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Abstract A growing scientific interest in the fabrication of porous anodic alumi-
num oxide (AAO) films and their further applications for the fabrication of various
devices, has given rise to many studies of porous alumina properties. Highly
ordered porous alumina exhibits some unique physical and optical characteristics,
especially in the visible spectrum. These properties are of technological importance
for applications in the fields of micro and nanotechnology.

8.1 Introduction

In recent decades, anodic aluminum oxide (AAO) has attracted scientific and
technological interest due to its numerous applications. The protective AAO layer
on aluminum increases its oxidation resistance [1], and after incorporation of
organic or metallic pigments can act as a decorative layer [2]. As the insulator with
a large surface area, porous alumina is used in electrolytic capacitors [3]. The most
common application of AAO is its use as a template for fabrication of nanowires
[4], nanodots [5], nanotubes [6], porous membranes [7], etc. [8]. The porous AAO
membranes are also used as molecular sieves [9] and masks for selective etching
[10]. In recent years, more and more attention has been devoted to optical properties
of nanoporous AAO films. Due to the specific interaction of light with a porous
medium, an incident light beam can be (i) reflected from the AAO surface or from
the Al2O3/Al interface, (ii) absorbed by the oxide structure, (iii) transmitted across
the pore walls, and also (iv) reflected inside the nanopores [11] as shown in Fig. 8.1.
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All interactions of the incident light beam with porous AAO depends considerably
on the characteristic geometrical parameters of AAO (e.g., pore diameter, interpore
distance, wall thickness, oxide layer thickness) and its chemical composition.

It is widely recognized that freestanding AAO films are transparent in the
UV-visible range [12]. Porous alumina exhibits a blue photoluminescence band,
with the emission bands being attributed to optical transition in the singly ionized
oxygen vacancies or to electrolyte impurities embedded in the porous alumina
membranes. The previous studies have shown that the photoluminescence of porous
alumina relies upon such fabrication parameters as the electrolyte type, anodization
voltage, pore diameter, thermal treatment, and anodization regime. It is possible to
tune the photoluminescent behavior of AAO by simple modification of the char-
acteristic geometrical parameters of porous alumina. A relatively new approach is to
use a pulse anodization, which has been developed for the formation of
well-ordered porous alumina with periodically modulated pore diameter. Due to the
fact that porous alumina films with modulated diameters have typically a structure
based on a stack of thin transparent dielectric layers with alternating high and low
refractive indices, they have found applications as distributed Bragg reflectors
which offer a high reflectance similar to metallic mirrors. Modification of the optical
properties of the porous alumina films can be realized by changing the anodization
conditions (e.g., voltage, electrolyte composition, temperature) and by chemical
treatment of AAO after anodization (e.g., etching, coloring with dyes, sandblasting,
modification by metal nanoparticles, pore filling with polymers).

Highly ordered porous anodic aluminum oxide can be synthesized via two-step
anodization of aluminum in acidic electrolytes. The process of AAO membrane
formation is relatively simple and inexpensive. AAO formed by the self-organized

Fig. 8.1 Schematic representation of different phenomena occurring when a light beam incident
on the AAO surface and selected characteristic parameters of the AAO film which affect its optical
properties
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anodization of aluminum consists of regularly arranged hexagonal cells with par-
allel nanopores at their centers [8]. Depending on the anodizing conditions (con-
centration and type of the electrolyte, applied potential, temperature, and anodizing
time), this electrochemical process results in typical nanoporous oxide structures
with the pore diameter ranging from about 10 to over 300 nm and the corresponding
interpore distance varies in a range of about 35–500 nm.

8.2 Structural Engineering of AAO

During the electrochemical anodization of aluminum carried out in acidic electro-
lytes including sulfuric acid [13–16], oxalic acid [4, 17] and phosphoric acid [18],
anodic aluminum oxide (AAO) with a periodic hexagonal structure can be produced
by a self-organized process. Through strict control of anodization conditions it is
possible to obtain porous alumina with well-defined characteristic geometrical
parameters such as pore diameter, interpore distance (cell diameter), wall thickness,
and barrier layer thickness. All geometrical parameters of AAO are easily con-
trollable by anodization conditions (type of electrolyte, anodizing potential or
current, time, temperature, and agitation speed) and by post-anodization treatment
(etching and annealing) [8].

For self-ordered porous AAO it was found that the interpore distance, pore
diameter and barrier layer thickness increase linearly with anodizing potential. The
proportionality constants for AAOs formed by conventional mild anodization
(MA) processes are 2.5 nm V−1 for the interpore distance, 1.29 nm V−1 for the pore
diameter and 1.2 nm V−1 for the barrier layer thickness [8, 19]. In case when hard
anodizing (HA) conditions are applied, the interpore distance and barrier layer
thickness depend also linearly on the anodizing potential with proportionality
constants of about 1.8–2.1 and 0.6–1.0 nm V−1, respectively [19]. On the other
hand, the pore diameter of AAOs formed by hard anodization at potentiostatic
conditions depends on the anodizing current density [19, 20].

The chemical composition of the AAO membranes is strongly dependent on the
type and concentration of electrolyte used for anodization, anodizing potential,
current density and temperature [8]. For typical acids used as the anodizing elec-
trolyte (H2SO4, H3PO4 and H2C2O4), incorporation of the acid anions occurs due to
their migration in an electric field during the anodizing process. The mechanical
properties of AAO such as hardness, elasticity, wear resistance and durability, are
determined by the presence of water and embedded anions [19]. The alumina
obtained by anodization has a different chemical composition across the pore depth.
In other words, the concentration of incorporated ions is much higher at the external
oxide layer formed at the beginning of anodization (high acid concentration) than
that at the electrolyte/oxide interface where the oxide layer is formed at the end of
anodization (low acid concentration) [21]. It is generally accepted that pore walls of
AAO have a duplex structure with regard to chemical composition [22]. The outer
layer close to the pore channel is rich in the incorporated ions due to the contact
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with the electrolyte. The inner layer of pore walls is substantially made of pure
Al2O3. As-prepared AAO is amorphous and contains water. The water content in
porous alumina depends on the anodizing conditions. Annealing of AAO,
depending on the applied temperature, may lead to the removal of embedded water
from the pore walls, thermal decomposition of build-in anions or a phase transition
from amorphous to crystalline. The internal pore structure of nanoporous AAO can
be engineered by controlling anodization conditions or by applying an appropriate
post-anodization treatment. For instance, by control of the applied anodizing
potential it is possible to obtain Y-branched [23–27], multi-branched [27–29] and
hierarchically branched pore structures [30–35] as well as periodically modulated
nanopore diameters along the pore axes [20, 36–48].

It is widely recognized that for the mild anodization of aluminum performed in
sulfuric, oxalic, and phosphoric acid the interpore distance depends on the applied
potential with a proportionality constant of about 2.5 nm V−1 [8]. Therefore, the
reduction of the applied potential by a factor of 1/√2 during anodization results in
branching of stem pores and, consequently, porous AAO with Y-branched
nanopores is formed [25]. The AAO structures with a few generations of branched
pores can be obtained by further sequential reductions of anodizing potentials by
the same factor (Fig. 8.2). The reduction of the anodizing potential by a factor of 1/
√n, where n is a number of branches, results in a n-branched nanopores.

The ordered nanoporous AAO with a complex internal pore structure can be
formed by combining the mild and hard anodizations in a process of so called pulse
anodization [43]. This approach allows for a continuous modulation of internal pore
diameter along the pore axis. The principle of the pulse anodization is based on
applying a relatively long low potential/current pulses (MA regime) followed by
short high potential/current pulses (HA regime). The length of MA and HA seg-
ments in AAO structure are fully controlled by varying anodizing time and MA,
HA conditions (applied potential/current). The schematic representation of the
applied potential–time waveforms used for the pulse anodization of aluminum is
shown in Fig. 8.3a. The effect of applying of HA and MA pulses on the structure of
porous anodic alumina is shown in Fig. 8.3b. Figure 8.3c shows the cross-sectional

Fig. 8.2 Schematic representation of the anodization procedure used for the fabrication of AAO
with hierarchical Y-branched nanopores (1, 2, 3 subsequent reduction of the potential by a factor
of 1/√2) (a) together with a SEM microphotograph of the cross-section of porous AAO with
Y-branched nanopores (b)
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views of AAO layers formed by pulse anodization in 0.3 M H2SO4 with a potential
waveform varied between UMA = 25 V and UHA = 32 V.

Porous alumina with shaped pore geometries and complex pore architectures can
be fabricated by periodic anodization. The concept of periodic anodization is based
on the application of a periodically oscillating signal in either potentiostatic or
galvanostatic mode during the anodization process. The periodic anodization of
aluminum with controlled anodizing potential followed by subsequent chemical
etching can lead to a periodically branched nanopores [30–32]. In this method, the
anodization potential decreases linearly to a certain value of the anodizing potential,
and then increases sinusoidally to the initial value of the potential. By repeating this
process, a periodic structure with a main (stem) channel and branched channels is
formed. The straight stem channel is formed during the high-voltage duration and
each stem channel branches into several small channels during the low-voltage
duration [30, 35]. The process of periodic anodization is shown in Fig. 8.4. Some
modifications of the applied potential signal wave were also proposed to slightly
engineer the internal pore geometry [35, 49–52]. For instance, the linear decrease in
the applied potential occurring in time t1 (as denoted in Fig. 8.5) was split into two
periods with different linear slopes [35]. For the fabrication of anodic alumina with

Fig. 8.3 Pulse anodization of aluminum for pore diameter modulations. Typical voltage signal
applied during the pulse anodization of aluminum, where UMA and UHA are the anodizing
potentials used to achieve mild anodizing (MA) and hard anodizing (HA) conditions, respectively
(a). Schematic representation of AAO structure grown after a few HA and MA pulses (b). SEM
microphotograph showing the cross-sectional views of prepared AAO layers produced by pulse
anodization in 0.3 M H2SO4 at UMA = 25 V and UHA = 32 V (c)
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2-branched channels, the oxidation potential was periodically reduced by a factor of
1/√2 (*0.71). Figure 8.5 shows schematic representation of the applied potential
wave and scheme of the internal geometry of pores with a bilayered structure
consisting of the layer with one large channel (layer I) and layer with two small
channels (layer II). The layer I is formed during high-voltage anodization (≥0.71
UH, t1 and t2). When the applied potential is reduced to *0.71UH, the channels in
the layer I begin to branch into small channels. The small channels grow during the
time t3.

Losic et al. [45, 46] for the first time demonstrated that by applying during
anodization periodically oscillating current signals with different profiles, ampli-
tudes and periods, it is possible to perform structural modulation of AAO and to
control the internal geometry of nanopores. Figure 8.6 shows the concept of cyclic
anodization.

They showed that this approach allows to control the internal geometry of pores
by a slow change of anodization conditions (voltage or current) between the MA
and HA modes using periodically oscillating signals. This is in contrast with the

Fig. 8.4 Schematic illustration of the synthesis process for a porous anodic alumina oxide with
periodically branched nanopores. Typical voltage signal applied during the periodic anodization of
aluminum (a). Schematic representation of AAO structure grown after (1) a few cycles of periodic
anodization and (2, 3) subsequent chemical etching (b). SEM microphotograph showing the
cross-sectional views of prepared AAO layers by (1) periodic anodization and (3) after subsequent
chemical etching (c). c reprinted with permission from [32]
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concept of the pulse anodization [37, 43], where the changes between the MA and
HA modes are very fast.

The modulation of the pore diameter can be also obtained by spontaneous
current oscillations during hard anodization performed in an unstirred electrolyte
[20, 47, 53]. The current oscillations usually appear when stirring is stopped. The
observed oscillatory behavior is directly related to the diffusion of the electrolyte
from the bulk solution to the bottom of the nanopores. During oxidation of alu-
minum under the HA regime, oxygen-containing anionic species at the bottom of
pores are rapidly consumed, what is indicated by an increase in ionic current and,
consequently, a large concentration gradient of anions along the pore channels is
established. Depletion of anions at the pore bottoms results in retardation of the

Fig. 8.5 Schematic representation of the synthesis of AAO membranes with a bilayered structure.
Typical voltage signal applied during the periodic anodization of aluminum (a) and the scheme of
the high-quality AAO prepared under the newly-designed periodic oxidation voltage (b). Adapted
with permission from [35]

Fig. 8.6 Schematic representation of cyclic anodization of aluminum. Typical current signal
applied in a single anodization cycle showing different anodization conditions (IMA mild
anodization current, ITA transitional anodization current, and IHA hard anodization current) during
the process (a). Schematic representation of the AAO structure grown after the MA, TA and HA
pulses (b)

8 Chemical and Structural Modifications of Nanoporous Alumina … 225



oxidation process and thus to a decrease in current density. A new cycle starts when
ions from the bulk solution will influx to the reaction interface at the bottom of
pores.

