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ABSTRACT   

This study introduces an innovative apodisation strategy to tune the filtering features of distributed Bragg reflectors 
based on nanoporous anodic alumina (NAA-DBRs). The effective medium of NAA-DBRs, which is modulated in a 
stepwise fashion by a pulse-like anodisation approach, is apodised following a logarithmic negative function to engineer 
the transmission features of NAA-DBRs. We investigate the effect of various apodisation parameters such as apodisation 
amplitude difference, anodisation period, current density offset and pore widening time, to tune and optimise the optical 
properties of NAA-DBRs in terms of central wavelength position, full width at half maximum and quality of photonic 
stop band. The transmission features of NAA-DBRs are shown to be fully controllable with precision across the spectral 
regions by means of the apodisation parameters. Our study demonstrates that an apodisation strategy can significantly 
narrow the width and enhance the quality of the characteristic photonic stop band of NAA-DBRs. This rationally 
designed anodisation approach based on the combination of apodisation and stepwise pulse anodisation enables the 
development of optical filters with tuneable filtering features to be integrated into optical technologies acting as essential 
photonic elements in devices such as optical sensors and biosensors. 

Keywords: Nanoporous Anodic Alumina, Distributed Bragg Reflectors, Apodisation, Filtering Features, Stepwise Pulse 
Anodisation.  
 

1. INTRODUCTION  
Photonic crystals (PCs) are periodic micro/nanostructures that feature a regular distribution of refractive index (or 
dielectric constant), which can be arranged in either one, two or three dimensions2-6. PCs can modify the propagation of 
electromagnetic waves when photons travel across their structure due to the photonic stop bands that they possess.7,8  
The PCs’ photonic stop bands allow or forbid the propagation of photons of certain wavelengths and these light–matter 
interactions can be precisely engineered by the PCs’ structure. Among various fabrication techniques (i.e. lithography9-13, 
wet chemical etching14-15, fiber pulling16, self-organisation17,18 and electrochemical etching19-22), electrochemical 
oxidation of metals (anodisation) is a promising method to produce nanostructured PCs based on materials such as 
silicon, titanium and aluminium. Anodisation enables the in-depth engineering of the porosity of anodic oxides to 
produce multidimensional PCs with various refractive index profiles such as rugate filters23-25, microcavities26,27, 
waveguides28-29 and distributed Bragg reflectors.30,31 

Of all the materials produced by anodisation, nanoporous anodic alumina (NAA) – nanoporous anodic oxide produced 
by anodisation of aluminium – has superior properties in terms of chemical, mechanical and physical stability. 
Furthermore, the geometric features of nanopores in NAA can be controlled with versatility and precision by means of 
the anodisation parameters. NAA is an excellent platform to develop photonic structures since it features stable optical 
signals without additional passivation steps.32 NAA can be produced by a cost-competitive, industrially scalable 
fabrication process, which enables the production of NAA with high degree of regularity, resolution and aspect ratio to 
guide, reflect, transmit, emit and enhance incident light by engineering its effective medium.24,32-41 Recent studies have 
demonstrated that pulse-like anodisation strategies enable the development of a wide range of NAA PCs (i.e. distributed 
Bragg reflectors, gradient index filters, Fabry-pérot interferometer and microcavities). A careful selection of the 
anodisation conditions makes it possible to translate complex anodisation profiles such as pseudo-sinusoidal, sawtooth-
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like, pseudo-stepwise and multi-sinusoidal into porosity modulations to engineer the NAA’s effective medium in 
depth.24,34-38,41-60 These NAA PCs possess unique characteristic photonic stop bands that are tuneable across the UV-
visible-NIR spectrum. 

This study aims to establish a rational anodisation approach to fabricate NAA-based distributed Bragg reflectors (NAA-
DBRs) with well-resolved, distinctive and narrow photonic stop bands, where the conceptual illustration is presented in 
Figure 1. NAA-DBRs have a relatively wide photonic stop band with the presence of characteristics sidelobes on both 
sides of the band due to the sharp truncation of refractive index between adjacent layers within the PC structure.61,62 
These two characteristics of NAA-DBRs can be undesirable in applications that require precise optical filtering of 
light.41,55-57 To suppress these redundant sidelobes, the contrast of refractive index profile can be modulated using smooth 
functions (e.g. Gaussian, sine and Kaiser windows) to minimise the refractive index contrast in NAA-DBRs. 
Furthermore, since the refractive index contrast of NAA-DBRs defines the width of the photonic stop bands, a low 
refractive index contrast can be translated into a reduction in the bandwidth.61 Herein, we adopt an apodisation strategy 
to engineer and tune the characteristic photonic stop bands of NAA-DBRs. Stepwise pulse anodisation (SPA), as shown 
in Figure 1a (Left), is used to produce NAA-DBRs featured with a distribution of effective refractive index that follows 
a stepwise profile along the nanopores (Figure 1b - left). A logarithmic negative apodisation function is employed to 
apodise the SPA (Figure 1a – right) in order to produce NAA-DRBs with well-resolved and high quality photonic stop 
bands. Different apodisation parameters, namely anodisation amplitude difference, anodisation period, current density 
offset and pore widening time are systematically manipulated to assess their effect on the features of the characteristics 
photonic stop bands of NAA-DBRs (Figure 1c). This work further advances NAA-based PCs technology demonstrating 
that anodisation can provide a precise control over the photonic stop bands, unraveling exciting and promising potential 
applications in optical sensing, optical filters and photonic devices.  
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Figure 1. Illustrative concept of fabrication and characterisation of nanoporous anodic alumina distributed Bragg reflectors (NAA-
DBRs). (a) Example of stepwise pulse anodisation profile used to produce NAA-DBRs (Right – No apodisation; Left- Logarithmic 
negative apodisation) (b) Schematic diagram of nanoporous structure of NAA-DBRs with effective medium approximation under non-

