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Structural Engineering of Porous Anodic
Aluminum Oxide (AAO) and Applications
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Abstract Porous anodic aluminum oxide (AAO) films can be conveniently pro-
duced by anodization of aluminum. Porous oxide layer formed on aluminum
contains a large number of mutually parallel pores. Each cylindrical nanopore and
its surrounding oxide constitute a hexagonal cell aligned normal to the metal sur-
face. Under proper conditions, the oxide cells are self-organized to form a hexag-
onally close-packed structure. The novel and tunable structural features of porous
AAOs have been intensively exploited for templated synthesis of a variety of
functional nanostructures and also for fabrication of nanodevices. On the other
hand, porous AAOs with modulated pores may provide an additional degree of
freedom in templated synthesis. In addition, they can be used as model systems for
systematically investigating structure-property relations of nanostructured materi-
als. Based on the anodization techniques developed recently, one can fabricate
porous AAOs with tailor-made internal pore structures. This chapter is devoted to
conveying the most recent advances in structural engineering of porous AAOs and
nanotechnology applications. In order to provide context, a brief description is
given of the general structure and fundamental electrochemical processes associated
with pore formation. Subsequently, two common anodizing techniques (i.e., mild
and hard anodizations) that have been explored for nanotechnology applications are
discussed. Next, various nanostructuring approaches for custom-designed porous
AAOs are reviewed. The chapter covers the properties of porous AAOs derived
from structural engineering and their applications to various nanotechnology
researches and finally presents the challenges and future prospects.
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4.1 Introduction

Anodization of aluminum is an electrochemical oxidation process employed for the
formation of protective and decorative coating on aluminum surfaces. In general,
the anodic aluminum oxide (AAO) films form with two different morphologies
depending on the anodizing electrolytes and conditions; (i) compact nonporous
barrier-type AAO films from neutral electrolytes in which the anodic oxide is
practically insoluble and (ii) porous-type AAO films from acid electrolytes in which
the anodic oxide is slightly soluble [1]. Since the early 1920’s, AAO films on
aluminum, especially porous AAO films, have received substantial attention in
industry due to their diverse applications in electrical insulation, corrosion pro-
tection, decoration, and improvement of mechanical properties of aluminum
products (e.g., machine parts, architectural items, vehicles, electronic gadgets,
outdoor products, etc) [2]. With the discovery of self-organized formation of
ordered pore in 1995 [3], the porous-type anodizing processes have been drawing
increasing attention in nanotechnology research.

Porous AAO formed on aluminum contains a large number of mutually parallel
pores. Each cylindrical pore and its surrounding oxide constitute a hexagonal cell
aligned normal to the aluminum surface. Under properly chosen conditions, the
oxide cells are self-organized to form a hexagonally close-packed structure, like a
honeycomb. Self-ordered porous AAOs with uniform pore diameter in the range of
10–400 nm and with pore density in the range of 108–1010 pores cm−1 can be
conveniently prepared by simply subjecting aluminum under anodic polarization
[4]. The unique and tunable structural features, combined with their excellent
thermal stability, chemical inertness, and bio-compatibility, and easy modification
of surface chemistry, make porous AAOs not only as ideal templates for synthe-
sizing a variety of functional nanostructures (e.g., nanodots, nanowires, and
nanotubes), but also as excellent platform materials for exploring various advanced
devices for molecule separation, cell adhesion and culture, drug delivery,
chemical/biological sensing, high performance catalyst, information storage, energy
storage and harvest, etc. [4–9]. Moreover, base on the recent advances, the pore
structure of AAO can be designed and engineered to a variety of geometries (e.g.,
sharp featured non-circular pores, symmetrically or asymmetrically modulated
pores, funnel-like pores, hierarchical three-dimensional architectures of pores, etc.)
[4]. The structural engineering of porous AAO can result in the generation of
optically active structures by imparting a range of tailored optical properties, such
as selective light transmission, reflection, enhancement, confinement, or guide.
Therefore, the capability of structural engineering, coupled with the aforementioned
characteristics, would make porous AAOs even more versatile as template or
platform materials for advanced applications. In fact, utilization of structurally
engineered porous AAOs for label-free, real-time, ultra-sensitive chemical and
biosensing applications has become an emerging research field during the last few
years [10–13].
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This chapter conveys the most recent advances in structural engineering of
porous AAOs and nanotechnology applications of the resulting porous AAOs. In
order to provide context, first a brief description will be given of the general
structure and fundamental electrochemical processes associated with pore forma-
tion. Subsequently, two common anodizing techniques (i.e., mild anodization
(HA) and hard anodizations (HA)) that have been explored for nanotechnology
applications will be discussed. Next, various nanostructuring approaches for the
fabrication of custom-designed porous AAO architectures will be reviewed. These
include micromachining of porous AAO, anodization of pre-textured aluminum,
multistep anodization with controlled wet-chemical oxide etching after each
anodizing step, programmed potential reduction, pulse anodization (PA) and cyclic
anodization (CA) that selectively combine MA and HA processing conditions. The
properties of porous AAOs derived from structural engineering and their applica-
tions to various nanotechnology researches will be also discussed. Finally, the
challenges and future prospects of the field will be given.

4.2 Structure of Porous Anodic Aluminum Oxide
(AAO) and Its Formation

Porous anodic aluminum oxide (AAO) film grown on aluminum has some struc-
tural analogy with a honeycomb (Fig. 4.1). It consists of a thin barrier oxide layer in
contact with aluminum, and an overlying, relatively thick, porous oxide film con-
taining mutually parallel cylindrical pores extending from the barrier oxide layer to
the film surface. The thickness of porous AAO film can be varied from a few tens of
nanometers up to hundreds of micrometers by controlling anodizing time. Each
cylindrical pore and its surrounding oxide region constitute a hexagonal cell ori-
ented normal to the metal surface. Under proper conditions, the oxide cells
self-organize into hexagonal close-packed arrangement. Pore diameter and density
of self-ordered porous AAOs are tunable in wide ranges by properly choosing
anodizing conditions: pore diameter = 10–400 nm and pore density = 108–1010

pores cm−2. The structure of self-ordered porous AAO can be defined by several
structural parameters, such as interpore distance (Dint), pore diameter (Dp), barrier
layer thickness (tb), pore wall thickness (tw), pore density (ρp), and porosity (P).
These structural parameters have the following relationships [4]:

Dint ¼ Dp þ 2tw ð4:1Þ
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Studies to date have indicated that these structural parameters are dependent on
the anodizing conditions, such as the type of electrolyte, anodizing potential (U),
current density (j), temperature (T), etc.

During the formation of AAO films, the current (j) in the film is associated with
the movement of charged ions in the barrier oxide layer, and can be described by
the high-field conduction theory [14, 15]:

j ¼ j0 expðbEÞ ¼ j0 expðbU=tbÞ ð4:4Þ

where j0 and β are the constants, and U/tb is the electric field (E, typically 106–107

Vcm−1) impressed on the barrier layer with thickness tb, the inverse of which is
called “anodizing ratio (i.e., AR = tb/U)” and describes the potential dependence of
the barrier layer thickness. As such, the high-field conduction theory describes the
field-driven movement of charged ions in barrier oxide. It is now well accepted that
both Al3+ cations and oxygen-carrying anions (e.g., O2−/OH−) are mobile within
the barrier oxide: Al3+ ions migrate outwardly toward the oxide/electrolyte (o/e)
interface, while O2-/OH- ions move inwardly toward the metal/oxide (m/o) interface
[16–20]. In the case of barrier-type AAO formation, the cooperative counter
movement of Al3+ and O2-/OH- ions results in simultaneous formation of anodic
oxide both at the o/e- and m/o-interfaces: at 100 % current efficiency, about 40 and
60 % of the total anodic oxide thickness is formed at the o/e- and m/o-interfaces,
respectively [16–19]. On the other hand, in the case of porous AAO formation,
anodic oxide forms at the m/o-interface by the inward migration of O2−/OH−

anions, while the outward migrating Al3+ cations are lost to the electrolyte through
field-assisted direct ejection mechanism without contributing to the oxide formation
[21–23]. Thus, current efficiency (η) in porous AAO formation is lower than that of
barrier-type AAO formation.

Porous AAO can be prepared either under a constant potential (i.e., potentio-
static) or constant current (i.e., galvanostatic) condition using an electrochemical

Fig. 4.1 Schematic structure of a porous anodic aluminum oxide (AAO) on Al substrate and
b cross-sectional view; Dint = interpore distance, Dp = pore diameter, tw = pore wall thickness, and
tb = barrier layer thickness
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setup shown in Fig. 4.2a. In general, potentiostatic anodization is widely employed
for the fabrication of self-ordered porous AAO, because of the linear relation
between the applied potential (U) and the structural parameters (i.e., Dp, Dint, and
tb) of the resulting AAO. Figure 4.2b, c illustrate a typical current (j)-time
(t) transient in a potentiostatic anodization and the stages of pore structure devel-
opment. Upon applying anodic potential, a thin compact barrier-type anodic oxide
starts to grow on the surface of aluminum (stage I). When the thickness of compact
barrier oxide reaches a certain value, current (j) drops rapidly to hit the minimum
value. Electric field (E) may concentrate on local defects, impurities, or pits on the
growing oxide surfaces to develop paths for electrolyte penetration, which serve as
pore nucleation sites. Local field enhancement at the penetration paths facilitates
field-assisted oxide decomposition, and leads to eventual development of incipient
pores. Accordingly, further anodization leads to gradual increase in current (j) to a
local maximum due to facile diffusion of electrolyte (stage II). At this stage, the
pores are not uniform in size with random spatial distribution and undergo per-
sistent merging with neighboring incipient pores to develop major pores (stage III).
After that, current (j) reaches a steady-state value after passing an overshoot. During
this state, gradual rearrangement of pores occurs over time until the field (E) across
the barrier layers becomes the same for every pores (stage IV).

