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Dye sensitized solar cells were fabricated with free standing TiO, nanotube (TNT) array films, which were

prepared by template assisted atomic layer deposition (ALD) with precise wall thickness control. Efforts to

improve the photovoltaic performance were made by using Al,O3 barrier layer coating in conjunction with

TiCl, surface modification. An Al,O3 thin layer was deposited on the TNT electrode by ALD to serve as the
charge recombination barrier, but it suffers from the drawback of decreasing the photoelectron injection
from dye into TiO, when the barrier layer became too thick. With the TiCl, treatment in combination with
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optimal thickness coating, this problem could be avoided. The co-surface treated electrode presents

superior surface property with low recombination rate and good electron transport property. A high

DOI: 10.1039/¢c3nr03198e
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Introduction

Dye sensitized solar cells (DSCs) are developed as a promising
alternative to commercial solar cells with the advantages of low
cost and ease of processing." In a DSC, visible light is absorbed
by the dye molecules to generate excited electrons. Then the
photoexcited electrons will inject into the conduction band of
TiO,, which is followed by the subsequent regeneration of dye
by the I/I>” redox couple. Conventional DSCs are typically
fabricated with mesoporous nanocrystalline TiO, electrodes
which have large internal surface areas for absorbing light-
sensitive dyes but have limited charge collection efficiency. To
further improve the power conversion efficiency of DSCs, one
dimensional nanostructures such as TiO, nanotube (TNT)
arrays were introduced to take advantage of their increased
charge collection efficiency and light harvesting efficiency.**
The superiority of one-dimensional nanostructures over
planar geometries is that they can decouple the directions of
light absorption and charge carrier collection,®® which means
the possibility of providing a long dimension in the TNT length
direction for light absorption as well as a short dimension in the
TNT wall thickness direction for effective charge collection.
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conversion efficiency of 8.62% is obtained, which is about 1.8 times that of the device without surface

Related studies are under wide investigation and shows that the
solar cell efficiency could be improved by adjusting the geom-
etry of the TNT.*> But the improvement of DSC power
conversion efficiency requires not only to set up direct
connection between the light-absorbing and charge-collecting
geometry, but also to control the chemistry at the interface
between the electrode and electrolyte. Charge recombination
reaction of the injected electron with the oxidizing agent of the
electrolyte is a deleterious loss pathway even in many planar
solar cell devices,">** and such interface recombination gener-
ally dominates the performance of high aspect ratio electrodes
such as TNT, due to the increased interfacial contact area
relative to their projected geometric area for light absorption.
Controlling the chemical properties of the surfaces and junc-
tions of such one-dimensional systems as TiO, nanotube arrays
is therefore especially important.

To adjust the chemical properties of the electrode surface
and suppress the charge recombination between the electrode
and electrolyte, one method is to deposit large band gap semi-
conductor thin layers on the TiO, surface, which act as barriers
for the interfacial electron transfer.'*” Several metal oxide
materials, such as Al,O3,"*'®' Zr0,,"* Si0,,"”* and ZnO,*® have
been studied as potential barrier materials. Among them, Al,0;
is considered most promising for retarding interfacial recom-
bination losses under negative applied bias.”® It has been
proved that the photoconversion efficiency of DSCs could be
improved by up to 35% with a thin layer Al,O; coating."”
However, previous investigations on the Al,O; barrier layer were
only on TiO, nanocrystalline electrodes.'”***" It still remains a
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question if the Al,O; coating has the same effect on interface
recombination to TNT electrodes, considering its high aspect
ratio structure and increased interface contact area.

Besides, TiCl, treatment is also an effective method to
improve the chemical properties of the TiO, surface. With TiCl,
treatment, a TiO, nanocrystal layer will grow epitaxially on the
original surface of the TiO, electrodes,” which will help
improve the DSC performance in two ways: first, the deposited
nanoparticles will increase the active layer and fill some gaps
that the dye molecules cannot reach, leading to enhanced dye
loading and light absorption.”® More importantly, TiCl, treat-
ment will cause a downward shift of the conduction band edge
of the TiO,, resulting in reduced charge recombination and
improved charge injection into the TiO,, which will conse-
quently increase the DSC current density and the power
conversion efficiency.” However, the combined effects of TiCl,
treatment on the TNT electrodes coated with Al,O; were never
investigated before. It is still a question whether the TiCl,
treatment and the Al,O; barrier layer could work together to
reduce the surface charge recombination within the DSC
devices to produce high efficiency solar cell performance, while
at the same time how to avoid the forward electron injection
retarding effect caused by the barrier layer with an increased
thickness. This investigation would have potential applications
in controlling the surface property of solar cell electrodes
resulting from a combined multi-layer surface structure of Al,0;
and TiCl, materials.