apodisation (Right) and apodisation (Left) condition. (c) Representative transmission spectra of NAA-DBRs with definitive 
characteristic parameters (Right – No apodisation; Left- Logarithmic negative apodisation). 
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2. METHODOLOGY 
2.1 Fabrication of NAA-DBRs  

Nanoporous anodic alumina-based distributed Bragg reflectors (NAA-DBRs) were produced by apodised stepwise pulse 
anodisation (ASPA) under galvanostatic conditions. 1.5 x 1.5 cm aluminium (Al) square chips were prepared and 
cleaned under sonification in ethanol and distilled water for 15 min each, then dried under air stream. Cleaned Al 
substrates were electropolished in a mixture of ethanol (EtOH) and perchloric acid 4:1 (v:v) at 20 V and 5 ℃ for 3 min. 
Electropolished chips were then anodised in an electrochemical reactor at -1 ℃ using aqueous solution of 1.1.M of 
sulphuric acid with 25 v% of EtOH as electrolyte. Note that the anodisation temperature was kept constant throughout 
the process. The galvanostatic anodisation process started with a constant step at a current density of 1.12 mA cm-2 for 1 
h to allow the formation of a thin nanoporous layer that facilitates a homogenous pore growth rate prior to ASPA. The 
anodisation profile was then set to stepwise pulse mode modified with logarithmic negative apodisation function. ASPA 
profiles were produced by a custom-designed Labview®-based software based on Eq.1. 

offsetJ JtAtJ += )(2)(                                                                                                                                                    (1) 

where AJ (t) is time-dependent current density amplitude based on logarithmic negative apodisation function. 
Logarithmic negative apodised amplitude is expressed as a function of time, as shown in Eqs. 2 and 3.  
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where Amax and Amin are the maximum and minimum amplitudes, whereas tan is the total anodisation time at ASPA.  

In order to achieve fine tuning of transmission features of NAA-DBRs, several apodisation parameters, namely 
anodisation amplitude difference (ΔAJ), anodisation period (Tp), current density offset (Joffset) and pore widening time 
(tpw) were systematically modified from 0 to 0.42 mA cm-2 with a step size of 0.21 mA cm-2; from 1100 to 1500 s with a 
step size of 200 s; from 0.14 to 0.42 mA cm-2 with a step size of 0.14 mA cm-2; and from 0 to 6 min with an interval of 2 
min, respectively.  

2.2 Optical characterisation 

To selectively dissolve the remaining aluminium substrate from the back side of these aluminium chips, NAA-DBRs 
were subjected to chemical etching in an etching cell with a saturated solution of HCl/CuCl2 using an etching mask with 
a circular window of 5 mm in diameter. Etched NAA-DBRs were then pore widened in an aqueous solution of 5 wt % 
H3PO4 at 35 oC for tpw of 0, 2, 4, and 6 min and optically characterised. The features of the photonic stop band (PSB) of 
etched NAA-DBRs (position and full width at half maximum – FWHM) were then assessed by measuring their 
transmission spectra by UV-visible-NIR spectroscopy (Cary 5000, Agilent, USA) for the wavelength range 200–1500 
nm at normal incidence (i.e. θ = 0o) with a resolution of 1 nm. The interferometric colour displayed by NAA-DBRs was 

Proc. of SPIE Vol. 10456  1045659-4
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 20 May 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

evaluated by digital images acquired using a Canon EOS 700D digital camera equipped with a Tamron 90 mm F2.8 VC 
USD macro mount lens with autofocus function under natural illumination.  

2.3 Structural characterisation 

The structural properties of NAA-DBRs were characterised by a field emission gun scanning electron microscope (FEG-
SEM FEI Quanta 450). The acquired SEM images were analysed using ImageJ (public domain program developed at 
RSB of the NIH).  

