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Abstract: We report on the structural and optical properties of self-ordered nanoporous anodic alumina 
(NAA) films fabricated by hard anodization in different time. The morphology of NAA films is examined by 
scanning   electron microscopy (SEM). The results show that the porous structure have hexagonally ordered 
arrays of nanopores with interpore distance about 260 nm and pore size 60 nm. The optical transmission 
spectra of the NAA films with different thickness are measured in the wavelength range of 800–900 nm. Base 
on SEM and optical transmission spectra measurements, effective optical thickness was evaluated and 
compared. 
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1 Introduction 
 

In recent years there has been a tremendous 
growth in the field of nanotechnology. Nanoporous 
anodic alumina (NAA) films have attracted a great 
scientific and technological interest as a material 
for nanotechnology applications. NAA is 
fabricated by electrochemical anodization of 
aluminium in acidic electrolyte. Recently, a new 
method based on the hard anodization (HA) 
process was reported [1] for fast fabrication of 
highly self-ordered NAA with a wide range of pore 
sizes and interpore distances for practical 
application. In this new method, in a controllable 
procedure, an excellent array of nanopores was 
obtained applying a high current density (400/800 
mA cm-2) for a relatively short time. 

The unique geometrical properties of these 
NAA films provide a wide range of potential 
applications such as magnetic storage [2], sensors 
[3], light emitting diodes [4], solar cells [5] or 
photonic crystals [6,7]. Recently, NAA films have 
been used as template or host material for 
preparation of nanowires [8], nanotubes [9] or 
metal nanohole arrays [10].  

In order to extend the applicable fields of the 
NAA films a deep knowledge of the physical 
properties is required to understand the obtained 
results and to improve the derived devices. 
Specifically, the optical properties of NAA films 
are essential from the point of view of 
optoelectronic devices [11] . 

Recent studies on the optical properties of  
NAA films have been focused on 
photoluminescence (PL) and Fourier transform 
infrared spectroscopy (FTIR) properties [12,13]. 
However, there are few detailed studies of 
wavelength dependence on refractive index and 
extinction coefficient and their dependence on 
structural properties [14,15]. 

The principles of optical and structural 
properties, that are both dependent on each other, 
still need to be clarified .Therefore in this work; we 
focus on optical features of nanoporous alumina 
related to increase the hard anodization time. The 
optical transmission spectra of NAA film with 
different thickness were measured by using 
ultraviolet- visible transmission spectra. 

2     Materials and method 
The samples were prepared from high purity 

(99.999%) aluminium (Al) foils with 0.25 mm 
thickness. First, the samples were cleaned in an 
ultrasonic bath of acetone, washed in deionized 
water and then the samples were electropolished in 
ethanol and perchloric acid solution (4:1) to obtain 
smooth-surfaced samples for anodizing. The 
anodization was performed in 0.3M oxalic acid 
solution cooled to 1 ̊C. The system was connected 
to a potenciostatic control that has the following 
profile: first, the mild anodization (MA) is set to 
40V for 5 min, then the voltage increases quickly 
from 40V to 130V at a rate of 0.4 V/s, and finally 
the high voltage is maintained constant at 130V for 
different time to perform the so-called hard 
anodization. In order to control hard anodization 
the applied voltage must be set below the upper 
limit of 150 V, otherwise the current density rises 
above a critical value and the sample is burnt. The 
anodized sample was then washed in deionized 
water. For the optical characterization of the 
porous alumina, the remaining aluminium substrate 
was immersed in mixture of 0.1 M copper 
dichloride and 20 wt% hydrochloric acid 
(CuCl2+HCl) until the freestanding NAA 
membrane was achieved and then transfers the 
NAAs onto the transparent glass substrate. The 
optical transmission measurements were performed 
on a cintra spectrophotometer for the NAA with 
different thickness (by different hard anodization 
time) in the wavelength range of 800-1100 nm.  

 

  



 

 
Figure 1.(a) Typical current density and voltage-time 
curves  and (b) current density and charge-time curves 
of samples made in 0.3M oxalic acid at the hard 
anodization. 
 

3     Results and Discussion 

The evolution of the current density and voltage 
of the NAA film was investigated for all the 
sampes. Typical cuvers of current density and its 
corresponding voltage as well as anodization 
charge against time are shown in figure 1. After 
MA at 40V, the anodization voltage was increased 
at a rate of 0.4 vs-1 until reaching a final 
anodization voltage of 130V, which then continued 
for different time. As seen in figure 1, the current 
density increased rapidly at the threshod voltage 
and reached a maximum, where in decreased 
slightly, subsequently showed an approximately 
exponential decay as a function of time. Typical 
plane view cross sectional scanning electron 
microscopy (SEM) micrographs of the sample after 
1h hard anodization are shown in figures 1(a) and 
(b). The templates exhibit hexagonally arranged 
pores. The pore spacing and pore size of the NAA 
film are about 260 nm and 60 nm respectively. The 
cross sectional SEM image presents high aspect 
ratio of parallel cylindrical nanopores. The spectra, 
obtained using a spectrophotometer in a 90° 