In this work, Al,O3 barrier coating in conjunction with TiCl,
treatment was designed to modify the surface property of TNT
electrodes simultaneously, expecting to accumulate their
charge recombination suppression effects, but avoiding their
possible disadvantages such as the photoinjection retarding
effect caused by thick barrier layer deposition, so as to obtain a
highly efficient DSC. Specifically free standing TiO, nanotube
arrays fabricated via a template assisted ALD method were used
as the photoelectrode. To get the best performance with the
combined modification, optimal thickness of the Al,O; charge
barrier layer was investigated by ALD with precise thickness
control. The results indicate that the Al,O; barrier layer and
TiCl, treatment have accumulated effects to reduce the recom-
bination and improve the solar cell performance. A high power
conversion efficiency of 8.62% is obtained, which is about 1.8
times that of the solar cell based on bare TNT electrodes. The
demonstrated results indicate that the surface property of the
electrode is crucial to solar cell performance and this study on
TiO, nanotube arrays offers a strategy toward optimizing the
energy conversion efficiency in solar cells based on high aspect
ratio materials.

Experimental
Free standing TiO, nanotube membrane fabrication

The TiO, nanotube membranes were fabricated through a
template-assisted Atomic Layer Deposition (ALD) technique.
Commercial AAO membranes with 200 nm pores (Anodisc,
Whatman) were selected as the template. Briefly, the AAO
template was attached on a Si substrate for ALD TiO, deposition
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with diffusion mode. After deposition, the AAO/TiO, membrane
was annealed at 450 °C in an oxygen atmosphere for 2 hours for
crystallization. To release the free-standing TNT array film, the
annealed membrane was immersed into 1 M NaOH solution for
1 h and washed with DI water. The hexamethyldisilizane
(HMDS) drying technique was used to protect the free-standing
film.

Surface treatment

Prior to dye adsorption, an Al,O; barrier layer was deposited on
the electrode with ALD. Trimethylaluminum (TMA) and water
were the two precursors for the binary reaction at 200 °C using
8 s diffusion time and 8 s interval between the two pulses. The
thickness of the barrier layer was controlled precisely by the
deposition cycle. To prepare co-surface treatment samples, the
electrode was processed with TiCl, by immersing the TiO,
nanotube anode in 0.2 M TiCl, aqueous solution in a sealed
beaker and kept at 70 °C for 30 minutes before Al,O; coating,
followed by rinsing with ethanol and annealed at 450 °C for 30
minutes. During the surface treatment, the bare FTO surface,
where no TiO, electrode exists, was protected.

TiO, nanotube solar cell fabrication

The prepared free-standing TNT array film was then transferred
to a fluorine-doped oxide (FTO) substrate with its original one
dimensional structure retained. The FTO substrate was
prepared by doctor blading of a thin layer TiO, nanoparticle
paste (Solaronix, Ti-Nanoxide HT). The electrode was sintered at
450 °C for 30 minutes. After surface treatment, the electrode
was sensitized overnight in 0.5 mM (Bu,N),-[Ru(4,4’-(COOH)-
2,2'-bipyridine),(NCS),] (N719) in ethanol solution. A 50 pum
thick Surlyn frame was sandwiched between the open-pore side
of the membrane and a platinized FTO. The electrolyte, 50 mM
iodide/triiodide in methoxypropionitrile, was injected from the
side of the electrodes.