3. RESULTS AND DISCUSSION  
 

3.1 Fabrication and structural characterisation of NAA-DBRs 

NAA-DBRs were fabricated by stepwise pulse anodisation (SPA), where the current density was pulsed between high 
and low current density values in a stepwise fashion after a short constant anodisation (CA) step, as illustrated in Figure 
1a – left. The nanoporous structure of NAA-DBRs was engineered in depth according to stepwise anodisation waves, 
yielding stacks of NAA layers with stepwise modulated porosity (Figure 2b). As denoted by the white arrows in Figure 
2b, the length between consecutive NAA layers, which defines the period length (LTp), corresponds to each stepwise 
pulse in the anodisation profile and it was found to be 211 ± 6 nm for NAA-DBR produced at an anodisation period of 
1300 s. On the other hand, apodised NAA-DBRs were produced by apodising the SPA profile using a logarithmic 
negative function (Figure 1b). The in-depth porosity of NAA-DBRs, as described in Figure 1b – left, was directly 
proportional to the apodisation current density during anodisation.   

3.2 Effect of apodisation amplitude difference on the transmission features of NAA-DBRs 

Figure 1c shows representative transmission spectra of non-apodised and logarithmic negative apodised NAA-DBRs 
fabricated under the same anodisation conditions. From the analysis of Figure 1c, it is revealed that both non-apodised 
and apodised NAA-DBRs display not only first order PSB in the range of 650–750 nm, but also second and third order 
PSBs in the range of 350–400 nm and 250–300 nm, respectively. The intensity of the first order PSB is greater than that 
of second and third order PSBs. They also display significant ripples in their transmission spectra due to interference 
fringes. However, the PSB of apodised NAA-DBRs has a narrower width with minimised sidelobes as compared to that 
of non-apodised NAA-DBRs. The application of apodisation enhances the intensity of PSB in addition to improving the 
resolution of the PSB, in particular the second and third orders PSBs, resulting in well-resolved and sharper bands. The 
transmission spectra of non-apodised and apodised NAA-DBRs as a function of tpw in Figures 2c and d show the same 
trend in the effect of tpw on the position of the PSB across the UV-visible-NIR range, where it undergoes a blue shift (i.e. 
first, second and third order) as the nanoporous structure of NAA-DBRs is widened with increasing tpw. These results are 
in good agreement with previous studies.40,57,60 To widen the nanopores of NAA-DBRs enhances the contrast of porosity 
between consecutives layer of NAA due to the existing gradient dissolution rate between NAA layers produced at 
different current density levels, resulting in a decrease of the overall effective refractive index of NAA-DBRs. This in 
turn shifts the position of PSB towards regions of shorter wavelength40,63. It was also observed that an increase in tpw 
results in the broadening of the PSB, as observed in Figures 2c and d.  

For non-apodised NAA-DBRs, the intensity of first order characteristic PSB increases through pore widening treatment. 
However, the intensity of second and third order PSB is not affected by pore widening process, as shown in Figure 2c. 
The transmittance baseline, on the other hand, decreases as tpw increases, which can be attributed to the over etching of 
the nanopores and light scattering effects by the PC structure, as reported in previous studies.40 Similar to non-apodised 
NAA-DBRs, the intensity of the characteristic first order PSB of apodised NAA-DBRs increases with increasing tpw. 
However, in contrast to non-apodised NAA-DBRs, the increase in the intensity of PSB for apodised NAA-DBRs is 
found to be less significant. Furthermore, a decrease in the intensity of second order and third order PSBs is observed as 
apodised NAA-DBRs are etched at a longer tpw. The transmittance baseline of apodised NAA-DBRs is maintained 
despite the increasing tpw from 0 to 4 min (Figure 2d). Furthermore, our analysis reveals that apodised NAA-DBRs 
feature enhanced intensity of the characteristics PSBs as compared to that of pore widening treatment. Thus apodisation 
is an effective means to tune the width as well as enhancing the intensity of characteristic PSBs. 

As displayed in Figure 1c, it is observed that the characteristics PSB of non-apodised and apodised NAA-DBRs is 
similar to a bell-shaped curve, which can be approximated to a Gaussian curve with a central peak wavelength at its 
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maximum (λc) and its full width at half maximum (FWHMPSB). λc denotes the location of the first order characteristic 
PSB in the UV-visible-NIR spectrum, whereas FWHMPSB indicates the width of the characteristic PSB. These two 
parameters, λc and FWHMPSB, are used to define the quality factor of the PSB (QPSB) in NAA-DBRs, where a high quality 
of characteristic stop band is represented by a high value of QPSB. The expression that correlates λc and FWHMPSB to QPSB 
is shown in Eq. 4.  

