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We report on nanotubular TiO2 on top of a compact TiO2 layer on conducting glass substrates.
Highly regular structures were obtained from anodization of DC sputtered Ti films of thicknesses
between 0.2 and 2 μm in ammonium fluoride containing ethylene glycol solutions. The influence of
different anodization parameters was systematically analyzed revealing that full control over tube
length, diameter, spacing, and tube wall thickness is possible. Inner tube diameters and spacing
between tubes can be controlled via the anodization field. Tube wall thickness can be tuned using
different anodization bath temperatures. Tube length can be adjusted by sputtering appropriate
layers of Ti. The resulting TiO2 structures can be readily used in poly(3-hexylthiophene)-TiO2 hybrid
solar cells and solid state dye sensitized solar cells. In contrast to anodized Ti foils the presented
geometry allows the fabrication of photovoltaic devices which can be frontside-illuminated (through
the glass substrate).

Introduction

Titania nanotubes have proven to be a highly promising
material for application in various fields. Recent publica-
tions indicate that nanotubularTiO2 canbeused in sensing,

1

photocatalysis,2 photoelectrolysis,3 and photovoltaics.4

A suitable method for fabrication of TiO2 nanotubes is
anodization of metallic Ti. Commonly, high purity Ti
foils are used and anodized in aqueous HF-containing
solutions5 or NH4F-containing ethylene glycol electro-
lytes.6 Pore sizes and wall thicknesses can be varied for

anodized foils,7 and tube lengths of several hundreds of
μm are reported.8 In contrast, there are only limited stud-
ies concerning thin films of anodized Ti sputtered on
silicon or conductive glass substrates, and there is no com-
prehensive study about controlling the above-mentioned
parameters in thin films.9

However, especially for photovoltaic devices, TiO2

nanotubes on conducting glass are of particular interest.
Thin films of nanostructuredTiO2would allow cell geom-
etries similar to fully organic bulk heterojunction solar
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cells.10 Besides, hybrid devices as well as solid state dye
sensitized solar cells can be realized.11 Structures on con-
ducting glass substrates allow frontside illumination, i.e.
illumination from the substrate side, resulting in reduced
loss of incident light intensity compared to cells fabri-
cated from foils.6,12

Here we report on anodized Ti thin films on indium-tin
oxide (ITO) coated glass substrates. The Ti serves as feed
substrate for the formation of highly regular TiO2 nano-
tubes. Anodizations are carried out in NH4F-containing
ethylene glycol baths. We introduce a sputtered compact
TiO2 layer underneath the Ti. This compact TiO2 is
applicable as hole-blocking layer and allows the fabrica-
tion of photovoltaic cells with selective external contacts
and is commonly used in inverted organic solar cells.13

Additionally, the TiO2 layer protects the ITO from
corrosion during the anodization process to maintain its
conductivity.
The anodization process is analyzed in detail and dif-

ferent phases of the anodization- visible in the current-
time anodization plot - can be identified. This allows
controlled anodization and simplifies data analysis if new
anodization parameters are applied. The influence of an-
odization bath temperature and anodization voltage are
examined, and tubes of different length are grown using
different Ti thicknesses.
In the last section, hybrid TiO2-dye-P3HT solar cells

are fabricated to investigate the advantages of nano-
tubular structures with high surface area in comparison
with flat bilayer solar cells.

Experimental Section

All solvents were purchased from Sigma Aldrich at high

purity grade. P3HT was purchased from Merck Chemicals.

Ti Anodization. ITO covered glass substrates (Kintech; 10Ω/

0) were cleaned with commercial dishwashing detergent using

an ultrasonic toothbrush. Subsequently, ITOs were ultrasoni-

cated for 15 min each in acetone and 2-propanol, rinsed with

ethanol, and dried in a nitrogen stream. Prior to loading the

sputter system, a 7 min oxygen plasma cleaning was performed.

