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Rational Engineering of Nanoporous Anodic Alumina 

Optical Bandpass Filters 

Abel Santos1,2,3*, Taj Pereira1, Cheryl Suwen Law1 and Dusan Losic1*  

Herein, we present a rationally designed advanced nanofabrication approach aiming at 

producing a new type of optical bandpass filters based on nanoporous anodic alumina photonic 

crystals. The photonic stop band of nanoporous anodic alumina (NAA) is engineered in depth 

by means of a pseudo-stepwise pulse anodisation (PSPA) approach consisting in pseudo-

stepwise asymmetric current density pulses. This nanofabrication method makes it possible to 

tune the transmission bands of NAA at specific wavelengths and bandwidths, which can be 

broadly modified across the UV-visible-NIR spectrum through the anodisation period (i.e. time 

between consecutive pulses). First, we establish the effect of the anodisation period as a means 

of tuning the position and width of the transmission bands of NAA across the UV-visible-NIR 

spectrum. To this end, a set of nanoporous anodic alumina bandpass filters (NAA-BPFs) are 

produced with different anodisation periods, ranging from 500 to 1200 s, and their optical 

properties (i.e. characteristic transmission bands and interferometric colours) are 

systematically assessed. Then, we demonstrate that the rational combination of stacked NAA-

BPFs consisting of layers of NAA produced with different PSPA periods can be readily used to 

create a set of unique and highly selective optical bandpass filters with characteristic 

transmission bands, the position, width and number of which can be precisely engineered by 

this rational anodisation approach. Finally, as a proof-of-concept, we demonstrate that the 

superposition of stacked NAA-BPFs produced with slight modifications of the anodisation 

period enables the fabrication of NAA-BPFs with unprecedented broad transmission bands 

across the UV-visible-NIR spectrum. The results obtained from our study constitute the first 

comprehensive rationale towards advanced NAA-BPFs with fully controllable photonic 

properties. These photonic crystal structures could become a promising alternative to 

traditional optical bandpass filters based on glass and plastic. 

 

Introduction 

 Optical bandpass filters (BPFs) are photonic structures that 

allow the transmission of a specific portion of the light 

spectrum in a selective manner while impeding the pass of light 

of all other wavelengths.1 BPFs are extensively used across a 

broad range of disciplines and industries, including 

photography, astronomy, pharmaceutical industry, medicine, 

physics and chemistry. Generally, BPFs are classified into three 

categories according to the range of allowed wavelengths: 

namely; i) longpass filters, which allow the transmission of 

light of long wavelengths, ii) shortpass filters, which allow the 

pass of light of short wavelengths and iii) bandpass filters, 

which allow the transmission of a band of wavelengths while 

blocking the pass of light of shorter and longer wavelengths. 

However, other types of BPFs with complex transmission 

bands (i.e. several transmission bands located at different 

sections of the UV-visible-NIR spectrum) can be fabricated as 

well. Furthermore, the bandwidth and the blocking range of 

BPFs (i.e. the width of wavelengths that are allowed to pass and 

the wavelength interval that is attenuated by the filter, 

respectively) can be engineered to be narrow or wide. The cut-

off between the maximum and minimum of transmission can 

also be designed to be gradual or sharp. Typically, BPFs are 

made from glass or plastic (e.g. polycarbonate or acrylic 

plastic), to which inorganic or organic compounds are 

incorporated during the fabrication process in order to impede 

the transmission of light of specific wavelengths.2 In the last 

decades, the rise of nanotechnology has boosted a plethora of 

possibilities to engineer photonic structures with unique optical 

properties. In particular, nanoporous materials produced by 

electrochemical oxidation (i.e. anodisation) have been 

demonstrated as outstanding alternative platforms to produce 

numerous photonic structures for a broad range of 

applications.3-6 Among these materials, nanoporous anodic 

alumina (NAA) produced by anodisation of aluminium 

substrates has long been envisaged as a platform to develop 

photonic crystal structures.7-13 This nanoporous material can be 

produced by a cost-competitive and industrially scalable 

process, traditionally used by metal finishing industry.14-16 

Moreover, NAA is biocompatible and has good mechanical 

strength, thermal stability, chemical resistance and its 

nanopores feature a highly controllable and versatile cylindrical 

geometry.3,4 In spite of these advantages, the generation of 

NAA-based photonic structures with precisely engineered 

optical properties has remained challenging due to the intrinsic 

limitations of this nanomaterial (i.e. low refractive index – 

nAlumina = 1.77 and low level of porosity).3 In addition, 

anodisation of aluminium is an electrochemical process that 

relies on the diffusion of ionic species (e.g. Al3+, O2-, OH-, etc.) 
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from and to the bulk electrolyte and across the oxide barrier 

