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ABSTRACT: In this paper, the fabrication and growth mechanism
of net-shaped micropatterned self-organized thin-film TiO2 nanotube
(TFTN) arrays on a silicon substrate are reported. Electrochemical
anodization is used to grow the nanotubes from thin-film titanium
sputtered on a silicon substrate with an average diameter of ∼30 nm
and a length of ∼1.5 μm using aqueous and organic-based types of
electrolytes. The fabrication and growth mechanism of TFTN arrays
from micropatterned three-dimensional isolated islands of sputtered
titanium on a silicon substrate is demonstrated for the first time
using focused-ion-beam (FIB) technique. This work demonstrates
the use of the FIB technique as a simple, high-resolution, and
maskless method for high-aspect-ratio etching for the creation of
isolated islands and shows great promise toward the use of the
proposed approach for the development of metal oxide nano-
structured devices and their integration with micro- and nanosystems within silicon-based integrated-circuit devices.
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1. INTRODUCTION

As high-performance portable electronic systems are becoming
vastly popular, the development of power sources and sensors
together with microelectromechanical (MEM) components
and other active electronics on the same silicon wafer seems to
be very promising for use in portable electronic devices.1−3

Titanium dioxide (TiO2) is one of the most researched
functional semiconductor materials and finds versatile applica-
tions in sensors, optoelectronics, dye-sensitized solar cells,
photocatalysis, biomedicine, and electrochemical and storage
devices such as batteries.4−7 More recently, self-assembled one-
dimensional (1D) vertically oriented TiO2 nanotube arrays
grown on different substrates have been shown to be an
attractive component of such devices because of their enhanced
structural properties at the nanoscale.8−10 Of the many routes
that have been used to prepare 1D arrays of metal−oxide
nanotubes, including template and hydrothermal synthesis and
electrochemical lithography, the electrochemical anodization
process is the most promising technique with the potential for
automation relative to many other methods.11−14

A key to the incorporation of high-surface-area, high-
crystallinity TiO2 in microelectronics applications is the
directed growth of TiO2 nanotube arrays on silicon. Such an
architecture will allow the development of novel micro/
nanoelectromechanical and electrochemical applications. More-
over, the high degree of biocompatibility of TiO2-based
nanostructures combined with selective growth of such
organized nanoporous structures on silicon will make this
material a great model system to develop nanosensors to study
the response of cells. Photolithography, selective wet etching,
and reactive-ion etching have been widely used for making
patterned structures over large areas for various applications.
Micropatterning and site-selective growth of a TiO2 thin film,
TiO2 nanotubes on titanium foil, and thin-film TiO2 nanotube
(TFTN) arrays on a silicon wafer have been reported using
versatile approaches such as on a superhydrophilic−super-
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hydrophobic template, applying a seed layer based on the use of
photolithography techniques.15−17

Recently, Schmuki and co-workers have reported the
fabrication of photolithography micropatterned TiO2 nano-
tubes, which enable highly selective bonelike hydroxyapatite
formation on defined lateral microstructures of the nano-
tubes.18 Despite their potential capacity for generating a large
area of highly uniform periodic microarrays, photolithography-
based techniques suffer from multiple complex steps. The use
of polymer photoresists and the difficulty of finding suitable
etching conditions particularly suited for realizing high-
resolution three-dimensional (3D) patterns add drawbacks to
the implementation of such methods in several practical
applications.
Among all micronanopatterning techniques, focused ion

beam (FIB) offers a larger variety of patterning schemes over
nanolithography methods by site-specific sputtering/milling as
a resistless process with the capability of direct surface
modification. Moreover, compared with photolithography, the
milling resolution of the ion beam makes it a suitable technique
for specialty direct-write patterning with ever-higher aspect
ratios.
While FIB patterning seems to be more expensive and time-

consuming than standard photolithographic-based batch
fabrication techniques, it offers several advantages such as
improved accuracy and submicrometer feature sizes, both of
which make standard photolithography challenging. In addition
to that, the authors point out that FIB patterning usually does
not require prepatterned masks, whose preparation time and
cost significantly increase for submicrometer feature sizes.
Recently, Chen et al. have used the FIB method for the

