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ABSTRACT 

 

In this doctoral thesis, aluminum anodization was used to produce nanoporous 

anodic alumina (NAA) structures. The influence of the fabrication parameters on the 

NAA physical characteristics was determined. The effective medium approximation 

(E.M.A.) and Bruggeman’s equations were used to model and simulate the optical 

properties of the Al/NAA systems and as support to understand its optical behavior 

(reflectance and photoluminescence). Afterwards, the NAA samples were used to 

develop multilayer systems by means of titanium dioxide (TiO2) spray pyrolysis. The 

Al/NAA/TiO2 systems were also simulated and their optical properties were 

analyzed. 

As a starting point, as anodizing pretreatment aluminum electropolishing was carried 

out in three substrates and using the three different electrolytes described next. 

First, the aluminum alloy (AA) 8005 was electropolished using an acid electrolyte 

composed of sulfuric acid (H2SO4), phosphoric acid (H3PO4) and chromic acid 

(H2CrO) recording both current density and time. Second, a chromium free 

electrolyte was used to electropolish commercially pure AA 1100; this solution was 

composed by H2SO4, H3PO4 and nitric acid (HNO3). Third, the same alloy was 

electropolished in an alkaline electrolyte constituted by sodium phosphate (Na3PO4), 

aluminum sulfate (Al2(SO4)3) and sodium hydroxide (NaOH). Finally, the alkaline 

electrolyte was used as anodizing pretreatment of AA 1100 and pure aluminum 

(99.999%) surfaces. 

Afterwards, the materials and methods for fabricating NAA were presented. The 

previously electropolished AA 1100 was anodized at different potentials and during 

different times to establish the proper anodizing conditions to be used during the 

pure aluminum anodization. When the best anodizing conditions were found, 

99.999% pure aluminum was used as a substrate to produce NAA samples with the 

two-step anodization process under mild anodization conditions in oxalic acid 

(H2C2O4). 

In consequence, the effect of the anodizing parameters such as applied potential, 

temperature and duration of the first step on NAA morphology and ordering is 

discussed. Samples with different thickness, pore diameter, interpore distance and 

ordering level were fabricated. 

Later, titanium dioxide (TiO2) layers were sprayed on top of the previously 

characterized NAA samples. The TiO2 layers were deposited by spray pyrolysis of a 

solution of titanium isopropoxide in anhydrous ethanol and sintered at 500°C. TiO2 

thickness was modulated and the optical response measured.  
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Finally, the optical properties of NAA are discussed in terms of photoluminescence 

(PL) and reflectance (R). The reflectance behavior of the Al/NAA and Al/NAA/TiO2 

multilayer systems was analyzed with numerical simulations. The numerical 

simulations were based on the Transfer Matrix Method. The porosity of both the NAA 

film and the porous sprayed TiO2 film, was modeled using a Bruggeman effective 

medium approximation (E.M.A.).  

The results of this thesis are expected to highly contribute to the optical 

understanding of NAA and NAA/TiO2 in the UV-Vis zone in order to develop new 

nanodevices and optical applications. 
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INTRODUCTION  

 

Over the last decades, developments in optical telecommunications, space 

applications and integrated optics are challenging researchers to design and 

optimize materials making optical multilayers and thin-film coatings in the core of 

recent investigations [1,2]. Optical multilayers have been used as interferential 

coatings [3,4], antireflection [5,6], perfect mirrors [7,8] and absorbing systems [9]. 

Moreover, in the design of structures for infrared detectors, bolometers, optical 

sensors, among others [10,11]. It is well known that the optical response of a 

multilayer system is determined by the interference generated by the multiple light 

beams reflected in each interface of the coating. It can be expected that knowing the 

properties of the constituent material of each layer provides information about the 

final response of the system, supporting the development of new or improved 

materials [12–17]. 

A wide range of materials and synthesis approaches is available to design multilayer 

coatings with complex reflection and transmission profiles. Recently, nanoporous 

anodic alumina (NAA) produced by anodization of aluminum has been identified as 

a promising material due to its intrinsic properties in terms of mechanical robustness, 

thermal stability and chemical inertness as well as controllable and versatile 

nanopore geometry and also exhibiting high aspect ratio and facile fabrication [18–

23]. Furthermore, the effective medium of this nanoporous material can also be 

engineered with precision by carefully controlling the anodization parameters. 

Meanwhile, titanium dioxide (TiO2) exhibits good photocatalytic properties, high 

refractive index, is transparent in the visible and near infrared range while absorbs 

in the UV zone, presents good adhesion and high stability against mechanical 

abrasion, chemical attack and high temperatures [24–26]. However, the 

characteristics of TiO2 films are strongly dependent on the preparation methods and 

the deposition parameters [27–30]. 

This doctoral thesis aims to understand the optical properties of Al/NAA 

(aluminum/nanoporous anodic alumina) and Al/NAA/TiO2 (aluminum/nanoporous 

anodic alumina/titanium dioxide) systems obtained by means of aluminum 

anodizing. The TiO2 coated systems were obtained using the spray pyrolysis 

technique. The optical modulation in terms of reflectance was achieved controlling 

the anodizing parameters and through the number of deposited TiO2 layers. The 

relationship between the anodizing process variables, morphology, composition and 

thickness of NAA with the optical properties of the developed systems was studied. 

Simulations were performed with the effective medium approximation (E.M.A.) as 

supporting tool to understand the optical behavior of the multilayer systems. 

Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) were 

used to study the morphology of the coatings. Spectrophotometry UV-Vis and 

fluorimetry were used to measure the reflectance and photoluminescence PL of the 

developed systems. 
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HYPOTHESIS 

 

It is possible to modify and control the optical response of multilayer systems 

Al/NAA/TiO2 by tuning the morphological characteristics of the NAA layer. 

 

OBJECTIVES 

 

General Objective 

 

To develop multilayer systems Al/NAA/TiO2 with different reflectance percentages 

controlled by morphology and thickness of NAA layer coated with transparent TiO2 

for its application in optical systems. 

 

Specific Objectives 

 

• To set the aluminum AA 1100 electropolishing parameters (chemical nature, 

electrolytes concentration, electropolishing time, current density, electrolyte 

temperature) in order to obtain surfaces with a reflectance percentage 90 % 

and less than 600 nm roughness. 

• To obtain porous anodic aluminum coatings on the electropolished aluminum 

substrate by anodization process and evaluate the influence of the anodizing 

parameters on the morphological distribution and chemical composition of the 

anodic coatings by means of surface and compositional characterization 

techniques (SEM/EDS, AFM). 

• To develop transparent TiO2 films by means of sol gel technique on the 

selected Al/NAA systems and to evaluate the influence of the number of 

layers on their morphology. 

• To study the relationship between obtained multilayer systems optical 

properties and morphological distribution, chemical composition and 

thickness of NAA and TiO2 coatings.  
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THESIS STRUCTURE 

 

The reader is going to find five chapters as follows:  

Chapter 1 focuses in the electropolishing of aluminum as a pretreatment for several 

applications, specifically anodization. 

Chapter 2 describes the fabrication of nanoporous anodic alumina (NAA) and the 

effect of anodizing parameters on NAA ordering and morphology.  

Chapter 3 describes the influence of pore diameter and thickness on the optical 

behavior of NAA and introduces a model to better understand the NAA and the 

NAA/TiO2 optical properties. 

Chapter 4 discusses the influence of anodizing potential on optical properties (PL 

and R) of NAA and deals with the optical effect of spraying TiO2 on top of NAA. An 

improved model is introduced to clarify the NAA and the NAA/TiO2 optical response. 

Simulations are performed to analyze the optical response of the evaluated systems.  

Chapter 5 summarizes the conclusions of this doctoral dissertation and includes 

some additional comments.  
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1.1 Introduction 

 

Electropolishing (EP) is a surface treatment that produces smooth metallic surfaces. 

The metal piece to be electropolished serves as the anode.  A power source 

produces an electrical current that passes from the anode to the cathode 

causing the oxidation of the metal surface and the removal of irregularities, 

which are dissolved in the electrolyte and diffuses through the film to the 

cathode at a controlled rate. The EP process involves electrochemical anodic 

dissolution on the surface of anode according to the equations 1 and 2 [31].  

𝑨𝒍 → 𝑨𝒍𝟑+ + 𝟑𝒆−    (1) 

𝟐𝑨𝒍 + 𝟔𝑶𝑯− → 𝑨𝒍𝟐𝑶𝟑 + 𝟑𝑯𝟐𝑶+ 𝟔𝒆−    (2) 

The electrochemical reaction occurs under diffusion mechanisms dissolving metal 

ion, acceptor species from the electrolyte and water molecules. Commonly the 

diffusion limitation is the metal ion where a liquid layer is generated by a viscous 

complex salt near the surface, this layer presents higher electrical resistivity on the 

anode related to the electrolyte volume. Metallic surfaces are inhomogeneous 

making the thickness of the viscous layer over the material surface non-uniform 

resulting in a different ohmic resistance from the cathode to the anode. This causes 

greater dissolution of the peaks compared to the valleys, thus creating a uniform 

surface profile [32,33]. 

The current density (j) vs potential (V) curve, characteristic of an electropolishing 

system, depend on many factors such as orientation of anode and cathode in the 

bath, cathode material used, anode to cathode surface area ratio, electrolyte type, 

temperature of the electrolyte and degree of agitation. Jacquet [34], found that 

depending on the potential applied the result can be polishing, pitting or gas 

evolution.  The electropolishing is usually done by applying a voltage on the plateau 

of the j-V curve. However, the best polishing results were reported to appear when 

the applied voltage is just below the potential at which the oxygen evolution starts 

[33]. Hoar et al. [35] related this behavior to the viscous layer formed on the surface 

while electropolishing. The dissolution of metals results in formation of cations that 

move through the film to the solution, leaving vacancies at the metal-film interface. 

If the vacancy concentration increases too much, they could merge and form voids 

that might lead to the detachment of the ion conducting film from the surface. To 

avoid this, the potential should be kept as high as possible while ensuring that anions 

in the film are kept pressed against the metal surface in the receding metal-film 

interface [36]. 

Electrolytes suitable for electrolytic polishing include those composed by acids such 

as perchloric acid, phosphoric acid, sulfuric acid, chromic acid, mixture of acids and 
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also salts [37–39]. Otherwise, there are the alkaline electrolytes and those 

composed for methanol and nitric acid [40]. Electropolishing electrolytes containing 

perchloric acid have been well known for their strong oxidizing properties and are 

highly used for aluminum electropolishing, especially when it is used as a flat 

substrate for applications such as anodizing [2,41–55].  However, perchloric acid is 

particularly prone to decompose and react, and in certain cases it is dangerous, 

mainly when exposed to temperatures higher than 38°C or when it is concentrated 

[56]. 

In 1982 [57], were published the processing conditions for three common electrolytes 

to electropolish aluminum. The first one was composed by 2.5 % w/w fluoroboric at 

29 °C with a current density between 1-2 A/dm2, for 5 to 10 minutes. The second 

one consisted of 15% sodium carbonate, 5% de trisodium phosphate at a pH of 10.5, 

keeping the temperature between 79 and 82°C, using a current density between 2-

3 A/dm2. The third process was a mixture of 4-45% of sulfuric acid, 40–80% 

phosphoric acid, 0.2-9% chromic acid using a temperature of 71-93 °C and a current 

density of 2.5 y 95 A/dm2. A different recommended process to obtain smooth 

surfaces used a solution made of 70% H2SO4, 15% H3PO4, 1% nitric acid between 

75-85 °C for 2-10 min and a current density between 10-15 A/dm2; the attractive part 

of the last process was due to the use of less toxic solutions to generate mirror-like 

surfaces. 

Adelkhani, H., et al [31] evaluated a bath composed by a mixture of 58% phosphoric 

acid, 14% sulfuric acid, and 8% chromic acid in distilled water and reported that 

under the adequate conditions they achieved a mirror-like surface with more than 

90% of reflectivity. Alam K.M. et al. [58] proposed a chemical polishing electrolyte 

avoiding perchloric acid and the related hazards discussed before. The electrolyte 

consisted of 15 parts of nitric acid and 85 parts of phosphoric acid. The polishing 

was suitable as pretreatment for aluminum anodization, reporting roughness values 

of 66.5 nm, like the obtained with perchloric acid mixtures.  

There are commercial electropolishing processes such as the Brytal process 

designed in Britain, which uses an alkaline electrolyte composed by sodium 

carbonate and trisodium phosphate, where some variations can be included [59].  

Otherwise, it is the Alzak process, developed in America for reflector finishing that 

uses two types of baths: Fluoborate electrolytes and hydrofluoric acid. It is also the 

Batelle process involving sulphuric, phosphoric and chromic acids. The Aluflex 

process is based on sulfuric and chromic acids and was developed in Germany. 

Over time different processes have been tested and used; a good summary can be 

found in [57,59]. 

It has been well established that in order to obtain a smooth surface, it is necessary 

to consider metallurgical factors such as size and orientation of grains and chemical 
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compositions that can lead to a multiple phase metal. Metal characteristics such as 

grain size, segregations, oxide inclusions, lamination marks or orientations can be 

controlled by applying different heat treatments [60–67]. Most metallic sheet 

materials are the result of cold rolling processes that induce deformation and grain 

orientation. Annealing is a heat treatment used to relieve stresses and to 

homogenize the grain size and to transform elongated grains into equiaxial grains 

[68].  

It has been reported that the aluminum grain size is one of the key elements to 

control the domain size in ordered nanoporous anodic alumina (NAA), then, larger 

aluminum grains can promote larger domains in self-ordered NAA [50]. The main 

factors to control the grain size are the temperature and time used during a heat 

treatment process, previously to electropolishing and anodizing processes [67,68]. 

In consequence, heat treatments performed to the AA 1100 before electropolishing 

were evaluated in this chapter. Spectrophotometry UV-Vis, profilometry, SEM and 

EDS have been used to investigate the conditions under which the electropolishing 

process can be improved. High total reflectance and low roughness were obtained.  

 

1.2 Experimental Procedure 

 

At the beginning, this research was carried out in an aluminum alloy AA 8005 in 

order to find the best electropolishing conditions using a widely reported acid 

electrolyte with chromium (E1). Current density and time were evaluated (see table 

1.2). Nevertheless, the chromic acid is known for its hazardous characteristics 

because Chromium (IV) is one of its constituents, which is an oxidizer and a 

carcinogen in humans and experimental animals [69]. Due to the previous, the acid 

electrolyte was changed for a chromium free acid electrolyte (E2) and the 

electropolishing parameters evaluation was restarted using a commercially pure 

aluminum alloy AA 1100, considering that the final substrate to be used would be 

pure aluminum. Theoretical composition of AA 8005 and AA 1100 are shown in table 

1.1. 

