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1 Introduction

Anodic alumina (AAO) membrane is a porous mate-
rial with uniform, parallel nanochannels that can be used 
to produce various nanostructures [1, 2]. Its geometrical 
parameters, such as interpore distance or the membrane 
thickness, can be fully regulated by anodizing conditions 
[3]. While the interpore distance (Dc) in the AAO is con-
trolled mainly by the applied voltage, the AAO thickness 
depends also on current density and the anodization time. It 
is well known that highly ordered AAO with pores arranged 
into a close-packed hexagonal structure are obtained solely 
within a relatively narrow window of operating conditions 
(proper voltages, concentrations of electrolyte, tempera-
ture, etc.), so-called self-ordering conditions (or self-order-
ing regimes). Out of these regimes, the pore arrangement 
deteriorates. The self-ordering conditions were found in 
many electrolytes including oxalic, sulfuric, phosphoric, 
or etidronic acid solution [4]. The dissociation constants 
(pKa) of a given acid determines the critical potential (the 
highest self-ordering voltage) under which it is still pos-
sible to conduct a stable anodization. The highest critical 
potential of 270  V was applied during the anodization in 
etidronic acid solution [5, 6]. The AAO with Dc ~700 nm 
was thus obtained. Anodization under voltages > 300  V 
were performed in citric acid electrolytes and resulted in 
the AAO with ultra-large Dc (in micrometer scale) [7–9]. 
However, application of the high voltages and relatively 
low concentration of citric acid solutions caused formation 
of a non-uniform anodic oxide without hexagonal, close-
packed arrangement of pores [10–12].

Guided anodization is one of the most efficient method 
to produce highly ordered AAO even out of the self-
ordering regimes. A perfectly ordered AAO membranes 
were synthesized by application of expensive and time 
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consuming pre-patterning methods [13–15]. However, a 
very regular AAO membranes can be also produced by a 
much more affordable experimental approach, which is 
based on application of hard anodization (HA) in the first 
step, followed by the mild anodization (MA) in the second 
step [16–18]. In this approach, a highly regular nano-con-
cave arrays, patterned on aluminum upon removal of AAO 
formed in HA, serve as nucleation sites for AAO growth 
during MA.

It is also possible to design a various shape of pores 
in AAO by application of a pulse anodization methods 
[19, 20]. Recently, AAOs with tapered pores and pitch 
size in the range of 100–490 nm were fabricated [21–27]. 
The tapered-pore AAO is very attractive porous mate-
rial because it can act as a layer for the gradually chang-
ing refractive index. The graded-index nanostructures are 
insensitive to polarization effects, guaranteeing broad-band 
and omni-directional anti-reflectivity properties required 
for a perfect anti-reflective (AR) performance [28–30]. The 
AAO templates with Dc between 100 and 200 nm were suc-
cessfully used for preparing polymer AR coatings operating 
in visible and NIR range [31, 32]. It is, however, expected 
that upon the increase of AAO geometrical parameters, 
including Dc and AAO thickness, the AR properties can be 
expanded beyond the NIR spectral range [33, 34].

In this work, highly ordered tapered-pore AAO mem-
branes, with Dc in the range 530–620  nm and thick-
ness ranging between 2.4 and 7.8 μm, are fabricated. The 
tapered-pore AAO matrices of such geometry and a high 
level of pore ordering have not been produced before. In the 
fabrication process, a guided anodization was used. First, 
aluminum surface was pre-patterned (Al concave arrays at 
the surface) during the self-ordering anodization conducted 
in 0.3 M etidronic acid solution. Next, the regular Al con-
cave arrays were used to grow AAO by high-temperature, 
high-concentration citric acid anodizing. The pores with 
conical shape were engineered by alternating anodization 
in the citric acid electrolyte and etching in phosphoric acid 
solution. The guided anodization resulted in a production 
of highly ordered, close-packed hexagonal arrays of pores 
in AAO, which was not observed before during the anodi-
zation in citric acid electrolyte. Moreover, a detailed mor-
phological and chemical analysis of the obtained porous 
material was performed and discussed. It was confirmed 
that electrolyte species, such as phosphonate or citric acid 
ions, are being incorporated into the AAO framework dur-
ing the synthesis.

