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Abstract

®

CrossMark

In the present study, we have determined the intrinsic refractive index of anodic aluminium
oxide, which is originated by the formation of nanoporous alumina templates. Different
templates have been fabricated by the conventional two-step anodization procedure in oxalic
acid. Their porosities were modified by chemical wet etching allowing the tuning of their
effective refractive indexes (air-filled nanopores + anodic aluminium oxide). By standard
spectroscopic light transmission measurements, the effective refractive index for each
different template was extracted in the VIS-NIR region. The determination of the intrinsic
anodic aluminium oxide refractive index was performed by using the Maxwell-Garnett
homogenization theory. The results are coincident for all the fabricated samples. The obtained
refractive index (~1.55) is quite lower (~22%) than the commonly used Al,O3 handbook value
(~1.75), showing that the amorphous nature of the anodic oxide structure strongly conditions
its optical properties. This difference is critical for the correct design and modeling of optical
plasmonic metamaterials based on anodic aluminium oxide nanoporous templates.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Optical metamaterials are attracting increasing attention from
different research areas such as physics, life sciences, engi-
neering, and material sciences [1, 2]. This growing interest is
due to their great potential in the development of novel mate-
rials with exotic optical properties, which can be useful in a
very broad interdisciplinary spectrum. Like in other kinds of
nanostructured systems, the metamaterials’ optical behaviour
arises from the combination of both the shapes and order of

0022-3727/15/455105+6$33.00

nanostructures, and the intrinsic constituent materials’ prop-
erties (usually combining dielectric and metallic materials).
Hence, their responses can be completely tuned by properly
selecting and carefully designing the materials and structures,
respectively [3]. They exhibit bizarre phenomena like negative
refraction [4], hyperbolic dispersion [5], and superlensing [6]
to name a few, and their possible applications range from non-
diffraction-limited imaging [7] and enhanced plasmonic-based
sensing [8, 9] up to the development of optical cloaking devices
[10, 11]. The future impact of optical metamaterials in society

© 2015 IOP Publishing Ltd  Printed in the UK
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will not be only conditioned by their potential applications,
but also by their implementation costs. Therefore, moving to
bottom-up nanofabrication approaches seems to be a better
choice than conventional top-down ones for the successful
industrial-scale production of optical metamaterials due to their
inherent low costs and large area fabrication capabilities. In this
framework, nanoporous anodic aluminium oxide (AAO) mem-
branes are self-assembled systems which can be used as tem-
plates for fabricating a wide variety of nanostructured materials
with different purposes. By combining the membranes with dif-
ferent fabrication methods, such as physical vapour deposition,
etching, and electrodeposition to name a few, a huge variety of
nanostructured 2D and 3D systems can be prepared [12—14].
Their applications range from magnetic [15-18] to biomedical
ones [19, 20], including optical metamaterials [9, 21, 22]. The
latter consist generally of metallic nanowires embedded inside
the AAO template. Thus, to properly design and simulate the
resulting metamaterials’ behaviour, the intrinsic optical proper-
ties of the AAO must be well established.

This work aims to extract the intrinsic AAO refractive
index at the end of visible and NIR spectral regions by per-
forming spectroscopic light transmission measurements in
three different AAO templates. The samples have been fab-
ricated following the same process but changing their natural
porosities at the end. This allows the tuning of the effective
refractive index of the AAO template due to the increase in
the empty nanopores’ volume. The calculation of the intrinsic
AAO refractive index is performed in two steps. First, the
effective refractive index of the templates is calculated by
directly fitting the Fabry—Pérot interference pattern of each
sample, and second by using the Maxwell-Garnett homogeni-
zation theory in combination with an accurate scanning elec-
tron microscopy (SEM) micrograph analysis of each template.
The obtained results for all the samples are coincident leading
to a value of naao =~ 1.55, which is quite lower (~22%) than
the commonly used Al,O3 handbook refractive index of 1.75
[23] and also lower than the Al,O3 value of ~1.63 in sputter-
deposited thin films [24]. These differences are critical and
must be taken into account when designing AAO template-
based optical metamaterials, especially when dealing with
plasmonic effects due to the strong dependence of the plas-
monic modes with the refractive index [9].

