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1. Introduction

Porous anodic alumina fi lms have received great 
attention, due to their utilization as templates for 
device fabrications on a nanometer scale [1, 2, 3, 
4 and 5]. The structure of porous anodic alumi-
na is described as a close-packed hexagonal array 
of columnar cells, each containing a central pore, 
of which the size and interval can be controlled by 
changing the forming conditions [6]. The striking 
feature of this fi lm is the extremely high aspect ratio 
of their nanochannels, which is diffi cult to achieve 
with conventional lithographic techniques. Self-or-
ganized hexagonal pore arrays can be formed nat-
urally in sulfuric, oxalic and phosphoric acid solu-
tions under appropriate anodic voltage [7, 8 and 9].

The porous structure evolution results from the 

dynamic equilibrium between the fi lm growth at the 
aluminum–alumina interface and the fi eld-assisted 
oxide dissolution at the oxide–electrolyte interface 
[10]. Both Al3+ and O2− passed through the barri-
er layer under the driving force of the electric fi eld. 
Therefore, the study of the barrier layer structure 
might yield direct information on the dynamic evo-
lution of pore growth.

As a template, the internal pore structure of 
PAAF will have an inevitable infl uence on their ap-
plications. It was reported that carbon nanotubes 
grown in PAAF can copy the internal pore struc-
ture [11 and 12], so in this study, CVD carbon 
tube growth in pores was used to record the inter-
nal pore structure. Attempts were made to correlate 
the pore structures, barrier layer topographies and 
the alumina matrix examined by X-ray and TEM.
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creased further to 110 V, the barrier layer also showed a random cell distribution. Additionally, smaller protrusions connected to 
bigger cells were found, which can be correlated to the formation of branches with smaller diameters. Most of the branches of 
carbon tubes grown in the fi lm anodized at 110 V have a saw-tooth like feature. X-Ray diffraction analysis shows that all the an-
odic fi lms are amorphous, regardless of the anodic voltage. However, unoxidized aluminum particles in the fi lm anodized at 110 
V was observed by TEM. 
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Fig. 1. Illustration of an ideal structure of self-organized 
growth of PAAF. 

2. Experimental methods

Pure Al (99.999%) plates were annealed at 500 
°C and electrochemically polished in (5:1 v/v solu-
tion of EtOH /HClO4) for approximately 3 min at 
20 V. The polished aluminum plates were anodized 
at 15 °C under different anodic voltage in 0.16 M 
aqueous solution of oxalic acid for 25 min, with the 
graphite plate as counter-electrode.

After anodization, the remaining aluminum was 
removed in a saturated HgCl2 solution and cleaned 
thoroughly using distilled water in order to get clean 
PAAF. For carbon tube growth, the stripped and 
cleaned fi lms were placed in a tubular furnace with 
a fl ow of gas mixture of N2 (90%) and C2H2 (10%), 
at a rate of 100 ml/min at 650 °C for 2 h. Then, the 
tube containing fi lms was cooled to room tempera-
ture and the tubes were released in a 15% NaOH so-
lution. The washed and dried tubes were dispersed 
in pure EtOH by sonication. A drop of suspension of 
the nanotubes was placed on a TEM (JEOL 2000EX) 
grid for structure observation. The topography of 
the barrier layer was obtained on fi lms using AFM 
(Auto Probe CP, Park Company) under contact 
mode. The adopted Ultralever™ (Si3N4 tip) has an 
average force constant of 0.4 N/m. X-Ray diffrac-
tograms were obtained using a Siemens D-5000 dif-
fractometer with Cu Kα radiation at 35 KV, 30 Ma, 
a step size of 0.04° and during 20 s. The stripped 
and cleaned anodic fi lms were pulverized to powder 
and dispersed in pure EtOH by sonication. A drop of 
suspension of the fi lm powder was placed on a grid 
for TEM (JEOL 2000EX) structure examination.

Fig. 2. TEM images of carbon tubes grown in PAAF using the 
two-step method (a) and AFM topography of the barrier layer 
of the corresponding PAAF (b). 

