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Template-Directed Liquid ALD Growth of TiO2

Nanotube Arrays: Properties and Potential in
Photovoltaic Devices
By Thelese R. B. Foong, Yaodong Shen, Xiao Hu,* and Alan Sellinger*
Dense and well-aligned arrays of TiO2 nanotubes extending from various

substrates are successfully fabricated via a new liquid-phase atomic layer

deposition (LALD) in nanoporous anodic alumina (AAO) templates followed

by alumina dissolution. The facile and versatile process circumvents the need

for vacuum conditions critical in traditional gas-phase ALD and yet confers

ALD-like deposition rates of 1.6–2.2 Å cycle�1, rendering smooth conformal

nanotube walls that surpass those achievable by sol–gel and Ti-anodizing

techniques. The nanotube dimensions can be tuned, with most robust

structures being 150–400 nm tall, 60–70 nm in diameter with 5–20 nm thick

walls. The viability of TiO2 nanotube arrays deposited on indium tin oxide

(ITO)–glass electrodes for application in model hybrid poly(3-hexylthiophene)

(P3HT):TiO2 solar cells is studied. The results achieved provide platforms and

research directions for further advancements.
1. Introduction

Well-ordered and vertically-aligned TiO2 nanotube arrays on
substrates arehighly sought after forphotovoltaic,[1,2] sensor,[3] and
photocatalytic[4,5] applications primarily due to their directionality,
high surface-to-volume ratios, and the ability to control their
properties by varying nanotube dimensions. Fabrication routes to
such arrays can be broadly categorized into self-directed and
template-assisted approaches. Although self-assembly (including
anodization of Ti[6] and hydrothermal growth procedures)[7]

provides a more direct means to the arrays, template-assisted
approaches[8,9] could prove better for more consistent control over
nanotube dimensions as well as intertube spacings, which are
required in certain applications.[10] Nanoporous alumina (AAO)
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from anodization procedures is highly
favored as a template material for nano-
particle array deposition because the tem-
plate formation process is straightfor-
ward[11–13] and results in a high density of
parallel pore channels through which
materials can be deposited.[14,15] For such
reasons, AAO is the choice template
material for our present study.

Atomic layer deposition (ALD) and sol–
gel techniques are commonly used to
deposit TiO2 in AAO templates.
ALD[16–20,9,21] is a vapor phase non-line-
of-sight technique capable of producing
highly conformal coatings even on sub-
strateswith complex features.However, like
many vapor deposition techniques, ALD
generally requires expensive equipment
and high running costs incurred for vacuum conditions. The
sol–gel approach is an attractive wet processing technique that
provides wide area film coverage with simple and inexpensive
apparatus. Chu et al.[8] produced TiO2 nanotube arrays by
immersing the templates (prepared on indium-tin-oxide (ITO)–
glass) in TiO2 sol for several minutes to fill the pore channels with
sol particles.Although straightforward, the segregation of large gel
particles during sol–gel transition and removal of large amounts of
organic solvents during annealing often lead to high shrinkage,
rendering conformal and crack-free nanotubes difficult to
obtain.[22] Problems such as poor tube-to-substrate adhesion
and variation in particle sizes over the height of the tubeswere also
identified.[8] Kunitake et al. developed a surface sol–gel (SSG)
process[23,24] that has found several interesting applications such
as nanoprecision replication of natural objects,[25,26] creation of
defect-free dielectric films[22] and more recently, replication of
AAO through-hole membranes creating unsupported TiO2/
polymer composite nanotubings in which a polymer was used
as a binder to enhancemechanical properties.[27] Notably however,
ALDhas often been the choice technique to deposit TiO2 nanotube
arrays on substrates for reasons discussed above. Therefore, a
more versatile and scalable method for nanotube array deposition
could be desirable in proliferating the study of their material
properties and the exploration of their potential applications.

