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Abstract

We employ a modified four-layer-medium transmission model to extract the thickness, wavelength-dependent refractive index,
band gap and band tail of highly ordered porous alumina membranes (PAMs) anodized in oxalic acid, from visible and ultraviolet
optical transmission spectra. The yielded thickness as a function of second-anodization time is in good agreement with the scanning
electron microscope data, as well as the theoretical results from the current density–time characteristics. The pore widening process
in phosphoric acid reveals inhomogeneous dissolution vertical to the nanopores. From the refractive index results, the nonuniform
distribution of anions in the host alumina has been suggested in oxalic acid PAMs. Moreover, compared with bulk alumina, the
observation of band gap reduction and band tails in PAMs is related with the electronic interband transition from the valence band
to unoccupied defect states located in the band gaps, possibly originating from the oxygen vacancies (F+ centers) and oxalic impu-
rities in PAMs.
� 2005 Elsevier B.V. All rights reserved.

PACS: 78.67.�n; 78.20.Bh; 78.20.Ci; 81.07.�b
1. Introduction

The electrochemically produced porous alumina
membranes (PAMs) with highly ordered nanopore ar-
rays [1] have been widely used as templates for the fab-
rication of ordered nanostructures with nanorod or
nanowire arrays of various materials [2–9], owing to
their unique regular nanoscale structures and relatively
easy and low-cost processing. Due to their many novel
properties, these ordered nanostructures have potential
applications in various fields, such as magnetic storage
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[10], solar cells [11] and photonic crystals [12]. In-depth
studies on the ordered porous alumina have been very
necessary for the arisen new area, and detailed optical
characteristics are of technological importance from
the viewpoints of both the PAMs and the synthesized
nanomaterials for optical device application.

The photoluminescence (PL) and Raman scattering
characteristics of the PAMs have been investigated
extensively [13–16]. In accordance with the previous
optical study of disordered anodic alumina [17–19] for
waveguide devices, the thickness and refractive index
of PAMs have been the recent subjects of discussion.
PL-induced Fabry–Pérot interferences have been em-
ployed to characterize in situ optical thickness of PAMs
[20]. And Choi et al. [21] have studied the reflectivity
of phosphoric acid PAMs in infrared region which
was measured on a plane cleavage after the alumina
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Fig. 1. (a) Cross section SEM morphology of a typical PAM top part,
where top barrier layer and nanopore array can be clearly revealed. (b)
Schematic of the PAM dielectric medium for the theoretical model of
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structure had been broken carefully. They have sug-
gested that the porous alumina structure is composed
of a duplex oxide layer based on the yielded refractive
indices of the oxide layers.

In this paper, we employ a simple and effective meth-
od to determine the thickness, wavelength-dependent
refractive index, and band gap of the oxalic acid PAMs
prepared under different second-anodization times and
different porosities by using visible and ultraviolet trans-
mission spectra. Based on the yielded results, we pro-
pose the inhomogeneous dissolution vertical to the
nanopores during the pore widening process in phos-
phoric acid. The nonuniform distribution of anions in
the host alumina is suggested in the oxalic acid PAMs.
Furthermore, the observation of band gap reduction
and band tails is related with the electronic interband
transition from the valence band to unoccupied defect
states located in the band gaps.
the optical transmission, with d1 and d2 for the thickness of nanopore
array and top barrier layer, respectively.

0.72

0.76

(a)

0.52

0.56

1.7 1.8 1.9 2.0 2.1 2.2

0.68

0.70

0.0

0.1

(b)
Ta =10 min

as prepared

0.0

0.3

3.6 3.8 4.0 4.2
0.0

0.4

Photon Energy (eV)

T
an

sm
is

si
on

0.64

0.66

0.56

0.58

0.0

0.4
15 min

20 min

25 min

30 min

 Exp.  Theory

0.0

0.4

Fig. 2. Experimental (filled circles) and calculated (solid curves)
transmission spectra in (a) visible and (b) ultraviolet wavelength range
for as-prepared PAMs (immersion time in phosphoric acid Ti = 0)
under different second-anodization times Ta.
2. Experimental

The PAMs were fabricated through a typical two-step
anodizing electrochemical procedure [1] with high-purity
(99.999%) aluminum foil as the anode in 0.3 M C2H2O4

electrolyte. The first anodization lasted for 4 h at the
constant anodizing voltage of 40 V and electrolyte tem-
perature of 12 �C. The specimens were then immersed in
a mixture of 6.0 wt% H3PO4 and 1.8 wt% H2CrO4 at
60 �C for 6 h to remove the alumina layers. The highly
ordered porous alumina was formed after the second
anodization under the same conditions as the first one
for 10–30 min. In order to obtain different porosities
by widening the pore sizes, the PAMs were immersed
in 5 wt% phosphoric acid at 30 �C for 0–30 min after
the second anodization. The cross section morphology
and thickness of the prepared PAMs were characterized
by field-emission scanning electron microscope (FE-
SEM) on Philips XL30FEG with a spatial resolution
of 2 nm. Fig. 1(a) shows the SEM image of a typical
PAM top part. It is clear that the PAM consists of top
barrier layer and nanopore array with the barrier layer
thickness, nanopore diameter and interpore spacing of
�40, 40 and 100 nm, respectively.