layer located at the bottom tip of the nanopores, which insulates 

the inner side of the nanopores from the aluminium substrate.17-

21 Pioneering studies demonstrated that pulse-like anodisation 

approaches performed under specific conditions can make it 

possible to engineer the effective medium of NAA in depth 

with precision.22-28 Recently, some of these approaches have 

been used to produce numerous NAA-based photonic 

structures, including rugate filters, optical microcavities, Fabry-

Perót interferometers and distributed Bragg reflectors.29-39 The 

development of optical platforms based on NAA has spread the 

use of this nanomaterial, typically used as a nanoporous 

template to grow other nanostructures such as nanowires and 

nanotubes15, towards more relevant applications such as optical 

sensing systems, drug delivery chips and photonic tags.40-51  

 In this study, we present an innovative and rationally 

designed pulse anodisation approach, so called pseudo-stepwise 

pulse anodisation (PSPA), which enables the fabrication of 

nanoporous anodic alumina optical bandpass filters (NAA-

BPFs) with advanced optical properties (Fig. 1). This 

nanofabrication approach makes it possible to engineer the 

photonic stop band of NAA in depth with precision by means 

of pseudo-stepwise current density pulses. First, we 

demonstrate that the transmission band of NAA-BPFs can be 

precisely positioned across the UV-visible-NIR spectrum by 

modifying the anodisation period (i.e. time between 

consecutive anodisation pulses). This rationale is subsequently 

used to create an innovative fabrication approach based on the 

generation of stacked structures of NAA-BPFs produced with 

different PSPA periods. The resulting NAA-BPFs feature 

characteristic transmission bands, the number, position and 

width of which across the UV-visible-NIR spectrum can be 

engineered with precision to create a set of unique bandpass 

filters. As a proof-of-concept, for the first time, we demonstrate 

the realisation of NAA-BPFs with two, three and four 

transmission bandpass windows. Finally, we demonstrate that 

our approach can also be readily used to broaden the bandwidth 

of NAA-BPFs by creating stacked NAA-BPFs with slight 

modifications of the anodisation period. The resulting NAA-

BPFs feature transmission bands of unprecedented width, 

which can be tuned across the UV-visible-NIR spectrum by this 

anodisation approach.   

Experimental 

Materials 

 Aluminium substrates of high purity (99.9997%) and 0.32 

mm thickness were acquired from Goodfellow Cambridge Ltd. 

(UK). Perchloric acid (HClO4), hydrochloric acid (HCl), 

copper(II) chloride (CuCl2), sulphuric acid (H2SO4), phosphoric 

acid (H3PO4) and ethanol (EtOH – C2H5OH) were provided by 

Sigma-Aldrich (Australia) and used as received. Ultrapure 

water (18.2 MΩ·cm) Option Q–Purelabs (Australia) was used 

for preparing the solutions used in this study. 

Fabrication of NAA-BPFs by pseudo-stepwise pulse anodisation 

 In this study, a pseudo-stepwise pulse anodisation (PSPA) 

approach under current density control conditions was used to 

produce NAA-BPFs. Prior to anodisation, Al square chips (2.25 

cm2) were washed in ethanol and water under sonication for 15 

min each, dried under air stream and polished electrochemically 

in a mixture EtOH:HClO4 4:1 (v:v) at 20 V and 5⁰C for 3 min. 

The anodisation process was performed in an electrochemical 

reactor equipped with temperature controller, where the 

electropolished aluminium chips were exposed to the 

electrolyte solution through a circular window 1.2 cm in 

diameter and platinum wire acted as cathode. Al chips were 

anodised by PSPA in an aqueous solution 1.1 M H2SO4, the 

temperature of which was kept constant at -1⁰C throughout the 

anodisation process. The electrolyte solution was modified with 

25 v% EtOH in order to prevent it from freezing at 

temperatures below 0⁰C.52-53 The anodisation process, described 

in Fig. 1a started with a constant current density step performed 

at 1.12 mA cm-2 for 1 h. During this step, a thin layer of oxide 

with straight cylindrical nanopores was created and a 

homogeneous growth rate of the nanopores was achieved. 

Then, the anodisation process was set to PSPA mode, in the 

course of which the anodisation current density was pulsed 

between maximum (Jmax = 1.12 mA cm-2) and minimum (Jmin = 

0.28 mA cm-2) values in a pseudo-stepwise fashion. Note that 

the current density pulses in PSPA are asymmetric, where the 

current density is modified from Jmin to Jmax in a stepwise 

fashion and a linear decrement from Jmax to Jmin following a 

current density ramp (Sdown) is applied. So, the anodisation 

period (TP) (i.e. time between consecutive pulses) is given by 

Eq. 1. 

 

𝑇𝑃 = 𝑡𝑚𝑎𝑥 + 𝑡𝑚𝑖𝑛 +
𝐽𝑚𝑎𝑥−𝐽𝑚𝑖𝑛

𝑆𝑑𝑜𝑤𝑛
                                                 (1) 

 

where Jmax and Jmin are the current density maximum and 

minimum, respectively, tmax and tmin are the time lengths at Jmax 

and Jmin, respectively, and Sdown is the current density ramp 

from Jmax to Jmin (Fig. 1a). In this study, tmax and tmin were set as 

so tmin = 4tmax, Sdown was fixed to 0.03061 mA cm-2 s-1 and the 

PSPA time was set to 24 h.  

