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Ordered nanodot arrays of titanium oxide (TiO2) were prepared from an epitaxial Al/TiN bilayered
film on a sapphire substrate by electrochemical anodization of the TiN layer using a nanoporous
anodic aluminum oxide~AAO! film as the template. The nanodots with an average diameter of
about 60 nm can faithfully duplicate the size, shape, and hexagonal pore pattern of the AAO
nanopores. The phase development of the isolated TiO2 nanodots is very much different from TiO2

thin films and powders. After high temperature annealing, the nanodots are polycrystalline and
consist of a mixed phase of anatase and rutile instead of single rutile phase. We expect that TiO2

nanodots with a single phase of anatase can be realized as long as the size of the nanodots is smaller
than the critical nuclei size for rutile formation. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1738941#

Titanium oxide (TiO2) is one of the most important tran-
sition metal oxides, which has been proposed for a wide
range of uses including photocatalysts,1,2 photoelectrochemi-
cal cells,3 gas detectors,4 antireflection coatings,5 and high-k
dielectrics.6 In recent years, nanometer-sized tubules,7

wires,8 and particles9,10 of TiO2 have been intensively stud-
ied because of the large surface area and quantum size ef-
fects, which result in chemical, optical, and electrical prop-
erties. The majority of previous studies used sol-gel7 or
hydrolysis process8,11 to prepare TiO2 nanostructures. In or-
der to well control the dimension and morphology of TiO2

nanostructures, nanoporous anodic aluminum oxide~AAO!
has been widely utilized as a template to selectively grow
TiO2 within the nanopores. In our previous study, we em-
ployed nanoporous AAO films as the mask for local anodic
oxidation of titanium nitride~TiN! films to fabricate ordered
nanodot arrays of TiO2 .12 Self-organized nanodot arrays of
TiO2 are formed by electrochemical anodization of an Al/
TiN bilayered film on the silicon substrate. When anodiza-
tion of the Al upper layer is complete, anodic oxidation of
the underlying TiN layer is confined in the pore area of the
initially formed AAO, resulting in TiO2 nanodot arrays with
a uniform size distribution in accordance with the hexagonal
order and pore size of the AAO nanopores. However, the
nanodots are irregular in shape because the rough interface
between the Al and TiN layers of the Al/TiN film stack re-
sults in a nonuniform anodic oxidation rate in the TiN layer.
In this letter, we report on the realization of highly ordered
TiO2 nanodots with uniform shape on a sapphire substrate by
anodization of an epitaxial Al/TiN film stack. Since the as-
prepared TiO2 nanodots are basically amorphous, the post-
growth annealing effect on phase development of the nan-
odots is discussed.

Fabrication of the TiO2 nanodot arrays began with the

epitaxial growth of a 10-nm-thick TiN film on~0001!-
oriented sapphire wafers using a reactive dc magnetron sput-
tering system. Following the TiN deposition, an Al film;5
mm in thickness was deposited by thermal evaporation in a
high vacuum chamber (,531027 Torr). The crystallinity
and orientation of the as-deposited films were investigated
by x-ray diffraction ~XRD! ~Philips X’Pert Pro!. Figure 1
shows the XRDu–2u scan spectrum of the Al/TiN/sapphire
heterostructure. In addition to the sapphire~0006! peak, only
TiN ~111! and Al ~111! peaks are presence in the XRD spec-
trum. The preferential growth of the~111! TiN and ~111! Al
films suggests epitaxial growth in sequence of the film stack
on the ~0001! sapphire. Although the lattice mismatch be-
tween the~111! plane of the TiN film and the~0001! plane of
sapphire is as high as 8.46%, misfit dislocations arranged
almost periodically on the interface can relieve the lattice
mismatch.13