PBS

c
PSB FWHM

Q λ
=

                                                                                                                                                       (4) 

Figure 2. Structural and optical characterisation of nanoporous anodic alumina distributed Bragg reflectors. (a) SEM image showing 
the cross section of NAA-DBRs produced at ΔAJ = 0 mA cm-2, Tp = 1300 s, Joffset = 0.28 mA cm-2 and tpw = 6 min (scale bar = 5 µm). 
(b) Magnified view of white square in (a) showing stacks of NAA layers with the arrows denoting the period length (LTp) (scale bar = 
500 nm). (c) Transmission spectra of NAA-DBRs (ΔAJ = 0 mA cm-2, Tp = 1300 s, Joffset = 0.28 mA cm-2) at different tpw. (d) 
Transmission spectra of logarithmic negative apodised NAA-DBRs (ΔAJ = 0.21 mA cm-2, Tp = 1300 s, Joffset = 0.28 mA cm-2) as a 
function of tpw. 
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The apodisation amplitude difference (ΔAJ) was systematically modified from 0 to 0.42 mA cm-2 with an interval of 0.21 
mA cm-2 to unveil the effect of this fabrication parameter on the optical properties of NAA-DBRs in terms of λc, 
FWHMPSB, QPSB and interferometric colour. Note that NAA-DBRs produced at ΔAJ = 0 mA cm-2 correspond to non-
apodised NAA-DBRs, while NAA-DBRs produced at ΔAJ = 0.21 and 0.42 mA cm-2 are logarithmic negative apodised 
with ΔAJ of respective values. The results obtained are shown in Figure 3 and they are based on the first order PSB as it 
plays a more significant role on governing the optical properties of NAA-DBRs as compared to the second and third 
order PSBs. Figure 3a shows the correlation of λc to ΔAJ for NAA-DBRs at different tpw, where λc is observed to be 
located within the visible range. When ΔAJ is increased from 0 to 0.21 mA cm-2, there is a slight red shift in λc but a 
slight blue shift when ΔAJ is further increased to 0.42 mA cm-2. It is worthwhile to note that the magnitude of this shift is 
minimal and thus ΔAJ has a weak influence on λc regardless of tpw. Compared to ΔAJ, the effect of tpw on λc is more 
significant as the magnitude of this shift in λc is greater. As aforementioned, an increase in tpw induces a blue shift in λc. 
This trend is also observed in Figure 3a, where λc is shifted to shorter wavelengths as tpw increases. This is observed for 
all NAA-DBRs produced with different ΔAJ.   

λc establishes the interferometric colour displayed by NAA-DBRs as λc indicates the wavelength at which light is 
reflected more efficiently by the PC structure. Figure 3b depicts the colour properties of NAA-DBRs as a function of 
ΔAJ and tpw. These NAA-DBRs display colours such as red, orange and yellow as their λc are located within the visible 
range. Non-apodised NAA-DBRs (ΔAJ = 0 mA cm-2) display more distinct colour with stronger intensity as they reflect 
light more efficiently (i.e. broader band of wavelengths), which is consistent with the results obtained in previous 
study.58 On the contrary, the colour of apodised NAA-DBRs are paler than that of non-apodised NAA-DBRs, the 
brightness of which is observed to decrease as ΔAJ increases. As the difference between minimum and maximum 
anodisation amplitude is greater, the period length varies to a greater extent in depth along the nanopores. As a result, 
light is reflected more selectively but in a less efficient manner. For instance, the interferometric colour of apodised 
NAA-DBRs with ΔAJ = 0 mA cm-2 and tpw = 4 min is a blend of light yellow and pale green. The blue shift in λc due to 
an increase in tpw is also reflected in the interferometric colour change of these NAA-DBRs from red-orange to yellow-
green when λc shifts from the upper range (i.e. when tpw = 0 and 2 min) to mid-range (i.e. when tpw = 4 and 6 min) of the 
visible spectrum.  

The contour map in Figure 3c illustrates the effect of ΔAJ and tpw on FWHMPSB of the characteristic bands of NAA-
DBRs. The PSBs of NAA-DBRs can be characterised in terms of their FWHMPSB, upon which a more selective and 
sensitive NAA-DBRs have narrow characteristic stop bands with a low value of FWHMPSB.58 ΔAJ has a strong influence 
on FWHMPSB in non-apodised NAA-DBRs as the field lines at ΔAJ = 0 mA cm-2 are relatively close. The distance 
between the field lines increases as ΔAJ increases to 0.42 mA cm-2, inferring that a greater difference in anodisation 
amplitude has a weaker effect on FWHMPSB. The width of the characteristic PSB of NAA-DBRs decreases as ΔAJ 
approaches 0.21 mA cm-2 from 0 and 0.42 mA cm-2, suggesting that ΔAJ = 0.21 mA cm-2 is the optimum apodising 
parameter in producing narrow stop bands with a FWHMPSB of 32 ± 1 nm. On the contrary, the non-apodised NAA-
DBRs (ΔAJ = 0 mA cm-2) counterpart has a FWHMPSB of 130 ± 1 nm, which is ~4 times wider than that of apodised 
NAA-DBRs. Thus apodisation is demonstrated to be an effective approach in tuning the width of the PSB as a lower 
FWHMPSB is favourable in producing high quality characteristic stop bands. The equidistant field lines at short tpw (0 and 
2 min) as well as the wide field lines at longer tpw (4 and 6 min) reveal that the FWHMPSB has a stronger dependency at 
shorter tpw. FWHMPSB increases as tpw increases, in spite of the varying ΔAJ. 