Performance characterization

A Hitachi S-4800 scanning electron microscope (SEM) and a
Hitachi H9000NAR transmission electron microscope (TEM)
were used to characterize the morphology of the nanotubes. The
TNTs were dispersed in ethanol and then placed onto a TEM
grid. The composition of the obtained material was examined
by Energy-dispersive X-ray spectroscopy (EDS) integrated with
SEM and TEM. X-ray photoelectron spectroscopy (XPS) was
performed using a HP 5950A XPS/ESCA Element and Chemical
Analyzer. The C 1s peak from the adventitious carbon-based
contaminant, with a binding energy of 284.8 eV, is used as the
reference for calibration. The J-V properties of TiO, nanotube
based DSCs were then tested using a Keithley 2420 source meter
under illumination of 100 mW c¢cm™> by an oriel solar simulator.
Photovoltage decay measurements and electrochemical
impedance spectroscopy (EIS) were performed using a CHI660D
Electrochemical Analyzer. Dye loading was quantified with an
Ocean Optics UV-VIS Spectrometer (SD2000 fiber optics) by
measuring the absorbance of N719 desorbed from the electrode
in 10 mM NaOH.
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Results and discussion

Al,O; barrier layer deposition on TNT electrodes for charge
recombination suppression

As a barrier layer between the porous electrode and dye/elec-
trolyte, the Al,O; film will not only suppress the charge
recombination between the electrode and the electrolyte, but
also restrain the electron injection from the dye to the electrode.
Generally, a thicker Al,O; barrier layer may result in a slower
charge recombination rate but may reduce the forward charge
injection at the same time. Therefore, an optimal thickness of
the barrier layer should be pursued for improving the best
performance of solar cells. Previous work based on TiO, nano-
crystalline solar cells showed discrepancies in the optimal
thickness values. For instance, Lin et al. reported an optimal
Al,O; thickness around 0.1 nm, which improved the efficiency
by 14%.?° However, another study by Ganapathy et al. showed
that 2 nm Al,O; is required to obtain the best efficiency.*
Similar values of 2-2.5 nm thickness were experimentally veri-
fied with an improvement of efficiency up to 35% through an
Al,O; coating formed by the sol-gel method.® In theory the
thicker barrier layers will lower the device performance since
the rate of electron tunnelling from the dye to TiO, decays
exponentially with the barrier layer thickness.> These discrep-
ancies may be attributed to the difference in the Al,O; deposi-
tion method and different surface properties of the
photoelectrodes. Therefore, to obtain the best performance
with combined surface treatment for the obtained TNT elec-
trode, it is necessary to investigate the optimal thickness of the
Al,O; barrier layer first. With this purpose, a series of DSC
samples with various thicknesses of Al,O; barrier layers are
fabricated, as controlled by ALD with different deposition
cycles, at 1 cycle, 2 cycles, 5 cycles and 15 cycles.

In the experiment, the TiO, nanotube arrays were synthe-
sized by AAO template assisted ALD followed by chemical
etching to release TiO, nanotube arrays from the template. The
nanotube wall thickness is controlled around 23 nm for optimal
performance, based on our previous study.*® Then the free-
standing TiO, nanotube film was transferred to FTO and made
into a photoelectrode. An ultra-thin Al,O; layer was deposited
by ALD on the TiO, electrode with precise thickness control
before solar cell fabrication.

Fig. 1 shows the SEM and EDS mapping images of the TiO,
nanotube arrays after ALD coating. Fig. 1a is the top view of the
nanotube arrays, which shows a compact tube structure. The
average size of the nanopores is around 200 nm. The cross-

Fig. 1

SEM and EDX mapping images show uniform coating.
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sectional image of nanotube arrays is shown in the inset of
Fig. 1a. The perfect vertically aligned tube structure will help the
electron transportation inside the electrode. The length of the
nanotube is around 40 pm. Fig. 1b is a cross-sectional image of
both inner and outer surfaces of the nanotube, which shows
that the deposition preserves the structure of the nanotube
arrays quite well. To confirm the uniform coating of the Al,O;
deposition by ALD, EDS mapping was performed on an internal
wall of the nanotube. As shown in the inset of Fig. 1b, Al
element disperses uniformly along the tube surface, which
suggests successful formation of a conformal coating on the
surface of the nanotube wall.

To investigate the detailed structure of the TiO, nanotube
after Al,O; deposition, TEM was performed for a single TiO,
nanotube. Fig. 2a is a TEM image of the single nanotube after 15
cycle Al,O; deposition, which shows a compact structure and
uniform coating. A thin Al,O; layer was coated on both inside
and outside of the nanotube walls. EDS (Fig. 2b) is also per-
formed focusing on single nanotubes, providing direct evidence
of Al,O; deposition. Fig. 2c and d are high magnification images
of the TiO, nanotube coated with Al,O3 at 5 and 15 ALD cycles,
respectively. The images show obvious TiO, thickness differ-
ence, suggesting a successful Al,O; thickness control by ALD.
The thickness is around 0.65 nm for 5 cycles and 1.8 nm for 15
cycles, yielding an average growth rate of ~0.12 nm per cycle.