Table 1. 1 Composition of the used aluminum alloys [70]. 

Aluminum 

grade 
Si Fe Cu Mg Mn Zn 

Unspecified 

other 

elements 

Each Total 

AA 8005 0.22-0.50 0.40-0.80 0.05 0.05 - 0.05 0.05 0.15 

AA 1100 0.95 Si+Fe 0.05-0.20 - 0.05 0.10 0.05 0.15 
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This chapter can be divided in two main sections. The first part was done in order to 

compare two electropolishing processes and their influence in aluminum total 

reflectance and the second part was carried out to evaluate the effect of heat 

treatment on the total reflectance of electropolished samples. 

Commercial sheets of AA 8005, AA 1100 and Al 99.999% pure (Al 5N) were used. 

Prior to electropolishing, the AA 8005 and AA 1100 samples were mechanically 

polished up to 1200 grid and degreased in an ultrasonic acetone bath for 5 min and 

then rinsed with distilled water.  

1.2.1 Electrolyte evaluation 

 

The AA 8005 was electropolished using an acid electrolyte with chromium. Then, a 

commercially pure AA 1100 was electropolished with a free chromium acid 

electrolyte and with an alkaline electrolyte and the reflectance and roughness results 

were compared. Afterwards, based on the electrolyte evaluation results, the alkaline 

electrolyte was used as pretreatment for anodizing the AA 1100 and Al 5N 

substrates. The used electrolytes and its electropolishing conditions are presented 

in Table 1.2.2. 

 

Table 1.2. Evaluated electropolishing parameters. 

Electrolyte Composition Alloy 
Temperature 

(°C) 
Conditions 

Time 

(min) 

Acid: E1 

58% v/v H2SO4, 

14% v/v H3PO4, 

8% v/v H2CrO4, 

20% distilled 

water [31] 

AA 8005 75-90 

5 A/dm2, 

10 A/dm2, 

15 A/dm2, 

20 A/dm2, 

25 A/dm2 

2, 5, 10, 

15 

Acid: E2 

70% v/v H2SO4, 

15% v/v H3PO4, 

1% v/v HNO3, 

14% distilled 

water [61] 

AA 1100 75-90 1.54 A 

2, 5, 10, 

15, 18, 

25 

Alkaline: 

Modified 

Brytal  

150 g Na3PO4, 

20 g Al2(SO4)3 

10 g NaOH in 1l 

solution [59]. 

AA 1100 

 
80 

3 V (from j-

V curve) 

10, 11, 

12, 13, 

14, 15, 16 

Al 5N 80 3 V 10 
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With the aim of better understand the electropolishing behavior of each system, 

polarization curves (potential vs current density) were obtained at 80 °C until a 

voltage of 20 V was reached and using a scan rate of 1 V per second with a holding 

time of 15 s at each potential.  

The total reflectance (RT) of the electropolished samples was determined on at least 

three specimens of each condition by UV-Vis spectroscopy, using a Cary 100 

spectrophotometer with integration sphere with an 8° edge. The evaluated 

wavelengths were between 200 nm and 800 nm at a speed of 10 nm/s. The used 

reference was a Sinoy mirror ® with 93% RT in the 400-600 nm range.  

The roughness of the electropolished surface was measured by profilometry with a 

DEKTAK XT (Bruker) profilometer using a load of 4 mg and 5000 µm length in 30 s. 

At least five measurements were performed for each sample. 

1.2.2 Heat treatment evaluation 

 

To evaluate the effect of the heat treatment holding time on the reflectance of the 

electropolished samples and to obtain larger size grains, the AA 1100 samples were 

heat treated at 500 °C during 5 min, 15 min, 30 min, 1 h, 2 h, 4.5 h, 7.5 h and 14 h 

and then electropolished under the same conditions for 15 minutes using the 

modified Brytal process. Additionally, a set of samples was heat treated at 345 °C 

for 5 minutes, and the reflectance was evaluated. The microstructural 

characterization and the electropolished surfaces were obtained by means of optical 

microscopy (OM) and scanning electron microscopy (SEM). The reflectance 

percentage of previously heat-treated electropolished samples was measured as 

described above.  

 

1.3 Results and discussion 

 

Figure 1.1 shows the total reflectance (RT) curves of AA 8005 electropolished with 

the chromium containing electrolyte. To better understand the graph, the 

electropolishing times are distinguished by colors; black: 2 min, red: 5 min, 

green:10 min and blue: 15 min and the applied current densities are differentiated 

by shapes; 5 A/dm2: filled square (■), 10 A/dm2: empty square (□), 15 A/dm2: empty 

square with a x inside (), 20 A/dm2: filled circle (●) and 25 A/dm2: empty circle (○). 

Additionally, color rectangles are showing the covered reflectance values related to 

each color (current density). In the inset of Figure 1.1 the maximum reflectance 

between 400 nm and 700 nm was plotted vs current density for each evaluated time, 

the same colors were used as indicated above. 
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Figure 1.1 show high reflectance values from the visible to the ultraviolet (UV) 

spectral range, followed by a reflectance reduction around 200 nm as previously 

reported for smooth aluminum surfaces [60,71]. It can be also observed that in the 

visible range, the samples electropolished for 15 min exhibited variations in 

reflectance around 20%, while the samples electropolished for 2 min and 5 min 

showed half of that variation and those electropolished during 10 min presented just 

5% of variation in the reflectance among the evaluated current densities. From the 

inset, it can be noticed that there is a tendency for all the evaluated times to present 

higher reflectance values when electropolishing between 10 and 20 A/dm2, except 

for the sample electropolished at 15 A/dm2 during 15 min.  
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Figure 1.1 Total reflectance curves of AA 8005 electropolished with the chromium 

containing electrolyte. Electropolishing times are distinguished by colors; black: 2 min, red: 

5 min, green:10 min and blue: 15 min. Current densities are differentiated by shapes; 

5 A/dm2: filled squared, 10 A/dm2: empty square, 15 A/dm2: empty square with a x inside, 

20 A/dm2: filled circle and 25 A/dm2: empty circle. 

 

Even though an aluminum alloy was used, with iron contents between 0.4-0.8%, 

increasing the probability to generate second phases, different dissolution rates and 

iron rich precipitates, high reflectance percentages were achieved using the acid 

electrolyte with chromium. It can be also said that current densities around 10 A/dm2 
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for 10 min were found to be the best conditions to electropolish the AA 8005 using 

the E1 acid electrolyte.  

From this point on, AA 1100 and Al 5N alloys are going to be the substrates studied 

and the chromium free acid electrolyte will be simply named as acid electrolyte. 

In order to better understand the electropolishing behavior for each electrolyte the 

current density vs applied potential curves were obtained (see Figure 1.2a). For 

these electropolishing plots it was common to observe three zones; the first one was 

the etching zone characterized for an increase in current due to the dissolution of 

existing oxides, once all the natural oxide was removed the oxidation and reduction 

processes were in equilibrium and the current reaches a plateau, where a better 

surface quality is normally achieved. Then, a further increase in potential causes the 

current to rise again, due to gas evolution and pitting of the surface is observed under 

these conditions. Polishing and brightening processes are attributed to the formation 

of a viscous layer capable of generate a diffusion limiting phenomena [72]. In 

Figure 1.2a, the modified Brytal curve exhibited the first two zones described above, 

with the pitting zone not observed in the range of potentials evaluated here. In this 

case, the curve showed a large plateau zone at a current density of around 27 A/dm2 

and starting approximately at 3 V, providing a wide range of electropolishing 

potentials. On the other hand, for the acid electrolyte, the electropolishing zone was 

not observed, the current density increased continuously with potential and no 

plateau zone was observed, indicating that an active dissolution process was taking 

place, where no viscous layer was formed, allowing metallic ions to freely dissolve 

into the electrolyte. 

The literature recommends using a galvanostatic process for the acid electrolyte and 

a potentiostatic procedure for Brytal [59]. Based on the results obtained from 

Figure 1.2a, the electropolishing potential was fixed at 3 V for the Brytal process. For 

this process, the current density vs time curve displayed in Figure 1.2b, shows a 

nearly constant current density, during the whole experiment, indicating a stable 

dissolution process. 

Nevertheless, in the case of acid electrolyte, as no plateau zone was obtained (see 

Figure 1.2a), the current density was chosen based on the reflectance responses. It 

was observed that current densities between 10 A/dm2 and 20 A/dm2 promoted a 

mirror like finish (see Figure 1.3a). The potential vs time curve using 10 A/dm2 shows 

that a voltage across the cell of about 8 V was obtained after 200 seconds of 

electropolishing and it increased very slowly to near 9 V after 900 seconds (see 

Figure 1.2b).  

Calculation of the charge involved for each case under the conditions selected, it is, 

for the Brytal process a constant voltage of 3 V and for the acid electrolyte a constant 
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current density of 10 A/dm2. As in the first case, the charge density employed was 

about 27 A/dm2, and therefore the Brytal process requires about 3 times more energy 

than the acid process. These values are in good agreement with the values reported 

by Wernik  [59], Wood [61] and Buhlert [73] for acid electrolytes being between 15 

to 25 A/dm2, 10 to 15 A/dm2 and 10 to 30 A/dm2, respectively. Nonetheless, the 

reported I-V curves and current density values for alkaline processes were restricted 

to the general Brytal composition (sodium carbonate 15% and trisodium phosphate 

5% wt) and not for its modifications. Then, the obtained 27 A/dm2 for the modified 

Brytal seems to be higher than the commonly reported current density responses 

between 6-8 A/dm2 obtained at voltages around 8 V [59,61]; this was possibly due 

to the addition of aluminum sulfate which avoids the characteristic current drop of 

the standard process as Pinner proposed [74]. 
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Figure 1.2 a) Current density vs applied potential graph for both acid and modified Brytal 

electrolytes at 80 °C until 20 V using a scan rate of 1 V/sec with a holding time at each 

potential of 15 s. b) Current density vs time curve for modified Brytal process at 80 °C, 3 V, 

15 min and potential vs time curve for acid electrolyte process at 80 °C, 10 A/dm2, 15 min. 

 

1.3.1 Effect of electropolishing electrolyte on reflectance 

 

For the acid bath, Figure 1.3a shows the total reflectance curves for various current 

densities at a fixed electropolishing time of 2 minutes and in Figure 1.3b, it is shown 

the effect of polishing time on surface reflectance treated at a fixed current density 

of 10 A/dm2. As typically observed for aluminum surfaces, the curves in Figure 1.3 

exhibited two reflection peaks around 270 nm and 600 nm and a dramatic drop 

around 200 nm, which is related to light absorption. Current density affects 

differentially the reflectance in the UV and the visible range of the spectrum; whereas 

the effect of electropolishing time on surface reflectance was more or less equal in 

both parts of the spectrum. Higher reflectance percentages were related to current 

densities between 10 and 15 A/dm2 and times in the range of 10 to 15 minutes as it 
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can be easily observed from Figure 1.4. In terms of reflectance and energy 

consumption, the higher average reflectance was obtained for a current density of 

10 A/dm2 and an electropolishing time of 10 minutes.  

 

Figure 1.3 Total reflectance curves of AA 1100 no-heat-treated. a) Current density effect at 

2 minutes of electropolishing time using acid electrolyte b) Time effect at 10 A/dm2 as 

applied current density using the acid electrolyte. 

Figure 1.4 shows reflectance percentage variation with current density and 

electropolishing time at three selected wavelengths: 270 nm, 400 nm and 600 nm. 

As Figure 1.4a shows, the maximum reflectance percentages observed at 270 and 

600 nm are exhibited at electropolishing current densities between 10 and 15 A/dm2. 

Nevertheless, at 400 nm and after 10 A/dm2 as current density increases, 

reflectance decreases. From Figure 1.4b it can be noticed that maximum reflectance 

values were displayed at times between 10 and 15 min. 

 

Figure 1.4 Reflectance values at 270 nm, 400 nm and 600 nm of wavelength for samples 

electropolished in acid solution a) at a constant electropolishing time of 2 minutes b) at a 

current density of 10 A/dm2. 
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The results of reflectance measurements of samples treated with the modified Brytal 

process are shown in Figure 1.5a. All curves showed similar shapes, with reflectance 

varying similarly for the two parts of the UV-Vis spectrum regardless the 

electropolishing time used. The maximum reflectance was obtained between 12 to 

13 minutes of polishing; this is easily observed in Figure 1.5b, where total reflectance 

at different electropolishing times for both 270 nm and 600 nm wavelengths is 

depicted. 

 

Figure 1.5 a) Total reflectance of AA 1100 heat-treated at 600 °C for 6 hours and 

electropolished with modified Brytal at 3 V during various times (B: Basic electrolyte) and 

b) total reflectance at different electropolishing times at 270 nm and 600 nm wavelength. 

 

1.3.2 Determination of the influence of the previous heat treatment on 

reflectance 

 

Based on the knowledge that the rolling process creates a wave-shaped 

unidirectional roughness in aluminum sheets, three samples where heat treated at 

500 °C during six hours in order to diminish rolling marks, stress concentration and 

grain alignment. The samples were then electropolished using the above described 

procedure for the acid electrolyte during 15 minutes in order to evaluate if there is 

an effect of previous mechanical processes on surface reflectance. 

Figure 1.6 shows images of surfaces electropolished in both acid (10 A/dm2, 15 min) 

and basic (3 V, 15 min) electrolytes without previous heat treatment. Figure 1.6a 

shows the non-heat-treated surface of the sample electropolished in acid solution 

characterized by an oriented scalloped surface, which seems to resemble the rolling 

direction. The surface texture is better observed in Figure 1.6c where particles 

detachment was evidenced, this was also reported by Mallinson et al. [75] and Li et 

al. [76]. Surface of non-heat-treated Brytal electropolished sample exhibited an 



12 
 

aluminum matrix with second-phase particles distributed all around the surface. 

Figure 1.6d also reveals some detached particles as reported by Lunder et al. [77] 

and crevice around second-phases in agreement with the results of other works 

[60,75,78,79]. However, it seems that most of the particles are still attached to the 

aluminum matrix [65,75]; EDS measurements reveal the presence of iron and silicon 

as components of these particles. 

 

Figure 1.6 Images of the electropolished aluminum surfaces without previous heat 

treatment using a) acid electrolyte b) modified Brytal c) acid electrolyte showing detached 

second-phase and crevice around a particle and d) modified Brytal pointing crevice. 

