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Self-organized titanium oxide nanodot arrays by electrochemical
anodization
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~Received 3 January 2003; accepted 6 March 2003!

Ordered nanodot arrays of titanium oxides were prepared from TiN/Al films on the silicon substrate
by electrochemical anodization of a TiN layer using a nanoporous anodic aluminum oxide film as
the template. The microstructure of the nanodot arrays was studied by transmission electron
microscopy and scanning electron microscopy, and the chemical composition of nanodots was
analyzed by electron energy loss spectroscopy. The as-prepared nanodots are basically composed of
amorphous TiOx with a hexagonal arrangement and an average diameter of about 60 nm. Using this
approach, it is expected that nanodot arrays of various oxide semiconductors can be achieved.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1571661#
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Semiconductor nanodots have attracted great interes
cause of their unique physical properties and promising
plications in optoelectronic and microelectronic devic
They exhibit a wide range of size-dependent properties,
variations in fundamental characteristics ranging from ph
transitions to electrical conductivity can be fine tuned
controlling the size of the nanodots. One of the most pr
able approaches for preparing nanodots for device app
tions is the self-organized Stranski–Kranstanov growth
strained heterostructures.1 However, the spatial arrangeme
and size distribution of nanodots are random for most s
organized processes. In order to integrate the nanodots
practical applications, it is necessary to well control t
alignment and size of nanodots on the substrate. M
techniques2–5 have been attempted to control the spatial
rangement and size distribution of nanodots. Ordered ar
of nanodots have been constructed by using nanoporous
odic aluminum oxide~AAO! membranes as an evaporatio
mask by Masudaet al.5 Nanoporous AAO, which consists o
vertical pore channel arrays with a hexagonal packing st
ture, was obtained by anodic oxidation of aluminum in
acidic electrolyte. The pore diameters are tunable in
range of ten to several hundred nanometers,6 making AAO
an ideal template for fabricating ordered arrays of nanost
tured materials.

The majority of previous studies used Al foils to prepa
nanoporous AAO films, which must eventually be separa
from the Al foil for later applications. This is apparently n
suitable for most integrated device applications. Recen
nanoporous AAO has been prepared directly on Al fil
coated on silicon wafers for integrated microelectro
applications.7–11 Researches has shown that the microstr
ture of AAO prepared from Al films on semiconductor7 or
glass12 substrates are very different from that of AAO o
tained directly from Al foils. Beneath each pore bottom,
semispherical nanovoid is formed at the alumina (Al2O3)
barrier layer/substrate interface. In the case of anodizatio

a!Electronic mail: fmpan@ndl.gov.tw
2790003-6951/2003/82(17)/2796/3/$20.00
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

140.113.38.11 On: Thu, 0
e-
p-
.
d
e

-
a-
n

f-
to

y
-
ys
an-

c-

e

c-

d

y,
s

-

of

Al films deposited on a different metal film,13,14 the anodiza-
tion process is reported to include two oxidation stages,
anodic oxidations of the Al layer and the underlying me
layer. During the first stage, the nanoporous array is form
which can then be used as a mask for local anodization of
underlying metal layer, thereby forming a metal–oxide nan
structured array with a similar pattern as the upper AA
nanoporous array. In this letter, we used nanoporous A
films as the mask for local anodization of titanium nitrid
~TiN! films to fabricate nanodot arrays of titanium oxid
(TiO2). Using AAO templates as the anodization mask
TiN thin films, we can realize highly ordered arrays of TiO2

nanodots with a narrow size distribution. Compared with p
nar solids, TiO2 nanomaterials have been proposed for
wide range of uses including improved solar energy conv
sion, hydrogen storage, catalysis, and environmental po
tion remediation. Using this approach, it is expected t
nanodot arrays of many oxide semiconductors, which h
an anodization behavior similar to that of TiO2 , may be fab-
ricated.