fabrication and investigation of the growth mechanism of TiO2
nanotubes on curved surfaces and in different arrangements in a
FIB-guided anodization process.19,20 However, to the authors’
knowledge, there is no report on the growth mechanism of
TFTN arrays on 3D islands, where the titanium film is only
connected to the substrate from underneath and is isolated
from its surroundings.
In this paper, the synthesis of TFTN arrays on a silicon

substrate using two different electrolyte systems is reported.
The fabrication and growth mechanism of TFTN arrays on 3D
isolated islands are demonstrated for the first time using the
FIB technique. FIB (with a Ga3+ ion beam) is used for
micropatterning of thin-film sputtered titanium to create
isolated regions of different shapes for demonstration of the

growth mechanism of TiO2 nanotube arrays on these isolated
areas with different geometries as a suggestive platform for
biological cell growth studies and other types of micro-
electrochemical/mechanical sensors and devices. To the
authors’ knowledge, this the first demonstration of the use of
FIB for micropatterning of 3D isolated islands of TiO2
nanotube arrays.

2. EXPERIMENTAL SECTION
2.1. Titanium Thin-Film Deposition. The n-type Si(100) wafers

were first degreased using a standard technique followed by oxygen
plasma cleaning prior to deposition. Titanium films of 800 ± 10 nm
and 1.6 ± 0.01 μm thicknesses were deposited onto silicon substrates
using direct-current magnetron sputtering. The chamber was first
evacuated to 2.0 × 10−7 Torr backpressure, and the argon gas pressure
was then maintained at 6.0 × 10−4 Torr during deposition. The
sputtering power and deposition temperature were held constant at
125 W and 500 °C, respectively. The sputtering rate of titanium was
found to be ∼1 Å/s, which results in deposition of a 800 ± 10-nm-
thick layer of titanium in ∼135 min.

2.2. Growth of Thin-Film Titania Nanotube Arrays. Self-
organized TiO2 nanotube arrays were grown by electrochemical
anodization of titanium thin films on silicon substrates in two different
electrolytes. In the first route, the TiO2 nanotube arrays were grown in
a conventional two-electrode cell in an aqueous solution of 0.5 wt %
HF and 1 M H2SO4 and at a constant temperature of 4 °C. The
anodization voltage was held at a constant voltage of 10 V for 30 min
and 1 h. The second route consisted of room temperature anodization
of the titanium thin film in an organic electrolyte consisting of 96 wt %
ethylene glycol (EG) and 0.4 g of NH4F dissolved in 3 wt % deionized
water, at a constant voltage of 40 V and for the same durations. Both
TFTN array samples were annealed at 420 °C for 4 h with a heating
rate of 1 °C/s to form the crystalline anatase phase.

2.3. FIB Micropatterning for 3D Isolated TiO2 Nanotube
Array Growth. The FEI Nova Nanolab 200 FIB/SEM was used for
micropatterning of sputtered titanium thin films into 3D isolated
cylindrical and cubic regions of titanium on a silicon substrate. The ion
beam voltage and current were set to 30 kV and 5 nA, respectively.
The sputter material was set to aluminum with a sputter rate value (0.3
μm3/nC) closest to that of titanium (0.37 μm3/nC). In order to obtain
the desired mill depth, which here is the entire thickness of the
titanium thin film, the Z value was calculated based on the relationship
between the sputter rate, beam current, and volume of the material to
be milled, as in the following equation:

=sputter rate
volume
charge (1)

where the charge is the beam current multiplied by the sputter time.
FIB micropatterning of sputtered thin-film titanium was performed for

Figure 1. (a and b) Top-view FESEM images of the as-anodized and annealed TFTNs (inset: cross-sectional view of the nanotubes looking from the
back side) on silicon. (c) EDS spectra showing the chemical composition of the thin film and substrate.
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realization of high-resolution 3D (cylindrical and cubic) islands and
investigation of the growth mechanism of TFTN arrays on these
isolated regions on a silicon substrate using electrochemical
anodization.
2.4. Characterization of Thin-Film Titania Nanotube Arrays.