Approximately 50 nm of TiO2 as a blocking layer and 0.2 μm-
2 μm of Ti were DC sputtered at 500 �C with a Surrey Nano-

Systems Gamma 1000C sputter system at Ar pressures of 5 mTorr

and 4 mTorr, respectively. Subsequently, the substrates were

allowed to slowly cool down in high vacuum. Anodization was

carried out using a two electrode setup with a Pt counter elec-

trode in an ethylene glycol bath containing 0.4 wt % NH4F

(Sigma Aldrich). No water was added but the solution was

stirred for at least 1 h in ambient air prior to anodization so the

solution might contain some water. Samples were anodized at

different temperatures between 273 and 338 K, varying anodi-

zation voltages between 10 and 25 V and for different times

between 1min and 2 h. If not otherwise noted anodizations were

carried out at room temperature on 400 nm Ti samples. After

anodization the samples were rinsed with water and ethanol and

dried in air. A heat curing was performed at 450 �C for 1 h with

heating and cooling rates of 3 �C/min in ambient atmosphere.

XRDCharacterization.X-ray diffraction (XRD) analysis was

performed with a Bruker D8 Diffractometer with Cu KR
radation at 40 kV and 40 mA. Start and end angles were 20�
and 70�, respectively, with an increment of 0.05� and a scanning

speed of 3 s per step.

SEM Imaging. For scanning electron microscopy (SEM)

cross-sectional view samples were scratched with a diamond

glass cutting pen, cooled in liquid nitrogen, and cleaved. Ap-

proximately 2 nm Au were sputtered on all SEM samples to

avoid charging effects.

Solar Cell Production. Solar cells were produced from TiO2

flat layers and samples with 400 nm Ti anodized at 15 V vs a Pt

electrode. TiO2 flat layers of approximately 50 nm were DC

sputtered at 500 �C onto ITO substrates precleaned as described

above. Both, TiO2 flat layers and nanotubes were heat treated at

450 �C for 1 h with heating and cooling rates of 3 �C/min in

ambient atmosphere. Subsequently, the samples were sensitized

with the rutheniumdyeZ90714 by immersion in a 4mMdye bath

in ethanol for 18 h. Prior to P3HT deposition samples were

rinsed with ethanol and dried in a nitrogen stream. P3HT

solutions were prepared at concentrations of 30 mg/mL in chloro-

benzene and stirred at room temperature for 18 h. For P3HT

filling, the nanotube samples were put in a vacuum chamber,

P3HT was drop-cast and left on the substrate for 4 min.

Subsequently, the still wet sample was spincoated at 800 rpm.

Bilayer devices were directly spincoatedwithout using a vacuum

process. An approximately 50 nm thick layer of poly(3,4-

ethylenedioxythiophene)-polystyrenesulfonic acid (PEDOT:

PSS) was spray-deposited onto the P3HT as described pre-

viously.15 PEDOT:PSS (H.C. Starck) was used as received and

diluted 1:10 in isopropanol and spincoated at 1000 rpm after

spray-deposition. 100 nm of Ag were sputtered through a shadow
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mask as top contacts. Finally, the fully assembled solar cells were

annealed at 140 �C for 10 min in ambient air.

Solar Cell Characterization. Photovoltaic devices were tested

under simulated solar light using a solar simulator with a

Xe-lamp and AM 1.5G filters. Light intensity was adjusted to

100 mW/cm2 using a Fraunhofer Institute certified Si reference

cell with a KG 5 filter. For EQE measurements a 150 W xenon

lamp in combination with an Omni150 (LOT-Oriel) monochro-

mator (incident power at 490 nm ∼0.3 mW/cm2) was used.

Current-voltage characteristics and external quantum efficien-

cies (EQE) were recorded with a Keithley Sourcemeter 2400

using a self-written LabView program.

Results and Discussion

TiO2 Crystallinity. X-ray diffraction measurements
reveal anataseTiO2 structureafter the 450 �Cheat treatment
(not shown). This is in good accordance with literature.16

Anodization Process. To gain a better understanding of
the time vs current anodization curve and the time evo-
lution of the anodization process, anodization was stopped
after different times, and samples were analyzed in the
SEM. Anodization was carried out at 20 V vs Pt electrode
and room temperature for this experiment. Figure 1 shows
an SEM top view image of a Ti film after anodization for
1 and 11 min. In the beginning pore formation occurs
mainly at the Ti grain boundaries. However, after a few
minutes not all pores are evolving further, and the pores are
distributed more homogenously over the substrate.
Note that top view images show rather a porous instead

of a tubular structure, whereas cross-sectional views clearly
reveal the presence of TiO2 nanotubes. A thin layer is
forming on top of the anodized sample similar to the barrier
layer reported by Sadek et al.9a This is discussed later in
detail.
Figure 2 shows SEM cross-sectional views for increas-

ing anodization times. Respective anodization current vs
time plots are given in the insets. The series reveals an
anodization mechanism similar to the one proposed by

