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ABSTRACT: One-dimensional semiconductors such as nanowires and nanotubes are
attractive materials for incorporation in photovoltaic devices as they potentially offer short
percolation pathways to charge-collecting contacts. We report the observation of free-
electron lifetimes in TiO2 nanotubes of the order of tens of picoseconds. These lifetimes
are surprisingly short compared to those determined in films of TiO2 nanoparticles.
Samples of ordered nanotube arrays with several different tube wall thicknesses were
fabricated by anodization and have been investigated by means of optical-pump-terahertz-
probe (OPTP) spectroscopy, which allows measurement of transient photoinduced
conductivity with picosecond resolution. Our results indicate a two-stage decay of the
photoexcited electron population. We attribute the faster component to temporary
immobilization of charge in shallow trap states, from which electrons can detrap again by
thermal excitation. The slower component most likely reflects irreversible trapping in
states deeper below the conduction band edge. Free-electron lifetimes associated with
shallow trapping appear to be independent of the tube wall thickness and have very similar
values for electrons directly photoexcited in the material and for those injected from an attached photoexcited dye. These results
suggest that trap states are not predominantly located at the surface of the tubes. The effective THz charge-carrier mobility in the
TiO2 nanotubes is determined (0.1−0.4 cm2/(Vs)) and found to be within the same range as carrier mobilities reported for TiO2
nanoparticles. Implications for the relative performance of these nanostructures in dye-sensitized solar cells are discussed.

■ INTRODUCTION

Nanostructures of titanium dioxide are intensely studied with
respect to their use in a wide range of applications including
photocatalysts,1 energy storage,2 and photovoltaics.3,4 This
article devotes particular attention to TiO2 nanotube arrays
employed as an anode material in dye-sensitized solar cells
(DSCs). One of the crucial properties for this application is
charge-carrier conductivity, which undergoes tremendous
changes at the transition from bulk single crystals to a
nanostructured material.5 Current record efficiency DSCs are
based on sintered (anatase-)TiO2 nanoparticles,6 for which
global DC mobility values between 7 × 10−6 cm2/(Vs) (from
time-of-flight measurements5) and 1.7 × 10−2 cm2/(Vs) (from
transient photocurrent measurements on DSCs7) have been
reported. These lie at least 3 orders of magnitude below the
corresponding value for bulk single crystals of 10 cm2/(Vs)
(from Hall effect measurements8). Only because of the very
long recombination lifetime of injected electrons in TiO2 with
the oxidized dye or the hole transporter do such DSCs have a
sufficiently high diffusion length for electrons to reach the
contacts with close to 100% probability.9 However, this lifetime
critically depends on the composition of the cell, and,
particularly in solid state DSCs, where interfacial electron−
hole recombination has been found to be much faster than in
liquid electrolyte cells,10,11 higher charge-carrier mobilities are
required in order to achieve highly efficient charge collection.
Interestingly, measurements of the early time, local (intra-
particle) charge-carrier mobility in TiO2 nanoparticle films

using optical-pump-THz-probe (OPTP) spectroscopy yielded
values of between 10−2 cm2/(Vs) and 10−1 cm2/(Vs).12,13 In
fact, taking electric field screening due to the high dielectric
constant of TiO2 into account, accordingly corrected values
approach THz mobilities obtained on (rutile-)TiO2 single
crystals of 1 cm2/(Vs).14 This led to the conclusion that the low
global carrier mobilities in TiO2 nanoparticle films can be
attributed to slow interparticle transfer.7,12,15

In order to reduce the number of interparticle transfers and
to provide a more direct precolation path for electrons from the
point of excitation to the contacts, 1D structures have been
used in DSCs,16−18 most notably nanotubes. With anodization,
a relatively simple and scalable fabrication technique exists for
films of highly ordered TiO2-nanotube-arrays.

19 Unfortunately,
the performance of nanotubes in DSCs has up to now proved
to be inferior to the performance of those based on
nanoparticles.4 Although a reduction in overall power
conversion efficiency could be attributed to a reduction in
specific surface area, it is surprising that not even an increase in
charge collection rate has been observed.17,20 Here we present a
study based on optical pump terahertz probe experiments on
TiO2 nanotubes, which indicates that fast trapping immobilizes
carriers on time scales of a few tens of picosecondsabout an
order of magnitude faster than the early time free carrier decay
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observed in sintered nanoparticle films at similar photo-
excitation density. The observations are interpreted within a
model involving energetically shallow traps, from which thermal
detrapping is possible, and energetically deep traps, which
irreversibly immobilize carriers. In addition, we examine the
influence on trapping lifetimes of the wall thickness of the
tubes, which can be varied through temperature control of the
anodization bath. Finally, we discuss how such trapping effects
may influence the charge-carrier transport in devices.

