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Abstract 
Nanoporous anodic aluminum oxide (AAO) with uniform and controllable pore diameters and pe-
riods over a wide range has been explored for various applications due to relatively easy fabrica-
tion processes. Moreover, one of the interesting possibilities afforded by the anodization process 
is that the anodization can take place on aluminum films with arbitrary shape, such as a section of 
cylinder or sphere, which has not yet been well studied or applied in nanofabrication. In this pa-
per, we report that highly ordered conical nanohole arrays prepared by the anodization of cylin-
drical and spherical Al films have been fabricated. As can be seen by scanning electron microscopy 
(SEM), straight nanohole arrays have been grown along the radical directions of the cylindrical or 
spherical alumina membrane without bending or branching at all, the diameter of the conical na-
noholes and the diameter change along individual channels can be tuned by changing the curva-
ture of the membrane. These new types of templates may open new opportunities in optical, elec-
tronic and electrochemical applications. 
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1. Introduction 
Anodic aluminum oxide (AAO) has generated considerable interest as a template for nanofabrication [1]-[3]. 
Porous AAO structures with flat surface are typically obtained by anodic oxidation of aluminum metal in solu-
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tions of sulfuric, oxalic, or phosphoric acid [4] [5]. Flat AAO films have been extensively used as templates for 
the fabrication of nanowires or nanocables [6]-[11] and nanotubes [12]-[19], as well as masks for growth of oth-
er nanostructures such as anti-dots, nano-dots or nanopillars [20]-[23]. These nanomaterials exhibit unique opti-
cal, magnetic, or electronic properties and have potential applications in various areas, such as high-density 
magnetic recording media, optical devices, field emission displays, mechanical oscillators, energy storage, na-
noelectrodes, and sensors. In addition to membranes with cylindrical channels, various other types of AAO na-
nostructures have also been fabricated and theoretically studied, such as triangular and square pore arrangements 
[24] [25], and taper hole arrays [26]. AAO film with micro zone of curved surface which were made by impurity 
induced or by methods of photolithography, focused ion beam (FIB) lithography has also been studied recently 
[27]-[29], Due to limitation of the methods they used, the area of the curved surface of AAO were only occurred 
in a small area while the most area of the surface including other side were still flat, and the nanoholes in the 
curved area were bending and branching. It still remains a great challenge to make the AAO membrane with 
large curved surface in both sides and the straight nanohole arrays without bending and branching, which are 
obviously demanded in many applications, such as solar cell [11]. 

In this paper, we report a simple method for fabricating cylindrical or spherical AAO membranes with highly 
ordered conical nanohole arrays, which was not possible previously. Straight nanoholes were grown along the 
radical directions of the cylindrical or spherical alumina without bending and branching at all. The diameter of 
the conical nanoholes and the diameter change along the individual nanohole can be tuned by changing the cur-
vature of the membrane, either in one or two dimensions. 

2. Experimental 
Cylindrical or spherical AAO membranes with highly ordered straight conical nanohole arrays were prepared by 
two steps: (1) the generation of cylindrical and spherical Al films; (2) the generation of AAO by two-step ano-
dization process, adapted Lyvers et al. [30]. Briefly, high-purity (99.999%) flat aluminum films were placed on 
a cylinder or sphere to mould a given shape. Prior to anodization, the moulded films were electropolished for 
better pore ordering and uniformity. The films were then removed for anodization, which were carried out under 
a constant cell voltage of 40 V in a 0.3 M oxalic acid solution at 10˚C for 20 h. The formed alumina was then 
removed by a 6 wt% phosphoric acid and 1.6 wt% chromic acid solution, and the cylindrical or spherical Al 
sheet was anodized again under the same conditions as described above, for 8 h. After the second anodization, 
the remaining aluminum was removed in a saturated HgCl2 solution. A subsequent etching treatment was carried 
out in a 0.1 M phosphoric acid solution at 30˚C for 20 min to remove the aluminum oxide barrier layer on the 
bottom side of the AAO. Scanning electron microscopy was used to characterize the structure of the cylindrical 
or spherical AAO membranes. 

3. Results and Discussion 
Figure 1 show the large cylindrical AAO membranes before (a) and after (b) removing the remaining aluminum 
and the barrier layer. The radius of curvature is 0.35 cm (the radius of spherical AAO membranes is 1.25 cm in 
our experiments, not shown here). 

For the cylindrical AAO, Figure 2(a) and Figure 2(b) show the SEM (SEM) JSM-6300) images of the na-
nohole arrays on the inner and outer surface, respectively. It can be clearly seen that highly ordered nanohole 
arrays were obtained in the surfaces of cylindrical AAO membrane. The statistical data from the different areas 
show that the diameter of nanohloe in the inner surface and the outer surface are 66.8 nm and 82.8 nm, respec-
tively. We can also see from the SEM images of the cross section (Figure 3) that the nanoholes are well-ordered 
without bending and branching at all. So, we conclude that the straightly conical nanohole arrays were obtained 
in the cylindrical AAO membranes. With the axis of the cylindrical surface as the symmetric line, conical hole 
arrays present a radial arrangement ordered along the normal vectors of the cylinder (Figure 4(a)), the radius 
change along the conical nanohole is 0.44 nm/µm (the film is about 36 µm thick). It is impossible to show the 
small change of diameter in one SEM image of the cross section. 