Mor et al.7 for anodization of Ti foils. During the first
seconds the Ti is anodized (i.e., oxidized) at the top and a
compact TiO2 barrier layer is formed (Figure 2a) follow-
ing the equation

Ti f Ti4þ þ 4e-

Small cracks, grain boundaries, and surface roughness
then probably lead to field-enhanced dissolution of the
TiO2 similar to the mechanism for anodized alumina
membranes.17 Dissolution of TiO2 is supposed to follow
the equation proposed by Mor et al.18

Ti4þðsÞ þ 6F- ðaqÞ f ½TiF6�2- ðaqÞ

After two minutes (Figure 2b) the TiO2 barrier layer has
moved deeper inside the substrates and tubes have formed
on top. While the tubes grow longer (Figure 2c) the thick-
ness of the barrier layer is maintained at around 100 nm.
The relatively thick barrier layer might be the reason why
anodization of extremely thin Ti films of 100-200 nm
does not lead to regular tubular structures but rather to
porous TiO2.

4e,9b

After anodization for 9 min the anodization current

starts to drop as the barrier layer gets thinner and only

little Ti is left for anodization (Figure 2d). After 11 min

the anodization current is at a local minimum with no Ti

being left for oxidation (Figure 2e). However, field en-

hanced dissolution of the TiO2 still occurs, and tubes are

forming down to the compact TiO2 layer that is sputtered

underneath the Ti. Subsequently, also this TiO2 compact

layer gets dissolved. Accordingly, the ITO is exposed to

the anodization bath. A second peak in anodization cur-

rent appears which is attributed to the anodization of

ITO.Figure 2f reveals that after 21min of anodization the

ITO is completely corroded by the NH4F, whereas the

tubular structure is maintained and not affected by the

fluoride ions. Our experiments show that exposure of the

Figure 1. SEM top views of anodized Ti after a) 1 min and b) 11 min of anodization. Scale bars are 500 nm.
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structures to NH4F for 1 h without applied voltage does
not significantly corrode the TiO2.
As mentioned above a barrier layer is formed on top of

the structures. The tubes clog over a thickness of approxi-
mately 30-50 nm where only the tube interiors (referred
to as pores) are exposed to the top, whereas the voids
between the tubes are closed.
Figure 3 shows a detailed plot of anodization current vs

time for the 21 min anodized Ti. Different phases of the
anodization process which could be identified from the
SEM analysis (Figure 2) are also reflected in the current
response.
During the first seconds a high anodization current is

detected when the Ti at the surface is oxidized. The
current quickly drops to a localminimumonce the barrier
layer is completely formed (1). The oxidation of Ti
temporarily slows down before first pores are forming
due to field enhancement effects. The current peaks once
all tubes are regularly formed (2) and slightly decreases
during the next minutes where the tubes grow deeper
inside the substrate (3). In this phase of the anodization
the Ti oxidation and accordingly the anodization current

are limited by the field enhanced dissolution of TiO2. The
slightly decreasing currentmight be related to diffusion of
fluoride ions into the tubes which takes longer for elon-
gated tubes.
The following significant current drop (4) is attributed

to a complete consumption of Ti, first locally and finally
over the whole substrate. At this point the current reaches
a local minimum (5).

Figure 2. SEMcross-sectional views of anodizedTi after anodization for a) 1min, b) 2min, c) 4min, d) 9min, e) 11min, and f) 21min at roomtemperature
and 20 V vs Pt electrode. Scale bars correspond to 200 nm. The small dots are sputtered gold particles and might not be confused with morphological
features of the TiO2. Anodization current vs time plots are given in the insets.

