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ABSTRACT: Structural engineering of porous anodic alumi-
num oxide (AAO) nanostructures by anodization has been
extensively studied in the past two decades. However, the
transition of this technique into the fabrication of AAO-based
one-dimensional photonic crystal is still challenging. Herein,
we report for the first time on the fabrication of AAO optical
microcavities by a rationally designed anodization approach. In
our study, two feasible methods are used to fabricate
microcavities with tunable resonance peak across the visible
and near-infrared spectra. Distributed Bragg reflector (DBR)
nanostructures are first fabricated by pulse anodization
approach, in which the anodization voltage was periodically manipulated to achieve pseudosinusoidal modulation of the
effective refractive index gradient along the depth of the AAO nanostructures. Microcavities were created by creating a
nanoporous layer of constant porosity between two AAO−DBR nanostructures, and by introducing a shift of the phase of the
porosity gradient along the depth of AAO. The position of the resonance peak in these microcavities can be linearly tuned by
means of the duration of the high voltage anodization. These optical nanostructures are sensitive to alterations of the effective
media inside the nanopores. The AAO microcavity shows a central wavelength shift of 2.58 ± 0.37 nm when exposed to water
vapor. Our research highlights the feasibility of anodization technique to fabricate AAO-based photonic nanostructures for
advanced sensing applications.
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■ INTRODUCTION

Intensive and extensive research studies on nanoporous anodic
aluminum oxide (AAO) prepared by self-ordering electro-
chemical anodization have stimulated numerous advanced
applications in recent decades such as nanofabrication, optical
sensing, energy storage, and drug delivery.1−4 In particular,
AAO has gained considerable interests in recent years for
chemical sensing and biosensing mainly due to its scalable and
cost-competitive fabrication process, high surface area, excellent
chemical and mechanical stability, and tunable pore geometry.5

High aspect ratio AAO nanostructures with straight cylindrical
geometry are conventionally fabricated by a technique of so-
called mild anodization (MA) with regard to the slow growth
rate of the oxide film (2−7 μm/h) under low current density (j
= 1−5 mA/cm2).6 Experimental studies and theoretical models
have confirmed that the formation of self-organized nano-
porous anodic films is due to the mechanical stress driven by
the migration of ions (i.e., Al3+ and O2−) across the oxide
barrier layer as well as field-enhanced dissolution of oxide.7−11

Since the mechanical stress and electrochemical oxidation rate

are proportional to the ionic current passing through the oxide
layer, the current density applied during anodization governs
the growth rate of the anodic oxide and also the geometric
features of the resulting nanoporous film such as the nanopore’s
size and its shape.10 For example, AAO with high growth rates
and large pore diameters can be produced when the
anodization process is carried out under high current densities
(j > 30 mA/cm2).12 Importantly, the elucidation of the
formation mechanism of AAO has recently boosted numerous
studies on the fabrication of novel AAO-based photonic
nanostructures. AAO structures based on stacks of periodic
dielectric nanoporous layers with sinusoidally patterned
effective refractive index display tunable photonic stop bands
(i.e., wavelength ranges where the material present high
reflectivity and low/limited transmittance of light).13 In
contrast to straight nanopores, AAO with modulated or

Received: March 2, 2015
Accepted: April 22, 2015
Published: April 22, 2015

Research Article

www.acsami.org

© 2015 American Chemical Society 9879 DOI: 10.1021/acsami.5b01885
ACS Appl. Mater. Interfaces 2015, 7, 9879−9888

www.acsami.org
http://dx.doi.org/10.1021/acsami.5b01885


hierarchically branched nanopores can be fabricated by
continuous periodic manipulation of the current density/
voltage during anodization. This electrochemical approach, so-
called pulse anodization,14−18 makes it possible to precisely
tailor the effective refractive index profile of AAO in depth in
order to generate distributed Bragg reflectors (DBR).19−23

Several recent studies have demonstrated the potential of AAO-
based DBR nanostructures for chemical and biological sensing
applications.24−26

