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We report here, the deformation driven modulation of the electrical transport properties of an
individual TiO2 nanotube via in situ transmission electron microscopy 共TEM兲 using a scanning
tunneling microscopy system. The current-voltage characteristics of each individual TiO2 nanotube
revealed that under bending deformation within the elastic limit, the electrical conductivity of a
TiO2 nanotube can be enhanced. High resolution TEM and electron diffraction pattern reveal that
TiO2 nanotubes have tetragonal structure 共a = 0.378 nm, c = 0.9513 nm, I41 / amd兲. Analysis based
on a metal-semiconductor-metal model suggests that in-shell, surface defect-driven conduction
modes and electron–phonon coupling effect are responsible for the modulated semiconducting
behaviors. © 2010 American Institute of Physics. 关doi:10.1063/1.3466663兴
The semiconducting behavior of 1D titania 共TiO2兲 in
various morphologies 共tubes, wires, fibers, and rods兲 and
large surface area have drawn considerable attention for potential applications in solar cells,1 gas sensors, lithium ion
batteries and biomedical systems.2,3 However, the widespread technological use of titania is impaired by its wide
band gap 共3.2 eV兲, which requires ultraviolet 共UV兲 irradiation for photocatalytic activation.2,3 Traditionally, doping of
the titania has been the approach taken for its band gap
engineering.4
Here, we propose an alternate way to enhance the electrical conductivity of TiO2 nanotube using mechanical straining. A recent theoretical work on boron nitride nanotubes
共BNNTs兲 under flattening deformation5 has predicted the
unique possibility of band gap tuning in a 2–5 eV range. This
theoretical prediction on BNNTs has been experimentally
verified by Bai et al.6 by a series of in situ scanning tunneling microscopy 共STM兲 experiments in a transmission electron microscope 共TEM兲.
The crystal structure of the TiO2 phase affects the photoelectrical current in solar cells and anatase based solar cells
are expected to have the highest conversion efficiency. This
effect has been attributed to the higher Fermi level in anatase
in comparison to that of rutile by about 0.1 eV.7
In view of this, we report here, the effect of mechanical
deformation on an electrical response of an individual anatase TiO2 nanotubes. There are few reports on the electrical
transport properties of an array of TiO2 nanotubes and thin
films.8,9
All the electrical measurements were carried out on a
single tilt STM-TEM holder in a JEM 4000FX TEM system
that operated at 200 keV. In the present investigations, TiO2
nanotube samples were synthesized by anodization of TiO2
foils for 8 h at 60 V. The synthesis process is almost similar
to that of reported by Schmuki and co-workers10 and Djenizian and co-workers.11
The structural investigations of TiO2 nanotube samples
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were carried out during the in situ TEM experiment. Figure
1共a兲 shows an overall view of the anatase titania nanotube,
depicting a number of tubular nanostructures with uniform
size distribution. The tubes are hollow and open ended with
an average inner and outer diameter of approximately 25 and
70 nm and the lengths range to several hundreds of nanometers. The corresponding diffraction pattern is shown in the
inset 关Fig. 1共a兲兴, depicting the anatase titania 共a = 0.378 nm,
c = 0.9513 nm, I41 / amd兲. The HRTEM image 关Fig. 1共b兲兴
taken from a single nanotube 关inset of Fig. 1共b兲兴 shows that
the nanotubes are well crystalline. The lattice fringe spacing
of the walls of the nanotubes is estimated to be ⬃0.353 nm,
corresponding to the interplanar distance of the 共101兲 plane
in the anatase phase.
To ensure good electrical contact between the tip and the
nanotube for in situ electrical measurement, an individual
TiO2 nanotube was attached to the electromechanically
etched gold tip by tungsten deposition using the focused ion
beam 共FIB兲 technique. The different steps of the sample
preparation are shown in Figs. 2共a兲–2共c兲. In short, a nanotube
was picked up using the FIB probe 关Figs. 2共a兲 and 2共b兲兴 and
attached on the gold tip 关Fig. 2共c兲兴 by the tungsten deposition. The gold tip with TiO2 nanotube was then transferred to
the STM-TEM specimen holder and approached to its opposite conducting STM tip by the piezomanipulator. A schematic diagram of the experimental setup is shown in Fig.
2共d兲.