■ EXPERIMENTAL DETAILS
Samples. TiO2 nanotube films were prepared on quartz

substrates by anodization of titanium at different temperatures
and subsequent annealing. The substrates were cleaned in
ultrasonic baths of acetone and isopropanol for 30 min each
and by oxygen plasma treatment. Using a Surrey Nano-Systems
Gamma 1000C sputter coating system, approximately 1 μm of
Ti was DC sputtered at 500 °C under an Ar atmosphere at a
pressure of 4 mTorr. Afterward, the samples were allowed to
cool down slowly under high vacuum. Anodization was
performed in an ethylene glycol bath with 0.3 wt % NH4F
(Sigma-Aldrich) using a Pt counter electrode.
Two batches of samples were anodized at a range of

temperatures Tano between 5 and 55 °C in steps of 10 °C, at an
anodization voltage of 20 V and for durations between 1 min
and 2 h. Afterward, the samples were rinsed with water and
ethanol and dried in air. Because anodization produces
amorphous nanotubes, the films were annealed to obtain
polycrystalline material. Annealing of the first batch was
performed by ramping the temperature up to 450 °C at a
heating rate of 3 °C/min in ambient atmosphere under
observation by means of in situ X-ray. The second batch was
annealed for 3 h at 310 °C, which is closely above the
crystallization temperature of the anatase phase as verified using
XRD.
At a subsequent stage, the nanotubes were covered in a

monolayer of a ruthenium-based dye (Z907) by immersion in a
solution of 3 mg of Z907 in 20 mL of ethanol for 18 h. (The
terms undyed and dyed are used in this article to distinguish
between the state of the samples before and after this
processing step.) In preparation for the dye attachment, the
films were heated up to 200 °C in order to remove any surface-
adsorbed water. After immersion, excess dye was removed by
cleaning the samples in acetonitrile. Finally, the dye was
removed from one batch of samples again by immersion in base
(KOH in ethanol) for 5 h. These samples were then cleaved
and sputter-coated in 2 nm of Pt for scanning electron
microscopy (SEM) imaging.
A set of reference samples of 20 nm TiO2 nanoparticles have

been prepared by spin-coating a 1:1.5 solution of Dyesol
nanoparticle paste in ethanol at 1000 rpm for 10 s followed by
2000 rpm for 40s on a quartz substrate. The films were then
dried and sintered for 30 min at 450 °C. The thickness of the
reference samples is about 3 μm, as determined by surface
profiling.
Scanning Electron Microscopy (SEM). Top-view and

cross-sectional SEM images were taken of all samples of the
first batch (annealed at 450 °C) after all spectroscopic
experiments were completed. A Hitachi S-4300 microscope
was used at an acceleration voltage of 5 kV, an emission current
of 10 μA, and 14 mm working distance.
THz Time-Domain Spectroscopy. THz time domain

spectroscopy (THz-TDS) is a powerful probe for the

investigation of ultrafast charge carrier dynamics and as a
contactless technique particularly well suited for the study of
nanostructured materials.13,21−23 By scanning the full waveform
of a THz pulse transmitted through the sample, the full
complex dielectric function in the range from a few hundred
gigahertz to a few terahertz can be directly reconstructed. In an
optical-pump-terahertz-probe (OPTP) configuration, the sam-
ple is excited by an optical pulse and then probed by a terahertz
pulse after a well-defined delay. This allows the study of charge-
carrier dynamics, such as charge injection, trapping, and
recombination with picosecond time-resolution.24,25

For measurements presented in this study, we used a
Ti:Saphire regenerative amplifier to generate 40 fs pulses at 800
nm wavelength and a repetition rate of 1.1 kHz. Terahertz
pulses are generated by optical rectification in a 2 mm-thick
ZnTe crystal and detected by electro-optic sampling in another
ZnTe crystal of 0.2 mm thickness. We excited undyed TiO2-
nanotubes directly at a wavelength of 266 nm corresponding to
a photon energy of 4.66 eV, which is well above the bandgap of
anatase-TiO2 (3.2 eV26,27). Pulses of this wavelength are
generated by third harmonic generation (THG)28 of the laser
output. Dyed samples on the other hand were excited at 545
nm using the output of an optical parametric amplifier (OPA).
The corresponding photon energy of 2.27 eV lies well below
the bandgap of anatase, but at the same time, it is strongly
aborbed by the dye Z907. If not explicitly stated otherwise,
measurements have been performed with the sample in an
evacuated chamber, at a pressure in the range of 10−2 mbar to
10−1 mbar.