Figure 1 illustrates the anodization steps for the prepa
tion of nanodot arrays of titanium oxides. A sputtered T
film of about 30 nm in thickness was first deposited on
p-Si ~100! wafer, followed by deposition of an Al film of 6
mm in thickness by thermal evaporation. The Al film wa
deposited in a high vacuum chamber (,531027 Torr) us-
ing an Al source with a purity of 99.999%. Prior to anodiz
tion, the sample was annealed at 500 °C in a vacuum furn
(131027 Torr) for 8 h to recrystallize the Al film, and then
electropolished in a mixed solution of HClO4 and C2H5OH
to obtain a smooth surface. The two-step anodization, wh
has been reported in detail elsewhere,15,16 was used to pre-
pare ordered pore channel arrays of AAO. Anodization w
first carried out in a 0.3 M oxalic acid solution at 21 °
under a constant polarization voltage of 40 V for 30 min. T
resulting nanoporous AAO, about 2mm in thickness as
shown in Fig. 1~a!, was removed by wet chemical etching
60 °C with a mixed solution of H3PO4 and CrO3, and
thereby a relatively ordered indent pattern was produced
the surface of the Al film@Fig. 1~b!#. The second anodization
6 © 2003 American Institute of Physics
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of the prestructured Al film was then performed for 40 m
under the same anodization condition as the first one. A
the second anodization step, highly uniform and periodic
nopores were formed@Fig. 1~c!#, which were then used as th
template for local anodization of the underlying TiN laye
During the anodization of the Al layer, the anodic curre
density was rather steady at about 8 mA/cm2 except at the

FIG. 1. Schematic diagram of the anodization process for fabrication of
titanium oxide nanodot arrays:~a! First anodic oxidation step,~b! prestruc-
tured Al film, ~c! second anodization step and TiOx nanodot formation, and
~d! TiOx nanodot arrays. The thickness of the electropolished Al film bef
anodic oxidation was about 4mm, and the sputtered TiN layer was 30 nm
thickness.

FIG. 2. Top-view SEM image of the nanoporous AAO film after pore w
ening in a H3PO4 solution. The inset shows a close-up view of the hexa
nal arrangement of the nanopores.
rticle is copyrighted as indicated in the article. Reuse of AIP content is s
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initial stage. The anodic current density dropped abruptly
a value less than 0.1 mA/cm2 as the oxidation of the Al layer
to AAO was completed. When the AAO anodization was
process, the underlying TiN layer was oxidized by anodi
tion as well. The anodic oxidation of TiN layer was confine
in the AAO pore area and, consequently, led to the format
of nanodot structures with a pattern in accordance with
upper nanoporous AAO layer.

Figure 2 shows the top-view scanning electron micr
copy ~SEM! image of the nanoporous AAO film after por
widening in a 5% H3PO4 solution at 30 °C for 30 min. The
self-organized nanopores with a uniform size distributi
have a pore diameter about 60 nm and an interpore dista
about 100 nm. The AAO nanopores do not show a lon
range ordering, but within a pore array domain, ordered
nopore with a hexagonal arrangement is clearly observ
Figure 3~a! shows a cross-sectional transmission electron
croscopy@~TEM! JEOL JEM-2010F# image of the bottom of
nanopores. Figure 3~b! presents a diagrammatic illustratio
of the TEM image. The TEM image, in Fig. 3~a!, clearly
shows that there is an isolated dome structure embedde
the interface between the AAO and TiN layer. In order
identify the chemical composition of the dome structu
electron energy loss spectroscopy@~EELS! Gatan GIF 2000#
analysis was performed. The detected electrons have un
gone core losses within the energy range between 310
617 eV, within which the characteristic edges of titaniu

e

e

-

FIG. 3. ~a! Cross-sectional TEM image of the bottom of AAO nanopo
channels after the completion of the anodization,~b! diagrammatic illustra-
tion of the TEM image in~a!, and ~c! EELS spectra showing the TiL2,3

edge, NK edge, and OK edge. The spectra correspond to three differe
positions as shown in~b!: ~A! At the center,~B! at the bottom, and~C! at the
underside of the dome.
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(L2,3 edge!, nitrogen (K edge!, and oxygen (K edge! were
measured.