The morphology and composition of the TFTNs were examined using
field-emission scanning electron microscopy (FESEM; Zeiss SEM
Ultra60) with an energy-dispersive X-ray spectroscopy (EDS)
detector. The crystal structure and thermal evolution of the TFTNs
were determined by transmission electron microscopy (TEM; Jeol-
2011 operated at 200 kV) and in situ high-temperature glancing-
incidence X-ray diffraction (HT-GIXRD) using an X’Pert PRO MRD
diffractometer with a Cu Kα radiation source. The surface properties
and compositions of the samples were analyzed by X-ray photo-
electron spectroscopy (XPS) using a Thermo Scientific K-Alpha
system with an aluminum anode.

3. RESULTS AND DISCUSSION

3.1. Effect of an Electrolyte on the Morphology of
TFTNs. The growth of the thin-film oxide nanotube layer was
first monitored by studying the current−time characteristics as
reported elsewhere.21 Parts a and b of Figure 1 show the top-
view FESEM images of the as-anodized and annealed TFTNs
(and the cross-sectional view of the back side of the nanotubes
in the inset) formed by anodization of thin-film titanium in a
HF-containing aqueous electrolyte at 4 °C for 30 min and after
annealing at 420 °C in air. As shown in this image, the average
inner diameter and length of the as-anodized and annealed
nanotubes were ∼50 and ∼300 nm, respectively; this diameter
corresponds to that of the TiO2 nanotubes grown on titanium
foil and anodized at 10 V for the same duration as that reported
in the literature.9

The formation of high-quality nanotubes in this work was
shown to be only achievable below 5 °C in the HF-based
aqueous electrolyte solution. This is in accordance with the
findings of Macak et al., where the formation of nanotubes in a
similar HF-based electrolyte has been observed at a temper-
ature of 2 °C.10 With monitoring of the current changes during
the anodization process, the critical steps for TiO2 formation
(by oxidation of the titanium layer) and solvatization of Ti4+ to
form the nanoporous or nanotube structure across the surface,
followed by electric-field-assisted and chemical dissolution of
TiO2, were controlled. Formation of the nanotubes accom-
panied by the two competing electric-field-assisted and
chemical dissolution processes was also found to be dependent
on the anodization temperature. At temperatures higher than 5
°C, the surfaces of the nanotubes were found to be covered
with some irregular features, while there was a higher chance of
dissolution of the entire film. At the low-temperature range of
2−5 °C, precipitate-free nanotubes were found to be formed at
a sufficiently low rate of chemical dissolution of TiO2. Figure 1c
shows the FESEM image and corresponding EDS analysis of
the as-anodized TFTN layer on a silicon substrate, which
confirm the chemical composition of the film as well as the
substrate.
Figure 2 shows the FESEM images of smooth as-anodized

and annealed TFTNs formed by anodization of thin-film
titanium in a NH4F-containing organic electrolyte at room
temperature for 1 h at 40 V and after annealing at 420 °C in air.
The titanium film thickness in this sample was 1.6 μm. As
shown in Figure 2a, the length of the TFTNs is ∼1.3 μm, which
is due to longer anodization time. Here, the sidewalls of the
organic TFTNs contain some ripples formed approximately at
one-third of the length from the bottom side of the nanotubes

due to the presence of 3% water in the electrolyte, as opposed
to the aqueous TFTNs, where the entire nanotube is composed
of the sidewall ripples. This effect is explained in more detail in
the following section. In addition, the formation of close-
packed clusters of nanotubes is observed in an EG electrolyte,
where the intertubular spacings are negligible. Deviation from
such a close-packed architecture and clustering of the
nanotubes are reported by Mohammadpour et al.22 In their
study, the formation mechanism of very large-diameter
nanotubes discretized with large intertubular spacings is
discussed through a combination process of the nanotubes
and their deflection mechanism to form multipodal nanotubes
in a highly viscous diethylene glycol electrolyte (35.7 cP at 25
°C). However, the formation of nanotubes with a close-packed
architecture in our study indicates that, because of the low
viscosity of the EG electrolyte (16.9 cP at 25 °C), the capillary
force on the nanotube surface is not strong enough to bend the
nanotubes during the growth, thus resulting in closely packed
nanotubes. The growth mechanism of such closely packed
nanotubes and formation of ripples are discussed further in
detail.