XPS spectra of the Al,O; coated TiO, nanotube electrodes
were recorded to confirm the interactions between the depos-
ited Al,O; and TiO,, as shown in Fig. 3. For the bare TiO,, the Ti
2pss, peak located at 459 eV (Table 1) lies within the range of
458.8-459.4 eV reported in the literature for TiO,.>”** Following
the ALD of the first Al,O; coating, the binding energy of the Ti
2ps. peak was shifted from —0.1 to 458.9 eV; after 15 cycles

Ti

O Al _
Ti

Cu Cu
1

5
Energy (KeV)

Fig. 2 TEM image (a) and EDS (b) of single Al,O3 coated TiO, nanotubes. TEM
images of the TiO, nanotube wall coated with 5 cycles (c) and 15 cycles Al,O3 (d).

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 XPS spectra of Ti 2ps3,» and Al 2p peaks from the Al,Os coated TNT
electrodes.

Table 1  XPS results of the ALD Al,O3 coated TiO, electrodes
Ti binding Al binding
Cycles energy (eV) energy (eV)
0 459 —
1 458.9 74.2
2 458.8 74.3
5 459 74.5
15 459.1 74.5

Al,O; coating, the binding energy was shifted further to 459.1
eV. These shifts of the Ti 2p;, peaks indicate an interfacial
reaction existing within the 0.12 nm thickness of the Al,0O;
layer, which also show the surface coverage change accordingly
with the Al,O; coating.” The interfacial reaction can be seen
more clearly in Al 2p spectra shown in Fig. 3b. The Al 2p peak of
1 cycle Al,O3 coated TiO, electrodes located at 74.2 eV (Table 1)
was identified as Al,O; according to the published literature.>***
This peak shifts to 74.5 eV after 15 cycles ALD coating. It is also
noted that the intensity of Ti peaks decreases and that of the Al
peak increases with the increased cycles of ALD. This intensity
change is attributed to the increased Al,O; coverage and
thickness. Actually, the description of an ALD film as a
conformal layer to estimate its thickness is inaccurate for ultra-
thin films, especially for those ALD films deposited only by 1
and 2 cycles which actually consists of discontinuous Al,O3
monolayer stacks.”>?*° Therefore, the surface coverage of TiO, is
increased with the increasing cycles and forms a continuous
Al,O; layer gradually, which would cause a related XPS intensity
change of the Ti peak and the Al peak. The XPS spectra reflect a
precise thickness control of Al,O; coating, and the peak shifts
indicate interface reaction after the Al,O; doping, which would
cause a band bending from the surface to the interface and
induce a built-in potential accelerating the electron transport
from the Al,O; layer to the TiO, electrode.*!

The photocurrent density-photovoltage (J-V) curves of the
TNT-based DSCs with different Al,O; coatings are shown in
Fig. 4. Detailed photovoltaic parameters as a function of the
coated Al,O; thickness are summarized in Table 2. The

This journal is © The Royal Society of Chemistry 2013
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Fig.4 |-V performance of TiO, nanotube based solar cells with Al,O3 coating of
varied thickness.

performance of DSC based on the TNT film without Al,O;
barrier layer deposition was also listed for comparison.>® The
data show that the efficiency of the DSC highly depends on the
thickness of the deposited Al,O; barrier layer. Our experimental
results indicate that the optimal Al,O; layer thickness is 0.12
nm for 1 cycle of ALD, which allows the surface modified TiO,
anode to present a photoconversion efficiency value of 5.75%.
The result is over 20% higher than that of bare TiO, nanotube
based solar cells obtained with a 4.65% efficiency value. These
results indicate that the Al,O; barrier layer could be an effective
method to improve the TNT based solar cell performance.
When the Al,O; film thickness increases, the photoconversion
efficiency drops drastically. As shown in Table 2, the power
conversion efficiency of the electrodes with more than 5 cycles
Al,O; coating is less than 1%. The results show that the power
conversion efficiency is quite sensitive to the thickness of the
barrier layer, and generally an ultra-thin layer is enough for
improving the performance, which is consistent with previously
reported results on TiO, nanocrystalline film solar cells.'®*°
To discuss the effects of Al,O; coating on the performance of
the solar cell, the main charge transfer processes at the TiO,/dye/
electrolyte interfaces should be considered. In a typical DSC
device, visible light is absorbed by the sensitizer dye first to
generate photoexcited electrons, which will be injected into the
conduction band of TiO, from the excited state of the dye,
following the subsequent regeneration of the dye by the I/I>~
redox couple. The injected electrons may recombine with the
oxidized dye molecules or with the oxidized redox couple. The
latter reaction is thought to be particularly critical to device