The another approach to alter the internal pore structure is based on alternating
repetition of anodization and pore-widening process. This method allows the
synthesis inverted-cone-shaped [54–57] and step-shaped pores [26, 54, 58–60].
Figure 8.7 shows schematic illustration of the fabrication of AAO with cone-shaped
and step-shaped pores. To fabricate the AAO with inverted cone-shape nanopores,
repeated alternating anodization and pore widening treatments should be performed
[54–57]. The shape and size of the pores in this process depends on both the
anodization and etching conditions. Typically 5–7 full cycles are required to obtain
desired pore shape. The main disadvantage of the method is that it leads to AAOs
with very low aspect ratios (not exceeding 5). In addition, the combination of
anodization and pore widening processes is used to form the AAO with step-shaped
pores [26, 54, 58–60]. The procedures includes anodization followed by chemical
etching of formed pore walls and finally, the sample is anodized once again for a
short of time. Moreover, the AAO with reversed step-shaped pores can be

Fig. 8.7 Schematic diagram of fabrication process for the multi-step structure in single pore.
Fabrication of step-shaped (a) and conical (b) pore structure. a and b reprinted with permission
from [56, 58], respectively
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fabricated by changing the electrolyte and applied potential during anodization [37,
59]. In turn, serrated nanopores with periodic intervals are formed in AAO when
oxygen bubbles are periodically generated during anodization [61–63].

8.3 Optical Response of AAO to Light

When a beam of light is incident on the surface of porous alumina the following
physical phenomena can be observed: reflection of light from the air/Al2O3 inter-
face and Al2O3/Al interface [11, 64–75], partial absorption [11, 68, 76–87] or
transmission [11, 12, 71, 77, 88–104] the remaining beam along the pores walls.
Those effects were schematically shown in Fig. 8.1.

8.3.1 Reflection and Transmission in AAO

A very significant application of porous anodic aluminum oxide is its use as a
decorative and protective coating. Porous alumina films can produce bright colors
on reflections in the visible light range but their saturation is relatively low [73].
The low color saturation of AAO on the Al substrate is due to the fact that alu-
minum highly reflects visible light. A good way to change the AAO color or
increase its saturation is (i) sputtering a thin metallic layer (e.g. Ag [33, 68, 105], Cr
[105] and Pt [106]), (ii) deposition of metallic nanowires in the pores (Ni [107–
109], Co [110], and Ag [33]), (iii) removal of the aluminum substrate after anod-
ization [73, 74], and (iv) modification of internal pore structure [105–110]. The
reflection of light from the porous alumina layers is affected by many factors
including residues of the Al substrate [73, 74], pore diameter [64, 67], thickness of
AAO [66, 69, 71, 73–75], and the existence of other molecules and compounds in
the pores or on the AAO surface [101, 105–108, 110].

Xu et al. [73, 74] studied the effect of remaining aluminum substrate on the
optical properties of porous anodic alumina oxide. Figure 8.8 shows schematically
the interaction of the incident light beam with the porous AAO film before
(Fig. 8.8a) and after (Fig. 8.8b) removal of the aluminum substrate. The color of
AAO film with the supporting Al substrate mainly comes from the interference of
two beams reflected from the air/Al2O3 interface and Al2O3/Al interface. The phase
difference is related only with the optical path difference. After removal of the
supporting Al layer, except the phase difference caused by the path difference there
is additional a phase change difference between the two reflections. Therefore, the
removal of the Al substrate affects the observed color of AAO. Figure 8.8c illus-
trates this effect. The observed pink color corresponds to the AAO film on the Al
substrate while the deep green area in the center of the sample shows the AAO film
after the removal of the Al substrate. This indicates that the reflected light from the
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alumina/Al interface has an important effect on the color of AAO. The color can be
altered by changing of incident angle as is expected by Bragg’s equation [73].

Reflectance of AAO films depends also on the thickness of the anodic alumina
oxide layer [66, 69, 71, 73, 74]. The thickness of the aluminum oxide layer can be
controlled by anodization time [69, 73, 74], and temperature [66]. By varying the
anodizing time, it is possible to modulate reflectance of AAO. Figure 8.9 shows the
influence of oxide thickness on the reflectance spectra for the AAO with or without
the remaining Al layer. By increasing the anodization time, the thickness of the
oxide layer increases and a red shift in the peak position is observed for both types
of AAO samples. On the other hand, as was previously mentioned, the removal of
the Al layer results in a blue shift of the peak position.

The reflectance spectrum of the porous AAO film depends on the pore diameter
of the AAO membrane [64, 67]. Kant et al. [67] studied the influence of pore
diameter of AAO on its reflectance. The pores of different sizes were generated on
the same sample along a longitudinal direction by a non-uniform anodization of
unpolished aluminum alloy. The SEM microphotographs taken at different parts of
the sample show that the nanopores are aligned in parallel lines in the same manner
as rows are distributed on the rolled and unpolished Al foil (Fig. 8.10a–e).

Fig. 8.8 Schematic interaction of the light beam with a porous AAO film before (a) and
after b removal of the Al substrate. Optical photograph of the AAO film after a partial removal of
Al substrate in the center of the sample (c). Reprinted with permission from [74]
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Fig. 8.9 Reflectance spectra of the AAO films before (top) and after (bottom) removal of the Al
layer for different anodizing durations: 210, 200, and 190 s. Reprinted with permission from [74]

Fig. 8.10 SEM microphotographs of the AAO surface with different pore diameters at different
locations on the tilted electrode formed by anodization of low purity Al foil (a–e). The anodization
was performed in 0.3 M phosphoric acid at the current density of 100 mA cm−2 and 0 °C. The
angle between electrodes was 45°. Photo of the prepared AAO surface with marked locations (1–
5) where SEM images were acquired (f). Reprinted with permission from [67]
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Figure 8.10f shows the photo of the prepared AAO sample. A gradual change of
color from golden to pink corresponding to the gradual change of pore diameter is
visible.

Ghrib et al. [64] studied the effect of annealing temperature on the reflectance
spectra of AAO. It was found that the reflectance of AAO increases from about 80
to 96 %, respectively before and after annealing at 650 °C. The increase in
reflectance of the annealed AAO is caused by decreasing porosity of alumina and
modification of the structure leading to higher packing density.

The observed reflectance spectra depend also on which side of the AAO
membrane was tested (Fig. 8.11) [111]. As can be seen, the reflected light shows
complementary colors, while the transmitted light presents similar colors. The
corresponding reflectance and transmittance spectra of the AAO sample are pre-
sented in Fig. 8.11e. In the reflectance spectra some oscillations are clearly visible
and their presence can be ascribed to a complex interference occurring in the AAO
film.

As was shown in Fig. 8.1 the incident beam light can be also partially reflected
inside the nanopores of the anodic film, and therefore the AAO can be treated as a
Fabry-Pérot interferometer [112]. Consequently, well resolved fringe patterns
(oscillations) result from Fabry-Pérot interference of the light reflected from mul-
tiple interfaces can be observed in the reflectance spectrum as shown in Fig. 8.11
[111, 113, 114]. The signal oscillations are commonly observed also in transmis-
sion [12] and photoluminescence spectra [67, 115–117] of AAO films.

The transmittance spectra tested from the top and the back sides of the AAO
membrane are nearly the same. These result correlates perfectly with the observed
similar color of the sample (see Fig. 8.11). A strong absorption below 350 nm
visible in the transmittance spectra (Fig. 8.11e) is induced by a supporting glass
substrate. In general, porous anodic aluminum oxide is transparent to visible light,
however, its permeability depends on many factors such as type and amount of

Fig. 8.11 Reflectance (a, b) and transmittance (c, d) photographs taken from the top side (a,
c) and back side (b, d) of the AAO membrane together with the corresponding reflectance and
transmittance spectra (f). Reprinted with permission from [111]
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incorporated impurities [77, 87, 93, 95–98, 103, 104, 118], thickness of the oxide
layer [12, 71, 89, 95, 102, 103], and pore diameter [12, 88, 89, 91, 93, 94, 103,
119]. Not surprisingly, it was shown that the increased transmittance of AAO film
with increased pore diameter is attributed to the decreased refractive index of AAO
layer. It was also reported that during the heat treatment impurities incorporated in
the AAO structure are removed and phase transitions occurred [95]. As a result of
that, a decrease in the number of absorption centers and increase in transmission are
observed [103, 119]. The transparency of porous anodic alumina films in the visible
light range is very important for LCD panel applications [90].

8.3.1.1 Absorption in AAO

The beam of light incident on the surface of porous anodic alumina can be
absorbed. The absorption of the incident beam depends on the film thickness [11],
pore diameter [11], impurities in the oxide structure [19, 76–78, 80, 83, 85, 87, 91,
120, 121], impurities in the pores [81, 94], and post annealing process [83].
Absorption of incident light beam on the porous AAO film depends also on the
structural characteristic of anodic aluminum oxide [11, 91] and beam incident angle
[11]. The AAO films synthesized at different anodization conditions have different
dimensional features (pore diameter, wall thickness, etc.). Therefore, the incident
light beam interacts with the AAO surfaces with different geometrical parameters
and light is absorbed in different degree. Figure 8.12a shows the influence of porous
film thickness on the optical path length of incident beam and the number of

Fig. 8.12 Diagram showing the influence of the AAO thickness (a) and incident angle (b) on the
passage length of penetrated beam and the number of reflections inside the pores. Influence of
pores area percentage (porosity) on the reflected beams intensity (c). Reprinted with permission
from [11]
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reflections inside the pores. For the light beam incident on the porous AAO surfaces
with different film thicknesses it can be seen that absorption increases with
increasing AAO thickness [11, 91]. It comes from the fact that the incident beam
becomes weaker when passing across the increasing number of pore walls. In
addition, as the pore length increases more reflections occur inside the nanopores.
Figure 8.12b shows the effect of incident angle on the optical path length of light
beam and the number of reflections inside the nanopores. It can be seen also that
optical absorption increases with increasing incident angle. With increasing incident
angle the light beam passes across the higher number of pore walls. Figure 8.12c
shows the effect of porosity of the AAO layer on its optical properties. According to
Moghadam et al. [11] light absorption in AAO increases with decreasing porosity,
and then after reaching the maximum for about 15 % decreases with a further
porosity decrease. The poor absorption of light observed for the sample with the
highest porosity was attributed to a high pore fraction which make it easier for the
incident beam to access the high reflective Al surface. According to this hypothesis,
the reduction of AAO porosity diminishes the intensity of reflected beams to the
point when the thickness of pore walls is large enough to provide a significant
planar surface area on AAO top for enhanced light reflection.

It is widely recognized that during anodization of aluminum in acidic electro-
lytes, acid anions are incorporated into the AAO structure [8, 19]. Due to the larger
size and lower mobility of acid anions compared with O2− and OH−, the acid anions
migrate in the electric field during anodization from the solution to anode and their
content decreases from the outer to the inner layer of the pore walls [8, 77]. The
anions incorporated into the AAO film play a role of absorption centers to the
incident light beam. Recently Fan et al. reported that with decreasing concentration
of C2O4

2− ions an increase in the refractive index and absorption coefficient was
observed [77].

Li et al. [83] recorded the absorption spectra for the AAO membranes formed in
oxalic acid and sulfuric acid. The absorption spectrum for the oxalic AAO mem-
brane showed an additional absorption band at 294 nm when compared to that for
the sulfuric AAO membrane. It was considered that this absorption band is derived
from C2O4

2− ions which are incorporated in the AAO structure. The samples
annealed above 550 °C do not absorb at 294 nm and it is associated with a
heat-dissolution of C2O4

2− in the AAO membrane [81]. With increasing annealing
temperature, the intensity of both absorption bands at 370 and 254 nm, increases,
reaches a maximum (at 480 and 550 °C, respectively), and then decreases. The
observed changes in intensity of the absorption bands were attributed to effective
number of oxygen vacancies in the oxide structure. In addition, as the annealing
temperature increases the shift of absorption bands to shorter wavelengths was
reported. In turn, this phenomenon was ascribed to the release of internal stress of
the AAO film.

Fan et al. [77] examined the role of C2O4
2− anion impurities on absorption

coefficient. The absorption spectra of the AAO films with different thicknesses were
recorded. It was found that the absorption band gradually broadens as the thickness
of AAO film increases. Such behavior is caused by increasing amount of C2O4

2-
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anion impurities incorporated in AAO films. Gao et al. [78–80] obtained similar
results. They conducted anodization of aluminum in oxalic acid, sulfuric acid, and
in a mixture of oxalic and sulfuric acids. The results indicated that the absorption
spectra for the oxalic AAO film showed the absorption bands, in contrast to the
sulfuric AAO film. Yang et al. [87] studied the influence of sulfosalicylic acid
(SSA) presence in the electrolyte on the optical properties of porous anodic alumina
membranes. For this purpose, they conducted anodization of aluminum in the
different mixtures of sulfosalicylic acid and sulfuric acid. The recorded absorption
spectra in the UV-Vis range showed that for the sample prepared in sulfuric acid
only, an absorption band edge of alumina was observed as previously reported [78–
80, 83]. For the AAO films obtained through anodization in the mixed electrolytes
(H2SO4 + SSA) absorption bands at about 343 and 248 nm were observed. It was
revealed that the intensity of the absorption bands in the absorption spectra of the
AAO films, increases with increasing of concentration of SSA. These results
indicate that the AAO samples obtained by anodization in various acidic electro-
lytes have a different intrinsic structural characteristics.