Liquid-phase procedures that confer ALD-like conformal metal
oxide coatings and yet circumvent the use of vacuum systems
should bring significant benefits to the research community. In
this work, we demonstrate the deposition of well-aligned TiO2

nanotube arrays extending from Si and ITO–glass substrates by
Adv. Funct. Mater. 2010, 20, 1390–1396
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Scheme 1. Schematics of A) the sequential and repeated chemisorption/hydrolysis reactions in

a typical LALD cycle and B–E) the formation of TiO2 nanotubes by depositing in AAO templates

prepared on substrates. TIP represents titanium(IV) isopropoxide.
precise ‘‘liquid-ALD (LALD)’’ replication (Scheme 1) of AAO
templates fabricated directly on the substrates. We term our
procedure ‘‘liquid-ALD’’ for we find the deposition rates and
resulting films and nanostructures produced are strikingly similar
to those from conventional gas-phase ALD, unachievable via sol–
gel processes. Our intention is to develop a new facile LALD
process that has the advantages of being more flexible, versatile,
automatable, and scalable.We show that the rate of deposition has
a direct influence on thin filmmorphology, which also dictates the
ability to control the thickness and roughness of the nanotube
Figure 1. A) QCM frequency shifts (–DF) as a function of the number of LALD deposition cycles.

B,C) 3D AFM images of films deposited by 10 LALD cycles on Si substrates where B is a conformal

film deposited with minimum exposure to the ambient and C is a film composed of particulates

resulting from poor control over deposition conditions. RMS¼ root mean square.
walls. There are additional challenges in order
to achieve uniformLALDdeposition inside the
nanochannels of the AAO templates on
substrate where the bottom ends are closed.
Furthermore, having recently overcome long-
standing issues that have prevented the
formation of AAO templates on ITO–glass,[28]

we further explore the potential of the LALD-
derived arrays for photovoltaic application by
incorporating them in hybrid regioregular
poly(3-hexylthiophene) (rrP3HT):TiO2 exci-
tonic solar cells. The arrays function particu-
larly well for electron transport and result in
efficiencies up to 0.3%.

2. Results and Discussion

2.1. Kinetics and Morphology of LALD

Deposition

The kinetics of LALD deposition was mon-
itored in real-time by subjecting a gold-coated
Adv. Funct. Mater. 2010, 20, 1390–1396 � 2010 WILEY-VCH Verlag GmbH & Co. KGaA,
quartz crystal microbalance (QCM) resonator
to the sequential chemisorption/hydrolysis
reactions. The thickness change per deposition
cycle (d) was calculated using a derivative of the
Sauerbrey equation, whereDF is the frequency
change observed and r is the density of TiO2

powder (typically 1.7 g cm�3):[24,23]

2dðÅÞ ¼ �DFðHzÞ
1:83rðg cm�3Þ (1)

Atomic force microscopy (AFM) images of
thin films deposited on Si under similar
experimental conditions were collected to
correlate the rate of film growth to the resultant
morphology. Immediate rinsing of substrates
after chemisorption in titanium(IV) isoprop-
oxide (TIP) withminimal exposure to humidity
resulted in an almost constant growth rate of
2.4 Å cycle�1 (evident from the linearity of the
QCM trend in Fig. 1A), and rendered films that
were smooth and particulate-free at the sub-
nanometer scale (Fig. 1B). Conversely deliber-
ate prolonged exposure to the ambient gener-
ated films of inferior morphology (Fig. 1C).
While a stable (but higher, 7.9 Å cycle�1) growth rate (beyond 11
cycles, see arrow in Fig. 1A) could still be achieved, premature
hydrolysis of excess reactants on the substrate resulted in the
formation of large TiO2 gel particles 15–20 nm in diameter across
the substrate surface. Such observations suggest that with higher
deposition rates, the deposition can no longer be considered a true
ALD assembly, but instead approaches a typical sol–gel process.
If translated to the nanochannels of the AAO template, premature
hydrolysis would result in non-uniform nanotube wall
thickness, which becomes an issue especially in a regime where
Weinheim 1391
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size-dependent effects on the tube electronic structure are
observed.[9] Moreover, the mass transport and loss of connectivity
between the nanoparticles during crystallization[29] become
significant and could impede charge transport in subsequent
opto-electronic devices. The achieved deposition rate of
2.4 Å cycle�1 suggests an ALD-precise deposition. Transmission
electron microscopy (TEM) analysis on the nanotubes leads to the
same conclusion which is discussed in detail later.
Figure 2. Plan view FE-SEM images showing the AAO template A) before

