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Abstract

We have carried out a detailed investigation on C2O2�
4 anion impurities in self-organized porous alumina membranes (PAMs) pre-

pared by a two-step electrochemical anodization process in oxalic acid solutions. The employment of the energy dispersive spectroscopy,
high resolution transmission electron microscope and infrared absorption spectra has demonstrated the existence and nonuniform dis-
tribution of the C2O2�

4 anions in the PAM sidewalls. The variation of the COO� stretching vibration and CO2 absorption bands indicates
that annealing can lead to the decrease of the C2O2�

4 concentration in the PAMs due to the decomposition of impurity groups related to
C2O2�

4 . We have further presented clear functionality that the C2O2�
4 anions have played key roles in the refractive index and absorption

coefficient of the PAMs, and the surface morphology and crystallization of the deposited ZnO nanopore arrays.
� 2006 Elsevier Inc. All rights reserved.

PACS: 81.16.Rf; 82.45.Yz; 61.72.Ww; 81.07.�b
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1. Introduction

Self-organized porous alumina membranes (PAMs) pre-
pared by a two-step electrochemical anodization process
have received increasing attention due to their potential
application in the fields of magnetic storages [1], functional
electrodes [2], solar cells [3], carbon nanotubes [4], catalysts
[5], photonic crystals [6], and electroluminescence display
devices [7], as well as their unique structure properties
and relatively easy and low-cost processing [8]. So far,
highly-ordered PAMs with the pore diameters of 25–
300 nm and thickness of 50–200 nm have been successfully
prepared. In particular, ultrathin free-standing PAMs [9]
have been fabricated and can be transformed onto different
substrates as templates to synthesize the nanomaterials,
such as nanodot arrays and nanopore arrays [8,10].
1387-1811/$ - see front matter � 2006 Elsevier Inc. All rights reserved.
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It should be noted that during the preparation of PAMs,
there are oxalic impurities in PAMs due to the competition
between the water-splitting reaction (3/2H2O! 3H+

+ 3/2O2�) and dissociation of acids ðHC2O�4 ! C2O2�
4 þ

HþÞ to form conjugate base anions, which can replace
O2� in the oxide as substitution or contamination impuri-
ties [11–13]. Mardilovich et al. [14] have confirmed that
oxalic impurities of PAMs during the calcinations could
decompose and form other impurities. A limited investiga-
tion has demonstrated that the anion impurities play an
important role not only in the optoelectronic properties
of the PAM itself, but also in the deposition of nanomate-
rials. Yamamoto et al. [15] have proposed, as early as in
1981, that the oxalic impurities incorporated in PAMs
can be transformed into luminescent centers, showing a
blue photoluminescence (PL) band around 470 nm. We
have identified that the blue PL band originates from the
coactions of the singly ionized oxygen vacancies and the
luminescent centers transformed from oxalic impurities
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[16]. Choi et al. [17] have observed the relationship between
the anion content and the dielectric constant of PAMs: the
more anions are incorporated in the alumina, the lower the
dielectric constant. Very recently, we have reported that,
during the sputtering of ZnO, these localized negative
charges will attract Zn2+ ions, resulting in the formation
of well-ordered semiconducting ZnO nanopore arrays on
top of the PAMs [10].

In this paper, we have employed the structural and opti-
cal measurements to reveal the existence of the C2O2�

4

anions and testify the functionality of the anion impurity
concentration on the refractive index and absorption coef-
ficient of the PAM itself, and the surface morphology and
crystallization of the synthesized ZnO nanopore arrays.
The present work establishes an experimental base for the
overall understanding the role of the C2O2�

4 anions.