The absorption of the incident light beam on the porous AAO film can be
enhanced by other ions [84, 122] incorporated during anodization in the oxide
structure. The absorption of light in the UV-Vis region can be enhanced by
incorporated Cr3+ ions [84, 121]. The absorption bands are associated with three
electron transitions of Cr3+ in α-Al2O3 [84]. Similar results were obtained by
Stępniowski et al. [121].

The absorption centers of AAO films can be changed by thermal annealing.
Efeoglu et al. [76] studied the anodization of aluminum sputtered on Si substrate in
oxalic acid. To deactivate the absorption centers, the AAO films were thermally
annealed at 250–950 °C. It was found that the optical activity of the AAO film is
attributed to oxygen-related defects and partly to impurities that may be originated
from oxalic acid. As can be seen in Fig. 8.13 the absorption is sensitive to a high
density of defect levels within the band gap. The theoretical band gap of Al2O3 is
around 200 nm, however the effective absorption within the band gap is evident and
becomes stronger after annealing at 550 °C. Such a strong absorption is related with
an increase in oxygen defect density to the highest level. With a further temperature
increase the tails decrease at 950 °C and, finally disappear at 1050 °C. It indicates
that the annealing above 1000 °C results in a less defected material and Al2O3

becomes optically transparent from deep UV to NIR region.

8.4 Photoluminescence Properties of AAO

8.4.1 The Origin of Optical Centers in AAO

The optical properties of aluminum oxide have attracted the attention of scientists
since the 70s of the last century, however, the first report on the photoluminescence
(PL) properties of nanoporous AAO appeared in 1999 [123]. Since then, many
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studies have been done to clarify the mechanism of PL spectra and to determine the
parameters which affect the optical properties of AAO [79, 124, 125]. The initial
studies have primarily focused on the determination of types of optical centers
present in the structure of porous alumina oxide obtained through anodization. For
this purpose, the obtained PL spectra were compared with the corresponding results
for sapphire [85, 126, 127]. In 2003, Gao et al. [79] found that the photolumi-
nescence properties of AAO are induced by electrolyte ions incorporated into the
oxide structure during anodization. Recently, it has been postulated that the PL
mechanism of the anodic aluminum oxide is complex and depends on both the
optical center distribution and embedded anions.

Optical centers dispersed in the porous structure of anodic aluminum oxide are
associated with the presence of oxygen vacancies. Depending on the type of
electrolyte used for anodization, it is possible to produce oxide coating containing
two or more layers [8, 19]. The outer layer (which is in contact with the electrolyte
or air) contains a higher amount of impurities (e.g. embedded ions or structural
defects) than the inner layer close to the cell boundaries (Fig. 8.14) [128]. During
anodization OH− ions are transferred to the vicinity of the oxide/metal interface,
where are converted to O2− ions which react with Al to form Al2O3 and oxygen
vacancies. Generally, the concentration of oxygen vacancies in the formed AAO
film is inversely proportional to the concentration of hydroxide ions in the elec-
trolyte. Huang et al. found that the photoluminescence properties of porous alumina
correspond to more than one type of optical centers [129]. Besides F+ defects, being
oxygen vacancies with one electron and giving an intensive peak in PL spectra, it is

Fig. 8.13 Optical absorption
of Al2O3 for different
annealing temperatures.
Reprinted with permission
from [76]
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also possible to observe F centers (doubly ionized oxygen vacancies) and less likely
unstable F++ centers (vacancies without electrons) [94, 129–131]. Figure 8.15
presents a distribution model of different type of optical centers in AAO. According
to previous research [94, 129], F+ centers are located mainly in the outer layer of
AAO, while the F type centers are distributed in the inner oxide layer.

The second factor influencing the PL spectrum is the previously mentioned effect
of incorporated acid-anions that contaminate the outer oxide layer next to the pores
[99, 101, 122, 132–134]. The incorporation of acid anions during the anodization is
possible due to their inward migration under an electric field toward the oxide/metal
interface. Acid anions, formed by the dissociation of the anodizing electrolyte can
be incorporated into the structure of oxide during its growth, and may replace O2−

in the oxide [12]. Due to the influence of a high electric field or by Joule heating
inside the pores, incorporated oxalate ions can be transformed into optical centers

Fig. 8.14 The layered
structure of AAO nanopore:
top (a) and cross-sectional
(b) view. Reprinted with
permission from [128]

Fig. 8.15 Arrangement of
optical centers in the porous
structure of the AAO. After
[94, 129]
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[104, 135]. For example, during anodization in oxalic acid the following reactions
take place (8.1, 8.2):

3=2H2O ! 3Hþ þ 3=2O
2� ð8:1Þ

HC2O�
4 ! C2O2�

4 + Hþ ð8:2Þ

As a result, the O2− ion in the oxide layer could be easily substituted by the
oxalate anion. The similar situation is in the case when other acids are used for
anodization. The concentration of incorporated ions depends on the conditions of
anodization i.e. the type and concentration of the electrolyte, temperature and
applied anodizing potential. In the following subsections, the factors affecting the
shape of the peaks, their spectral shift and PL intensity of AAO will be throughly
discussed.

8.4.2 Factors Affecting PL of AAO

Among the factors having a significant impact on photoluminescence spectra of
anodized alumina, special attention should be given to the following:

a. purity and polishing of the starting material
b. anodizations regimes: mild and hard anodizations
c. pore diameter and porosity of AAO, which depend on the anodization condi-

tions (type of electrolyte, applied potential, temperature, etc.)
d. thickness of the oxide layer
e. etching and widening of pores
f. post-annealing of AAO
g. different internal pore structure of AAO
h. modification of the AAO surface and pore walls with nanoparticles
i. filling the pores of AAO with metals/oxides/polymers/dyes organic compounds,

etc.

8.4.2.1 Purity and Polishing of the Starting Material

The purity of the aluminum foil and the preparation of the starting material for
anodization significantly affect the quality of obtained AAO nanostructures.
Pershukevich et al. [136] carried out a study on the anodization of aluminum alloy
and high-purity Al foil. It was shown that the recorded photoluminescence spectra
are comparable and the type of active centers does not depend on the purity of the
starting material. On the other hand, Kokonou et al. [137] reported that the intensity
of the PL spectrum of the AAO film obtained in citric acid by anodization of the
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aluminum alloy containing 1 % of Si was lower compared to the PL intensity of the
AAO from pure aluminum.

The pre-treatment of the starting material has a huge impact on the quality of
nanopore order and presence of defects, and consequently, on the PL spectrum
[138]. It was found that the PL spectra are affected by the electropolishing
pre-treatment mainly by the type of the used electropolishing mixture. A red shift in
the PL spectra was observed for the Brytale solution compared to the perchloric
acid-alcohol solution used for electropolishing samples anodized at 40 V. The
opposite shift in PL spectra was noticed for the higher anodizing potentials. When
the defect density (pore disorder) of AAO increases a red shift in the PL spectrum is
observed due to probable enhanced accommodation of F centers at defects [138].
This is attributed to increased number of pentagons and hexagons with missing
pores and, consequently, to a large number of metallic protrusions (hills) which
change the relative curvatures of the electrolyte/oxide interface with respect to the
oxide/metal interface. In the aftermath of that the field distribution at the barrier
layer is different from the rest of the oxide, electrostriction, volume expansion
stresses and flow of the oxide are different at the defects.

8.4.2.2 Anodizing Regimes: Mild and Hard Anodizations

It is worth mentioning that the anodizing protocol influences the photoluminescence
spectra of AAO films. It was found that the PL intensity of the AAO formed in the
mixture of oxalic acid and ethanol is higher under mild anodization regime than
under hard anodization conditions (Fig. 8.16) [139]. It has been shown that the
presence of ethanol as a coolant does not affect significantly the PL spectra (curves
1 and 2 in Fig. 8.16). The AAO sample obtained in the same electrolyte but at
130 V has much lower PL intensity (curve 3). There is also observable a shift of the
peak position from 440 to 490 nm. Both decline of intensity and red shift can be
attributed to the reduction of single ionized oxygen vacancies [139]. The optical
properties of the AAO films formed by hard anodizations performed at different
anodizing conditions will be discussed in detail below.

Fig. 8.16 PL spectra obtained for the nanoporous AAO films received by hard anodization of Al
foil in 0.1–0.5 M oxalic acid with and without ethanol. Reprinted with permission from [139]
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8.4.2.3 Anodization Conditions

Depending on the electrolyte used for anodization it is possible to obtain AAO
structures with different geometrical parameters, i.e. pore diameter, interpore dis-
tance, porous oxide layer thickness, porosity etc. [4, 87, 97–99, 118, 121, 122, 134,
136, 140–143]. The photoluminescence properties of AAO formed in commonly
used acid electrolytes such as sulfuric, oxalic and phosphoric acid, were studied in
detail [137, 144–148]. It has been proven that the AAO films obtained in oxalic acid
have a different photoluminescence excitation mechanism than those formed in
phosphoric or sulfuric acid [137, 145]. The comparison of photoluminescent spectra
for AAO samples formed in oxalic, sulfuric and phosphoric acid is shown in
Fig. 8.17. Clearly, the intensity of the PL spectrum for the AAO anodized in oxalic
acid is much higher compared to other electrolytes. Deconvolution of this spectrum
obtained for AAO anodized in oxalic acid showed the presence of three peaks
associated with the presence of the different optical centers namely F (435 nm), F+

(398 nm) and oxalate impurities (473 nm) [145]. The observed high intensity of the
spectrum is caused by the high concentration of oxygen vacancies. Oxalic acid
belongs to the dihydric acids group. The presence of σ bonds and especially de-
localized π bonds are responsible for easy excitation of incorporated oxalate ions in
the ultraviolet region [100]. Therefore, high intensity of the PL spectra of AAO
formed in oxalic acid can be explain by combining the effect of high concentration
of oxygen vacancies and the luminescence properties of oxalate ions due to the
presence of delocalized electrons of π bonds. On the other hand, low PL intensity of
AAOs obtained in sulfuric and phosphoric acid is caused by the presence of two
optical centers F and F+, and much smaller contribution of embedded acid anions in
the spectrum. Shi et al. showed that photoluminescence intensity of AAO prepared
in phosphoric acid is higher compared to those obtained in sulfuric acid. This is due
to the increased incorporation of PO4

3− ions compared to SO4
2− [132].

Fig. 8.17 PL spectra obtained for porous AAO by anodization in optimal conditions in: (1) 0.3 M
oxalic acid, 40 V, 11 °C, (2) 0.3 M sulfuric acid, 25 V, 6 °C, (3) 10 % phosphoric acid, 60 V, 6 °C.
Reprinted with permission from [145]
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In 2003, Li et al. [144] postulated that the origin of photoluminescence from
AAO obtained in sulfuric and oxalic acid is the same. It is widely recognized that
C2O4

2− and SO4
2− ions incorporate during anodization into the oxide layers.

Recently, it has been revealed that not only the oxalic impurities but also the
sulfuric and sulfosalicylic impurities incorporated in AAOs can be converted into
luminescent centers and both affect the PL properties of AAOs [87, 149]. In order to
demonstrate the influence of oxalate and sulfate anions on the PL spectra of AAOs,
a number of experiments on Al anodization in various mixtures of these acids was
performed [78, 80, 133, 146, 149]. The obtained PL spectra are shown in Fig. 8.18.
Besides the typical emissions centered at 370, 385 and 470 nm, Li et al. observed
the new emission peak at 290 and 325 nm for AAOs anodized in sulfuric acid and
oxalic acid, respectively. The same PL peaks appeared when the AAO sample was
formed in the mixed solution of both acids [149]. Furthermore, as the volume ratio
of acids changes the intensity of both peaks changes as well. With the increase of
SO4

2− concentration in the electrolyte, the intensity of peak centered at 325 nm
initially increases (Vsulf/Vox < 6), and then decreases (Vsulf/Vox > 6). The opposite
tendency was observed for the 290 nm emission. In order to understand the PL
behavior it is necessary to analyze the mechanism of energy transfer in AAO
formed during anodization in a mixture of acids (Fig. 8.19). According to Li et al.,
the process of energy transfer can be divided into three stages: (1) absorption of
photon energy by electrons, (2) thermal relaxation of electrons to a lower energy
level, e.g. impurity levels of sulfate and/or oxalate ions, (3a) the spontaneous
radiation of energy by decay from the impurity energy levels (S or C) to the ground
state and (3b) nonradiative energy transfer between the impurity levels of SO4

2−

and C2O4
2− accompanied by the weakened emission 3a and enhanced emission 3b

[149]. Due to the incorporation of both types of ions in the oxide structure, step 3b
is the most favored. According to the data published by Wang et al., the intensity of