and B) after LALD deposition. C,D) Plan view images of TiO2 nanotube

arrays on Si substrate after template removal. The nanotubes are�150 nm

tall, with an outer diameter of �60–70 nm and wall thickness of �5 nm.

D) A cluster of dislodged nanotubes reveals the height of the tubes, the

hollow tube channels, and the closed nanotube ends. E) Non-uniform array

where tubes with thinner walls (due to inconsistent water penetration and

hydrolysis) broke off from the substrate, leaving behind ‘‘stubs’’ (boxed

regions). F,G) Low-magnification TEM images showing F) the full height of

a cluster of TiO2 nanotubes oriented perpendicular to the electron beam

and G) a cluster of nanotube openings positioned parallel to the beam.
2.2. Morphology and Crystal Structure in LALD-Derived TiO2

Nanotube Arrays

Figure 2A,B show plan-view field-emission scanning electron
microscopy (FE-SEM) images of AAO templates on Si before and
after TiO2 deposition, respectively. The pore openings are visibly
smaller after deposition, but remain free of debris over all areas
examined in this study, demonstrating the non-line-of-sight
capability of the LALD technique. Dense and well-aligned arrays
of nanotubes become apparent after template removal (Fig. 2C,D).
X-ray photoelectron spectroscopy (XPS) scans (not shown here)
indicated complete dissolution of AAO and also no traces of Kþ

contamination from the KOH etchant. Arrays of nanotubes
between 150 and 400 nm tall have been successfully produced.
Nanotubes resulting from 30 deposition cycles have a wall
thickness of�5 nm (estimated from TEM), implying a deposition
rate of approximately 1.6 Å cycle�1. This value is similar to those
published for conventional ALD in AAO templates (1.5–1.8 Å
cycle�1).[9] It is realized that achieving true ALD control is
contingent on several critical factors including 1) a precursor that
maintains its monomeric nature over the deposition process
(which is a challenge due to its high reactivity), and 2) full
conversion of the reactive groups during both precursor
chemisorption and hydrolysis steps. In particular, the chemical
composition of the hydrolysis bath had to be adjusted to ensure the
repeatability of LALDin the confinedAAOpore channels.Given its
high surface tension, it was practically impossible for purewater to
penetrate all the pore channels of the template to hydrolyze the
chemisorbed alkoxide even with the help of ultrasonication. This
resulted in nanotubes with variedwall thicknesses. The tubes with
thicker walls that were left standing on substrate after template
removal while those with thinner walls (due to inconsistent water
penetration and hydrolysis), were weak and broke off from the
substrate during the template removal process, leaving behind
empty spaces amid clusters of standing tubes (Fig. 2E). A mixed
solvent systemwas thereforeused to tune the surface tensionof the
hydrolyzingmedium. Itwas found that the use of ethanol hydrated
with 10% water by volume for the hydrolysis step produced an
array of tubes that was uniform across the substrate (Fig. 2C,D).
The TEM image at low magnification (Fig. 2F) shows that the
nanotubewalls are relatively smooth,withnoapparent segregation
of large TiO2 crystallites. The walls are also uniform in thickness
along the length of the nanotube. A cluster of nanotubes with tube
openings positioned parallel to the electron beam is shown in
Fig. 2G.