 The anodisation profiles used in this study to produce NAA-

BPFs were created by a custom-designed Labview®-based 

software. After the anodisation process, the nanoporous 

structure of NAA-BPFs was widened by wet chemical etching 

in an aqueous solution 5 wt% H3PO4 at 35°C. 

Engineering and optical tuning of the photonic stop band of 

NAA-BPFs by the anodisation period (TP) 

 As mentioned above, PSPA under the conditions used in our 

study makes it possible to engineer the effective medium of 

NAA in depth in order to produce NAA-BPFs (Figs. 1b and c). 

The anodisation period (TP) was systematically modified from 

500 to 1200 s with a step size (TP) of 100 s in order to assess 

the effect of this parameter over the optical properties  of NAA-

BPFs (i.e. positon and width of transmission band and 

interferometric colours) (Fig. 1d). This analysis is critical to 

achieve a rational understanding of these photonic structures 

and engineer NAA-BPFs with unique optical properties.  

Realisation of NAA-BPFs with selectively positioned 

transmission bands across the UV-visible-NIR spectrum 

 To demonstrate the versatility of PSPA for engineering the 

photonic stop band of NAA and produce optical bandpass 

filters with unique optical properties, we fabricated stacked 

NAA-BPFs produced with different anodisation periods. This 

approach aimed at engineering and positioning the transmission 

bands of NAA-BPFs across the UV-visible-NIR spectrum in a 

selective manner. In this experiment, first, we fabricated a set 

of bi-NAA-BPFs produced with TP-Top = 500 s and TP-Bottom = 

700 s, TP-Top = 500 s and TP-Bottom = 900 s and TP-Top = 500 s and 
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TP-Bottom = 1100 s. These NAA-BPFs were denoted as NAA-

BPF500-700, NAA-BPF500-900 and NAA-BPF500-1100, respectively. 

To further demonstrate the capability of this approach, we 

fabricated tri- and tetra-NAA-BPFs featuring three and four 

stacked NAA-BPFs produced with anodisation periods 700, 

900 and 1100 s and 500, 700, 900 and 1100 s, respectively 

(NAA-BPF700-900-1100 and NAA-BPF500-700-900-1100). It is 

worthwhile stressing that the total anodisation time of the PSPA 

stage was fixed to 24 h in all the cases and the anodisation time 

for each NAA-BPF in bi-, tri- and tetra-NAA-BPFs was fixed 

to 12, 8 and 6 h, respectively. 

 

 

Fig. 1 Conceptual description of pseudo-stepwise pulse anodisation approach used in this study to produce nanoporous anodic alumina optical bandpass filters. 

a) Example of pseudo-stepwise pulse anodisation profile used to produce NAA-BPFs (left – graphical description of the anodisation parameters defining a 
pseudo-stepwise pulse anodisation profile: TP = anodisation period, AJ = anodisation amplitude, Jmin = minimum of current density, Jmax = maximum of current 

density, tmin = time at Jmin, tmax = time at Jmax, Sdown = current density ramp from Jmax to Jmin; left – example of real anodisation profile with insets showing 

magnified views of current density and voltage for a NAA-BPF produced with TP = 800 s). b) Scheme showing the conversion of aluminium chips into NAA-
BPFs by pseudo-stepwise pulse anodisation. c) Illustration describing the correlation between pore geometry, distribution of individual refractive indexes (i.e. 

nalumina and nair) and effective medium approximation between low (neff-low) and high (neff-high) effective refractive indexes in NAA-BPFs. d) Example of 

reflection spectrum of a reference NAA-BPF (i.e. TP = 800 s, AJ = 0.420 mA cm-2, Jmin = 0.28 mA cm-2, Jmax = 1.12 mA cm-2, tmin = 80.75 s, tmax = 323.02 s, NP 
= 150 pulses, Sdown = 0.03061 mA cm-2 s-1 and tpw = 6 min) showing the characteristic transmission bands and the bandwidth (BW) (1st and 2nd order) across the 

UV-visible-NIR spectrum with allowed (green) and forbidden (red) pass of light denoted by traffic lights and the characteristic interferometric colour of the 

representative NAA-BPFs at different pore widening times (i.e. 0 and 6 min). 



PAPER Nanoscale 

4 | Nanoscale, 2016, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

Optical engineering of the bandwidth of NAA-BPFs by PSPA 

 To demonstrate how the bandwidth of the transmission 

window of NAA-BPFs can be precisely engineered by PSPA, 

we created a set of NAA-BPFs composed of multiple stacked 

NAA-BPFs featuring small variations of the anodisation period. 