2  Experimental

High-purity aluminum foil (99.9995% Al, Goodfellow, 
UK) with a thickness of about 0.25  mm was cut into 

rectangular specimens (2 cm × 1 cm). Before the anodiza-
tion process the Al foils were degreased in acetone and 
ethanol and subsequently electropolished in a 1:4 mixture 
of 60%  HClO4 and ethanol at 0 °C, constant voltage of 
20 V, for 2.5 min. Next, the samples were rinsed with a 
distilled water, ethanol and dried. As prepared Al speci-
mens were insulated at the back and the edges with acid 
resistant tape, and serve as the anode. A Pt grid was used 
as a cathode and the distance between both electrodes 
was kept constant (ca. 5  cm). A large, 1L electrochemi-
cal cell and cooling bath thermostat (model MPC-K6, 
Huber company) were employed in the anodizing pro-
cess. An adjustable DC power supply with voltage range 
of 0–300 V and current range of 0–5 A, purchased from 
NDN, model GEN750_1500 TDK Lambda, was used to 
control the applied voltage.

The first anodization was carried out in 0.3 M etidronic 
acid solution (Sigma-Aldrich) at 210, 235, and 260 V and 
temperature of 38, 27, and 21 °C, respectively (the formed 
oxides are denoted as: eAAO-1, eAAO-2, and eAAO-
3, respectively). Before application of the high voltages, 
the samples were first pre-anodized at 80 V (for ~1 min). 
Then, the voltage was increased to the target values and all 
samples were anodized for 8 h. As obtained alumina was 
chemically removed in a mixture of 6 wt% phosphoric acid 
and 1.8 wt% chromic acid at 60 °C for 180 min. The respec-
tive Al concave arrays obtained after the eAAOs removal 
are denoted as Al conc-1, Al conc-2, and Al conc-3. Sec-
ond anodization was performed in the 20  wt% citric acid 
solution (the respective samples are denoted as cAAO-1, 
c-AAO-2, and cAAO-3) under different anodizing volt-
age and temperature values: the sample cAAO-1 was ano-
dized at 210  V and 35 °C, the sample cAAO-2 at 230  V 
and 35 °C, and the sample cAAO-3 at 250  V and 33 °C 
(Table 1). For pore broadening a 10 wt% solution of phos-
phoric acid was used. The pore shaping was made by alter-
nating citric acid anodizing and pore etching in phosphoric 
acid. In the Fig. 1, the scheme of the pore engineering pro-
cess is presented, where the etching steps were denoted by 
Roman numerals (I, II, ..,i), whereas the anodization steps 
were marked by Arabic numerals (1, 2, …,i).

Morphology of PAAs was studied using field-emission 
scanning electron microscope FE-SEM (FEI, Quanta) 
equipped with energy dispersive X-ray spectrometer (EDS).

To obtain geometrical parameters of the fabricated Al 
concaves and cAAO membranes, Fast Fourier transforms 
(FFTs) were generated based on three SEM images taken 
at the same magnification for every anodizing voltage, and 
were further used in calculations with WSxM software [35, 
36]. The average interpore distance (Dc) was estimated as 
an inverse of the FFT’s radial average from three FE-SEM 
images for each sample [37]. To estimate a semi-quantita-
tive regularity parameter (R), radial average was generated 
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from each FFT image. The R was calculated according to 
the following formula (1) [38]:

where n is the number of pores, S is the analyzed surface 
area, H is the maximal intensity value of the FFT intensity 
profile, and W1/2 is the width of the intensity profile at half 
of its height.

FTIR spectra were recorded using Spectrum GX Optica 
spectrometer from Perkin-Elmer with diffuse reflectance 
accessory. Light scattered from surface of the sample was 

(1)R =
H

W
1∕2

⋅

√

n

S3∕2

collected in a full π steradian angle. The angle of incidence 
was 38°. Aluminum sheet was used as a 100% reflectance 
reference sample.