Fig. 8.18 Comparison of PL spectra for AAO obtained in the mixture of 0.3 M sulfuric acid and
0.3 M oxalic acid: a (1) pure oxalic acid, (2) 1:10, (3) 1:5, (4) 2:5, (5) 4:5, (6) 1:1, (7) 3:1,
b (8) pure sulfuric acid, (9) 6:1, (10) 9:1, (11) 12:1, (12) 15:1 the volume ratio of sulfuric to oxalic
acid. Reprinted with permission from [149]
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peak in the PL spectrum for the AAO obtained in the mixture of sulfuric and oxalic
acids depends mainly on the concentration of oxalate ions [133]. Changes in the
content of SO4

2− anions can, however, cause a shift of the peak towards lower
wavelengths (410 nm → 345 nm). When the concentration of the sulfate anions
remains constant, a decrease of peak intensity with increasing concentration of
C2O4

2− ions is observed [133].
Although the most commonly used acids for the anodization are sulfuric, oxalic

and phosphoric acid, scientists have tested other electrolytes as well, for example:
chromic acid [121], citric acid [99, 137], malonic acid [118, 134], sulfamic acid

Fig. 8.19 Energy transfer
mechanism in porous alumina
with embedded SO4

2− and
C2O4

2− ions. Reprinted with
permission from [149]

Table 8.1 The effect of electrolyte used for anodization on the position of the maxima of the
peaks in the PL spectrum

Electrolyte Anodization
conditions

PL peaks
position

Type of optical centers References

0.3 M chromic acid 20–50 V, 50 °C 255 nm,
350 nm

Embedded chromate
ions

[121]

0.01 M citric acid 15 mA cm−2,
17 °C

425 nm F+ [99]

460 nm F

1 wt% citric acid Room
temperature

550–580 nm F+ [137]

0.8 M malonic acid 80 V, 18 °C 440–450 nm Embedded malonate
ions

[118]

0.8 M malonic acid 6 mA cm−2,
18 °C

438 nm Embedded malonate
ions

[134]

501 nm F2+

0.3 M sulfamic acid 30 V, 24 °C 460 nm F [98]

0.4 M tartaric acid 6 mA cm−2,
18 °C

440–450 nm Embedded tartarate
ions

[143]

2 wt% sulfuric
acid + 0.02 M Cu2
+ + 0.02 M EDTA

15–21 V, 15 °C 280 nm Embedded Cu-EDTA
anionic species

[122]

320 nm

>360 nm F
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[98], tartaric acid [143], electrolyte containing the Cu-EDTA complex [122], etc.
Clearly, the AAOs obtained in all these electrolytes exhibit differences in the PL
spectra especially in peak positions (see Table 8.1). This is mainly related with
differences in the electronic structure of embedded ions.

It has been proven that the anodization potential greatly affects the position of
the peaks in the PL spectrum and, thereby, the type and arrangement of optically
active centers in the porous oxide structure. Nourmohammadi et al. [150] showed
that during anodization performed in phosphoric acid, an increase in anodization
potential up to 115 V causes a slight red shift of the PL peak (Fig. 8.20a). The
increase in applied anodizing potential results in the formation of optically active
defects which subband gaps are in the range of visible light. Deconvolution of the
PL spectra showed the presence of the five components [150]. Similar studies were
performed for the AAOs obtained in oxalic acid [138]. Figure 8.20b shows the
effect of potential used for anodization in oxalic acid on the peak position in the PL
spectra. A significant shift towards the longer wavelengths (similarly to that
observed for AAO membranes formed in phosphoric acid) was observed with
increasing anodization potential (40 → 70 V). Despite the large number of pub-
lished papers on photoluminescence properties of AAO obtained in sulfuric acid,

Fig. 8.20 The influence of anodizing potential on the peak position in the PL spectrum for AAO
obtained by mild anodization in: 85 wt % H3PO4, 1 °C (a), 0.3 M H2C2O4, 1 °C (b), and by hard
anodization in: 0.3 M oxalic acid (c), 1.7 M malonic acid (d). Reprinted with permission from
[150] (a), [138] (b), and [142] (c and d)
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there is no conclusive research on the effect of anodizing potential on the PL peak
position. It should be noted, that the potential of anodization influences not only the
geometric parameters of AAO, but also the thickness of resulting oxide and, thus,
the amount of incorporated acid ions from the electrolyte. Santos et al. conducted a
study on the effect of anodizing potential on optical properties of the AAO films
formed by hard anodization of aluminum in oxalic acid and malonic acid [142].
They showed that for oxalic acid with increasing potential of hard anodization from
125 to 140 V (Fig. 8.20c) a slight increase in the intensity of the PL peak can be
observed [142]. For the AAOs formed in malonic acid at the same potential range,
the decrease in the peak intensity and the red shift of peak were observed with
increasing anodization potential (Fig. 8.20d).

Another parameter that significantly affects the growth of oxide during anodization
and, consequently, PL properties of AAO is temperature. Green et al. have demon-
strated that during anodization in oxalic acid the increase in temperature from 2 to 20 °
C results in a 10 nm red shift [66]. As mentioned previously, the photoluminescence
properties of AAO are affected by the presence of oxygen vacancies and acid ions
impurities. As shown by Stępniowski et al., the lower the anodization temperature the
less ions from the electrolyte are incorporated into the oxide structure [121]. It can
therefore be concluded that for the AAO films obtained at low temperatures the
predominant optical centers are single ionized vacancies (F+). Increasing anodizing
temperature leads to an increase in current density during anodization process, and
thus enhances the ability of oxygen vacancies to capture electrons (conversion of
optical centers from F+ on F). Therefore, a higher density of F centers should be
expected for higher anodizing temperature (lower energy PL peak) [66].

8.4.2.4 Thickness of the Oxide Layer

The thickness of oxide layer obtained by anodization depends directly on the total
amount of charge involved in the electrochemical process. Consequently, for a
steady-state conditions of anodization, the thickness of the porous oxide layer
increases with increasing anodization time [141]. The thickness of the oxide layer
has an obvious impact on the shape and intensity of the PL spectrum. For the AAOs
obtained in phosphoric acid (t = 11–40 h), Novrmohammadi et al. found that the
thicker the alumina layer the widen the whole emission PL spectrum is (Fig. 8.21a)
[150]. Moreover, a peak shift toward shorter wavelengths was observed. According
to the model shown in Fig. 8.15, the distribution of the F and F+ optical centers is
not uniform in the oxide structure. Thus, the longer the anodization process and,
consequently, the thicker the resulting oxide layer, the greater the possibility of
creation new point defects. It is worth mentioning that applying a potential to the
electrode for a long period of time may cause conversion of the F+ centers into the
neutral F centers by trapping electrons from negatively charged electrolyte anions.

The effect of anodization time and hence thickness of the oxide layer on PL of
AAOs formed in oxalic acid was studied by Chen et al. [124]. It was found that for
anodizations shorter than 15 min (oxide thickness of about 850 nm) a small red shift
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of the PL peak occurs (Fig. 8.21b). On the other hand, for anodizations longer than
15 min the peak shift is not observed, but the intensity of PL peak gradually
increases with increasing oxide thickness [124]. The most plausible explanation for
these results is increasing number of optical centers within the increased depth of
the pores. More than this, for the prolonged anodization AAO is longer exposed for
oxalate anions, and higher concentration of oxalate impurities can be incorporated
in the oxide structure. The results presented by Chen et al. are consistent with the
findings of other researchers who studied the effect of the membrane thickness on
the PL of AAO fabricated in oxalic acid under the mild anodization [151] and hard
anodization (Fig. 8.21c) [142] conditions.

Surprisingly, for the AAOs formed by hard anodization in malonic acid the
opposite correlation between the oxide thickness and the PL peak intensity was
observed. The thicker the AAO layer, the lower PL peak intensity (Fig. 8.21d). In
addition, upon increase of the oxide layer a red shift (longer wavelengths) in the PL
peak position was reported.

Fig. 8.21 The influence of anodizing time on PL spectra of AAO obtained by mild anodization in:
phosphoric acid (85 wt%, 1 °C, 100 V) (a), oxalic acid (0.3 M, 20 °C, 40 V) (b), or by hard
anodization in: oxalic acid (0.3 M, 0 °C, 120–140 V) (c), and malonic acid (1.7 M, 0 °C, 120–
140 V) (d). Reprinted with permission from [150] (a), [124] (b), and [142] (c and d)
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8.4.2.5 Etching and Widening of Pores

The characteristic parameters of porous AAO are affected not only by the condi-
tions of anodization, but also by post-anodizing treatment such as etching and
widening of pores [4, 140]. The pore etching process changes significantly the
geometric parameters of the AAO and consequently the PL spectra [94]. Liu et al.
studied the effect of pore etching in 5 % H3PO4 on the PL properties of AAO
formed in oxalic acid [94]. It was found that the applied etching procedure increases
the pore diameter of AAO from about 40 to nearly 100 nm. With increasing pore
diameter of AAO (increasing porosity) an increase in the intensity of the PL peak
was noticed (Fig. 8.22a). The observed increase in the peak intensity, by a factor of
1/3, was attributed to better access to the F+ centers in the walls of enlarged pores.
A slight blue shift in the peak position was also observed. Stojadinovic et al. studied

Fig. 8.22 The influence of etching time on PL spectra of AAO obtained by mild anodization in
oxalic acid (0.3 M, 40 V) (a), sulfamic acid (0.3 M, 30 V) (b) and by hard anodization in oxalic
acid (0.3 M, 120–140 V) (c) and malonic acid (1.7 M, 120–140 V) (d) . Reprinted with permission
from [94] (a), [98] (b), and [142] (c and d)
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the effect of short-time etching on the intensity and peak position of photolumi-
nescence spectra for AAOs obtained through anodization in sulfamic acid [98]. It
was shown that the chemical etching results in the removal of the thin oxide layer of
the pore walls (outer layer), and consequently reduction of the peak intensity in the
PL spectrum was observed (Fig. 8.22b). Stojadinovic et al. postulated that the
intensity of PL band decreases due to the removal of adsorbed water on pore walls.
The similar effect of pore etching on PL was reported for AAOs formed in sulfuric
acid [115].

For the AAOs obtained by hard anodization in oxalic acid, a slight blue shift in
the peak position and noticeable linear increase of the PL peak intensity with the
pore diameter were reported (Fig. 8.22c) [142]. These results are in agreement with
the PL data obtained for AAOs formed by mild anodization performed in oxalic
acid. When porous anodic oxide was formed by hard anodization in malonic acid, a
complex effect of pore etching on PL spectra was observed (Fig. 8.22d) [142]. It
was shown that the intensity of PL peak linearly increases until 10 min of pore
widening (pore diameter of 111 nm), and then abruptly decreases between 10 and
15 min (pore diameter of 116 nm).

8.4.2.6 Postannealing

Numerous research on annealing the AAO films in the context of their photolu-
minescence properties have been made in order to determine the origin and type of
optical centers existing in the porous oxide structure. In 1999, Du et al. observed
that the PL intensity of AAO formed in sulfuric and oxalic acid can be enhanced by
a heat treatment [123]. For the AAO membranes obtained in sulfuric and oxalic
acid, the intensity of the PL band increases with the annealing temperature up to
400 and 500 °C, respectively [64, 83, 104, 123, 144, 152, 153]. The intensity of the
PL peak for the AAOs formed in sulfamic acid increases with annealing temper-
ature, and at about 300 °C reaches its maximum value, followed by the PL intensity
decrease with a further temperature increase [98]. The increase in the PL intensity
was assigned to the formation of new oxygen vacancies in the newly formed
(during annealing) aluminum oxide by the reaction of remaining aluminum with
oxygen diffusing from air and/or located in the AAO layer. Above the annealing
temperature of 500 °C for the AAO formed in oxalic acid and 400 °C for sulfuric
acid, the intensity of the peaks in the PL spectrum decrease. Du et al. attributed this
effect to the enhanced rate of oxygen vacancy annihilation compared to the rate of
their formation [123]. As it was shown by Sun et al. and then proven by other
investigators, dehydration, decomposition of embedded anion impurities, and
amorphous-crystalline phase transition occur during annealing of AAO formed in
oxalic acid [77, 85, 95, 98, 100, 153, 154]. Figure 8.23 shows typical thermo-
gravimetric analysis (TG) and differential thermal analysis (DTA) curves for the
AAOs obtained through anodization in 0.3 M oxalic acid [154]. The weight loss
observed in the Sect. 8.1 (up to 100 °C) is caused by the desorption of weakly
bound water from the AAO surface and pore walls [153, 154]. At temperatures
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higher than 171 °C (Sect. 8.2), the removal of structural water from hydroxide and
oxy-hydroxide of aluminum is observed. In the Sect. 8.3, from 200 to 852 °C, the
decomposition of oxalic impurities takes place. It is believed that the decomposition
of metal oxalates, according to the reaction (8.3) [155], occurs at temperatures
above 350 °C [153].