This approach consists of tuning the bandwidth of the 

transmission band of NAA-BPFs by changing the number and 

anodisation periods of stacked NAA-BPFs. Four types of NAA-

BPFs were fabricated in this study: namely; i) three-stack 

NAA-BPF composed of three stacked NAA-BPFs produced 

with TP = 700, 725 and 750 s (NAA-BPF3-Stack), ii) five-stack 

NAA-BPF composed of five stacked NAA-BPFs produced with 

TP = 700, 725, 750, 775 and 800 s (NAA-BPF5-Stack), iii) eight-

stack NAA-BPF composed of eight stacked NAA-BPFs 

produced with TP = 700, 725, 750, 775, 800, 825, 850 and 875 s 

(NAA-BPF8-Stack) and iv) ten-stack NAA-BPF composed of ten 

stacked NAA-BPFs produced with TP = 700, 725, 750, 775, 

800, 825, 850, 875, 900 and 925 s (NAA-BPF10-Stack). Note that 

the total anodisation time of the PSPA stage was fixed to 24 h 

and the anodisation time for each stack was proportional to the 

number of stacks in the structure of the resulting NAA-BPFs 

(i.e. 8, 4.8, 3 and 2.4 h for NAA-BPF3-Stack, NAA-BPF5-Stack, 

NAA-BPF8-Stack and NAA-BPF10-Stack, respectively). 

Optical characterisation 

 The transmission spectra of the different NAA-BPFs across 

the UV-visible-NIR spectrum (i.e. from 200 to 1000 nm) were 

acquired at normal incidence (i.e.  = 0⁰) with a resolution of 1 

nm using a UV-visible-NIR spectrometer (Cary 60, Agilent, 

USA). The interferometric colours displayed by the different 

NAA-BPFs were characterised by digital images acquired by a 

Sony HX90V Compact Camera with 18.2 MP and 30x optical 

zoom and autofocus function under natural illumination, using 

a black card as background. To record the transmission 

spectrum of NAA-BPFs, the remaining aluminium substrate 

was chemically dissolved by wet etching in a saturated solution 

of HCl/CuCl2 through an etching mask with a circular window 

5 mm in diameter.  

Structural characterisation 

 The morphology and structure of NAA-BPFs were analysed 

by field emission gun scanning electron microscopy (FEG-

SEM FEI Quanta 450). The geometric features of NAA-BPFs 

were established from FEG-SEM images processed by ImageJ 

(public domain program developed at the RSB of the NIH).54 

Results and discussion 

Morphological and structural characterisation of NAA-BPFs  

 As shown in Figs. 1b and c, the structure of NAA-BPFs 

can be described as a stack of nanoporous layers of NAA 

featuring increments and decrements of porosity in depth 

following a pseudo-stepwise fashion. Fig. 2 shows a set of 

representative SEM images of the actual structure of NAA-

BPFs produced by PSPA. A top SEM image of these photonic 

structures reveals a non-organised arrangement of nanopores, 

which are homogeneously distributed across the surface of the 

NAA-BPFs (Fig. 2a). Note that the anodisation conditions used 

in this study are not within the self-organisation regimes for 

NAA. However, these conditions make it possible to produce 

NAA with higher levels of porosity and to achieve a precise 

control over this parameter in depth by means of the PSPA 

profile, which in turn is critical to create photonic structures 

with precisely engineered optical properties. Cross-sectional 

view SEM images (Figs. 2b and c) show that NAA-BPFs are 

composed of stacked layers of NAA, the porosity of which is 

modified in depth in a pseudo-stepwise manner. A magnified 

cross-sectional view of these photonic structures denotes that 

the different pseudo-stepwise pulses can be discerned in the 

structure of NAA-BPFs by physical interfaces between 

consecutive layers, as indicated by the white arrowheads shown 

in Fig. 2c. The length of each layer within that stacked 

nanoporous structure (Fig. 2d) is defined as the period length 

(LTp) (see Fig. 1c for a graphical definition) and it was found to 

follow a linear dependence with the anodisation period (vide 

infra). 

 

Fig. 2 Representative SEM images of NAA-BPFs produced by pseudo-

stepwise pulse anodisation approach. a) General top view SEM image of a 

NAA-BPF produced with TP = 900 s, AJ = 0.420 mA cm-2, Jmin = 0.28 mA 

cm-2, Jmax = 1.12 mA cm-2, tmin = 100.75 s, tmax = 403.02 s, NP = 150 pulses, 

Sdown = 0.03061 mA cm-2 s-1 and tpw = 6 min) (scale bar = 1 m). b) General 

cross-sectional view SEM image of a representative NAA-BPF, where CA 

and PSPA indicate the NAA layers produced at constant and pseudo-stepwise 

pulse anodisation modes, respectively (scale bar = 5 m). c) Magnified view 

of (a), where white arrowheads denote the physical interfaces between 

consecutive anodisation pulses - LTp (scale bar = 1 m). d) SEM image 
showing the stacked structure of NAA-BPFs produced by PSPA approach 

(scale bar = 1 m).  

Effect of the anodisation period on the optical properties of 

NAA-BPFs 

 Fig. 3 shows representative anodisation profiles (Figs. 3a-

c), transmission spectra (Figs. 3d-f) and cross-sectional SEM 

images (Figs. 3g-i) of NAA-BPFs produced with TP = 500, 800 

and 1100 s. Figs. 3d-f demonstrate that the position of the 

transmission bands of NAA-BPFs can be precisely tuned across 

the UV-visible-NIR spectrum by the anodisation period and the 

pore widening time (see Fig. S1 ESI). SEM image analysis 

revealed that the period length (LTp) varies linearly with the 

anodisation period (TP) with a dependence of 0.243 ± 0.011 nm 

s-1 (Fig. 3j). Fig. 4 summarises the analysis on the position and 

full width at half maximum (FWHM) of the transmission band 

of NAA-BPFs produced by PSPA, the anodisation period of 
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which was varied from 500 to 1200 s with TP = 100 s. As Fig. 