The understanding of the anodization mechanism has
tremendously enhanced our ability to fabricate AAO featuring
sophisticated nanostructures. However, more extensive funda-
mental research must be carried out in order to develop novel
AAO-based photonic structures with optimized optical proper-
ties. In this scenario, here we report on a rationally designed
synthesis approach aimed to fabricate AAO-based optical
microcavities for potential chemical vapor sensing. AAO
microcavities are prepared by pulse anodization, in which the
nanostructure of AAO is directly manipulated by the
anodization voltage in order to modulate the effective refractive
index of the nanoporous structure in depth. The AAO
microcavities, similar to other thin-film microcavities,27−30 are
formed by inserting a thin layer of nanopores with constant
effective refractive index between two highly reflective DBR
structures (type I microcavities) as well as by shifting the phase
of the refractive index along the depth of AAO (type II
microcavities) (Scheme 1). We demonstrate that both
strategies are feasible solutions for fabricating AAO micro-
cavities with tunable position of the resonance peak. The
sensing capabilities of the AAO microcavities are tested by
using water vapor as a model gas. Our result provides
promising opportunities for preparing more sophisticated
AAO-based photonic nanostructures for advanced applications,
such as optical interference filters, light harvesting devices, and
environmental sensors.

■ EXPERIMENTAL SECTION
Materials and Chemicals. Aluminum (Al) foils of thickness 0.32

mm and purity 99.9997% were supplied by Goodfellow Cambridge
Ltd. (Wrexham, U.K.). Oxalic acid (H2C2O4), copper(II) chloride
(CuCl2), hydrochloric acid (HCl), ethanol (denatured; C2H5OH),

perchloric acid (HClO4), chromium trioxide (CrO3), and phosphoric
acid (H3PO4) were purchased from Sigma-Aldrich (Castle Hill,
Australia) and used without further processing. Ultrapure water
Option Q-Purelabs (Castle Hill, Australia) was used for preparing all
of the solutions used in this study.

Fabrication of AAO Microcavities by Pulse Anodization. The
AAO microcavities were synthesized by a modified pulse anodization
process.21,31 Briefly, Al chips 1.5 cm in diameter were first sonicated in
ethanol and ultrapure water. Al chips were electropolished prior to
anodization in a mixture of ethanol and HClO4 4:1 (v:v) at 20 V and 5
°C for 3 min. After this, the first anodization step was carried out in an
electrolyte of 0.3 M H2C2O4 at 40 V and 6 °C for 20 h. The resulting
AAO layer was dissolved by wet chemical etching in a solution of 0.2
M chromic acid (H2CrO4) and 0.4 M H3PO4 at 70 °C for 3 h.
Subsequently, pulse anodization was conducted at 5 °C with vigorous
stirring. A Keithley 2400 source-meter unit was used to control the
pulse parameters. The area exposed to the electrolyte solution was
0.95 cm2, and the current density (j) was calculated by dividing the
input current by the anodized sample area. In general, a pulse cycle
contains three steps: (1) a constant high voltage step, named high
voltage anodization (HVA), was first conducted at 50 V for a certain
period of time, which ranged from 140 to 360 s. (2) Then the voltage
was gradually reduced to 20 V at a rate of 0.078 V/s. (3) Finally, the
anodization voltage was kept at 20 V, stage named low voltage
anodization (LVA), for 8 min. A typical AAO−DBR nanostructure was
first fabricated by applying 40 pulse cycles of anodization following the
aforementioned protocol. To fabricate AAO microcavities with cavity
layers (type I microcavities), an AAO−DBR structure was first created
by 20 pulse anodization cycles. Then, the anodization process was
continued at 50 V under a designed duration to achieve an optimum
thickness of the cavity layer. This was followed by another set of 20

Scheme 1. Illustration of Fabrication Process of AAO Microcavities by Pulse Anodizationa

aType I microcavities are prepared by inserting a cavity layer between two AAO−DBR structures (left side). Type II microcavities are fabricated by
shifting the phase of anodization profile to achieve the phase modulation of effective refractive index in the bottom DBR structures (right side).