 

In Figure 1.7, results of surface analysis of samples electropolished in the two 

electrolytes after heat treatment are shown. Figures 1.7a and 1.7b show low 

magnification optical microscopy images of samples electropolished with the acid 

and the modified Brytal electrolytes, respectively. Both surfaces presented dark 

spots, which are both much bigger and higher in density for the sample treated in 

the acid electrolyte. Figure 1.7c is a zoom-in image of the boundary zone between 

a dark area and the aluminum matrix pointed in Figure 1.7a. The zoomed image 

clearly exhibited two zones, the dark cluster is an iron rich zone and the other zone 

corresponds to an aluminum matrix with dispersed intermetallic compounds mainly 
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compose by iron and silicon according EDS measurements. Figure 1.7d 

corresponding to the Brytal surface, shows a homogeneous microstructure of 

aluminum with dispersed intermetallic particles similar to those observed by [80]. 

Energy dispersive spectroscopy (EDS) measurements show aluminum, iron and 

silicon for both Figures 1.7c and 1.7d as it is observed in Figure 1.7h. Meanwhile, 

Figures 1.7f and 1.7g correspond to aluminum and iron EDS mappings, respectively, 

carried out in the zone displayed in Figure 1.7e. The analysis revealed the cracked 

cluster as an iron rich area probably due to the detrimental effect that second-phases 

show on the corrosion resistance of aluminum. These phases are known for being 

mostly cathodic to the aluminum matrix, acting as preferential sites for oxygen 

reduction and hydrogen evolution which induces localized etching generating pitting 

attack of the surface rather than an even polishing [65,75,76,81–85].  

 

Figure 1.7 Images of the electropolished AA 1100 aluminum surfaces heat-treated at 500 

°C a) in acid electrolyte b) in modified Brytal c) in acid electrolyte showing high 

magnification in the boundary of a cluster d) in modified Brytal showing an aluminum 

matrix with dispersed second-phase particles e) analyzed zone by EDS element mapping 

f) Aluminum map g) Iron map and h) EDS spectrum corresponding to image e. 
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Microstructural and superficial characteristics of the electropolished samples have a 

direct influence on reflectance response as it can be observed from Figure 1.8 where 

the reflectance curves of samples electropolished in both acid and modified Brytal 

electrolytes, with and without previous heat treatment are illustrated. Curves 

corresponding to non-heat-treated samples for both electrolytes showed reflectance 

percentages around 70% in the visible range, which were lower than those obtained 

for the samples previously heat-treated that were around 84%. It can be also noted 

that despite the reflectance values above 600 nm were similar for the samples 

electropolished with both electrolytes, towards the UV part of the spectrum, the 

reflectance values obtained in the sample treated with the alkaline solution were 

higher than those of the samples processed in the acid electrolyte. This can be 

explained by the less homogeneous surfaces obtained after treatment in the acid 

electrolyte, inducing either an scalloped surface in the no heat treated samples or 

the formation of dark areas in the heat treated ones; the acidic media, was more 

aggressive at high temperature than the alkaline media [86]. The textured surfaces 

obtained after electropolishing non-heat-treated aluminum were generated probably 

due to second-phases acting as stress concentrators [87] making their surroundings 

more susceptible to dissolution and then leading to particle detachment. 

Nonetheless, after 500 °C for 6 hours, the stresses around intermetallic compounds 

were released and no second-phases removal was observed. 

 

Figure 1.8 Total reflectance curves of AA 1100 samples with and without (wo) previous 

heat treatment electropolishing in both acid (10 A/dm2, 15 min) and modified Brytal (3 V, 

15 min) electrolytes. A: Acid electrolyte and B: Modified Brytal process. 

 

Knowing that the increase of surface roughness is an important characteristic for 

substrates to be anodized, average surface roughness measurements were done 

after electropolishing the samples under three different conditions: The acid 
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electrolyte with previous heat treatment at 500 °C and the alkaline solution with 

previous heat treatments at 500 °C and 345 °C. Roughness values for the samples 

electropolished using the modified Brytal process were 176 ± 27 nm for those 

previously heat-treated at 500 °C and 161 ± 34 nm for those heat-treated at 345 °C. 

The measured roughness was higher and less homogeneous for the samples 

polished using the acid electrolyte with previous 500 °C heat treatment, with values 

around 219 ± 97 nm. The higher roughness values obtained for the acid 

electropolished samples were related to the observed surface defects showed in 

Figures 1.7a and 1.7c. 

The reflectance spectra showed in Figure 1.8 are in good agreement with 

microstructural and roughness results, showing higher reflectance percentage in the 

visible range for samples previously heat-treated and electropolished with the 

modified Brytal process in comparison with the samples polished with the acid 

electrolyte. 

Grain boundaries and grain orientations generate light diffraction, diminishing the 

specular component of the reflectance. The as-received aluminum sheet exhibited 

a structure common for rolled materials with elongated grains aligned in the rolling 

direction. After heat treatment, recrystallized, equiaxed grains of similar size 

(~135 μm) together with insoluble particles most possibly made of FeAl3 and 

Fe3SiAl12, were observed, regardless the heat treatment temperature or holding 

time, as can be observed in Figure 1.9. 
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Figure 1.9 Optical microscopy of a transversal section of AA 1100 showing the 

microstructure evolution of aluminum with different heat treatments a) before (as 

delivered), b) 5 min 345 °C, c) 5 min 500°C, d) 1 h 500°C, e) 7,5 h 500°C f) 14 h 500°C. 

 

Figure 1.10 shows reflectance curves for AA 1100 samples with different heat 

treatments and the pure aluminum previously heat-treated at 500 °C for 5 min 

electropolished with the modified Brytal electrolyte. These results reveal a clear 

increase in reflectance percentage of around 15% for heat-treated samples with 

respect to the untreated ones. It also can be noted that heat treatments either at 

lower temperature or with shorter holding times lead to higher reflectance of the 

aluminum surfaces after electropolishing. A possible explanation to this effect is as 

follows: The heat-treatment at 345 °C was enough to release the stresses in the 

samples and to recover the grains shape; however, higher temperatures and/or 

longer holding times might lead to increase the number of second phase particles 

per unit area mainly at the surface [60,64,65]. The amount of light scattered and 

absorbed by the surface is directly related to the number and size of those second-

phase particles. Then, samples with more intermetallic compounds in the surface 

lead to light loses by scattered rays and consequently lower reflectance 
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percentages. It can be observed the effect of the alloy components and consequently 

of second-phases, in the reflective response of the aluminum when the Al 5N 

sample, free of second phases, was electropolished under the same conditions 

revealing higher reflectance percentages in the evaluated wavelengths, mainly in the 

UV zone.  

 

Figure 1.10 Total reflectance curves of AA 1100 samples with different heat treatments 

(HT) and electropolished using modified Brytal procedure. The filled black square 

corresponds to the reflectance spectrum of the pure aluminum previously heat-treated at 

500 °C for 5 min. 

The main aim of electropolishing the aluminum surface was to create a flat and 

smooth surface prone to be anodized and generate large grains to diminish the 

number of grain boundaries that limits the NAA domain sizes, producing in that way 

a prone surface to grow self-ordered NAA structures. The effect of HT was evaluated 

from transversal images to obtain a real bulk information of the metallurgical changes 

of AA 1100 and the generated grain sizes were similar. Then, an additional top 

observation was performed in pure aluminum samples to obtain more information 

about the surface grain size, which will have a direct effect on nanoporous anodic 

alumina domain sizes. Figure 1.11 shows top images of pure aluminum heat treated 

at 375 °C and 500 °C for 5 min. In average, the superficial grain size was similar, 

170 ± 94 µm for 375 °C and 164 ± 62 for 500 °C. Nevertheless, a major amount of 

larger grains can be observed for the 500 °C, result that agrees with a lower standard 

deviation related to the 375 °C sample. It is common to find larger grains on metals 

surfaces than in their inner part due to heat distribution. Additionally, if the HT is an 

annealing process, the deformation and stresses concentration are higher at the 

surface than at the inside of the metal; those highly distorted microstructures are in 

a high-energy state and are thermodynamically unstable. When heat is applied, the 
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thermal activation energy needed to transform the material to a lower-energy state 

is provided. Then, in a stress concentrated area the grain growth stage is reached 

faster than in a less distorted zone [67]. It is also important to consider that the 

samples evaluated in Figure 1.9 were AA 1100 with reported grain sizes around 

135 µm whilst those in Figure 1.11 were pure aluminum. During grain growth, the 

process of boundary migration can be delayed by dissolved iron atoms which 

explains the larger grains for pure aluminum compared to the aluminum alloy [88]. 

 

Figure 1.11 Optical microscopy of a transversal section showing the microstructure 

evolution of Al 5N aluminum previously heat-treated a) at 375 °C for 5 min and b) at 500 

°C for 5 min 

 

Since the Al 5N was 99.999% pure, the possibility to form second phases was 

negligible and the detrimental effects of using higher temperatures are discarded. 

Consequently, the 500 °C heat treatment was selected as pretreatment for anodizing 

due to the achieved low roughness, high reflectance and mainly due to the major 

amount of larger grains observed on the aluminum surface compared to the 375 °C 

heat treatment. Thus, generating an ideal surface to grow self-ordered nanoporous 

anodic alumina. 

  

1.4 Conclusions 

 

Three electropolishing electrolytes were successfully used in order to obtain highly 

reflective aluminum alloy surfaces and according to these results it is recommended 

replace the use of chromium containing electrolytes for chromium free solutions as 

the E2. 

Despite the modified Brytal process generated higher reflectance in the aluminum 

surfaces than the acid solution E2, the basic process involves about three times 

more energy consumption than the acid one.  
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Second-phases caused uneven dissolution process in the acid electrolyte 

generating a scalloped surface for the non-heat-treated samples and superficial 

localized iron-rich defects in the heat-treated ones. These surface defects rise light 

scattering and therefore reduces the total reflectance of the aluminum alloy surface. 

The effect of a previous heat treatment on surface reflectance was clearly observed. 

A short and low temperature heat treatment (i.e. at 345 °C during 5 min) is enough 

to release stresses and to eliminate rolling marks. Larger times or higher 

temperatures increase precipitation of second phase particles at the surface, 

resulting in light scattering and consequently diminishing total reflectance of the 

surface.  

The AA 1100, properly electropolished using the modified Brytal electrolyte with a 

previous heat treatment, is suitable as a surface pretreatment for solar anodizing 

applications. 

Pure aluminum (5N) could be correctly electropolished with any of the three 

evaluated electrolytes and any of the evaluated heat treatments using the proper 

conditions due to the lack of second phases. 
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2. INFLUENCE OF ANODIZING 
PARAMETERS ON MORPHOLOGICAL 

CHARACTERISTICS OF NAA 
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2.1 Introduction 

 

Nanoporous anodic alumina (NAA) has become one of the most popular templates 

to produce various nano-structures such as magnetic, electronic, and optoelectronic 

devices [89–91]. Moreover, NAA itself is an adaptable platform for various purposes: 

to obtain chemical and optical sensors [92], biomedical applications [93,94], energy 

storage [95], photonic crystals [96] catalysis [97,98], Bragg reflectors [99], drug 

release systems [100], among others. The NAA is characterized by a honey comb 

structure with a close packed array of pores inscribed in columnar hexagonal cells 

[101–103]. Nonetheless, the most commonly obtained structures are not that 

organized, exhibiting polygonal cells of inhomogeneous sizes. Masuda and Fukuda 

[104] firstly proposed the two anodizing process to obtain highly organized NAA. 

During the first anodizing step the pores nucleate at random places and when the 

steady state was reached, the ordering of the NAA cell arrangement starts. In this 

way, the upper part of the pores was disordered, and the pore bottom was ordered. 

After conducting the first anodization, the NAA is removed, leaving an aluminum 

template on the surface. This templated structure serves as pore nucleation sites 

during the second anodization, making the NAA to grow in an organized way. 

Afterwards, Masuda and co-workers have stablished that there is a self-ordering 

regime which applies for each type of acid electrolyte [101,104,105]. The need of a 

completely flat surface in order to obtain highly ordered structures was claimed by 

Jessensky, O, et al. [106]. Nielsch, K. et al. [107] proposed the 10% porosity rule to 

obtain self-ordered pores independent of the specific anodization conditions. 

Nonetheless, porosity percentages different than 10 have been reported for self-

ordered structures [108–110]. Ono et al. [41,110] found that a high electric field 

strength is the key controlling factor of self-ordering so a highly organized pore 

structure is achievable by choosing an adequate electrolyte and the appropriate 

formation voltage for maintaining a high current condition. Later, other researchers 

have fabricated highly ordered NAA structures by hard anodization process 

[111,112] or pulsed anodization process [52]. 

It is well known that morphological characteristics of NAA such as pore diameter, 

interpore distance, chemical composition and thickness are dependent on the 

anodizing conditions such as potential, time, temperature, current density, type of 

electrolyte and pH solution [52,59,102,113–115]. The applied potential mainly 

affects the interpore distance and pore diameter, the anodizing time of the second 

step mostly affects the NAA thickness and the temperature is directly related to NAA 

growth rate [113,116].  

Since an efficient control of both size and ordering of the nanostructures is important 

in practical applications, a deep understanding of the NAA structures is required. A 
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Fast Fourier Transform (FFT) is commonly used to study periodic, self-organized 

structures, like nanoporous arrays. There have been proposed several ways to 

conduct the ordering studies, but they are mainly differentiated by the ordering level 

of the analyzed structure. Highly ordered structures plot profiles cross the dots 

presented in the ordered images and defined the regularity ratio as the relationship 

of the maximum intensity to the width of the peak at half-maximum [108,117,118]. 

Others observed that the number of pores have an influence on the regularity ratio 

values and proposed that to remove this effect, a value of the regularity ratio should 

be divided by the number of pores [119,120]. Some authors went further, they 

claimed that though the FFT-based regularity ratio has many advantages, the 

common approach has one major disadvantage, namely it takes into consideration 

only three major directions of the FFT, which are additionally manually selected. 

Then, they proposed that the plotted profiles should come from the FFT radial 

average, taking all the directions into the estimations [121,122]. Another analysis 

[123] revealed that the intensity and width at half height of FFT radial average were 

strongly influenced by surface area and number of pores [123–125]. Consequently, 

proposed that regularity ratio must be calculated with this expression: 

𝑅𝑅∗ =
𝐻

𝑊1/2

√𝑛

𝑆3/2
 

Where H is the intensity of the radial average, W1/2 is the width of the radial average 

at half of its height, n is the number of pores on the analyzed image and S is the 

analyzed surface area. 