4a reveals, the position of the transmission band (Band) 

depends linearly on TP at any pore widening time (tpw), with a 

dependence of 0.589 ± 0.012, 0.604 ± 0.015, 0.608 ± 0.015 and 

0.576 ± 0.017 nm s-1 at 0, 2, 4 and 6 min of pore widening 

treatment, respectively. It was also observed that the 

transmittance of the allowed band pass is lower in the UV 

region of the light spectrum. This phenomenon is associated 

with the reflection of light by the bulk structure of the NAA-

BPF given that NAA presents a strong intrinsic reflection in the 

UV part of the spectrum. As a result, NAA-BPFs with bands 

near that region display low allowed band pass (see Figs. 3d-f).

 

Fig. 3 Tuneability of the characteristic transmission bands of NAA-BPFs by the anodisation period (TP). a-c) Representative PSPA profiles used to produce 
NAA-BPFs with TP = 500 (a), 800 (b) and 1100 s (c) (Note: the rest of parameters was fixed at AJ = 0.420 mA cm-2, Jmin = 0.28 mA cm-2, Jmax = 1.12 mA cm-2, 

NP = 150 pulses, Sdown = 0.03061 mA cm-2 s-1 and tpw = 6 min). d-f) Transmission spectra of NAA-BPFs produced with TP = 500 (d), 800 (e) and 1100 s (f), 

where the traffic lights denote allowed (green) and forbidden (red) pass of light (Note: these spectra correspond to tpw = 6 min). g-i) Representative cross-
sectional view SEM images of NAA-BPFs produced with Tp = 500, 800 and 1100 s (scale bars = 500 nm) (Note: red arrowheads denote the physical interfaces 

between anodisation periods - LTp). j) Linear dependence between the LTp and TP. k) Digital pictures revealing the interferometric colours displayed by NAA-

BPFs before (tpw = 0 min) and after (tpw = 6 min) pore widening treatment as a function of the anodisation period (Note: the underlying aluminium substrate 
was chemically removed through an etching mask using a saturated solution of HCl / CuCl2 – diameter of etching mask = 5 mm). 
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These results confirm that the longer the anodisation period the 

longer the wavelength at which the characteristic transmission 

band of NAA-BPFs is located (i.e. red shift) (Fig. 4a). 

Furthermore, it is worthwhile noting that this phenomenon is 

also reflected in the interferometric colour displayed by these 

photonic structures, which can be precisely tuned across the 

UV-visible-NIR spectrum by a combination of the anodisation 

period and the pore widening time (see Fig. 3k).  

 

Fig. 4 Effect of the anodisation period (TP) on the positon (Band) and full 

width at half maximum (FWHM) of the characteristic transmission bands of 

NAA-BPFs produced by PSPA. a) Linear dependence of Band with TP for 

NAA-BPFs produced with TP ranging from 500 to 1200 s with TP = 100 s at 

different pore widening times (tpw = 0, 2, 4 and 6 min). b) FWHM of the 
characteristic transmission bands for the different NAA-BPFs produced in 

this study at tpw = 0, 2, 4 and 6 min with arrows indicating the maximum 

FWHM. c) Bar chart showing the average FWHM of these NAA-BPFs as a 
function of the pore widening time. 

Those NAA-BPFs with transmission bands located within the 

visible range feature vivid colours (from blue to red). In 

contrast, those NAA-BPFs with the transmission band 

positioned in the UV or NIR ranges are transparent. Fig. 4b 

shows the FWHM of the characteristic transmission band of 

NAA-BPFs as a function of the anodisation period. This 

analysis revealed that, at tpw = 0 and 2 min and tpw = 4 and 6 

min the maximum FWHM values are presented by those NAA-

BPFs produced with anodisation periods of 1000 and 1200 s, 

respectively (see arrows shown in Fig. 4b). The average 

FWHM value for all the anodisation periods was found to 

increase with the pore widening time up to 4 min (Fig. 4c), with 

averages of 47 ± 28, 85 ± 41, 106 ± 29 and 104 ± 33 nm for tpw 

= 0, 2, 4 and 6 min, respectively. 

 

Fabrication of NAA-BPFs with selectively positioned 

transmission bands across the UV-visible-NIR spectrum 

 PSPA is a versatile nanofabrication approach that can be 

readily used to engineer the photonic stop band of NAA-BPFs 

in order to create photonic structures with precisely designed 

optical properties for different applications. In this study, we 

used a modified PSPA in order to produce stacked NAA-BPFs 

featuring different anodisation periods. This approach aims to 

create different transmission windows across the UV-visible-

NIR spectrum of NAA-BPFs, the position and number of which 

can be engineered in a selective manner following this 

rationale. First, we fabricated a set of bi-NAA-BPFs produced 

with TP-Top = 500 s and TP-Bottom = 700 s, TP-Top = 500 s and TP-

Bottom = 900 s and TP-Top = 500 s and TP-Bottom = 1100 s, denoted 

as NAA-BPF500-700, NAA-BPF500-900 and NAA-BPF500-1100, 

respectively (Fig. 5).  