Several models have been explored to explain the formation of porous AAO. For
steady-state pore growth, the velocity of the m/o- and o/e-interfaces should be
balanced, keeping the barrier layer thickness (tb) constant. This balance has long
been attributed to an equilibrium between the oxide formation at the m/o-interface
and the removal of oxide at the o/e-interface either by Joule’s heat-induced

Fig. 4.2 Schematic diagram of a an electrochemical cell for typical anodization experiment, b a
current (j)-time (t) transient during a potentiostatic anodization, and c the kinetics of porous AAO
growth, corresponding to the anodization stages I–IV in panel (b)
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chemical dissolution [24–28] or by field-assisted oxide dissolution [26, 29–33].
But, recent studies have indicated that the dissolution-based pore formation model
is operative for the initial stage of pore formation [34–36], whereas it does not
adequately account for the steady-state pore formation. For steady-state pore
growth, there is an increasing number of results from experiments and theoretical
modeling, disproving the field-assisted oxide dissolution [23, 37–43]. The experi-
mental evidences have been derived from the W-tracer studies by Skeldon and
coworkers, who suggested that pores grow due to the viscous flow of oxide
materials from the pore base toward the cell boundary under high electric field and
growth stresses [23, 37–40]. The reader interested in this matter is referred to the
recent review article given in [4].

4.3 Self-ordered Porous Anodic Aluminum Oxide (AAO)

4.3.1 Mild Anodization (MA)

Since early 1920s, various anodizing processes have been developed and exten-
sively utilized by industry for the purpose of surface protection of aluminum
products. But porous AAOs produced by industrial processes, represented by hard
anodization (HA), are characterized by disordered structures with non-uniform pore
shape, size, and spatial ordering. Therefore, the porous-type anodization processes
have not been implemented in the nanotechnology research, until the discovery of
self-ordered pore formation under mild anodization (MA) condition in 1995 [3].
MA is characterized by slow formation of porous AAOs due to the one- or
two-orders of magnitude lower current density (j), compared to HA process. In their
seminal work, Masuda and Fukuda found that long-term mild anodization (MA) of
aluminum in 0.3 M oxalic acid (H2C2O4) at 40 V leads to self-ordering of pores as a
result of the gradual rearrangement of the initially disordered pores [3]. Based on
this finding, Masuda and Satoh developed the so-called “two-step anodization”
process, by which porous AAOs with highly ordered pore arrangement could be
obtained [44].

Typical two-step anodizing process consists of (i) the first long-term anodization
followed by removal of the resulting porous AAO layer with disordered pores in its
top part (Fig. 4.3a) to obtain textured aluminum with arrays of almost hemispherical
concaves (Fig. 4.3b) and (ii) the subsequent second-step anodization with the
textured aluminum at the same condition used for the first-step anodization to
obtain highly ordered pore arrangement (Fig. 4.3c). Typical porous AAOs formed
by two-step MA process exhibit a polydomain structure, in which each domain
contains hexagonally ordered defect-free pores and contacts with neighboring
domains forming boundaries along which defect pores or imperfections in pore
arrangement are present (Fig. 4.3d). The lateral size of individual domains increases
with the anodizing time, but is limited to several micrometers.
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The development of the two-step process inspired and led to an overwhelming
number of studies in attempts to fabricate ordered porous AAOs with different pore
sizes and densities, to improve the spatial arrangement of pores, and to understand
the mechanism of self-organized growth of pores. Particular efforts have been made
to find the optimum pore ordering conditions for H2SO4, H2C2O4, and H3PO4

solutions, the electrolyte systems that were investigated by Keller et al. in the early
1950s [24]. Studies to date have indicated that for a given anodizing electrolyte
there exists a narrow MA processing window (known as the “self-ordering regime”)
leading self-organized growth of ordered pores (see Fig. 4.4): (i) sulfuric acid
(0.3 M H2SO4) at U = 25 V for an interpore distance (DMA

int ) = 65 nm [45, 46];
(ii) oxalic acid (0.3 M H2C2O4) at 40 V for DMA

int = 103 nm [27, 44–46]; (iii) selenic
acid (0.3 M H2SeO4) at 48 V for DMA

int = 112 nm [47]; and (iv) phosphoric acid
(0.3 M H3PO4) at 195 V for DMA

int = 500 nm [48, 49]. Considerable efforts have been
devoted to exploring new self-ordering regimes in a wider range of interpore dis-
tance (DMA

int ). Most studies in this direction have been made by properly tuning the
aforementioned three popular pore-forming acid electrolytes or by seeking new
electrolyte systems. Shingubara et al. reported that anodization of aluminum in a

Fig. 4.3 Left A schematic procedure of a conventional two-step mild anodization (MA) for
self-ordered porous anodic aluminum oxide (AAO): (i) the first long-term anodization step,
(ii) removal of disordered porous AAO, and (iii) the second anodization step at the identical
condition to the first one. (a–c) Representative plane-view SEM images of the samples of the
respective steps. d A color-coded SEM image of AAO formed by two-step MA using 0.3 M oxalic
acid at 40 V, showing a poly-domain structure. An area with the same color consists of a domain.
The pores are color-coded on the basis of the average angle to the six nearest neighbors. Pores that
have no apparent hexagonal coordination (i.e., defect pores) are marked with white
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mixture solution of 0.3 M H2SO4 and 0.3 M H2C2O4 (v/v = 1:1) yields self-ordered
porous AAO with DMA

int = 73 nm at U = 37 V [50]. Sun and coworkers have recently
reported that the interpore distance can be continuously tuned from DMA

int = 410 to
530 nm by anodizing aluminum in a mixture solution of H3PO4 and aluminum
oxalate ((AlC2O4)2C2O4) at U = 180 to 230 V [51]. About 50 years ago, Kape
reported that organic acids containing at least two carboxyl (–COOH) group can act
as anodizing electrolytes [52–54]. These acids include malonic, citric, tartaric,
succinic, maleic, phthalic acid, and their mixtures of sulfuric or oxalic acid. Ono
et al. have reported that porous AAOs with DMA

int = 300–600 nm can be obtained by
MA in some of these acid electrolytes: DMA

int = 300 nm for 5 M malonic acid at
120 V, DMA

int = 500 nm for 3 M tartaric acid at 195 V, and DMA
int = 600 nm for 2 M

citric acid at 240 V [55, 56]. Table 4.1 summarizes the self-ordering regimes for
mild anodization (MA) of aluminum in some of pore-forming acid electrolytes.

It has been widely accepted that structural parameters of porous AAO formed
under self-ordering regimes depend mainly on anodizing potential (U). The interpore
distance (DMA

int ) and barrier layer thickness (tMA
b ) increase linearly with anodizing

potential (U) with proportionality constants ζMA = 2.5 nm V−1 for DMA
int and ARMA

(so-called “anodizing ratio”) = 1.2 nm V−1 for tMA
b [46, 49, 58]. Pore diameter (DMA

p )
has also been known to increase with anodizing potential. However, recent studies
have indicated that the potential dependence of DMA

p is not as sensitive as the
interplay between the current density and the temperature, concentration and nature
of the anodizing electrolyte [47, 55, 59–61]. For MA-AAOs, Nielsch et al. proposed
that self-ordering of pores requires a porosity (PMA) of about 10 %, independent
of the specific anodizing conditions by assuming DMA

int = 2.5 nm V−1 [49].

Fig. 4.4 Self-ordering regimes in MA (filled symbols) and HA (open symbols) by using H2SO4

(black), H2C2O4 (red), H2SeO4 (green), and H3PO4 (blue symbols). The black solid lines are the
linear regressions of the data with proportionality constants of ζMA = 2.5 nm V−1 and ζHA =
1.8–2.0 nm V−1. Reprinted with permission from [4]. Copyright 2014, The American Chemical
Society
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This requirement dictates a linear increase of the pore diameter (DMA
p ) with the

anodizing potential at a rate of ζp = 0.83 nmV−1, irrespective of anodizing conditions.
On the other hand, there are a number of recent works, reporting that the self-ordering
of pores can occur at other porosity (PMA) values ranging from 0.8 to 30% depending
on the MA conditions [47, 55, 59–61]. For example, Nishinaga et al. have recently
reported fabrication of porous AAO with porosity PMA = 0.8 % (DMA

p = 10.4 nm and

DMA
int = 112 nm) by anodization of aluminum in 0.3 M H2SeO4 (0 °C) at 48 V [47].

The reported results clearly indicate that the anodizing potential is not the only
parameter determining the pore diameter.

4.3.2 Hard Anodization (HA)

For a given anodizing electrolyte, there is a breakdown potential (UB), above which
stable anodization is difficult to maintain due to the commencement of local
thickening, burning, and cracking of the growing oxide: UB = 27, 50, and 197 V for
sulfuric, oxalic, and phosphoric acid, respectively. It has been known that break-
down of anodic oxide occurs due to the catastrophic local current flow and con-
sequent Joule heating [4, 62–64]. Chu et al. reported that the best self-ordering of
pores occurs when anodization is conducted at potentials just below the breakdown
potential (UB) [64]. Ono et al. have found that the locally thickened areas formed by
breakdown exhibit domains of highly ordered cell arrangement [55, 65]. Further,
they found that the interpore distance (Dint) and the barrier layer thickness (tb) of
porous AAO at the burnt areas are smaller than those at the burnt-free areas, which
is consistent with the earlier results reported by Tu et al. [66]. All these results
imply that at a given anodizing potential (U) current density (j) may determine the

Table 4.1 Self-ordering regimes for mild anodization (MA) of aluminum

Electrolyte Self-ordering
voltage,
(U) (V)

Interpore
distance,
DMA

int

� �
(nm)

ζ = DMA
int =U

(nm V−1)
References

0.3 M sulfuric acid H2SO4 19–25 50–65 2.60 [45, 46]

0.3 M oxalic acid (HCOO)2 40 103 2.57 [27, 44–
46]

0.3–3 M selenic acid H2SeO4 42–48 95–112 2.26–2.33 [47, 57]

0.3 M phosphoric acid
H3PO4

160–195 420–500 2.63–2.56 [46, 48,
49]

5 M malonic acid HOOC–
CH2–COOH

120 300 2.50 [56]

3 M tartaric acid HOOC–
(CHOH)2–COOH

195 500 2.56 [56]

2 M citric acid HOOC–
CH2COH(COOH)CH2–

COOH

240 600 2.50 [55]
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spatial ordering of pores and the structural parameters (i.e., cell size Dint and the
barrier layer thickness tb) of porous AAOs.