The purpose of this chapter is to fully understand the effect of anodizing conditions 

by experimentation in order to control the morphological characteristics of the 

produced NAA. The effect of anodizing potential was evaluated in samples produced 

from an AA 1100 and from pure aluminum foils (Al 5N). The effect of potential and 

temperature on NAA ordering was determined by calculating the regularity ratio from 

the FFT images. The effect of the second anodization time on NAA thickness was 

determined as well. 

 

2.2 Experimental procedure 

 

An aluminum alloy AA 1100 and high purity aluminum foil (99.999% from Metalmen) 

were used as substrates for anodization. Prior to anodizing, the substrates were 

annealed at 500 °C for five minutes and then electropolished with the modified Brytal 

process specified in Chapter 1.  
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AA 1100 samples were anodized in 0.3 M oxalic acid electrolyte at a constant 

potential (between 40 and 75 V) for six hours. The temperature was not monitored 

or controlled during the process. Then, the aluminum oxide was removed in a 

mixture of phosphoric acid (H3PO4) 6.0 wt% and chromic acid (H2CrO7) 4.8 wt% at 

60 ºC. As it is well known, the oxide removal after the first anodization step is 

performed in order to reveal the texturized structure created during the first 

anodization. Then, after the oxide removal step, texturized aluminum samples were 

obtained. To observe the influence of anodizing potential on morphological 

characteristics of the created templates, after the oxide removal the samples were 

studied by means of scanning electron microscopy (SEM).  

Based on the morphological observations of the anodized AA 1100 samples, pure 

aluminum (Al 5N) samples were anodized at two potentials that generated ordered 

structures (40 V and 55 V) and at a potential that generated poorly organized 

arrangement (80 V). To determine the effect of temperature on the ordering of the 

texturized aluminum, two anodization temperatures were evaluated (5°C and 22°C). 

The ordering level was determined by calculating the regularity ratio (RR) defined as 

the ratio of the maximum intensity Hmax to its full width at half-maximum (FWHM) 

W1/2. RR was calculated by using the radial average profile from the Fast Fourier 

Transform (FFT) of the top SEM images. 

Afterwards, the Al 5N was anodized using the two step anodization procedure [104] 

in 0.3 M oxalic acid electrolyte at 5 °C. The first anodization time was conducted for 

6 h and the oxide removal was performed in the phosphoric and oxalic acids mixture 

at 60 °C. The oxide removal time and the second anodization time are listed in 

Table 2.1. Nanoporous anodic aluminum (NAA) thicknesses were determined by 

optical microscopy (OM) and SEM, results are also shown in Table 2.1. A rigorous 

characterization was performed to relate morphological features of the fabricated 

nanoporous anodic aluminum (NAA) with the applied potential. The ImageJ 1.51j8 

[126] software was employed for estimation of pore diameter (dp), interpore distance 

(dint), porosity (%p) and number of pores (n) from top SEM images. A quantitative 

arrangement analysis of the pores ordering was done by calculating the average 

regularity ratio (RR*); in this case, the regularity ratio calculations included the effect 

of image size and number of pores as proposed in [123]. Fast Fourier Transforms 

(FFT) of the top SEM images were generated and analyzed with WSxM 5.0 software 

[127].  
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Table 2.1. Anodizing conditions used for the Al 5N substrate and corresponding measured 

thicknesses. 

Potential (V) Oxide removal 

time (min) 

2nd anodizing 

time (min) 

Thickness (µm) 

40  40 78 3.7 ± 0.6 

40  40 100 5.9 ± 0.8 

40  40 120 5.5 ± 1.0 

40  40 200 9.4 ± 0.6 

40  40 300 14.2 ± 0.8 

50  50 105 8.9 ± 0.5 

55  55 80 9.2 ± 0.8 

60  70 65 8.6 ± 0.7 

75  75 15 8.6 ± 0.5 

 

2.3 Results and discussion 

 

2.3.1 Effect of anodizing potential on texturized AA 1100 morphology. 

 

The effect of anodizing potential in AA 1100 texturization is observed in Figure 2.1. 

The evaluated potentials generated hexagonal cells randomly distributed in the 

sample, without domains. It can be noticed from Figure 2.1 the cell size (interpore 

distance) increases with anodizing potential. It is also observed that the sample 

anodized at 40 V (Figure 2.1a) appears to have more homogeneous cell sizes 

(hexagon with equal sides) than the other samples. In Figure 2.5 the influence of 

anodizing potential in texturized AA 1100 interpore distance (dint) is observed from 

the blue stars in the graph. From Figure 2.5 it can be said that, statistically, all 

evaluated potentials generated similar interpore distances due to the overlapping of 

the standard deviations depicted as error bars. The measured interpore distances of 

samples anodized at 40 V and 75 V are statistically different, the higher the potential 

the larger the pore. The standard deviation bars were shorter for the samples 

anodized at 40 V than for the other anodizing conditions, supporting the 

homogeneous cell size observations from Figure 2.1a. The cell size distribution was 

less homogeneous for 45 V and 75 V samples, observed from larger standard 

deviations bars. The sample obtained at 75 V exhibited inhomogeneous cell sizes 

ranging from 76 nm to 200 nm.  

The poorly organized structures generated after anodizing the AA 1100 can be 

related to roughness (~176 nm); it was studied in Chapter 1. Iron (Fe) and silicon 

(Si) are the main alloying elements of AA 1100, these elements are not soluble in 
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the aluminum matrix and form second-phases acting as cathodes for the aluminum 

matrix generating particle detachment during the electropolishing process, 

increasing the roughness values. Fratila-Apachitei, L. E. et al. [128,129], observed 

that that the iron bearing particles present in the aluminum substrate are either inert 

or undergo oxidation at a lower rate compared to the adjacent aluminum matrix as 

also observed in [130]. For insoluble particles composed by Al-Fe-Si, it was 

observed that an increasing volume fraction of particles were occluded into the 

aluminum oxide with anodizing potential [129]. The above findings indicate that the 

quality of anodic oxide layers formed on the pure aluminum substrate under the 

specified conditions will depend on the amount and distribution of insoluble 

impurities that have a different behavior relative to the matrix during anodizing. The 

alloying elements can generate second phases and cathodic spots causing 

inhomogeneities on the aluminum surface, these defects contribute to the poorly 

organized structures formed during anodization. 

 

 

Figure 2.1 SEM micrographs of AA 1100 samples after anodization in oxalic acid and 

oxide removal in phosphoric and chromic acids. a) 40 V, b) 45 V, c) 50 V, d) 55 V, e) 60 V 

and f) 75 V. The anodization was carried out without temperature control. 

2.3.2 Effect of anodizing temperature on texturized Al 5N morphology. 

 

In Figure 2.2 the effect of anodizing temperature on ordering of samples anodized 

at 40 V, 55 V and 80 V at 5 °C and 22 °C is shown. On the left, top SEM micrographs 

of texturized Al 5N samples (after anodization in oxalic acid and oxide removal), 

images in the middle are their respective FFT, the plots on the right column represent 

the radial average profiles obtained from the FFT images.  Figures 2.2a, b and c are 

the samples anodized at 5 °C and Figures 2.2a’, b’ and c’ correspond to the samples 
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anodized at 22 °C. From visual inspection it can be said that the evaluated potentials 

produced hexagonal arrangements in most cases. It is also observed that ordering 

level decreases with the increase of anodizing potential. Samples anodized at 40 V 

and 55 V exhibit higher ordering of the structure, characterized by groups of cells 

forming domains. The FFT images present a bright ring that decreases in size with 

anodizing potential. The observed ring becomes blurred or diffuse with the increase 

of the anodizing potential. From the FFT image of Figure 2.2a, it can be observed 

that there are two concentric bright rings and that six bright spots (forming a 

hexagonal structure) are inscribed into the first ring. The bright spots are also seen 

in Figure 2.2b, corresponding to the sample anodized at 5 °C and 55 V.  

The FFT of an image provides a lot information of its ordering level. Highly organized 

structures are characterized by bright spots located depending on the structure that 

is repeated in the analyzed image, in this case, hexagons. Poorly organized samples 

exhibit blurred FFT and semi-organized structures show a ring or several rings 

depending if the ordering is short or large range. The FFT of the analyzed samples 

reinforce the bare eye observations of the SEM images. The first ring diameter 

diminishes with anodizing potential probing that the cell size increases with potential 

as observed from Figure 2.2 and detected for the AA 1100 analysis of Figure 2.1. 

The spots observed in the FFT of Figure 2.2a and b indicate that the repeated 

structure is organized in a hexagonal lattice and the second ring exhibited only by 

Figure 2.2a is due to the long-range ordering level of the sample anodized at 5 °C 

and 40 V. The rings become blurred with increasing potential showing that ordering 

decreases with potential. The vertical bright line is not related to the ordering of the 

structure, it is an artifact generated by the horizontal white mark in the lower part of 

the images, containing the image magnification and size. From the regularity ratio 

values in the right part of each radial average graph of Figure 2.2, it can be said that 

samples anodized at lower temperatures exhibit more organized structures grouped 

in domains. Increasing the anodizing potential and increasing the temperature of the 

anodization generates poorly organized structures. Samples obtained at 40 V and 

55 V at 5 °C present highly organized domains as reported by other authors [37,104].  

There is an exponential relationship between temperature and current density, then 

the pore growth rate is increased with temperature and in some cases it was reported 

that high anodizing temperatures generated highly ordered structures [113]. 

Nonetheless, other researchers have compared samples anodized at temperatures 

ranging from 0 °C to 25 °C and concluded that highgly ordered structures were 

obtained at intermediate temperatures, between 15-17 °C [114]. Others, anodized 

aluminum in phosphoric acid solution and found that when the temperature is high 

enough, the strong chemical dissolution makes the surface turn into a “tip bundle” 

structure without segregated pores, concluding that temperature should be kept 

under 20 °C to preserve the regular porous structure [131,132].  
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The evaluated temperatures of this research were 5 °C and 22 °C, showing better 

ordering results for the lower anodizing temperature. Low pore growth rates are 

favorable for the process of self-organization [106]. 

Additionaly, it should be taken into account that temperatures in between the 

evaluated ones can probably generate more ordered structures (larger domains) 

than those produced at 5 °C. Increasing the temperature in the first anodization step 

increases the growth in the longitudinal direction, which in turn increases the self-

ordering configuration due the local heating effect for pore growth [114], but 

increasing the temperature too much, increases local temperature at the bottoms of 

the pores generating local oxide dissolution  [102] and introducing a large thermal 

stress in the barrier layer and at the metal/oxide interface making the porous 

structure with less ordering level [133].  
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Figure 2.2 SEM micrographs of Al 5N samples after anodization in oxalic acid and oxide 

removal in phosphoric and chromic acids. a) 40 V: 22°C, a’) 40 V: 5°C, b) 55 V: 22°C, b’) 

55 V: 5°C, c) 80 V: 22°C, and c’) 80 V: 5°C. 
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2.3.3 Effect of anodizing potential on NAA ordering. 

 

In Figure 2.3 the effect of anodizing potential on ordering of Al 5N samples anodized 

at 5 °C is shown. On the left, top SEM micrographs of nanoporous anodic alumina 

(NAA) obtained in oxalic acid at 40 V, 50 V, 55 V, 60 V and 75 V, images in the 

middle are their respective FFT, the plots on the right column represent the radial 

average profiles obtained from the FFT images and include the radial average with 

the correction parameters.  The obtained structures appear to be highly organized 

with the characteristic hexagonal pore arrangement of self-ordered NAA, except for 

the 75 V sample. The first bright ring observed for all potentials decreases in size 

with anodizing potential. The FFT of samples anodized at 40 V and 50 V (Figure 

2.3a and b) exhibit six bright spots inscribed in the first ring showing the hexagonal 

lattice of the analyzed structure. The FFT image of the sample anodized at 55 V (0 

2.3c) shows eighteen bright spots inscribed in the first ring. The FFT corresponding 

to sample anodized at 60 V has a bight ring with a diffuse hexagonal halo and the 

75 V sample FFT has a bright blurred ring. 

The size of the first bright ring is related to the size of the analyzed structure. As the 

first ring diameter decreases with anodizing potential, it can be said that the pore 

diameter increases with anodizing potential. The number of bright spots determines 

the lattice arrangement of the analyzed structure, being hexagonal for samples 

produced at 40 V and 50 V characterized by the six-fold coordinated by neighboring 

pores. The number of bright spots observed for the 55 V sample is due to the three 

six-fold symmetry patterns which are related to the presence of three domains [114]. 

The bright ring with some (apparently four) spots surrounded by the blurred halo with 

the hexagonal shape observed in the FFT of the 60 V sample is related to the low 

ordering level of the hexagonal pore arrangement. The FFT image corresponding to 

the sample anodized at 75 V has the shorter ring diameter and the more blurred 

appearance accounting for the larger pore diameter and the less organized structure. 

Other authors observed similar changes in the FFT images for anodizations 

conducted between 40 V and 60 V at 40 °C [134] and at 20 °C [135]. The calculated 

regularity ratios are in agreement with the apperance observations of the FFT 

images and SEM samples, the lower the anodizing potential the higher the regularity 

ratio as reported previously [120,136]. It shoud be considered that this states only 

for the evaluated anodizing potential range (40 V to 75 V). Previous results are 

comparable for the 4.45 RR* value reported for samples anodized in oxalic acid at 

20 °C and 40 V and also agrees wth the tendency reported in the same work that 

RR* decreases with the increase of anodizing potential between 50 and 65 V. 

Probably the lower RR* values reported for higher anodizing potentials (from 2.98 to 

2.13) are related to the higher anodizing temperature used in that work [120]. Other 

authors anodized aluminum at temperatures between 35 and 50 °C for diferent times 
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from 30 min to 120 mn and have found that 40 V samples always ehibited higher 

RR* than 50 V samples but the values oscillate between 2.1-7.5 for 40 v and 1.5-4.5 

for 50 V [121]. 

Figure 2.4a presents the effect of anodizing temperature on regularity ratio and 

Figure 2.4b shows the effect anodizing potential on RR. It should be considered thar 

RR corresponds to the values calculated from classic regularity ratio without 

correcting factors and RR* includes the corrections made by surface area and 

number of pores proposed in [123]. From Figures 2.2, 2.3 and 2.4 it can be said that 

temperature influences nanopore ordering but anodizing voltage is the major factor 

influencing the nanopore arrangement [137]. Low anodizing temperatures and lower 

potentials produce more organized structures for the evaluated values.  
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Figure 2.3. Top SEM images with 2D Fast Fourier Transforms (FFTs) and average profile 

of the FFT pattern radius for porous alumina formed in 0.3 M oxalic acid Al 5N at different 

anodizing potentials and 5 °C. The analyzed surface area was 3.48 µm2. 