backscatter configuration, display a series of 
interference fringes. These fringe patterns result 
from Fabry-Pe´rot interference of light reflected 
from the various interfaces present in the structures 
[16]. The fringe maxima are described by the 
Fabry-Pe´rot relationship given in eq 1 

mλ=2nL         (1) 
where m is an integer, L is the thickness of the 
porous NAA layer, n is the average refractive 
index, and λ is the wavelength of incident light. 
The term 2nL is thus the optical path, referred to as 
the effective optical thickness (EOT) here. 
According to SEM micrograph of pores in figure 
2b, the pore dimensions in these structures are too 
small to effectively scatter light, and 
approximately each porous layer is behaved as a 
single medium with a single refractive index value. 
 

 
 
Figure 2. Plane view of  NAA bottom surface (a) and 
(b) Cross-sectional SEM images of  template that 
fabricated by hard anodizing methods (scales bar is 
1μm). 
 



As estimated from the relationship of eq 1, the 
series of Fabry-Pe´rot fringes observed in the all 
samples, are spaced evenly in frequency (Figure 
3). As it is seen in this figure by increasing the 
anodization time, the oscillation frequency of 
transmitted spectra increases. As we khown [16], 
increasing the anodization time lead to increases of 
film thickness, subsequently the effective optical 
thickness (EOT) increases. Furthermore this 
increament, increases the amplitud of oscillation 
spectra. A plot of m vs 1/λmax, where λmax is the 
wavelength of each peak maximum and m is an 
integer, numbering each successive peak 
(increasing from long wavelength to short), gives a 
straight line, whose slope is equal to the quantity 
2nL [16].   

 

Figure 3. Transmition spectra of nanoporous anodic 
alumina sample with different hard anodization time. 

effective optical thickness was evaluated directly 
through the 2nL and in indirect way by the slope of 
m-1/λmax curves. In direct manner, n=1.6 was 
considered [17] and L was evaluated through the 
cross sectional SEM of nanoporous anodic alumina 
layer. Figure 4 displays the effective optical 
thickness vs anodizaion time that evaluated in two 
manner. As it is shown in this figure by increasing 
the anodization time evalution of these two manner 
is different. This difference may be is due to the 

alteration of refractive index during the 
anodization. As it is clear from figure 1, by 
increasing the anodization time, the anodization 
current reduced. This reduction, able to change the 
chemical and structural properties of nanoporous 
alumina films and consequently their refractive 
index. 

 

Figure 4. Comparison of  methods used to evaluate 
effective optical thickness (EOT): 2nL base on SEM 

measurment vs slope of m-1/λmax. 

 

4  Conclusions 

We have employed the optical transmission 
measurements for the study of optical properties in 
highly ordered NAA films with different 
thicknesses and the following conclusions were 
obtained. 

1. According to SEM micrograph of film 
pores, the pores dimension are too small to 
effectively scattered the light. 

2. increasing the anodization time lead to 
increases of film thickness and effective 
optical thickness (EOT), subsequently 
oscillation frequency of transmitted spectra 
increases. 

3. The reduction of anodization current 
during the anodization process able to 
change the chemical and structural 
properties of nanoporous alumina films 
and consequently their refractive index. 



References 
[1]. Chu S Z, Wada K, Inoue S, Isogai M and Yasumorib A, Large-
Scale Fabrication of Ordered Nanoporous Alumina Films with 
Arbitrary Pore Intervals by Critical-Potential Anodization2005 Adv. 
Mater. 17 2115 
[2]. K. Nielsch, R.B. Wehrspohn, J. Barthel, J. Kirschner, U. 
G ِ◌sele, S.F. Fischer, H. Kronmüller, Hexagonally ordered 100 
nm period nickel nanowire arrays  Appl. Phys. Lett. 79 (2001) 
1360. 

[3]. Z. Wang, F. Hu, P.K. Shen, Electrochem. Commun, Patterned 
catalyst arrays of Pd/SnO2 core–shell nanowires for electrooxidations 
of biomass-derived alcohols,  8 (2006) 1764. 

[4]. Ch.Ch. Wang, H.Ch. Lu, Ch.Ch. Liu, F.L. Jenq, Y.H. Wang, M.P. 
Houng, A nanoporous AlN layer patterned by anodic aluminum oxide 
and its application as a buffer layer in a GaN-based light-emitting 
diode,  IEEE Photon Technol. Lett. 20 (2008) 428. 

[5]. A. Aguilera, V. Jayaraman, S. Sanagapalli, Copper indium 
diselenide nanowire arrays by electrodeposition in porous alumina 
templates, R.S. Singh, V. Jayaraman, K. Sampson, V.P. Singh, Sol. 
Energy Mater. Sol. Cells 90 (2006) 713. 