■ RESULTS AND DISCUSSION
Figure 1a shows an SEM cross-sectional image of a typical
nanotube film. The most notable feature is that the morphology
of the tubes differs from the top, where the surface is smooth,
to the bottom, where the tubes exhibit periodic rings. This
phenomenon can be observed on all samples with the exception
of the one anodized at 55 °C and has been reported before by
several groups.19,29 Such rings have been associated with regular
current fluctuations, the occurrence and amplitude of which
depends on the acid concentration in the anodization bath.30 A
typical top-view SEM image of a nanotube film is shown in
Figure 1b. Analysis of the full set of images reveals a pore-to-
pore distance of about 80 nm (which is independent of the tube
wall thickness as reported in ref 31) and tube lengths between 1
and 2 μm for all samples.
As a starting point for the study of the early time carrier

decay dynamics in TiO2 nanotubes, we recorded the excitation-
density dependence of the transient THz photoconductivity.
Previous reports have already shown that the response of
photoexcited TiO2 to a THz probe13,14 or a microwave probe32

is dominated by the contribution from electrons. Further
evidence for this will also be presented later in this article.

Trapping and Detrapping Dynamics in Undyed
Nanotubes. Figure 2 shows the photoinduced THz response
of a TiO2 nanotube film as a function of time after excitation
with fluences between 13 μJ/cm2 (1.7× 1013 photons/cm2) and
126 μJ/cm2 (1.7× 1014 photons/cm2). Here, the term THz
response is used in short for the change in electric field
transmission, which is proportional to the conductivity of the
probed thin film and hence to the product of free charge-carrier
density n and mobility μ.
In general, changes in both charge-carrier mobility and

concentration determine the shape of the THz transmission
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transient. However, the most plausible cause for the partially
rapid dynamics displayed by the curves in Figure 2 is a decay of
free carrier population through mechanisms such as trapping or
recombination. This interpretation is supported by the
observation that THz photoconductivity spectra (presented
later) do not change as a function of time after photoexcitation.
If there was a change of the intrinsic mobility on the
investigated time scale (e.g., due to carrier-cooling effects or a
reduced influence of carrier−carrier scattering processes), its
frequency dependence would be likely to change as well. Here,
we therefore make an approach to interpret the THz
transmission transients on the assumption that their shape is
predominantly determined by the decay of carrier concen-
tration while the carrier mobility is taken to be constant, at least
over the picosecond-to-nanosecond observation window. The
most striking feature of the data in Figure 2 is a rapid
population decay within tens of picoseconds irrespective of the
excited carrier density, which indicates that it arises from a
monomolecular process such as carrier trapping. The data
additionally shows a longer-lived component; hence a simple
monoexponential decay function alone does not provide an
adequate model for extraction of physically sensible lifetimes.
Bimolecular effects on the other hand such as free electron−
hole recombination can be ruled out as these would require
that the initial slope of the decay curve scales with excitation
density.
It has been well established that charge transport in

nanostructured TiO2 is inhibited by frequent trapping−
detrapping events.33−36 Such trapping events are very likely
to be reflected in the transient THz response as already
observed for TiO2 nanoparticles.13 Further studies on nano-
particles using photoluminescence and visible/IR transient
absorption37,38 have suggested that the carrier recombination
process also involves energetically deep trap sites assignable to
surface states or defects such as oxygen vacancies,39,40 to which
shallowly trapped carriers can transfer, but from which no
thermal escape is possible. On the basis of these insights, we
formulate a model which describes the observed decay
dynamics in terms of trapping, detrapping, and deep-trapping
processes as expressed by the following equations:
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Figure 1. Typical SEM images of TiO2 nanotube samples used in this
study in (a) cross-sectional and (b) top view. The images have been
taken at an acceleration voltage of 5 kV after sputtering a 2 nm layer of
platinum onto the samples.

Figure 2. THz transmission transients (266 nm excitation in vacuum)
of undyed TiO2 nanotubes (Tano = 5 °C) for a range of excitation
fluences. Symbols: experimental data. Lines: simultaneous fits to eq 2
as described in the text. Inset: amplitudes of the initial THz response
vs excitation fluence.
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We simultaneously fitted this solution to the THz photo-
conductivity transients for all excitation fluences (i.e., the entire
data set shared a single common fit parameter for each rate
constant). Figure 2 displays this fit as solid lines showing that
these are able to reproduce the shape of the decays well. The
resulting rate constants, expressed in terms of lifetimes are τtrap
= 1/ktrap = (27 ± 6) ps, τdetrap = 1/kdetrap = (43 ± 10) ps, and
τdeep = 1/kdeep = (140 ± 16) ps. In the scenario described by the
model, the simultaneous processes of trapping and detrapping
lead to a relaxation into an equilibrium. Eventually, on a longer
time scale, all carriers are immobilized irreversibly in deep traps.
In the next step, we compare the observed carrier