3  Results and discussion

Etidronic acid anodizing was conducted according to the 
approach presented elsewhere [5, 6]. In this approach, the 
anodization starts at relatively low voltage (80  V) which 
is subsequently increased to a target value. As an effect, 
the top part of the AAO is highly irregular. Therefore, the 
eAAO membranes produced during the first anodization 
in 0.3 M etidronic acid solution at various anodizing con-
ditions were removed in order to obtain a regular array of 
concaves on Al surface, which were subjected to morpho-
logical analysis and further fabrication process. In Fig.  2, 
SEM images (Fig. 2a, d, g), 2D (Fig. 2b, e, h) and 3D FFT 
images (the insets in the corresponding SEM images), and 
radial averages (Fig.  2c, f, i) of Al concaves, are demon-
strated. The images in Fig. 1 show that highly ordered pore 
assembly was fabricated. The pores are uniform and organ-
ized into a hexagonal close-packed structure. However, 
in the Al conc-3 the domains of an ideal hexagonal pore 
arrangement are smaller as compared to the domains in the 
Al conc-1 and Al conc-2 samples. This is also reflected in 
more blurred FFT rings and, consequently, broader peaks 
in the radial average profile (Fig.  2h, i). The lower pore 
regularity is most likely due to the anodization conditions 
that were slightly out of the self-ordering regime [39, 40]. 
The anodization at 260  V was carried out at temperature 
of 21 °C which was probably too low to provide sufficient 
forces (e.g. mechanical stress at the pore bottom) to form 
larger domains of hexagonal pore ordering. However, it 
was difficult to maintain a stable anodization at temperature 
higher than 21 °C within a sufficiently long time to allow 

Table 1  Interpore distance (Dc) and regularity parameter (R) determined for the Al concave arrays (Fig. 2) and the conical-pore AAO mem-
branes (cAAOs) (Fig. 3)

Sample name Al conc-1 Al conc-2 Al conc-3
1st anodization parameters 210 V T = 38 °C 235 V T = 27 °C 260 V

T = 21 °C

Al concaves
 Dc (nm) 539 ± 13 581 ± 10 647 ± 17
 R (a.u.) 5.1 ± 0.3 4.5 ± 0.7 2.8 ± 1.1

Sample name cAAO-1 cAAO-2 cAAO-3
2nd anodization parameters 210 V

T = 35 °C
230 V
T = 35 °C

250 V
T = 33 °C

Conical-pore cAAO
 Dc (nm) 532 ± 11 569 ± 9 623 ± 12
 R (a.u.) 5.5 ± 0.2 4.9 ± 0.6 4.4 ± 0.8

Fig. 1  A scheme demonstrating a tapered pore structure engineered 
by a multistep anodization in citric acid electrolyte and pore broaden-
ing in phosphoric acid solution
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for an optimal pore reorganization process. The shorter 
anodization time at temperature of 23 °C provided even 
poorer pore arrangement. On the other hand, the anodiza-
tion at temperature higher than 23 °C resulted most often 
in the sample burning. Therefore, it was assumed that the 
anodization parameters were optimal for this sample. In 
Table  1 the interpore distance (Dc) values determined for 
the Al concave arrays are given. With the increasing ano-
dizing potential the Dc increases from around 539 nm for 
the sample anodized at 210  V to around 647  nm for the 

sample anodizes at 260 V. Moreover, a semi quantitative R 
parameter was calculated based on the Eq. 1 (Experimental 
part) to estimate the level of the hexagonal pore arrange-
ment. As can be seen, the R values are significantly higher 
for the Al conc-1 and Al conc-2 samples as compared to 
the sample Al conc-3.

In order to obtain the tapered pore structure in AAO, the 
Al concaves were subjected to a multistep process of anodi-
zation in citric acid electrolyte and subsequent pore etching 
in 10  wt% phosphoric acid solution at room temperature, 

Fig. 2  SEM images (a, d, g), fast Fourier transforms (FFT) (b, e, h) with their radial averages (c, f, i) of Al conc-1 (a, b, c), Al conc-2 (d, e, f), 
and Al conc-3 (g, h, i) samples; the insets in the SEM images show the 3D FFT images of the respective samples
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using similar approach to that presented in the previous 
works [21–24]. The process was repeated until the desired 
pore shape and AAO membrane thickness was obtained. 
The citric acid was chosen because it allows for a stable 
anodization at high voltage values [41]. In the guided ano-
dization it is important to adjust the operating conditions 
to the distance between nano-concave centers on the Al 
surface. It is generally accepted that the applied voltage 
should be close to the Dc/ζ ratio, where the factor ζ ~ 2.5 for 
mild anodization [42]. Consequently, the voltage of 210, 

230, and 250 V were selected for the anodization of the Al-
conc-1, Al-conc-2, and Al-conc-3 samples, respectively. 
The parameters used for the synthesis of tapered-pore 
cAAO membranes are gathered in Table 2. The anodization 
and chemical etching times were set based on previously 
estimated AAO growth rate (around 2.5, 3.7, and 6.6 μm/h, 
for cAAO-1, cAAO-2, and cAAO-3, respectively) and the 
rate of pore diameter broadening (41–45  nm/h), respec-
tively. The number of etching steps was adjusted to the 
Dc values. In general, the greater the Dc values, the larger 

Fig. 3  SEM images (a, d, g), fast Fourier transforms (FFT) (b, e, h) with their radial averages (c, f, i) of the top surface of cAAO-1 (a, b, c), 
cAAO-2 (d, e, f), and cAAO-3 (g, h, i) membranes; the insets in the SEM images show the 3D FFT images of the respective samples
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should be the number of the etching steps. Moreover, in the 
pore shape engineering a slight increase of pore diameter 
with anodizing voltage was taken into account [43]. The 
effect was previously ascribed to the high current density 
and strong chemical dissolution enhanced by the electric 
field [44].