Table 1. Summary of Anodization Conditions Used to
Fabricate the Two Types of Microcavities Produced in This
Study

type I microcavities type II microcavities

serial
no.

HVA
duration (s)

cavity anodization
duration (min)

phase
change

HVA
duration (s)

1 140 20 1/2 π 140
2 180 20 π 140
3 240 10−20 3/2 π 140
4 300 20 7/4 π 140
5 360 20
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cycles of pulse anodization to form another AAO−DBR structure at
the bottom of the resulting AAO film (Scheme 1, left side). The
synthesis conditions of type II AAO microcavities are the same as
those used to produce microcavities of type I (i.e., 5 °C; HVA of 140
s/50 V; LVA of 480 s/20 V; and 40 pulse cycles in total) except that a
phase change is introduced at the 20th pulse cycle instead of growing
cavity layers (Scheme 1, right side). For instance, after fabrication of
the first DBR structure, the pulse phase was shifted 1/2 π at the 20th

pulse. Then, the process was continued with a series of 20 pulses at 1/
2 π phase shift. This process makes it possible to create an optical
microcavity (i.e., optical interface) between the two DBR structures
without any physical layer between both DBRs. Once the anodization
process was finished, the remaining aluminum substrate was selectively
removed from the backside of these Al chips by wet chemical etching
through an etching mask in a saturated solution of HCl/CuCl2. A
pore-widening process was performed by wet chemical etching in

Figure 1. Anodization profiles and transmittance spectra of AAO−DBR and AAO microcavities (type I). (a) AAO−DBR is prepared by 40 cycles’
pulse anodization. Each pulse cycle consisted of a 240 s anodization at 50 V, a programmed reduction of voltage to 20 V at the rate of 0.078 V/s, and
a 480 s anodization at 20 V. Inset represents an enlarged anodization profile. (b−d) Optimization of cavity layer thickness for preparing
microcavities. The cavity layer was sandwiched between two DBR nanostructures anodized continuously with 20 cycles’ pulse, respectively. The
cavity layer thickness was controlled by anodization at 50 V for (b) 10, (c) 15 min and (d) 20 min, respectively. Black arrows denote the positions of
the resonance peaks of microcavities.
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freshly prepared H3PO4 solution at a concentration of 5 wt % at 35.0
± 0.1 °C for 12 min. The fabrication conditions used to produce the
previously mentioned microcavities are summarized in Table 1.
Structural Characterizations. The structural characteristics of the

AAO microcavities were established from SEM images acquired by a
field emission gun scanning electron microscope (FEG-SEM FEI
Quanta 450). The transmission spectra were obtained by using UV−
vis−near-IR spectroscopy (Cary 5000, Agilent). The spectra were
collected from 300 to 3000 nm at a resolution of 5 nm. To conduct the
Lorentzian fit of the resonance peak, the spectra resolution was
adjusted to 0.1 nm. The optical images of AAO microcavities were
captured by a digital camera (Nikon D3100).
Water Vapor Sensing. To test the sensitivity of AAO micro-

cavities to chemical vapors, 3 mL of ultrapure water was added in a 5
mL hydrothermal autoclave reactor and preheated to 70 °C. Since this
process was conducted in such conditions that water vapor was in
thermodynamic equilibrium with its condensed state, the vapor
pressure as a function of temperature can be determined by the
Clausius−Clapeyron relation, which is estimated to be 31.1760 KPa at
70 °C. Type II AAO microcavities prepared by a 7/4 π phase shift was
placed on the top of the reactor and faced down to allow the
infiltration of vapor into its nanopores. After certain accumulated time
course (i.e 10, 30, 60, 120, and 240 s), the sample was assessed
immediately by UV−vis−near-IR spectroscopy at the wavelength
range from 850 to 1100 nm with a resolution of 1 nm.
Unless otherwise indicated, all of the aforementioned experiments

were repeated three times, and the obtained values of the different
characteristic parameters were statistically treated by calculating
averages and standard deviations.

