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Three samples of high ordered AAO template were prepared via a two-step anodization 

procedure, the pore size was modified during the pore-widening process to tune the pore diameter 

to 50, 70, and 90 nm. Scanning electron microscopy (SEM) was adopted to gauge the pore 

diameter and the cell unit of the periodical hexagonal structure of the prepared AAO templates. 

In addition, the UV-vis spectrometer shows the variation of the absorbance spectrum for each 

pore size of the prepared AAO templates. To prove that the pore diameter (PD) and the 

intermediate layer (IL) could enhance the absorbance of the materials, a Lumerical FDTD solution 

was used by involving the exact experimental conditions of the AAO template. The resulting data 

show that a specific pore diameter with a specific intermediate layer can improve the absorbance 

spectrum of the materials. Thus, the results could serve the applications related to solar energy 

conversion (antireflective and photocatalyst) and photonics. 
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INTRODUCTION 
Pore array materials have their unique physical 

properties; therefore, a great interest is paid to 

investigating the characteristics of each 

controlled condition [1, 2]. Anodic aluminum 

oxide (AAO) templates are a perfect example of 

the simple utilization and high tunability of the 

arrays of the pore sizes, the structure of the AAO 

template is described in Figure 1a. Since the 

creation of highly organized nanostructure 

arrays is crucial. Although lithography has 

technical and financial constraints for large-

scale integrated manufacturing in the upcoming 

stage of lower than 100 nm scale, self-organizing 

techniques have great attention to synthesis 

nanostructure [3-5]. Due to its unique properties, 

including controlling the periodical and diameter 

of the pores, high aspect ratio of pore size, and 

the preferable cylindrical form, AAO templates 

have drawn the most attention in synthetic 

nanostructure materials [6-11]. This provides a 

potentially effective way to create an ordered 

nanostructure with a large area and a high aspect 

ratio, which is very challenging to make via 

lithographic methods used today. However, 

when utilizing the conventional anodization 

process, the configuration of the pores is 

extremely haphazard. For specific sets of 

parameters, Masuda et. al. enhanced a two-step 

anodization technique, producing the ideal 

hexagonal pore structure [12, 13]. The regularity 

of subsequent nanostructures created using the 

AAO template as the host material is controlled 

by the ordering of the pore arrangement [14, 15]. 

One of the most significant features of the AAO 

templates is the tunability of cell size, and pore 

depth and diameter [16-19]. The diameter of 

pores (without widening process) depends on the 

used electrolyte and is related to the applied 

voltage of anodization and can be adapted in the 

range of about a few nanometers to several 

hundred nanometers (the corresponding cell size 

is in the range of about 25–800 nm) [20]. The 

AAO structure figuration is demonstrated in 

Figure 1, the anodization of high-purity Al foil 

creates a closely packed hexagonal cell array. 

These cells have a central cylindrical pore that is 

perpendicular to the surface, the pores are 

http://creativecommons.org/licenses/by-nc/4.0/
mailto:ahmed.al-haddad@uomustansiriyah.edu.iq


Hameed et al. Pore Size Dependence of Optical Absorption Enhancement in Porous Anodic Aluminum Oxide 2022 

 

163 
 

distinguished from each other by the IL 

consisting of Al2O3 [3]. 

In general, porous materials have more attraction 

attention recently for their significant optical 

properties and high surface area that allow to 

extend the light absorbance range and reduce the 

reflection which increases the efficiency of the 

light-dependent applications[21]. This study is a 

prof that the porous of aluminum oxide are 

improve the absorbance spectrum and opens up 

a new route to intense dependence of the 

applications related to solar energy conversion.  