With the determined λc and FWHMPSB, the quality of characteristic PSBs (QPSB) is analysed using Eq. 4 and the 
distribution of QPSB as a function of ΔAJ and tpw for apodised and non-apodised NAA-DBRs is shown in Figure 3d. The 
colour fields in Figure 3d concentrate at the region of tpw = 0 to 2 min and the distance between the field lines decreases 
with decreasing tpw. In general, QPSB increases as tpw decreases and this suggests that pore widening has a negative effect 
in producing NAA-DBRs with high quality characteristic PSBs. The application of apodisation has a positive impact on 
QPSB, as described by the decreasing field line distances when ΔAJ increases from 0 to 0.21 mA cm-2. Further increase of 
ΔAJ to 0.42 mA cm-2 has a slightly less significant effect on QPSB, denoted by the wider field line distances. This yields a 
local maximum of QPSB = 21.3 ± 0.6 at ΔAJ = 0.21 mA cm-2 and tpw = 0 min, producing logarithmic negative apodised 
NAA-DBRs with high quality characteristic PSB. This is ~4.1 times greater than the QPSB of non-apodised NAA-DBRs 
(i.e. ΔAJ = 0 mA cm-2 and tpw = 0 min) with a value of 5.1 ± 0.2.   
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Figure 3. Effect of ΔAJ on the transmission features of NAA-DBRs. (a) Correlation between ΔAJ and the position of central 
PSB of apodised NAA-DBRs at different tpw. (b) Digital photos of apodised NAA-DBRs (diameter = 1cm) as a function of 
ΔAJ and tpw. (c) Contour plot showing the distribution of FWHMPSB by the manipulation of ΔAJ and tpw. (d) Contour plot 
describing the dependence of QPSB on ΔAJ and tpw. (Note: Tp and Joffset were fixed at 1300 s and 0.28 mA cm-2, respectively). 

3.3 Effect of anodisation period on the transmission features of NAA-DBRs 

As shown in the previous section, NAA-DBRs apodised with ΔAJ = 0.21 mA cm-2 are demonstrated to exhibit high 
quality characteristic PSBs. By keeping ΔAJ constant at 0.21 mA cm-2, the anodisation period (Tp) was modified from 
1100 to 1500 s with an interval of 200 s to study the effect of Tp on the transmission features of logarithmic negative 
apodised NAA-DBRs in terms of λc, interferometric colours, FWHMPSB and QPSB. The transmission spectra of apodised 
NAA-DBRs produced at different Tp show first, second and third order characteristic PSBs, similar to that in Figure 2d. 
Figure 4a shows how the position of λc for the first order PSB changes with Tp and tpw across UV-visible-NIR spectrum. 
For all Tp, the central wavelength of apodised NAA-DBRs is located within the visible range of the spectrum. A linear 
relationship between Tp and λc is established, where the longer the anodisation period, the longer the central wavelength 
is positioned at. For example, λc of as-produced apodised NAA-DBRs with Tp of 1100 s is at 570 ± 1 nm and λc shifts to 
780 ± 1 nm when Tp increases to 1500 nm. This result is in good agreement with previous studies.57,58,60 As the 
anodisation period determines the period length within the nanoporous structure of apodised NAA-DBRs, the longer the 
anodisation period, the longer the length of NAA layers between consecutive stepwise pulses, resulting in the reflection 
of light at longer wavelengths. By further increase the anodisation period (i.e. Tp > 1500 s), the position of λc can be 
engineered in the NIR region. Tp is an effective parameter to achieve versatile tuneability of λc across the spectral 
regions. Increasing tpw has the same effect (i.e. blue shift) on λc of apodised NAA-DBRs produced with different Tp as to 
that of different ΔAJ.  