For preparation of TiO2 nanodot arrays, the as-deposited
Al/TiN bilayered films were directly oxidized by electro-
chemical anodization without any preplanarization step. An-

a!Electronic mail: ctkuo@mail.nctu.edu.tw
FIG. 1. XRD u–2u scan of an epitaxial Al/TiN bilayer grown on sapphire
~0001!.
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odization was carried out in a 0.3 M oxalic acid solution at
21 °C under a constant polarization voltage of 40 V. The
anodization process can be divided into two oxidation stages,
i.e., anodic oxidations of the Al layer and the underlying TiN
layer. In the first stage, the upper Al layer was anodized to
nanoporous AAO containing a scalloped hemispherical oxide
barrier under each pore bottom. As the downward grown
pore channels reached the Al/TiN interface, the underlying
TiN layer was oxidized by anodization as well. The anodic
reaction was terminated while the exposed TiN region was
fully oxidized to TiO2 . Figure 2~a! shows a cross-sectional
transmission electron microscopy~TEM! ~JEOL JEM-
2010F! image of the bottom of AAO nanopores after the
anodization. The anodic oxidation of the TiN layer was con-
fined in the AAO pore area and thereby isolated TiO2 dome
structures were formed at the interface between the AAO and
TiN layers. At the end of the anodization, the TiO2 dome is
surrounded by unanodized Al and mantled by Al2O3 barrier.
Chemical phases labeled in Fig. 2~a! were characterized by
electron energy loss spectroscopy~EELS! and energy disper-
sive spectroscopy~EDS!.

Figure 2~b! shows the top-view field-emission scanning
electron microscopy~FE-SEM! image of the TiO2 nanodot
arrays after removing the nanoporous AAO. The self-
organized nanodots have a uniform size distribution with a
diameter of about 60 nm and an interdot distance of about
100 nm. The nanodots are grouped into domains, and within
a dot array domain, ordered nanodots with a hexagonal ar-
rangement can be clearly observed. Most nanodots duplicate
the circular shape of the AAO nanopores except those at
domain boundaries. The morphology of the TiO2 nanodots

should be strongly affected by the diffusion path of oxygen-
containing ions (O22 and/or OH2 from electrolyte! near the
Al/TiN interface of the Al/TiN film stack because the oxida-
tion rate of the TiN layer is mainly determined by the con-
centration of O22/OH2 ions nearby.14 A rough interface be-
tween the Al and TiN layers leads to a nonuniform diffusion
rate of O22/OH2 ions at the interface and thus results in
irregular ion concentration distribution around the growing
nanodots. In the previous study, nanodots prepared from a
polycrystalline Al/TiN film stack had an irregular dome
shape with a coarse base structure,12 which is primarily a
reflection of the rough interface between the Al and TiN
layers. In addition, the polycrystalline Al/TiN interface has a
higher defect density~such as grain boundary, dislocation,
vacancy, etc.! leading to a nonuniform ion transport through
the interface. In grain boundaries, the diffusion coefficient of
oxygen species is several orders of magnitude greater than
that of volume diffusion coefficient.15 Migration of
O22/OH2 ions is more rapid along grain boundaries, dislo-
cations, and external surfaces than in the interior of crystals,
resulting in the formation of TiO2 nanodots with a rough
dome structure could not faithfully duplicate the circular
shape of the AAO nanopores. In contrast, the epitaxial Al/
TiN film stack has a smoother interface and lower defect
density, and, therefore, can produce circular nanodots with a
smoother surface.

TiO2 has three crystalline phases, i.e., rutile, anatase, and
brookite. Rutile is the thermodynamically stable phase in all
temperatures and pressures, while anatase and brookite are
metastable phases.16 Anatase is the TiO2 phase of the great-
est commercial interest, although it is seldom found in natu-
ral ore. The as-prepared TiO2 nanodots in this study are ba-
sically amorphous, but they can later be converted to
crystalline TiO2 by annealing. Prior to annealing, unanodized
Al and TiN surrounding the TiO2 nanodots were removed by
reactive ion etch~RIE! using a gas mixture of Cl2 and BCl3 .
Annealing was performed at temperature higher than 900 °C
in a furnace with a flowing oxygen atmosphere for 1 h. The
XRD u–2u scan spectra of the TiO2 nanodot arrays after
annealing are shown in Fig. 3~a!. After annealing at 900 °C,
obvious diffraction peaks of anatase~112! and rutile ~210!
are observed, indicating that polycrystalline TiO2 nanodots
are formed. Figure 3~b! shows the high-resolution TEM
~HRTEM! image of the TiO2 nanodot/sapphire interface.
Two enlarged images defined by the dashed rectangles in
Fig. 3~b! are given in Figs. 3~c! and 3~d!. The lattice fringes
with a spacing of 4.76 Å in Fig. 3~c! and 3.24 Å in Fig. 3~d!
corresponds to the spacing between the~002! planes of ana-
tase and the~110! planes of rutile, respectively. From the
HRTEM image, the polycrystalline nanodot consists of two
dominant grains of anatase and rutile~grain boundary is
marked by white arrows! accompanied by several smaller
grains. When the nanodots are annealed at a higher tempera-
ture of 1200 °C, the XRD spectrum in Fig. 3~a! clearly shows
that the anatase phase still exists and predominates over the
rutile phase in the nanodots. Moreover, rutile gradually trans-
ferred the orientation from~210! to ~200!, which may result
from a better lattice match between the rutile~200! and sap-
phire ~0001! planes.17