 The structure of bi-NAA-BPFs is composed of two NAA-

BPFs (i.e. top and bottom), which are fabricated with different 

anodisation periods (TP-Top and TP-Bottom) (Figs. 5a and b). Figs. 

5c-e display representative anodisation profiles and 

transmission spectra of bi-NAA-BPFs. These photonic 

structures feature two characteristic transmission bands located 

at different sections of the UV-visible-NIR spectrum, the 

position of which is established by the anodisation period of 

each NAA-BPFs composing the structure of the bi-NAA-BPFs 

(i.e. top NAA-BPF and bottom NAA-BPF) (Figs. 5f-h). For 

example, the position of the bands corresponding to the 

different NAA-BPFs composing the structure of bi-NAA-BPFs 

were located at 295 ± 1 and 422 ± 1 nm for NAA-BPF500-700, 

292 ± 1 and 535 ± 1 nm for NAA-BPF500-900 and 342 ± 1 and 

698 ± 1 nm for NAA-BPF500-1100, respectively. It was observed 

that the position of the band corresponding to TP = 500 s was 

slightly blue-shifted for NAA-BPF500-700 and NAA-BPF500-900, 

as compared to that of a mono-NAA-BPF produced with TP = 

500 s (i.e. 395 ± 1 nm, as indicated in Fig. 4a). This result 

occurred for all the bands (i.e. 500, 700, 900 and 1100 s) and it 

is in good agreement with previously reported studies, where it 

was found that a decrement of the number of anodisation pulses 

(i.e. the thickness of the individual NAA-BPFs forming the 

structure of bi-NAA-BPFs) results in a slight blue shift of the 

position of the characteristic transmission bands of NAA-

BPFs.55 As commented before (vide supra), each NAA-BPF in 

the structure of bi-NAA-BPFs was produced with an 

anodisation time of 12 h. It is worthwhile mentioning that the 

blue shift observed in the 500 s band for the NAA-BPF500-1100 

(i.e. from 395 ± 1 nm to 342 ± 1 nm) was less marked than that 

of NAA-BPF500-700 and NAA-BPF500-900 due to the merger of 

the first order band of 500 s and the second order band of 1100 

s. Table S1 (ESI) summarises the obtained results for all the 

bands in bi-NAA-BPFs. Another interesting phenomenon 

observed in bi-NAA-BPFs is that the interferometric colour 
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featured by these photonic structures is established by the band 

located at longer wavelengths. So, NAA-BPF500-700, NAA-

BPF500-900 and NAA-BPF500-1100 were found to display 

transparent (UV), cyan and red interferometric colour, 

respectively. Digital pictures shown in Figs. 5f-h reveal the 

interferometric colours of these NAA-BPFs at different etching 

times (from 0 to 6 min). 

 

Fig. 5 Fabrication and optical characterisation of bi-NAA-BPFs produced by pseudo-stepwise pulse anodisation. a) Schematic diagram showing the general 
structure of bi-NAA-BPFs. b) Illustration showing details of the nanoporous structure of bi-NAA-BPFs with top and bottom layers fabricated with different 

anodisation periods (TP-Top < TP-Bottom → LTp-Top < LTp-Bottom). c-e) Representative anodisation profiles used to produce bi-NAA-BPFs (c – NAA-BPF500-700, d – 

NAA-BPF500-900 and e – NAA-BPF500-1100). f-h) Transmission spectra of bi-NAA-BPFs produced with top and bottom layers of different anodisation period (f – 
NAA-BPF500-700, g – NAA-BPF500-900 and h – NAA-BPF500-1100), where the traffic lights denote allowed (green) and forbidden (red) pass of light, and insets 

showing the characteristic interferometric colours displayed by these NAA-BPFs at different pore widening times (Note: these spectra correspond to tpw = 6 

min).  
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 To further demonstrate the versatility of this approach, we 

fabricated a set of tri- and tetra-NAA-BPFs featuring three and 

four stacked NAA-BPFs produced with anodisation periods 

700, 900 and 1100 s and 500, 700, 900 and 1100 s, respectively 

(i.e. NAA-BPF700-900-1100 and NAA-BPF500-700-900-1100) (Fig. 6). 