FIG. 1. 共Color online兲 共a兲 An overall view of the anatase titania nanotube
and the corresponding diffraction pattern 共inset兲 and 共b兲 the high resolution
lattice image from a single anatase nanotube 共inset兲.
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FIG. 2. Images from the FIB system show 共a兲 the as grown TiO2 nanotube
sample; 共b兲 FIB probe attached with a single nanotube, dispersed on the Cu
mesh; 共c兲 the FIB probe with a nanotube approaching the tip of the tungsten
wire and; 共d兲 schematic of the experimental setup for current–voltage
measurement.

Figures 3共a兲–3共e兲 display the sequential images of a typical TiO2 nanotube approaching the STM tip and undergoing
a gradual increase in its bending curvature by incremental
movement of the piezodriven gold tip toward the STM tip. A
series of measured I-V curves at various stages of bending
deformation are, respectively, shown in Fig. 3共f兲. The TiO2
nanotube in contact with the STM tip 关Fig. 3共c兲兴 shows a
semiconducting behavior where electrical currents up to 10
nA can be detected under bias voltages up to 25 V 关curve “c”
in Fig. 3共f兲 corresponding to Fig. 3共c兲兴. The similar semiconducting electrical transport behavior was also observed for an
array of anatase TiO2 nanotube and thin films.8,9 This is due

FIG. 3. 共Color online兲 The bight field image of the TiO2 nanotube 共a兲
approaching the STM tip; 共b兲 in contact with the STM tip; 关共c兲–共e兲兴 undergoing a gradual increase in its bending curvature; 共f兲 a series of the representable I-V curves measured during the deformation of the TiO2 nanotubes.