2. Experimental details

PAMs were fabricated through a typical two-step anod-
izing electrochemical procedure with high-purity (99.999%)
aluminum foil degreased in acetone as the anode in 0.3 M
oxalic acid (H2C2O4) electrolyte. The first anodization
lasted for 2 h under the constant anodizing voltage of
40 V and electrolyte temperature of 10 �C. The specimens
were then immersed in a mixture of 6.0 wt% H3PO4 and
1.8 wt% H2CrO4 at 60 �C for 4 h to remove the alumina
layers. After the second 5 min anodization under the same
conditions as the first one, highly-ordered PAMs were
formed. The unoxided aluminum was removed in a satu-
rated CuSO4 solution at ambient temperature. The speci-
mens were immersed into the 6% H3PO4 at 30 �C to
remove the barrier layer and to enlarge the nanopore size.
After several times washing in deionized water, PAMs
with a thickness of �500 nm and porosity of �0.16 were
transferred onto fine-polished n-type Si (001) substrates.
The post-annealing of PAMs was carried out in vac-
uum atmosphere for 3 h using vacuum annealing furnace.
The annealing temperature varied from 400 to 900 �C.
The ramp-up rate was fixed at 15 �C/min and the samples
were naturally cooled down after heating. We found that
during the annealing process, the PAMs would not get
away from the substrates because of the van der Waals
bonding between the Si substrates and PAMs.

3. Results and discussion

Fig. 1a shows the energy dispersive spectroscopy (EDS)
(JEOL JEM-2100F) of the as-deposited PAMs. The PAMs
mainly consist of two elements of aluminum and oxygen
with little carbon due to strong Ka peaks of Al at
1.5 keV and O at 0.5 keV, together with weak Ka one of
C at 0.26 keV. It is proposed that the oxalic impurities
moving towards the anode during anodization can partly
replace O2� and OH�, which leads to the formation of
C2O2�

4 anions in PAMs [11–13]. The observation of C in
the EDS spectrum indicates the presence of the C2O2�

4

anions in the PAMs. The distribution of the above-men-
tioned elements in the PAM sidewalls can be further exper-
imentally examined by the EDS line scan with a spatial
resolution approaching 1.5 nm. The inset of Fig. 1a dis-
plays the normalized intensity of these three elements along
the longest arrow in Fig. 1b.

During the anodization, part of Al3+ ions formed at
metal/oxide interface (Al! Al3+ + 3e�) drift through the
oxide layer, and eject into the solution at the oxide/electro-
lyte interface [12]. The closer to electrolyte, the more Al3+

ions in PAMs migrate into the electrolyte due to lower
resistance, which is responsible for the higher aluminum
content in the inner layer. Oxygen containing ions (O2�/
OH�) migrates from the electrolyte through oxide layer
to the metal/oxide interface [12,18], resulting in the oxida-
tion of aluminum in the PAMs. Since the oxygen in the
PAMs mainly exists as alumina, the presence of more alu-
mina in the inner layer brings about larger oxygen content.
In contrast, due to the lager size and lower mobility of oxa-
lic anions compared with O2� and OH� [11,13], the C2O2�

4

anions will decrease from the sidewall outer to inner layers
(Fig. 1b). This kind of distribution has been clearly demon-
strated by the profile of carbon element in the inset of
Fig. 1a. We therefore have presented experimental evidence
of the nonuniform distribution of Al, O, and C2O2�

4 anions
in the sidewalls, adding the knowledge of deep understand-
ing the PAMs.

The existence of the C2O2�
4 anion impurities can also be

confirmed by the high resolution transmission electron
microscope (HRTEM) image. Fig. 1b clearly exhibits the
duplex layer structures for the PAM sidewalls, with the
dark inner layer and relatively bright outer layer. The dif-
ferent contrast is the results of more anion-contaminated
outer layer and the inner layer of high alumina density.
Similar porous alumina structure has also been observed
by Nielsch et al. [19].

Furthermore, the infrared vibrational measurements
have the ability to reveal the existence of C2O2�

4 impurities in
the PAMs, and the variation of the absorption peak inten-
sity can reflect the corresponding impurity concentration.
During the anodization, C2O2�

4 ions migrating into PAMs

can form impurity groups related to (
C C OO

OO
) [11].