Industrial hard anodization (HA) have been typically conducted at potentials
higher than the breakdown value (UB) [67–70]. HA-AAO films can be produced at
an efficient rate (typically 50–100 μm h−1) due to the high anodizing current at an
increased anodizing potential [71–74]. The current density (j) in HA process is
typically one or two orders of magnitude higher than that of conventional MA
processes. Thus, Joule’s heat (Q) during HA is two or four orders of magnitude
greater than the ordinary MA processes: Q = Ujt = Rbj

2t, where t is the anodization
time and Rb is the resistance of the barrier layer. The excessive heat should be
properly dissipated, otherwise it promotes dissolution and breakdown of the
growing anodic oxide. The porous AAO films formed by industrial HA process are
characterized by uneven surfaces with numerous cracks and non-uniform pores due
to the local breakdown of anodic oxide, and thus are not suited to nanotechnology
applications. Various attempts have been made to overcome the problems associ-
ated with the local breakdown events during HA. The researches in this direction
include appropriate modifications of the three major pore-forming acid electrolytes
(i.e., H2SO4, H2C2O4, and H3PO4), exploration of new anodizing electrolytes, and
efficient removal of the reaction heat.

Chu et al. reported that the breakdown potential (UB = 27 V) in a sulfuric
acid-based anodization can be increased up to 70 V by ageing the electrolyte after a
long-term pre-anodizing at 10–20 ampere hours per liter [64, 75]. The authors
showed that self-ordered porous AAOs with Dint = 90–130 nm at U = 40–70 V and
j = 160–200 mA cm−2 at 0.1–10 °C. However, porous AAOs formed by this
process exhibited poor mechanical stability due to weak cell junction strength,
which would greatly limit their practical applications to current nanotechnology
research. Chu et al. claimed that the concentration of Al3+ ions dissolved in an aged
solution plays a key role in the stable growth of porous AAOs at high potentials
(U > UB) and current densities (j). But, later studies by Schwirn et al. have indicated
that stable anodization at high potentials (U > UB) is actually determined by the
initial limiting current density (jlimit), not by the solution state [76, 77].

Lee et al. have shown that the self-ordering regimes can be extended by per-
forming HA of aluminum in oxalic acid [78]. By introducing a thin (ca. 400 nm)
porous oxide layer onto an aluminum substrate and effectively removing the
reaction heat, they were able to prevent the breakdown of oxide films and grow
mechanically stable ordered porous AAOs at anodizing potentials of U > 100 V
[78]. Their HA process established a new self-ordering regime with widely tuneable
interpore distances: DHA

int = 220–300 nm at U = 110–150 V and j = 30–
250 mA cm−2. They found that the porosity (PHA) of HA-AAOs is 3.3–3.4 %,
which is about one-third of the porosity value (PMA ≈ 10 %) that was proposed as a
requirement for self-ordered MA-AAOs by Nielsch et al. [49]. The experimental
method has also been applied to sulfuric and malonic acid-based HAs [77, 79].

Li et al. have reported that large reaction heat during HA can be effectively
removed by adding ethanol (C2H5OH) to anodizing electrolytes, and thus can
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achieve stable anodization at high potential (U > UB) and current density (j) [80,
81]. The added ethanol served not only as an agent for lowering the freezing point
of the electrolyte down to −10 °C, but also as a coolant for the removal of reaction
heat through its vaporization from the pore bases. The process allowed the fabri-
cation of self-ordered porous AAOs with various interpore distances; DHA

int = 70–
140 nm for H2SO4-HA at 30–80 V, 225–450 nm for H2C2O4-HA at 100–180 V,
and 320–380 nm for H3PO4-HA at 195 V [80, 81].

Figure 4.4 shows the self-ordering potentials (U) and corresponding interpore
distances (Dint) of porous AAOs formed by MA and HA in three major
pore-forming electrolytes (i.e., H2SO4, H2C2O4, and H3PO4). HA-AAOs exhibit a
reduced potential (U) dependence of the interpore distance (Dint) with a propor-
tionality constant ζHA = 1.8–2.1 nm V−1 [75, 77–83], compared to self-ordered
MA-AAOs (i.e., ζMA = 2.5 nm V−1). At a fixed anodizing potential, the interpore
distance (DHA

int ) of HA-AAOs decreases with the current density (j), indicating that
anodizing potential (U) is not the only parameter determining the cell size of
HA-AAOs [77–80]. On the other hand, the barrier layer thickness (tb) of HA-AAOs
increases at a rate of ARHA = 0.6–1.0 nm V−1 with respect to anodizing potential
(U) depending on the current density (j) [64, 77, 78, 80], which is smaller than
ARMA ≈ 1.2 nm V−1 for MA-AAO [24, 30, 84]. Lee et al. found that pore diameter
(Dp) of HA-AAOs increases with current density (j) under potentiostatic conditions
(i.e., U = fixed) (Fig. 4.5) [85]. Based on this observation, they suggested structural
engineering of porous AAOs through appropriate control of the current density
(j) during potentiostatic anodization.

Fig. 4.5 Cross-section SEM micrographs of AAOs prepared from two separate anodisation
experiments (U = 200 V), whose reaction were terminated near j = 86 mA cm−2 and
j = 881 mA cm−2 in oscillating currents. Scale bars = 250 nm. c A schematic cross-section of AAO
on Al. d The parameters defining the geometry of the pore bottom. Adapted with permission from
[85]. Copyright 2010, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4.4 Structural Engineering of Porous AAO

4.4.1 Microstructuring of Porous AAO

The unique structural characteristics of the porous AAO make it not only an ideal
template material for the preparation of arrays of nanodots, wires and tubes, but also
an excellent platform material for the development of integrated nanodevices [4].
The elongated cylindrical feature of oxide pores can be exploited for the micro-
structuring of porous AAO films by anisotropic etching of the pore wall oxide. Tan
et al. [86] demonstrated first the fabrication of high-aspect-ratio microstructures of
porous AAOs by combining a conventional lithographic process and a
wet-chemical etching process. For micromachining of porous AAO films, the same
general process steps can be applied (Fig. 4.6a) [86–89]. First, a thin masking layer
is patterned on the surface of AAO to selectively block the pores. Next, the
resulting sample is immersed into an appropriate etching solution to selectively
remove anodic oxide of the unmasked areas. During this process step, lateral
etching of pore wall oxide takes place simultaneously along the entire length of the
every unmasked pore, resulting in vertical side walls and negligible undercutting at
the mask edges (Fig. 4.6b, c). Multilevel micromachining of porous AAO is also
possible, as shown in Fig. 4.6d. After the first level microstructuring of AAO, the

Fig. 4.6 a Scheme for the micromaching of porous AAO by anisotropic wet-chemical etching. b–
d SEM micrographs of micromachined porous AAOs. e SEM micrographs of micromachined
sensor substrate. f Device prototypes fabricated from micromachined porous AAO: microheater
operating in air (left) and gas microsensor (right). Panels (b–f) adapted from [88]. Copyright 2000,
American Society of Mechanical Engineers, ASME
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remaining aluminum substrate can be further anodized. Afterwards, the newly
formed porous AAO is patterned and etched similar to the first level
micromachining.

Tan et al. [86] found that the time required for the complete removal of the
unmasked areas is nearly independent of the thickness of porous AAO. This
observation indicates that the process is governed by the oxide etching reaction,
rather than the vertical diffusion of etching solution along the long cylindrical
nanopores. Otherwise, the microstructures formed by etching would exhibit tilted
sidewalls due to the etch rate difference between the top and bottom of pores. In
other words, the critical thickness that must be etched corresponds to the pore wall
thickness, rather than the film thickness of porous AAO.

In general, the pore wall oxide of as-prepared porous AAOs is amorphous and
contaminated with the electrolyte-derived anionic impurity (see Sect. 4.4.3.1).
Thus, porous AAOs exhibit poor chemical stability against both acid and base. But
an amorphous AAO can be converted to polycrystalline alumina by proper heat
treatment at high temperatures in air. The resulting porous alumina ceramic exhibits
markedly improved hardness and chemical stability against acid, base, and other
corrosive chemicals. Therefore, micromachined porous AAO can be used an
excellent platform material for developing microelectromechanical system (MEMS)
devices that operate even in high temperatures or harsh environments (Fig. 4.6e, f)
[88, 89].

4.4.2 Control of the Arrangement and Shape of the Pores

As discussed in Sect. 4.3, self-ordered porous AAOs exhibit a poly-domain
structure, in which each domain contains hexagonally arranged nanopores of an
identical orientation (see Fig. 4.3d). The lateral size of ordered pore domains is
typically limited to several micrometers. For advanced applications, on the other
hand, porous AAOs with a single domain configuration of nanopores over mac-
roscopic areas (*cm2) are required. In addition, porous AAOs with non-hexagonal
arrangement of pores or sharp-featured non-circular pore cross-sections may have
extend application potential in biomedical sensors based on localized surface
plasmon resonance (LSPR) or surface-enhanced Raman spectroscopy (SERS). The
works in this direction was pioneered by Masuda and coworkers. They first reported
the fabrication of porous AAOs with a single domain configuration of pores over a
few mm2 area [90]. The key of their method is to generate an array of shallow
depressions on the surface of aluminum by mechanical nanoindentation with a hard
SiC imprint stamp prior to anodization (Fig. 4.7a). Each surface depression on
aluminum defined the position of pore growth during anodization, and thus led to a
perfect hexagonal arrangement of pores within the stamped area (Fig. 4.7b).
Masuda et al. further demonstrated fabrication of porous AAOs with square- or
triangle-shaped pore openings in square or triangular arrangements (Fig. 4.7c, d)
[91].

4 Structural Engineering of Porous Anodic Aluminum Oxide (AAO) … 119



To date, various strategies for surface pre-patterning of aluminum have been
developed in order to generate surface pre-patterns either on bulk aluminum sub-
strate or on thin aluminum layer deposited on fragile substrates (e.g., glass or Si
wafer). These include imprinting with optical diffraction grating [92], lithographi-
cally fabricated Si3N4 [93] or Ni stamps [94], imprinting with self-assembled mono-
or multi-layer of microbeads [95, 96], surface patterning by focused ion-beam
(FIB) lithography [97–99], interference lithography [100], holographic lithography
[101], block-copolymer lithography [102], step-and-flash imprint lithography
(SFIL) [103], and soft lithography utilizing elastomeric poly-dimethylsiloxane
(PDMS) stamp [104]. Each of these techniques has its advantages and disadvan-
tages. The choice of the technique should be made in consideration of the process
cost, the fragility of the substrate, the required size of single domain, etc. The reader
interested in this matter is referred to the recent review article given in [4].