While X-ray diffraction (XRD) results (Fig. 3I) suggest that the
as-deposited nanotubes are amorphous, we have discovered
through closer inspection by high-resolution TEM (at a suitably
� 2010 WILEY-VCH Verlag GmbH & C
thin region near the nanotube opening, Fig. 3A) that they were in
fact of a ‘‘pseudocrystalline’’ nature, in which there was already
some degree of molecular ordering. The corresponding selected
area diffraction (SAD) pattern (Fig. 3B) shows faint traces of
diffraction rings. The observed ‘‘pseudocrystallinity’’ may be
o. KGaA, Weinheim Adv. Funct. Mater. 2010, 20, 1390–1396
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Figure 3. High-resolution TEM images of A) a pristine nanotube display-

ing ‘‘pseudocrystallinity’’ and B) its corresponding SAD pattern. The degree

of crystallinity increases with nanotube wall thickness, with lattice fringes

becoming progressively more prominent from C) 5 nm to E) 10 nm and G)

20 nm thick walls. The SAD pattern also progresses from D) faint to F)

distinct rings and finally H) distinct spots. The increase in crystallinity is

also evident from XRD analysis (I).

Adv. Funct. Mater. 2010, 20, 1390–1396 � 2010 WILEY-VCH Verl
interpreted as evidence that ourmethod is indeed a LALD layer-by-
layer assembly. The degree of crystallinity in the arrays was found
to increase with increasing nanotube wall thickness, in agreement
with observations from the literature that crystallization in TiO2

begins at a threshold thickness of 5 nm.[30] The XRD peaks and
SAD ring pattern for nanotubes with wall thickness <5 nm
(Fig. 3D,I) are poorly resolved with lattice fringes in small 2–3 nm
domains that are barely detectable (see circled area in Fig. 3C). The
crystallinity in nanotubes with 10 nm walls was improved with
obvious lattice fringes extending over the length of the nanotubes
(Fig. 3E). The lattice spacing of 3.5 Å corresponds to the distance
between the primary anatase (101) crystal planes. Nanotubes with
�20 nm walls were fully crystalline and resulted in distinct SAD
spots as well as XRDpeaks (Fig. 3Hand I, respectively). The lattice
fringe images shown in Figure 3E,G indicate that single-crystal-
like TiO2 nanotubes were deposited. It is noted that the sol–gel
derived TiO2 is usually polycrystalline. Therefore, we believe the
resultant single-crystal-like morphology should be a key attribute
of LALD because such structure has not been reported in TiO2

nanostructures prepared via sol–gel processes.
2.3. Photovoltaic Devices Incorporating the TiO2 Nanotube

Arrays

We next explored the potential of LALD-derived TiO2 nanotube
arrays as an n-type semiconductor in hybrid organic–inorganic
solar cells. Widespread interests in the field of organic photo-
voltaics has been encouraged by the promise of an inexpensive
renewable energy source manufactured via lower-cost and lower-
energy-consuming techniques (e.g., high throughput roll-to-roll
processing, spin/dip coating, printing and vacuum sublimation)
than present silicon technology.[31] Of the many device architec-
tures being pursued to achieve high efficiencies, the ordered bulk-
heterostructure that features interdigitated donor and acceptor
domains is expected to 1) improve further on exciton harvesting by
providing donor–acceptor (D–A) interfaces within the exciton
diffusion length-scale (3–10 nm) for charge dissociation, and 2)
effectively minimize geminate recombination by providing direct
charge percolation pathways to the electrodes (Fig. 4A).[10] TiO2

nanotube arrays on ITO–glass electrodes such as those developed
in thiswork (Fig. 4D) can serve asmechanically robust scaffolds for
subsequent deposition and infiltration of a photo-active material
resulting in the above device geometry.