3. Results and discussions

3.1. PAAF with straight pore structure

Fig. 1 shows an illustration of the ideal structure 
of self-organized growth of PAAF. The barrier layer 
consists of a regular hexagonal array of hemispheri-
cal cells having a pore beneath each one, which is a 
generally accepted prototype of PAAF. 
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The two-step method used for preparing alumi-
na fi lms was reported in detail elsewhere [13 and 
14]. Fig. 2a shows the TEM images of carbon tubes 
grown in fi lm using the two-step method. The anod-
ic voltage is 40 V and the second-step oxidation time 
is 25 min. It is found that all the tubes are straight, 
with a narrow diameter distribution ranging from 37 
to 50 nm, which indicates a narrow diameter distri-
bution of the pores in the fi lm. Also, it is found that 
the tubes have a relatively rough surface feature. 
When the fi lms were corroded in 0.1 M H3PO4 solu-
tion at 35 °C for 20 min, the resulting carbon tubes 
have smooth surfaces at the expense of larger tube 
diameters. This phenomenon indicates that the rough 
tube surfaces were not caused by the fi lm variation 
at higher temperatures during the CVD tube growth. 
It is the true refl ection of the pore internal surface 
without corroding in H3PO4 solution. Film corrosion 
in H3PO4 solution can smooth the pore internal sur-
faces at the expense of a larger diameter. 

Fig. 2b shows the AFM topography of the barrier 
layer of the corresponding PAAF, which contains do-
mains with highly regular hexagonal cell distribution, 
some defects (holes) exist at the boundary of the do-
mains, which might be caused by metallurgical defects. 
Because all the tubes are straight, under TEM observa-
tion, one might conclude that the existence of some de-
fects in alumina fi lm does not affect the straight pore 
growth and structure. In other words, perfect hexago-
nal cell distribution in the barrier layer is not the only 
case where straight pore structure can be formed.

Due to different thermal expansion coeffi cients be-
tween alumina and aluminum substrate, pore crack-
ing was claimed to occur during heating and cool-
ing [15], which will certainly affect the form of car-
bon tubes grown in the pores. Extensive TEM obser-
vations show that carbon tubes grown in PAAF with 
aluminum substrate have the same round feature as 
that in PAAF without aluminum substrate. This result 
might indicate that the cracking of the fi lms on the 
aluminum substrate occurred through the cell bound-
aries and did not pass through the pores [16], so the 
obtained tubes remained round, rather than anoth-
er complex shape, if the crack occurred through the 
pores. The reported study was carried out on fi lm an-
odized in sulfuric acid solution and the fracture was 
realized by 180° sharp bending [16]. In our case, the 
fi lm was obtained by anodizing in oxalic acid solu-

Fig. 3. TEM images of carbon tubes grown in PAAF anodized 
at 60 V (a) and the corresponding AFM topography of the bar-
rier layer (b). 

tion and the fracture was induced by heat expansion, 
but it may also occur through the cell boundaries.

3.2. PAAF with branched pore structure
Fig. 3a,b shows, respectively, the structure of car-

bon tubes grown in PAAF anodized at 60 V and the 
corresponding barrier layer topography, respectively. 
It can be found that the tubes exhibit a multi-branched 
structure, which indicates multi-branched internal 
pore structure in PAAF. Contrary to the rough sur-
face features and smaller diameter of tubes grown in 
fi lm anodized at 40 V, the tubes grown in fi lms anod-
ized at 60 V have a larger diameter and smooth sur-
face (except the branch junctions), suggesting that 
the multi-branched pores or pores formed at higher 
anodic voltage have a smooth internal surface. 