Table2 Photovoltaic performance of TiO, nanotube based solar cells with Al,O3
coating

AlL,O; ALD coating Voc [V] Jsc [mA em 2] FF n [%]
Bare TiO, (ref. 26) 0.69 9.51 0.71 4.65
0.12 nm (1 cycle) 0.67 11.30 0.75 5.75
0.24 nm (2 cycles) 0.64 8.54 0.74 4.07
0.60 nm (5 cycles) 0.63 1.06 0.57 0.38
1.80 nm (15 cycles) 0.59 0.68 0.39 0.16
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performance. With the Al,O; coating on the TiO, surface,
recombination reaction of the injected electron with the oxidizing
agent of the electrolyte can only be finished by tunneling through
the insulator. Therefore, the deposited Al,O; layers will act as
barriers for the interfacial electron transfer and suppress
recombination."”*® However, thick layer Al,O; coating will also
suppress the total electron injection due to the Al,O; induced
weakening of electronic coupling between the dye and TiO, as
well as modification of the TiO, electronic structure,'* which will
decrease the photocurrent drastically when the barrier becomes
too thick. As shown in Table 2, only the solar cell fabricated with
one layer Al,O; coated TiO, demonstrates improved efficiency in
comparison with the cell fabricated with TiO, without Al,O;
coating. The optimal Al,O; barrier layer thickness for the TNT
electrode is 0.12 nm. It is worth noting that the optimal alumina
thickness may vary with the deposition method. For an Al,O;
barrier layer formed with a sol-gel method, 2 nm conformal
coating is still able to improve the efficiency of dye sensitized
solar cells.”” The difference may be attributed to the fact that the
liquid phase method, such as the surface sol-gel process, will
result in an uneven coverage of the nanosized cavities of nano-
porous TiO, films because of incomplete penetration of the
solution on the electrode surface.*

To investigate the recombination suppression effect of the
Al,O; barrier layer on TNT electrodes, photovoltage decay
measurements were performed on the DSC device with bare
TiO, and Al,O; coated TiO, nanotubes at different ALD cycles
(Fig. 5). As the rate of photovoltage decay is inversely propor-
tional to the lifetime of photoelectron in DSCs, and the lifetime
of electrons is further inversely proportional to the rate of
recombination,®” a longer photovoltage decay time means that
the electrons possess a slow recombination rate. The results
show that the electrode with an Al,O; barrier layer exhibits a
longer photovoltage decay time than bare TiO, (Fig. 5a), indi-
cating the improved recombination characteristics with a
longer electron lifetime. Also, the photovoltage decay time
increases with Al,O; thickness, which indicates that charge
recombination suppression on the TiO, surface strongly
depends on the structure of the deposited Al,O; film. Insight
into the improvement of suppressing recombination may be
obtained by investigating the charge carrier lifetime. Analysis of
the photovoltage decay provides electron lifetimes (z,,) related to
the slope of the photovoltage vs. time plot by the expression®

n

_ ks T (dVoc\ ™
g dt

where kg is the Boltzmann constant, T is the absolute temper-
ature, and q is the positive elementary charge. Electron lifetimes
as a function of photovoltage are shown in Fig. 5b. At equal
potentials, electron lifetime increases with the Al,O; thickness,
indicating that the Al,O; layer acts as an efficient surface
modification to reduce the surface recombination.

To characterize the effect of the Al,O; coating on forward
electron transfer from dye to TiO,, EIS of DSCs was carried out
under AM1.5G illumination at bias of Voc and the frequency
range from 0.1 Hz to 10° Hz with an AC amplitude of 10 mV.
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Fig. 5 Measured photovoltage decay of DSCs with bare TNT and Al,O3 coated
TNT electrodes.