Masuda and coworkers found that in a pre-pattern on aluminum the deficiency
sites of the pattern are compensated during anodization in order to achieve the
closest packing configuration of the cylindrical cells (Fig. 4.7e, f) [105]. The size of
the pores formed at the deficiency sites was smaller than that of pores formed at the
patterned sites, which was attributed to the different pore growth rates at the

Fig. 4.7 a Schematic process for the preparation of an ideally ordered porous AAO by anodization
of pre-patterned aluminum. b–d SEMmicrographs of porous AAOs with different arrangements and
shapes of pores: b circular, c square, and d triangular pore openings. e–j SEM images showing
self-compensated pore formation; e–g surface pre-patterns in non-equilibrium tessellation and h–j the
respective porous AAOs formed by anodization. SEM images shown in (f, g, i, j) shows formation of
porous AAOs with (f, i) hybrid circular-diamond and (g, j) hybrid cicular-diamond-triangle pore
cross-sections; the scale bars are 500 nm. Panel (b) adapted with permission from [90]. Copyright
1997, AIP Publishing LLC; Panels (c, d) adapted with permission from [91]. Copyright 2001,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; Panels (e, h) reprinted with permission from
[105], Copyright 2001, AIP Publishing LLC; Panels (f, g, i, j) reprinted with permission from [106].
Copyright 2008, AIP Publishing LLC
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patterned and deficient sites [105]. Since the pore formation at the deficiency sites is
associated with the establishment of the equilibrium tessellation arrangement of
oxide cells, the anodizing potential (U) should be chosen to be the value that
satisfies the potential (U)-interpore distance (Dint) relation required for the
self-ordering of pores (see Sect. 4.3). By exploiting the self-compensation ability in
AAO growth, Smith et al. have demonstrated the fabrication of porous AAOs with
hybrid circular-diamond and circular-triangular-diamond pore cross-sections [106].
From anodizing experiments with Al surface pre-patterns in non-equilibrium tes-
sellation arrangements (Fig. 4.7f, g), the authors found that the arrangement of the
patterned and deficiency sites determines the cell geometry of the resulting porous
AAO. On the other hand, the cell geometry was found to direct the shape of pores:
circular, diamond, and triangular pores respectively in regular, elongated, and
partially compressed hexagonal cells (Fig. 4.7i, j). It was suggested that a coupled
effect between the thick pore wall oxide and the longer segment length of
cell-boundary bands would account for the formation of diamond and triangular
shaped pores [106].

4.4.3 Engineering of the Internal Pore Structure

4.4.3.1 Pore Widening

Pore wall oxide of as-prepared AAOs is amorphous and contaminated with varying
amounts of anions derived from acid electrolyte. The incorporation of acid anions
occurs via inward migrations under an electric field (E) during the anodization. The
amount of incorporated acid anions and their spatial distribution in AAO depend on
the type and concentration of electrolytes, anodizing potential (U), current density
(j), and temperature (T) [28, 107–112]. The incorporated electrolyte anions influ-
ence the chemical, optical, and mechanical properties of porous AAOs. For
instance, oxalate ions and the oxygen vacancies in AAOs formed in H2C2O4 have
been known to be the origin of the blue photoluminescences (PL) [81, 113–117]. In
general, the pore wall oxide of AAOs exhibit a duplex structure in terms of
chemical composition [108, 118–120]. The outer oxide layer next to the pores is
contaminated with acid anions, yet the inner oxide layer is comparatively pure.

The duplex nature of the pore wall oxide can be conveniently evidenced by
performing pore widening experiments. For a given set of pore widening conditions
(i.e., temperature and concentration of an etchant solution), the rate of oxide etching
is dependent on the chemical composition of the pore wall oxide [112]. Figure 4.8
shows the systematic increase in pore diameter (Dp) with the pore widening time
(tetch) for porous AAOs formed in H2SO4, H2C2O4, and H3PO4. As shown in the
figure, all Dp versus tetch plots have the inflection points, at which the slopes of the
curves change. Pore wall oxide in the early stage is etched at higher rates (ca.
1 nm min−1) than those (ca. 0.37 nm min−1) in the later stage. The retarded rate of
etching in the later stage can be attributed to the relatively pure nature of the inner
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pore wall oxide, compared to the less dense outer pore wall oxide due to the
incorporation of acid anions. From the estimated inflection points, one can easily
deduce the relative thickness ratios of the anion contaminated outer pore wall (to) to
the more compact inner pore wall (ti); they are summarized as an inset table in
Fig. 4.8. The relative thickness of the outer pore wall (i.e., to/ (ti + to)) increases in
the order:

H2SO4 � AAO 0:70ð Þ[H2C2O4 � AAO 0:67ð Þ[H3PO4 � AAO 0:64ð Þ

From the view point of material’s optical property, the pore wall oxide of AAOs
have a trilayer structure [113, 115, 116]: (i) outer oxide layer contaminated with
electrolyte anions (F-PL centers at 2.66 eV), (ii) middle oxide layer with singly
ionized oxygen vacancies (F+-PL centers at 3.06 eV), and (iii) inner oxide layer
(relatively pure alumina without PL centers). Yamamoto et al. [113] observed that
pore widening treatment on porous AAO results in blue shift of the emission peak.
They noted that the outer oxide layer screens the excitation light and the emission
light from the middle oxide layer. Therefore, PL intensity increased initially with
pore widening time (tetch), but decreased upon oxide etching for an extended period
of time due to the dissolution of the middle oxide layer.

Huang et al. reported that thin porous AAOs can act as a Fabry-Pérot optical
cavity constituted by the air-AAO-Al, producing oscillating reflectance and PL
spectra due to multiple-reflection interferences of the propagating waves [121].
From the fact that the band gap of alumina is much bigger than the photon energy
of the considered PL spectral range (typically, 2.25–3.54 eV) and the absorption
coefficient is very small, the authors deduced the optical thickness (2nLAAO) of
porous AAOs [121]:

2nLAAO ¼ hc=DE ð4:5Þ

where n and LAAO are respectively the refractive index and the thickness of a
porous AAO, h and c are the Planck’s constant (6.626 × 10−34 Js) and the speed of
light (2.998 × 108 ms−1), and ΔE is the mode spacing (i.e., the oscillation period)
that determines the number of PL oscillations. The above equation predicts that the
number of oscillations in a PL spectrum increases with the thickness (LAAO) of
porous AAO. From the laser-excited PL spectra of porous AAOs with different
thicknesses, the authors estimated the refractive index of porous AAO to be
n = 1.66 [121]. The refractive index (n) was about 2 % deviation to the effective
refractive index (neff = 1.62) calculated from the Bruggeman’s equation (4.6)
assuming 8 % porosity (P) of porous AAOs [122]:

1� Pð Þ n2Al2O3
� n2eff

n2Al2O3
þ 2n2eff

þ P
1� n2eff
1þ 2n2eff

¼ 0 ð4:6Þ
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Fig. 4.8 The evolution of pore diameter (Dp) as a function of time (tetch) upon wet-chemical
etching of porous AAOs formed in 0.3 M sulfuric acid at 25 V (H2SO4-AAO), 0.3 M oxalic acid at
40 V (H2C2O4-AAO), and 1 wt% H3PO4 at 195 V (H3PO4-AAO). Wet-chemical etchings of pore
wall oxide were performed in 5 wt% H3PO4 at 29 °C. The numbers in each plot are the slopes (in
nm min−1) of the corresponding linear fits. The table presented as an inset summarizes the relative
thickness of the anion contaminated outer pore wall oxide layer (to) to the relatively pure inner
pore wall oxide layer (ti), which were determined from the inflection points of the Dp versus tetch
plots for three kinds of porous AAOs. b SEM images showing systematic increase in pore
diameter (Dp) as a function of time (tetch) upon wet-chemical etching in 5 wt% H3PO4 (29 °C).
Data for H2C2O4-AAO were adapted from [112]
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where nAl2O3 is the refractive index of alumina (1.67). Since the effective refractive
index (neff) is a function of porosity (P), PL oscillation details can be tuned by
changing the pore diameter (Dp) of porous AAO through pore widening treatment.

Santos and coworkers [123, 124] put forward the Fabry-Pérot effect to develop
an optical encoding system based on the PL spectra of porous AAOs in the
UV-Visible range (Fig. 4.9). Each PL oscillation corresponds to a bar in a barcode.
The intensity and position of each PL oscillation are related to the width and
position of each bar. As discussed above, the number, intensity and position of the
PL oscillations depend on the thickness (LAAO), pore diameter (Dp), and the nature
of effective medium. By exploiting these features, the authors demonstrated that
their barcode system can be used as optical biosensors for solvochromic oxazine
molecules and glucose [123].

In an air-AAO-Al system, the wavelength of the peak maxima in a white light
interference spectrum is governed by the Fabry-Pérot relationship:

2neffLAAO ¼ mk ð4:7Þ

where λ is the wavelength of maximum constructive interference for spectral fringe
of order m. The binding of molecules to the pore wall oxide gives rise to a shift of
the characteristic interference pattern due to a change in the effective optical
thickness (EOT, 2neffLAAO) that can be determined by the Fourier transform of the
reflectivity spectrum. This analysis, so-called “the reflectometric interference
spectroscopy (RIfS)” has been used by Sailor group for the investigation of gas
adsorption characteristics within AAOs and also for label-free detection of bio-
molecules [125–127]. More recently, Losic group has extended RIfS technique
extensively for real-time detection of biologically relevant metal cations, volatile
sulfur compound (VSC), and molecules [124, 128–131].