32 
 

4 8 12 16 20 24

1E9

2E9

3E9

4E9

5E9

35 40 45 50 55 60 65 70 75 80

3

4

5

6
 40 V

 55 V

 80 V

R
R

 (
a
.u

.)

Anodizing temperature (°C)

a) b)

R
R

* 
(a

.u
.)

Anodizing potential (V)

 

Figure 2.4. Effect of anodizing paramenters on regularity ratio (RR) of the texturized 

aluminum and NAA. a) effect of anodizing temperature on RR and b) effecto of anodizing 

potential on RR. RR does not include correction factors and RR* includes the corrections 

made by surface area and number of pores. 

 

2.3.4 Effect of anodizing potential and second anodization time on 

morphological features of texturized AA 1100 and NAA produced from 

Al 5N. 

 

Figure 2.5 shows the morphological characteristics of NAA obtained in 0.3 M oxalic 

acid. Figure 2.5a shows the effect of anodizing potential on pore diameter (dp) of 

NAA obtained in Al 5N and interpore distance (dint) of texturized AA 1100 and 

anodized Al 5N samples. Figure 2.5b exhibits the effect of second anodizing time on 

thickness of NAA samples obtained from anodizing Al 5N substrates. From Figure 

2.5a, it is observed a clear tendency to increase both dp and dint with anodizing 

potential. It is also seen that samples anodized at 40 V produce the shortest error 

bars and samples obtained at 75 V generated the largest error bars. The blue stars 

in Figure 2.5 which correspond to the texturized AA 1100 cell diameters, are close 

to the values observed for the Al 5N sample (red circles), the error bars overlap for 

the evaluated potentials. The variations in dp represented by the error bars sizes, 

increase with anodizing potential. Samples anodized from 40 V to 55 V show similar 

average values for dp and dint. From Figure 2.5b, it can be observed that thickness 

increases with the second anodizing time. 

The size of the error bars is related to the homogeneity of the samples, in 

consequence, the samples obtained from both the AA 1100 and Al 5N substrates at 

40 V are very homogeneous in dp and dint. These results are in agreement with the 
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self-ordering regime previously reported for samples anodized in oxalic acid 

[104,106]. The AA 1100 sample anodized at 45 V exhibited large error bars probably 

due to observation of a substrate zone rich in precipitates or with the presence of 

crevice that could generate defects in the surface and induce disorder during the first 

anodization step. The 75 V sample is far from the self-ordering potential as 

confirmed by the inhomogeneous and poorly organized structure. For the evaluated 

NAA it was found that the dp, dint and barrier layer thickness increase linearly with 

anodizing potential. Results that agrees with the measurements carried out by other 

authors, where the proportionality constants for NAA formed by mild anodization 

(MA) processes were reported as dint: 2.5 nm V−1, dp: 1.29 nm V−1 and barrier layer 

thickness: 1.2 nm V−1 [138,139]. 

 

 

Figure 2.5 Morphological characteristics of NAA obtained in 0.3 m oxalic acid. a) Effect of 

anodizing potential on pore diameter (dp) of NAA obtained in Al 5N (black squares) and 

interpore distance (dint = dcell) of texturized AA 1100 (blue stars) and anodized Al 5N (red 

circles) samples, b) effect of second anodizing time on thickness of NAA samples obtained 

from Al 5N substrates (black triangles). 

 

2.4 Conclusions 

 

In this chapter the effect of anodizing potential, anodizing temperature and anodizing 

time on texturized AA 1100, Al 5N and NAA was evaluated. Fast Fourier Transform 

was used as a tool to quantitatively analyze the effect of evaluated conditions on the 

ordering of produced structures. 

Homogeneous cell sizes can be formed by anodizing AA 1100 in 0.3 M oxalic acid 

solution. Nonetheless, the alloying elements create defects at the aluminum surface 

decreasing dramatically the ordering for anodizing potentials out of the 40 V self-
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ordering regime. The presence of alloying elements does not affect the interpore 

distance obtained for determined potential with AA 1100 and Al 5N alloys. 

Lower anodizing temperatures induced low current densities and low pore growth 

rates that are favorable for the self-ordering process. Anodizing temperature affect 

domain sizes but does not affect the cell size. 

Highly ordered structures can be obtained by anodizing pure aluminum in 0.3 M 

oxalic acid at 40 V, 50 V and 55 V but considering that when the potential increases 

the regularity ratio decreases. 

Pore diameter and interpore distance increase with anodizing potential. Thickness 

increases linearly with second anodization time. 
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3. INFLUENCE OF PORE DIAMETER 

AND THICKNESS ON NAA AND 

NAA/TiO2 OPTICAL PROPERTIES 
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3.1 Introduction 

 

Nanoporous anodic alumina (NAA) is obtained by an electrochemical process 

involving the oxidation of aluminum in acid solution. Highly ordered structures can 

be formed under adequate anodizing conditions and generally using a template 

[116,138,140,141]. For instance, Masuda and Fukuda [104] first proposed the two-

step anodization process in which the pore bases formed in the first anodization step 

serve as template and act as initial sites of pore growth in the second anodization 

step. 

Over the last decade, NAA has been extensively used in a diverse range of 

applications including energy storage [142], drug delivery [100,102,143], sensing 

[45,54,92,144–151], catalysis [152] and template synthesis [113,153–157]. This 

increasing interest has been generated by the NAA outstanding characteristics, such 

as a cost-effective platform, its high aspect ratio, photoluminescence and the 

remarkable capability of controlling the geometric features by means of varying the 

anodization potential, time, electrolyte pH and temperature. The potential 

applications of NAA not only depend on its physical and chemical properties but also 

on its morphological characteristics. The optical response of NAA is highly influenced 

by its morphology generating changes in the refractive index, extinction coefficient 

and photoluminescent properties generating the need of fully understand the effect 

of anodizing parameters in NAA optical properties [158]. However, highly ordered 

NAA is restricted by the self-ordering regime [48,104,107,159] which generates 

specific pore diameter ranges, limiting the varieties of possible morphological 

modifications. Some researchers have addressed this problem through hard 

anodization [111,160] or NAA surface modifications obtaining a wider range of pore 

diameters [161]. The commonly used materials to modify the NAA surface includes, 

metal oxides such as TiO2, PbTiO3, SnO2, SiO2, metals as gold, silver, nickel, 

platinum, titanium and polymers like polymethyl metacrylate, polystyrene, polypyrrol, 

polythetrafluorethylene, nylon, carbon, among others [162]. This nanopore 

engineering broadens the NAA applications using the unique reflectance or 

photoluminescence properties of the material to obtain photonic barcodes or 

nanoporous rugate filters [163]. 

TiO2 is a promising material to be used in an extensive field of applications due to 

its photocatalytic activity and high hydrophilic behavior under illumination together 

with its high refractive index and wide band gap. Nowadays, TiO2 is used as optical 

coating [164–166], photonic crystal [167], in photocatalysis [168–171] and 

photoelectrochemical solar cells [172].  TiO2 can be deposited using both physical 

and chemical methods. The physical methods comprise physical vapor deposition 

(PVD), sputtering, molecular beam epitaxy (MBE) and laser deposition. The 

chemical methods include polymerization, sol-gel, spin- and dip-coating, spray 

pyrolysis and chemical vapor deposition (CVD) [2,94,162,173–179]. Amongst them, 

spray pyrolysis represents a very simple and relatively cost-effective processing 
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method to prepare dense and porous films and powders [179]. The spray pyrolysis 

method uses a spray gun atomization way to turn microsized liquid droplets into solid 

particles on a heated substrate. This process involves generation of the precursor 

droplets, evaporation of the solvent, condensation of the solute, decomposition and 

reaction of the solute and finally the sintering of solid particles [180]. Spray pyrolysis 

also has the advantage that the heated substrate avoids the heat treatment often 

needed in TiO2 to obtain the desired photocatalytic properties conferred by the 

anatase phase and obtained at temperatures around 500 °C [169,181–183]. 

Considering the outstanding characteristics of TiO2 and the need to improve NAA 

properties to introduce new opportunities for advanced applications in biomedicine, 

chemistry and biology, in this work, TiO2 was used as a surface modification of NAA. 

NAA films were prepared by anodizing aluminum in oxalic acid and Al/NAA/TiO2 

films were obtained afterwards by means of spray pyrolysis process of TiO2 on top 

of the NAA surface. The influence of morphological features on the optical behavior 

of Al/NAA and Al/NAA/TiO2 was evaluated. Moreover, the experimental results were 

supported by numerical simulations based on the Transfer Matrix Method [184–186] 

with an extinction coefficient of zero and by considering the absorption of 

incorporated oxalate ions and oxygen vacancies. A Bruggeman effective medium 

approximation (E.M.A) was used to model the porosity of both the NAA film and of 

the porous sprayed TiO2 film.  

 

3.2 Experimental procedure 

 

Pure aluminum sheets (99.999% obtained from Metalmen), were annealed at 500°C 

for 5 minutes and then electropolished in a mixture of trisodium phosphate (150 g/l), 

aluminum sulfate (20 g/l) and sodium hydroxide (10 g/l) applying 3 V during 15 

minutes at 80 °C as previously reported in [187]. The NAA was obtained using the 

two-step anodization process in oxalic acid 0.3 M at 5 °C and 40 V. The first 

anodizing step was carried out during 6 h, the formed NAA layers were then removed 

at 60 °C using a chromic acid 4.8% and phosphoric acid 6% mixture. Then, a second 

anodization was performed at 40 V and the time of the second anodization was 

modulated in order to obtain the desired thicknesses.  The pore widening process 

was performed at 35 °C using H3PO4 5 % w/w for 10, 20, 30 and 40 min, producing 

pore diameters between 30 nm and 80 nm.  

 
The titanium dioxide (TiO2) coating was obtained by means of spray pyrolysis 

technique. A precursor solution of 0.2 M titanium diisopropoxide bis 

(acetylacetonate) was used. The Al/NAA substrates were in a hot plate at 500 °C 

during the spray process as described in [172]. It should be noticed that different 

samples of Al/NAA were used for each measurement but fabricated under the same 
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anodizing conditions. The coating thickness was between 87 nm and 438 nm, 

proportional to the number of TiO2 deposited layers (1, 2, 4, 8, 16, 32, and 64 layers). 

The TiO2 annealing was performed leaving the coated samples during 1 hour on the 

hot plate. 

Total reflectance spectra were obtained by UV/VIS spectroscopy, using a Cary 100 

Spectrophotometer with integration sphere with an 8° edge. The specular 

reflectance measurements were performed in a PerkinElmer Lambda 950 

UV/VIS/NIR using the Universal Reflectance Accessory (URA).  

The photoluminescence (PL) measurements were taken on a fluorescence 

spectrophotometer from Photon Technology International Inc. with a Xe lamp used 

as the excitation light source at room temperature and an excitation wavelength (λex) 

of 360 nm. In some cases, a 400 nm cutoff filter was used.  

The standard image-processing package (ImageJ, public domain program 

developed at the RSB of the NIH, USA) [188] was used to analyze the SEM images. 

 

3.3 Numerical modeling procedure 

 

In order to analyze the measured reflectance spectra, numerical simulation of the 

reflectance was carried out. The numerical simulations were based on the Transfer 

Matrix Method [184–186] considering a model composed of an aluminum substrate, 

a thin film corresponding to the nanoporous aluminum oxide and, in the case of the 

samples after the TiO2 spraying, a second thin film on top, corresponding to the 

porous TiO2. In the simulation, normally incident light was assumed, and specular 

reflectance was calculated. 

The porosity of both the nanoporous aluminum oxide film and the porous sprayed 

TiO2 film was modeled as a mixture of the corresponding oxide and air, using a 

Bruggeman effective medium approximation (E.M.A.). The E.M.A. considers the 

refractive index and the volume fraction of each constituent material (oxide and air), 

being the volume fraction of air equivalent to the porosity. Refractive indices of 

aluminum, aluminum oxide, and titanium dioxide have been taken from literature 

[189,190]. 

Pore radius and porosity were estimated from top-view SEM pictures of the samples 

according to the equation proposed in [107]. 

𝑝 =
2𝜋

√3
(
𝑑𝑝

𝑑𝑖𝑛𝑡
)

2

 

It must be noted that pore diameter increased with time of application of the pore 

widening process. The corresponding porosity values are specified in Table 3.1. 
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Table 3.1 Corresponding porosity values used in the E.M.A model. 

tPW (min) Porosity (%) 

0 6.97 

10 17.01 

20 31.68 

30 35.69 

40 42.41 

 

One important feature in the calculations is the introduction of absorption in the 

model for the aluminum oxide. It is well known that, even though aluminum oxide is 

transparent and the extinction coefficient is zero in the literature referenced tables, 

porous aluminum oxide obtained by electrochemical etching in acidic solutions 

exhibits optical absorption and photoluminescence due to the incorporation of 

conjugate base anions into the oxide matrix, as well as because of the presence of 

oxygen vacancies [44,191–196]. Furthermore, the concentration of the incorporated 

anions is not uniform but it decreases from the pore-oxide interface towards the 

inside of the oxide [42,196–199]. 

The absorption was considered into the model by assigning nonzero values to the 

extinction coefficient, which follows a Lorentzian curve as a function of the 

wavelength. The central wavelength and width of the Lorentzian curve was 

determined from literature [14,158,193,198,200–203] and specified in Table 3.2. The 

height of the Lorentzian determines the strength of the absorption. Such strength 

varies with the time of application of the pore widening process. Heights for the 

Lorentzian used in the simulations are also detailed in Table 3.2. 

Table 3.2 Lorentzian values used to create an absorbing extinction coefficient. 

tPW (min) 
Lorentzian 
Intensity 

Lorentzian 
Width 

Lorentzian 
Center 

0 0.0020 0.1 0.22 

10 0.0015 0.1 0.22 

20 0.0010 0.1 0.22 

30 0.0005 0.1 0.22 

40 0.0001 0.1 0.22 

Thickness (µm)    

3.7 0.0020 0.1 0.22 

5.5 0.0020 0.1 0.22 

5.9 0.0020 0.1 0.22 

9.0 0.0020 0.1 0.22 

14.2 0.0020 0.1 0.22 
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3.4 Results and discussion 

 

3.4.1 Pore diameter and thickness effect on optical properties of Al/NAA systems 

3.4.1.1 Reflectance 

 

The effect of pore widening on reflectance was evaluated with samples obtained at 

40 V in 0.3 M oxalic acid. A constant thickness of 9 µm was achieved after doing a 

second anodization process during 200 min. Figure 3.1 shows top SEM images of 

NAA before and after the pore widening process. Highly ordered structures were 

observed. The pore diameters (dp) obtained for each pore widening time (tPW) were 

32 ± 6 nm, 50 ± 6 nm, 68 ± 6 nm, 72 ± 8 nm, 78 ± 13 nm, corresponding to 0, 10, 

20, 30 and 40 minutes of tPW, respectively. It can be observed that for tPW=30 min, 

samples show some interconnected pores, caused by the excess of dissolution time. 

