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Avid attention has been given to the preparation, proper-
ties, and applications of nanotubes of different materials.
Nanotubes composed of carbon,[1] tungsten disulfide (WS2),[2]

boron nitride (BN),[3] vanadium oxide [VO2.40(C16H33NH2)],[4]

titanium dioxide (TiO2),[5] and others, were studied during the
last decade. However, the reproducible usage of nanotubes in
electrical devices is complicated by the fact that the tubes exist
in different chiralities and diameters.[6] Moreover, the raw
materials consist of dense networks of closely connected
nanotubes, and individual tubes are often obtained by ultra-
sonic agitation, which may introduce defects into the tubes.[7]

Here we report on two easy and controlled electrochemical-
anodizing routes for the synthesis of individual alumina
nanotubes (ANTs) in a single fabricating step. The structure
of ANTs provides clues to unraveling the mechanism of
nanotube growth and gives valuable hints on solving the long-
standing problem of the self-organization mechanism in the
porous anodization of aluminum.[8±15]

Two different preparation methods (Figure 1), designated
normal stepwise anodization (NSA) and lateral stepwise
anodization (LSA), were used to make ANTs. The major
difference between these two arrangements is the position on
the sample (Al/Si) to which the potential difference U is
applied. For NSA, it is the bottom surface of the Si substrate,
and for LSA, the top surface of the Al metal film. This results
in completely different current paths for the two methods.
Note, however, that the orientation of the sample is not
important.

The transmission electron microscope (TEM) images in
Figure 2 show a general view of the ANTs. They are attached
to the anodic porous alumina (APA) mother film. In the TEM
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Figure 1. Sketch of preparation methods for ANTs. For details see the
Experimental Section. a) NSA: After 360 s of anodization, power was
turned off for 60 s, then anodizing was carried out again for 173 s. Al was
almost completely oxidized after about 100 s. b) LSA: After open-circuit
dissolution for 120 s, the sample was anodized for 292 s. R� 16.9 W. The
time depends on fabrication conditions such as the thickness of the Al film,
the temperature, concentration and species of the electrolyte, and the
resistance of the Al/Si interface.

Figure 2. TEM morphologies of the ANTs. a), b) NSA tubes, c) LSA
tubes. Scale bar: 100 nm.

studies, the sample holder could be tilted at angles of ÿ30, 0,
and�308 without changing the dimensions and contrast of the
products; hence, they are tubelike in shape. The longest ANT
observed was 650 nm in length and had outer and inner
diameters of 35 and 12 nm (Figure 2 a). Some bundles of
ANTs (Figure 2 b) were also present. The ANTs fabricated by
the two methods have the same structure and differ only in
size: the NSA tubes are smaller than the LSA tubes. The main
factor determining the tube size is whether or not the current
path of the growth method passes through the interface
region.

The ANTs often appeared in the cleavage regions of the
APA films. Figure 3 shows three typical cleavages of the films,
with fracture morphologies that resemle a spider web, a screw
thread, and concentric circles. The cleavages presumably
correspond to high tensile stress in the thin APA film at zero
electric field.[16] The measured strain at failure of the film can
be as high as 0.13 (13 % change in volume) for NSA samples
(Figures 3 a and 3 b) and around 0.10 for LSA samples
(Figure 3 c). Although the precise mechanism of these kinds
of cleavage is unclear, we assume that they are related to tube
formation.

Detailed images of the cleavages are presented in Figure 4,
and the cellular structure of the APA film is shown in Figure 5.
In the classical model of the cellular structure of APA
films[8, 10, 11] (Figure 5 b), the cells are separated by nominal

Figure 3. TEM morphologies of cleavage regions within the APA film. The
fracture morphology resembles a spider web (a; NSA samples), a screw
thread (b; NSA samples), or concentric circles (c; LSA samples). The
ANTs often appeared in these regions. Scale bars: 2 mm.

