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ABSTRACT To investigate the origin of blue photoluminescence
(PL) in porous alumina membrane, we have prepared an anodic
aluminum oxide film with a pore diameter of 40 nm in oxalic
acid solution by a two-step anodization process. Our results
show that the as-prepared alumina membrane is amorphous and
exhibits a broad emission band peaking at around 452 nm with
two sub-peaks located at 443 nm and 470 nm. As indicated by
the PL excitation spectra, there are two excitation peaks which
can account for the sub-peaks observed in the PL emission band.
We have proposed that the broad emission band with two sub-
peaks can be attributed to two luminescence centers in porous
alumina membranes, namely, oxygen defects and oxalic impu-
rities. Furthermore, we have rationalized that the two emission
centers show similar influence on the PL band in the blue region
based on a simple model.
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1 Introduction

Since the development of nano science and tech-
nology, research on porous alumina membranes has drawn
much attention. Porous alumina is often prepared by using
anodization of aluminum foils in an anodic medium [1–3],
which usually contains a hexagonally packed two-dimensional
array of cylindrical pores with a relatively uniform size. Due
to their regular nanostructure, they have been widely used as
templates for fabricating nanostructured materials, such as
wires, tubes and rods for application in the fields of electro-
nics or photoelectronics [4], magnetics [5], energy storage [6],
photocatalysis [7], and biosensors [8].

Optical properties of aluminum oxide have been investi-
gated since 1970s. Ultraviolet absorption, emission and exci-
tation spectra were presented for high-purity crystalline alu-
mina by Evans [9]. Crystallized alumina [10], including α-,
γ -, and η phases, or sapphire [11, 12] doped with titanium
and chromium ions have also revealed the optical behaviors
by using various methods from the 1970’s to the 1990’s. Pho-
toluminescence (PL) of porous alumina membranes was first
studied in 1999. Du reported that a strong and broad PL
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band was observed in porous alumina membranes anodized
in oxalic acid solution [13]. The mechanisms and the char-
acterization of the PL band were complex. Therefore, there
were many different explanations about this phenomenon. For
example, Li et al. suggested that the PL and optical absorp-
tion in the wavelength range of 200 nm to 500 nm can be
attributed to the F+ centers in alumina membranes [14]. Gao
et al. reported that the oxalic impurity was the origin of the PL
emission [15].

While many studies have been done to date, more research
needs to be conducted to understand the PL behavior more
clearly. The present study was carried out to determine the
relationship between the thickness and the PL properties of
porous alumina membranes and to establish a reasonable in-
ference to examine the phenomenon. The results of this study
could be useful for providing an alternative to the mechanism
of the optical properties of porous alumina membranes.

2 Experiments

General commercial aluminum foils with purity of
99.7% were used to produce porous anodic aluminum oxide
templates. The aluminum sheets were first annealed for 3 h at
400◦ to release the mechanical stresses of the substrate and
induce recrystallization. Then, porous alumina membranes
were fabricated by a two-step anodizing process. In the first
anodization process, the treated aluminum sheet was exposed
to a 0.3 M oxalic acid solution under 40 V at 20◦ for 1 h. The
pre-formed alumina was removed by wet etching in the mix-
ture of phosphoric acid (6 wt. %) and chromic acid (2 wt. %)
until it entirely dissolved. The sample was anodized again
under the same condition for 10, 15, 20, 40 and 60 min, re-
spectively. After the entire anodization process, the remaining
aluminum was removed in a saturated CuCl2-HCl (8%) solu-
tion and then cleaned thoroughly in distilled water.