Fig. 4.9 a Photoluminescence (PL) spectra (λex = 320 nm) of porous AAOs with the same
thickness (tAAO = 5.0 ± 0.1 mm), yet different pore diameters (Dp). b The corresponding barcode
patterns after encoding the measured PL oscillations in (a). Adapted with permission from [123].
Copyright 2012 Wiley-VCH Verlag & Co. KGaA, Weinheim
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Pore widening treatment allows one to systematically increase the pore diameter
(Dp) without affecting the interpore distance (Dint) of porous AAOs. This feature
can be exploited in investigating the size dependence of physical properties (e.g.,
magnetic interaction) of low-dimensional nanostructures that can be fabricated by
AAO template-based synthesis. Pore widening also offers a simple way of engi-
neering the internal pore structure. For example, porous AAOs with funnel-like
pores can be prepared by repeating the process comprised of anodizing and the
subsequent pore widening treatment (Fig. 4.10a), in which the anodizing time and
pore widening duration determine the length of each segment and pore diameter,
respectively [132–134]. Li et al. have recently reported tailoring of the shape of
funnel-like pores in AAOs [135]. The authors successfully demonstrated the fab-
rication of linear cones, whorl-embedded cones, funnels, pencils, parabolas and
trumpets-like pore structures by controlling the anodizing time, pore widening time
and cyclic time. Fabrication of inverted funnel-like pore structure has also been
demonstrated recently by Santos et al. [136]. The approach was based on the
different etching rate of pore wall oxide with the annealing temperature
(Fig. 4.10b). Combination of two or more anodization steps and annealing at dif-
ferent temperatures after each anodizing step produced porous AAO strata having
different chemical stabilities against etching solution. Pore widening treatment on
the resulting porous AAO resulted in cylindrical pores with increasing pore
diameter from top to bottom.

Funnel-shaped AAO pore structures have been used not only as sensing plat-
forms, but also as templates to replicate optical nanostructures. Nagaura et al.
fabricated porous AAO with low aspect ratio funnel-like pores and utilized it for

Fig. 4.10 Schematic procedures for the fabrication of porous AAOs with a normal and b inverted
funnel-like pores: a combination of anodization steps and pore widening treatments in a sequential
fashion and b combination of anodization steps and annealing treatments and final pore widening
treatment. In (b), AAO strata after annealing at 600 and 300 °C are represented by orange and
yellow colors, respectively. c Cross-sectional SEM micrograph of porous AAO with funnel-like
pores prepared by the process (a). Panel (c) was reprinted with permission from [134]. Copyright
2007 The American Chemical Society
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replicating ordered arrays of Ni nanocones by electroless Ni deposition [137, 138].
With similar approach, Yanagishita et al. replicated ordered arrays of tapered
polymer pillars from funnel-like pores by photo-imprinting process and used it for
investigating the effect of the tapering angle on the antireflection (AR) properties
[139]. Among the polymer AR structures with various slopes (i.e., tapering angle),
those with a gradually changing slop exhibited the lowest reflectance. He et al.
[132, 134] showed that each segment of silica nanotubes prepared from AAO
templates with funnel-like pores exhibit different light reflectance due to the
diameter change along the length direction, allowing the identification of different
shapes (i.e., codes) of nanotubes. Based on this optical reflectance property, the
authors demonstrated that differently shaped silica nanotubes can be used as coding
materials in a dispersible biosensor system [132]. In more recent study, Macias
et al. showed that porous AAOs with funnel-like pores can be used for RIfS-based
label-free optical biosensing applications [140]. The authors prepared porous AAOs
with two porous layers of different pore diameters (i.e., a top layer with large pores
and a bottom layer with smaller pores (see Fig. 4.11a, b). The pore diameters of the

Fig. 4.11 a Cross-sectional SEM image of bilayered AAO. b Schematic of the sensing and
self-referencing procedure, where the protein to be sensed can infiltrate Layer 1, but not Layer 2.
Layer 3 = Layer 2 + Layer 2. c Reflectance spectra obtained from two single AAO layers and from
a bilayer-AAO consisted of Layer 1 and 2: Layer 1 = 1.9-mm-thick and Dp = 68 nm (41 %
porosity), Layer 2 = 4.7 mm-thick and Dp = 33 nm (9 % porosity). d FFT plot of the optical
response of the Au coated-bilayer AAO before and after the introduction of the BSA protein.
Adapted with permission from [140]. Copyright 2013, The American Chemical Society

126 W. Lee



top and bottom layers were designed for analyte (i.e., bovine serum albumin pro-
tein, BSA) to be infiltrated only into the top layer (i.e., L1 in Fig. 4.11a), so that the
bottom layer (i.e., L2 in Fig. 4.11a) can serve as a self-reference, accounting for
changes in the effective optical thickness that are caused by the medium of analyte.
However, bilayered AAO exhibited mon-periodic Fabry-Pérot oscillations with
much reduced amplitude compared to L1- and L2-only AAOs due to the low
refractive index contrast (Fig. 4.11c), which caused difficulties in the direct analysis
of the top L1 layer. In order to enhance the refractive index contrast between the top
and both the bottom layer and the top incidence medium, a thin layer of Au was
deposited on top of the porous AAO. This resulted in the appearance of the fast
Fourier transform (FFT) peak corresponding to the top layer, otherwise barely
visible, and in the amplified intensity of the peaks corresponding to the top layer as
well as the whole bilayer structure (i.e., L1 + L2 in Fig. 4.11a). The amplified
response translated upon analyte infiltration into a more sensitive determination of
the change in the effective optical thickness (EOT) and in a much bigger change in
the FFT peak amplitude ratios (Fig. 4.11d).

4.4.3.2 Potential Reduction

As discussed in Sect. 4.3, anodizing potential (U) determines the steady-state
morphology of porous AAO. In other words, the barrier layer thickness (tb), pore
diameter (Dp), and interpore distance (Dint) of AAO are mainly determined by the
potential (U). At a steady-state, the barrier layer thickness (tb) remains constant due
to the dynamic balance of the movement rates of the metal/oxide interface and the
oxide/electrolyte interface. Thus, the current density (j) and the electric field (E = U/
tb) across the barrier layer are constant. When the anodizing potential (U1) is reduced
abruptly to the potential (U2), the anodizing current (j) drops to a very small value
due to the sudden decrease of the electric field (E), and after a certain period of delay
it slowly increases to a steady value dictated by U2. This phenomenon has been
known as “current recovery” and attributed to the thinning of the barrier layer
accompanied by branching of pores [30, 141, 142]. Since the movements of ions
(i.e., Al3+ and O2−/OH−) within the barrier oxide are governed by the electric field,
the time required for complete current recovery increases with decreasing the field
strength at the moment of potential drop [143, 144]. Porous AAO layer grown under
a newly established steady-state exhibits reduced barrier layer thickness, pore size
and spacing (i.e., increased pore density or porosity).

Furneaux et al. [145] reported that effective elimination of the barrier layer can
be achieved by reducing anodizing potential in a series of small steps near to zero
(Fig. 4.12). The authors suggested that the stepwise potential reduction maintains
the electric field at a relatively high level and causes uniform thinning of the barrier
layer. When the barrier layer was thin enough, porous AAO film was separated
from the underlying Al substrate due to the dissolution of thinned barrier oxide by
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the electrolyte. The resulting porous AAO film had an asymmetric membrane
structure: larger straight pores extending through the bulk of membrane are inter-
connected with smaller branched pores which formed with a thin skin layer during
the stepwise potential reduction process. Since the seminal work of Furneaux et al.
[145], thinning of the barrier layer via stepwise potential reduction has been
extensively exploited for template-based synthesis of various nanomaterials. It has
been reported that the thinning may effectively reduce the potential barrier for the
electrons to tunnel through the barrier layer, and thus allows alternating current
(AC) electrodeposition of metallic nanowires into the pores of AAO that is attached
on aluminum [146–149]. Free-standing AAO membranes obtained by stepwise
potential reduction process have also been utilized for the preparation of metallic
nanowires or multisegmented nanotubes by direct current (DC) electrodeposition
[150, 151]. More recently, Jeon et al. [152] have demonstrated that AAOs with
asymmetric membrane structure can be used as filters in enriching various fragile
viruses in stocks without losing viral activity. For hepatitis c virus (HCV), the
authors reported enrichment efficiency can be as high as 91 %, which is four times
higher than that (*22 %) of conventional centrifuge-based technique. The origin of
the efficiency enhancement was attributed to the perfect filtration of the viron
particles without damage, whereas significant damage to the virons occurs during
ultra-high speed centrifugation [152].

As mentioned above, potential reduction gives rise to branching of the primary
pore channels. In general, pore branching is accompanied by random merging or
dying of the newly generating pores, especially at the early stage of anodization at a
reduced potential. Thus, it is rather difficult to define the pore structure at the oxide
layer interconnecting the stem and branched pores. Considerable attention has been
paid to control the pore branching behavior, since porous AAOs with tailor-made
pore branches could be promising template materials for the synthesis various
functional nanostructures with controlled levels of morphological complexity.

Fig. 4.12 a Schematic plots of voltage (V) and current (I) against time during the stepwise
potential reduction process, where potential is stepped down, when the rate of current rise had
fallen to 75 % of its maximum value. b Cross-section SEM image of porous AAO after the
stepwise potential reduction process. Adapted with permission from [145]. Copyright 1989, Nature
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The work in this direction was first made by Li et al., who fabricated porous AAO
with Y-branched pore channels by reducing anodizing potential by a factor of 1=

ffiffiffi
2

p
[153]. Y-branched AAO pores have been utilized as templates for the preparation of
Y-Junction carbon nanotubes (CNT) and metallic nanowires [153–156]. Later,
Meng et al. expanded this work in order to fabricate multiply connected and
hierarchically branched pores inside AAOs, of which hierarchical levels of multiple
branching were represented by the notation 1 � n � m, where “�” denotes the
junction where the branching occurs, and “n or m” denotes the number of branched
pores (Fig. 4.13) [157]. After the anodization for the stem pores in oxalic acid, the
authors thinned the barrier layer prior to reducing the anodizing potential by a factor
of 1=

ffiffiffi
n

p
. If the potential is lower than 25 V for pore branching, sulfuric acid was

used instead of oxalic acid. Meng et al. claimed that the number and frequency of
pore branching, dimensions, and the overall architecture of pore channels can be
precisely controlled through properly designed potential reduction scheme [157].