The tPW=40 min samples exhibit collapsed nanotubes and most of the surface 

corresponds to texturized aluminum. The oxide detachment was generated by the 

complete dissolution of the pore bases after tPW=40 min, then the value of 

78 ± 13 nm corresponds to the pore base diameter in the textured surface.  

   

Figure 3.1 SEM images of NAA pores with different pore diameters prepared by the pore-

widening process from 0 to 40 min:(a) 0 min, (b) 10 min, (c) 20 min, (d) 30 min, (e) 40 min 

and (f) schematics illustrating pore diameter dp, interpore distance dint and pore wall 

diameter dw. 

Figure 3.2a shows the measured reflectance spectra for samples with increasing tPW 

(increasing dp), and second anodization time of 200 min, corresponding to a porous 

oxide thickness of 9 µm. The spectra show an oscillating behavior in the wavelengths 

between 500 nm and 800 nm. It can be also observed that in the visible range, the 
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average reflectance was about the same for all samples. Nonetheless, in the UV 

range, the reflectance spectrum decreased between 500 nm and 200 nm. In this 

range, there is a smooth decrease between 500 nm and 350 nm and a strong drop 

between 350 nm and 200 nm. Such reflectance drop was stronger for the samples 

with shorter pore widening time. Figure 3.2a also reveals that as pore widening time 

increases, the drop in reflectance between 350 nm and 200 nm becomes less 

pronounced and for tPW = 40 min (textured surface with collapsed nanopores) 

reflectance was close to that of the electropolished aluminum. The measurements 

put also in evidence that the amplitude of the oscillations decreased with the pore 

widening time and for the sample with tPW = 40 min the reflectance spectra had no 

oscillations at all. The decrease in oscillation amplitude with tPW agrees with the fact 

that the effective refractive index of the porous layer varies from a value close to the 

aluminum oxide (Al2O3) refractive index to the refractive index of air. 

Figure 3.2b shows the simulations for increasing porosity of the NAA layer 

(corresponding to increasing tPW and therefore dp), assuming a zero extinction 

coefficient. Simulations are in good agreement with the measured spectra in the 

range between 500 nm and 800 nm: The oscillatory behavior and the approximately 

constant average reflectance are correctly reproduced. However, the observed 

experimental reflectance drop for wavelengths smaller than 500 nm is not 

reproduced by the simulation if zero absorption in the NAA layer is considered. 

Therefore, simulations incorporating absorption in the model were performed. Such 

absorption was introduced by considering a non-zero extinction coefficient which 

varies with the applied pore widening time. As described in the numerical details 

section, the strength of the absorption also decreases with the increase of tPW to 

account for a non-uniform concentration of anion incorporated impurities and oxygen 

vacancies in the aluminum oxide matrix. Figure 3.2c shows the simulated specular 

reflectance spectra obtained under such assumption. In this case, there was a good 

agreement with the measured spectra: When pore widening time increases (dp 

increases), the drop in reflectance becomes less pronounced. The simulation also 

agrees with the fact that the measured spectrum for tPW = 40 min was similar to that 

typically obtained for electropolished aluminum [60]. 

 

Such good agreement permits to explain the behavior of the measured reflectance 

spectra: Oscillatory behavior in the range between 500 nm and 800 nm is due to 

thin-film multiple Fabry-Pérot interferences. The decrease in the amplitude of the 

oscillations and in the average reflectance in this range can be explained by changes 

in refractive index of the NAA layer caused by different proportions between alumina 

and air due to different porosity percentages. Porosity percentages were calculated 

and are specified in Table 3.1. On the other hand, the decrease in reflectance below 

500 nm is caused by absorption. This is in agreement with the well-known fact that 
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during anodization in oxalic acid the O2- ions can be easily substituted by oxalate 

anions, which concentration depends on the conditions of anodization [204] and also 

with the oxygen vacancies generated in the NAA during anodization [193,202]. In 

order to correctly reproduce the trend observed in the experimental measurements, 

consisting in the less pronounced decrease in reflectance below 400 nm for 

increasing pore widening time, it was necessary to consider a decreasing strength 

of the absorption with increasing tPW. This supports the conclusion that oxalate anion 

incorporation is not uniform, being higher close to the pore-oxide interface and 

decreasing towards the inside of the pore walls [199]. 

 

Moreover, the differences in UV zone among the measured samples were 

consequence of the increasing dissolution time that dissolved the pore walls with the 

incorporated oxalate species, diminishing the absorption of the NAA layer. 

Consequently, longer PW times are equivalent to smaller pore wall diameter (dw) 

and hence lesser amount of incorporated oxalate species whereby simulated curves 

considering a non-zero extinction coefficient, resemble better the measured spectra. 
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Figure 3.2 Measured and simulated UV-Vis reflectance spectra of Al/NAA samples with 

different tPW (and dp) a) measured, b) simulated assuming a zero extinction coefficient and 

c) simulated considering a non-zero extinction coefficient. 

In order to further investigate the effect of the absorption caused by the incorporated 

oxalic anions, the influence of the NAA thickness on the total reflectance was also 

studied. For this aim, samples with the same porosity percentage (8.5 %, 

corresponding to as-produced samples) were fabricated varying the second 

anodization time between 78 min and 300 min. Samples with thicknesses 

3.7 ± 0.6 µm, 5.5 ± 1.0 µm, 5.9 ± 0.7 µm, 9.4 ± 0.6 µm, 14,2 ± 0.8 µm were obtained 

and the total reflectance was measured. As the anodization conditions for all 

samples were kept the same, dp of 32 ± 5 nm and dint (interpore distance) of 

114 ± 7 nm were also the same for all samples.  
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Figure 3.3a presents the measured total reflectance (RT) spectra obtained from the 

NAA with different thicknesses. The spectra show an oscillating behavior in the 

wavelength range between 800 nm and 200 nm. Nonetheless, as thickness 

increases, the amplitude of the oscillations decreases, and the range of the spectrum 

where the oscillating behavior is observed, becomes smaller. Furthermore, in the UV 

zone the thickness effect is more perceptible, showing that thinner samples exhibited 

oscillations at lower wavelengths and the number of oscillations decreased as the 

thickness increases. In the visible and near-infrared ranges, the observed average 

reflectance was about the same. On the other hand, the reflectance spectra 

decreased in the region between 500 nm and 200 nm.  Total reflectance at 200 nm 

was around 10% for all NAA thicknesses. As the thickness increased, the drop in 

reflectance became more pronounced at around 300 nm.   

Figure 3.3b shows the simulated specular reflectance (RS) for increasing second 

anodization time (corresponding to increasing thickness) including a nonzero 

extinction coefficient. Simulations reproduced the trends observed in the measured 

spectra.  The oscillatory behavior is observed, and the average reflectance is similar 

in the visible zone for all NAA thicknesses. Furthermore, in the UV range, the number 

of fringes decreased with thickness and the amplitude of the oscillations decreased 

as the thickness increased. The observed experimental reflectance drop for 

wavelengths smaller than 500 nm was also reproduced by the simulation.  

 

Including the absorption effect into the simulation, it was possible to reproduce the 

thickness effect on reflectance. The observed oscillations are due to Fabry-Pérot 

interference phenomenon. The intensity losses observed in thicker samples can be 

related to multiple reflections of the light combined with the fact that the material was 

slightly absorbing. In the same manner, the drop in reflectance below 500 nm must 

be generated by absorption. The reflectance drop started at lower wavelength as the 

sample was thinner, similarly to the experimental results. These results confirm that 

the model considered, including the effective medium approximation for the porous 

NAA layer and the nonzero extinction coefficient for the oxalic anions incorporated 

into aluminum oxide matrix, permits to predict the general trend of the actual total 

reflectance spectra of the Al/NAA systems.  
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Figure 3.3 Measured and simulated UV-Vis reflectance spectra of Al/NAA samples with 

different thickness. a) Measured, b) simulated including absorption. 

 

3.4.1.2 Photoluminescence 

 

The PL spectra of samples 9 µm thick with increasing tPW (increasing dp) have been 

measured and shown in Figure 3.4a. At first glance, it is observed a wide band in 

the wavelength range of 400-600 nm which covers almost the whole visible 

waveband. It can also be observed a blue shift in the peak position with increasing 

tPW. The samples corresponding to tPW from 0 to 20 min show higher PL intensity 

compared to the tPW=30 min and tPW=40 min. The tPW=30 min sample exhibits two 

visible peaks around 418 nm and 470 nm. The tPW=40 min sample apparently 

presents three peaks at 423 nm, 471 nm conclusive and 544 nm. The tPW=10 min 

sample exhibits oscillations corresponding to a Fabry-Perot interference, this 

phenomenon is better observed due to the effect of the dp and NAA thickness as 

explain in [205]. 

A filter with cutoff wavelength below 400 nm was used to measure the PL spectra to 

suppress the light source effect, that generates the spectra start in a PL intensity 

different than zero and that can be taken for a peak in samples tPW=30 min and 

tPW=40 min. The measured spectra are shown in Figure 3.4b. The aluminum 

electropolished PL spectrum was also included in the figure. When using the filter, 

wide and asymmetric spectra were observed. In Figure 3.4b, the increase of tPW 

resulted in a blue shift of the peak position as observed in Figure 3.4a and the 

oscillatory behavior of the tPW=10 min sample is also observed. The observed 

spectrum for the tPW=40 min sample also presented three peaks in almost the same 

positions of the Figure 3.4a; 429 nm, 473 nm and 544 nm. The electropolished 

aluminum PL properties were also measured revealing three PL peaks close to the 

observed for the tPW=40 min sample.  



46 
 

The observed blue shift with tPW from Figure 3.4a and b, is in good agreement with 

other authors observations [158,206] and this emission is usually attributed to single 

ionized oxygen vacancies F+ formed during anodization. Nonetheless, further 

investigations have been carried out to understand the origin of luminescent centers 

in NAA and will be discussed afterwards. The low intensity of tPW=30 min PL 

spectrum is the result of the dissolution of some of the luminescent centers. It is well 

known that pore wall composition is inhomogeneous, the defects density is higher at 

the outer part of the wall, the one that is in direct contact with the electrolyte [44,206]. 

Then, considering a concentration gradient from the outer pore wall to the inner and 

pristine part of the pore wall and according to the pore wall dissolution induced by 

pore widening process shown in Figure 3.1d, the low intensity of tPW=30 PL is 

explained. The tPW=40 min has similar PL spectra to the electropolished aluminum 

as observed in [207], these results are in agreement with the fact that the NAA was 

detached from the aluminum surface after tPW=40 min as observed from Figure 3.1e. 

The low intensity emission can be attributed to the remaining alumina of some 

nanometers thick corresponding to the collapsed nanopores for the tPW=40 min 

sample (Figure 3.1e) and to the natural oxide layer existing in the electropolished 

aluminum surface. 

 

Figure 3.4 Photoluminescence spectra as function of tPW (and dp). (λex=360 nm). a) Without 

using 400 nm filter and b) by passing through a filter with cutoff wavelength below 400 nm, 

including the electropolished (EP) aluminum spectrum. 

 

Some authors [194,207–210] have decomposed the PL spectra in several Gaussian 

distributions, and it was found that deconvolution with a minimum of two components 

reproduced the measured spectra with a high fit accuracy. From Figure 3.5 it can be 

observed that for the emission PL spectra generated at an excitation wavelength of 

360 nm have been deconvoluted by Gaussian functions into three emission bands 

for tPW=0 min, tPW=10 min and tPW=0 min and into two emission bands for tPW=30 min 
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and tPW=40 min. The spectra parameters extracted from deconvolution of PL spectra 

of NAA are presented in Table 3.3. 

From Figure 3.5 a-c it is observed a blue shift from 418 nm to 411 nm corresponding 

to the peak 1, a blue shift from 453 nm to 441 nm for peak 2 and a shift 495 nm to 

476 nm for peak 3. The sample corresponding to tPW=30 min (Figure 3.5d) keeps the 

blue shift tendency but the third peak is not observed. The spectrum corresponding 

to the tPW=40 min sample was deconvoluted in two peaks like those presented for 

the electropolished aluminum but with no correlation to the peaks observed for 

samples from tPW=0 min to tPW=30 min. 

The origin of the luminescent centers has been two main approaches, those who 

attributed the PL properties of NAA only to oxygen vacancies being single ionized 

F+, double ionized F, or less likely unstable F++ centers (vacancies without electrons) 

[44,192–194,206,208,211] and those who concluded that not only oxygen defects 

are responsible for NAA fabricated in oxalic acid but also oxalate ions incorporated 

into the NAA that can turn into luminescent centers due to the presence of 

delocalized electrons of π bonds, responsible for excitation in the ultraviolet region 

[198,201,207,210,212–214]. The present results show three peaks corresponding to 

three luminescent centers. Emission peak 2 (453 nm) is the most intense emission 

band and might be attributed to F centers, whereas the second most intense peak 

(peak 1) might be attributed to F+ centers (418 nm) [44,208]. During anodization, 

anions will drift to the anode under the action of the electric field and then, some 

anions will gather on the surface of the NAA. The oxygen vacancies located on the 

surface can easily trap two electrons and become F centers. According to this, the 

F centers density decreases with the pore wall depth [44]. From Table 3.3 it can be 

observed that the intensity of the peak 2 (F) decreases as tPW increases agreeing 

with the gradual elimination of F centers with tPW. 

From Table 3.3 it can also be observed that the intensity of peak 1 (F+) increases 

and then decreases with tPW; this result agrees with previously reported results 

[206,215] showing that F+ centers distribution is opposite to F; the density of F+ 

increases with pore wall depth until it reaches the pure alumina zone in the innermost 

part of the pore wall. The less intense peak band around 495 nm (peak 3) might be 

attributed to the incorporated oxalate ions [198]; this last conclusion is also based 

on the fact that oxalate impurities are located at the outer region of the pore [196] 

being firstly removed. As tPW increases a decrease in peak intensity is expected, until 

the outer oxalate containing zone of the pore wall is completely dissolved and the 

peak disappears. 
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Figure 3.5 Deconvolution by Gaussian fitting of NAA PL spectra as function of tPW (and dp). 