Our model photovoltaic devices were composed of rrP3HT, the
photon absorbing and exciton generating donor material, and the
TiO2 nanotube array which functions as the electron acceptor and
transport medium (Fig. 4A). ITO–glass and Ag were the cathode
and anode respectively.We adopted themelt-infiltration technique
(used by Coakley et al. to deposit P3HT into the channels of
mesoporous TiO2

[32,33] and empty AAO templates[34]) to promote
the filling of P3HT into the nanotube arrays. Melt-infiltration
involves depositing a layer of P3HTon the arrays and annealing at
high temperatures (before metallization) to drive the polymer in
under gravitational force. The efficiencies (h) of devices (with a
380 nm layer of P3HT) annealed in a N2 atmosphere at
temperatures ranging from 100–220 8C for 10min are summar-
ized in Figure 4B. In agreement with observations from the
ag GmbH & Co. KGaA, Weinheim 1393
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Figure 4. A) Schematic of an ideal device architecture featuring interdigi-

tated donor and acceptor domains sandwiched between the two electro-

des. The energy band diagram of a working P3HT:TiO2 device is shown on

the right. B) Power conversion efficiencies (PCE), h, of devices annealed

(prior to metallization) at various temperatures to promote P3HT infiltra-

tion into the arrays. At temperatures above 160 8C, nanotube-based devices
& begin to overtake the PCE of their bilayered counterparts as a result of

better contacts between P3HT and the nanotubes forming. C) I–V curves of

devices composed of TiO2 nanotube arrays with various amounts of P3HT

deposited on top. The nanotubes employed for device fabrication were

150 nm tall, 50–60 nm in diameter, spaced �110 nm apart, had a wall

thickness of �10 nm, and were deposited on a 40 nm dense TiO2 hole-

blocking layer (D). Despite up to 6 h of melt infiltration at 200 8C, P3HT

failed to infiltrate into the array as the cross-sectional FE-SEM images in E

and F show.

1394 � 2010 WILEY-VCH Verlag GmbH & C
literature, an annealing temperature of 200 8C resulted in devices
with the highest h. Cross-sectional FE-SEM analyses (Fig. 4E,F)
review partial P3HT infiltration. A number of modifications to
device fabrication procedures have been evaluated to improve
polymer filling. These include 1) prolonged annealing at 200 and
220 8C for up to 6 h, 2) soaking the nanotube arrays in pristine
chlorobenzene and spinning dry prior to dispensing the P3HT
solution, 3) dispensingand leaving theP3HTsolutionon thearrays
for 1minbefore spinning dry, and 4) functionalizing the surface of
the arrayswith amonolayer of octyltrichlorosilane (OTS) to convert
the superhydrophilic nature of thenanotubes to ahydrophobic one
for improving the compatibility betweenP3HTand thenanotubes.

The current–voltage (I–V) characteristics and key efficiency
factors of several devices are presented inFigure 4CandTable 1.As
expected, the short-circuit current (Jsc), fill factor (FF), and thus h
improved with reduced P3HT thickness (adjusted by varying the
concentration of P3HT in chlorobenzene and/or spin-coating
speed) in tandem with reduced series resistance in the device
(Fig. 4C). More significantly, over all thicknesses of P3HT, the Jsc
resulting from nanotube arrays was higher than those from
benchmark bilayer architectures based on featureless TiO2 films
(Table 1, within parentheses). The highest efficiency obtained
(0.3%) is a twofold improvement over that of benchmark bilayered
devices without the nanotube arrays. Such results are encouraging
as they provide important proof-of-concept which can be further
explored. For example, we plan to study the infiltration of small
molecule and oligomeric donor materials to minimize the
complexities associated with polymer infiltration. It is also
interesting to work towards a better understanding of the
orientation and charge transport properties in the polymer chains
in the nanotube array.
3. Conclusions

In summary, we have demonstrated the practical feasibility of a
liquid ALD (LALD) technique in preparing robust arrays of TiO2

nanotubes extending from various substrates by the careful
reaction of TiO2 precursors on AAO templates. The process
presents a facile, flexible automatable and scalable liquid-phase
alternative to vapor-phase ALD. The methodology can be readily
extended to other metal oxide systems or desired materials
combination subject to the availability of suitable reactants and
rinsing solvents. Furthermore, we demonstrated the potential of
the TiO2 nanotube arrays in hybrid P3HT:TiO2 photovoltaic
devices, in which the arrays functioned particularly well as an
electron acceptor and conductor. We are currently working to
better understand the driving forces behind polymer infiltration
and chain orientation under nanoconfinement in the arrays.
4. Experimental