■ RESULTS AND DISCUSSION

Synthesis of AAO Microcavities (Type I) by Optimiz-
ing the Thickness of the Cavity Layer. For a DBR structure
containing dielectric stacks with alternated effective refractive
indexes, the optical thickness of each stack should be equal to a
quarter of the wavelength at which the light reflection is

maximum in order to achieve constructive interference of light
according to the Bragg condition,

λ= =n d n d/4H H L L (1)

where nH/dH and nL/dL are the effective refractive indices and
thicknesses of the corresponding layers with high and low
effective refractive index, respectively.27,32,33 To create a narrow
resonance (microcavity) in the stop band of a DBR, a cavity
layer with half-wavelength optical thickness is inserted in the
middle of the dielectric stacks. This makes it possible to create
destructive interferences at a certain wavelength, which is
established by the characteristics of the cavity layer. Therefore,
the design of thin-film optical microcavities requires a precise
control over the thickness and effective refractive index of each
layer on the DBR and the cavity layer, since very slight
deviations of these structures will lower the quality of the
optical cavity. Note that long-term aluminum anodization (>24
h) unavoidably decreased the electrolyte concentration and
consequently reduced the current density, which makes the
quality control of each stack layer a challenge.34

AAO microcavities (type I) with a physical cavity layer
sandwiched in between two AAO-DBR structures were
produced by pulse anodization of aluminum (Figure 1). Figure
1a shows the anodization profile and transmittance spectrum of
an AAO−DBR pulse anodized by 40 cycles. To achieve the
variation of effective refractive index, the voltage was
engineered from 50 to 20 V in a periodic fashion. Note that
direct switching voltage from 50 to 20 V blocks the growth of
nanopore due to the delayed current recovery caused by the
thick oxide barrier layer formed during previous HVA. In a
given electrolyte, the barrier layer thickness increases with the
anodization potential (U) with a proportional rate of 1.3 nm
V−1 for MA process.12 However, at voltage control condition,

Figure 2. Structural characterization of AAO microcavities (type I). (a) SEM cross-section image of the AAO microcavities with cavity layer
thickness of 1.770 ± 0.014 μm after 20 min anodization at 50 V. White dashed line denotes the boundary of the cavity layer. (b) Magnified view of
the DBR layer indicated in panel a by a red rectangle. The yellow dashed line denotes the boundaries of the high voltage anodization (HVA) layer
and low voltage anodization (LVA) layer. VL is low voltage, while VH denotes high voltage. Scale bar: 500 nm. (c) Schematic illustration of the
nanopore structure, which contains straight pores in the HVA layer and a branched structure at the LVA layer. (d) Scheme of the structure of AAO
microcavities (type I) containing a cavity layer sandwiched between two DBR layers. The modulation of refractive index (RI) is achieved by
alternating HVA and LVA layers in a sequential manner.
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the current density is inversely proportional to the logarithm of
the barrier layer thickness according to the high field
conduction theory,

β= Δj j U texp( / )0 b (2)

where j is current density, j0 and β are material-dependent
constants at a given temperature, and ΔU/tb is the effective
electric field strength across the barrier thickness, tb.

2 From this
expression we can infer that when the voltage is reduced from
high to low with a large potential difference, the thickness of
the barrier layer remains at a thick level, while the effective field
strength at LVA is not strong enough to keep the ionic flow
(i.e., Al3+ and O2−) through the thick oxide barrier layer at the
pore bottom tips. To overcome this limitation, a decreasing
voltage ramp was applied at a rate of 0.078 V/s, which is the
fastest possible according to our results. After 12 min of pore
widening treatment, the porosity contrast between layers
increases, and the transmittance spectra of the AAO−DBR
presents three characteristic resonance peaks at the wavelengths
of 1550, 790, and 520 nm. To create a microcavity resonance
peak, a cavity layer was fabricated by HVA at designed duration
(i.e., 10, 15, and 20 min) as shown in Figure 1b−d. The