ðCOOH)2 !T CO2 + CO + H2O ð8:3Þ

According to Mukhurov et al., CO2 is not chemically bound to oxide but only
trapped in the crystal structure [146]. This assumption was confirmed by the IR
spectra analysis for the annealed AAO film. The progressive decomposition of
embedded oxalate ions (above 500 °C), and continuous ordering of Al and O atoms
in the crystal structure result in immobilization of CO2 in the oxide lattice (alu-
minum–carboxylate complex) [109, 147] and lead to decrease in the intensity of PL
spectra. In the Sect. 8.4, the phase transitions to γ–Al2O3 (above 800 °C) and then
to α-Al2O3 (at 1100 °C) are observed [104]. During the former transformation, the –
OH groups in crystalline structure of γ–Al2O3 are lost [104, 146, 153]. At the
temperature of about 930 °C, the decompositions of aluminum carbonate
(Al2(CO3)3) and Al2(C2O4)3 took place [153, 154]. Typical PL spectra of the AAOs
annealed at different temperatures are shown in Fig. 8.24 [154].

A significant influence of incorporated ions on photoluminescence properties of
the AAOs formed by anodization in malonic acid and tartaric acid was reported by
Vrublevsky et al. (Fig. 8.25) [134, 143]. Similarly to the AAOs obtained in oxalic
acid, the AAOs formed in malonic acid and tartaric acid exhibit a substantial change
in the intensity of PL peaks with annealing temperature. For temperatures higher

Fig. 8.23 TG and DTA curves for the AAO layer obtained by anodization in 0.3 M oxalic acid at
40 V. Reprinted with permission from [154]
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than 600 °C, a drastic decrease in the intensity of the PL peak, due to the
decomposition of organic ions to CO2, is observed [118, 143]. Deconvolution of the
PL spectra obtained for the AAOs formed in malonic acid and annealed at tem-
peratures not exceeding 600 °C indicated two peaks centered at 437 and 502 nm.
Vrublevsky et al. proposed that the peak at 437 nm originates from the optical
centers with incorporated malonate ions, which decompose at higher temperatures,
while the peak observed at 502 nm comes from the defects in the oxide structure
caused by a lattice mismatch and difference in the coefficients of thermal expansion
between alumina and incorporated acid impurities [134].

Fig. 8.24 PL spectra for AAOs obtained by anodization in 0.3 M H2C2O4 at 40 V and annealed at
different temperatures. Reprinted with permission from [154]

Fig. 8.25 PL spectra for AAOs obtained through anodization in malonic acid (0.8 M, 6 mA cm−2,
18 °C) (a), tartaric acid (0.4 M, 6 mA cm−2, 18 °C) (b) and then annealed at different temperatures.
a and b reprinted with permission from [134, 143], respectively
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For the AAO films obtained in sulfuric acid, a different effect of the annealing
temperature (in the range 800–1150 °C) on the PL intensity was observed
(Fig. 8.26a) [85]. After annealing at 800 °C, the less intense PL peak of the AAO
compared to the spectrum of the as-prepared AAO was observed. When the
annealing temperature was raised to 1150 °C a sharp increase in PL intensity was
detected. This kind of variation in the photoluminescence intensity with thermal
processing was attributed to (i) partial oxidation of the AAO surface by atmospheric
oxygen at 800 °C resulting in a reduction in the density of divacancies and, con-
sequently, decreasing PL intensity, and (ii) thermal decomposition of incorporated
sulfate ions, occurring at temperatures between 950–1230 °C, and resulting in the
removal of decomposition products from the oxide structure what increases the
concentration of oxygen vacancies in the oxide [85]. The presence of decomposi-
tion products, mainly SO2 and O2, was confirmed by IR analyses. It is worth noting
that the position of the PL peak does not change with annealing temperature. In
analogy to the PL spectra observed for sapphire, Mukhurov et al.[85] proposed that
the photoluminescence properties of the AAO obtained through anodization in
sulfuric acid are affected mostly by concentration and distribution of oxygen
vacancies F2

+, F2, F2
2+, while the effect of embedded SO4

2− ions is negligible.
The different results on the annealing temperature influence on the PL of AAOs

formed in sulfuric acid was reported by Wu et al. [156]. It was found that the porous
thin AAO layers on p-Si substrate show three strong PL bands at 295, 340, and
395 nm. A blue shift of these peaks and decrease in their intensity were observed
with increasing annealing temperature (Fig. 8.26b) [156]. It was also shown that the

Fig. 8.26 The influence of annealing temperature on the PL spectra of porous alumina obtained
through anodization in sulfuric acid of the aluminum foil (a) and 400 nm Al film on Si (b). a and
b reprinted with permission from [85, 156], respectively
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heat-treatment time and the type of gas used for this process affect the intensity of
the PL peaks. According to Wu et al., the photoluminescence activity of the AAO
on Si substrate depends mainly on the presence of oxygen vacancies F+.

Figure 8.27 shows the PL spectra of AAO samples formed in oxalic acid and
malonic acid by hard anodization and annealed at different temperatures. Similarly
to the PL spectra for the AAOs anodized under the mild anodization conditions in
oxalic acid, an increase in the PL peak intensity and a slight blue shift of the peak
position with annealing temperature were observed [142]. For the AAO obtained in
malonic acid by hard anodization, the intensity of the PL peak gradually increases
up to 400 °C, and then decreases at 500 °C. The changes in the PL peak intensity
are related to the thermal decomposition of malonic and oxalic acid impurities
located at the pore walls (i.e. outer layer). In both types of AAOs, the PL peak is
shifted towards shorter wavelengths as a result of the decomposition of superficial
impurities at low temperatures, which allows increase the light emission from the
outer layer [142].

8.4.3 Applications of AAO Photoluminescence

Photoluminescence spectra of the porous alumina is stable in time and therefore it is
not necessary to cover AAO films with protecting layers. PL spectra of AAO may
change due to alteration of geometric parameters, modification of the oxide surface
or filling the pores with some substances. Last type of modification has been used in
optical biosensors. Due to the Fabry-Pérot effect in the PL spectrum of AAO
modified with organic particles, oscillations appear. These oscillations can be
converted into a barcode (Fig. 8.28a). The more oscillations in the PL spectrum the

Fig. 8.27 The influence of annealing temperature on the PL spectra of porous alumina obtained
through hard anodization in oxalic acid (0.3 M, 120–140 V) (a) and malonic acid (1.7 M, 120–
140 V) (b). Reprinted with permission from [142]
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more strokes in the code, so it is possible to increase the sensitivity of the sensor to
the determined molecule [157]. With a large stability, sensitivity and biocompati-
bility, porous AAO was applied in the determination of DNA [158], glucose [157,
159], organic dyes [157, 160], enzymes [157] or amino acid [159]. The photolu-
minescence properties of AAO also allow use it as a fluorescent biological label for
i.e. dendritic cells (Fig. 8.28b) [161]. This is possible by controlling the distribution
of the oxygen vacancies and alumina nanoparticles in a porous film. The optical
properties of AAO enable the use of it as color display decorations or in
anti-counterfeiting technology [86].

8.5 Photonic Crystals and Bragg Reflectors

Photonic crystals are structures in which refractive index varies periodically in
space. This variation of refractive index is obtained by combining at least two
different materials/dielectrics with different refractive indices. There are three
groups of photonic crystals-1D, 2D, and 3D, depending on how many spatial
directions are involved in refractive index changes. The incident light beam on the
photonic crystal will be scattered because of the refractive index variation in the
structure. As long as the wavelength of the electromagnetic radiation is much larger
than the lattice constant of the photonic crystal, the structure behaves as an effective
medium. However, if the wavelength is comparable with the periodicity of the
photonic crystal, Bragg scattering occurs and light beam with a particular frequency
(or wavelength) that radiates the crystal could be totally reflected. Similar to the
X-ray diffraction, the Bragg scattering can be interpreted as constructive interfer-
ence of scattered waves, which are emitted by parallel lattice planes of the photonic
crystal. The energy range corresponding to frequencies at which the light is
reflected (not allowed to be transmitted) is called the photonic band gap.

Fig. 8.28 Examples of practical application of photoluminescent properties of AAO in biological
barcodes (a) and fluorescent biological labeling (b). a and b reprinted with permission from [157,
161], respectively
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In one-dimensional photonic crystals, periodic modulation of the permeability
occurs in two directions [162]. Such structures can be used as the Bragg grating,
antireflection coatings, and Bragg stacks [44]. It was shown that porous
one-dimensional photonic crystals or Bragg stacks can be fabricated by periodic
altering the potential during the anodization process [163]. Two-dimensional photonic
crystals have the periodic permeability in two directions while the third direction is
uniform. Therefore, 2D photonic crystals can have a large variety of configurations.
An interesting example of 2D photonic crystals is porous silicon [164], and porous
alumina [165, 166]. Three-dimensional photonic crystals have periodic permeability in
three directions, hence the number of possible configurations is very high [167]. 3D
photonic crystals are found in nature, for example opal and diamond [168].

The ordered nanoporous AAO films are intrinsically 2D photonic crystals with
photonic band gaps centered at wavelengths in the range of near infrared (IR) and
visible light [169]. A great advantage of this type of photonic crystals is almost a
non-limited depth of pores and, consequently, large aspect ratio. For photonic
crystal applications, porous alumina with a perfect nanopore order, is usually
fabricated by one-step anodizing of the pre-patterned Al foil. There are a number of
reports on 2D photonic band gap crystals made of AAO with a typical internal pore
structure i.e. parallel pores with uniform diameter along their depth [170–178]. It
was shown that AAO photonic crystals exhibit a photonic band gap between 600
and 1350 nm. The influence of the pore diameter of AAO with 500 or 100 nm
intervals on the band gap position was investigated in detail [174]. On the other
hand, it was reported that with decreasing interpore distance of the AAO photonic
crystal a red shift in the transmission dip is observed [170, 172].

A number of interesting observations have been recently made on birefringence
occurring in 2D photonic crystals based on AAO layers. The birefringence is often
defined as a difference in the normal and tangential refraction indices or in other
words as the maximum difference between refractive indices exhibited by the
material. It was found that quasi-ordered porous anodic aluminum oxide has
anisotropy on the scale of the wavelength of light, and therefore shows birefrin-
gence in the visible region [179–182]. The effect of pore diameter of the AAO film
on refractive index and birefringence was detailed examined by Lutich et al. [183].
It was demonstrated that AAO films could offer a wide range of refractive index and
birefringence values for optical device applications. It was shown for the low
porosity range that the birefringence increases (29–39 %), with the porosity
increase from 0.033 to 0.062 [183]. These results were confirmed by Gong et al.
who observed that for the increasing pore diameter in the range of about 13–37 nm,
the birefringence of the AAOs increases from 0.02 to 0.06 [65].

Photonic crystals made of anodic alumina with periodically branched nanopores
were prepared by adjusting the anodizing cell voltage periodically during electro-
chemical oxidation and followed by chemical etching [30]. To enlarge the main and
branched channels the samples were etched in a phosphoric acid solution for an
appropriate time. Figure 8.29 shows the optical photograph of porous alumina
membranes before and after chemical etching for different times. Figure 8.29a shows
that the AAO sample after anodization and before chemical etching (sample 1) is
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almost transparent, while the samples after chemical etching are green (sample 2) and
blue (samples 3 and 4). The bright colors come from optical reflections from the AAO
membranes which occur at wavelengths corresponding to the forbidden photonic band
gap region. The observed effect of the chemical etching duration on the color of AAO
samples may originate from the different sizes pores (different effective dielectric
constants). The existence of photonic band gap in those porous membranes is also
confirmed by the transmission spectra recorded before and after chemical etching for
15, 18, and 20 min (Fig. 8.29b). For wavelengths lower than 400 nm, a low trans-
mission was observed for all samples. This behavior was caused by a strong reflection
and absorption of alumina. The transmission spectrum of the sample without chemical
etching (sample 1) shows only a weak peak at 700 nm. As the etching time was
prolonged (samples 2–4), a gradual blue shift in position of the peak was observed.
The intensity of transmission light decreases with increasing etching time because of
the increasing porosity of AAO. The similar results for photonic crystals made of
AAO with branched pores were reported by Hu et al. [184].

In a similar manner using cyclic anodization with a slightly modified voltage
signal (see Fig. 8.5), the photonic crystals based on AAOs were synthesized by Su
et al. [35]. In order to study if the photonic band gaps of the fabricated photonic
crystals based on the AAOs are tunable and controllable, the transmission spectra

Fig. 8.29 Optical photograph
of porous anodic alumina
membranes (1) before, and
after chemical etching for: (2)
15 min, (3) 18 min and (4)
20 min (a), and the
corresponding optical
transmission spectra (b).
Reprinted with permission
from [30]
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were recorded for the samples with different thicknesses (different times, t3) of the
branched channel layer (layer II). It was found that the photonic band gaps of the
AAO photonic crystals are tunable and controllable in the wavelength range from
350 to 1330 nm. In addition, it was shown that the peak shifts to longer wave-
lengths when the thickness of layer II increases.

One of the most remarkable accomplishments of the fabrication of photonic
crystals with very narrow photonic band gaps located in the near infrared region
was reported by Shang et al. [185]. Using the cyclic anodization with a compen-
sation potential mode, they prepared the photonic crystals based on AAOs with
narrow photonic band gaps which the full width at half maximum was only 30 nm.
The transmission spectra showed that the AAO-based photonic crystal is trans-
parent (about 90 %) in the region out of the band gap and reflects the transmitted
light only in the center of the band gap at 1150 nm. This photonic crystal was used
also as a sensor for detection of ethanol vapor [185]. Recently, the same research
group reported fabrication of the AAO-based photonic crystals with extremely
narrow (full width at half maximum less than 10 nm) photonic band gaps which
centers were located at 440 and 652 nm [186]. It is worth mentioning that the
observed asymmetric line-shape profiles of the photonic band gaps were attributed
to Fano resonance between the photonic band gap state of photonic crystal and
continuum scattering state of the porous structure [186].