The AFM topography of the barrier layer of fi lm 
anodized at 60 V also differs greatly from that anod-
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Fig. 4. TEM image of carbon tubes grown in PAAF anodized 
at 110 V. 

ized at 40 V by the two-step method. The cells ex-
hibit an irregular and distorted distribution, the sizes 
of the cells range from 100 to 250 nm. The analysis 
of cell features reveals interesting information. Some 
cells appear as an elongated island, which may be re-
lated with the nucleation of a branching pore. The 
holes in the barrier layer may be related with the ter-
mination of a pore growth, which will be closed due 
to the possible reorientation of cell growth or pos-
sible nucleation of a new branch in the surrounding 
cell growth. Combining the three-dimensional pore 
structure with the topography of barrier layer, it can 
be known that the topography of barrier layer is a di-
rect manifestation of internal pore structure.

In order to test the effect of the higher anod-
ic voltage on the feature of pore structure, another 
fi lm was prepared by anodizing at constant voltage 
of 110 V. Subsequent characterizations of pore struc-
ture and barrier layer were carried out as before. Fig. 
4 shows the structure of carbon tubes grown in the 
fi lm anodized at 110 V. Although the anodic voltage 
for fi lm growth was increased greatly, the number 
of the branches does not show observable increase, 
compared with that anodized at 60 V. Most of the 
branches have much smaller diameters than the main 
tubes and exhibit saw-like features, which suggest 
that most of the branched internal pores have branch-
es with smaller diameters situated like saws. After 
extensive TEM observation, it was found that there 
also exists a small amount of symmetrical branches, 
as shown in the bottom of Fig. 4, the two symmetri-
cal branches have a similar diameter. 

Fig. 5a,b shows two typical topographies observed 

on the barrier layer of fi lm obtained at 110 V. A large 
amount of bigger cells associated with smaller ones 
were observed in Fig. 5a. On the contrary, no small-
er cells can be found in Fig. 5b, the general feature of 
Fig. 5b is similar to that in Fig. 3b.Comparing the to-
pography of the barrier layer with the corresponding 
branched structure of the carbon tubes, it seems rea-
sonable that the smaller protrusions associated with 
the bigger cells can be correlated with the smaller 
pore branch, situated on one side of the main pore. 
Now that the pores are formed by fi eld-assisted ox-
ide dissolution at the oxide–electrolyte interface, the 
smaller lengths and diameters of the branches than 
the main tubes might imply a relatively inhibited 
dissolution of alumina in the branch-site than in the 
main pore-site. The poor orientation of the branch-
es with the external electric fi eld may slow down the 
diffusion of Al3+ and O2− through the barrier layer, as 
both of them are fi eld-assisted process. So less dis-
solution of alumina maybe expected. The equilibri-
um between the alumina dissolution and fi lm growth 
was broken at the end of the branch, and consequent-
ly, the growth of the branching pores ceased. As pore 
growth is a dynamic process, many parameters may 

Fig. 5. Two typical topographies observed on the barrier layer 
of PAAF obtained at 110 V, indicated as (a) and (b). 
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Fig. 6. TEM image of carbon tubes with secondary branches 
grown in PAAF anodized in 0.3 M oxalic solution at 60 V. 

affect its structure, including metallurgical defects, 
growing temperature, the growth of its neighbor-
ing pores, etc. Further work is needed to clarify the 
mechanism of the formation of smaller and saw-like 
branches at 110 V. 

3.3. PAAF with secondary branches

With the help of CVD carbon tube growth in an-
odic fi lms and subsequent TEM observation, one 
can get a clear three-dimension image of pore struc-
ture in the fi lms. When the fi lms were made by an-
odizing in 0.16 M oxalic acid solution at 15 °C us-
ing constant anodic voltages, no secondary branch-
es were observed, i.e. all the observed branches did 
not show further ramifi cation, regardless of the an-
odic voltage (from 60 to 110 V). Also, we have not 
found two branches nucleated at the same site.

Fig. 6 shows one TEM image of carbon tubes 
grown in fi lm anodized in 0.3 M oxalic solution at 
15 °C, the anodic voltage is 60 V. It can be found 
that secondary branches were formed at the end of 
one branch. Next to this site, two branches (one is 
bigger and the other smaller) are almost nucleated at 
the same position. Although these two features are 
not common in this kind of sample, one may con-
clude that the formation of new secondary branches 
and nucleation of two branches at almost the same 
place is possible. The topography of the barrier lay-
er does not show observable difference for the adop-
tion of either a 0.3 or 0.16 M solution. So the pore 

structures in anodic fi lms are very complex, depend-
ing mainly on the experimental parameters. The ir-
regular and distorted cell distributions may imply 
the existence of both fi rst and second branches. 