For the optical characterization of the porous alu-
mina, we first remove the unoxidized aluminum in a
mixed solution of saturated CuSO4 and HCl, and then
transfer the PAMs onto the transparent glass substrates.
The optical transmission measurements were performed
on a Jobin Yvon 460 monochromator for the PAMs
with different thicknesses (by different second-anodiza-
tion times) and porosities (by different phosphoric acid
immersion times) in the wavelength range of 190–
900 nm. The current density–time characteristics during
the second anodization were recorded by a Keithley
2400 sourcemeter.
3. Results and discussion

Fig. 2 shows the experimental transmission spectra
(filled circles) of the as-prepared (without immersed in
phosphoric acid) PAMs under different second-anodiza-
tion times (Ta) from 10 to 30 min. Prominent Fabry–
Pérot interference fringes due to multiple layer-substrate
reflections are observed in the visible region of Fig. 2(a),
and vanish in the strong ultraviolet band gap absorption
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region of alumina around 3.5–4.2 eV in Fig. 2(b). We
can clearly observe that the number of the interference
fringes increases with the second-anodization time due
to the increase of PAM thickness. Fig. 3 displays the
experimental transmission spectra (filled circles) of the
PAMs under different immersion times (Ti) in phospho-
ric acid from 0 (as-prepared) to 30 min with the same
second-anodization time of 30 min. We note that the
change of interference fringe number occurs only in
the long immersion time of 30 min.

By using the modified four-layer-medium transmis-
sion model (i.e., air/PAM/substrate/air here) and the
same fitting procedure described in Ref. [22], we deter-
mine both the wavelength-dependent refractive index
of the host alumina in PAMs below the band gap and
the film thickness of PAMs from the observed interfer-
ence fringes of optical transmission spectra. In the calcu-
lation, the optical transmission equation is

T rðk; d fÞ ¼
Að1� LÞ expð�ad fÞ

Bþ C expð�ad fÞ þ D expð�2ad fÞ
; ð1Þ

where Tr(k) is the magnitude of transmission, a is the
absorption coefficient, df is the film thickness, and
parameters A, B, C, D, and L are given in Ref. [22].

Nevertheless, it should be noted that, the dielectric
medium is composed of alumina and air with different
proportions. In order to obtain the optical properties
of the host alumina, as shown schematically in
Fig. 1(b), we treat the observed transmission of the
PAMs as the sum of two parts of host alumina with dif-
ferent thicknesses (i.e., the whole PAM thickness
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Fig. 3. Experimental (filled circles) and calculated (solid curves)
transmission spectra in (a) visible and (b) ultraviolet wavelength range
for PAMs under different immersion times Ti in phosphoric acid from
0 (as prepared) to 30 min with the same second-anodization time Ta of
30 min.
d = d1 + d2 and only the barrier layer thickness d2 with
the ratio of (1 � p) and p, respectively)

T rðk; d fÞ ¼ T rðk; ðd1 þ d2ÞÞ � ð1� pÞ þ T rðk; d2Þ � p; ð2Þ
where p is the PAM porosity estimated through
p ¼ 2pðr=DÞ2=

ffiffiffi
3
p

[23] with r the radius of the pores
and D the interpore spacing. The solid curves in Figs.
2(a) and 3(a) are the theoretical interference fringes,
which fit well with the experimental data.

We illustrate the yielded nanopore thickness d1 in the
as-prepared PAMs with different second-anodization
times as filled circles in Fig. 4(a). In order to confirm
the reliability of the transmission model for the thin film
thickness, a direct comparison has been made among the
optical data, the FE-SEM results and the theoretical re-
sults. It has been reported that, for thick PAMs, the the-
oretical thickness was proportional to the product of the
current density (i) and the second-anodization time [24].
However, during the second anodization, the current
density, as shown in Fig. 4(b), first experiences a rapid
drop within 30 s, then increases slowly up to 2 min,
and finally keeps as a constant basically with the anod-
ization going on. Therefore, for thin PAMs, especially
those with second-anodization time less than 10 min,
we should take into account the large variation of the
current density. As a result, the theoretical thickness
(hox) of normal PAMs (both thick and thin) is expected
to follow the integral form of hox ¼ k