In those groups, C@O and C–O bonds with the same C
atom will average into two equivalent carbon–oxygen

bonds (( )C
O
O

). The strong coupling between the two

equal bonds results in the COO� asymmetrical stretching
vibration asym. str. from 1558 to 1593 cm�1 and relatively
weak COO� symmetrical stretching vibration sym. str.
from 1403 to 1455 cm�1 [20,21]. Fig. 2a displays the
room-temperature infrared absorption spectra of the ultra-
thin PAMs annealed at different temperatures, which were
performed on a Nicolet Nexus 870 Fourier transform infra-
red spectrometer. The observation of�1565 and 1445 cm�1

absorption bands in the as-deposited PAMs corresponds
well with these two vibration modes in the impurity groups
related to C2O2�

4 . The absorption peak of 1100 cm�1 is due
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Fig. 1. (a) EDS spectrum and (b) HRTEM image of the as-deposited PAMs. The inset in (a) is the EDS line scan along the longest arrow in (b).
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Fig. 2. (a) Room-temperature infrared absorption spectra of the as-prepared and annealed PAMs at different temperatures for 3 h. Curve 1 in (b) is the
integrated intensity of the COO� stretching modes in (a), and curves 2 and 3 in (b) are the annealing temperature-dependent refractive index na of the host
alumina and effective refractive index neff of the PAMs at 546 nm, respectively. (c) The infrared absorption spectra of the as-deposited PAMs with different
thicknesses.
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to the stretching vibrations of Si–O–Si in the oxidized Si
substrate [22], i.e., not related with the PAMs.

From Fig. 2a, we can also observe the variation of the
COO� absorption band intensity with the increase of
annealing temperature. To clearly reveal the effect, we
show in Fig. 2b (curve 1) the integrated intensity of the
COO� stretching modes from 1290 to 1760 cm�1. It is
found that the integrated intensity decreases with the
increase of annealing temperature, which indicates that
annealing can lead to the decrease of the C2O2�

4 content
due to the decomposition of the impurity groups related
to C2O2�

4 . Especially, when the annealing temperature
increases from 600 to 800 �C, the integrated intensity
decreases rapidly, revealing the large decomposition of
the C2O2�
4 impurity groups and therefore sharp decrease

of the C2O2�
4 anion content in the PAMs. The above argu-

ments can also be testified by the shift of the COO� (sym.
str.) absorption peak in Fig. 2a. The COO� (sym. str.) red-
shifts with increasing annealing temperature below 800 �C,
whereas it keeps almost unchanged under annealing at and
above 800 �C, since stable impurities, such as aluminum-
carboxylate complex [15], has gradually been formed in
the PAMs due to the decomposition of the impurity groups
related to C2O2�

4 . For the 2342 cm�1 absorption peak in
Fig. 2a, it had been reported that this peak is attributed
to the formation of CO2 inside the PAMs rather than the
CO2 from the air [14,23]. The increase of the CO2 absorp-
tion peak intensity further confirms that annealing can lead
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Fig. 3. (a) Experimental (filled circles) and calculated (solid curves)
transmission spectra of the as-deposited and annealed PAMs in the visible
wavelength range. Yielded wavelength-dependent (b) refractive index na of
the host alumina, (c) effective refractive index neff of the PAMs, and (d)
absorption coefficient a of the host alumina.
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to the decrease of the C2O2�
4 concentration due to the

decomposition of impurity groups related to the C2O2�
4 in

PAMs [16]. However, the CO2 gasification in PAMs at high
annealing temperatures will decrease its intensity.

It is worthy to note that the lineshape of the observed
COO� stretching modes depends on the thickness of the
PAMs. Fig. 2c shows the infrared absorption spectra of
the as-deposited PAMs with different thicknesses. It is clear
that with the increase of thickness, both the two COO�

absorption peaks broaden gradually, become undistin-
guishable and form a single broad absorption band in the
thick PAMs. The above phenomena can be well explained
by the fact that the amount of the impurity groups related
to the C2O2�

4 in thick PAMs is more than that in the thin
ones, resulting in the strong absorption in the range of
1400–1700 cm�1. This also accounts for the different obser-
vation of the related absorption in Ref. [16] (with thick
PAMs). The observed variation of the COO� absorption
peaks with different PAM thicknesses indicates that the
infrared absorption spectra of ultrathin PAMs can pre-
cisely reflect the microstructural characteristics of the
PAMs.