Distributed Bragg reflectors are one-dimensional photonic structures which can
be considered as a stack of thin layers of transparent dielectric with alternating high
and low refractive indices. Such layered structures exhibit a high reflectance similar
to metallic mirrors [187]. As number of alternating layers increases in the Bragg
reflector, the stop band enlarges and sharpens [188]. The spectral width of the
reflected wavelength (dλBragg) (at full width at half maximum) is proportional to the
reflected wavelength (λBragg) [189] and decreases when the number stacks
(N) increases according to

dkBragg ¼ 2kBragg
N

ð8:4Þ

Furthermore, the intensity of the reflected light depends on the number of stacks
(N), and the low (nL) and high (nH) refractive indices of the alternating layers [190].

The cyclic anodization technique was also used to synthesize distributed Bragg
reflectors based on nanoporous anodic alumina [34]. The cyclic anodization
approach results in an in-depth modulation of the pore geometry and, consequently,
the refractive index. Four different potential profiles (potential wave structures) in
which the amount of charge passing in stage b (horizontal upper line in the voltage
profile) was different and varied from 0 to 4 °C (Fig. 8.30a). Rahman et al. studied
the effect of the applied potential profile and pore-widening treatment on photonic
band gaps. The transmittance spectra for the potential profiles with the passing
charge of 1 C is presented in Fig. 8.30b.

As can be seen, the transmittance decreases and is blue shifted when the
pore-widening time increases. It can be ascribed to increasing porosity of AAO and
to scattering losses produced by the irregular interfaces between cycles [34].
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Using cyclic anodizations performed at different temperatures ranging from 6 to
18 °C, Zheng et al. synthesized the AAO-based Bragg reflectors with the trans-
mission peak covering almost any wavelength range of the visible light region [50].
It was found that as anodizing temperature increases, a red shift in the transmission
peak is observed. On the other hand, the same researchers demonstrated that by
adjusting the anodizing potential waveform applied during cyclic anodization, the
first Bragg condition peak of the AAO-based Bragg reflectors could be modulated
from 727 to 1200 nm [49].

A remarkable distributed Bragg reflector based on nanoporous anodic aluminum
oxide and fabricated by pulse anodization in a sulfuric acid solution was recently
presented by Sulka and Hnida [44]. Taking into account the fact that pore diameter
of AAO, can be tuned by the applied potential under a constant potential regime (or
current density under a constant current regime), the authors used pulse anodization
of aluminum with periodic pulses in alternating regimes of mild (MA) and hard
anodizations (HA) for the synthesis of the AAO with modulated pore diameter.
It was shown that the designed AAO structure consists of alternating high and low
refractive index layers and behaves as a distributed Bragg mirror reflecting light in
two different ranges of wavelength (Fig. 8.31). Such behavior is extremely

Fig. 8.30 Applied voltage
profiles (red) and measured
current transients (green)
(a) and transmittance spectra
(b) of the sample with passing
charge of 1 C for different
pore widening times.
Reprinted with permission
from [34]
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important in optical communication lines where two separate spectral bands of high
reflectivity in the infrared region are desired.

Guo et al. [188] studied influence of number of periods in the Bragg stack on the
transmittance spectra. The AAO-based Bragg reflectors were formed by pulse
anodization at the constant current regime. By periodical modulation of the current
density they precisely controlled the porosity and thickness of each layer in the AAO
structure. They showed that the reflected light intensity increases, and its position is
blue shifted when in number of alternating layers in the Bragg stack increases.

8.6 Chemical Modification of AAO

The porous anodic alumina films are optically transparent, however, the optical
properties of AAO can be easily modified by the presence of different guest
molecules/materials, i.e. metallic and inorganic nanoparticles, metallic and polymer
nanowires, xerogels and other compounds. It is also possible to deposit metallic or
inorganic thin layers on the surface of AAO films in order to change their UV-Vis

Fig. 8.31 SEM cross-sectional view and schematic diagram of the Bragg reflector with 50 pairs of
alternating HA and MA layers (a) together with the measured and calculated reflectance spectra of
the designed mirror (b). The alternating high (MA) and low (HA) index layers have thicknesses of
750 and 800 nm, respectively. The thickness of the initial MA layer (MA-0 layer) was 7500 nm.
After [44]
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and photoluminescence spectra. The inorganic species immobilized on the surface,
incorporated or embedded into the oxide structure can also modify the optical
properties of AAO. The AAO with organic substances adsorbed on the surface of
pore walls can be used for optical sensing applications [128, 191–193].

The AAO membranes are used not only as templates for the synthesis nano-sized
materials but also, in the presence of an electron accepting guest organic molecules,
as a convenient light-energy collecting materials for both energy and electron
transport from AAO to nanopore-embedded inorganic quantum dots and nanowires.
The mechanism of the ultrafast excited state deactivation from the host AAO to the
guest molecules and inorganic nanostructures can be associated with charge
transfer, Förster energy transfer, and nano-surface energy transfer [194]. Optical
properties of the AAO with different guest molecules and materials have been
extensively studied in recent years, therefore, only the most important examples
will be presented here.

8.6.1 Nanowires in AAO

8.6.1.1 Metal Nanowires in AAO

In recent years, many researches took an effort to thoroughly investigate the optical
properties of AAO films with metallic nanowires (NWs) embedded inside the pores.
In this regard many AAO-NWs composites based on deposited metals such as Ag
[33, 195–202], Au [200, 202–207], Co [110, 208], Cu [209], Fe [210], Ni [107–
109, 211, 212], and Sn [213] were investigated. In addition, the AAO composites
with multilayered Au/Ag nanowires [202] and heterojunction nanowires such as Au
nanowires with a thin top layer of Ag [199] or Ag nanowires with a thin AgI
segment [214] were also fabricated.

It is widely recognized that as-grown anodic oxide films on aluminum are
optically transparent. For practical applications, therefore, the process of anodiza-
tion is followed by AC electrodeposition of metallic layers into the AAO nanopores
(electrolytic coloring). Due to the fact, that metallic NWs deposited in the AAO
exhibit distinctive reflection peaks in the UV-Vis, it is possible to investigate optical
properties of such materials by UV-Vis spectroscopy. Structural colors originate
from the constructive interference among reflecting light having different optical
pathlengths, namely the light reflected from the air/AAO interface and the light
reflected from the air/metal or AAO/Al interface (Fig. 8.32) [107, 109]. It is worth
mentioning that different reflection spectra are observed when the light is incident
on the bottom side of the AAO-NWs composite films [33]. In case when the light is
incident on the bottom side of the composite film, the beam is considerably
attenuated during propagation through the metallic (e.g., Ag) layer. When the
reduced diffraction light of the porous alumina propagates through the Ag layer
again, the diffraction is suppressed seriously. The deposited metal layer enhances
the color saturation of the composite film. It is attributed to partial adsorption of the
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incident and reflected light from the AAO/Al interface by loose metallic nanograins
(Fig. 8.33).

The optical properties of AAO with embedded NWs depend upon the thickness
of the oxide layer (depth of pores), thickness of the deposited metallic layer (length
of NWs) and the quality of deposit (size of metallic grains, compactness etc.).
Therefore, the optical properties of AAO-NWs can be changed by altering the
conditions of anodization (i.e. applied potential, anodization time) and deposition of
NWs (i.e. current density of deposition). The colors of the AAO-NWs composite
films vary with increasing the thickness of the sample [109] and depend on the
observable angle [109, 124]. It is widely recognized that the wavelength of max-
imum reflectance decreases (blue shift is observed) with increasing incident angle.
For the same sample, the reflection spectra collected at different incident angles
exhibit peaks at different wavelengths. For instance, the color of the same ultra-thin

Fig. 8.32 Scheme of interference of reflected lights on AAO filled with NWs

Fig. 8.33 Photographs (a) of the AAO film anodized for 11 min and (b) AAO film with deposited
Ni NWs. Reprinted with permission from [109]
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AAO-Ni NWs sample gradually changes from reddish-brown to green when the
incident angle increases [109].

In order to better understand this effect, Bragg’s law has to be considered

2dsinh ¼ nk ð8:5Þ

where d, n, h and k are lattice spacing, an order of diffraction, diffraction angle and
wavelength, respectively. For the constant lattice spacing, detected reflection
wavelengths depend on the observable angle. Different order of diffraction is rep-
resented by different reflection peaks in the spectrum. Since the thickness of the
AAO layer affects d value, the color of the metal plates could be controlled by
anodizing time (Fig. 8.34). Zhang et al. observed a red-shift in the peak positions
with increasing anodizing time and, consequently, film thickness of the samples
[109, 110, 208, 210]. The length of deposited nanowires also affects the observed
color of the fabricated AAO-NWs composites [107].

It is widely recognized that noble metal nanostructures (e.g., Ag and Au
nanoparticles, nanorods, and nanowires) show characteristic absorption peaks,
known as localized surface plasmon resonance (LSPR), being a result of the col-
lective oscillation of the conduction electrons in nanostructures with the incident
electromagnetic field [215–217]. There are two main consequences of existing the
LSPR: (i) selective photon absorption and (ii) generation of locally enhanced or
amplified electromagnetic fields at the nanoobject surface. The LSPR for noble
metal nanostructures occurs in the visible and IR regions of the spectrum and can be
measured by UV-Vis-IR absorption spectroscopy. The LSPR band of a noble metal
nanostructure relies on its size, shape, composition and its surrounding medium

Fig. 8.34 Photographs of AAO films with deposited Ni NWs taken in natural light at nearly normal
incidence (a). The AAO films were formed at different anodizing times: (1) 9 min , (2) 10 min , (3)
11 min , (4) 12 min , (5) 13 min , (6) 14 min , (7) 15 min (7). The corresponding UV-Vis reflection
spectra of the AAO-NWs nanocomposite films (b). Adapted with permission from [109]
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(refractive index of environment) [191, 216]. In particular, nanowires show two
LSPR peaks corresponding to the transverse and the longitudinal resonance mode.
The transverse resonance mode is related to the electron motion perpendicular to the
nanowire long axes and can be excited with the light having an electric-field
component perpendicular to it. On the other hand, the longitudinal resonance mode
is related to the electron oscillations along the nanowire axes and requires
p-polarized light to be excited with a component of the incident electric field along
the nanowire [205]. For Au nanowires embedded into the AAO membrane, the
transverse mode resonance occurs at fixed wavelength of about 520 nm, whereas
the longitudinal mode wavelength shifts towards near infrared (from 700 to
900 nm) with an increase in the nanowire length (from 260 to 360 nm) [200, 204,
205]. A slight red shift in the longitudinal peak position was reported for the
composite films containing Au nanowires with the diameter of 20 nm and length
ranging from 75 to 330 nm (Fig. 8.35) [206]. The transverse plasmon bands at
about 360–390 nm for the Ag-based [195, 199, 200] and at 560–580 nm for the
Cu-based AAO-NWs [209, 218] composite were observed. The longitudinal peak
for these AAO-NWs composite films is typically observed at broad wavelength
range of 500–845 nm [199, 200, 218]. The diameter of embedded nanowires has the
influence only on the longitudinal peak position. When the diameter of Ag nano-
wires increases in the range between 22 and 40 nm, and consequently aspect ratio of
NWs decreases, a gradual blue-shift of the longitudinal peak from 734 to 509 nm is
observed (Fig. 8.36a) [199, 207]. Similar behavior was also reported for Au NWs
embedded in the AAO membrane [207]. On the other hand, for the Au-Ag alloy
nanowires deposited in the AAO membranes, the position of the transverse peak
was found to dependent linearly on the NW composition varying between 390 nm
for pure Ag and 520 nm for pure Au (see Fig. 8.36b) [199]. The same position of
transverse resonance peak (520 nm) for the AAO-Au NWs composite film was
observed by Yan et al. in the photoluminescence spectrum [203]. Surprisingly, they
observed a significant suppression or quench of the PL intensity of the AAO-Au

Fig. 8.35 Transmission data
for P-polarized light at 60°
angle of incidence and various
Ni nanowire lengths in the
AAO-NWs composites.
Reprinted with permission
from [206]
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NWs composite in comparison with the PL spectrum for the pure AAO film. This
quenching was attributed to an efficient fluorescent resonance energy transfer
(FRET) between the plasmonic absorption of the Au nanowire array and the PL
band of the AAO membrane. This phenomenon depends on the donator acceptor
separation which is small, due to the spatial proximity of the nanowires and the
AAO.