Apodised NAA-DBRs display vivid interferometric colours when λc is located within the visible range (500 to 800 nm). 
However, λc of apodised NAA-DBR with Tp = 1500 s and tpw = 0 min is located at 780 nm, which is relatively close to 
the NIR region, and thus these NAA-DBRs are transparent (black colour denoted by the background). There is a red shift 
in the interferometric colour of apodised NAA-DBRs with Tp from 1100 to 1500 s as depicted in Figure 4b. For 
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example, at tpw = 4 min, apodised NAA-DBRs display turquoise (i.e. λc = 520 nm) at Tp = 1100 s and the colour changes 
to yellow and then orange as λc shifts from 600 to 650 nm. The blue shift in λc that results from the increase in tpw is also 
established by the interferometric colour change of apodised NAA-DBRs. However, it is worth nothing that the colour 
change of apodised NAA-DBRs from the effect of tpw is not as significant as the effect of Tp. Furthermore, the colour 
intensity of these apodised NAA-DBRs is fairly strong as they are apodised with a moderate value of ΔAJ (i.e. 0.21 mA 
cm-2).  

The analysis of FWHMPSB as a function of Tp and tpw is presented Figure 4c. As denoted by the relative wide colour field 
and distant field lines, FWHMPSB has a relatively weak dependency on Tp. However, a general trend is observed between 
FWHMPSB and Tp. FWHMPSB increases with Tp, thus apodised NAA-DBRs produced with longer Tp exhibit wider 
characteristic PSBs due to the increased period length within the PC structure. However, apodised NAA-DBRs with tpw = 
6 min show an opposite effect, where FWHMPSB increases as Tp decreases. This might be due to the over-etching after 
pore widening treatment. For the effect of tpw on FWHMPSB, FWHMPSB of apodised NAA-DBRs has a stronger 
dependence on longer tpw, as conveyed by the shorter field line distances at tpw = 4 and 6 min. Apodised NAA-DBRs 
produced with various Tp show an increase in FWHMPSB as they are pore widened. This treatment increases the diameter 
of nanopores of apodised, resulting in wider PSB with higher values of FWHMPSB. Therefore, tpw has a greater influence 
on FWHMPSB than that of TP. A local minima of FWHMPSB = 32 ± 1 nm is identified in the colour map when the 
fabrication parameters are set at Tp = 1300 s and tpw = 0 min. Apodised NAA-DBRs produced at these parameters exhibit 
a narrow characteristic PSB.  

The correlation between QPSB and Tp and tpw is presented in the contour map in Figure 4d. The colour field is dense with 
close field lines at the region of tpw = 0 and 2 min, but the distance between the field lines in the map increases with tpw, 
denoting that the dependence of QPSB of apodised NAA-DBRs on tpw is weaker as tpw increases. Furthermore, the quality 
of characteristic PSB of apodised NAA-DBRs is worsened as they are pore widened, which can be predicted from the 
values of FWHMPSB based on the inversely proportional relationship between FWHMPSB and QPSB. Further modification 
of Tp has a negative effect on enhancing the QPSB of apodised NAA-DBRs with tpw ≥ 4 min. Pore widening treatment 
broadens the characteristic PSB of apodised NAA-DBRs, thus decreasing the QPSB. The distance between the field lines 
decreases as Tp is modified from 1100 and 1500 s, suggesting the dependency of QPSB on Tp increases as Tp approaches to 
1300 s. This gives rise to a local maximum with a value of QPSB of 21.3 ± 0.6 at Tp = 1300 s and tpw = 0 min. The colour 
fields denote that fabrication at shorter Tp produces apodised NAA-DBRs with better QPSB than those at longer Tp. Unlike 
FWHMPSB, which depends more on tpw than on Tp, QPSB of apodised NAA-DBRs shows a stronger dependency on Tp 
rather than tpw.  

3.4 Effect of current density offset on the transmission features of NAA-DBRs 

To achieve precise tuning of the transmission features, apodised NAA-DBRs were fabricated at different current density 
offset (Joffset): 0.14, 0.28 and 0.42 mA cm-2. Their transmission spectra and digital photos were measured and analysed, 
and the results obtained are compiled in Figure 5. The correlation between Joffset and λc of apodised NAA-DBRs at 
different tpw for the first order PSB is presented in Figure 5a. Apodised NAA-DBRs produced at Joffset of 0.14 and 0.28 
mA cm-2 have their characteristics λc located within the visible range, whereas λc of those at Joffset = 0.42 mA cm-2 is in 
the NIR range. λc of apodised NAA-DBRs is shown to have a linear relationship with Joffset, the higher Joffset is the longer 
λc, thus red-shifting λc towards the NIR region. This result is consistent with the results obtained in previous studies.60 It 
is also observed that the shift in λc is greater when Joffset increases from 0.28 to 0.42 mA cm-2 in spite of the different tpw. 
The manipulation of tpw has shown the same effect on λc; longer tpw induces a blue shift in λc due to the decrease in the 
overall refractive index of apodised NAA-DBRs and the enhanced porosity contrast. The position of λc of apodised 
NAA-DBRs is more affected by the manipulation of Joffset than tpw, as established by the magnitude of the shift in λc. Joffset 
are demonstrated to be an effective parameter to precisely engineer the transmission PSB of apodised NAA-DBRs across 
the entire UV-visible-NIR spectrum.  