2. Experimental details

2.1. AAO template fabrication

Three different pairs of AAO templates have been fabricated
following the well-known two-step anodization protocol [12,
13, 25] in the same electrochemical cells and at the same
time. The process begins with the anodization of high purity
(99.997%) aluminium foil in a 0.3M oxalic acid solution
under a constant potential of 40V and constant temperature
(~4 °C). This first anodization takes place for 24h, and the
resulting AAO templates are chemically removed to perform a
second 8 h anodization process under the same conditions. The
latter greatly improves the nanopores’ order and determines
the thickness of the final AAO template. Consequently, a pore

Figure 1. (a) Final sample scheme showing the macroscopic shape
and main microscopic structural parameters: inter-pore distance
(D), pore diameter (d},) and AAO template thickness (L). Top and
cross-section views of the SEM micrographs for the AAO_01

(b) and AAO_03 (c) samples.

widening process was performed in two of the three pairs of
samples to change their natural porosities by increasing the
volume of the nanopores. This process consists of exposing the
AAO templates to a 0.5M phosphoric acid solution at 30 °C.
Wider nanopores were obtained by increasing the etching
time. The fabricated template pairs are designated as AAO_01,
AAO_02, and AAO_03, where the first one was kept with its
natural porosity, and the second and third ones were etched for
4 min and 12 min, respectively.

Following the pore widening, the samples were prepared
for light transmission measurements by selectively wet etching
a hole in the Al foil substrate and dry etching the AAO bar-
rier layer present at the bottom of the nanopores (Art ion
milling in a Kenosistec RIE/RIBE KP 600 PBS). Thus, at
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Figure 2. (a) Experimental setup scheme for the spectroscopic light
transmission measurements at normal incidence. (b) Transmittance
spectra for the three fabricated AAO templates, AAO_01 (black
line), AAO_02 (red line) and AAO_03 (green line).

the end, three pairs of AAO templates with different porosi-
ties were fabricated from oxalic acid Al foil anodization with
almost the same thickness and with open pores at the top and
bottom sides. One sample of each pair was destructively ana-
lysed by SEM to obtain both top and cross-section views of the
templates, allowing the characterization of the main structural
parameters, namely the interpore distance (D), the nanopores’
diameters (dp), and the template thicknesses (L) (figure 1).
Figures 1(b) and (c) present the top and cross-sections views
of the AAO_01 and AAO_03 samples, respectively, showing
the effect of the pore widening process (<dp> ~ 27nm and
50nm, respectively) and almost the same template thicknesses
(L~ 17.5 pm). The local contrast changes (dark and bright
lines) close to the nanopores in the SEM image of the AAO_03
sample are due to charge effects during the scanning, and they
are only related to the relative orientation between the nanop-
ores’ lattice and the fast scanning direction of the microscope.

2.2. Optical characterization

The spectroscopic light transmission measurements were per-
formed by using a homemade set up consisting of an fibre
optic white light source (Ocean Optics HL-2000), two fibre
optic collimators (Ocean Optics 74-VIS), and a VIS-NIR fibre
optic spectrometer (Ocean Optics USB-4000) (figure 2(a)).

The light is guided by a fibre from the lamp to the injection
collimator (blue fibre). After this, it is collected by the second
collimator and injected again into a fibre (red fibre), which
is connected to the spectrometer at the end. It is important to
note here that the diameter of the hole (5mm) performed in
the Al foil is larger than the diameter of the collimated light
beam (~3mm), and also that all the spectra were taken at
normal incidence. The transmittance spectra of the samples
were obtained by direct comparison between the reference
lamp spectrum (measured without the sample) and the tem-
plates’ spectra. The spectrometer acquisition conditions for
both the reference and sample measurements were the same.

The measured transmittance spectra are presented in
figure 2(b) for the three fabricated AAO templates in the VIS—
NIR region. All of them show almost the same behaviour: a
transmittance level around 80% with two different regions.
For wavelengths below 575 nm, a faster decay in the transmit-
tance is observed, and above this a Fabry—Pérot interference
appears mounted over the recorded signal. Both the rela-
tively low transmittance level compared with an Al,O3 thin
film (estimated around 94%) and the rough behaviour change
for smaller wavelengths can be understood in terms of losses
due to the light scattering induced by the nanopores and by
the different grains, where the nanopores’ lattice presents the
same arrangement. In fact, this scattering strongly depends on
the wavelength and it has been observed that its effects are
enhanced for smaller wavelengths [26]. On the other hand,
the Fabry—Pérot interference is generated by internal reflec-
tions of light passing through the sample and it depends on
the effective refractive index of the AAO template (air filled
nanopores + AAQO) and on the sample’s thickness.