[6]. H. Masuda, M. Ohya, H. Asoh, M. Nakao, M. Nohtomi, T. 
Tamamura, Ordered Porous Nanostructures and Applications,  Jpn. J. 
Appl. Phys. 38 (1999) L1403 
[7] J. Choi, Y. Luo, R.B. Wehrspohn, R. Hillebrand, J. 
Schilling, U. G ِ◌sele Photonic crystals, J. Appl. Phys. 94 
(2003) 4757. 
[8] Z. Zhang, D. Gekhtman, M.S. Dresselhaus, J.Y. Ying, 
Processing and Characterization of Single-Crystalline Ultrafine 
Bismuth NanowiresChem. Mater. 11 (1999) 1659. 

[9] Z.L. Xiao, C.Y. Han, U. Welp, H.H. Wang, W.K. Kwok, 
G.A. Wiling, J.M. Hiller, R.E.Cook, D.J. Miller, G .W. 
Crabtree, Investigation of nanoporous thin-film alumina 
templates Nanoletters 2 (2002) 1293. 
[10] T. Yanagishita, K. Nishio, H. Masuda, Fabrication of 
Metal Nanohole Arrays with High Aspect Ratios Using Two-
Step Replication of Anodic Porous Alumina, Adv. Mater. 17 
(2005) 2241. 
 
[11] J. Xu, J. Xia, J. Wang, J. Shinar, Z. Lin, Quantum dots 
confined in nanoporous alumina membranes” APPLIED 
PHYSICS LETTERS 89�(2006) 133110  
 
[12] W.L. Xu, M.J. Zheng, S. Wu, W.Z. Shen, Effects of high-
temperature annealing on structural and optical properties of 
highly ordered porous alumina membranes Appl. Phys. Lett. 85 
(2004) 4364. 
[13] Y. Du, W.L. Cai, C.M. Mo, J. Chen, L.D. Zhang, X.G. 
Zhu, Preparation and photoluminescence of alumina 
membranes with ordered pore arrays Appl. Phys. Lett. 74 
(1999) 2951. 
[14] L. Huang, M. Saito, M. Miyagi, K. Wada, Appl. Opt. 32 
(1993) 2039. Optical waveguides fabricated in anodic alumina 
films  

 [15] S. Nakamura, M. Saito, L. Huang, M. Miyagi, K. Wada, Infrared 
Optical Constants of Anodic Alumina Films with Micropore Arrays 
, Jpn. J. Appl. Phys. 31 (1992) 3589. 
[16] Pacholski, C.; Sartor, M.; Sailor, M. J.; Cunin, F.; 
Miskelly, G. M., Biosensing Using Porous Silicon Double-
Layer Interferometers: Reflective Interferometric Fourier 
Transform Spectroscopy, J. Am. Chem. Soc. 2005, 127, 
11636−11645. 
[17] L.F. Marsal, L. Vojkuvka, P. Formentin, J. Pallarés, J. 
Ferré-Borrull, Fabrication and optical characterization of 
nanoporous alumina films annealed at different temperatures , 
Optical Materials 31 (2009) 860–864 
 

 

https://books.google.com/books?id=0a_SO50sJV4C&pg=PA54&dq=H.+Masuda,+M.+Ohya,+H.+Asoh,+M.+Nakao,+M.+Nohtomi,+T.+Tamamura,+Jpn.+J.+Appl.+Phys.+38+%281999%29+L1403&hl=en&sa=X&ved=0CB0Q6AEwAGoVChMItvme9-j-yAIVAc9yCh0T8wby
http://onlinelibrary.wiley.com/doi/10.1002/3527602593.fmatter/summary

	[3]. Z. Wang, F. Hu, P.K. Shen, Electrochem. Commun, Patterned catalyst arrays of Pd/SnO2 core–shell nanowires for electrooxidations of biomass-derived alcohols,  8 (2006) 1764.
	[4]. Ch.Ch. Wang, H.Ch. Lu, Ch.Ch. Liu, F.L. Jenq, Y.H. Wang, M.P. Houng, A nanoporous AlN layer patterned by anodic aluminum oxide and its application as a buffer layer in a GaN-based light-emitting diode,  IEEE Photon Technol. Lett. 20 (2008) 428.
	[5]. A. Aguilera, V. Jayaraman, S. Sanagapalli, Copper indium diselenide nanowire arrays by electrodeposition in porous alumina templates, R.S. Singh, V. Jayaraman, K. Sampson, V.P. Singh, Sol. Energy Mater. Sol. Cells 90 (2006) 713.
	[6]. H. Masuda, M. Ohya, H. Asoh, M. Nakao, M. Nohtomi, T. Tamamura, Ordered Porous Nanostructures and Applications,  Jpn. J. Appl. Phys. 38 (1999) L1403

	[15] S. Nakamura, M. Saito, L. Huang, M. Miyagi, K. Wada, Infrared Optical Constants of Anodic Alumina Films with Micropore Arrays