MATERIALS AND METHODS 
Aluminum foil with high purity and thickness of 

around 220 µm was used to prepare AAO 

templates with high-ordered pores and various 

widths.  By ethanol, acetone, ethanol, and DI 

water, respectively, Al foils were thoroughly 

cleaned initially. Al foil was anodized at a 

constant voltage of 40 V in 0.3 M oxalic acid at 

10 °C for 6 h and 30 min for the first and second 

anodization, respectively. To achieve a specific 

PD and IL, the AAO templates surface was etched 

in a 5 wt% of H3PO4 solution at 30 °C, resulting 

AAO template with pore diameter around 50, 70, 

and 90 nm for 20, 30, and 40 min of the enlarging 

of pore diameter process, respectively. UV-vis-

near IR spectroscopy measurements are carried 

out on a T70/T80 Series UV/vis spectrometer, to 

verify the experimentally observed 

transmittance and absorbance spectra of the 

fabricated AAO template. In order to better 

understand, numerical simulations were selected 

to simulate the distinguished design of AAO 

templates. Finite-Difference Time-Domain 

(FDTD) can explain such kind of light behavior 

in pore arrays materials [22-24], solving 

Maxwell’s equations in time domain using 

FDTD provides another perspective to achieve 

simulations for both transmittance and 

absorbance spectra and investigating the 

enhancement of light interaction with the unique 

structure of the prepared AAO templates. The 

schematic diagram shown in Figure 1b illustrates 

the features of the FDTD and the AAO template 

 

Figure 1. The schematic of the anodic aluminum oxide 

template. 

RESULTS AND DISCUSSION 
SEM images of the prepared AAO templates are 

presented in Figure 2. In a comparison with 

samples prepared after pore-widening for 20, 30, 

and 40 min, the pore diameter increases to 50, 70, 

and 90 nm, respectively, while the cell size keeps 

unchanged at 110 nm, and the average value of the 

pore diameter is steadily enlarged with increasing 

the time of the pore-widening process. Due to the 

etching effect of H3PO4 during the pore-widening 

process leading to thinning of the surface of the 

outer and inner (inside the pore) of AAO templates. 

This provides a suitable pathway to prepare an 

AAO template of precise pore diameter in the range 

below 100 nm of the cell size 110 nm that keep 

AAO templates stand in our experimental 

conditions [25, 26]. 

 
Figure 2. SEM images of the prepared AAO templates show the variation of pore diameters, the fabricated samples in images 

a, b, and c have different pore diameters of 50, 70, and 90 nm, respectively. 
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Table 1 determines the composition results of the 

EDX where the O atoms is 71.113 % and the Al 

atoms is 28.787 % which indicates that the film is 

alumina (Al2O3) with high purity and without any 

contaminations. Figure 3 displays the EDX line-

scan profile from the red arrow in the SEM image, 

the Al and the O peaks ensure more evidence that 

the preparation of the AAO template was without 

any other contaminations.  

Table 1. The presence of O and Al in the prepared AAO 

template was determined from EDX. 

Element Atom Counts % Atom Error % 

O- K 71.213 +/- 1.48 

Al- K 28.787 +/- 0.29 

Total 100  

 
 

 

Figure 3. EDX spectrum of the presented SEM image 

showing the line scan profile of Al and O elements. 

Figures 4a and 4b illustrate the transmittance and 

absorbance spectra, respectively. To measure the 

optical characteristics of the pore arrays of the 

AAO template, an UV-vis-near IR spectrometer 

(T70/T80 Series UV/Vis spectrometer)  was 

adopted. The transmittance and absorbance spectra 

of AAO templates were virtually simulated using a 

three-dimensional  FDTD solut ion .  From 

documented experimentally refractive index data 

of the Al2O3 [27], the dielectric constants were 

provided and broad-band plane waves polarized 

linearly were incident perpendicularly onto 

individual hexagonal pore arrays of AAO template 

with periodic in-plane boundary conditions. AAO 

template pores with similar geometrical parameters 

to the prepared real AAO samples were used for all 

sets of the simulations. 5 nm of mesh size was used 

in the regions containing seven pores of the AAO 

template.  To evaluate the  t ransmit tance, 

reflectance spectra, and then absorbance spectra of 

the AAO template and to generate field distribution 

maps at the desired wavelengths, field vectors were 

monitored in three-dimensional grid points. 