to the intrinsic semiconducting behavior of the TiO2 nanotube under the applied voltage. As we deform the nanotube,
attached with the tungsten wire against the STM tip, current
upto 18 nA can be observed 共curve “d”兲 for the deformed
state corresponding to Fig. 3共d兲. With the increase in deformation 关Fig. 3共e兲兴, the current is dramatically increased to 25
nA with start off voltage of 7.5 V bias as is evident from
curve “e” 关Fig. 3共f兲兴. Figure 3共e兲 displays the TiO2 nanotube
in the highest deformed state under the present study, making
a large bending curvature and corresponds to the state of the
I-V curve “e.” In a large bias regime, the I-V curve can be
differentiated to obtain a resistance R of the nanowire 共R
⬃ dV / dI,兲. We found that for this deformed state, the resistance of the nanotube was decreased to 0.34 G⍀ from
⬃0.86 G⍀ in the state corresponding to Fig. 3共c兲.
The nonlinear and symmetrical I-V characteristics of
these deformed states suggests a semiconducting behavior.
Thus our measurement system can be regarded as a metalsemiconductor-metal 共M-S-M兲 circuit.12 The related semiconducting parameters can be retrieved from the experimental I-V data in the bias regime ⬎5 V, by the following
relation6,13
ln I = ln S + V
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Here S is the contact area associated with a bias, Js is the
saturation current density, and V is the slowly varying function of the applied bias. The ln I versus V plot gives an
approximately straight line with a slope of 共q / kBT兲 − 1 / E0,
and an intercept of ln S. The representative 共ln I兲-V curves
are depicted in Figs. 4共a兲 and 4共b兲 corresponding to curve d
and curve e in Fig. 3共f兲, respectively. Figure 4共c兲 shows the
linear fits of curve d and e extrapolated to the ln I axis,
showing nearly identical values of intercept. This means,
ln S and the contact area 共S兲 is nearly identical for both of
these stressed states. In the expression of ln I, E0
= E00 coth共E00 / kBT兲, where E00 = 共បq / 2兲关n / 共m*兲兴1/2. Here, q
is the elemental charge, kB is the Boltzmann constant, mⴱ is
an effective electron mass of TiO2 nanotube, and  is the
permittivity. We have estimated the specific sizes of the
nanotube from the bright field TEM image and thus the resistivity,  is obtained. The electron mobility, , is then calculated by using the relationship  = 1 / 共nq兲. For anatase
TiO2 thin films, the dielectric constant, k is close to the value
between 25–30, therefore, the value of permittivity,  is
taken as  = 260,14 0 is the dielectric constant of a vacuum
and mⴱ = 1.26m0.15 Based on this procedure, the resistance,
resistivity, carrier concentration and carrier mobility were extracted as summarized in Table I. These values are in conformity with those obtained for the anatase TiO2 thin films
and single crystal of TiO2.16–19 The I-V measurement with
bending deformation were repeated for several times to ensure the reproducibility of the data.
Under the present study, it was interesting to note that
the electrical conductivity of TiO2 nanotubes can be modulated by the mechanical deformation. Such phenomena can
be related to the strain engineering of the electronic band gap
structure in nanotubes.20,21 It can be said that in the present
study, when the anatase TiO2 nanotubes are brought into deformed state, in-shell defects are produced at the walls of the
nanotube. The possible defects can be voids, vacancies, and
antisite atoms, which modify the band structure.22 The carri-
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Another possibility for the increase in current by deformation can be due to the presence of dangling bonds at the
surface of the TiO2 nanotube. These defects can have a
dominant role in modulating its electrical conductivity.24,25
Surface defects can produce surface states within the band
gap making the TiO2 nanotube behaves like a weakly conductive metal. This allows the flow of conduction electrons
near the surface region of the TiO2 nanotube as also reported
by Lin et al.26
In conclusion, it was shown that the electrical transport
properties of the TiO2 nanotube could be enhanced by inducing deformation into the nanotube using an in situ STMTEM stage. The semiconducting parameters were retrieved
from the experimental I-V curves using the M-S-M model.
Here, it can be emphasized that, considering the deformation
driven electrical property modulation of the TiO2 nanotube
as observed in the present investigations, the TiO2 nanotube
holds a promising future and perspective candidate for constructing nanoscale electronic and optoelectronic devices and
more importantly for its usage in solar cell applications.
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FIG. 4. 共Color online兲 The ln I-V curves corresponding to 共a兲 curve d and
共b兲 curve e in Fig. 3共f兲, respectively. 共c兲 The linear fits of the curves in 关共a兲
and 共b兲兴.

ers of current, i.e., electrons in this case 共as TiO2 is considered as n type semiconductor兲 are scattered strongly by the
disordered structure, so that the mean free path of electrons
may sometime be the order of the scale of the disorder. The
pinning of the Fermi level is known to arise from the presence of defects,23 such as dangling bonds and other misfits in
the structure, which produce localized state in the gap.
Hence, the TiO2 nanotube in a higher deformed state will
produce more defects, so a large number of electrons are
scattered by the formation of a large number of defects. The
production of defects will also help in the pinning of the
Fermi level, which will produce a localized state in the gap
and hence help in the transport of the electrical current
through the TiO2 nanotube.
TABLE I. Electrical parameters of TiO2 nanotube.
Parameters

Curve c

Curve d

Curve e

Resistance 共G⍀兲
Resistivity 共⍀ cm兲
E0 共meV兲
Carrier concentration 共cm−3兲
Mobility 共cm2 / V s兲

0.86
43.5
23.98
0.78⫻ 1017
2.05

0.66
36.4
24.9
1.58⫻ 1017
1.08

0.34
16.36
27.0
3.5⫻ 1017
1.05
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