recombination dynamics in TiO2 nanotubes to those in
sintered TiO2 nanoparticles. Figure 3 displays THz photo-

conductivity transients for both morphologies. It is immediately
visible that under comparable excitation conditions, the early
time decay of the free electron population is at least an order of
magnitude faster in the nanotubes, which suggests a much
higher density of trap states present in this material.
The variations in the fast-trapping lifetimes are compared

between the top and the bottom part of the nanotubes as well
as between samples with different tube wall thicknesses. A
separate investigation of the top and bottom parts is possible
because the absorption depth of the excitation light into the
films is only about 70 nm compared to a film thickness of the
order of 1 μm. (An absorption depth of ca. 35 nm has been
reported for single crystalline anatase41 and it is assumed that
the absorbance approximately scales with the volume filling
fraction of about 0.5 for the NT samples studied here.) As

shown in Figure 3, slightly slower trapping (τtrap = (57 ± 40)
ps) is found in the bottom parts. The inset compares the results
from tubes grown at different anodization temperatures which
exhibit a variation in tube wall thickness of over a factor of 2 as
demonstrated in ref 31 (higher Tano leads to thinner walls). A
systematic dependence of lifetimes on wall thickness is not
observed. In particular there is no indication that thinner walls
(i.e., higher Tano) lead to faster decay of charge conductivity as
it may be expected for a predominant concentration of traps at
the surfaces of the tubes and has been observed previously for
semiconductor nanowires where surface trapping domi-
nates.42,43 The trend of slower trapping in the bottom parts
of the tubes appears to occur independent of wall thickness. As
the SEM image in Figure 1 indicates, the geometrical
differences along the growth direction of the tubes are very
small, hence an explanation for the change in trapping lifetime
along the tubes is more likely to relate to the growth process
itself. Such a connection could exist, for example, through the
longer exposure of the top parts to the ammonium fluoride in
the bath which may introduce impurities into the material44,45

and could thereby create trap states. Alternatively, a variation in
ionic concentrations in the bath during the anodization
procedure could have a similar effect.

Effect of Ambient Air on Charge-Carrier Dynamics.
Because it is well-known that exposure to oxygen can cause
tremendous DC conductivity changes in TiO2,

40,46 we
performed measurements under ambient air in order to reveal
its influence on the THz response. Unless explicitly stated
otherwise, all other OPTP experiments have been performed
under vacuum (<10−1 mbar). The study of the influence of air
is of additional value as it helps to ensure that our results are
not significantly altered by effects of adsorbed gases that may
remain on the nanotube surface for some time after the sample
chamber is evacuated.
Measurements were taken in air at atmospheric pressure, at

low vacuum (10−1 mbar), and at high vacuum (≤10−4 mbar).
Changes under exposure to the UV pump pulses were
continuously monitored. We observed no changes in the
THz transmission transients between a pressure of 10−1 mbar
and even lower pressures (down to 10−5 mbar). However,
comparing measurements taken in air at atmospheric pressure
(∼30% relative humidity) to those at 10−1 mbar or less as
shown in Figure 4, we find that already during the first
acquisition after exposure to atmospheric air, a long-lived
component (with a lifetime much longer than the exper-
imentally accessible 1.2 ns) emerges in the decay curves. Later,
on time scales of tens of minutes to a few hours, it is also
observed that the amplitude of the THz response decreases.
This change is reversible on slightly longer time scales (several
hours) through exposure to the 266 nm excitation light.
The interaction of ambient gases with TiO2 surfaces is

complex and has been the subject of numerous studies.40,47,48

In particular, adsorbed oxygen has been found to cause
tremendous changes to carrier dynamics in TiO2 due to its
ability to scavenge free electrons and thereby turn an oxygen-
deficient n-doped surface into a p-doped surface. Desorption of
oxygen can occur after electron capture and is hence facilitated
by UV irradiation.49 The observed drop in THz conductivity
under air-exposure may be caused by a reduction of the
incident photon-to-free-charge conversion ratio ϕ. This may
occur through several potential mechanisms such as ultrafast
immobilization of carriers on the sub-ps time scale, the
emergence of additional absorbing states, and transitions

Figure 3. THz transmission transients (−dT/T, normalized) after
excitation with a 40 fs/266 nm light pulse in vacuum. Open circles:
TiO2 nanotubes (Tano = 5 °C, undyed, excitation fluence: 125 μJ/
cm2), excited from their free side. Open squares: TiO2 nanotubes (Tano
= 5 °C, undyed, excitation fluence: 100 μJ/cm2), excited from the
substrate side. Closed circles: sintered TiO2 nanoparticles (Dyesol, 20
nm, undyed, excitation fluence: 125 μJ/cm2). Lines: fits to eq 2
(biexponential) as described in the text. Inset: time constant τ1 = (ktrap
+ kdetrap + kdeep)