resulting transmittance spectra clearly showed the evolution of
the resonance peaks with regard to the thickness of the cavity
layer, in which the first order resonance peak at the wavelength
of 1415 nm was formed completely with a HVA cavity layer of
20 min. SEM characterization revealed that the thickness of the
cavity layer after 20 min of HVA was 1.770 ± 0.014 μm (Figure
2a). Figure 2b shows a magnified view of the DBR structure. It
is evident that straight pores were formed at the HVA section
while branching structure appeared during LVA. Previous
studies on pore branching phenomenon in AAO showed that
the number of branched nanopores can be precisely engineered
by reducing the voltage by a factor of 1/√n, where n is the
number of branches per pore.39−41

Note that this condition cannot be accomplished unless a
chemical etching step is performed to reduce the oxide barrier
layer thickness and allow the flow of ions (i.e., Al3+ and O2−) at
reduced voltage. In our protocol, the potential was reduced
approximately by a factor of 1/√6. However, we only observed
two-branch structure in a competitive growth pattern (Figure
2b,c and Supporting Informaton (SI) Figure S1). This
phenomenon is thought to be associated with the uneven
distribution of the electric field at the bottom of nanopores due

Figure 3. Manipulation of the AAO microcavities stop band position by changing high voltage anodization (HVA) duration. (a, c, e) Current
density−time profile of pulse anodization with HVA duration of 240, 180, and 140 s, respectively. Sine function fitting was applied as an illustration
of pseudosinusoidal current density profile. (b, d, f) Transmittance profiles of the resulting AAO microcavities prepared under different HVA
durations. Red color region denotes the position of the first order stop band. Green region denotes the position of the second order stop band. The
blue shift of stop band is evident when the HVA duration is decreased. Inset is a magnification of the cavity resonance of AAO microcavities prepared
by 140 s HVA. Lorentz fit was applied, and the quality factor of these AAO microcavities was determined to be 24.24.
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to the continuous reduction of voltage.36 Interestingly, the
branching nanopores did not grow steadily but formed as tips at
the interfaces of HVA and LVA layers. This phenomenon is due
to the unregulated growth of nanopore at the disordered
growth regime. In the condition of LVA, the anodization was
conducted at 20 V/0.3 M oxalic acid, which is far from the self-
organized regime in oxalic acid (40 V).9 In addition, although
the duration of LVA was twice longer than HVA, the growth
rate of nanopore was slow due to the delayed current recovery
as well as reduced ion current density according to eq 2.
Therefore, such undeveloped branching pores increased the
porosity in the LVA layer, thus leading to low effective
refractive index. In contrast, HVA led to a relatively lower
porosity, which generates higher effective refractive index as
compared to LVA (Figure 2d). Accordingly, the programmed
anodization profile creates a periodically modulated porosity,
which in turn results in a DBR structure.35,36 This engineered
periodical porosity pattern enabled the accumulation of in
phase interference from each dielectric stack, thus achieving the
sharp characteristic reflection peak of the DBR as shown in
Figure 1a. Since pulse anodization is frequently used to produce
AAO-based photonic nanostructures, clarifying the mechanism
of porous growth pattern during voltage shifting is of
fundamental importance for controlling the porosity of
dielectric stacks. Another advantage of this fabrication approach
is that the performance of microcavities is mainly determined
by the thickness of the cavity layer as illustrated in Figure 2d.
Therefore, one can precisely design the cavity structure by
HVA, in which the growth rate of pores is linear with the
duration of anodization.
Tuning Resonance Peak Position by Engineering HVA