Both resulting transmittance and absorbance 

spectra of experimental and simulated show similar 

behavior in two regions (R1 = 100-165 nm, R2 = 

170-800 nm), the slight deviations are probably just 

because of a few inevitable roughness of the real 

samples. At R1 and for increasing the surface area 

by enlarging the diameter of the pores the light 

absorbance intensity increases also, despite the 

reduction of materials value (intermediate layer).  

Inversely, at R2 and with reducing the pore 

diameter the light scattering rises due to a large 

surface area and movement spaces leading to a 

maximum reflection (probability of destructive 

interference increases) and reducing the 

transmittance driving to perform a higher 

absorbance of the lower diameter of AAO 

templates [28, 29]. 

Figure 5a shows the simulated electric field 

distribution around the nanopore structures at the 

top of the samples after being illuminated by the 

photons at 216 nm. The electric field intensity 

moves around the pores and inside the material of 

AAO templates, implying that the interaction 

between the photons and the nanoporous materials 

occurs on the surface of the intermediate layer 

between two pores, and the dimensions of such 

nanostructure could impact the interaction. It can 

note that the field intensity around the pores 

becomes higher as the diameter increases due to the 

sensitivity of the electric field to the different 

geometric parameters [22, 23].  

For further analysis, the curve for the 

enhancements of near-field intensity |𝐸𝑥
2| at the 

AAO templates surface was plotted, Figure 5b. The 

|𝐸𝑥
2| dictates that the electric field decays when 

decreasing the pore diameter and improves when 
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increasing the intermediate layer, in other words at 

 = 216 nm, PD = 50 nm, and IL= 60 nm, the 

absorbance becomes higher, and vice versa at PD = 

90 nm and IL = 20 nm, the electric field optimized 

resulting lower photon absorption. 
 

 
Figure 4. a and b Experimental transmittance and absorbance spectra of the prepared AAO templates, respectively, c and d 

Simulated transmittance and absorbance spectra of the designed structure of AAO templates, respectively. 
 

When the samples are irradiated by photons at 216 

nm, depicts the simulated electric field distribution 

around the nanopore structures and perspectives. 

Indicating that the interaction between photons and 

Al2O3 occurs on the surface of the intermediate 

layer between two pores and that the geometric 

properties of such a nanostructure may have an 

impact on the interaction, the electric field intensity 

moves around the pores and inside the material of 

AAO templates. It is simple to find that the field 

strength surrounding the pores gets higher as the 

diameter grows by comparing the electric fields of 

the samples with various geometrical 

characteristics [28]. 

 
Figure 5. a) FDTD simulation of electric field intensity distribution illuminated by 216 nm showing x-y views of PD = 50 nm, 

PD = 70 nm, and PD = 90 nm. b) FDTD calculated |Ex
2| enhancement at x-y views and the inner surface of AAO template as a 

function of the intermediate layer (red top) and pore diameter (blue down) of Al2O3 under the same illumination. 
 

 

CONCLUSIONS 
Under a constant AAO template were 

successfully prepared using a two-step anodizing 

method. Optimal pore-widening conditions 

result in precise pore diameter and the 

intermediate layer. The absorbance spectrum of 

the AAO templates can be enhanced by 

combining a certain pore diameter with a 

particular intermediate layer, concluding that the 

ordered pore arrays could enhance many light-

related applications such as solar energy 

applications (as an antireflective layer), water 
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oxidation (photocatalyst), or even LEDs, …etc. 

Further investigation to realize more evidence 

for the outcome of the experimental data, three-

dimensional full-field FDTD techniques were 

used to replicate the optical characteristics of 

AAO templates, which resulted in a good match 

experimental result and offer a realistic light 

interaction with AAO template pore arrays 

understanding. 
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