In Fig. 3, SEM images (Fig. 3a, d, g), 2D (Fig. 3b, e, h) 
and 3D FFT images (the insets in the corresponding SEM 
images), and radial averages (Fig. 3c, f, i) of the top surface 
of the cAAO membranes, are demonstrated. The hexago-
nal pore arrangement is excellent for all samples, which is 
also reflected in the distinct FFT rings and narrow peaks in 
the radial average profiles. The high level of pore ordering 
was not observed before in the AAO obtained by a standard 
anodization in citric acid [8, 10–12], and can be attributed 
to a guided role of Al surface pre-patterned during the first 
anodization in etidronic acid electrolyte. In the guided ano-
dization periodic arrangement of concavities on aluminum 
surface serves as nucleation sites for undisturbed growth of 
anodic alumina. The growth position of the pores is limited 
by the pre-patterned design and is restricted to the inner 
corner/electrolyte interface, where a maximum dissolution 
rate of  Al3+ is localized [45]. Therefore, the geometrical 
features of Al concaves, such as hexagonal pore regularity 
and the pitch size, are directly transferred the correspond-
ing AAO membranes. The interpore distance (Dc) and reg-
ularity parameter (R) determined for the cAAO membranes 

are given in Table  1. Within the margin of error, both 
parameters are comparable for the eAAO-1 and eAAO-2 
membranes and the corresponding Al concaves. However, 
the R parameter for the sample cAAO-3 is evidently greater 
than the R determined for the Al conc-3, suggesting the 
improvement of the hexagonal pore arrangement after the 
multistep anodization in citric acid electrolyte. Moreover, 
because the pores are now densely arranged into hexagonal 
close-packed structure over relatively larger domains, the 
Dc value has decreased as compared to the Dc determined 
for the Al conc-3. The observation implies that the guided 
role of the nucleation sites on the Al surface was reinforced 
in this sample by the anodization conditions applied in the 
second anodization. The anodization was carried out in 
relatively high concentrated citric acid solution (20  wt%) 
and at relatively high temperature values (33–35 °C), which 
apparently provided additional forces in the pore reorgani-
zation process.

The cross sectional view of the cAAO membranes are 
shown in Fig. 4a–c. It is clearly seen that cAAO films with 
conical pore shape were successfully manufactured. The 
thickness of the cAAO films (the height of the cone) was 
around 2.4, 3.9, and 7.8 nm in the sample cAAO-1, cAAO-
2, and cAAO-3, respectively.

In Fig.  5, FTIR spectra of the cAAO membranes are 
shown along with the spectra of the eAAO-1 and the 
respective Al conc-1 samples. The FTIR spectrum of 

Table 2  The parameters used 
to fabricate conical-pore AAO 
membranes (cAAO)

a Except the duration of the first anodization step which was always 15 min

Sample Tempera-
ture (°C)

Voltage (V) Anodizing 
steps

Anodizing time 
by  stepa (min)

Pore broad-
ening steps

Pore broadening 
time by step (h)

cAAO-1 35 210 10 5 9 1
cAAO-2 35 230 11 5 10 1
cAAO-3 33 250 12 5 11 1

Fig. 4  SEM images of cross sectional views of the tapered-pore cAAO-1 (a), cAAO-2 (b), and cAAO-3 (c) membranes
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Al conc-1 sample is flat in the whole measured region, 
in contrast to the spectra of AAOs, where characteristic 
bands are clearly distinguishable. The broad dip centered 
at around 3400  cm−1 visible in all AAO membrane spec-
tra is typical for valence vibrations of adsorbed water and 
 OH− groups [46, 47]. In the FTIR spectrum of the sample 
eAAO-1 prepared in etidronic acid (HEDP) two dips at 994 
and 1172 cm−1 can be distinguished. Both dips are charac-
teristic for phosphonates, which display bands due to the 
P–O stretching vibration in the 900–1200 cm−1 range [48, 
49]. The dip at 994  cm−1 can be assigned the symmetric 
vibration of P–O chemical bond (νsP–O) of  PO3