Preparation of Substrates for TiO2 Deposition: AAO templates on Si and
ITO–glass substrates were fabricated by anodizing Al films on the
substrates. While Al (150–300 nm)-coated Si wafers were obtained
commercially from Evaporated Coatings, Inc., those on ITO–glass (with
sheet resistance of 10V sq�1 obtained from Merck Display Technologies)
were deposited by electron-beam evaporation (Edwards FL400) at a rate of
5 nm s�1. Prior to Al deposition on ITO–glass, a dense layer of TiO2 was
o. KGaA, Weinheim Adv. Funct. Mater. 2010, 20, 1390–1396
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Table 1. Detailed efficiency factors of devices based on LALD-derived TiO2 nanotube arrays and benchmark featureless films (within parentheses), where
Voc is the open-circuit voltage, Jsc is the short-circuit current density, and FF is the fill factor. The final PCE value is computed using the following formula:
PCE¼ (Voc� Jsc� FF)/Pin, where Pin is the power input from the solar simulator (100mW cm�2).

P3HT thickness Voc [V] Jsc [mA cm�2] FF h

380 nm (40mg mL�1, 1000 rpm) 0.73 (0.73) 0.39 (0.27) 0.37 (0.45) 0.11 (0.089)

230 nm (40mg mL�1, 1500 rpm) 0.65 (0.77) 0.41 (0.21) 0.47 (0.35) 0.15 (0.057)

200 nm (40mg mL�1, 2000 rpm) 0.65 (0.65) 0.58 (0.39) 0.52 (0.56) 0.20 (0.14)

180 nm (30mg mL�1, 1000 rpm) 0.65 (0.65) 0.82 (0.40) 0.50 (0.54) 0.30 (0.14)
spin-coated from a solution based on the acid-catalyzed hydrolysis of TIP in
ethanol with amolar ratio of TIP/H2O/ethanol/HNO3¼ 1:1:50:0.2 [35] and
converted to anatase TiO2 by sintering at 500 8C for 2 h in air. This TiO2

layer (�40 nm) was vital to stabilizing the template formation process [28]
as well as preventing shunt leakage in subsequent photovoltaic devices.
The coated substrates were anodized opposite a platinum mesh counter
electrode in oxalic acid (0.3 M) maintained at 2 8C, at voltages ranging from
40–60Vdepending on the desired pore dimensions and spacing. They were
then immersed in H3PO4 (5wt%) for 30–75min to remove the thin barrier
layer at the bottom of the pore channels [14] and simultaneously adjust the
pore diameter.

The kinetics of LALD assembly was monitored by recording the
frequency change on a QCM after each deposition cycle. Gold resonators
for QCM studies were degreased in acetone, rinsed with deionized (DI)
water, immersed in Piranha solution (H2SO:H2O2¼ 3:1 by volume) and
rinsed again with DI water. After drying with a N2 blowgun, the resonators
were left overnight in mercaptoethanol (10mM in toluene) to functionalize
the gold surface with reactive hydroxyl groups (Scheme 1), rinsed with
ethanol and dried with the N2 blowgun again. TiO2 films were also
deposited on Si substrates for morphological studies by AFM. The Si
substrates were cleaned the same way as the gold resonators, but without
the need for the mercaptoethanol functionalization step.

TiO2 Thin Film and Nanotube Array Deposition: In a typical deposition
cycle, QCM resonators or Si substrates were immersed in 100mM of TIP
(97% Aldrich) dissolved in anhydrous toluene for 3min for the
chemisorption reaction (Scheme 1a), followed by immediate sonication
in isopropanol (IPA) to remove unreacted species. They were then
immersed in DI water for 1min to effect hydrolysis of the chemisorbed
propoxide groups and dried with a N2 gun. The above steps were repeated
to obtain the desired film thickness. All reactions were performed under
ambient conditions. To minimize the effects of humidity on the
experiment, fresh TIP–toluene precursor solutions were used after every
10 deposition cycles.