Figure 3~c! shows the EELS spectra taken at three d
ferent positions of the dome structure as indicated in F
3~c!. Spectrum A, in Fig. 3~c!, was taken at the dome cente
which indicates that the dome structure basically consist
titanium and oxygen. However, the fine structure of the o
gen K-edge peak is not comparable to TiO2 from
literatures,17 suggesting that the dome is likely composed
nonstoichiometric TiOx . Spectrum B, in Fig. 3~c!, was taken
at the dome bottom, and reveals that there is a TiNxOy tran-
sition layer formed between the underlying TiN layer and
top TiOx dome. With regard to the underlying TiN laye
little oxygenK-edge peak is detected in the EELS spectr
@spectrum C of Fig. 3~c!# indicating that anodization of the
underlying TiN layer was not complete. The EELS stu
clearly shows that the dome structure was derived from
anodization reaction of the underlying TiN layer. While th
anodization process proceeds, an oxygen concentration
dient develops, which correlates closely with the diffusi
rate of oxygen containing ions (O22 and/or OH2) from the
electrolyte. Thus, anodization of TiN is most efficient in t
upper portion of the underlying TiN layer. The TiOx bulge
resulting from oxidation of the TiN layer is accompanied
a volume expansion. The molar volume increase is ab
60% as TiN is oxidized to TiO2 .18

The anodization behavior of the TiN/Al film stack on th
silicon wafer is regarded to involve two stages and is diff
ent from the case of the Al film directly deposited on sem
conductor substrates. In the earlier stage, the upper Al la
is anodized to Al2O3 , accompanied by the simultaneous ou
ward migration of Al31 and inward diffusion of O22/OH2

ions driven by the applied electric field, leading to the ve
cal pore channel growth.19 The Al2O3 dissolution at the
Al2O3 /electrolyte interface is in equilibrium with the Al2O3

growth at the Al/Al2O3 interface. As the oxide barrier laye
at the pore bottom approaches the area adjacent to
TiN/Al interface, anodization of the underlying TiN can b
initiated. The anodic reaction results in the formation of t
TiOx bulges. Finally, the anodic current drops abruptly~less
than 0.1 mA/cm2) and the electrochemical reactions term
nate due to the complete conversion of remaining Al
Al2O3 . At the end of the anodic oxidation, the Al2O3 barrier
layer at pore bottom mantles the TiOx dome.

The side-view SEM image of the TiOx nanodot arrays
after removing the nanoporous AAO is shown in Fig. 4. T
arrangement and shape of the nanodots are in accord
with the nanopores of the AAO template as shown in Fig
This suggests that local anodization of TiN takes place o
inside the nanopores. The ordered hexagonal arrangeme
the nanodot arrays may be disrupted by domain bounda
The nanodots of a very high density have an average di
eter about 60 nm, which is determined by the pore size of
AAO template. The average height of the nanodots is ab
45 nm. The size of the locally anodized nanodots can
varied over a wide range because the diameter of the
ordered nanopores is dependent upon anodization pa
eters, such as polarization voltage, bath temperature, ele
lyte species, and electrolyte concentration.

In summary, ordered nanodot arrays of titanium oxidrticle is copyrighted as indicated in the article. Reuse of AIP content is s
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were prepared from TiN/Al films on silicon wafers by ele
trochemical anodization. The hexagonal pore arrays of
AAO templates can faithfully duplicate an ordered patte
for the titanium oxide nanodots. The average size of the n
odots is about 60 nm, which is very close to the diamete
the AAO nanopores, and adjustable depending on anod
tion conditions. TEM, SEM, and EELS were utilized to d
termine the microstructure and chemical composition of
nanodots. The as-prepared nanodots are basically amorp
and composed of nonstoichiometric TiOx .
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