2− group, 
whereas the one at 1172 cm−1 corresponds most probably 
to the P=O vibrations. The IR spectra of the cAAO mem-
branes synthesized during the multistep anodization in cit-
ric acid are completely different. Two distinct dips at 1472 
and 1568 cm−1 appeared, which can be interpreted in terms 
of the internal frequencies of the citrate ion [47, 50, 51]. 
The bands can be ascribed to the symmetric (1472 cm−1) 
and antisymmetric (1568 cm−1) oscillations of the carbox-
ylic ion  (COO−). The IR spectra of both eAAO and cAAO 
membranes indicate that the electrolyte species, such as 
phosphonate and citric ions, are being incorporated into 
the AAO framework under the high electric field. Moreo-
ver, the decrease of the reflectivity (increase in the mag-
nitude of the absorbance) of the cAAO samples anodized 
under increasing anodizing potential suggests that with 
the electric field strength more ions are being attracted 
by the anode and embedded into the cAAO framework. 
The decrease of the reflectivity can be also caused by the 
increasing thickness of the cAAO-1, cAAO-2, and cAAO-3 
membranes. The bands in the 400–1000 cm−1 range may be 
attributed to the bending and stretching vibrations of Al-O-
Al of the alumina [52, 53]. The dips observed in the region 
between 519 and 595  cm−1 correspond most probably to 
the condensed octahedral stretching of the chemical bond 
Al–O6 [47, 54, 55], whereas well-defined dips between 927 
and 938  cm−1 can be assigned to the longitudinal optical 
phonon (LO) stretching (λLO) of the Al-O chemical bond 
[56, 57]. The dip positions corresponding to the Al–O6 and 
λLO vibrations are different for cAAO-1 (546, 927  cm−1), 
cAAO-2 (519, 931  cm−1), and cAAO-3 (595, 938  cm−1) 
membranes, most probably owing to a somewhat different 
position the citric ions are attached to the Al-O structure 
and perhaps to a different amount of citric ions incorpo-
rated in the cAAO walls. Both effects will certainly affect 
the Al-O6 and the λLO vibration frequency. The decrease in 
reflective intensity of the dips assigned to Al-O6 and λLO 
bands with anodizing voltage corresponds with the reflec-
tivity drop of the dips characteristic for COO- vibrations 
(the 1472 and 1568 cm−1 bands). Therefore, as before, the 
reflectivity decrease is tentatively attributed to the higher 
amount of citric ions being embedded into the AAO walls 

Fig. 5  IR spectra of the Al conc-1, eAAO-1, and the tapered-pore 
cAAO-1, cAAO-2, and cAAO-3 membranes
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and the greater cAAO thickness (more citric ions that can 
absorb IR light). It was shown previously that the pores 
play a crucial role in the redshift of the longitudinal opti-
cal phonon (LO) mode [58]. Therefore, the band positions 
might be slightly different than those related to the non-
porous alumina. Finally, the strong decrease of reflectivity 
above 4000 cm−1 (below 2.5 μm) is most probably due to 
the antireflective properties of the graded pore structure 
in the NIR spectral region. It can be seen that the eAAO-3 
membrane with greatest Dc and thickness values has the 
largest ability to trap light in this spectral range.

4  Conclusions

In this work, conical-pore AAO membranes with Dc 
between around 530 and 620  nm and the thickness rang-
ing between 2.4 and 7.8  μm, were fabricated. In the fab-
rication process a guided anodization was applied. Alu-
minum surface was first pre-patterned by the anodization 
in etidronic acid solution. Then, the Al concave arrays were 
used as nucleation sites to grow highly regular AAO in the 
second anodization. The second anodization was conducted 
in highly concentrated citric acid solution (20 wt%) and at 
relatively high temperature (33–35 °C). The pore shape was 
engineered during a multistep process alternating between 
anodization in the citric acid electrolyte and chemical pore 
broadening in phosphoric acid solution. The morphologi-
cal analyses has revealed that the geometrical parameters 
of the Al concaves were successfully transferred to the 
cAAO membranes. FTIR spectra analysis confirmed that 
the electrolyte species, such as phosphonate and citric ions, 
are being incorporated into the AAO framework during the 
anodization. The graded-index AAO membranes can be 
used as a template for a production of antireflective coat-
ings in a broad spectral range.
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