TiO2 nanotube arrays were formed by subjecting the AAO template
(prepared on Si and ITO–glass substrates, Scheme 1b) to the above
chemisorption, rinsing and hydrolysis steps, with three adjustments: 1)
templates immersed in the chemisorption bath underwent brief
ultrasonication before setting aside for 3min, 2) hydrolysis was carried
out in ethanol containing 10% DI water by volume, and 3) the templates
were heated at 90 8C for 5min before the next deposition cycle. Step 1 was
essential to remove entrapped air pockets within the AAO pore channels
and promote TIP filling. Step 2 was necessary for consistent water
penetration and hydrolysis reaction in the nanoporous channels, while Step
3 enhanced the removal of excess moisture from the templates. Before the
template could be chemically etched away to reveal the embedded
nanotubes, it must be exposed by removing the over-layer of TiO2

deposited on top of the AAO template (Scheme 1c). This was
accomplished by a short reactive-ion etch using a gas mixture of CHF3
(55 sccm) and O2 (5 sccm), radio frequency (RF) power (175W) and
pressure (55 mTorr) in an Oxford Plasmalab80Plus etcher. The AAO
template was dissolved by immersing in aqueous KOH (0.01M) for 1 h
(Scheme 1e) to leave behind the TiO2 nanotube arrays extending from the
substrate surface.

TiO2 Nanotube and Thin Film Characterization: The TiO2 nanotube
arrays were characterized by FE-SEM (JEOL 6700F) at an acceleration
voltage of 5 kV. XRD (Bruker GADDs) was performed to probe the crystal
Adv. Funct. Mater. 2010, 20, 1390–1396 � 2010 WILEY-VCH Verl
structure of the arrays. Individual nanotubes were studied by TEM (JEOL
2010 LaB6) operated at an acceleration voltage of 200 kV and filament
current of 103mA. Samples for TEM were prepared by gently scraping the
substrates and dispersing the detached nanotubes in ethanol by
ultrasonication. The suspension was then dispensed dropwise onto a
TEM carbon grid and dried for observation. QCM data was recorded on the
Princeton Applied Research QCM 917 and AFM images (in tapping mode)
were collected on Digital Instrument’s Nanoscope III. XPS analyses were
conducted on the VG ESCALAB 220I-XL imaging system equipped with a
monochromatic Al-a source.

Device Fabrication and Photovoltaic Measurements: Hybrid organic–
inorganic solar cells composed of TiO2 nanotube arrays infiltrated with
rrP3HT (Fig. 4A) were fabricated by spin-coating P3HT dissolved in
chlorobenzene on the arrays and annealing the films at 200 8C for 10min to
promote polymer infiltration and alignment (i.e., p–p stacking). The
thickness of the P3HT over-layer was adjusted by varying the spin-coating
speed and measured using cross-sectional FE-SEM after fabrication and
characterization steps. The TiO2 arrays were crystallized by sintering at
500 8C in air for 2 h prior to depositing P3HT. Following the evaporation of
the top Ag electrode (both ITO and Ag were patterned to give pixel areas of
ca. 0.14 cm2), the completed devices were annealed further at 100 8C for 1 h
to increase P3HT ordering within the pores and overlayer, and improve Ag-
to-P3HT contact. Current–voltage curves, from which the PCE was
computed, were recorded on a Keithley 2400 sourcemeter as the devices
were placed under AM 1.5G simulated illumination from a KH Steuernagel
solar simulator. The intensity of the simulator was adjusted with an NREL
AM 1.5G-calibrated Si photodiode to address any mismatch between the
spectral output of the simulator and the true terrestrial AM 1.5G solar
insolation. All measurements were made in an N2 filled glovebox with the
AM 1.5G illumination channelled to the device through a quartz window in
the glovebox.
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