The digital photos showing the interferometric colour of apodised NAA-DBRs produced at different Joffset and tpw are 
shown in Figure 5b. Apodised NAA-DBRs fabricated at high Joffset (i.e. 0.42 mA cm-2) are found to be transparent as 
they reflect light of wavelength in the NIR region. On the contrary, apodised NAA-DBRs with Joffset of 0.14 and 0.28 mA 
cm-2 display vivid interferometric colours, such as blue, green, yellow and orange, which correspond to their respective 
first order characteristic PSB in the visible range. The red shift in λc due to increasing Joffset is also described by the 
colour change in apodised NAA-DBRs. Apodised NAA-DBRs of Joffset = 0.14 mA cm-2 has displayed blue-green color as 
their λc are in the mid-range of the visible spectrum, and the colour changes to yellow-red when Joffset is increased to 0.28 
mA cm-2. Further increase of Joffset to 0.42 mA cm-2 induces a greater red shift in λc towards the NIR range. A blue shift in 
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the interferometric colours of apodised NAA-DBRs is observed with tpw. The colour displayed by these apodised NAA-
DBRs are fairly intense as they are fabricated at moderate ΔAJ = 0.21 mA cm-2. 

 
Figure 4. Effect of Tp on the transmission features of logarithmic negative apodised NAA-DBRs. (a) A linear relationship 
between Tp and λc of NAA-DBRs for different tpw. (b) Digital photos of apodised NAA-DBRs of 1 cm diameter  illustrating 
their interferometric colours as a function of Tp and tpw. (c) Contour map showing the dependence of FWHMPSB on Tp and tpw. 
(d) Contour map describing the effect of Tp and tpw on QPSB. (Note: ΔAJ and Joffset were fixed at 0.21 and 0.28 mA cm-2) 

Figure 5c shows the distribution of FWHMPSB in terms of Joffset and tpw. The closer and equidistant colour lines in the 
bottom left region of the map indicate that FWHMPSB of apodised NAA-DBRs has a slightly stronger dependence at low 
Joffset and short tpw. Other than that, the rest of the map is of wide colour field and field lines, implying the weak 
correlation of FWHMPSB to Joffset and tpw. However, when comparing the effect of Joffset and tpw on FWHMPSB, tpw plays a 
more significant role in FWHMPSB of apodised NAA-DBRs, as described by the closer field lines as well as the colour 
fields across the x-axis direction (i.e. blue to red). As a consequence from the increment of tpw in the pore widening 
treatment of apodised NAA-DBRs, their characteristics PSB broadens with increasing FWHMPSB, which may not be 
desirable for applications requiring high sensitivity. The effect of Joffset generally causes a slight increase in FWHMPSB, as 
illustrated by the distribution of colour fields along the y-axis. Nonetheless, apodised NAA-DBRs produced at Joffset = 
0.28 mA cm-2 and tpw = 0 min have the narrowest characteristic PSB with a FWHMPSB of 32 ± 1 nm, as identified in the 
colour map.  

QPSB of apodised NAA-DBRs are determined through their correlation to λc and FWHMPSB, established by Eq. 4, and the 
results as a function of Joffset and tpw are summarised in Figure 5d. Similar to Figures 3d and 4d, the colour fields 
concentrate on the region of tpw < 2 min. From the closer distance between the field lines at tpw ≤ 2 min than that of tpw ≥ 2 
min, it is apparent that the dependency of QPSB on tpw increases as tpw decreases from 6 to 0 min. Furthermore, the 
evolution of colour field across the x-axis suggests that shorter tpw favours the production of apodised NAA-DBRs with 
high quality characteristic PSBs. In term of the effect of Joffset, by focusing on the region of tpw = 0 min, the colour field 
between 0.14 and 0.28 mA cm-2 are denser with closer field lines as compared to the region between 0.28 and 0.42 mA 
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cm-2. This reveals that QPSB has a stronger dependency on Joffset ≤ 0.28 mA cm-2 as compared to Joffset ≥ 0.28 mA cm-2. 
This also denotes that apodised NAA-DBRs with Joffset = 0.14 mA cm-2 have a greater QPSB than those of Joffset = 0.42 mA 
cm-2, with a local maximum of QPSB of 21.3 ± 0.6 at Joffset = 0.28 mA cm-2 and tpw = 0 min. On the whole, the contour map 
demonstrates that Joffset has a more substantial effect on QPSB of apodised NAA-DBRs as compared to tpw. However, pore 
widening of apodised NAA-DBRs with prolonged tpw has a stronger effect in decreasing QPSB, despite the manipulation 
of Joffset for the enhancement of the quality of characteristic PSBs. 