Figure 3. Current vs time plot for a long time anodization at 20 V vs Pt
electrode. (1-7) label different phases of the anodization process as
discussed in the text.
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Once tubes have emerged also through the compact
TiO2 layer, the ITO gets anodized resulting in a second
anodization peak (6). After complete corrosion of the
ITO the current drops to an overall minimum (7), and no
further current features are detected if the anodization is
carried out for an additional hour (not shown).
We note that although formation of a TiO2 barrier

layer and growth of tubes are clearly visible from our
data, it is impossible to infer whether tube forming occurs
due to parallel formation of pores and voids as suggested
by Mor et al.7 or because of tube separation as described
by Raja et al.19

Anodization Temperature. In a second experiment we
investigate the influence of anodization bath temperature
on structure and shape of the resulting nanostructures.
Anodization was carried out at 20 V vs Pt electrode at
temperatures ranging from 273 to 338 K.
A less regular structure is forming if the anodization is

carried out at 273 K. Figure 4 shows an SEM cross-
sectional view of the respective sample revealing tube-
like but highly corroded structures. Apparently, TiO2

is also unselectively, i.e. not due to field enhancement
effects, dissolved leading to an eroded structure. Ad-
ditionally, the tube length is smaller than 400 nm- the
thickness of the initial Ti substrate-which is a further
hint for unselective dissolution of TiO2. Usually, the
resulting TiO2 structures are about 20-30% thicker
than the feed substrate.
TiO2 nanotubes of very similar shape and structure are

obtained between 298 and 338 K. No significant differ-
ences are found in pore diameter and pore-pore distance

(see Table 1). However, the tube wall thickness is sig-
nificantly affected by the anodization temperature. This is
in good accordance with results reported for anodization
of Ti foils.20

Figure 5 shows a plot of tube wall thickness vs anodiza-
tion temperature with the 273Kdata point left out since it
is not possible to obtain reliable values from the SEM
analysis of the corroded structure. Thickness of the tube
walls decreases significantly with increasing anodization
bath temperature. For the investigated temperature range
the dependence is neither clearly linear nor exponential.
In addition to different tube wall thicknesses, the shape

of the anodization curves is significantly altered for in-
creasing anodization temperatures. Figure 6 shows current
vs time plots for anodization temperatures between 273
and 338 K. Except for the 273 K anodization all curves
show a local currentminimumafter the first quick current
drop.Additionally, the slope of the current drop is steeper
at higher temperatures and becomes almost similar for
temperatures above 308K, suggesting that the first step-
the formation of the barrier layer - is less diffusion
limited than the tube formation. However, at low tem-
perature and room temperature the transport of O2- ions
toward the anodized Ti might be relatively slower due to
the high viscosity of the ethylene glycol causing a slower
oxidation of the Ti.
The local maximum after the initial current is more

pronounced for increasing temperature. This is attributed

Figure 4. SEM cross-sectional view of Ti anodized at 273 K. Scale bar is
200 nm.

Table 1. Pore-Pore Distance, Pore Diameter, and Tube Wall Thickness

for Anodization Temperatures Ranging from 273 to 338 K

anodization
temperature [K]

pore-pore
distance [nm]

pore diameter
[nm]

tube wall
thickness [nm]

273 34.6 ( 8.1 20( 3.2 N/A
298 37.1( 5.1 23.9( 1.9 13.8 ( 1.4
308 42.8( 5.3 23.6( 2.5 11.2 ( 1.2
318 44.7( 5.5 26( 3.5 9.4 ( 1.2
328 40.4( 5.3 28.6( 4.2 8.5 ( 2.0
338 41.1( 3.3 25.2( 3.1 8 ( 1.7

Figure 5. Tube wall thickness depending on the anodization tempera-
ture. Mean values and error bars are gained from analyzing SEM side
view images. The dashed line is a guide to the eye.

Figure 6. Anodization current vs time plots for different anodization
bath temperatures.

(19) Raja, K. S.; Misra, M.; Paramguru, K. Formation of self-ordered
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chim. Acta 2005, 51(1), 154–165.