The total anodisation time of the PSPA stage was fixed to 24 h 

in all the cases and the anodisation time for each NAA-BPF 

forming the structure of tri- and tetra-NAA-BPFs was fixed to 8 

and 6 h, respectively (Figs. 6a and b). Figs. 6c and d show 

representative anodisation profiles of the tri- and tetra-NAA-

BPFs fabricated in this study and Figs. 6e and f display the 

transmission spectra of these complex NAA-BPFs produced by 

PSPA. As these spectra indicate, these NAA-BPFs feature three 

and four characteristic transmission bands, the position of 

which across the UV-visible-NIR spectrum is established by the 

anodisation period of each stack composing the structure of the 

tri- and tetra-NAA-BPFs. Likewise in the case of bi-NAA-

BPFs, the position of these bands is slightly blue-shifted due to 

the decreasing number of anodisation pulses. For instance, the 

position of the bands corresponding to the NAA-BPFs 

produced with TP = 700, 900 and 1100 s for NAA-BPF700-900-

1100 are located at 439 ± 1, 589 ± 1 and 722 ± 1 nm, 

respectively, which are slightly blue-shifted as compared to the 

position of these bands in mono-NAA-BPFs (see Fig. 4a). This 

phenomenon was also observed in the case of NAA-BPF500-700-

900-1100, the bands of which were located at 331 ± 1 nm (500 s), 

447 ± 1 nm (700 s), 583 ± 1 nm (900 s) and 741 ± 1 nm 

(1100s). A comprehensive summary of these results is 

compiled in Table S1 (ESI). In contrast to bi-NAA-BPFs, we 

observed that the interferometric colour of tri- and tetra-NAA-

BPFs features a complex patter. Prior to pore widening 

treatment, tri- and tetra-NAA-BPFs feature transparent colour 

as the position of the band produced with the longest 

anodisation period (i.e. TP = 1100 s) is located in the NIR 

range. However, the positon of the transmission bands of tri- 

and tetra-NAA-BPFs undergoes a blue shift with the pore 

widening treatment from 0 to 6 min, as denoted by the digital 

pictures shown in Figs. 6e and f. As a result of this treatment, 

these NAA-BPFs feature iridescent colours, with a complex 

mixture of green and purple. 

 

Fig. 6 Fabrication and optical characterisation of tri- and tetra-NAA-BPFs produced by pseudo-stepwise pulse anodisation. a-b) Schematic diagram illustrating 
the general structure of tri- and tetra-NAA-BPFs (a – NAA-BPF700-900-1100 and b – NAA-BPF500-700-900-1100). c-d) Representative anodisation profiles used to 

produce tri- and tetra-NAA-BPFs (c – NAA-BPF700-900-1100 and d – NAA-BPF500-700-900-1100). e-f) Transmission spectra of tri- and tetra-NAA-BPFs produced 

with stacked NAA-BPFs of different anodisation period (e – NAA-BPF700-900-1100 and f – NAA-BPF500-700-900-1100), where the traffic lights denote allowed 
(green) and forbidden (red) pass of light, and insets showing the characteristic interferometric colours displayed by NAA-BPFs at different pore widening 

times (Note: these spectra correspond to tpw = 6 min). 
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Engineering of the bandwidth of NAA-BPFs by pseudo-stepwise 

pulse anodisation 

 The rationale generated from the experiments described 

above encouraged us to design an anodisation strategy aiming 

at engineering the width of the transmission band of NAA-

BPFs by PSPA. To this end, we fabricated a set of NAA-BPFs 

composed of multiple stacked NAA-BPFs featuring small 

variations of the anodisation period (i.e. TP = 25 s), the 

conditions of which were established by a series of preliminary 

experiments. This approach makes it achievable to tune the 

bandwidth of the transmission band of NAA-BPFs by changing 

the number of stacked NAA-BPFs and the anodisation period 

of each NAA-BPF. As a proof-of-concept, four types of NAA-

BPFs featuring different bandwidths were fabricated: namely; i) 

three-stack NAA-BPF composed of three stacked NAA-BPFs 

produced with TP = 700, 725 and 750 s (NAA-BPF3-Stack), ii) 