In the works of Li et al. and Meng et al [153, 157], the potential reduction factors
were chosen in consideration of (i) the linear dependence of the steady-state oxide
cell dimension on the anodizing potential (i.e., Dint = ζU) and (ii) the invariance of
the oxide cell area of a stem pore after branching; reducing the anodizing potential

Fig. 4.13 a Schematic procedure for the preparation of carbon nanotubes (CNTs) having several
hierarchical levels of multiple branching from AAO template with controlled porous architectures,
where porous AAO is fabricated by consecutive steps of anodization, and then utilized as template
to replicate CNTs by chemical vapor deposition (CVD). b Schematic showing CNT architectures
that can be prepared from AAO templates with multiply branched pores. c–f SEM images of
multiply branched CNTs showing the primary stem abruptly dividing into n = 2, 3, 4 and 16
branches, respectively (scale bars = 100 nm). Adapted with permission from [157]. Copyright
2005, The National Academy of Sciences of the USA
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by a factor of 1=
ffiffiffi
n

p
will produce n times as many smaller pores in order to maintain

the original area of the oxide cell. However, this equal-area model for the growth of
Y- or n-branched pore channels was argued by Shuoshuo et al. [158]. The authors
claimed that it is impossible to control arbitrarily the growth of branched pore
channels as a 1 � n structure, because the growth of some n-branched pores (e.g.,
n = 2; Y-branched pores) could not be a steady process and thus such branched
pores could not be obtained uniform in a large scale. Based on theoretical con-
sideration on the geometric arrangement of the branched pores, Shuoshuo et al.
proposed that close-packed hexagonal arrangement of oxide cells can be achieved
only for the potential reduction by the factors of 1=

ffiffiffi
3

p
, 1=

ffiffiffi
4

p
and their common

multiples and powers (i.e., n = 3, 4, 9, 12,…) (see Fig. 4.14); otherwise, the number
of branched pores cannot be grown proportionally from each of the stem pores [158].

Non-steady-state formation of branched pores by potential reduction was sys-
tematically investigated by Ho and coworkers [159]. The authors fabricated
three-dimensional (3D) two and three-tiered branched AAOs by stepping down
anodizing potential for each anodizing step while thinning of the barrier layer is
performed after each step; AAOs with the first tier having an average pore diameter
of 285 nm branching into four 125 nm sub-pores in the second-tier and four 55 nm
sub-pores in the third tier (Fig. 4.15a, b). They observed that the ratio of interpore
distance (Dint) to the anodizing potential (U) of the second and subsequent tiers
does not follow the characteristic constant value of ζ = 2.5 nm V−1 for steady-state
mild anodization (MA), but varies with an exponential function from ζ = 1.77 to
1.26 nm V−1 when the potential ratio of the second- to the first-tier anodization
changes from 0.5 to 0.96 (Fig. 4.15c). This difference was attributed to the con-
stricted formation of the sub-pores by the boundaries of the preceding pores. On the
other hand, the average number of sub-pores that can be generated within each
preceding pore was observed to be decreased from 4.27 to 1.28 for the corre-
sponding range of potential ratio (Fig. 4.15d).

Fig. 4.14 Superposed hexagonal oxide cells. The area of larger oxide cells is a 2, b 3, and c 4
times that of the smaller cells. Panel a illustrates that the distribution of the Y-branched pores (i.e.,
1 � 2) cannot be close-packed. The extra space will cause splitting of the growing pore channels
and result in a disordered and uncontrollable pore structure. Adapted with permission from [158].
Copyright 2009, The Royal Society of Chemistry
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4.4.3.3 Pulse Anodization (PA)

As discussed in Sect. 4.3.2, porous AAOs formed by hard anodization (HA) have
one-third lower porosity (P) than those produced by mild anodization (MA) (i.e.,
PHA ≈ 3 % for HA and PMA ≈ 10 % for MA). Based on this experimental finding,
Lee et al. [78] first demonstrated fabrication of highly ordered porous AAOs with
periodically modulated pore diameters along the pore axes by properly combining
MA and HA processes (Fig. 4.16). An ideally ordered porous AAO was first
prepared by conducting MA in 0.4 M H3PO4 (10 °C) at 110 V. After that, the
resulting sample was further anodized in an HA condition using 0.015 M H2C2O4

(0.5 °C) at 137 V. Porous AAOs with periodically modulated pore diameters were
obtained by repeating the above two anodization processes. The anodizing poten-
tials (U) for MA and HA were chosen in consideration of the potential (U) and
interpore distance (Dint) relations of the respective anodizing processes;
ζMA = 2.5 nm V−1 and ζHA = 2.0 nm V−1. With a similar approach, Pitzschel et al.
fabricated porous AAOs with modulated pore diameters using the same electrolytes
yet under different anodizing conditions [160]. The resulting porous AAOs were
used to prepare concentric SiO2/Fe3O4/SiO2 nanotubes by atomic layer deposition

Fig. 4.15 a Top and b cross-sectional SEM images of AAOs with three-tiered branched pores
prepared by multiple anodizations in 0.3 M H3PO4 (130 V), 0.15 M H2C2O4 (80 V) and 0.15 M
H2C2O4 (80 V) followed by thinning of the barrier layer using 5 wt% H3PO4. c Ratio of the
sub-pores’ interpore distance and anodizing potential ratio. d Number of sub-pores within each
preceding pore versus anodizing potential ratio. Reprinted with permission from [159]. Copyright
2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(ALD) in order to investigate the effect of diameter modulations on the magnetic
properties. In aforementioned approach, each step for pore modulation required a
tedious manual change of the anodizing electrolytes and temperatures in order to
satisfy both MA and HA processing conditions. Lee et al. have reported that this
drawback can be overcome by performing pulse anodization (PA) of aluminum
under potentiostatic conditions in sulfuric or oxalic acid electrolytes, demonstrating
continuous structural and compositional engineering of porous AAOs (Fig. 4.17)
[144].

In a typical PA process, a low potential (UMA) and a high potential (UHA) is
alternately pulsed to achieve MA and HA conditions, respectively. A representative
current-time (j-t) transient during PA of aluminum is shown in Fig. 4.17b. Current
profile during a MA potential pulses is characterized by “current recovery” behavior
(see the inset of Fig. 4.17b), similarly to the current evolution after potential
reduction as discussed in Sect. 4.4.3.2: initially high current drops abruptly, hits a
minimum value after a capacitive decay for a short time, and then gradually
increases to reach a steady-state value after passing an overshoot. On the other
hand, upon applying an HA pulse the current density (j) increases steeply for a short
period of time and then decreases exponentially, which is the typical anodization

Fig. 4.16 a Scheme for the fabrication of porous AAO with modulated pore diameters by a
combination of MA and HA. b, c SEM images of the top and bottom surface view of the porous
AAO (Dint = 275 nm) formed by the process in (a). d–f SEM images showing the cross-section
view of the porous AAO with periodically modulated pore diameters. Reproduced with permission
from [78]. Copyright 2006 Nature Publishing Group
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kinetics of potentiostatic HA of aluminum [78]. As shown in Fig. 4.17b, current
density (j) changes periodically to the values dictated by pulsed potentials (i.e., jMA

for UMA and jHA for UHA). As a results of periodic variations of current amplitude,
the resulting porous AAO exhibits a layered structure with alternate stacking of
MA-AAO slab with a smaller pore diameter and HA-AAO slab with a larger pore
diameter (Fig. 4.17c, d). The thickness of each oxide slab is determined by the pulse
durations (i.e., τMA for MA-pulse and τHA for HA-pulse). As a characteristic feature
of porous AAOs formed by pulse anodization in sulfuric acid (i.e., H2SO4-PA),
MA-AAO and HA-AAO slabs exhibit different fracture behaviors against external

Fig. 4.17 a Scheme for the preparation of porous AAOs with modulated pore diameters by pulse
anodization (PA). b A typical current-time (j-t) transient during PA of aluminium; pulses
consisting of an MA pulse (UMA = 25 V and τMA = 180 s) followed by an HA pulse (UHA = 35 V
and τHA = 0.1 s) were applied. Inset An enlarged j-t curve at t = 80–90 min. c False-colored SEM
image of AAO formed by H2SO4-PA. AAO slabs formed by MA and HA pulses are indicated by
MA-AAO and HA-AAO, respectively. A white rectangle in (c) highlights alumina nanotubes
(so-called “Keller-Hunter-Robinson cells”) that were separated from the nearby HA-AAO slab.
d Cross-sectional TEM image of AAO formed by pulse anodization using 0.3 M H2SO4

(UMA = 25 V, τMA = 180 s, UHA = 37 V, τHA = 1 s), showing image contrast in MA- and HA-slabs
due to the difference in pore diameter. Reproduced with permission from [144]. Copyright 2008
Nature Publishing Group
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stresses (Fig. 4.17c). For MA-AAO slabs, cracks propagate through the center of
pores from pore to pore. For HA-AAO slabs, on the other hand, the cracks develop
along the cell boundaries and not through the center of the pores, indicating fairly
weak cell junction strength. Cleavage through the cell boundaries in AAO formed
by HA pulses resulted even in single Al2O3 nanotubes or bundles of tubes
(so-called “Keller-Hunter-Robinson cells”) [24, 161, 162].

Apart from periodic modulations of pore diameter, Lee et al. found that the
change of the current amplitude during PA results in periodic compositional
modulation of the resulting AAO along the pore axes. Their microscopic elemental
analysis of porous AAO formed by sulfuric acid-based PA indicated that the
content of electrolyte-derived impurities (mostly SO2�

4 ) in HA-AAO slabs is about
88 % higher than in MA-AAO slabs, which was attributed to the high current
density (jHA) during HA-pulsing (typically, jHA ≈ 10–102 × jMA) [144]. In general,
anodic oxide contaminated with anionic impurities is labile to chemical attack of an
oxide etchant (e.g., 5 wt% H3PO4). Therefore, a periodic compositional modulation
in pulse anodized AAO may result in an etching contrast between MA- and
HA-AAO pore wall oxides, allowing the fabrication of porous AAOs, in which the
difference in the pore diameters of HA- and MA-AAO is pronounced than in
as-prepared samples. Upon wet-chemical etching of pore wall oxide, pulse anod-
ized AAO exhibits a structural color that is tunable by controlling the pulse
durations (i.e., τMA and τHA). By taking advantage of poor chemical stability of
HA-AAO slabs against an oxide etchant, Lee et al. [144] could completely separate
the entire MA-AAO slabs from a single as as-prepared porous AAO by selectively
etching HA-AAO slabs (Fig. 4.18). The thickness of MA-AAO slabs could be
varied from a few hundred nanometer to several micrometers by changing MA
pulse duration (τMA). This demonstration indicated that PA of aluminum and
wet-chemical etching of the resulting porous AAO could be a simple, continuous,
and economic way for the mass production of porous AAO sheets.

