in a reduction of surface area and a
reduced amount of adsorbed dye, as shown in Fig. 6. The dye loading
is greatly decreased as the ALD coating becomes thicker.

The optimal number of ALD cycles iodide/triiodide electrolyte is 100
(Fig. 5a). In an electrolyte with ferrocene/ferrocenium, the optimum is
300 ALD cycles (Fig. 5b). Fc/Fc+ hasmuch higher rates of recombination
with electrons in TiO2 than iodide/triiodide. This results in thicker opti-
mal blocking layer for Fc/Fc+, since it is worth sacrificing additional dye
loading in order to further reduce the high recombination rate.
Fig. 5. Current–voltage (J–V) characteristics for solar cells using ZT films with 0–500 ALD
cycles and (a) I−/I3− or (b) Fc/Fc+ electrolytes, under 100 mW/cm2 AM 1.5G simulated
sunlight.
3.3. TiCl4 blocking layer

In contrast to the sharp drop in dye loading with even the thinnest
ALD coatings used in this study, the TiCl4 treatment results a slight in-
crease in dye loading (Fig. 6). The TiCl4-treated hybrid ZT film carries
about 7% more dye than an untreated ZT film. A comparison of the
current–voltage characteristic of untreated, optimally ALD-treated,
and TiCl4-treated hybrid ZT films is shown in Fig. 7. The TiCl4 treatment
leads to a remarkable increase in the short-circuit current density (JSC)
by a factor of three compared to untreated ZT film, and by a factor of
2.2 versus the best ALD-treated film. Clearly, the 7% boost in dye loading
does not account for the current increase. We note that the TiCl4 treat-
ment also results in a reduced open-circuit voltage (VOC) by about
90 mV versus the untreated film, and about 110 mV versus the ALD-
treated film. This is despite the fact that the TiCl4 treatment is known
to reduce recombination by passivating surface defects in the TiO2

[30]. Various defects can take place on the surface of the TiO2 nanopar-
ticles due to the presence of the oxygen vacancies, bridge bonded oxy-
gen, hydroxyl groups and fivefold coordinated Ti atoms [31,32].
Photoluminescence measurements have shown these defects to be re-
duced by the TiCl4 treatment [33,34]. This effect is seen in the dark cur-
rent data for the DSSC devices (Fig. 8), which indicate that both coatings
substantially reduce recombination compared to the uncoated film, al-
though the ALD coating has a larger effect on recombination.

These findings can be easily reconciled thanks to the work of
Sommeling et al. [28], who found that the TiCl4 treatment results in a
positive shift of the TiO2 conduction band by about 100 mV. This has
the effect of reducing the voltage, despite the reduced recombination,
while increasing injection efficiency due to the larger driving force
from the dye LUMO to the TiO2 conduction band. The result is a TiCl4-
treated film giving a smaller VOC but a much larger JSC and an overall
higher power conversion efficiency, specifically 1.685% for the TiCl4-
treated film versus 0.71% for the 100-cycle ALD-coated film and
0.365% for the uncoated film. Our thinnest ALD coating, using 40 cycles,
results in a film thickness of about 1.6 nm, which is comparable to the
reported TiCl4 thickness of 1 nm [28], given that both measures are
approximate. It can be seen in Fig. 5(a) that the 40-cycle ALD coating re-
sults in DSSC performance not significantly better than an untreated
film, and farworse than the TiCl4 coating of similar thickness. Therefore,
the shift of the conduction band produced by the TiCl4 treatment and
corresponding improvement in charge injection from the dyes has a
far greater effect than the reduction of recombination current, which
is also provided by the ALD coating but without a similar effect on
current.
Fig. 6. Uptake of N719 by a ZnO nanorod–TiO2 nanoparticle hybrid film coated with TiO2

by 0–500 cycles of ALD or by TiCl4 treatment.



Fig. 7. Current–voltage characteristics of DSSCs made from ZT hybrid films untreated or
coated with TiO2 by 100 cycles of ALD or by TiCl4 treatment. Means of triplicate samples
are shown, with dotted lines indicating 1 SD.
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4. Conclusions

Nanocomposite films of ZnO nanorods coated with TiO2 nanoparti-
cles were coatedwith TiO2 blocking layers by ALD or by TiCl4 treatment.
At the optimal thickness of 100 cycles (about 4 nm), the ALD coating
significantly improves photovoltaic performance by slightly enhancing
VOC and significantly improving JSC. However, thicker ALD layers block
pores in the TiO2 layer and greatly reduce surface area and dye loading,
leading to low photocurrents. TiCl4-treated films have a reduced VOC by
about 0.1 V but make up for this with a greatly improved photocurrent,
leading to significantly better DSSC performance than either untreated
or ALD-coated TiO2, which is attributed to a downward shift of the
TiO2 conduction band that reduces photovoltage but improves charge
injection from the adsorbed dyes.
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