Duration. From SEM structural characterization, the layer
thickness of the HVA layer is considerably thicker than that of
the LVA layer. We reasoned that tuning the HVA layer
thickness may affect the stop band position of the DBR, as the

stop band wavelength is proportional to the effective media of
dielectric stacks according to eq 1. As shown in Figure 3,
reducing HVA duration from 240 to 140 s without changing
the cavity structure readily shifted the position of the first order
resonance peak from 1415 to 945 nm. The resonance
wavelength value of the sample of 140 s HVA was determined
by fitting a Lorentzian curve to the experimental data, which
had a quality factor of 24.24 with full width at half-maximum
(FWHM) of 39.25 nm (Figure 3f). Note that the current
density profile in our condition can be treated as a
pseudosinusoidal profile when fitted to a sine function (Figure
3a,c,e). As we discussed earlier, the anodization voltage
influences the barrier layer thickness, while it is the ionic
current density that dominates the geometry of the nanopore
such as nanopore diameter and branching feature. It is known
that the nanopore geometry is influenced by the mechanical
stress over the barrier layer, which is governed by the ionic
current density passed through the barrier layer at a given
potential according to eq 2.10,42 When the potential drops from
a high to a low value, the concurrently reduced current density
will decrease the compressive stress over the barrier layer due
to retarded ionic migration moved from cell bottom toward cell
boundary, which leads to the uneven distribution of current
density at the bottom, and consequently result in the
modulation of nanopore geometry and branching structure.7,8

Therefore, the periodical current density pattern engineered the
effective refractive index profile into a pseudosinusoidal pattern,
which makes it possible to manipulate the photonic stop band
position by changing the anodization period.37,38,43

This strategy enables us for the first time to control the
resonance peak of AAO microcavities and tune its position
across the visible and near-infrared spectra. The positions of the
resonance peak are linear with the duration of HVA (Figure 4).
The visual color of these photonic structures is dominated by
the second order stop band when HVA is below 240 s, while
the third order of the stop band starts to induce color when the
HVA is higher than 300 s. Note that the features of cavities (i.e.,
thickness and effective refractive indexes) were maintained
constant in all of these experiments, which causes the variation
of the qualities of the resulting resonance peak (SI Figure S2).
Since the performance of microcavities is mainly dependent on
the cavity structure, it is expected that higher quality cavities
can be obtained after further optimization of the cavity
thickness.

Fabrication of AAO Microcavities (Type II) by
Continuously Modifying the Phase of Effective Refrac-
tive Index in DBR Structure. The technique of inserting
cavity layers is commonly used to fabricate high quality
microcavities. A more challenging method is to utilize the phase
difference of effective refractive index profiles of DBRs for
achieving destructive interferences. Such protocol requires a
precise control of the modulation of the effective refractive
index profile perpendicular to the surface of the thin film, and
the experimental realizations are rare in thin-film photonics
technology.28 To address this challenge, we engineered the
anodization profile by introducing a phase change of pulse
profile started at the 20th pulse cycle (SI Figure S3). Herein, we
chose the condition of 140 s HVA as an example, in which the
period of a single pulse was determined to be 1022.26 s (Figure
3e). Since the anodization profiles are translated into the
effective refractive index of AAO, the phase of effective
refractive index at the bottom DBR was shifted by programmed
anodization profiles, resulting in the narrow resonance peak

Figure 4. Relation of central wavelength position and resulting color of
AAO microcavities against high voltage anodization duration. (a)
Linear fitting of central wavelength position against the HVA duration.
The first and second order stop band positions can be tailored across
the range of visible and near-infrared wavelength. (b) The color of
AAO microcavities can be precisely controlled by HVA duration.
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within the stop band (Figure 5d−b). The second order
resonance peak appeared with a 1/2 π phase shift and became
stronger with a π phase shift due to the stronger destructive
interferences between the upper and lower DBRs. In contrast,
the first order resonance peak did not appear until the 7/4 π
phase shift. From structural analysis, the modulation of pore
geometry by 1/2 π phase shift is virtually undetectable by SEM
characterization: straight pores were identified at the interface
of the phase shift. However, branching of nanopores and
variation of nanopore diameter appeared at the interface of the
7/4 π phase shift (SI Figure S4). We hypothesize that the
absence of the first order resonance peak at 1/2 π−3/2 π phase
shift is due to the delayed current recovery effect when
anodization was switched from HVA to LVA. Although
compromised by slowly reduced voltage to enable the
continuous anodization at low voltage, the slow current
recovery retarded the formation of nanopores at the beginning

stage of LVA, thus delaying the translation of the phase profile
into effective refractive index profile along the depth of AAO. It
can be expected that anodization profiles aimed at facilitating
the current recovery by increasing the electrolyte temperature
and the use of sulfuric acid as electrolyte will efficiently address
this limitation.2,42