It was demonstrated that both cell diameter and 
pore diameter are directly proportional to the for-
mation voltage [6]. In this experiment, pore diame-
ter measured from carbon tubes and cell size mea-
sured on barrier layer by AFM, can be correlated to 
each other approximately. In this sense, PAAF char-
acterization by topography on barrier layer is a con-
vincing and convenient way.

3.4. Structure of PAAF by X-ray diffraction 
analysis and TEM

It is widely accepted that PAAF is of amorphous or 
nanostructure nature, with a mean crystallite size less 
than 4 nm [17 and 18]. In order to fi nd the possible re-
lationship between the pore structure and the alumi-
na matrix, both X-ray diffraction and TEM were em-
ployed to get additional matrix information. Fig. 7 
shows the X-ray diffraction patterns of the fi lm anod-
ized at 40, 60 and 110 V. It was found that all the fi lms 
are amorphous, regardless of the anodic voltage, or in 
other words, regardless of the internal pore structures. 

TEM observations show that the anodic fi lms ob-
tained at 40 or 60 V consist only of amorphous alu-
mina, but the fi lm obtained at 110 V consists of an 
amorphous alumina matrix, with a smaller number 
of unoxidized aluminum particles. Fig. 8 shows the 

Fig. 7. X-Ray diffraction patterns of PAAF anodized at 40, 60 
and 110 V, respectively. 
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Fig. 8. TEM image of PAAF anodized at 110 V with unoxidized alumi-
num particles. Insets show the electron diffraction pattern of alumina 
matrix (left lower corner) and aluminum particles (right upper corner). 

TEM image of alumina anodized at 110 V, the par-
ticle sizes of unoxidized aluminum particles range 
from 10 to 40 nm. When the fi lms were anodized in 
sulfuric acid solution, unoxidized aluminum parti-
cles were found by the measurement of the optical 
transmission loss [19]. Our TEM experiment gives 
a direct observation of unoxidized aluminum parti-
cles in PAAF anodized in oxalic acid solution. 

During TEM observation, it was found that the 
small unoxidized aluminum particle disappeared 
quickly with the activation of electron beam at-
tack and did not permit further analysis, which in-
dicates that very smaller particles are not stable in 
the amorphous alumina matrix. Although no unox-
idized aluminum particles were observed in PAAF 
anodized at 60 and 40 V, tiny unoxidized aluminum 
particles may also exist in them and TEM was un-
able to fi nd and record them due to their instability.

4. Conclusions
The internal pore structure of PAAF formed at 

constant anodic voltage is complex, being straight 
with a relatively rough surface or multi branched 
with a smooth surface. The average diameters of 
branches are smaller at 110 V than that obtained at 
60 V, when the anodic voltage remained constant 
and the electrolyte was changed to 0.3 M, second-
ary branches were obtained. The cell shape and dis-
tribution in the barrier layer can be directly related 
to the internal pore structure, which exhibits a dy-
namic process of branch nucleation and termination. 
Ordered hexagonal cell distribution implies a fi lm 
comprised of uniform columnar array of parallel-
sided, closely packed hexagonal alumina cells, with 
a straight pore in the center of each cell, while dif-

ferent cell sizes, shapes and random distribution of 
cells mean multi branched internal pore structure.

When the anodic voltage is higher, larger cell 
size and bigger pore diameters were obtained. In 
this sense, the topography of barrier layer gives not 
only the information of pore ramifi cation, but also 
the information of pore sizes underneath the cells. 
X-Ray diffraction analysis shows that all the AAO 
fi lms are amorphous regardless of the anodic volt-
age. TEM examinations show that there exist un-
oxidized aluminum particles in the anodized fi lm. 
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