Figure 2. FESEM images of the organic TFTNs showing the top side,
cross-sectional, and back side of the nanotube arrays.
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Figure 3 shows a schematic representation of the TFTN
array under anodic conditions. The formation of nanotubes in
electrochemical anodization is a self-ordering process in which
the degree of ordering is dependent on the electrolyte (pH),
voltage, temperature, and presence of impurities in the
material.23 The mechanism of tube formation is shown in
Figure 3, which is explained in detail in the following. The first
step of growth is controlled by the applied field and begins with
TiO2 formation [by oxidation of the titanium layer, as shown in
Figure 3a and based on eq 2, and continuing with solvatization
of Ti4+ (eq 3)]. The applied field acts as the driving force for
ionic transport through the barrier layer at the bottom of the
pore. Under the applied field, the Ti4+ ions migrate outward,
while O2− ions migrate toward the metal−oxide interface
(Figure 3b). Yasuda et al. have found that nanopore/nanotube
diameters correlate linearly with the growth factor of the
transition-metal oxide [the growth factor fgrowth = tfilm/ΔU in
which tfilm is the (compact) oxide thickness that grows at a
specific voltage in a metal and ΔU is the potential difference
through the film].24 In fact, because of local changes in the
thickness of the oxide layer over the surface, the distribution of
the electric field is varied, which results in anisotropy in the
field-assisted oxidation/etching process. As the process
proceeds, the pores start to form locally through dissolution
of the oxide at specific sites on the surface due to F− ion attack
directed by the local field distribution correlated to the surface
morphological fluctuations, as shown in Figure 3c. From these
point sources, the oxide growth would take place immediately
in all directions, resulting in a hemispherical oxide structure
with a certain radius R = fgrowthU. Repeated breakdown at the
bottom of the pores would then lead to an oxide tube diameter
proportional to the oxidation factor of the metal.25 As the
chemical dissolution proceeds in the barrier layer, the electric
field in these thinned regions increases, enhancing the field-
assisted oxide growth and oxide dissolution. Thus, well-defined
interpore cavities start forming as if the entire growth process
has started over in these regions, as shown in Figure 3d. At this

point, depending on the amount of water in the electrolyte, the
ripples start to appear as a result of such a repeating field-
assisted oxidation/thinning/dissolution process. Thereafter,
both cavities and tubes grow in parallel and form the tube
walls. The nanotube length increases until the electrochemical
etch rate equals the chemical dissolution rate of the top surface
of the nanotubes. Such chemical dissolution is the key step for
formation of the nanotube arrays. At this step, the thinning
process of the barrier layer is continued to keep the
electrochemical etching (field-assisted oxidation and dissolu-
tion) process active. No nanotubes can be formed if chemical
dissolution is too high or too low.5

In later growth stages, reactions continue in a steady-state
condition under competition between the tube growth at the
bottom and chemical/electrochemical dissolution (eqs 4 and 5)
at the top.23 In the case of an aqueous electrolyte, it was found
that these two competing processes are dependent on the
anodization temperature. At this point, the process becomes
diffusion-controlled and thereby the growth can become
affected by the viscosity of the electrolyte. At temperatures
higher than 5 °C, the surface of the nanotubes was found to be
covered with some irregular features indicating a higher
dissolution rate of the oxide. At a low-temperature range of
2−5 °C, precipitate-free nanotubes were found to be formed at
a sufficiently low rate of the chemical dissolution of TiO2. A
constant field gradient is established in the bottom of the tube
that determines ion transport, resulting in the development of a
diffusion profile (D) within the tube, as shown in Figure 3e. By
monitoring the current changes during the anodization process,
one can control the growth process to optimized conditions.
The growth mechanism can be summarized in four steps as
follows:

Field-assisted oxidation:

+ → + ++ −Ti 2H O TiO 4H 4e2 2 (2)

Figure 3. Schematic representation of the growth mechanism of TFTN arrays on silicon in electrochemical anodization: (a) formation of the
compact anodic oxide; (b) local field distribution correlated to the surface morphological fluctuations; (c) initiation of the pore growth due to the
field-enhanced dissolution; (d) pore growth to form tubes in steady-state conditions; (e) overall growth mechanism including oxidation and etching
steps; (f) current−time curve monitored during the electrochemical growth in an aqueous solution and corresponding effect on the morphology of
the film shown in FESEM images. Images a−d were reprinted with permission from Ghicov et al.23 Copyright 2009 The Royal Society of Chemistry.
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Field-assisted migration:

+ →+ − −Ti 6F [TiF ]4
6

2
(3)

Field-assisted dissolution:

+ + → +− + −TiO 6F 4H [TiF ] 2H O2 6
2

2 (4)

Chemical dissolution:

+ → + +− +TiO 6HF [TiF ] 2H O 2H2 6
2

2 (5)

Figure 4a shows the TEM image of the crystalline TFTNs
formed in an aqueous electrolyte with ripples formed on the
entire length of the tubes. However, in the case of organic
TFTNs (Figure 4b), the sidewalls are formed as straight and
smooth lines with no gap between them. This effect is

attributed to the presence of water as a higher fluoride-
containing medium between the nanotubes increases the
chemical dissolution rate of the oxide, thus causing faster
local etching of the nanotubes, as explained earlier. The
diffraction patterns shown in the insets reveal the polycrystal-
line nature of the nanotubes with the (101), (004), (200), and
(105) planes corresponding to the tetragonal titania anatase in
both samples. In the case of aqueous TFTNs, the diffuse
diffraction spots in the pattern indicate the presence of lattice
disorder and defects in the structure. However, in the case of
organic TFTNs, the presence of distinct diffraction spots
confirms the presence of perfect crystals.
In order to study crystallization during thermal annealing of

the as-anodized TFTNs, in situ HT-GIXRD was used to detect
the information about the crystalline phases only from the film.
The as-anodized organic TFTN sample was heated from room
temperature to 450 °C at a heating rate of 1 °C/min in air, and
the XRD patterns were recorded using a glancing angle of 1° at
different temperature increments from room temperature up to
450 °C. The sample was then annealed at 450 °C for 4 h
followed by recording of the XRD patterns after annealing at
450 °C and cooling to room temperature, at 25 °C. As shown
in Figure 5a, the film starts to form the crystalline anatase TiO2
at 350 °C with the main characteristic peak of the (101) plane
at a diffraction angle of 25° and those of the (004), (200), and
(105) planes shown at 36°, 48°, and 54° (ICDD PDF 01-071-
1176), respectively. XRD analysis on both aqueous and organic
samples revealed that the onset of the crystallization temper-
ature in TFTN is slightly lower than that of the TiO2 nanotubes
grown on a titanium film.11

Parts a and b of Figure 5 show high-resolution XPS spectra of
Ti 2p and O 1s of the organic TFTN array sample after heat
treatment. Ti 2p has two peaks corresponding to Ti 2p3/2 and
Ti 2p1/2 photoemission spectra observed at 459.5 and 465.2 eV,
respectively, with a spin−orbit splitting of 5.7 eV, indicating (as
expected) the Ti4+ chemical state. Figure 5c shows O 1s
photoemission spectra at 531 eV, which corresponds to the
oxygen bonded to Ti4+. The shoulder peak on the higher-
binding energy side of the main O 1s peak at approximately
532.5 eV originates from adsorption of the hydroxyl groups on
the surface. The Ti 2p and O 1s peak positions were found to
be in agreement with the Ti−O binding energies in TiO2 after
annealing, confirming the formation of titanium oxide.

3.2. TFTN Growth on FIB Micropatterned 3D Isolated
Islands. In order to investigate the mechanism of TiO2
nanotube growth on 3D isolated islands, the sputtered titanium
film was patterned using a FIB before anodization. This
approach has enabled us to use the accuracy of the FIB
technique in the creation of smooth surfaces in isolated islands
to investigate the growth mechanism of the nanotubes on such
surfaces, a specific novel feature that has not been achieved in
photolithography-based techniques, as reported previously by
Chappanda et al.15 The patterned thin film was then anodized
under the same conditions as those used for the synthesis of the
organic TFTN sample. Figure 6 shows FESEM images of the
as-anodized and annealed FIB micropatterned cylindrical and
cubic arrays of isolated 3D islands, each with a volume of ∼78.5
and ∼100 μm3, respectively, on the titanium film. The thickness
of the titanium film is ∼1.6 μm, which can be distinguished
from the silicon substrate based on the contrast in the SEM
image. The presence of small cracks on the surface is due to the
local heat generated from the high energy of the FIB.