−1 responsible for short initial decay of photo-
conductivity as extracted from fits for TiO2 nanotubes anodized at
different temperatures.
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which do not lead to the creation of free charges. With respect
to the slow emergence of a long-lived component under oxygen
exposure, diffusion processes of oxygen (and titanium) atoms
from and into the bulk of the material may cause changes of the
concentration of deep trap states arising from oxygen
vacancies.40,50,51 The data obtained in this work is not sufficient
to yield the exact mechanism causing the observed changes.
However, with respect to the present study of electron lifetimes
it is concluded that, in spite of the changes caused by the
presence of air, the initial fast trapping process still appears to
be active as the cause for the immobilization of a large part of
the initial free carrier population on an unaltered time scale. In
particular, we note that an influence of surface doping on fast
trapping in TiO2 nanotubes is therefore unlikely.
Charge-Carrier Dynamics in Dye-Sensitized Nano-

tubes. Up to this point, electrons were injected into the
conduction band of TiO2 nanotubes through direct excitation
from the valence band by the pump pulse. We now turn our
attention to dye-sensitized nanotubes as they would be used in
actual dye-sensitized solar cells (i.e., excitation takes place in the
dye and electrons are subsequently injected from the dye into
the conduction band of the nanotubes).52 A wavelength of 545
nm is chosen for photoexcitation of sensitized samples, which
corresponds to a photon energy of 2.27 eV well below the
bandgap of anatase TiO2 to ensure that no direct excitation of
the nanotubes occurs. The most important difference in this
situation is that no holes are generated in the TiO2, and
recombination can only take place with the oxidized dye at the
surface.
THz-conductivity decay curves on dyed samples are shown

in Figure 5a for a range of excitation fluences. The fluence
dependence of the signal amplitude (at zero pump−probe
delay) is linear, indicating that charge injection is not limited by
saturation effects within the employed range of excitation
fluences. The shape of the decay curves closely resembles the
dynamics measured for undyed nanotubes with the one notable
difference that the conductivity does not fully decay to zero
within the experimentally accessible time range of 1.2 ns (i.e., a
very long-lived contribution remains). A similar behavior has
also been observed in sintered nanoparticles.13 For this work,

we also recorded data on dyed TiO2 nanoparticles to serve as a
reference measurement as shown in Figure 5b. In this figure, we
do not observe any notable fast decay of the free-electron
population.
The influence of dye-sensitization may be explained as

follows: From photovoltage decay measurements it is known
that recombination lifetimes of injected electrons with the
oxidized dye are on the order of milliseconds or even
seconds.53,54 The excitation pulse repetition rate in experiments
conducted here is 1.1 kHz (i.e., the time between subsequent
pump−probe cycles is shorter than these lifetimes). Therefore,
it can be expected that deep interband trap states which usually
mediate recombination processes are gradually filled by injected
electrons and hence passivated.55 Consequently, an equilibrium
between trapping and detrapping of electrons in shallow trap
states is reached on a nanosecond time scale with a certain
fraction of the initially excited carriers in the conduction band.
Figure 6 gives a simplified illustration of the charge generation,
injection, and recombination processes for undyed (Figure 6a)
and dye-sensitized (Figure 6b) TiO2 nanotubes as proposed
and modeled here. In the case of nanoparticles, where the
concentration of shallow traps was concluded to be significantly
lower than in nanotubes, it appears to be possible that even
these states are entirely passivated.
A comparison of conductivity decay in dyed and undyed

samples (Figures 5 and 2) suggests similar trapping lifetimes
and no dependence on excitation fluence for both systems.
Sensible fitting of the data for the dyed case is difficult, because
there might be injection dynamics on the ps-time scale
superposing carrier decay processes.13 However, in order to

Figure 4. Comparison of THz transmission transients (266 nm
excitation at fluence: 55 μJ/cm2) of undyed TiO2 nanotubes in
vacuum (blue squares), immediately after exposure to air (pink
diamonds), and after at least 4 h of exposure to air (red circles). Inset:
result of the same experiment on sintered, undyed TiO2 nanoparticles.