Figure 4. Detailed TEM images of the cleavage regions reveal that the
ANTs are completely detached cells of the APA film (NSA samples).
a) Three incompletely detached cells of the film (right-hand side of the
image). b) The cleavages occurred along the cell boundary (top view). c) A
short stagnant cell (marked by S) in the middle of a bundle of cells. A void
underlies this cell, and cracks (indicated by an arrow) are evident along the
cell boundaries. d) A bent cell. e) The image of the sample shown in
Figure 4d taken after tilting the TEM sample holder at various angles
reveals that the cell can be bent at an angle of nearly 908 without any
observable cracking. All images have the same scale. Scale bar: 100 nm.
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Figure 5. a) A bottom-view TEM image of the APA film reveals voids
located at the junctions of three cell boundaries (LSA samples). b) Clas-
sical model of the cellular structure of an APA film. c) Refined model of
the cellular structure of APA/Si, with small voids at the junctions of three
cell boundaries. Scale bar: 50 nm.

boundaries (dotted lines) and arranged in a hexagonal
configuration. Figures 4 a and 4 b reveal that the film cleavage
evidently occurred along cell boundaries.[13, 17] The right-hand
side of Figure 4 a shows three incompletely detached cells of
the APA film. Both ends of the tubes are attached to the
mother film. Figure 4 d reveals clearly a tube whose closed tip
is attached to the film. Figure 4 e shows that an ANT can be
bent at an angle of nearly 908 without any observable
cracking. This good elasticity should be helpful in obtaining
long, crack-free tubes.

Films anodized for a short time contain many stagnant cells
which grew slowly or ceased to grow during anodization.[8, 12]

Such a cell can be seen in Figure 2 b (the short tube with a
closed tip on the right), and Figure 4 c shows a stagnant cell S
in a tube bundle. In TEM studies, we found that the region
immediately underlying the cell S is completely transparent to
the electron beam, that is, it is empty. We refer to it as a void
and deduce that it already existed before the bundle detached
from the mother film.

In addition to this void, another kind of void is often
observed at the junctions of the cell boundaries (Figure 5 a).
Their formation mechanism might be the same as that of the
defect reported by Macdonald.[18] The refined model of an
APA film based on this finding is shown in Figure 5 c. It shows
cell boundaries and voids located at the junctions of three
neighboring cells. We may further postulate that this cellular
structure is actually an incipient close-packed bundle of
alumina nanotubes. Cell-boundary regions containing struc-
tural defects such as voids and cracks should provide easy
paths for film cleavage, and therefore voids and the detach-
ment of cells may be detected. Furthermore, since all
observed tubes are shorter than the film thickness (around
800 nm), and incomplete detachment of cells was detected, we
deduce that individual ANTs are completely detached cells of
the APA film.

In contrast to conventional constant-voltage anodized
films,[10, 13] the APA/Si films fabricated by stepwise methods
have a highly disordered structure. This disorder may be an
important reason for the development of tubes. For NSA,
when growing ends of the cells have not proceeded to the
interface, the potential drop across the barrier layer should
decrease slightly due to interruption of film growth by
switching the power on and off and the slight temperature
rise in the electrolyte (0.4 ± 0.6 8C in our case without

agitation). These effects may cause local irregularities of the
cell structure, such as stagnation, branching, merging, and
inhomogeneous variation in cell diameters. Therefore, a
higher local tensile stress may develop within the film.
Figure 6 shows a side view of the mother film of ANTs.
Evidently, the growing end of the cell is dominated by the

Figure 6. A side-view TEM image of the cleavage plane of the APA film
(NSA samples) reveals the detailed morphology of the near-interface
region. For details see text. The inset depicts the imaging arrangement.
Scale bar: 100 nm.

irregularity. Except for two Y-shaped branched cells, most of
the cells are truncated in a conelike or flat-headed manner. A
tendency for branching is evident, as is a progressively
diminishing cell diameter, which is presumably mainly due
to the effect of the interface (see below). The cracks visible at
the cell boundaries of these branching cells (indicated by
V-shaped arrows) should provide easy paths for cell detach-
ment. Figure 6 also shows some voids (indicated by T) within
the cell-boundary region. The voids may decrease the strength
of these regions, so that the thin APA film can cleave easily
along the cell boundaries.