The morphology and the pore size of the prepared porous
alumina membranes were determined by scanning electron
microscope (SEM) and atomic force microscope (AFM). The
crystallinity of the aluminum oxide membranes was analyzed
by X-ray diffraction (XRD, Cu Kα, λ = 1.5418 Å radiation).
The fluorescence PL and PL-excitation spectra were exam-
ined at the room temperature by using a Jobin-Yvon Spex
Fluolog-3 spectrophotometer with a xenon lamp as the excita-
tion light source.
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3 Results and discussion

In this study, porous alumina membranes were pro-
duced with the anodization method by a two-step process in
oxalic acid solution. The porous alumina film was found to
grow on aluminum with an equilibrium of oxide dissolution
at the interface of the alumina/electrolyte and oxide grown at
the metal/alumina interface [16]. Figure 1a shows that after
the aluminum sheet was heat treated at 400◦ for 3 h, there is
a thin oxide film on the surface of aluminum. Based on the
AFM measurement results (Fig. 1b), it can be verified that
the oxide is a dense alumina with a thickness about 20 nm
and the roughness of 5.6 nm. As shown in Fig. 2a and b, the
SEM morphology and 3D AFM image of the porous alumina
membrane reveal that the pores with a diameter of 40 nm are
ordered and uniform arrays.

Anodized aluminum oxide membrane was found to con-
sist of two parts, one is a dense inner alumina barrier layer
and the other is a porous outer alumina. As shown in Fig. 2c,

FIGURE 1 (a) SEM image of an aluminum sheet annealed and (b) AFM
image of an aluminum sheet, both annealed at 400◦ for 3 h

FIGURE 2 (a) SEM image of a porous alumina membrane with an order-
ing pore diameter of 40 nm, (b) 3D AFM image of the patterned surface
after anodization for 60 min, and (c) cross section image of a porous alumina
membrane

the cross- section view of the anodized alumina membrane de-
picts a uniform and uninterrupted channel structure without
segmentations or morphological imperfections in the porous
alumina membrane. The thickness of porous alumina mem-
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FIGURE 3 Thickness as a function of anodization time when the aluminum
sheet was anodized in 0.3 M oxalic acid solution

brane was estimated from the SEM micrograph and used for
estimating the growth rate of alumina membrane. The thick-
ness of membrane is closely related proportional to the an-
odization time in oxalic acid solution. The growth rate of
pores perpendicular to the aluminum surface was 72 nm per
min, as estimated from the slope of curve shown in Fig. 3.
According to the XRD analysis, the prepared porous alumina
membrane is amorphous.

Figure 4a shows that the characteristic PL spectra of the
dense alumina and porous alumina membranes are broad
blue-emitting bands at 420–600 nm. In Fig. 4a, curve 1 peak-
ing at 443 nm was attributed to the dense alumina on the
aluminum sheet and curves 2 and 3 peaking at 470 nm can
be attributed to the porous alumina membranes prepared with
different anodization times (10–15 min) on aluminum sheets
in oxalic acid solution. When the anodization time was longer
than 15 min (e.g., 15–60 min), the emission band was found
to be broad centered at 452 nm, as shown in curves 3 to 6.
As the thickness of the porous alumina membrane increases,
the peak intensity of the emission band increases gradually
and the peak position changes obviously. Moreover, the dense
alumina and the porous alumina membranes have different
emission centers, which induce a red shift for the PL emis-
sion peaks. As indicated by the results, both the thickness of
porous alumina membranes and the PL intensity were found
to increase with increasing anodization times.

The PLE spectra monitored at 440 nm (line+symbol) and
470 nm (symbol) and measured in the 200–400 nm spec-
tra range for porous alumina membranes were presented in
Fig. 4b. When the anodization time is shorter than 15 min
(curves 1–3), the PLE spectra monitored at 440 nm exhibit
two excitation centers located at 343 and 360 nm, respec-
tively, except for the curve of the dense alumina which only
shows a vague peak at around 343 nm. Furthermore, the in-
tensity of the excitation band grows steadily and the center
positions remain unshifted at around 350 nm when the an-
odization time exceeds 15 min (curves 4–6). The spectra mon-
itored at 470 nm are similar to theirs monitored at 440 nm but
there is a red shift in the excitation spectra. The results could
be explained by considering the emission peaks located at
443 nm and 470 nm. There is a red shift between the two emis-

FIGURE 4 PL spectra (a) and excitation spectra (b) of the aluminum sheet
and porous alumina membranes prepared in oxalic acid solution. 1: annealed
aluminum; 2: anodized 10 min; 3: anodized 15 min; 4: anodized 20 min; 5:
anodized 40 min; 6: anodized 60 min

sion peaks. Therefore, it is reasonable that a red shift appears
in the excitation spectra monitored at 440 nm and 470 nm.
These findings seem inconsistent with the observed blue emis-
sion, which occur at 443 and 470 nm may be attributed to the
different excitation centers.