(20) Mor, G. K.; Shankar, K.; Paulose, M.; Varghese, O. K.; Grimes,
C. A. Enhanced photocleavage of water using titania nanotube
arrays. Nano Lett. 2005, 5(1), 191–195.
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to a much quicker tube formation and accordingly a
faster oxidation of new Ti underneath the TiO2 barrier
layer. This is consistent with overall shorter anodization

times for higher temperatures. At 338 K it takes only

about 1min to anodize the 400 nmofTi. This corresponds

to a growth velocity of 24 μm/h which is even faster than

values reported for tube growth in Ti foils.6

Anodization Voltage. Ti films were anodized at differ-
ent voltages to investigate the influence of this anodiza-

tion parameter. Andozations were carried out at room

temperature.
Table 2 summarizes pore-pore distances, pore diameters

and tube wall thicknesses found for different anodization

voltages. The data are plotted in Figure 7. A linear depen-

dence on the anodization voltage

D ¼ a 3Vanodization þ b

is found in each case where D denotes the respective

dimension (pore-pore distance, pore diameter or tube

wall thickness), a is the rate, and b is an intercept. Fitting

parameters a and b are summarized in Table 3.
Figure 8a-d shows SEM cross-sectional views of sam-

ples anodized at 10 V, 15 V, 20, and 25 V, respectively.

Highly regular structures of approximately 550 nm length

are obtained for 20 and 25 V. However, at 15 V tubular

structures are slightly corroded, and the effect is even

stronger at 10 V. Additionally, structure length is sig-

nificantly reduced after anodization at 15 and 10 V with

tube lengths of only approximately 350 and 300 nm,

respectively. This is attributed to less selective (i.e., field

enhanced) TiO2 etching due to the lower electric field.

Besides, the anodization takes less than 5 min at 25 V but

more than 20 min at 10 V. Accordingly, the TiO2 is

exposed to the fluoride ions for an elongated time at lower

anodization voltages. This combination might reduce the

tube lengths and erode the structure.
Anodization at low voltages also influences the surface

morphology of the nanotubes. Figure 8e,f shows SEM
top views of Ti films anodized at 15 and 25V, respectively.
At 25 V only pores are visible from the top since the tubes
clog together at the upper ends forming a barrier layer as
discussed above. In contrast, if the anodization is carried
out at 10 or 15 V tubular structures can be identified even
from top views.
Since the tubes are even more clearly separated from

each other if films of 1 or 2 μmare anodized-meaning an
overall longer anodization time (not shown) - we sup-
pose that the barrier layer caused by the clogging tubes is
etched away if the anodization is carried out for sufficient

times. Exposure of the structures to fluoride ions without
applied electric field, however, does not result in corroded
structures even after 2 h in a NH4F bath.
We note that although highly regular tubes are not

obtained at low anodization voltages the resulting struc-
tures might be particularly interesting for hybrid solar
cells. The corrodedTiO2 tubes should provide a large area
but still perfectly connected charge carrier percolation
pathways- both being a prerequisite for efficient organic
and hybrid solar cells.21

Tube Length. We also anodized Ti layers of varying
thicknesses. For thicknesses below 200 nm no regular
tubular structures but more porous films are obtained.
For Ti layers of 400 nm to 2 μm similar structures of
different length are found. Figure 9 shows SEM images of
2 μm Ti anodized at 20 V. As mentioned above the top
view reveals tubes rather than pores after the relatively
long anodization. Exposure of the top barrier layer to the
fluoride ions for a relatively long time during the anodi-
zation process and the continuous presence of an electric
field seem to remove the barrier layer and leave the tubes
more separated from each other.
Experiments reveal that structures of different length

can be easily obtained by varying the thickness of the Ti
feed substrate.
Photovoltaic Devices. We fabricated TiO2-dye-P3HT

solar cells to test the application of our nanotubes in
hybrid photovoltaics. Solar cells were built from 400 nm
Ti films anodized at 15 V and on flat compact TiO2 layers
similar to the blocking layer which is sputtered under-
neath the nanotubes. Anodizations of the nanostructured
devices were stopped between points (4) and (5) of the
anodization curve (see Figure 3) to maintain a compact
hole blocking TiO2 layer and make the bottom electrode
electron selective.