0.6

Fig. 6a shows the Nyquist plot of the TiO, photoelectrodes coated
with 1, 5, and 15 cycles of Al,O;. Impedance spectroscopy is a
powerful technique to characterize the transport of electrons in
DSCs. The Nyquist diagram features typically three semicircles
that in the order of increasing frequency are attributed to the
Nernst diffusion within the electrolyte, the electron transfer at the
oxide/electrolyte interface, and the redox reaction at the platinum
counter electrode.*** The middle frequency semicircle in the
Nyquist plot reflects the property of photoinjected electrons
within the TiO,.** It is obvious that the charge transfer resistance
increased rapidly with the increased Al,Oj; layer thickness (Fig. 6).
The reaction resistances of TiO, covered with 1 cycle, 5 cycles and
15 cycles Al,O3 are 24.2 ohm, 245.9 ohm and 798.6 ohm respec-
tively as analysed with Zview software. The large interface resis-
tance with a thick Al,O; covered TiO, electrode results in much
less electron injection and collection, and consequently a much
lower photocurrent. Fig. 6b shows the Bode phase plots of the EIS
results. As the peak frequency of the middle semicircle is
inversely proportional to the lifetime of photoelectrons in a
photoelectrode,* the EIS results demonstrate that increasing the
Al,O; barrier layer from 1 cycle to 5 cycles to 15 cycles results in

This journal is © The Royal Society of Chemistry 2013
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Fig. 6 Nyquist plots (a) and Bode plots (b) of electrochemical impedance spectra
of Al,O3 coated TiO; solar cells.

decreased peak frequency, indicating an increased photoelectron
lifetime in the electrode with increased Al,Oj3 layer thickness. The
results confirm that the Al,O; barrier layer can act as an effective
surface modification technique to help increase the electron
lifetime within the TNT electrodes, although the interface resis-
tance will be increased as well. It can be concluded that
comparing the surface recombination improvement, the
suppression effect of photoelectron injection dominates the
interface reaction when the thickness is over 0.24 nm (2 layers).
Therefore, to obtain the optimal photovoltaic performance of the
device, the thickness of the Al,O; barrier layer must be precisely
controlled.

In addition, the dye loadings on bare TNT electrodes and
various Al,O; coated TNT electrodes were also examined
(Fig. S17). The results show that the dye absorption of TNT
electrodes was only slightly affected by the thickness of Al,O;,
which is attributed to the minor surface area change resulting
from ultra thin smooth Al,O; layer coating. Accordingly, it is
confirmed that the surface electric property plays an important
role in adjusting the solar cell performance with ALD Al,0O;
coated TNT electrodes, indicating that Al,O; coating is an
effective method to modify the surface property of TNT elec-
trodes. Overall, the optimal thickness of the Al,O; barrier layer
for TNT electrodes is approximately 0.12 nm, which corre-
sponds to 1 cycle ALD.

This journal is © The Royal Society of Chemistry 2013
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Improving the photovoltaic performance by combining the
TiCl, surface modification with Al,O; barrier layer deposition

To further improve the efficiency of TiO, nanotube based solar
cells, co-surface treatment was designed to combine the optimal
Al O3 coating with TiCl, surface treatment. Former discussions
show that 1 cycle ALD coating provides the highest efficiency for
TNT based solar cells, which balances the effect of charge
recombination suppression and forward electron injection
decreases at an optimal point. Therefore, 1 cycle ALD Al,O;
coating was conducted after the TNT electrode surface was treated
with TiCl, solution. For comparison, DSCs based on TiO, nano-
tubes with only TiCl, treatment was also fabricated and tested.

Fig. 7 shows the comparison of the TNT surface before and
after TiCl, treatment. It is obvious that the TiCl, treatment does
not destroy the one dimensional tube structure of TNT and
forms a nano-sized particle layer covering the TiO, nanotube
surface, which increases the active layer and leads to enhanced
dye loading and light absorption.”® It has proved that TiCl,
treatment will also cause a downward shift of the conduction
band edge of TiO,, resulting in reduced charge recombination
and improved charge injection into TiO,, which consequently
increase the short circuit current density (Jsc) and the power
conversion efficiency.”® Therefore, with TiCl, treatment in
conjunction with optimal Al,O; barrier layer coating, it is
expected that the recombination suppression effect can be
accumulated without increasing the photoelectron injection
resistance, and consequently get a higher photocurrent and
power conversion efficiency.