Recently, it has been demonstrated that metal NWs embedded vertically in a
dielectric medium, such as AAO, can change the propagation of light and can
exhibit negative refraction in the visible wavelengths or infrared region [197, 200,
201]. As was mentioned previously, the AAO-NWs composite films have two
surface plasmon resonances (LSPR): a longitudinal LSPR and transverse LSPR. It
is widely recognized that the AAO-NWs composite should be excited with higher
wavelengths (with TM polarized light) than the longitudinal resonance mode in
order to observed negative refraction phenomenon [219]. This type of materials
with such extraordinary optical properties do not exist in the nature and are known
as negative index metamaterials. Typical applications for these materials include the
development of next-generation optical devices such as flat lens and superlenses,
waveguiding, as well as imaging, optical communication, and biosensing [197, 205,
219, 220].

As it was mentioned earlier, the ideally ordered nanopore array of AAO can be
directly used as a 2D photonic crystal material in the near infrared (IR) and visible
wavelength regions [178]. The theoretical studies showed that negative refraction
can also be achieved in some 2D photonic crystals [201, 219, 221]. Moreover, by
incorporating silver or gold into AAO template with various pore diameter, pho-
tonic crystal band gap or the TM polarization can be tuned from near-infrared to
visible region for AAO with 100 and 200nm diameter, respectively [222]. The

Fig. 8.36 Effect of changing nanorod diameter (aspect ratio) on the transmission spectra of
400 nm long silver NWs embedded in a 450 nm thick film of porous AAO with a 60 nm interpore
distance. The angle of TM polarized incidence was 40° in all cases (a). Transverse resonance
peaks for the 24 nm diameter and 300 nm long AAO-Ag NWs composites with different Au-Ag
compositions (b). Reprinted with permission from [199]
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theoretical concept has been recently demonstrated in practice. When AAO tem-
plate is filled with a metallic component, e.g. Ag [197], Au [223], new
metal-dielectric photonic crystals with negative refraction index were fabricated.

It is widely recognized that anodic porous alumina exhibits anisotropic optical
properties. In case when its channels are filled with a metallic material starts to
behave as a wire-grid micrpolarizer (Fig. 8.37) [224, 225]. A number of studies
have documented the fabrication of micropolarizers from AAO membranes filled
with Ag [226], Co [227], Cu [209, 228], Ni [229, 230], and Pb [231]. The optical
characteristics of fabricated micropolarizes is summered in Table 8.2.

8.6.1.2 Polymer Nanowires in AAO

Although various polymers are often deposited inside the pores of AAO mem-
branes, the optical properties such composite materials are rather occasionally
studied except the following polymer NWs embedded in AAO films: poly
(2,5-dibutoxy-1,4-phenylenevinylene) (DBO-PPV) [232], poly(2,3-diphenyl)phe-
nylene vinylene) (DP-PPV) [233], poly[2-methoxy-5-(20-ethyl-hexyloxy)-

Fig. 8.37 Schematic illustration of a wire grid micropolarizer made of the AAO-NWs composite.
The micropolarizer transmits the light polarized vertically (EV) and attenuates the light polarized
horizontally (EH)

Table 8.2 Characteristics of various AAO-based micropolarizes

Type Pore diameter (filled
with metal) (nm)

Wavelength
(μm)

Extinction
ratio (dB)

Insertion
loss (dB)

References

Ag/AAO 90 1.0–2.2 25–26 0.77 [226]

Co/AAO 20 1.3 22 n.a. [227]

Cu/AAO 20 1.25–1.46 24.9–14.9 n.a. [209]

90 1.0–2.2 24–32 0.5 [228]

Ni/AAO 30 1.3 30 2–4 [229]

70 1.0–2.5 25–30 1.07 [230]

Pb/AAO 40 1.0–2.2 17–18 0.4 [231]

n.a. Not available data
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p-phenylene vinylene] (MEH-PPV) [poly[2-methoxy-5-(20-ethyl-hexyloxy)-
p-phenylene vinylene] (MEH-PPV) [233–237], poly[3-(2-methoxyphenyl)thio-
phene] (PMP-Th) [120, 238], poly(3-hexylthiophene) (P3HT) [239, 240], and poly
(N-vinylcarbazole)/tris(8-hydroxyquinoline) aluminum composite (PVK-Alq3)
[241]. As can be seen, mainly conjugated polymers are deposited due to their high
potential to be applied in light-emitting diodes, solar cells, and optoelectronic
devices. In the nanoscale, the polymer chains exhibit intrinsically anisotropic
properties, such as luminescence polarization and highly directional charge trans-
port [242].

The preparation of the conjugated polymer nanostructures (e.g., nanotubes and
nanowires) in AAO templates is not really problematic, and impregnation or wet-
ting processes as well as chemical and electrochemical techniques are commonly
used. The optical properties of the conjugated polymers embedded in AAOs are
remarkably different from those in films, as a result of preferential axial orientation
of the polymer chains within the nanowires/nanotubes, possible isolation of the
polymer chains and chemical interaction between both components [120, 233–235,
239, 243]. As shown in photoluminescence studies, the optical properties can be
altered by adjusting the diameter of the nanopores of AAO, and the type and
concentration of the polymer solution used for polymerization [235–237]. Nguyen
et al. demonstrated that the polarity of solvent has a strong influence on the chain
conformation, which in turn, affects the PL yield [237]. It was found that polymer
chains fill the nanopores in a form of polymer bunch and the number of the polymer
chains in the bunch depends on both: the concentration of polymer solution and the
pore diameter of AAO [234]. When the concentration of polymer solution increases
bunches of chains in nanopores are more compact and contain larger number of
polymer chains. As a result of enhanced interchain interactions, the number of the
energy levels increases and a red shift in the PL spectrum is observed [234].

The most important factor which influences the optical properties of AAO
membranes with embedded polymer nanowires is a size confinement effect. The
isolation of polymer chains embedded in the nanopores of AAO membranes is
directly responsible for the blue shifts in the PL spectra and great enhancements in
photoluminescence intensity [120, 232, 233, 236, 238]. The effective conjugation
length of polymers in the AAO nanopores is much shorter than in the film and,
therefore, the optical energy gap is larger. Furthermore, the blue shift depends on
the pore diameter of the AAO membrane (Fig. 8.38). It was found that the lower the
pore diameter is, the more evident effect is observed [120, 234, 237]. A little
blue-shift in PL for the samples with small pore size is related with a high portion of
the ordered polymeric chains (regular, compact packing and alignment of chains)
inside the nanopores. It was also suggested that the observed PL intensity
enhancement is a result of (i) Förster energy transfer from oxygen vacancies in
AAO, acting as donors, to polymer molecules, acting as acceptors [120, 238] or
(ii) higher density of polymeric material embedded into the nanopores [240].
Therefore, a lack of oxygen vacancies in the AAO prepared in sulfuric acid is the
main reason for a lower energy transfer efficiency and, consequently, lower
intensity of the PL spectra [120, 238].
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Chemical interactions between polymer and the AAO walls influence consid-
erably the optical properties of the conjugated polymer nanostructures embedded
into the AAO membranes. The Lewis acid/base and hydrogen-bonding-type
interactions between conjugated polymers and AAO membranes significantly affect
the optical properties of theses composites compared to bulk materials [233, 236,
241]. Kong et al. suggested that the aromatic rings and the ether groups in the
MEH-PPV chains interact with the Lewis acid Al centers on the surfaces of the
nanopore walls via electron donation, and with the Brønsted acid surface hydroxyl
groups via a hydrogen-bonding-type interactions [233, 234, 236]. Consequently,
the planar conformations of the polymer chains is destroyed and the short conju-
gation of the conjugated polymer in the nanopores appeared. As a result of this
preferable alignment of the polymer chains, a blue shift is observed in the PL
spectrum. The effect of chemical interactions between polymer chains and AAO
surface is often accompanied by the size confinement effect [234].

From the photoluminescence studies it was revealed that for some nanocoposites
(e.g., AAO-PMP-Th [120, 238], AAO-DBO-PPV [232]), the nano-size effect is
only responsible for the blue shift of the PL peaks, while for other nanocomposites
(e.g., AAO-MEH-PPV [234, 236], AAO-PVK-Alq3 [241]) the interaction between
the AAO and polymer chains or both mentioned effects influence the PL behavior.

8.6.2 Nanoparticles in AAO

Optical properties of nanoparticles (NPs) embedded into the AAO membranes were
extensive studied. Many AAO-NPs composites based on deposited metals such as
Ag [244–251], Au [252–261], and other materials e.g. PbS [262], TiO2 [263], and

Fig. 8.38 Photoluminescence of the (1) PMP-Th film electropolymerized on Pt and
AAO-PMP-Th composites with a AAO pore diameter of: (2) 60 nm , (3) 70 nm , and (4)
80 nm . Reprinted with permission from [238]
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ZnO [264, 265] were investigated. In general, the optical properties of such systems
depend on the type of nanoparticle material, particle size, surrounding material and
particle interactions. The effective medium theory predicted, that even large amount
of metal nanoparticles can be transparent, because the wavelength of light is much
larger than their dimensions [252]. The anodic porous alumina membranes are
especially useful as templates to produce small nanoparticles [266] and, due to the
optical transparency of AAO, to investigate optical properties of nanoparticles
[254].

The nanoparticles in the nanoporous AAO membranes can be deposited ran-
domly or as layered structures as shown in Fig. 8.39 [250, 259]. As was demon-
strated, the layered structure of deposited Ag NPs influences the LSPR peak in
absorption spectra [250, 259, 260]. The absorption was dependent on the number of
layers of Ag NPs. With an increase in the number of NP layers the intensity of the
absorption peak increased and its position shifted from 450 to 400 nm (Fig. 8.39).
The observed blue shift originates from the surface-plasmon coupling between the
Ag NPs closely arranged in the AAO membrane. Sandrock et al. considered the
plasmon resonance of the AAO-NPs composites with two layers of gold spheres,
rods and rod-sphere pairs [259]. The influence of spacing between particles on the
optical properties of the paired sphere composites was investigated. It was found
that the plasmon resonance peak position does not change when the distance
between NPs is larger than three particle diameters. However, when the interparticle
spacing is smaller than the NP diameter, a red-shift and broadening of the peak can
be observed. The smaller distance between sphere nanoparticles, the higher plas-
mon resonance [259, 260].

The size of NPs embedded into the AAO membrane is also important. When the
Au particle diameter exceeds 200 nm, the AAO-NPs composite films are trans-
parent in IR spectrum but opaque in near IR and visible range [252, 253]. The

Fig. 8.39 SEM images of the layered structure of Ag NPs in the AAO membrane. One layer (a),
two layers (b), three layers (c), and five layers of Ag nanoparticles (d) in the AAO membranes and
their corresponding absorption spectra (e). Reprinted with permission from [250]
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composites with the smaller particle diameter than 50 nm and aspect ratio of 1 are
fully transparent in NIR and UV-Vis spectrum, except the strong absorption band of
about 520 nm typical for LSPR of Au NPs [252]. Moreover, it is possible to design
color of these composites by changing the shape of nanoparticles. With decreasing
diameter of nearly spherical Au NPs (from 60 to 30 nm) a blue shift in the reso-
nance peak was noticed [253]. For the rod-like Au nanoparticles (aspect ratio larger
than 1) embedded in the AAO, in the intensity of the Au plasmon resonance
increases and the peak shifts to lower wavelengths with increasing aspect ratio of
NPs [252, 254, 255]. All those observation are consistent with effective medium
theory formulated by Maxwell-Garnett theory [255, 258, 267, 268].

Moreover, the optical properties of Au nanoparticles embedded in the AAO
membrane can be altered by heat treatment of the nanocomposite up to 400 °C,
however, the effect is observable only for the NPs with irregular shape [255].
A low-temperature heating induces changes in the size and shape of Au nanopar-
ticles and, consequently, affects the optical properties without interference from
nanoparticle coalescence (Fig. 8.40). This is possible because each nanoparticle is
confined to its own nanopore. The low aspect ratio (much lower than 3) Au
nanoparticles have irregular structure (shape and size), however, after the heat
treatment at low temperatures, they become dense and spherical. A blue shift in the
plasmon band is observed with increasing annealing temperature (Fig. 8.40). On the
other hand, no considerable changes in the optical absorption spectra with

Fig. 8.40 Absorption spectra obtained before and after heating the AAO-Au NPs composites with
Au NPs aspect ratio of about 3 (a) and 1 (b). The annealing temperatures were as indicated.
Reprinted with permission from [255]
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increasing annealing temperature were observed for the particles with the aspect
ratio of about 3 [255]. Hu et al. studied the reflectivity of the AAO membranes
containing Ag NPs and they observed the reduced reflectivity at the wavelength of
∼465 nm caused by the strong plasmonic absorption [247]. The aggregation of NPs,
accompanied by a considerable increase in their size (from 10 to 40 nm), was
observed upon annealing. In contrast to the results reported by Hulteen et al. [255]
for Au NPs, they [247] found that the increasing temperature of annealing shifts the
plasmon absorption peak of Ag towards longer wavelengths. A similar red shift in
the position of plasmon absorption peak (from 395 to 432 nm) with increasing
diameter of Ag nanoparticles (from 46 to 90 nm) embedded in the AAO membranes
was observed by Huang et al. [245].