Figure 5. THz transmission transients (545 nm excitation, in vacuum)
(a) of dye-sensitized TiO2 nanotubes (Tano = 5 °C) for different
excitation fluences. Inset: amplitude of the initial THz response vs
excitation fluence as extracted from fits (see text); (b) of dye-sensitized
TiO2 nanotubes (as in (a), highest fluence) in comparison to dye-
sensitized, sintered TiO2 nanoparticles (20 nm, Dyesol).
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verify monomolecular decay behavior and to provide at least an
estimate of the fast decay lifetime, we again apply biexponential
fits according to eq 1here with an additional constant
contribution reflecting the long-lived electron population after
saturation of all available deep trap states. All lifetimes and the
relative magnitude of the long-lived component are shared
among all transients for the different excitation fluences and
globally optimized.
For the initial fast decay component (first term in eq 2), we

obtain a time constant of 26 ps in comparison to 14 ps for
undyed samples. The similarity of trapping times under direct
excitation and after electron injection is worth noting as it
suggests that shallow trap states occur homogeneously
distributed throughout the bulk of TiO2 nanotubes rather
than predominantly at the surface. For this argument, we make
the plausible assumption that direct interband excitation results
in a homogeneous photoexcited carrier density over the cross-
section of the tubes, whereas electrons injected from an
attached dye would initially be found close to the surfaces.
Consequently, if shallow trap states were also predominantly
located at the tube surfaces, reduced lifetimes would be
expected for injected electrons in dye-sensitized samples. Here,
on the contrary, we determine slightly longer lifetimes, which
may be the result of a weakly passivating effect of dye-
attachment, or simply reflect a superposition of population
decay with a finite injection-related rise time component.
THz Charge-Carrier Mobilities in TiO2 Nanotubes.

Early-time THz charge-carrier mobilities of free electrons in
TiO2 nanotubes can be extracted from the photoinduced
conductivity under knowledge of the initially absorbed photon
density. However, two important potential sources of system-
atic error have to be mentioned, which can cause an
underestimation of the absolute mobility value of nano-

structured TiO2 from the photoinduced THz transmission
change. First, the calculation of carrier mobilities from
photoconductivity data requires an assumption on the
efficiency of incident photon-to-free carrier conversion ϕ (see
eq 4) Several possible processes may potentially reduce the
photon-to-free-carrier conversion ratio. These include ultrafast
immobilization processes, immediate formation of excitonic
states,56 or non-intraband absorption. In the case of dye-
sensitized nanotubes, the injection efficiency affects the value of
ϕ as well. Hence the values reported here, namely, the effective
mobilities ϕμ represent lower limits to the actual carrier
mobility.
Second, because the relative permittivity of TiO2 is high

(bulk anatase THz permittivity: ϵbulk ≈ 3057,58) and the
characteristic size of the nanostructure is well below the THz
wavelength, the bulk of the structure is partly screened from the
electric field of the THz wave. This issue has been identified
before by Hendry et al.,12 who employed Maxwell−Garnett
effective medium theory to account for electric field screening.
Here we perform a numerical calculation to estimate the
strength of this effect. Figure 7 shows the 2D-electric field

distribution in a cross section of a TiO2-nanotube array as
obtained by numerical integration of Maxwell’s equations under
the boundary conditions of a given potential difference from
north to south. Periodic boundary conditions are applied at the
east- and west-ends of the matrix. The results of these
calculations show that the extent to which screening reduces
the strength of the electric field inside the material is highly
dependent on the gap between the tubes. This makes it difficult
to obtain a reliable correction factor, as the width of these gaps
is hard to determine and not constant along the length of the
tubes due to the ripples in the walls observed under the SEM.
Finally, we note that for all measurements in this study, the
electric field vector of the THz-probe pulse lies in the plane of
the nanotube film (i.e., perpendicular to the growth direction),
and therefore, the in-plane charge-carrier mobility is obtained.
Some degree of anisotropy can however not be ruled out as
TiO2 was found to exhibit a dependence of charge-carrier
mobility on direction relative to the crystal axes,14 and
crystallites could possess a preferential orientation with respect
to the nanotube structure. Frequency spectra presented in the
final section of this article suggest that in-plane localization

Figure 6. Illustration of processes within the model used in this study
for charge-carrier dynamics in (a) undyed and (b) dye-sensitized TiO2
nanotubes. Possible hole trapping processes are neglected here. The
deep trap state in (b) is greyed out to depict that this state is almost
permanently filled due to the recombination process with the oxidized
dye (DRec) being much slower than the trapping process (DpTr).
The corresponding recombination path is therefore very slow overall,
as indicated by the dotted arrows. See text for details. Closed circles/
ellipses: holes/normally unoccupied electron traps. Acronyms: CB:
conduction band, DpTr: deep trapping, DRec: recombination with
oxidized dye, dTr: (shallow) detrapping, Ex: (optical) excitation,
HOMO: highest occupied molecular orbital, Inj: injection, LUMO:
lowest unoccupied molecular orbital, TAR: trap-assisted recombina-
tion, Tr: (shallow) trapping, VB: valence band.