As mentioned above, when the anodizing potential is changed from a higher
UHA to a lower UMA, the current density drops abruptly from jHA to a minimum
value and then increases gradually to a value (jMA) corresponding to UMA (i.e.,
current recovery). It was reported that the time required for a complete recovery of
anodizing current depends on the chemical nature of the barrier oxide (i.e., the
content of anionic impurities), the electrolyte temperature, and the potential dif-
ference between UHA and UMA (i.e., the electric field strength at the moment of
potential drop): For three popular anodizing electrolytes, it increases with the order
H2SO4 < H2C2O4 < H3PO4 [143, 144]. Unlike H2SO4-based PA, PA of aluminum
in H2C2O4 or H3PO4 electrolyte is difficult to achieve continuously within a rea-
sonable period of time because of the retarded current recovery, especially at a low
temperature and a large potential difference [143, 144]. In order to solve the
problem associated with the slow current recovery, Lee and Kim increased grad-
ually anodizing potential prior to pulsing a high anodizing potential [143]. By
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employing potential pulses with specifically designed periods and amplitudes, they
successfully demonstrated engineering of the internal pore geometry (Fig. 4.19),
enabling fabrication of optically active 3D porous architectures and also expanding
the degree of freedom not only in AAO-based synthesis of functional nanowires and
nanotubes with modulated diameters.

Structural modulation of porous AAOs can also be achieved by galvanostatic PA,
where current pulses satisfying MA and HA conditions are periodically applied. As
mentioned above, HA-AAO slabs formed by H2SO4-PA shows weak junction
strength between cells. By exploiting this feature, Lee et al. [163] developed a
convenient route for the mass preparation of uniform anodic alumina nanotubes
(AANTs) with prescribed lengths. They applied periodically galvanic MA and HA
pulses to achieve continuous modulations of pore diameter and also to weaken the

Fig. 4.18 a Scheme for the mass production of porous AAO membranes by a combination of
pulse anodization (PA) and wet-chemical etching. b, c SEM images of porous AAO formed by PA
and stacks of MA-AAO slabs after selective removal of HA-AAO slabs by wet-chemical etching.
The inset of c shows a photograph of pulse anodized AAO on aluminum after wet-chemical
etching treatment. SEM images were reproduced with permission from [144]. Copyright 2008
Nature Publishing Group
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junction strength between oxide cells. AANTs, the length of which is determined by
the HA-pulse duration (τHA), could be obtained by immersing the resulting porous
AAO into an acidified CuCl2 solution, followed by ultrasonic treatment in order to
release individual oxide nanotubes from the as-anodized sample (Fig. 4.20). Uniform
AANTs with controlled length may merit various applications because of material’s
excellent physicochemical properties, including a large effective surface area, high
dielectric constant, chemical inertness, and biocompatibility [164–167]. Recently,
Logic group have demonstrated that AANTs formed by galvanostatic PA can be used
as new drug delivery nanocarriers by using tumor necrosis factor-related
apoptosis-inducing ligand (Apo2L/TRAIL) as a model drug Fig. 4.21) [168].

Fig. 4.19 Schematics showing a the experimental process for the fabrication of AAO with
tailor-made pore structures by pulse anodization (PA) and b a generalized form of a potential pulse
employed in pulse anodizations. Uj and τij define the repeating unit of potential waves, where
Uj = the potential at the time tj with U1 = U5 (j = 1–4), τij = tj+1 - tj, i = the pulse number (i = 1, 2, 3,
…). Representative SEM image of porous AAOs with modulated pores prepared by pulse
anodization; c τ11 = 36 s, d τ 11 = 144 s, e τ11 = τ21 = 36 s, τ31 = t41 = 144 s, and f τ11 = τ21 = 144 s,
τ31 = 36 s, τ41 = 144 s, τ51 = τ61 = 36 s. Other parameters were fixed at U1 = 80 V, U2 = 140 V,
U3 = U4 = 160 V, τi2 = τi4 = 0 s, τi3 = 0.2 s. The repeating units of potential pulses are shown as
insets in the respective images. g Current (j)-time (t) transient for the sample shown in (f). From
[143]. Copyright 2010 IOP Publishing
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Their study have shown that as-prepared AANTs exhibit ultra-high pro-apoptotic
protein Apo2L/TRAIL loading capacity (104 ± 14.4 μg mg−1), and provide a suc-
cessful release with considerable local concentration (>24 μg) at in vitro simulated
physiological condition. The effectiveness of AANTs-Apol2L/TRAIL nanocarriers
was confirmed by effective reduction in viability of MDA-MB231-TXSA breast
cancer cell, which was attributed to the cell apoptosis induced by high concentration
of Apo2L/TRAIL loaded in AANTs.

An approach for pore modulations without combination of MA and HA pro-
cesses has been reported by Santos et al. [169]. The process, so-called “discon-
tinuous anodization (DA)”, uses potential pulses under MA regime and thermally
activated oxide dissolution condition [169]. In this method, self-ordered porous
AAO was first grown by anodizing a textured aluminum in 0.3 M H3PO4 (1 °C) at
170 V. After 6 min, anodizing was stopped and the electrolyte temperature was
increased to 35 °C. After that, DA process was started. DA consisted of applying
consecutive MA pulses (UMA = 170 V and τMA = 1 min) separated each other by a
designated relax period (Urelax = 0 V and τrelax = 3, 6, 9, or 12 min). The modulated
pores of the resulting AAOs changed from a slender node-like, ellipsoidal, and

Fig. 4.20 a Scheme for the mass production of Al2O3 nanotubes with prescribed lengths. b A
typical current (j)-voltage (V) relation during galvanostatic pulse anodization (PA) of aluminum. c,
d Cross-sectional SEM micrographs of AAOs formed by galvanostatic PA: τHA = 2 s for (c) and
τHA = 6 s for (d). Other pulse parameters were fixed at jHA = 368.42 mA cm−2,
jMA = 3.16 mA cm−2 and τMA = 5 s. e, f SEM micrographs of Al2O3 nanotubes obtained from
the sample shown in panel (c) and (d), respectively. Reprinted with permission from [163].
Copyright 2008 The American Chemical Society
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asymmetric serrated morphology depending on the relax period. It was proposed
that the generation of the pore modulations is associated with the formation of a
gel-like layer (e.g., Al(OH)3) during the period of relax and its subsequent
detachment during the beginning of each potential pulse [169]. The proposed
mechanism appears to explain the experimental observations. But it should be
supported by the evidence that can confirm the presence of gel-like layer on the
entire surfaces of the pores. It was reported that gel-like material on pore wall
surface is very soluble in acid electrolytes even at room temperature [85]. Gel-like
layer on the pore wall surface may be formed by re-deposition of dissoluted oxide
species within the pores, which typically occurs upon drying of an improperly
rinsed porous AAO. Santos et al. [169] attributed the sharp increase in anodizing
current (j) at the beginning of each potential pulse to the detachment of the gel-like
layer from the pore base. But, an alternative interpretation can be made for this
observation as follow: During the period of relax, acidic dissolution of pore wall
oxide would occur due to the high electrolyte temperature, thus pores are enlarged.
Simultaneously, the barrier layer is thinned. As a consequence, anodizing current

Fig. 4.21 Schematic illustration showing application of anodic alumina nanotubes (AANTs) for
in vitro drug delivery of tumor necrosis factor-related apoptosis-inducing ligand (Apo2L/TRAIL).
Adapted with permission from [168]. Copyright 2014 Elsevier Ltd

138 W. Lee



(j) increases steeply upon applying MA pulses but decreases almost exponentially
to steady-state value as the pores grow with their equilibrium morphology. The
reported maximum current density (j) upon MA pulses was about 40 mA cm−2,
which is about 10 times higher than that of typical H3PO4-MA at comparable
temperature. The high current density (j) at the beginning of each potential pulse
would account for observed pore modulation. In fact, it has been reported that at a
given anodizing potential (i.e., U = constant) pore diameter (Dp) increases with
current density (j) [85].

4.4.3.4 Cyclic Anodization (CA)

Losic et al. put forward the concept of structural engineering of internal pore
structures of AAO by combining MA and HA [170]. They developed a new
anodization process, termed “cyclic anodization (CA)”, which is based on slow and
oscillatory changes of the anodizing conditions from MA to HA regimes. The
authors used periodically oscillatory current signals with different profiles, ampli-
tudes, and periods in order to achieve pore modulations in porous AAOs
(Fig. 4.22). By applying current signals of different cyclic parameters, porous
AAOs with different pore shapes (circular- or ratchet-type), lengths, periodicity and
gradients were prepared. Microscopic investigation on the samples indicated that
the internal pore geometry is directed by the characteristics (i.e., profile, period, and
amplitude) of the applied cyclic signal. The authors pointed out that the transitional
anodization (TA) mode, the transition from MA to HA regime, is important for
structural engineering of pores in their CA process; the minimum current of the
applied cycle is responsible for the formation of the smallest pores (MA), the slope
in the current directs the main pore shape (TA), and the maximum current is
responsible for the formation of the largest pores. The authors further demonstrated
fabrication of porous AAOs with distinctive, hierarchical internal pore structures by
employing multiprofiled current signals; for example, three different successive CA
steps, beginning with first cycle having a gradually increasing amplitude of current,
then a double-profiled cycle, and lastly a series of triangular galvanic cycles. In a
separate report, the same authors demonstrated fabrication of porous AAOs with
laterally perforated pores (i.e., pores with nanoholes along horizontal directions) by
a combination of CA and wet-chemical etching of the resulting porous AAOs [171].

As mentioned in Sect. 4.4.3.3, porous AAOs with periodically modulated pore
diameters may exhibit colors, when their modulation period is the order of the
visible light wavelength. In other words, porous AAO with appropriately modulated
pores can behave like a distributed Bragg reflector (DBR) that consists of period-
ically stacked layers of different refractive indices, reflecting a range of wavelengths
propagating in the direction normal to the stacked layers. The range of wavelengths
that are reflected is called the “photonic stopband”. The central wavelength of
stopband depends on the refractive index and the layer thickness. On the other
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hand, its bandwidth depends on the refractive index contrast, the relative layer
thickness within one period, and the total number of layers. Due to its outstanding
optical characteristics, DBRs have been important components in various opto-
electronic devices (e.g., vertical cavity surface-emitting laser, reflector mirrors,
electroabsorptive reflection modulators), and thus cheap and robust ways of reali-
zation of DBR structures have been intensively explored recently [172–174].