3. Results’ analysis and discussion

The measured AAO refractive index is for 0.3M oxalic acid
Al foil anodization at 40V and 4 °C. Changing the electrolyte
and/or the anodizing conditions [27] may change the intrinsic
refractive index of the resulting AAO. At this point it is impor-
tant to emphasize the difference between the effective refractive
index (n.¢) of the templates and the intrinsic refractive index of
the AAO. The first one results from the mixture of the air-filled
nanopores and the AAO which forms the template. It is depen-
dent on the porosity of the sample and diminishes when the
volume of the nanopores increases. The intrinsic AAO refrac-
tive index corresponds only to the aluminium oxide regions of
the sample and it can be extracted from the ne value by using
the Maxwell-Garnett homogenization theory in combination
with a careful image analysis of the SEM micrographs.

3.1 Templates’ effective refractive index

The calculation of the effective refractive index of each AAO
template was performed by directly fitting the Fabry—Pérot
signal of each transmittance spectrum. As indicated before,
the resulting signal depends mainly on the template thickness
and on the effective refractive index. A dispersive Sellmeier
model [28] for the refractive index was constructed within the
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Fabry—Pérot equation to perform the fitting by standard non-
linear least squares using MATLAB.

=f)

. 27 Bl>\2 Bz)\z 33)\2
“sinf == - 2L 1 + + + +é&f (D
SH{ A \/ e O A e

Equation (1) shows the constructed fitting model. The func-
tion f(\) takes into account the amplitude changes of the
oscillating signal with wavelength. This is a second-order
polynomial function without an independent term, which was
previously optimized and which was fixed during the final fit-
ting. The B; and C; parameters correspond to the amplitudes
and the absorption resonance wavelengths of each Sellmeier
term, respectively, L represents the thickness of the template,
and 6 is an arbitrary initial phase. The initial values for the
three different Sellmeier’s absorption resonances were estab-
lished following the method described in [29], and the mea-
sured template’s thickness was kept fixed during the fit.

The different fitted functions are shown in figure 3(a) for
the three fabricated templates. The fitting range was adapted
between 700 and 950nm, where the Fabry—Pérot signal is
good enough to perform the calculation. All the fits present a
x? superior to 0.9, matching fairly well with the experimental
data. In figure 3(b) the resulting effective refractive indexes as
a function of wavelength are plotted and they exhibit a normal
dispersion. The obtained results show that n.g decreases when
the porosity of the AAO template is increased with values
ranging from ~1.5 to ~1.42. This behaviour is expected since
a larger porosity means more volume of the sample occupied
by air. Therefore, its effective refractive index should be lower
and closer to the air value.

M)

3.2. AAO intrinsic refractive index

The calculation of the intrinsic AAO refractive index was per-
formed by applying the Maxwell-Garnett homogenization
theory [1, 30]. It is better suited than Bruggeman’s model to
this kind of system due to the well-separated optical domains
defined by the AAO template (air filled nanopores + AAO)
and the predominance of one of the constituents (AAO). The
model assumes that as the structures (nanopores) present
typical sizes far below the light wavelength at normal inci-
dence, the permittivity of the whole system can be understood
as an effective permittivity resulting from the combination of
the constituents’ ones, preponderating the contribution of the
more extended medium defined as the host.

I+l € — €h
& ) F: )
"1-T fgsg—knah 2

Eeff =

Equation (2) presents the Maxwell-Garnett model for only
one guest material, which is air in our case. The effective, the
host, and the guest electrical permittivities are represented by
Eeff» €n, and &, respectively; fg is the filling ratio of the guest
medium and 7 is the screening factor. This last term is related
to the scattering induced by the shapes of the inclusions. By
a straightforward operation, a quadratic equation for the host
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Figure 3. (a) Fitting model (continuous red line) compared with
the experimental data (dashed black line) for the three fabricated
templates, AAO_01, AAO_02, and AAO_03. (b) Effective refractive
indexes constructed from the fitted Sellmeier’s parameters for the
three templates, AAO_01 (black line), AAO_02 (red line), and
AAO_03 (green line).

medium electrical permittivity can be written, as illustrated in
equation (3).