SEM images of different AAO template with different cylinder radii show that there is a strong correlation 
between the maximum and minimum radius of the conical nanohole and the radius of curvature of the AAO 
template. This kind of correlation gives us an additional degree of freedom to control the diameter of nanoholes 
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(a)                                                             (b) 

Figure 1. Large Cylindrical AAO membranes before (a) and after (b) removing the remaining aluminum and the barrier 
layer. 
 

   
(a)                                                             (b) 

Figure 2. SEM images of the nanohole arrays of the cylindrical AAO membranes on the inner surface (a) and outer surface 
(b). 
 
in curved AAO membranes than in flat AAO membranes, in which the change of the diameter of nanohole can 
only be realized by changing the anodization voltage or the concentration of the acid solution at the expense of 
the ordered arrangement of nanohole arrays. 

However, there is also an indirect correlation ship between the radius change along the individual conical na-
noholes and radius of cylinder; the radius change increases as the cylinder radius decreases. This level of control  



Y. T. Pang, R. Chandrasekar 
 

 
235 

 

 
Figure 3. Cross section SEM image of the cylindrical AAO membranes showing the straight nanohole arrays 
with no branching and bending. The inset is the high magnification image of the cross section. 

 

   
(a)                                                  (b) 

Figure 4. Schematic images of conical nanohole arrays in cylindrical (a) and spherical (b) AAO membranes. 
 
of the nanoholes radius and conical structures enable us to tailor the properties of nanowire-based hyperbolic 
materials, used for sub-diffraction imaging or radiative decay engineering [31]. 

We get the same nanohole structures in the spherical AAO membrans as in the cylindrical AAO (Figure 4(b)). 
The only difference is that the symmetry center of the conical nanohole arrays is the center of the sphere instead 
of the axis of the cylinder. 

It is worth to repeat again that in our results, the conical nanoholes are straight without bending and branching, 
which usually occurred in anodization of curved surface of Al [27]-[29]. As it is well known that pore formation 
is an electric-field-assisted process. The bending and branching phenomenon of the pore channel in curved Al 
surface were suggested due to unbalanced electric field, the different conductivities and the different interpore 
distance around the nanoholes [27]-[29]. In our experiments, however, it is important to note that the both sides 
of curved Al film were anodized simultaneously (i.e., we get two pieces of curved AAO membranes at a time), 
and there is neither Al/Si interface nor the different conductivities between walls of neighbor nanoholes (In their 
experiments [27], however, the electric field will change in the immediate vicinity due to the different conduc-
tivities of Al and Si at the process of anodization). So, the uniform distribution of electric field on the both sur-
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faces of curved Al film remains in our experiments because of the symmetric anodization process, which is 
pretty much the same as the anodization of flat Al and this may be the main reason for the straight nanoholes 
without bending and branching. 

Another notable features of the curved AAO membranes is that the radius of nanohole change along its 
growth direction, i.e., along the radial direction of the cylindrical or spherical membranes, which were not found 
before in flat AAO membranes. It is well known that all the pore channels initialize and propagate along the di-
rection of electric field, i.e., normal to the Al surface [1]-[4] [27]-[29]. So, in our experiments, the nanohole with 
conical shape were formed because of the geometric symmetry and the symmetric anodization. That means we 
can control the diameter of nanohole by the thickness of curved AAO membranes (the anodization time, of 
course) and the curvature as mentioned above, and also the anodizaion voltage as well. It could be used as a new 
platform for nanofabrication. 

Like typical flat AAO membranes, these curved AAO structures with radial arrangement of conical nanohole 
arrays can also be used as a template for carbon nanotube growth by chemical vapour deposition methods or for 
nanowire, nanocable and nanotube growth by sol-gel, electrodeposition or supercritical fluid approaches. By 
filling the nanopores with selected materials, these new structures have potential in optical, magnetic, and sens-
ing applications. For example, the curved membranes with nanowires or nanotubes inside could be used for an-
ti-reflection purposes with even optical response for much larger solid angles than flat ones. It has been pre-
dicted that a silver nanowire metamaterial in curvilinear AAO template with hyperbolic dispersion has a prop-
erty of a hyperlens—the device allowing for sub-diffraction color imaging in a far field [26] [31]. 

4. Conclusion 
In summary, a novel self-organized nanoporous AAO membranes with large cylindrical and spherical in shape, 
have been prepared and characterized carefully. Straightly conical hole arrays presents a radial arrangement or-
dered along the radial direction of the cylindrical or spherical membranes without bending and branching at all. 
More important, by tuning the radius of curvature of the AAO membranes and the anodization time, we can 
control the radius and the radius change rate of conical nanohole arrays. Our results are instructive for funda-
mental understanding of purposely designed curved AAO membranes; they will also greatly enhance the control 
of pore growth on non-planar faces surfaces. This will open opportunities in applications where the substrates 
need to be curve in shape, such as sensors, catalysts, and optic fibers. 
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