(λex=360 nm). a) tPW=0 min, b) tPW=10 min, c) tPW=20 min, d) tPW=30 min and e) tPW=40 min. 
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Table 3.3 Spectra parameters extracted from direct PL spectra of NAA and from 

deconvolution of PL spectra of NAA evaluated at different tPW. 

40V tPW=0 min 

Direct observation 
Without filter  400 nm filter 

Fit accuracy (R2) =0.99988 R2=0.99324 

 Center (nm) Center (nm) FWHM (nm) Height (a.u.) Center (nm) 

Peak 1 443 418 52 282 425 

Peak 2 - 453 85 511 459 

Peak 3 - 495 127 310 516 

40V tPW=10 min 

Direct observation 
Without filter 400 nm filter 

Fit accuracy (R2) =0.99992 R2=0.99324 

 Center (nm) Center (nm) FWHM (nm) Height (a.u.) Center (nm) 

Peak 1 433 414 51 315 423 

Peak 2 - 448 89 510 456 

Peak 3 - 488 130 235 515 

40V tPW=20 min 

Direct observation 
Without filter 400 nm filter 

Fit accuracy (R2) =0.99998 R2=0.99362 

 Center (nm) Center (nm) FWHM (nm) Height (a.u.) Center (nm) 

Peak 1 431 411 54 209 424 

Peak 2 - 441 91 464 457 

Peak 3 - 476 139 256 514 

40V tPW=30 min 

Direct observation 
Without filter 400 nm filter 

Fit accuracy (R2) =0.99942 R2=0.99509 

 Center (nm) Center (nm) FWHM (nm) Height (a.u.) Center (nm) 

Peak 1 418 410 87 239 422 

Peak 2 470 448 167 147 453 

Peak 3 - - - - 515 

40V tPW=40 min 

Direct observation 
Without filter 400 nm filter 

Fit accuracy (R2) =0.99898 R2=0.99786 

 Center (nm) Center (nm) FWHM (nm) Height (a.u.) Center (nm) 

Peak 1 423 376 151 494 422 

Peak 2 471 - - - 452 

Peak 3 544 556 75 30 524 

 

The effect of NAA thickness on its PL properties can be observed in Figure 3.6. The 

PL spectra were measured by passing through a filter with cutoff wavelength below 

400 nm (λex=360 nm). Form Figure 3.6a, it can be noticed a wide PL spectra in the 

visible zone. It is also evident for the thinner samples, 3.7 to 5.9 µm, spectra 

interference corresponding to Fabry-Perot oscillations while thicker samples 
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suppressed this behavior in the evaluated wavelengths. In terms of the peak position 

the effect is not clear due to the fringes. Gaussian deconvolution was performed, 

and the results are shown in Figure 3.6 b-e. The spectral deconvolution of the 

emission band in the NAA with different thicknesses spectra revealed three main 

emission peaks (Table 3.4). The three peaks are located near the same values 

425 nm, 457 nm and 514 nm for all thicknesses. There is a red shift compared to the 

peaks observed in Figure 3.5a, but the values correspond to the calculated for the 

Figure 3.5b. The peak location can only be compared to samples measured under 

the same excitation wavelength and using a 400 nm filter. Nonetheless, the 

measured spectra and deconvoluted peaks can be used to evaluate the thickness 

effect on the peak location. NAA thickness was expected to have an influence in the 

PL intensity, nevertheless, it was only perceptible amongst thinner and thicker 

samples, but a constant PL intensity increase was not detected with the increase in 

thickness.  

The results shown in Figure 3.6 and Table 3.4 support the previous conclusion. The 

most intense peak was peak 2 located at ~455 nm and attributed to F centers, the 

less intense peak 1, situated at ~423 nm is due to F+ luminescent centers and peak 

3 with a maximum around 512 nm is attributed to oxalate species. It is observed an 

intensity increase of peak 3 with thickness, corresponding to more anions 

incorporated into the anodic layer due to longer anodization time.  
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Figure 3.6 Deconvolution by Gaussian fitting of NAA PL spectra as function of NAA 

thickness by passing through a filter with cutoff wavelength below 400 nm (λex=360 nm). 

Table 3.4 Spectra parameters extracted from deconvolution of PL spectra of NAA with 

different thicknesses. 

Thickness (µm) 

 3.7 5.5 5.9 9.0 14.2 

Peak 1 center 423 425 427 425 423 

Peak 2 center 455 457 460 459 456 

Peak 3 center 512 513 514 516 515 

Fit accuracy R2 0.98903 0.99475 0.99462 0.99395 0.99223 
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3.4.2 Influence of TiO2 thickness on optical properties of Al/NAA/TiO2 systems. 

 

The effect of the TiO2 thickness on reflectance was evaluated by depositing different 

number of TiO2 layers on the top of NAA 9 µm thick. The measured TiO2 thicknesses 

were 88 ± 13 nm, 196 ± 16 nm and 438 ± 34 nm obtained by 16, 32 and 64 sprayed 

TiO2 layers, respectively. Thinner TiO2 thicknesses could not be properly measured 

from cross-section SEM images due to the TiO2 layers copied the NAA morphology 

making them indistinguishable. Therefore, the thinner TiO2 thicknesses were found 

by extrapolation. The values obtained were 3.5 nm, 7.9 nm, 17.6 nm, 39.3 nm for 1, 

2, 4 and 8 TiO2 layers, respectively.  Figure 3.7 shows top-view and cross-section 

SEM images of NAA after TiO2 deposition. The number of sprayed layers is indicated 

in each case. It can be observed that for TiO2 thicknesses between 3.5 nm and 40 

nm, the TiO2 deposited mainly on the aluminum oxide and at the pore opening 

boundaries. The pores are increasingly occluded for increasing number of sprayed 

TiO2 layers. In the samples sprayed with 1 to 4 TiO2 layers, the NAA morphology is 

still observed. For the sample with 16 sprayed TiO2 layers, despite the NAA 

underlying structure is almost completed occluded, a periodic nanoporous 

morphology remains apparent. Otherwise, the surface of the sample with 64 TiO2 

layers consists of packed grains without any voids or cracks, similar to other reports 

[216].   

 

Figure 3.7 Top and cross section SEM images of Al/NAA/TiO2 with different thicknesses of 

TiO2 obtained by spray pyrolysis. 1, 4, 16 and 64 with TiO2 of 3.5 ± 0.5, 18 ± 3, 88 ± 14 

and 438 ± 68 nm thick respectively. The NAA thickness was constant (around 9 µm). 
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Figure 3.8 shows the measured total reflectance spectra of Al/9 µm NAA compared 

to Al/9 µm NAA/TiO2 samples with increasing number of sprayed TiO2 layers. The 

Al/NAA spectra (black curves) were previously described (see blue curve in 

Figure 3.3a). As expected, the Al/NAA/TiO2 spectra exhibits a more complex fringe 

pattern than the Al/NAA systems with an oscillatory modulated behavior in the visible 

and NIR ranges (see Figure 3.8d). In the UV zone there is a strong RT drop between 

400 nm and 300 nm accompanied by a slight increase on reflectance around 260 

nm as TiO2 thickness increases. It is also observed a shift to the right of the minimum 

reflectance (between 250 nm and 350 nm) with the increase of TiO2 thickness. 

Additionally, the intensity of the Fabry-Perot oscillations corresponding to the former 

NAA structure, augmented for TiO2 thicknesses between 3.5 nm and 40 nm 

(corresponding to 1-16 TiO2 layers). This enlarged RT intensity is observed in 

Figures 3.8a and b. The frequency of the exhibited modulations in the reflectance 

spectra appears to raise with TiO2 thickness, as disclosed in Figures 3.8c and d; 

higher frequencies are reached as TiO2 thickness increases. The drop in reflectance 

observed for the Al/NAA samples starts closer to the NIR as TiO2 thickness 

increases. 

The sprayed TiO2 layers effect, characterized mainly by the modulation in the 

reflectance spectra of the Al/NAA samples, is a phenomenon that occurs gradually 

as TiO2 becomes thicker. This modulated oscillating behavior is characteristic of bi-

layer films and is caused by differences in the refractive index of the layers [184,217].  

Form Figures 3.8c and d, corresponding to TiO2 thicknesses between 87 nm and 

438 nm (16-64 TiO2 layers) it is easy to observe these typical bi-layer behavior where 

the oscillations corresponding to the NAA and TiO2 layers are superimposed, 

generating that the Fabry-Pérot oscillations corresponding to the NAA layer present 

modulations in the evaluated wavelengths range. The differences in the UV zone are 

caused by the combined effects of the absorption and thickness of TiO2 coatings.  
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Figure 3.8. Measured UV-Vis total reflectance spectra of Al/NAA and Al/NAA/TiO2 samples 

with different TiO2 thicknesses. Black lines represent samples without TiO2 and red lines 

represent samples with TiO2 coating.  (a) 3.5, (b) 17.6, (c) 87.7 and (d) 438.0 nm. The 

NAA thickness was constant (around 9 µm). 

 

Figure 3.9 shows measured (total and specular) and simulated UV-Vis reflectance 

spectra of Al/NAA/TiO2 samples with 32 and 64 TiO2 layers. All the spectra show 

similar characteristics, which are clearly related to the number of TiO2 layers 

deposited. The simulations reproduced the observed modulated oscillatory behavior. 

Although the amplitude of the oscillations resulted to be higher than in the 

experimental spectra, the simulated spectra are a close resemblance of the 

measured data. The number of modulations maxima and minima is well reproduced 

by the simulations. The good agreement between measurements and simulations 

permit to obtain information about the causes of the different features in the spectra. 

The strong reflectance drop between 400 nm and 300 nm is caused by the 

absorption in the TiO2 layer, while the increase in reflectance below 300 nm agrees 

with the model of Al/thick NAA and thin layer of TiO2. Simulations of the Al/NAA/TiO2 

systems can be used to determine the TiO2 thickness by adjusting its thickness fitting 

the maximum points of the modulated spectra with the measured curves. 
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Figure 3.9 Measured and simulated UV-Vis reflectance spectra of Al/NAA/TiO2. Red lines 

represent modeled specular reflectance with effective medium approximation (E.M.A.) 

using NKDGen software. 

 

3.5 Conclusions 

 

The evaluation of the influence of morphological features on the optical behavior of 

Al/NAA and Al/NAA/TiO2 was presented. The reflectance of Al/NAA and Al/NAA/TiO2 

samples was modeled by using E.M.A. approximation without extinction coefficient 

and by considering the absorption of the incorporated oxalate ions and oxygen 

vacancies into the model.  

The number and intensity of the Fabry-Perot fringes observed in the reflectance 

spectra were highly influenced by the pore diameter (dp) and thickness of both the 

NAA and TiO2 layers. A minor effect on the average reflectance was observed by 

modifications in the evaluated morphological features but this influenced the 

oscillating behavior. It was found that the pore widening process (therefore the dp) 

had a major effect in the UV zone of the reflectance spectra.  

Thin TiO2 coatings increased the intensity of the oscillations produced by NAA, 

whereas, thicker TiO2 layers generated a modulated oscillating behavior in the 

evaluated range. Simulations without considering the absorption of the NAA layer 

reproduced the pore widening and thickness effects in the visible region. On the 

other hand, the method fails to predict the decrease in reflectance in the UV range, 

leading to the assumption that non-absorbing NAA was not pertinent to describe the 

real behavior of the samples. When variations in absorption were considered, the 

drop in reflectance and the overall spectra shape observed in the measured 

reflectance were well reproduced by the simulations.  The Al/NAA/TiO2 systems 

were successfully simulated and it appears to be a method to determine the TiO2 
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thickness by fitting the maximum points of the modulated spectra. According to the 

reported results, it was shown that it is critical to consider the absorption of the 

incorporated oxalate species and oxygen vacancies to obtain accurate predictions 

of the optical behavior of NAA in the UV range. 

The results showed that the photoluminescence (PL) emission of NAA might be 

associated with the presence of recombination centers from oxygen defects and 

oxalate ions inside the oxide structure. Gaussian deconvolution of NAA PL spectra 

gives three main bands located around 420 nm, 455 nm and 490 nm; the first two 

peaks corresponding to F+ and F oxygen vacancies respectively, and the last one to 

incorporated oxalate impurities. It was found that the PW process has a major 

influence in the PL spectra generating a blue shift with the increment of tPW. 

Meanwhile, the NAA thickness does not affect the PL peak position.  
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4. INFLUENCE OF ANODIZING 
POTENTIAL ON NAA AND NAA/TiO2 

OPTICAL PROPERTIES 
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4.1 Introduction 

 

Nanoporous anodic alumina (NAA) has been receiving increasing attention due to 

its excellent electronic and optical properties and self-ordering characteristics, 

exhibiting a wide range of applications in sensing, energy and photonics [116,163].   

The optical properties of NAA have been studied by many researchers focusing in 

the interesting photoluminescent (PL) response of NAA produced in phosphoric, 

sulfuric, malonic and oxalic acids [192,195,213,218–221]. The PL emission of NAA 

produced in oxalic acid has been reported as the strongest and many efforts have 

been carried out in order to understand the origin of this PL response. Some 

researchers observed that the PL position of the emission and excitation bands 

depends on the monitored wavelength [222,223]. Other authors evaluated the 

influence of annealing temperature on emission peak position and intensity, founding 

that with rising annealing temperature, the intensity of emission band peaking around 

470 nm increases first, reaches a maximum when temperature is close to 500 °C, 

and then decreases [193,224]. The origin of the PL bands observed in NAA obtained 

in oxalic acid has been attributed to two main centers being oxygen defects and 

oxalate impurities incorporated into the NAA during anodization. Comparisons with 

PL emissions obtained from samples anodized in sulfuric acid revealed the samples 

obtained in oxalic acid showed a different band around 410 nm attributed to oxalate 

impurities [213]. Nonetheless, a quantitative investigation in the influence of oxalic 

impurities on photoluminescence properties of NAA showed that the carboxylate 

ions are not the direct reason for the PL of oxalic NAA, the authors compared the 

oxalate ions content and PL intensity of NAA to reach that conclusion [212,224]. 

Other researchers defined the PL spectra of NAA films as asymmetrical and divided 

it using two Gaussian functions, each band was attributed to one kind of oxygen 

defect centers, namely, F+ (oxygen vacancy with only one electron) and F (oxygen 

vacancy with two electrons) centers [43,44,211]. The broad emission band peaking 

at around 452 nm observed by Li, Y. [212] was also divided in two sub-peaks located 

at 443 nm and 470 nm; they attributed those peaks to two luminescence centers in 

porous alumina membranes, namely, oxygen defects and oxalic impurities. Ghrib, 

M. et al., [222] and Huang, G. et al. [223] measured de PL of NAA obtained in sulfuric 

acid and identified two bands, the high energy band centered at 460 nm was 

associated with oxygen adsorption at the pore wall and oxygen vacancies positioned 

inside the oxide barrier layer and the second band around 500 nm was associated 

to the adsorption of water and/or OH groups at the surface of the pore wall and to 

structure defects and sulfur inclusion inside the oxide barrier layer.  