Optical properties of structurally engineered porous AAOs have been intensively
investigated by Fei group [175–180]. They first reported that photonic crystals
made of “air pores” in AAOs can be fabricated by applying periodically varying

Fig. 4.22 a Schematics of the galvanostatic cyclic anodization (CA). b Influence of current
amplitude on the pore shape and the length of modulated pore segments. Anodization modes (i.e.,
MA, TA, HA) associated with corresponding anodization currents are marked on the pore
structures and graphs. c SEM image of porous AAO with multilayered pore architectures and
different pore modulation patterns. d Current profiles versus pore geometries of the sample shown
in (c). Scale bars = 500 nm. Reprinted with permission from [170]. Copyright 2009 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim
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potential during anodizing and subsequently performing wet-chemical etching of
the resulting AAOs (Fig. 4.23) [175]. For anodization of aluminum, anodizing
potential was linearly decreased from 53 to 23 V in 3 min, and then increased from
23 to 53 V in 30 s. Straight main channels were formed during the high-potential
duration, and each main channel branched into several small channels during the
low-voltage duration. By cycling this process, a periodic structure with main and
branched channels could be formed. The stopband position in the transmission
spectra could be controlled in the range from 450 to 525 nm by adjusting the time
for wet-chemical etching. Later, the same group of authors put forward their
approach in order to fabricate AAO-based DBR structures and demonstrated that
the first Bragg condition for the main inhibition of incident light perpendicular to
the surface of AAO can be modulated from 727 to 1200 nm by modifying wave-
form of anodizing potential [176]. With a separate report, they also showed that the
transmission spectra of AAO-based DBRs can be modulated further to cover almost
any wavelength range of the visible light by simply modifying the anodizing

Fig. 4.23 Top-left Schematic procedure for the fabrication of a photonic crystal made of air pores
in AAO by a combination of anodization of aluminum with periodically changing potential and
wet-chemical etching. Top-right SEM images of porous AAO (a) before and after chemical
etching for b 15 min, c 18 min, and d 20 min. Scale bars = 200 nm. Bottom-left A photograph and
Bottom-right transmission spectra of the corresponding samples. Adapted with permission from
[175]. Copyright 2007 IOP Publishing
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temperature [177]. The effect of incidence angle on the optical properties of
AAO-based DBRs was studied by Xing et al. who observed that when the incidence
angle increases progressively, a blue shift of the transmission peak occurs with
gradual decrease of the peak intensity [181]. Fei group has recently demonstrated
that structurally engineered porous AAOs can be used as gas sensors [178, 179].
Porous AAOs were prepared by using so-called “voltage compensation mode”,
which was claimed to effectively compensate the unevenness of the pore size
caused by ion concentration decrease at the pore bottoms and the pore wall dis-
solution by the electrolyte [178, 180]. Porous AAO behaved as photonic crystal
with an ultra-narrow photonic bandgap (PBG), of which the full width at the half
maximum is only 30 nm. Based on shift of PBG upon exposure to ethanol vapor,
porous AAO-based photonic crystal gas sensor was fabricated.

More recently, Ferré-Borrull group reported that an in-depth modulation of the
pore geometry and the refractive index of AAO-based DBRs can be achieved by
potentiostatic CA of aluminum with deliberately designed potential cycles
(Fig. 4.24) [182]. For the modulation of pores, 150 potential cycles were applied, in
which each cycle consisted of three phases: (i) a linear increasing potential ramp
from 20 to 50 V at a rate of 0.5 Vs−1, (ii) an interval of constant potential at 50 V
lasting for time to flow a given charge (Qo = 0, 0.5, 1 and 4 C), and (iii) a linearly
decreasing potential ramp from 50 to 20 V at 0.1 Vs−1 (Fig. 4.24a–d). After the
anodization process, wet-chemical etching of the resulting porous AAOs was car-
ried out using 5 wt% H3PO4 (35 °C) in order to increase pore diameters for different
period of times (0, 9, 18, and 27 min). Transmittance spectra of the AAO-based
DBRs revealed that by controlling the amount of charge involved in each cycle it is
possible to modulate the photonic stopband position from the UV to the
near-infrared range. Further, the pore-widening causes blue shift of the stopbands
and modifies their width and depth (Fig. 4.24e–h). The study well demonstrate the
ability to control the photonic stopband by modulating the refractive index contrast
between the layers through a combination of CA and controlled pore-widening.

Excellent examples of work on real-time and label-free biosensing applications
of structurally engineered porous AAOs have been recently reported by Kumeria
and coworkers [183, 184]. They fabricated porous AAO rugate filters (AAO-RFs)
by anodizing aluminum in 0.3 M H2C2O4 under different pseudosinusoidal po-
tentiostatic conditions controlled by total amount of charge (Q). AAO-RFs were
combined with reflection spectroscopy (RfS) in order to develop a biosensing
system. The biosensor systems were evaluated and optimized not only by mea-
suring shifts of the characteristic reflection peak with the effective refractive index
change, which was achieved by detecting different levels of analytes, but also by
performing theoretical modeling based on the Looyenga-Landau-Lifshitz model.
For D-glucose sensing, the AAO-RFs biosensing system showed a large linear
range from 0.01 to 1.00 M, a low detection limit of 0.01 M, a sensitivity of 4.93 nm
M−1, and a linearity of 0.998 [183]. For ionic mercury sensing, it showed a linear
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working range from 1 to 100 μM of Hg2+, low detection limit of 1 μM, and
sensitivity of 0.072 nm μM−1, good chemical selectivity over different metal ions
(e.g., Co2+, Mg2+, Ni2+, Cu2+, Pb2+, Fe3+, Ca2+, Cr6+, and Ag+) [184].

4.5 Concluding Remarks

The anodization of aluminum and the resulting self-ordered porous anodic alumi-
num oxide (AAO) are currently the subject of intensive research in nanotechnology.
In this chapter, the most recent advances in structural engineering of porous AAO
and applications of porous AAO with tailor-made internal pore geometries have
been reviewed. The structure of porous AAO can be characterized by hexagonal
arrays of mutually parallel cylindrical pores. Anodization of aluminum under
self-ordering regimes yields self-ordered porous AAO, whose pore depth, size,
spacing, and density can be conveniently tuned by properly controlling anodizing
conditions (i.e., anodizing time, electrolyte, and potential). The porous AAO pos-
sesses many useful properties, including excellent thermal stability, chemical
inertness, bio-compatibility, and mechanical hardness. In addition, the surface
chemistry of pore wall oxide can be conveniently engineered through various
methods, including self-assembly, layer-by-layer (LbL) deposition, atomic layer
deposition (ALD), chemical-vapor deposition (CVD), sol-gel deposition, and
electro/electroless deposition of metals. Over the last two decades, these features
have been intensively exploited for the templated syntheses of a variety of
low-dimensional functional nanostructures, and also for the development of
AAO-based advanced devices, which are difficult or impossible to be fabricated by
existing synthetic methods or state-of-the-art lithographic techniques.

Various methods to design and engineer the pore structure of AAO have been
developed. These include micromachining of porous AAO, anodization of
pre-textured aluminum, multistep anodization with controlled wet-chemical oxide
etching after each anodizing step, programmed potential reduction, pulse anod-
ization (PA), and cyclic anodization (CA). These approaches have allowed the
researchers to fabricate porous AAOs with a variety of structures, such as porous
AAOs with high-aspect-ratio microstructures, sharp featured non-circular pores,
non-hexagonal arrangement of pores, symmetrically or asymmetrically modulated
pores, funnel-like pores, hierarchical three-dimensional architectures, etc.

b Fig. 4.24 a, b Applied voltage profiles (red trace) and measured current transients (green trace)
for the AAO samples with a Qo = 0 C and Qo = 4 C., where Qo is the charge during the interval of
constant potential at 50 V. c, d Cross-section SEM images of the respective resulting samples,
respectively. The label 2 indicates conical shape of the pores. The label 3 indicates the interface
between two cycles. e–h Transmittance spectra of the AAO-based DBRs for different Q0 and
pore-widening times: e Qo = 0 C, f Qo = 0.5 C, g Qo = 1 C, and h Qo = 4 C. The label 1 indicates
the beginning of two branchings. Adapted with permission from [182]. Copyright 2013 The
American Chemical Society
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Structurally engineered porous AAOs have provided a new degree of freedom in
AAO-based syntheses of functional nanostructures. In addition, they have been
utilized as platforms for investigating the adsorption and separation behaviors of
diverse particles, ions, or biologically important molecules. Recent studies have
shown that the structural engineering of porous AAO can result in the generation of
optically active structures by imparting tailored optical properties, such as selective
transmission, reflection, enhancement, confinement, or guide of light. The dem-
onstrated optically active structures include AAO-based photonic crystals, distrib-
uted Bragg reflectors, waveguides, rugate filters, etc. Structurally engineered porous
AAOs with custom-designed optical properties have been successfully utilized as
platforms for developing various label-free, real-time optical sensing systems for
chemical, biological, industrial and environmental analyses. Optical detections of
analytes in these sensor systems are based on the change of the effective refractive
index of porous AAOs. Analyte detections are not limited to optical method, but
can be based on various electrochemical techniques. Apart from precise structural
engineering, high selectivity and specificity towards target analytes can be achieved
by deliberately engineering the surface chemistry of porous AAOs. As discussed,
micromachined porous AAOs can be used as excellent platforms for MEMS
devices. Therefore, continuous developments in engineering of structures and
surface properties of porous AAOs may lead to a variety of smart and rugged
AAO-based sensing devices with multi-performances in near future.

Many electrochemical aspects of aluminum anodization have been disclosed,
especially during the past few years. However, the mechanism responsible for the
self-organized formation of pores during anodization is still far from being
understood and requires further extensive studies. Investigations to this direction
are significant, because they may provide viable information in exploring new
design rules for noble porous architectures, which are not accessible with the
currently available anodization techniques. Future development of innovative
anodization techniques, combined with various surface functionalization strategies,
will further expand the application field of porous AAOs.
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