The comparison between Figures 3a, 4a and 5a has revealed that the modification of Tp and Joffset can be used to shift λc 
across the entire UV-visible-NIR spectrum efficiently and effectively. This also allows the tuning of the interferometric 
colours displayed by NAA-DBRs, which is a suitable feature to develop versatile photonic nanotools for visual sensing. 
In the case of QPSB, ΔAJ plays a more significant role in the determination of QPSB, as denoted by the closer field lines in 
the colour field when Figures 3d, 4d and 5d are compared. Regarding FWHMPSB, the wide colour fields in Figures 3c, 
4c and 5c described the relatively weak dependency of FWHMPSB on ΔAJ, Tp and Joffset, instead FWHMPSB correlates 
more to tpw. Another observation is that the combination of apodisation with stepwise pulse anodisation has shown a 
better result in minimising the bandwidth and maximising the quality of PSB (QPSB = 21.3 ± 0.6) as compared to 
sinusoidal pulse anodisation (QPSB = 4.6 ± 0.4).58 

 
Figure 5. Effect of Joffset on the transmission features of logarithmic negative apodised NAA-DBRs. (a) A linear distribution 
of λc of apodised NAA-DBRs as a function of Joffset and tpw across the UV-visible-NIR spectrum. (b) Digital photos 
establishing the colour characteristics of apodised NAA-DBRs with diameter of 1 cm resulting from the effect of Joffset and 
tpw. (c) Dependence of FWHMPSB on Joffset and tpw for apodised NAA-DBRs. (d) Dependence of QPSB of apodised NAA-
DBRs as a function of Joffset and tpw. (Note: ΔAJ and Tp were fixed at 0.21 mA cm-2 and 1300 s) 
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4. CONCLUSIONS  
This study has successfully engineered NAA-based distributed Bragg reflectors by apodised stepwise pulse anodisation 
using a logarithmic negative function, where their transmission features such as quality and position of photonic stop 
bands and interferometric colours were systematically assessed. Apodisation based on logarithmic negative function is 
demonstrated to be effective in narrowing the bandwidth, increasing the intensity and reducing the characteristic 
sidelobes of the photonic stop bands of NAA-DBRs. Fabrication parameters such as apodisation amplitude difference, 
anodisation period, current density offset and pore widening time were modified to tune the transmission features of 
NAA-DBRS and optimise the quality of the photonic stop bands of NAA-DBRs. This study reveals that the 
manipulation of amplitude difference has a stronger effect on QPSB than FWHMPSB and λc, where the dependency of QPSB 
is particularly stronger when the apodisation amplitude difference is at 0.21 mA cm-2. As for the effect of the anodisation 
period, a red shift in λc is observed when anodisation period is altered from 1100 to 1500 s. FWHMPSB has shown a 
diminished correlation to the anodisation period as compared to that of QPSB. NAA-DBRs with narrower bandwidth and 
better quality are produced when their anodisation period is optimised at 1300 s. In addition to that, the effect of 
increasing current density offset has established a red shift in λc. The effect of current density offset on QPSB is relatively 
weak, on the contrary, the dependence of QPSB is stronger and increases as the current density offset approaches 0.28 mA 
cm-2. Through the systematic modifications of apodisation parameters, the highest value of QPSB apodised NAA-DBRs 
achieved is 21.3 ± 0.6, which is 3.5 times greater than apodised rugate filters and 4.1 times greater than non-apodised 
NAA-DBRs. Another parameter studied was the pore widening time, where it is found out that an increase in tpw has the 
same effect on the transmission characteristic of NAA-DBRs such as a blue shift in λc, an increase in FWHMPSB as well 
as a decrease in QPSB regardless of the changing apodisation parameters. The broadening effect on the characteristic 
bands of NAA-DBRs due to pore widening treatment may enhance the intensity of the characteristics band, but it is 
unfavourable for the production of narrow line-width NAA-DBRs. Furthermore, NAA-DBRs are demonstrated to 
display vivid colours across the spectral regions such as green, blue, red, orange and yellow that corresponds to their 
position of λc across UV-visible-NIR spectrum. It is worthwhile to note that among the fabrication parameters assessed in 
this study, apodisation amplitude difference has a more significant effect on QPSB of NAA-DBRs, and thus it is a more 
effective parameter in optimising QPSB. On the other hand, the fine and precise tuning of λc and interferometric colours of 
NAA-DBRs across the spectrum can be achieved by the manipulation of anodisation period and current density offset. 
To conclude, this study establishes the use of apodisation as an effective approach to tune the filtering features of NAA-
based photonic structures, which could have broad applicability in different fields and disciplines such as sensing and 
biosensing. 
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