Besides the temperature, the Al/Si interface should exert a
dominant effect on disordered cell growth and is thus
important for the development of tubes. Because of consid-
erable misfit within the interface region between the APA
film and Si after the polycrystalline Al film is almost
completely oxidized, the APA film may be easily detached
from the Si substrate. Under the influence of tensile stress,
thin free-standing film curls, so it cleaves easily and then
develops detached cells. Furthermore, the interface can
induce a nonuniform growth of the APA film in the near-
interface region. Cell branching within the near-interface
region (Figure 6) could be attributable to the effect of the
interface (Figure 7). Because the cell size is proportional to
the forming voltage UC, when the interface induces a decrease
in the potential drop across the barrier layer of the cell, the
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Figure 7. Schematic diagram of the effect of the substrate on the develop-
ment of tubes. For details see text and the Experimental Section. a) NSA:
IN1�U/(RB�RI), UCN1� IN1RB (left); IN2�U/(RB�RO), UCN2� IN2RB

(right). Note that RI<RO, since the Al/Si interface consisting of native
oxide is thinner than the oxidized Si layer after anodization (IN1> IN2);
hence, UCN1>UCN2. b) LSA: IL1�U/RB, UCL1� IL1RB (left); IL2�U/(RB�
RO), UCL2� IL2RB (right). From IL1> IL2 follows UCL1>UCL2.

cell will branch.[10, 11] Nevertheless, the decrement of the
forming voltage should be mainly due to the sudden increase
in the electrical resistance of the anodizing circuit during this
period. Additionally, slightly diminishing cell diameters near
the growing ends could be due to high thermal resistance of
the thin film and the interface.

The Y-shaped branched cells may be derived from stagnant
cells (Figure 7). For example, in NSA samples, the thicknesses
of the Al/Si interface (dI), the oxidized Si layer (dO), and the
barrier layer (dB) are about 4, 10, and 10 nm, respectively. In a
rough estimation, it is reasonable to assume that the
resistances of the Al/Si interface (RI), the oxidized Si layer
(RO), and the barrier layer are proportional to their thick-
nesses. For the NSA sample (Figure 7 a), the reducing ratio of
the forming voltage is: UCN2/UCN1� (RB�RI)/(RB�RO)�
(dB� dI)/(dB� dO)� 1/

���
2
p

. Because the cell diameter is pro-
portional to the potential drop UC across the barrier layer of
the cell, reducing the voltage by a factor of 1/

���
2
p

results in the
appearance of twice as many cells to maintain the original
total area of the APA film, and most cells would branch into
two cells of smaller diameter (Y-shaped branched cells).
Under the influence of the interface, only these stagnant cells
would branch dominantly until the power is turned off,
because the isolated Al particles underlying the stagnant cells
can sustain their continuous growth and branching. The other,
normal cells, whose growing ends have already connected
with or slightly penetrated into the interface region, will cease
to grow at this moment. Note that the density of the stagnant
cells is related to the density of the Al grain boundaries in the
pre-anodized polycrystalline Al film. The branching certainly
induced the highly local irregularity of the cell structure, as
well as the increased stress of the APA film. It should be
beneficial for the detachment of the film from the substrate

and for the separation of the cells from each other along the
cell boundaries.

In conclusion, we have presented two methods for the
controlled fabrication of ANTs and deduced that they are
completely detached cells of the APA film. The semiconduc-
tor substrate exerts a dominant effect on the detachment of
cells. This study may open fascinating possibilities for further
chemical and physical explorations of nanostructures such as
nanowires, cylindrical capacitors, MOSFETs, and containers.

Experimental Section

Preparation of the ANTs (see Figure 1): An electron beam evaporated
400 nm thick Al (99.99 %) film on a p-type, 0.5 Wcm, 58-off h100i Si
substrate (Al/Si) was anodized in dilute sulfuric acid (15 wt %). The
potential difference U was 40 V dc. Before anodizing, the temperature of
the electrolyte was (10.0� 0.2) 8C. Anodization was continued until the
APA film detached from the substrate. Then the free-standing film was
cleaned in flowing distilled water for a prolonged period of time. After that,
it was transferred to copper TEM grids and stored in a dry tube at room
temperature. The specimens were directly examined with JEM-200CX and
JEM-2000EX transmission electron microscopes operated at 120 kV.

Effect of the substrate on the development of tubes (see Figure 7): Since
the resistances of the Al/Si interface(RI), the barrier layer (RB), and the
oxidized Si layer (RO) are rather large, those of the electrolyte, the series
resistor (R� 16.9 W), low-resistivity p-type Si, and Al metal can be
neglected. The power voltage U is 40 V dc, and it is the forming voltage
of the cell UC, that is, the potential drop IRB across the barrier layer, that
largely determines the cell size. The difference in cell size of the two
methods results from UCL1>UCN1, which is due to the interface. Formation
of the Y-branched cells is also due to the interface.
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