Vapor Sensing Performance of AAO Microcavities. As
a proof of applicability, we decided to demonstrate and asses
the sensitivity of AAO microcavities toward water vapor. To
this end, we exposed an AAO microcavity to a water vapor
environment. It is known that the resonance peaks of
microcavities structures are sensitive to changes in the refractive
index of the medium inside the nanopores due to the photon
confinement effect.29,36 Since water vapor has higher refractive
index than air, the accumulation of water molecules inside the
nanopores will increase the effective refractive index of the
AAO microcavity and thus will lead to a red shift of its

Figure 5. Phase shift of refractive index profile for preparation of AAO microcavities (type II). (a) Scheme of type II AAO microcavities prepared by
continuous pulse anodization. The graded refractive index profile of the bottom DBR structure has a phase shift from 1/2 to 7/4 π to achieve the
resonance with top DBR structure. (b−e) Transmittance profiles of AAO microcavities prepared by phase shift method. Black arrows denote the
positions of resonance peaks.
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resonance peak. Transmittance spectra were recorded after
vapor exposure at certain time points, and the shifts of the
resonance peak were monitored as a function of time (Figure
6). We chose AAO microcavities (type II) with a 7/4 π phase
shift as a sensor model. A red shift of the first order resonance
peak appeared with a time-dependent fashion when the water
vapor was condensed inside the nanopores of these AAO
microcavities (Figure 6a). The resonance peak showed a central
wavelength shift of 2.58 ± 0.37 nm in total after exposure to
water vapor for 120 s, at which the saturation of the sensor was
achieved. It is expected that AAO microcavities can be used for
other gas sensing applications as well as biological/chemical
sensing when combined with surface functionalization strat-
egies.25,44

■ CONCLUSION
Although anodization of aluminum is a well-developed
technique, the fabrication of advanced AAO-based photonic
structures requires precise control over the nanoporous
geometry for efficient light guiding. Herein, we have addressed
this challenge by putting forward facile and rationally designed
strategies for the fabrication of AAO microcavities by pulse
anodization. Two types of AAO microcavities were synthesized
by intercalating a cavity layer with constant refractive index
between two AAO−DBR nanostructures and by programming

phase shifts of effective refractive index profiles of AAO−DBR
continuously along the depth of AAO. These methods not only
enable a versatile tunability of the resonance peaks across the
visible and near-infrared spectra but also open up new
opportunities toward the design of more advanced AAO-
based photonic nanostructures such as Thue−Morse, Fibo-
nacci, and the combination of both, which potentially exhibit
the novel patterns of resonance peaks and stop bands.45 The
resulting AAO microcavities presented in our study contained
the features of Bragg stacks structures, making these structures
easy to reproduce and exhibit good sensing potential. More
importantly, these AAO optical structures when combined with
other nanofabrication strategies such as atomic layer deposition
and template replica offer solid foundations to prepare more
sophisticated optical devices for a broad range of applications.46
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Figure 6. Water vapor sensing performance of AAO microcavities
(type II) prepared with 7/4 π phase shift. (a) Transmittance profile of
the resonance peak of AAO microcavities when exposed to water
vapor at different time intervals. (b) Peak shift of the central
wavelength against time after exposure to water vapor.
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■ ABBREVIATIONS

DBR, distributed Bragg reflectors
FWHM, full width at half-maximum
HVA, high voltage anodization
LVA, low voltage anodization
MA, mild anodization
RI, refractive index
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