Figure 7. Simulated distribution of the electric-field amplitude in a 2D-
cross-section of TiO2-nanotubes (ϵr = 30) surrounded by vacuum (ϵr
= 1) for three different sizes of the gap x between neighboring tubes
with respect to their diameter d (x = 0, x = d/25, x = d/5). Below the
colormap plots, the averaged value of the electric field amplitude
within the nanotubes normalized to the average electric field across the
matrix is stated.
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effects due to scattering from the surfaces of the nanotubes
have at most a small effect on THz conductivity over the
investigated frequency range.
We calculate effective electron mobilities using the following

expression for the THz conductivity of a thin film of thickness
d:59

σ μ= = −
ϵ + Δ⎜ ⎟⎛

⎝
⎞
⎠ne

c n n
d

T
T

( )B0 A
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Here nA and nB are the refractive indices of the materials
surrounding the photoexcited film (i.e., in the present case,
vacuum and z-cut quartz). The photoexcited carrier concen-
tration n can be determined from the incident photon fluence
Nγ/A, if complete photon-to-free-carrier conversion is assumed.
To account for the possibility of a photon-to-free-carrier
conversion ratio ϕ smaller than unity, we state values of the
product ϕμ, referred to as the effective charge-carrier mobility
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Evaluating several measurements on dye-sensitized samples of
all available wall thicknesses, we obtain values for the free-
electron effective mobility ranging between ϕμn = 0.07 cm2/
(Vs) for the sample anodized at Tano = 55 °C (thinnest walls)
and ϕμn = 0.2 cm2/(Vs) for the sample anodized at Tano = 5 °C
(thickest walls). For undyed samples the resulting values are
ϕμn + ϕμp = 0.1 cm2/(Vs) for Tano = 55 °C and ϕμn + ϕμp =
0.4 cm2/(Vs) for Tano = 5 °C, where ϕμp is the effective hole
mobility. The discrepancy between the results for dye-
sensitized and undyed samples may result from less-than-
unity injection efficiencies, the precise value of which is
unknown and hence cannot be factored into the mobility
calculation. When accounting for electric-field screening based
on the performed simulation, the stated values increase by a
factor of 1.5 or more depending on the size of the gap between
the tube walls. This effect may also be a cause for the variation
of the as-measured mobility with anodization temperature
consistent with the observation of greater spaces between tubes
for higher temperatures.31

With regards to the charge extraction performance of TiO2-
nanotubes in dye-sensitized solar cells this study provides two
main results. First, it is noted that the THz electron mobilities
on TiO2 nanotubes determined here are similar to those found
for sintered TiO2 nanoparticles (ϕμNP ≈ 0.1 cm2/(Vs)13).
Hence electron motion on very short time- and length scales
ought to be similarly fast in both materials. Second, however,
this study reveals an order of magnitude faster trapping of
electrons in shallow traps as a transport-limiting phenomenon
in the nanotubes. The fraction of electrons immobilized in
photovoltaic devices at any one time can be predicted from the
shallow trapping and detrapping rates ktrap and kdetrap.
Considering that deep intraband trap states are expected to
be filled under steady state illumination conditions and hence
kdeep ≈ 0 (see Figure 6), the equilibrium between shallow
trapping and detrapping is reached at ntrapped/nfree = ktrap/kdetrap
according to eq 1. A fraction of immobilized electrons of
ntrapped/(nfree + ntrapped) ≈ 63% is obtained using the values
extracted from the data on undyed nanotubes in Figure 2. This
is consistent with the observation of a long-lived free electron
population in actual dye-sensitized tubes, which is found to
consist of about 36% of the initially injected density. In dye-
sensitized nanoparticles on the other hand, a near-complete

saturation of trap states is observed. The circumstance that only
about a third of the injected electrons are available as free
carriers in TiO2-nanotubes reduces the long-range mobility in
the material accordingly. Moreover it is noted that trapping
events act as a scattering process, which further slows down
diffusion. Overall, the observed fast electron trapping provides a
plausible explanation for why such TiO2-nanotubes have so far
failed to outperform sintered nanoparticles in terms of charge
collection rates despite the existence of more direct percolation
paths.