The mechanisms of photoluminescence for porous alu-
mina membranes have been studied by several researchers.
Du et al. [13] and Huang et al. [17] reported that a blue-
emitting PL band was originated from ionized oxygen defi-
cient defect centers of the alumina membrane occurring in the
wavelength range of 400–600 nm. The density of the oxygen
defects in the alumina membrane was found to increase by
increasing the depth of pore walls. Gao and coworkers [15]
suggested that the oxalic impurities rather than F+ was re-
sponsible for blue luminescence at 470 nm observed in the
alumina membrane. We could conclude with certainty that
both studies are able to explain significant variance of PL
spectra. A thin dense alumina film without oxalic impuri-
ties forms after the aluminum foil is annealed at 400◦. The
emission center of this dense alumina is observed only at the
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FIGURE 5 Schematic diagram for PL curve of the porous alumina mem-
branes whose spectra have been deconvoluted by Gaussian functions (A and
B curves) and the dense alumina (C curve)

wavelength of 443 nm, which can be attributed to the oxygen
defects. However, when the sample is anodized in oxalic acid
solution, the other emission appears at around 470 nm which
is in agreement with the results obtained from Gao et al. [15].
At the mean time, there is also the oxygen vacancies produced
in the porous alumina membrane during the anodization pro-
cess. The concentrations of the oxygen defects and the oxalic
impurities were found to increase with increasing anodiza-
tion time, and thus, the intensities of both peaks increase
gradually. The experimental spectra of the porous alumina
membranes have been deconvoluted by Gaussian functions
into two emission bands, as showed in Fig. 5. The schematic
diagram adequately describes the PL behavior in terms of
three components, namely, the oxygen defects (A, located at
443 nm), the oxalic impurities (B, located at 470 nm) and the
dense alumina of the substrate (C). The emission wavelength
of the porous alumina membranes with different thicknesses
was observed to exhibit remarkable changes due to the combi-
nation of A, B and C curves. Although the emission intensity
is amplified, the integrated emission contribution of two fit-
ting peaks is invariable with the ratio of 1 to 1. Therefore,
we propose that the PL emission band can be attributed to

two sources, one at 443 nm is correlated with the oxygen va-
cancies and the other at 470 nm is originated from the oxalic
impurities.

4 Conclusion

Porous alumina membranes were produced by an-
odization method by adopting a two-step anodization process
in oxalic acid solution. X-ray analysis indicates that the alu-
mina membrane was amorphous phase. As indicated by the
PL emission spectra, the intensity of PL band increases with
increasing thickness of alumina membranes determined from
SEM figures. The emission wavelength shifts from 443 nm
to 443 nm and 470 nm, and finally located around 452 nm as
the thickness of porous alumina membranes increases. The PL
excitation spectra are found to be consistent with the above
changes from a broad peak to two peaks. A part of the expla-
nation for these may lie in the fact that there are two emission
centers caused by oxygen vacancies and oxalic impurities in
the PL band. According to deconvolution of the PL spectra,
both centers contribute greatly to the PL emission band. This
study has taken a step in the direction of defining the rela-
tionship between the thickness and the photoluminescence
in porous alumina membranes. In addition, it is important
to emphasize that the variety of oxygen vacancies and ox-
alic impurities. Future studies will address the coupling of
these centers to excitons. The application of porous alumina
membranes as two dimensional photonic crystals or micropo-
larizers has been noted recently. Therefore, more extensive re-
searches would be necessary to make definite claims in these
fields.
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