R t
0 idt with k a con-

stant. The solid curve in Fig. 4(a) is the theoretical rela-
tionship between the nanopore thickness (hox � d2) and
the anodization time, based on the typical current–time
characteristics of the second anodization shown in
Fig. 4(b). For comparison, we have also presented the
thickness data obtained directly from the SEM images
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Fig. 4. (a) Nanopore thickness d1 in the as-prepared PAMs with
different second-anodization times. (b) Typical current density–time
characteristics of the second anodization. (c) Nanopore thickness d1 of
the PAMs under different immersion times from 0 (as prepared) to
30 min with the same second-anodization time of 30 min.
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of PAMs with Ta from 4 s to 30 min (open squares). It is
clear that the yielded PAM thickness from the optical
analysis is in good agreement with both the FE-SEM
data and the theoretical expectation from the current
density-anodization time characteristics.

The filled circles in Fig. 4(c) are the calculated optical
thickness of the PAMs under different immersion times
from 0 (as prepared) to 30 min with the same second-
anodization time of 30 min. It is expected from the inter-
ference fringes that we can observe a rapid decrease in
the thickness at the immersion time longer than 20 min.
As we know, the dissolution of alumina occurs both hor-
izontally and vertically to the nanopores with the same
dissolution speed when the PAMs are immersed in the
5 wt% phosphoric acid. Our dissolution test for the bar-
rier layers in 5 wt% phosphoric acid reveals that the dis-
solution rate is approximately 1.3 nm/min. However,
due to the large difference between the nanopore thick-
ness (in lm) and the nanopore diameters (�40 nm),
inhomogenous dissolution exists in each column of the
nanopore arrays [17]. The dissolution rate decreases with
the increase of the depth in each nanopore column, since
the phosphoric acid is thought to circulate more effec-
tively near the surface than deep in the pores.

For the horizontal dissolution to the nanopores, the
reduction of the nanopore thickness will have the rate
of �1.3 nm/min, as shown the dotted curve in
Fig. 4(c). Nevertheless, in the case of vertical dissolu-
tion, it will take about 23 min to dissolve the surface
part of the �60 nm diameter alumina sidewalls from
both sides. As a result, more and more alumina sidewalls
will be dissolved vertically, and an exponential decrease
in the nanopore thickness is expected after the immer-
sion time of �23 min. The dashed curve in Fig. 4(c) pre-
sents the dramatic reduction of the nanopore thickness
due to the vertical dissolution by d1 = 4.45 � 0.0166 Æ
exp[(Ti � 20)/2.4] (in lm). The yielded overall variation
of nanopore thickness (solid curve) due to both the hor-
izontal and vertical dissolution can well explain the
experimental observation. It is clear that the vertical dis-
solution plays a key role in the nanopore thickness
reduction. The fitted barrier layer thickness d2 is found
to be 40 ± 1 nm (the same as the SEM results) in the
as-prepared PAMs, and decreases at a rate of 0.25 ±
0.05 nm/min in 5 wt% phosphoric acid.

In addition to the thickness, the refractive index of
PAMs can also be extracted from the transmission mod-
el simultaneously. It should be noted that the effective
refractive index of PAMs differs from the refractive in-
dex n1 of the host alumina, and varies with porosity as
well as the refractive index n2 of a guest material in
the pores. In our present work, n2 is considered to be
1 as air is the guest material. Fig. 5 shows the yielded
wavelength-dependent refractive index n1 of the host
alumina in PAMs under different immersion times (0–
30 min) with the second-anodization time from 10 to
30 min. The refractive index n1 of the host alumina in
as-prepared PAMs is calculated to be about 1.65 at
600 nm, which is consistent with the reported values ob-
tained by optical waveguide method [25]. We note that
the refractive index n1 does not change dramatically
with the wavelength. Nevertheless, the refractive index
changes rapidly with the immersion time, i.e., first de-
creases and then increases with the immersion time.

Considering that the anion-incorporated alumina has
low dielectric constants [21], we suggest that this kind of
nonmonotonic n1(Ti) behavior can be explained by the
nonuniform distribution of anions in the host alumina.
It has been reported that the oxalic impurities can re-
place O2� in the oxide as substitution or contamination
impurities within some depth in the outer oxide layer of
host alumina [26–28], and the inner oxide layer consists
of pure alumina with the thickness of about 9 nm [23].
Similar to the PO3�

4 in phosphoric acid anodized alu-
mina [21], the mobility of oxalic anions C2O2�

4 is respon-
sible for the nonuniform anion concentration. The
absorbed C2O2�

4 moving towards the anode during
anodization is delayed in the intermediate part of outer
oxide layer, because of its larger size and lower mobility
than OH� and O2�. As a result, C2O2�

4 concentrates in
the intermediate part of the outer wall, and in this region
the lower refractive index of host alumina can be ob-
served, approximately at Ti = 10 min. As the immersion
goes on, the dissolution vertical to the nanopores is ex-
pected to reach the inner oxide of pure alumina and a
high refractive index of �1.77 at 600 nm is observed
under Ti = 30 min, in good agreement with the generally
reported data [18]. From Fig. 5, we also observe the
trivial effects of the second-anodization time Ta on the
refractive index.
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Fig. 6 displays the wavelength-dependent refractive
index n of the highly ordered nanopore arrays, which
is calculated according to the Bruggeman�s effective
medium approximation (BEMA) model [29] with the
obtained refractive index n1 of the host alumina:

P2
i¼1

fi
ei � e
ei þ 2e

¼ 0;

P2
i¼1

fi ¼ 1;

8>>><
>>>:

ð3Þ

where e1 = (n1)2 and e2 = 1 are the dielectric constants of
the host alumina and air, respectively, and fi denotes
their respective volume fraction, which is obtained from
the values of porosity. The reason why we have adopted
the BEMA to analyze the role of the nanopore arrays is
that BEMA has been widely used to calculate the corre-
sponding effective dielectric function of a mixture med-
ium containing nanoscale voids [29]. The yielded
results are naturally considered to be the average ones.
From Fig. 6, the effective refractive index n is found to
decrease with the increase of porosity (immersion time),
as expected. The highest refractive index of the as-pre-
pared PAMs is about 1.55 with a porosity of 0.145,
which is again consistent with the result obtained by
optical waveguide method [25].

Finally, we discuss the band gaps and band tails of
the PAMs, which can be obtained by calculating the
optical transmission spectra in the ultraviolet range
(Figs. 2(b) and 3(b)) through the sigmoidal equation
of the absorption coefficient a(E) [30]

aðEÞ ¼ a0

1þ exp
Eg�E
DE

� �h i ð4Þ

with a0 a fitting parameter, Eg the ‘‘effective’’ band gap,
and DE the Urbach broadening factor. The solid curves
in Figs. 2(b) and 3(b) are the calculated transmission
edges, taking into account the interface reflection and
optical scattering losses in the transmission spectra.
The effective band gaps and band tails of these PAMs
have been evaluated to be �4.2 eV and �0.15 eV,
respectively, and do not change much (within 0.1 eV
for band gaps and 0.02 eV for band tails) with the
PAM porosities and thicknesses.

It is generally accepted that the true effective optical
gap lies in the vicinity of the rising edge of the transmis-
sion spectra, as can be clearly observed from Figs. 2 and
3. Therefore, the effective optical band gaps Eg of
�4.2 eV are justified, though the yielded values in these
oxalic-produced PAMs are much smaller than the bulk
c-Al2O3 band gap of 8.7 eV [31]. In fact, the observed
effective band gaps in PAMs can be attributed to the
interband transition from valence band to unoccupied
states located in the band gaps [32]. These unoccupied
states are expected to be induced by defects [31] in these
oxalic-produced PAMs. By assuming the existence of
ideal vacancies in alumina, Ciraci and Batra [33] have
theoretically obtained empty energy levels located in
the band gaps under the density of states calculation.
The experimental PL spectra [16] and X-band electron
paramagnetic resonance results [14] have also demon-
strated the existence of oxygen vacancies (F+ centers)
and oxalic impurities in the PAMs, which may contrib-
ute to the empty energy levels in the band gaps.
4. Conclusions

We have employed the optical transmission measure-
ments for the study of optical properties in highly or-
dered oxalic-produced PAMs with different thicknesses
(induced by different second-anodization times) and
porosities (induced by different phosphoric acid immer-
sion times). The calculated optical thickness as a func-
tion of second-anodization time agrees well with the
FE-SEM data and the theoretical results from the cur-
rent density–time characteristics. Based on the yielded
PAM thickness under different immersion times, we pro-
pose the inhomogeneous dissolution process of alumina
in phosphoric acid. It is found that the wavelength-
dependent refractive index of the host alumina shows
a nonmonotonic behavior with the immersion time
due to the nonuniform distribution of impurities in the
outer oxide layer. Based on the calculated refractive in-
dex of host alumina, the effective refractive index of
nanopores array without barrier layer can be easily esti-
mated through BEMA. In comparison with the bulk
alumina, the reduction of band gaps and appearance
of band tails in PAMs are attributed to the existence
of unoccupied defect states in the band gaps, which
may originate from the oxygen vacancies (F+ centers)
and oxalic impurities in the PAMs. The optical trans-
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mission measurement is thus demonstrated to be an
effective way for optical investigation of the highly or-
dered PAMs.
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