The anatase-to-rutile phase transformation of TiO2 is be-

FIG. 2. ~a! Cross-sectional TEM image of the bottom of AAO nanopore
channels after the completion of the anodization. The dashed lines indicate
the interface between TiO2 nanodot and Al2O3 barrier layer;~b! top-view
FE-SEM image of the TiO2 nanodot arrays after the nanoporous AAO tem-
plate was removed by a mixed solution of H3PO4 and CrO3 . The inset is the
side-view image of the nanodots.
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lieved to be spontaneous, and is kinetically favorable at high
temperatures.16 However, it is interesting to note that the
TiO2 nanodots formed in the study can maintain a stable
anatase phase at temperatures as high as 1200 °C. This is
quite different from the cases of TiO2 thin films and pow-
ders. During the crystallization process of TiO2 nanodots,
anatase grains first nucleate and then grow to a critical size,
which will in turn provide nucleation sites for the develop-
ment of the rutile phase.18 When the anatase grain reaches a
critical size, the transformation of anatase to rutile begins
and proceeds very rapidly.19 The driving force for the phase
transformation is the difference in free energies between the
anatase and rutile phases. The rutile grain will keep growing
at the expense of the surrounding anatase phase until the
remaining anatase phase diminishes to a critical size. Zhang
and Banfield, using thermodynamic analyses, proposed that
the stability of the anatase phase depends largely on the grain
~particle! size.20 They suggested that when the particle size
decreases below;14 nm, the total free energy of rutile is
higher than that of anatase. This is a consequence of the fact
that rutile has a higher surface energy than anatase, and thus
the relative phase stability of anatase and rutile reverses as

the particle size is reduced to a critical value. Since the TiO2

nanodot is isolated, an increase in the volume of the rutile
phase will lead to a decrease in the anatase content. As the
size of the anatase grains is diminished to the critical size,
the phase transformation is terminated, resulting in a stable
coexistence of the two phases in the nanodots. Therefore, the
anatase phase can exist in the TiO2 nanodots even at a con-
siderably high temperature. From the above discussion, we
expect that the TiO2 nanodots with a pure anatase phase may
be accomplished when the size of the nanodots is smaller
than the critical size for the rutile formation.

In summary, we have fabricated highly ordered nanodot
arrays of TiO2 prepared from an epitaxial Al/TiN film stack
on a sapphire substrate by electrochemical anodization. The
average size of the nanodots is about 60 nm with a hexagonal
dot array pattern conformed to the upper nanoporous AAO
layer. The epitaxial Al/TiN interface with a lower interfacial
roughness and defect density provides a uniform diffusion
rate of O22/OH2 ions and, consequently, contributes to the
formation of smooth nanodots. The XRD and HRTEM re-
sults confirm that the TiO2 nanodots are polycrystalline in
nature and mainly consist of two dominant grains of anatase
and rutile phases after high temperature annealing. Because
the high temperature crystallization process is confined in the
isolated dome structure, the grain growth and a complete
anatase-to-rutile phase transition are retarded, resulting in the
coexistence of the anatase and rutile phases in the nanodots.
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FIG. 3. ~a! XRD u–2u scan of the TiO2 nanodot arrays after annealing in
oxygen atmosphere for 1 h. The diffraction peaks for anatase phase and
rutile phase are marked with A and R, respectively;~b! cross-sectional
HRTEM image of the TiO2 nanodot/sapphire interface. The sample was
covered with ana-Si film to protect the nanodots. The grain boundary is
indicated by two white arrows. Zoom-in images of the anatase grain and the
rutile grain are presented in~c! and ~d!, respectively.
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