£ = 1f) + enleg + nfy, — ceni(fy + M+ e eg(fy — 1) =0

3)
At normal incidence, where the nanopores (‘air nanowires’)
are parallel to the light wave vector, the 7 value is 1. Also,
€ 1s 1 and e takes the values previously calculated through
the Sellmeier fitting of the Fabry—Pérot response (eer = ngff),
leaving only the filling ratio (f,) as incognita to determine the
intrinsic permittivity of the AAO. This parameter was obtained
after a careful and detailed analysis of the SEM images taken
for each template. In figure 4(a) the final binary image filtered
from the AAO_03 SEM micrograph is presented, showing the
AAO regions in black and the air-filled nanopores in white.
After this first step, the filling ratios’ frequency distributions
were extracted by measuring the d, of each nanopore in the
binary image and calculating the average distance D between
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Figure 4. (a) Selected binary image of the nanopores’ structures
obtained from the SEM micrograph of sample AAO_03.

(b) Frequency distributions of the templates’ filling ratios for
samples AAO_01 (black), AAO_02 (red), and AAO_03 (green).
(c) Calculated intrinsic refractive indexes for the AAO obtained
from templates AAO_O01 (black line), AAO_02 (red line), and
AAQ_03 (green line), and the handbook Al,O3 refractive index
value (blue dashed).

the first nanopore neighbours. This leads to the filling ratio of
each cell by assuming a hexagonal lattice order following the
expression f, = (472/3)'(d,/2D)>.

The resulting filling ratios’ frequency distributions are
presented in figure 4(b) for the three fabricated templates. It
is clearly shown that the pore widening process leads to an
increase in the nanopores’ filling ratios. Their average values
obtained for samples AAO_01, AAO_02 and AAO_03 are
~0.05, ~0.11, and ~0.22, respectively. Finally, the intrinsic

AAO refractive index was calculated for each wavelength
by using equation (3) and the frequency distributions of the
filling ratios. Thus, the obtained values take into account not
only the average behaviour but also the whole information
contained in the SEM micrographs. Figure 4(c) illustrates the
intrinsic AAO refractive index as a function of wavelength
for the three studied templates showing normal dispersion
and almost coincident values in the whole analysed spectrum
range. This fact is by itself a confirmation that the presented
calculation method for the intrinsic refractive index is con-
sistent and leads to the same properties of the underlying
AAO material. In addition, the commonly used Al,O3; hand-
book refractive index value [23] is shown for comparison. We
would like to highlight a reduction of ~22% in the intrinsic
AAO refractive index. This lower value can be understood
due to the amorphous nature of the fabricated AAO [31]. Even
when it is compared with the values measured for nanocrys-
talline/amorphous sputter-deposited alumina, our result is
still below (~5%) the thin film’s refractive index (~1.63) [24].
These differences are critical when designing and simulating
the final response of an AAO template-based optical metama-
terial, especially when dealing with plasmonic systems due to
the extreme sensitivity of the plasmons to differences in the
surrounding dielectric refractive index.

4. Conclusions

Different AAO nanoporous templates were fabricated by fol-
lowing the standard two-step anodization process and a chem-
ical etching procedure to change their relative porosities. Their
modification leads to a change in the AAO template’s effective
refractive index without changing the intrinsic AAO optical
properties. The structural properties of the nanoporous tem-
plates (lattice parameter, nanopore diameter, template thick-
ness) were studied by a careful and detailed analysis of the
SEM images taken for each sample. By performing standard
spectroscopic light transmission measurements, the effective
refractive index for each sample was calculated by directly
fitting the Fabry—Pérot signal of each transmittance spectrum.
This fitting takes into account the dispersive properties given
by the Sellmeier model. Finally, the intrinsic AAO refractive
index was extracted by the Maxwell-Garnett homogenization
theory, using the effective index and the structural properties
of the templates. The obtained value is quite lower (~22%)
than the commonly used Al,O3 refractive index handbook
value and is also below (~5%) those measured in alumina thin
films. These results are critical and must be taken into account
when designing and simulating AAO-based optical metamate-
rials, especially when dealing with plasmonic systems.
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