As it was shown in Fig. 8.39, metallic nanoparticles can be deposited in the
AAO membrane at the bottom of pores. Huang et al. studied absorption properties
of the AAO-NPs composites at the bottom side of the AAO membranes [244]. The
remaining aluminum layer was removed and Ag NPs were illuminated through the
existing barrier layer of AAO (Fig. 8.41). The effect of the thinning of the barrier
layer on absorption properties was studied for different thicknesses of the barrier
layer ranging from about 15 to 0 nm. From the obtained spectra it was revealed that
decreasing the barrier layer thickness shifts the LSPR peak location from 435 to
398 nm. The observed red-shift in the excitation spectra of the AAO-Ag NPs
composites was attributed to higher refractive index of AAO as compared to
refractive index of air or vacuum.

Various inorganic nanoparticles were loaded into the pores of AAO membranes
and optical properties such composites were studied. For instance, an intense blue
PL emission peaked around 450–485 nm was observed after ZnO nanoparticles

Fig. 8.41 SEM image of the bottom side of the AAO-Ag NPs film (a). Inset Cross-sectional SEM
image of the Ag/AAO substrate where the back-end alumina layer has been chemically etched for
30 min to reduce the layer thickness to 3.8 nm. Silver nanoparticles were deposited inside the
tube-like nanochannels. The extinction spectra of an AAO film without Ag and Ag/AAO films
with different etching times for thinning the back-end alumina layer (b). Reprinted with permission
from [244]
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embedded into the AAO films [264, 265]. The PL intensity of the AAO-Zn NPs
composite was 20 times higher than that of the nanostructured thin ZnO film. The
luminescence enhancement was attributed to the increased number of singly ionized
oxygen vacancies (F+ centers) in the ZnO nanoparticles located in the pores of the
AAO membrane [264, 265]. In general, blue shifts in absorption spectra were
observed for the composites with embedded ZnO, PbS and TiO2 nanoparticles
[262, 263, 265]. This phenomenon was ascribed to the size confinement effect
occurring in the AAO-NPs composites.

8.6.3 Xerogels in AAO

One of the simplest method used for the synthesis of luminescence materials is
deposition of xerogels into the pores of the AAO membranes by a sol-gel technique.
Generally, solutions are deposited inside the pores of AAO by spinning and during
subsequent heat treatment xerogels (dry gels) are formed in nanopores. So far, the
application of sol–gel techniques on AAO was used for the preparation of xerogels
such as: Eu-doped Al2O3 [269, 270], Tb2O3-doped Al2O3 [271, 272], Y-doped
Al2O3 [273], Er2O3-doped Fe2O3 [274], Er-doped In2O3 [275], Eu-doped In2O3

[269], Tb-doped SiO2 [272, 276], Er2O3-doped TiO2 [180, 274, 277–282], Eu2O3-
doped TiO2 [269, 278, 283–289], Tb-doped TiO2 [180], Tb2O3-doped TiO2 [277,
290, 291], and Tb-doped ZrO2 [272]. All these nanocomposite materials exhibit
enhanced photoluminescence compared to xerogels fabricated on planar substrates
[269, 288–290]. It is widely recognized that PL of lanthanides from the
AAO-xerogel composites increases with the thickness of AAO (Fig. 8.42a) [285,
290] and, for some excitation wavelength, increases with the number of xerogel
layers deposited inside the AAO nanopores (Fig. 8.42b) [278, 282, 288, 290, 291],
and even with the concentration of lanthanides in xerogels (Fig. 8.42c) [270, 271,
278, 290]. However, the PL spectra of the AAO-xelogel composites strongly
depend on the annealing temperature e.g., [271, 273, 282, 290–292], etc.

8.6.4 Metallic and Other Layers Deposited on the AAO
Surface

A controllable synthesis of nanoporous metals with a high degree of regularity in a
form of metallic thin layers or nanomeshes has attracted recently much attention
due to interest in fundamental optics and applications. The ordered metallic
nanohole arrays demonstrate novel and unusual optical properties such as localized
surface plasmon resonance (LSPR) due to surface corrugation at the subwavelength
scale, which is significantly different from surface plasmon polaritons (SPPs) of
planar surfaces [216, 217]. Since the LSPR is responsible for the electromagnetic-
field enhancement that leads to surface-enhanced Raman scattering (SERS), this
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technique is commonly used for probing the thin metal films on the AAO mem-
branes with adsorbed various molecules [293, 294]. These unique properties of
metallic nanoporous arrays have generated potential applications in the field of
antireflection materials, high-density capacitors and electrodes, photonic crystals,
wave guides and lasing materials. A great variety of chemo- and biosensors based
on absorbance, reflection, fluorescence, chemiluminescence, surface plasmon res-
onance and Raman scattering properties of the metal-coated AAO films were
developed [128, 191, 193, 295–300].

Although the fabrication of nanoporous metal and metal oxide layers on AAO
membranes has been widely explored over the last decades, the investigation of the
optical properties is rather limited to noble metal layers. The studies on the optical
properties of nanoporous metal layers deposited on the AAO membranes include
such metals as: Ag [68, 105, 294, 301–303], Au [114, 193, 296–298, 303–306], Cr
[105, 307], Fe [105], Ni [105], Pt [106, 308, 309], and Ti [105]. More recently, the
optical properties of thin Si1-xGex [310] and TiO2 [307] layers deposited on the
AAO membranes were also studied.

Fig. 8.42 Photoluminescence spectra of AAO-xerogels composites with one layer of the
Eu-doped TiO2 xerogel deposited at the AAOs with different thicknesses (a), different numbers of
Er-doped TiO2 xerogel layers deposited at the AAOs (b), and one layer of the Tb2O3-doped Al2O3

xerogels containing different Tb2O3 contents (c). Reprinted with permission from [285] (a), [282]
(b), and [271] (c)
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In general, nanoporous anodic alumina may be used in various variants as a
substrate for the deposition of thin metallic layers (Fig. 8.43). However, the most
frequently utilized is the mechanically stable AAO with the remaining aluminum
layer-structure (a) (Fig. 8.43a).

UV-Vis absorption of the structures (b) – (d) (Fig. 8.43b–d) covered with
sputtered Ag layers was studied in detail [294, 301, 302]. The observed distinct
surface bands in the UV-Vis absorption spectra (e.g., different shape and position of
the band) were attributed to differences in the shape and size of deposited Ag
nanoparticles. In addition, the PL spectra recorded to the (b) – (d) composites
showed a broad emission band centered at *500 nm, with the luminescence
intensity increasing in the order (b) < (d) < (c) [301]. It is worth mentioning that for
the pure AAO membrane intensity of the PL peak was the highest among all the
spectra and the PL band was centered at 470 nm that is typical for the membranes
obtained by anodization in oxalic acid. Yao et al. reported transmission spectra of
the AAO samples coated with Au films (type (c) and (d)) [303]. It was stated that
transmittance of the samples decreases in comparison with the un-coated AAO
films because the Au layer creates a mirror-like surface and blocks most of the
incident light. For the (d) structures with partially opened pores, a strongly
enhanced transmission peak in the visible light range was observed and ascribed to
LSPR of Au [303]. The highly ordered AAO films with higher porosities exhibit
stronger the transmission enhancement effect. When the interpore distance in the
AAO membranes decreases the effect weakens [303].

Similarly to NWs deposited inside the AAO membranes, the composite con-
sisting of metallic or other inorganic layers deposited on the AAO membrane can be
considered as a layered structure with different refractive indices (Fig. 8.44).
Therefore, light interaction with such a structure, and especially interference
enhancement can be described by the Bragg reflection principle (8.6)

2 ndddcoshd þ nAAOdAAOcoshAAOð Þ ¼ mk ð8:6Þ

where nd, dd, dAAO, θ d and θAAO are effective reflective index of the deposited film,
thickness of the deposited film, pore-depth in AAO (thickness of the AAO film),
refractive angle in the deposited film and refractive angle in the AAO membrane,

Fig. 8.43 Schematic structures of AAOs with the deposited thin layers on: the top side of the
anodized sample (a), the top side of the membrane after Al removal (b), the barrier layer of the
membrane (c), the barrier layer of the membrane with opened pores (d)
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respectively. All of the wavelengths which fits the equation will be strongly
enhanced (at certain frequencies) and the others will be quenched, resulting in
distinguish color of the sample [311]. Thus, the interference enhancement depends
on the optical path difference, thickness of the AAO film, effective reflective index
of the AAO structure (porosity), and incident angle.

The AAO film covered with thin metallic layer can be treated as a Fabry-Pérot
interferometer containing nanometer size cavities [112]. Therefore, the reflectance
signal varies upon the changes of the effective refractive index in cavities. As a
result, oscillations in the reflectance spectrum are observed [106]. Fabry-Pérot
interference of reflected light from the AAO membranes covered with thin metal
layer forms the maximum peaks whose sharpness is determined by the effective
thickness of the metal-coated AAO membranes (see Fig. 8.45) and by optical loss
during propagation and reflection inside the sample [114, 191, 305–307]. Recently,
a series of oscillations in the reflectance spectra was also demonstrated for the
bilayered AAO structure (two layers with different pore diameters and consequently
different porosities) covered with a thin Au layer [304].

Fig. 8.44 Schematic of
reflectance from a porous
AAO membrane with
deposited thin metallic layer

Fig. 8.45 Reflectance spectra
of AAO films with different
thicknesses of the deposited
Pt layer. The pore diameter
and thickness of the AAO
film was 31 and 1600 nm,
respectively. Reprinted with
permission from [106]
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One of the most effective method to change the color of the anodized AAO
sample is to precisely control the thickness of the AAO film (pore depth, dAAO).
Wang et al. demonstrated that the best effect and the most distinct colors can be
obtained by sputtering thin (c.a.7 nm) Ag and Cr layers on the surface of the AAO
films. Due to the different refractive indices of Cr and Ag, the structures with the
same pore depth exhibit different colors (Fig. 8.46) [105, 307]. As expected colors
of AAO films coated with thin metal layers can be also tuned by the depth of pores
in the AAO membrane. It was demonstrated that the colors of the AAO membranes
anodized for longer period of time or using higher anodization potentials, and then
covered with a metal layer, tend to become brighter due to increased thicknesses of
the AAO layers [68, 308]. The structural color of the metal-coated AAO films can
be alter by changing pore diameter of AAO [308]. The changing of incident angle is
also a very effective procedure to tune color of the AAO membranes coated with
thin films other than metals, e.g. TiO2 [307].

8.6.5 Other Guest Molecules and Compounds in AAO

The presence of other ions, guest molecules, dyes and compounds inside the
nanopores of the AAO membranes affects their optical properties. It is a direct result
of interaction of the guest with the exposed aluminum atoms in the pores of the
AAO films. The diversity in optical behavior of the modified AAO membranes is
related mainly with a different nature of the immobilized/embedded/deposited guest
and, therefore, different interactions with the alumina. The following examples are
far from a complete list of possible chemical modifications of nanopores which
influence the optical properties of AAO membranes, e.g., Cr3+ ions [84], Eu3+ ions
[312], Tb3+ ions [312, 313], CdS [314], Ru(II)(4,4′-dicarboxyl-2,2′-
bipyridyl)2(SCN)2) dye [315], [Ru(dpp)3]

2+ (dpp = 4,7-diphenyl-1,10-phenanthro-
line) [316], siloxane with repeating Si3OSiH and Si3SiH moieties [266], Alizacin
red S [317], 8-anilino-1-naphtalene-sulfonic acid [318], 7-diethyl amino-4-
methylcumarin [318], diiodofluorescein [317], tetraiodofluorescein [317],
8-hydroxyquinoline [319, 320], Rhodamine B [321], Rhodamine 6G [87, 318, 322],
Rhodamine110 (Rh110) [323], paraterphenyl and perylene [324], N,N′-diphenyl-N,
N′-bis(3-methylpheny-l,1′-biphenyl-4,4′-diamine) (TPD) + 5 % rubrene (5,6,11,12-

Fig. 8.46 Colors of AAO films with sputtering Ag and Cr layers. The thickness of the AAO film
(pore depth, d) was ranged from 230 to 490 nm with 20-nm interval. The pore diameter and
interpore distance of AAO was 40 and 100 nm, respectively. Reprinted with permission from [105]

8 Chemical and Structural Modifications of Nanoporous Alumina … 271



tetraphenylnaphthacene) [325], tetrhydroxyflavanol [326], morin (3,5,7,2′,4′-pen-
tahydroxyflavone) [327–329], morin-human serum albumen (HSA) [327],
morin-human immunoglobulin (IgN) [329], morin-lysozyme (lys) [330],
morin-trypsin (Try) [328].

Kurashima et al. [81] studied the saturable absorption effect of semiconducting
single-wall carbon nanotubes for mode-locking devices of short pulse lasers. The
optical absorption spectra of AAO membranes with different amount of carbon
nanotubes were compared. The optical absorption spectra in a near-infrared showed
that the absorption of the AAO membranes could be controlled by the content of the
nanotubes in the pores.

As a general remark can be concluded that the porous alumina enhances con-
siderably the photoluminescence intensity of the studied systems.
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