five-stack NAA-BPF composed of five stacked NAA-BPFs 

produced with TP = 700, 725, 750, 775 and 800 s (NAA-BPF5-

Stack), iii) eight-stack NAA-BPF composed of eight stacked 

NAA-BPFs produced with TP = 700, 725, 750, 775, 800, 825, 

850 and 875 s (NAA-BPF8-Stack) and iv) ten-stack NAA-BPF 

composed of ten stacked NAA-BPFs produced with TP = 700, 

725, 750, 775, 800, 825, 850, 875, 900 and 925 s (NAA-BPF10-

Stack). Fig. 7 shows the anodisation profiles and transmission 

spectra of NAA-BPF3-Stack, NAA-BPF5-Stack, NAA-BPF8-Stack and 

NAA-BPF10-Stack. Likewise in the case of bi-, tri- and tetra-

NAA-BPFs, the total anodisation time of the PSPA stage was 

fixed to 24 h and the anodisation time for each stack was 

proportional to the number of stacks composing the structure of 

these NAA-BPFs. So, each stacked NAA-BPF composing the 

structure of NAA-BPF3-Stack, NAA-BPF5-Stack, NAA-BPF8-Stack 

and NAA-BPF10-Stack were produced with 8, 4.8, 3 and 2.4 h, 

respectively. As the anodisation profiles for NAA-BPF3-Stack, 

NAA-BPF5-Stack, NAA-BPF8-Stack and NAA-BPF10-Stack show, 

the approach used in our study to engineer the nanoporous 

structure of NAA in depth can be performed in a continuous 

fashion by PSPA, with a progressive stepwise increment of the 

anodisation period at steps of 25 s (Figs. 7a-d). Figs. 7e-h show 

representative transmission spectra of NAA-BPF3-Stack, NAA-

BPF5-Stack, NAA-BPF8-Stack and NAA-BPF10-Stack, which display 

a characteristic transmission band, the width of which is 

established by the number of stacked NAA-BPFs composing 

the structure of these complex photonic crystal structures. It 

was verified that the position of the transmission band of NAA-

BPF3-Stack, NAA-BPF5-Stack, NAA-BPF8-Stack and NAA-BPF10-

Stack is located at 448 ± 1, 485 ± 1, 489 ± 1 and 503 ± 3 nm, 

respectively. This analysis reveals that this anodisation 

approach makes it possible to keep the central positon of the 

transmission band, while only incurring a slight red shift. 

Furthermore, as Figs. 7e-h show, the FWHM of these bands 

increases with the number of stacked NAA-BPFs (i.e. 111 ± 1, 

151 ± 1, 192 ± 1 and 325 ± 2 nm, for NAA-BPF3-Stack, NAA-

BPF5-Stack, NAA-BPF8-Stack and NAA-BPF10-Stack, respectively). 

These results demonstrate that this anodisation strategy can be 

readily used to crease optical bandpass filters with tuneable 

band width. In addition, we also observed that the 

interferometric colour displayed by NAA-BPF3-Stack, NAA-

BPF5-Stack, NAA-BPF8-Stack and NAA-BPF10-Stack is red-shifted 

with the increasing number of stacks of longer anodisation 

period, as revealed by the digital pictures shown in Fig. 7. This 

is in good agreement with the slight red shift observed in the 

central position of the transmission band (vide supra). A pore 

widening treatment can also be used to tune the interferometric 

of these photonic crystal structures across the UV-visible-NIR 

spectrum. 

Conclusions 

 To summarise, this study is the first realisation of 

nanoporous anodic alumina optical bandpass filters produced 

by pseudo-stepwise pulse anodisation. This rationally designed 

pulse-like anodisation approach makes it possible to engineer 

the effective medium of NAA in depth in order to create a set 

of optical bandpass filters with unique advanced optical 

properties. First, we have established the effect of the 

anodisation period as the parameter of choice for tuning the 

position and width of the transmission bands of NAA across the 

UV-visible-NIR spectrum. A set of NAA-BPFs were produced 

with different anodisation periods, ranging from 500 to 1200 s 

with a step size of 100 s. The assessment of the optical 

properties of these photonic crystal structures revealed that the 

anodisation period provides a suitable means of controlling 

both the positon of the characteristic transmission bands and the 

interferometric colours displayed by NAA-BPFs. Following 

this rationale, we have demonstrated that combination of 

stacked NAA-BPFs consisting of stacks of NAA produced with 

different PSPA periods can be readily used to create a set of 

unique and highly selective optical bandpass filters with 

characteristic transmission bands, the position, width and 

number of which can be engineered with precision across the 

UV-visible-NIR spectrum. The realisation of bi-, tri- and tetra-

NAA-BPFs was successfully demonstrated. To conclude, as a 

proof-of-concept, we have shown that the superposition of 

stacked NAA-BPFs produced with slight modifications of the 

anodisation period enables the fabrication of NAA-BPFs with 

unprecedented broad transmission bands across the UV-visible-

NIR spectrum. This strategy has also been demonstrated an 

optimal method for tuning the transmission band width of 

NAA-BPFs.  

The results obtained from our study constitute the 

first comprehensive rationale towards the engineering of 

advanced NAA-BPFs with fully controllable photonic 

properties. These unique photonic crystal structures could 

become a promising alternative to traditional bandpass filters 

based on glass and plastic due to their cost-competitive and 

industrially scalable fabrication process and their versatility, 

opening up new opportunities to develop innovative photonic 

nanostructures. 
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Fig. 7 Engineering of the transmission band width of NAA-BPFs by pseudo-stepwise pulse anodisation. a-d) Representative anodisation profiles of NAA-
BPFs featuring bands of different widths (a – NAA-BPF3-Stack, b – NAA-BPF5-Stack, c – NAA-BPF8-Stack and d – NAA-BPF10-Stack). e-h)  Transmission spectra of 

NAA-BPFs produced with stacked NAA-BPFs of different anodisation period (e – NAA-BPF3-Stack, f – NAA-BPF5-Stack, g – NAA-BPF8-Stack and h – NAA-
BPF10-Stack), where the traffic lights denote allowed (green) and forbidden (red) pass of light, and insets showing the characteristic interferometric colours of 

NAA-BPFs at different pore widening times with schematic illustrations showing the stacked structure of these photonic crystal structures (Note: these spectra 

correspond to tpw = 6 min).  
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