In addition to the vibrational bands, the different C2O2�
4

concentrations in the PAMs will play key roles in both the
optical properties of the PAM itself and the surface mor-
phology and crystallization of the deposited nanomaterials.
By using the modified four-layer-medium transmission
model (i.e., air/PAM/substrate/air here) and the fitting
procedure described in Ref. [24], we have determined the
wavelength-dependent refractive index and absorption
coefficient of the host alumina in the PAMs below the band
gap from the observed interference fringes in the optical
transmission spectra. Fig. 3a shows the experimental trans-
mission spectra (filled circles) of the PAMs annealed at dif-
ferent temperatures, which were performed on a Jobin
Yvon 460 monochromator, together with the correspond-
ing calculated spectra (solid curves).

To achieve the reliability of the transmission model dur-
ing the fitting, we have adopted the real thickness of the
PAMs measured by scanning electron microscope (SEM),
and considered the PAM’s porosity since PAMs are com-
posed of alumina and air. From Fig. 3a, we can observe
that the theoretical interference fringes fit well with the
experimental data. Fig. 3b gives the yielded wavelength-
dependent refractive index na of the host alumina in the
PAMs annealed at different temperatures. The refractive
index na in the as-deposited PAMs is �1.65 at 546 nm, in
good agreement with the reported value of �1.64 ± 0.01
obtained by the optical waveguide method [25]. We have
further shown in Fig. 2b (curve 2) the annealing tempera-
ture-dependent refractive index na of the host alumina at
546 nm, where the refractive index na is found to increase
with the annealing temperature. Choi et al. have reported
that the anion-incorporated alumina had lower dielectric
constant compared to that of the pure alumina [17]. The
dielectric constant of alumina in the visible and infrared
ranges is approximately equivalent to the square of the
refractive index due to the low absorption coefficient.
Therefore, the decrease of the C2O2�

4 anion concentration
with the increase of annealing temperature (see curve 1 of
Fig. 2b, the integrated intensity of the COO� mode absorp-
tion) results in the increase of the refractive index of the
host alumina.

There is another refractive index characterizing the
PAMs: the effective refractive index neff, which differs from
the refractive index na of the host alumina and varies with
the porosity. Fig. 3c displays the wavelength-dependent
effective refractive index neff of the annealed PAMs, calcu-
lated by Bruggeman’s effective medium approximation [26].
The effective refractive index neff of the as-prepared PAMs
is found to be 1.54 at 750 nm, which is also consistent with
the reported result of 1.53 in Ref. [27]. With the increase of
annealing temperature, neff has the same variation trend as
na (curve 3 in Fig. 2b), further demonstrating the role of the
anion impurities in the optical properties of the PAMs.

The yielded wavelength-dependent absorption coeffi-
cient a below the band gap of the PAMs in Fig. 3d also
reflects the variation of the anion impurities in the PAMs.
In the PAMs annealed below 700 �C, with the increase of
the annealing temperature, more new defects will be intro-
duced due to the increased decomposition of the anion
impurities, leading to the formation of more defect states
located in the band gap. As a result, the absorption coeffi-
cient will increase with the annealing temperature. How-
ever, high temperature (above 700 �C) annealing will
cause the crystallization of the amorphous PAMs [16],
and therefore decrease the absorption coefficient below
the band gap. Although the decomposition of the anion
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impurities enhances with the annealing temperature, it is
clear that the crystallization effect dominates the variation
of the absorption coefficient, since the absorption coeffi-
cient is found to decrease with the increase of the annealing
temperature above 700 �C.

The C2O2�
4 anion impurities affect not only the optical

properties of the PAM itself but also the deposition of
nanomaterials. Here we systematically investigate the
dependence of the synthesized ZnO nanopore arrays on
the C2O2�

4 anion concentration in the PAMs. The process
is deposition of ZnO particles onto the PAMs via a
radio-frequency (13.56 MHz) magnetron sputtering system
with a sintered ceramic ZnO target (99.99%, purity) as
source material. The PAM serves as a template for the fab-
rication of ZnO nanopore arrays [10]. After being annealed
at different temperatures, the annealed PAMs were carried
into the sputtering chamber, so that the deposition was
done under the same conditions for the ZnO nanopore
arrays. The deposition pressure, substrate–target distance,
sputtering time and sputtering power were 2 Pa, 4 cm,
30 min and 100 W, respectively. Fig. 4 displays the field-
emission SEM (Philips XL30FEG) images of the fabricated
ZnO nanopore arrays on the as-deposited and annealed
PAMs. It is clear that ordered ZnO nanopore arrays have
been formed on the top surface of the as-deposited PAMs
(Fig. 4a) with the pattern identical to that of PAMs, and
every hexagonal ZnO nanopore is composed of six ZnO
grains. Ding et al. [10] have attributed the formation of
highly-ordered ZnO nanopore arrays to the attraction
Fig. 4. Field-emission SEM images of the ZnO nanopore arrays on top of the
(d) 900 �C.
between the localized negative charges in PAMs and
Zn2+ ions.