Fig. 8 shows TEM images of the 1 cycle ALD Al,O; deposited
on a TiCl, treated TiO, electrode. Fig. 8a is a low magnification
image of single TiCl, and Al,O; co-treated nanotubes, which

Fig. 7 SEM images of the TNT wall before (a) and after (b) TiCl, treatment.
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Fig.8 TEMimage (a) and HR-TEM (b) of the TNT wall after TiCl, treatment with 1
cycle Al,O3 deposition. The inset shows the EDS spectrum of single TNT.
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shows that TiO, nanoparticles formed by TiCl, treatment
disperse on the TiO, nanotube walls uniformly and generate a
rough electrode surface. Although the ultra-thin layer Al,O; is
hardly separated from the substrate in the low magnification
image, the EDS spectrum (inset of Fig. 8a) with a clear Al peak
confirmed a successful Al,O; deposition with 1 cycle ALD on
TiCl, treated TiO, nanotube electrodes. The HRTEM image
(Fig. 8b) provides a detailed surface morphology after 1 cycle
Al,O; deposition on TiCl, treated TiO, electrodes. It is observed
that 1 cycle ALD Al,O; deposition, actually only discontinuous
Al,O; islands cover the TiO, surface, could be functional in
improving the DSC device performance, with no obvious
forward charge injection suppression but with efficient charge
recombination reduction.

Fig. 9 shows the comparison of I-V curves of solar cells
treated with TiCl, only and with TiCl, in conjunction with Al,O;
deposition. With only TiCl, treatment, the measured photo-
current is 12.9 mA cm ™2 and a conversion efficiency of 6.77% is
obtained. In the tests, the TiCl, treatment enhanced the
photocurrent of the DSC sample by over 30% when compared
with the non-treated DSC. The enhanced result is consistent
with other published work.***¢ For the DSC treated with TiCl, in
conjunction with an Al,O; barrier layer, the measured photo-
current is 18.4 mA cm > and the increased power conversion
efficiency is obtained at 8.62%, demonstrating a significant
improvement of the conjunction effects from both TiCl, and
Al,O;. Detailed photovoltaic parameters are shown in Table 3.

To explain the mechanism of the co-surface treatment, pho-
tovoltage decay measurements were performed on the DSC
devices with TiCl, only treatment and with both TiCl, and Al,O;
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Fig. 9 /-V performance of solar cells based on only TiCl4 treated and TiCl4—Al,O3
(1 cycle) co-treated TiO, electrodes.

Table 3 Photovoltaic performance of solar cells based on only TiCl, treated and
TiCl4—Al,03 (1 cycle) co-treated TiO, electrodes

Voc [V] Jsc [mA cm™?] FF 7 [%]
TiCl, 0.70 12.9 0.75 6.77
TiCl,~ALO; 0.66 18.4 0.71 8.62
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treatments to confirm the accumulated effect of the charge
recombination properties, as shown in Fig. 10a. Fig. 10b shows
the electron lifetime as a function of voltage. As shown in Fig. 10a,
the TiCl, treated TNT electrode (black curve) presents an obvi-
ously slower photovoltage decay time than the bare TNT electrode
(Fig. 5a), suggesting that TiCl, treatment has an obvious recom-
bination suppression effect. Furthermore, the TiCl, treated
sample with 1 layer Al,O; coating (red curve) appears to have a
longer electron lifetime than that without Al,O; coating, which
indicates that the added Al,O; coating can help reduce the
recombination rate over the effect of TiCl, treatment. Generally,
the TiCl, treatment and Al,O; barrier layer coating hinder the
electron recombination and prolong the electron lifetime with
different mechanisms, which make it possible to obtain accu-
mulated improvement for suppressing the surface recombina-
tion. TiCl, treatment generates epitaxial growth of nanoparticles
on the nanotube surface which will reduce nanotube surface
impurities, defects and grain boundaries.*” The Al,O; barrier
layer covering the TiO, nanoparticle formed by TiCl, treatment
will adjust the surface electric field and band edge, which reduces
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Fig. 10 Photovoltage decay measurement of solar cells based on only TiCl,
treated and TiCl4—Al,O3 (1 cycle) co-treated TiO, electrodes.
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the surface recombination between the newly formed TiO,
nanoparticles and dye molecules.” Therefore, the TNT electrode
modified with an Al,O; barrier layer in conjunction with TiCl,
treatment exhibits a lower recombination rate and longer elec-
tron lifetime than those of the samples modified just with a single
method. The results proved that the combined surface treatment
is an effective method to reduce the surface recombination and
help increase the photocurrent.