Frequency Dependence of the THz Conductivity.
Finally, we recorded photoinduced THz conductivity spectra
at early and later time after excitation as shown in Figure 8a for

undyed and in Figure 8b for dyed TiO2 nanotubes. Undyed
TiO2 nanotubes show a predominantly flat response with a
negligible imaginary part. The slight drop-off toward low
frequency can be attributed to an artifact arising from the
diffraction limited THz beam waist approaching the size of the
optical pump beam spot. The spectrum is otherwise compatible
with Drude-like transport at frequencies below the character-
istic relaxation rate ( f ≪ 1/τ).60 This stands in contrast to the
THz photoconductivity spectra of TiO2 nanoparticles,12,13

which exhibit clear localization effects.61−63 The different
behavior may potentially be attributed to the slightly larger
“free path” for the electron in the cross section of the
nanotubular structure (diameter ∼50 nm) than in the one of
the nanoparticle matrix (diameter ∼20 nm), particularly given
that the probing electric field primarily penetrates the section of
the tube walls tangential to the direction of the field vector, as
shown in Figure 7.
Dye-sensitized nanotubes on the other hand show a very

similar THz-conductivity spectrum to nanoparticles, indicating
significant localization effects as expressed in the strong
decrease of conductivity toward low frequencies and the
negative imaginary part leading to a “capacitive” behavior. A
reason for the altered spectral response may lie in the spatial

Figure 8. Normalized THz photoconductivity spectra (closed
symbols: real part, open symbols: imaginary part). (a) Undyed TiO2
nanotubes, at early time (5 ps) and at 50 ps after excitation at 266 nm
(fluence: 125 μJ/cm2). (b) Dyed TiO2 nanotubes, at early time (10
ps) and 200 ps after excitation at 545 nm (Fluence: 680 μJ/cm2). All
spectra taken in vacuum (p ≈ 2 × 10−2 mbar). A 450 μm GaP wafer
has been used for THz generation in these measurements.
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distribution of carriers which is spread out through the bulk for
the case of direct excitation in undyed TiO2 and concentrated
at the surfaces for the case of electron injection from a dye.
Coulombic interactions with the negatively charged, oxidized
dye may strengthen this effect. Other possible explanations may
be based on the presence of a (trapped) electron population
which has built up over many injection cycles due to the slow
back-transfer to the oxidized dye altering the shape of the
electric potential within the tubes.
Previously, Richter et al.56 have reported a resonant feature

in the spectra of TiO2 nanotubes at about 1.8 THz, which they
ascribed to an exciton-like state. The authors argue that this
state acts as a trap which limits charge-carrier mobility. Such a
resonance was not observed in any of the samples here;
however, it has to be noted that the growth conditions and the
resulting tube dimensions differ significantly between the said
study and this work. Richter et al. studied tubes that were
approximately 30 times longer and three times larger in
diameter compared to those investigated here, which resulted
from an at least 25 times longer anodization time. Given that
the exciton-like state was linked to an increased concentration
of trap states arising from fluorine and titanium impurities,
which are introduced during the growth process, differences in
the fabrication parameters can plausibly explain the disappear-
ance of the resonance. Alternatively, the resonance may have
undergone a sizable frequency-shift to the effect that for our
nanotube geometry, it is located outside of the accessible
spectral range of the experimental setup. If it can be confirmed
that such an exitonic state is in fact present in nanotubes films
of the type studied here, it may well be conceivable that the
physical origin of the fast charge-carrier trapping we observe is
linked to this state. Further experimental work beyond the
scope of the present study is required to test this hypothesis.

■ CONCLUSION
In conclusion, we studied the decay dynamics of photoexcited
and of injected free electrons in TiO2 nanotubes by means of
optical-pump-terahertz-probe spectroscopy. The results may be
described within a simple model of shallow trapping,
detrapping from shallow traps, and irreversible immobilization
of electrons in deep traps. Interestingly, we find shallow
trapping lifetimes to be as short as a few tens of picoseconds
making the decay process at least an order of magnitude faster
than in sintered TiO2 nanoparticles. This provides a possible
explanation for why the charge-collection performance of TiO2
nanotubes in dye-sensitized solar cells has not so far surpassed
that of TiO2-nanoparticles despite their more direct electron
percolation paths. A comparison of nanotube samples that were
anodized at different temperatures and therefore have different
wall thicknesses showed no significant influence of this
parameter on charge-carrier lifetimes. Similarly, we observed
fast trapping dynamics upon direct interband excitation of the
material and upon injection from an attached dye. These results
suggest that there is no predominantly high concentration of
shallow traps at the surface of the tubes. We revealed that while
trap-filling effects can almost completely eliminate charge-
carrier decay on the nanosecond time scale in dye-sensitized
nanoparticles, no saturation effects are observed for the shallow
traps in nanotubes. Effective early time carrier mobilities were
found to be similar in both materials with values on the order of
0.1 cm2/(Vs). We note that due to electric field screening
effects, this value represents a lower limit with the actual
electron mobilities expected to be higher by at least a factor 1.5.

In view of device applications, the results from this work
suggest that potential improvements to the charge transport
performance of TiO2 nanotubes may be achieved, if
modifications to the anodization process can be identified
that reduce the concentration of incorporated trap states.

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: l.herz@physics.ox.ac.uk. Phone: +44-1865-272200.

Present Address
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