Table 2. Pore-Pore Distance, Pore Diameter, and Tube Wall Thickness

for Different Anodization Voltages

anodization
voltage [V]

pore-pore
distance [nm]

pore diameter
[nm]

tube wall
thickness [nm]

10 29.1( 4.0 17.1( 2.9 6.8( 0.9
15 38.3( 4.0 21.2( 2.9 10.5( 2.4
20 51.6( 5.5 28.3 ( 4.8 13.8( 1.4
25 63.0( 9.8 34.7( 3.4 14.7( 2.4

Figure 7. Pore-pore distance, pore diameter, and tube wall thickness
at different anodization voltages. Dashed lines represent linear fits to
the data.

Table 3. Parameters of Linear Fits (Y = a 3Vþb) for Different

Anodization Voltages

a [nm/V] b [nm]

pore-pore distance 2.2 5.9
pore diameter 1.2 4.5
tube wall thickness 0.6 0.8

(21) Hoppe, H.; Sariciftci, N. S. Organic solar cells: An overview.
J. Mater. Res. 2004, 19(7), 1924–1945.
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Figure 10 shows current-voltage characteristics of
typical cells recorded under illumination with simulated
solar light. Similar open circuit voltages (VOC) around

550 mV are detected for both cell types, but large varia-

tions are found in power conversion efficiency (PCE) and

short circuit current density (ISC). PCE values of 0.02%

and 0.3% and ISC of 0.1 mA/cm2 and 1.1 mA/cm2 are

obtained for bilayered and nanostructured devices,

rexspectively. Similar trends are found in external quan-

tum efficiencies (EQE) which are around 1.5% and 10%

for bilayer and nanostructure, respectively (not shown).

EQE data also reveal that current is generated not only

from exciting the dye but also from excitation of the

P3HT.
The significantly improved performance of the nano-

structured device is attributed to a larger donor-acceptor
interface leading to enhanced charge separation and
higher photocurrents. Besides, the comparable VOC va-
lues for the two devices suggest that recombination losses
are not significantly limiting the performance for the nano-
structured device.
The overall very low efficiencies are attributed to

nonoptimized fabrication methods and incomplete filling
with P3HT. Besides, the energy levels of the Z907 dye are

Figure 8. SEMcross-sectional view of Ti anodized at a) 10V, b) 15V, c) 20V, and d) 25V vs Pt. e) and f) showSEM top views of a 15V and a 25V sample,
respectively. Scalebars correspond to 200 nm.

Figure 9. SEM images of 2 μm Ti anodized at 20 V vs Pt. a) cross-
sectional view (scale bar 1 μm), b) top view (scale bar 200 nm).

Figure 10. Current-voltage characteristics forTiO2-P3HThybrid solar
cells. Data are shown for a bilayered device with flat TiO2 (triangles) and
for a device with nanotubes anodized at 15 V (squares).
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supposed to be nonideal for the combination with P3HT
since the dye has a slightly higher lowest unoccupied
molecular orbital (LUMO) and a slightly lower highest
occupied molecular orbital (HOMO). Further improve-
ments in device performance could probably be gained
after a TiCl4 treatment for the nanostructures,22 by using
a dye with an absorption complementary to P3HT23 or
via treatments with lithium salts and 4-tert-butylpyridine.24

Nevertheless, direct comparison of bilayered and nanostruc-
turedgeometry reveals thehighpotentialof thenanotubes for
applications in hybrid photovoltaic.

Conclusion

Ti sputtering onto conducting glass substrates and
subsequent anodization in NH4F-containing ethylene
glycol bath allows the controlled fabrication of ordered

and highly regular TiO2 nanotubes. By detailed analysis
of anodization curves and SEM images the anodization
process of TiO2 is better understood and can be easier
controlled. Structure length, pore-pore distance, pore
diameter, and tube wall thickness can be controlled via Ti
thickness, electric field, and anodization temperature.
The obtained tubular structures on top of a compact
TiO2 layer on conducting glass facilitate the fabrication of
solid state hybrid solar cells that can be illuminated from
the substrate side whereas anodization of Ti foils always
requires backside illumination. The presented structures
offer the potential to fabricate high efficiency TiO2-dye-
P3HT solar cells as well as extremely thin absorber
devices and solid state dye-sensitized solar cells with
adjustable TiO2 dimensions. Experiments show a large
improvement for P3HT hybrid devices if TiO2 nanotubes
are used instead of flat TiO2 layers with significant
improvements of ISC and PCE.
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