Fig. 11a shows the Nyquist plot of the TiCl, treated TNT
photoelectrodes with and without Al,O; coating. The results
show that 1 layer Al,O; coating on the electrode only slightly
increases the charge transfer resistance. The resistance for TiCl,
treated TNT photoelectrodes with and without Al,O; coating is
24.5 ohm and 22.3 ohm respectively, as extracted from the
Nyquist plot. The low resistance values indicate that the forward
electron injection from the dye molecule to the electrode is not
suppressed by either of them. Actually, TiCl, treatment will
enhance the bonding between TiO, and dye molecules, which
facilitates the electron transfer and collection.’” As discussed
before, the deposited ultra-thin Al,O; layer (0.12 nm) only
partially covered the TiO, surface, which allows tunnelling of
electron transfers and barely affects electron injections. There-
fore, only a slight increase of resistance is observed after the
thin layer Al,O; coating. From the Bode plot in Fig. 11b, the EIS
results show an obvious drop of the peak frequency of the
middle semicircle after adding the 1 cycle ultra-thin Al,O;

a —=—TiCl,
—e—TiCI/ALO,

20}

-15}

2'(Q)

Z(Q
——TiCl,
—— TiCI,/A,0,
0 V] lE vl '} 4
0.1 1 10 100 1000 10000 100000

Frequency (Hz)

Fig. 11 Nyquist plots (a) and Bode plots (b) of solar cells based on only TiCl,
treated and TiCl,—Al,O3 (1 cycle) co-treated TiO, electrodes.
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Fig. 12 UV-Vis spectra of desorbed N719 from TiO, electrodes with and without
TiCl, treatment.

barrier layer, which suggests an increased photoelectron life-
time of the co-surface treated device. The results are in good
agreement with the previous photo-voltage decay measurement.
Therefore, TiCl, treatment and Al,0; can work together to
provide a better recombination suppression effect without
restraining electron injection, and consequently increase the
electron charge collection and produce large photocurrent.

Besides, it is believed that the TiO, nanoparticle layer
generated by TiCl, treatment on the surface will increase the
active surface of the electrode and load more dyes for enhancing
the light absorption, and consequently contribute to the
increase of photocurrent when compared with bare TNT elec-
trodes. The dye loading enhancement was investigated with a
TiO, photoelectrode before and after TiCl, treatment. Absor-
bance was measured after desorbing the absorbed dyes from
the TNT electrode into NaOH solution, as shown in Fig. 12. The
differences between the TiO, with and without TiCl, treatment
are obvious. The peak intensity at 505 nm indicates an 8.6%
higher dye loading for TiCl,-treated electrodes, which will
contribute to the electron generation and thus improve the
photocurrent. The slight peak position shift between different
spectra may be attributed to the aggregation in higher
concentration solution,*® which also indicates that the dye
loading is strengthened with TiCl, treatment.

Overall, TiO, nanotube electrodes modified with TiCl, treat-
ment in conjunction with an Al,O; barrier layer present increased
light absorption and prolonged electron lifetime without
decreasing the photoelectron injection, resulting in enhanced
photocurrent and high power conversion efficiency. The demon-
strated results prove the importance of the surface property of the
electrode and indicate that Al,O; barrier layer deposition in
conjunction with TiCl, treatment is a promising method to
improve the TNT electrode surface toward highly efficient DSCs.

Conclusions

In summary, TiO, nanotube based electrodes were modified
with an ALD Al,O; barrier layer in conjunction with TiCl,
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treatment for enhanced photovoltaic performance. The Al,O;
barrier layer suppresses the recombination between the injec-
ted electron and electrolyte, but it suffers from the drawback of
inhibiting photoelectron injections from the dye molecules to
the TiO, electrode. This problem can be solved by combining
the Al,O3 barrier layer with TiCl, surface treatment. In our
experiments, the TNT electrode with the co-surface treatment
presents superior properties with an accumulated recombina-
tion suppression effect and unimpeded electron injection. The
performance of the solar cells was improved significantly when
compared with bare TNT based DSCs. A high power conversion
efficiency of 8.62% is finally obtained. This work identified that
surface treatment is extremely important to high aspect ratio
TNT electrodes and the investigation identified a new way to
optimize the DSC efficiency in future.
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