Figure 4. TEM images of (a) aqueous and (b) organic TFTN arrays
and the corresponding diffraction patterns (insets).
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Formation of the TiO2 nanotube array is influenced by three
main factors. In 3D isolated islands, the titanium layer is in
electrical contact with a conductive substrate (silicon) only
along the base and not at the sidewalls; thus, the growth is only
guided by the charge path combined with distribution of the
electrical field in the titanium layer underneath. The EDS
elemental map and chemical composition of the TiO2 islands
after anodization are shown in Figure S1 (in the Supporting
Information). According to this map, the presence of titanium
and oxygen only on the patterned areas versus the silicon in the

milled area confirms that the patterned regions are electrically
isolated from the titanium layer and its surroundings. As seen in
Figure 6e,f, uniform growth of the nanotubes can be observed
on both types of geometries, particularly, at the edges and
sidewalls of the islands. Moreover, the porous surface of the
nanotube arrays is extended from the top to the sidewalls of the
islands without any trace of nanotube walls at the edges.
In order to understand the mechanism of growth of

nanotubes at the sidewalls of the islands, a close-view FESEM
micrograph of typical annealed TFTN arrays on the cylindrical
island is taken by making a cut section in the middle of the
island and at the edge. As seen in Figure 7a, the cut-section area
in the middle of the island (red line in Figure 7b) reveals the
formation of vertically oriented nanotubes, as expected. Clearly,
because of the excess of O2− and F− ions in the electrolyte
adjacent to the surfaces of the 3D islands at the top and
sidewalls, growth of TiO2 nanotubes involves initially formation
of the porous structure via fast diffusion of O2− from the
surfaces and oxidation of Ti to Ti4+; this step competes later
with dissolution of TiO2 by incorporation of the F− ions in the
growing TiO2 lattice, which forms the water-soluble TiF6

2−

complexes; meanwhile, the growth is controlled by distribution
of the electrical field gradually from the vertical to horizontal
direction. As the surface starts to curve on the edges, the
nanotubes tend to gradually orient according to the surface
curvature, while they are still interconnected at the roots. In
fact, this orientation results from deflection of the nanotubes on
the walls of islands guided by the change in the direction of the
electric field normal to the surface plane and outward to the
surface in such a way that the open side of the nanotubes is
always in the direction of the surface normal, while its closed
end is connected to the TiO2 barrier layer (Figure 7c). While
ion diffusion is uniformly possible from each side of the island
walls, the larger electrical field at the edges of the curved
sidewalls of the islands results in concentration of the F− ions at
the edges between the sidewalls of the islands and their surface;
thus, TiF6

2− dissolution competes the TiO2 formation and
results in the formation of a strip of nanoporous structures at
the edges. The schematic of Figure 7d demonstrates the
mechanism of growth of deflected nanotubes under an applied
electric field as we get close to the sidewalls of the islands.

4. CONCLUSION
The electrochemical growth of self-organized TFTN arrays on
a silicon substrate via anodization of sputtered titanium on
silicon is shown through two different routes. Vertically
oriented nanotube arrays with an average diameter of ∼30
nm and a length of ∼1.5 μm are synthesized at different
potentials and growth times in aqueous and organic-based types
of electrolytes. It was shown that the low-temperature growth
of TFTNs in an aqueous HF-based electrolyte leads to the
complexity of the process, and the nanotubes show lower
quality compared to the organic-based NH4F electrolyte. The
fabrication and growth mechanism of TFTN arrays on 3D
isolated islands were successfully demonstrated using a one-step
FIB technique. It was shown that the growth of TFTN on 3D
isolated areas is affected by the distribution of the electric field
in the 3D region as well as field-enabled transport of mobile
ions, resulting in the formation of deflected nanotubes on the
sidewalls of the islands. This work demonstrates the use of the
FIB technique as a simple, high-resolution, and maskless
method for high-aspect-ratio etching for the creation of isolated
islands and shows great promise toward the use of the

Figure 5. (a) HT-GAXRD patterns of TFTN as a function of the
annealing temperature. (b and c) High-resolution XPS spectra of the
Ti 2p and O 1s peaks of an annealed organic TFTN array sample.
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proposed approach for the development of metal−oxide
nanostructured devices and their integration with micro- and
nanoelectromechanical systems and integrated-circuit devices.
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