When the PAMs were annealed below 400 �C, the mor-
phology of the sputtered ZnO nanopores was basically
unchanged. With the annealing temperature increased to
600–700 �C, the yielded ZnO nanopores were no more cir-
cular and the cells of ZnO nanopores were not hexagonal
any more, as shown in Fig. 4b and c. Many ZnO grains
(much more than six) were irregularly deposited on the sur-
face of a single PAM cell, and the regularity of the ZnO
nanopore arrays decreases obviously. Especially, under
the PAMs annealed at 900 �C, the regularity of ZnO
nanopores becomes very poor and even parts of nanopores
are jammed by ZnO particles (Fig. 4d).

Apart from the C2O2�
4 anion concentration, the as-

deposited and annealed PAMs do not have obvious differ-
ence in the surface morphology and thickness. So it is
reasonable to believe that the anion impurities in the PAMs
have the ability to affect the deposition of nanomaterials.
Compared with the as-prepared PAMs, the annealed
PAMs were with less anion impurity content due to the
pyrolysis, leading to the weaker attraction of Zn2+ ions
during the sputtering. This is the main reason why the mor-
phology of the ZnO nanopore arrays gets worse as the
annealing temperature increases.

X-ray diffraction (XRD) measurements can further tes-
tify the effect of the anion impurities in PAMs on the crys-
tallization of these ZnO nanopore arrays. Fig. 5 shows the
XRD spectra (under a Bruker D8 ADVANCE system with
(a) as-deposited PAMs, and annealed PAMs at (b) 600 �C, (c) 700 �C, and
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a Cu Ka of 1.5406 Å, step size of 0.02�/s) of the ZnO nano-
pore arrays on top of the PAMs annealed at different tem-
peratures. The XRD spectrum of the ZnO nanopore arrays
on the as-prepared PAM exhibits a strong (002) orienta-
tion peak and two weak (100) and (101) peaks [28] with-
out any other diffraction peaks. As we know, the higher
the relative intensity of the strongest (00 2) diffraction peak
is, the better the ZnO crystal quality is. It is found that the
ZnO (002) peak intensity gradually decreases with the
increase of the annealing temperature, which clearly indi-
cates that lower anion impurity concentration leads to
the worse crystal quality. In the PAMs annealed at
900 �C, besides the weak ZnO diffraction peaks, two c-
Al2O3 diffraction peaks appear at 2h = 45.92� and 67.06�
[29], confirming that the high temperature annealing can
lead to the crystallization of the PAMs [16].
4. Conclusions

In summary, we have demonstrated the existence and
nonuniform distribution of the C2O2�

4 anion impurities in
the PAM sidewalls by the aid of EDS, HRTEM, and infra-
red absorption measurements. The C2O2�

4 anion impurity
concentration in the PAMs is found to be controllable by
the post-annealing at different temperatures due to the
decomposition of impurity groups related to C2O2�

4 . With
the increase of annealing temperature for the PAMs, more
impurity groups related to C2O2�

4 are decomposed and
C2O2�

4 impurity concentration in PAMs decreases. We
have further investigated in detail the functionality of the
anion impurities in both the optical properties of the
PAM itself and the surface morphology and crystallization
of the deposited nanostructured materials. It is found that
the decrease of the C2O2�

4 impurity concentration results in
the increase of the refractive index and absorption coeffi-
cient of the PAMs, and worse regularity and crystal quality
of the synthesized ZnO nanopore arrays. The deep under-
standing the role of the C2O2�

4 anion impurities paves the
way for the better employment of the PAMs in the fabrica-
tion of novel nanomaterials.
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