Besides PL, other optical properties like transmittance, absorptance, reflectance and 

optical constants have been measured and simulated. These optical properties are 

usually evaluated in the visible (Vis) range and NAA has been known as transparent 

[94,111,173,201,224,225]. Nonetheless, NAA produced in oxalic acid presents an 

interesting behavior in the ultraviolet (UV) range exhibiting a heavy absorption. A 
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strong ultraviolet (UV) band gap absorption region around 3.5–4.2 eV has been 

reported [201] even though the theoretical band gap of Al2O3 was reported around 

6.242 eV (200 nm) [226]. Optical absorption in the 1 to 5.8 eV range indicates that 

absorption mainly occurs by the energy levels located within the band gap of NAA. 

However, the effective absorption within the band gap is related to the oxygen defect 

density or to the amount of incorporated species from electrolyte [227]. Some 

authors have measured absorption and reported peaks located within the band-gap 

but at different positions. Efeoǧlu et al. [227], described the absorption as a tail of 

the main absorption band at 200 nm, Gao et al. [198] reported two absorption peaks 

at 250 nm and 300 nm, Li el al. [193] observed four absorption bands located at 

204 nm, 220 nm, 254 nm and 294 nm, Wang et al. [228] derived the optical energy 

gap (Eg) from Tauc's extrapolation, and determined that Eg increases from 4.178 to 

4.256 eV with the anodizing voltage. Yan [203], showed spectra for samples 

annealed at 600 °C and 900 °C together with a spectrum deconvolution using four 

absorption sub-bands at 3.8 eV (326.3 nm), 4.3 eV (288.3 nm), 4.9 eV (253.0 nm), 

5.4 eV (229.6 nm) and 6.1 eV (203.2 nm). Ealet et al. [229] stated that the reduction 

of the stoichiometry in γ-alumina induces the presence of defect levels located in the 

band gap decreasing the band gap from 8.7 eV (142.5 nm) to 2.5 eV (495.9 nm) at 

the surface. It has been well stablished that NAA exhibits a wide band-gap in the UV 

range and it is also clear that there are some absorption bands located within that 

band-gap. The number of absorption bands oscillated between two and five mainly 

attributed to oxygen defects and anion incorporated species depending on the 

research group. In this work, PL measurements have been carried out to identify the 

PL centers in NAA obtained in oxalic acid solution. Moreover, to reproduce the 

reflectance response of NAA obtained in oxalic acid electrolyte, numerical 

simulations based on the Transfer Matrix Method [184–186] including three 

absorption centers into the extinction coefficient were used. A Bruggeman effective 

medium approximation (E.M.A) is used to model the porosity of both the NAA film 

and of the porous sprayed TiO2 film.  

 

4.2 Experimental procedure 

 

Nanoporous anodic alumina membranes were obtained from pure aluminum 

substrates (99.999% from Metalmen) using the two-step anodization process in 

oxalic acid 0.3 M at 5 °C. Prior to anodizing the aluminum was heat treated at 500 °C 

for five minutes and then electropolished using the modified Brytal process as 

described in [187]. The applied potentials were 40 V, 50 V, 55 V, 60 V and 75 V the 

second anodization times were 200 min, 105 min, 80 min, 65 min and 15 min 

respectively in order to obtain oxide films 9 µm thick.  

The titanium dioxide (TiO2) coatings were obtained by means of spray pyrolysis 

technique. A precursor solution of 0.2 M titanium diisopropoxide bis 
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(acetylacetonate) was used. The coated samples correspond to those obtained at 

40 V, 50 V, 55 V and 60 V. The Al/NAA substrates were placed on a hot plate at 

500 °C during the spray process as described in [172]. The evaluated TiO2 

thicknesses were 18 µm, 88 µm and 196 µm obtained by spraying 4, 16 and 32 

layers of TiO2 respectively. The TiO2 annealing was performed by leaving the coated 

samples during 1 hour on the hot plate at 500°C. 

The samples were characterized by Scanning Electron Microscopy (SEM), total 

reflectance spectra were obtained by UV/VIS spectroscopy, using a Cary 100 

Spectrophotometer with integration sphere with an 8° edge. The specular 

reflectance measurements were performed in a PerkinElmer Lambda 950 

UV/VIS/NIR using the Universal Reflectance Accessory (URA). The 

photoluminescence (PL) measurements were taken on a fluorescence 

spectrophotometer from Photon Technology International Inc. with a Xe lamp used 

as the excitation light source at room temperature and an excitation wavelength (λex) 

of 360 nm and the spectra were normalized. The standard image-processing 

package (ImageJ, public domain program developed at the RSB of the NIH, USA) 

[188] was used to analyze the SEM images. 

 

4.3 Numerical modeling procedure 

 

Numerical simulations of the reflectance based on the Transfer Matrix Method [184–

186] were carried out to better understand the measured reflectance spectra. The 

numerical simulations considered a model composed of an aluminum substrate and 

a thin film corresponding to the nanoporous anodic alumina (NAA). In the case of 

the Al/NAA/TiO2 samples, the system was designed as an aluminum substrate with 

two thin films on top corresponding to NAA and porous TiO2. In the simulation, 

normally incident light was assumed and specular reflectance was calculated. 

The porosity of both the nanoporous aluminum oxide film and the porous sprayed 

TiO2 film was modeled as a mixture of the corresponding oxide and air, using a 

Bruggeman effective medium approximation (E.M.A.). The E.M.A. considers the 

refractive index and the volume fraction of each constituent material (oxide and air), 

being the volume fraction of air equivalent to the porosity. Refractive indices of 

aluminum, aluminum oxide, and titanium dioxide have been taken from literature 

[189,190]. Pore diameter (dp) and porosity (P) were estimated from top-view SEM 

pictures of the samples.  

As observed from Chapter 3, the model with zero extinction coefficient do not 

reproduce the reflectance behavior of NAA in the UV range and that was the reason 

to model the extinction coefficient including non-zero absorption. Bertó-Roselló, F., 
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et al. [230] used finite difference time domain (FDTD) method to include texturization 

into the numerical modelling and obtained good agreement with the measurements.  

Kuang, D., et al. [231] introduced small nanopores into the simulation model and 

observed that the oscillations of the reflectance were reduced in the blue region while 

the amplitude of the reflectance in the red region also decreases because the small 

nanopores scatter more incident energy, achieving good fit between modeled and 

measured reflectance. 

The diffraction of light due to texturization of the aluminum substrate or due to the 

ordering level of the NAA structures was considered as a possible cause to explain 

the differences in reflectance in the UV range between the evaluated potentials. 

Total (RT) and specular (RS) reflectance were measured for texturized aluminum (Al 

surface after anodizing and oxide removal), for NAA obtained at 40 V and for NAA 

obtained at 60 V (See Figure 4.1). From Figure 4.1 it can be noticed that the drop in 

reflectance in the UV region is observed in both RT and RS spectra of the anodized 

samples and the differences between RT and RS are constant in the whole evaluated 

wavelength range. Then, the drop in reflectance was not generated by diffraction. 

The difference between RT and the RS increased with anodization potential. The 

reflectance of the texturized aluminum was 1% to 2% lower than the exhibited for 

the electropolished aluminum. The difference between RT and RS was higher for 

NAA sample obtained at 60 V than the difference between RT and RS observed for 

NAA samples obtained at 40 V. The latter can be related to scattered light rays by 

the more irregular and rough structure of the NAA obtained at 60 V.   
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Figure 4.1 Measured total reflectance (RT) and specular reflectance (RS) for 

electropolished aluminum (Al EP), texturized aluminum, NAA obtained at 40 v and NAA 

obtained at 60 V. 

Discarding the effect of loses due to diffuse reflectance, absorption was introduced 

in the model for the aluminum oxide. The first approximation to reproduce the 

measured reflectance of NAA was developed in chapter 3, nonetheless, the current 

approach considers three absorption centers instead of one. The absorption centers 

are related to the presence of oxygen vacancies [44,191–196] and incorporated 

anions [201,207,210,212,214]. Absorption was considered into the model by 

assigning nonzero values to the extinction coefficient. These values follow the 

envelope created from three Lorentzian curves, each one corresponding to an 

absorption center according to literature and measured samples [232,233]. The 

central wavelength of each absorption center, its width and height (intensity) are 

specified in Table 4.1. The height of the Lorentzian determines the strength of the 

absorption, such strength increases with the applied potential [228].   

 

Table 4.1 Values used to model and simulate the NAA reflectance with the proposed 

absorbing extinction coefficient. 

Potential 
Center 

(nm) 
Intensity  Width 

Thickness 

(µm) 

Porosity 

(%) 

Smoothened 

points 

40V 200 0,0030 0,007 9  7.997 3 
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250 0,0019 0,006 

295 0,0015 0,006 

50V 

200 0,0050 0,007 

9 9.677 3 250 0,0027 0,006 

295 0,0016 0,006 

55V 

200 0,0055 0,007 

9 12.114 4 250 0,0038 0,006 

295 0,0026 0,006 

60V 

200 0,0055 0,007 

9 9.953 5 250 0,0045 0,006 

295 0,0031 0,006 

 

4.4 Results and discussion 

 

4.4.1 Optical properties of Al/NAA 

 

Figure 4.3 shows the typical PL emission spectra of NAA prepared in oxalic acid as 

a function of anodizing potential. The excitation wavelength was 360 nm. The 

spectra have a wide shape in the visible zone. A clear trend was not observed for 

the peak position with the applied voltage (See Figure 4.3a). To better understand 

the origin of the PL response of NAA, the spectra were deconvoluted in three 

Gaussian functions with peaks around 420 nm, 450 nm and 490 nm as shown in 

Figure 4.3b-f. It should be noticed that for samples anodized from 40 V to 60 V the 

higher peak was the one located around 450 nm but for the 75 V sample was the 

blue one located around 470 nm.  

Peaks position were analyzed with anodizing potential and shown in Figure 4.4a. 

Error bars corresponding to standard deviation of the data were included. It was 

observed that error bars were larger for peak 3 and almost imperceptible for peak 1 

for all samples but 75 V one. Peak one was located around 420 nm for 40 V, 50 V 

and 60 V samples, it shows a blue shift of a few nanometers for the sample anodized 

at 55 V and then a red shift for the 75 V sample.  Peak two was centered around 

450 nm for the samples anodized at 40 V, 50 V and 55 V, it presents a small blue 

shift for the 60 V sample and a red shift to 465 nm for the sample anodized a higher 

potential (75 V). The more pronounced differences were observed in the position of 

peak three. It was located around 490 nm for 40 V, 50 V and 55 V. There was a blue 

shift for both the 60 V and 75 V samples, albeit the error bars of the 60 V sample 

overlap with the error bars obtained for lower potential samples it is still observed a 

trend.  

Peaks intensity vs anodizing potential are depicted in Figure 4.4b. Error bars are 

included. The intensity of peaks one (420 nm) and three (490 nm) was the same for 
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samples anodized at 40 V, 50 V and 55 V and it was lower to the intensity of peak 

2. Even though, intensity of peak one is constant for lower potentials, it starts to 

increase as potential reaches 60 V and increases even more for the 75 V sample.  

The intensity of peak two is constant for samples from 40 V to 60 V but it drastically 

decreases for the 75 V sample. Peak three exhibits a small intensity increment for 

samples obtained at 55 V and 60 V and a dramatic increase for 75 V sample.       

The observed PL spectra agrees with the previously reported [158] for NAA samples 

anodized in oxalic acid. PL spectra were successfully decomposed in three 

Gaussian distributions with a fitting accuracy higher than 0.999. Some authors have 

found that NAA PL emerge from two [43,44,191,194,198,219] or three [215,227,234] 

excitation centers corresponding mainly to oxygen vacancies (F and F+) and oxalate 

impurities incorporated into the NAA pore walls. The incorporation of oxalic 

impurities is generated during the competition between the water splitting reaction 

and the dissociation of acid into conjugate base anions that can partially replace O2- 

ions in the aluminum oxide. Yamamoto [195], firstly proposed a model where the 

oxalate species incorporated during aluminum anodization in oxalic acid were mostly 

located in the outer region of the cell walls. The electric field distributions are higher 

in the pore base than in the cell base (See Figure 4.2) generating an electric charge 

concentration and admitting more electrolyte anions in the outer part of the pore wall. 

 

Figure 4.2 Graphic representation of the pore base and cell base. 

From Figures 4.3 and 4.4 it can be observed the dependence of the PL properties 

of NAA on the anodizing potential.  With the increase of anodization potential there 

is an increase in the current density involved in the process as shown in the inset of 

Figure 4.5a and it is expected that at higher current densities the larger the number 

of incorporated ions into the oxide. In chapter 3, each peak was assigned to an 

optical center based on pore widening and thickness evaluations. The peak of higher 

energy (420 nm) was assigned to the F+ center, the peak around 450 nm to the F 

center and the peak positioned at 490 nm to the incorporated oxalate impurities. The 

diminution of the intensity of peaks centered around 420 nm and 450 nm with 

potential and the intensity increment of the peak located around 490 nm with applied 
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anodization voltage agree with the peak assignment of chapter 3. Higher potential 

produces thicker barrier layer and thicker pore walls generating larger volume of 

NAA with incorporated impurities acting as optical centers and making the low 

energy peak to become more pronounced.  
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Figure 4.3 Deconvolution by Gaussian fitting of NAA PL spectra as function of anodizing 

potential (λex=360 nm). a) all potentials, b) 40 V, c) 50 V, d) 55 V, e) 60 V and f) 75 V. 
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Figure 4.4 Effect of applied potential on PL peak position and intensity. a) Position of each 

deconvoluted PL peak vs anodizing potential and b) intensity of each deconvoluted PL 

peak anodizing potential.  

 

The measured and simulated reflectance spectra of NAA anodized at different 

potentials are presented in Figure 4.5. The measured total reflectance (RT) spectra 

from Figure 4.5a indicate that the Al/NAA behaves as a Fabry-Perot cavity where 

multiple reflections occur at two interfaces: The air/NAA and NAA/Al. The 40 V 

sample appears to have more fringes than the other samples. A reflectance drop is 

observed in the UV zone for all samples. The minimum reflectance is located around 

300 nm and exhibits a red shift with anodizing potential. The 40 V sample appears 

to have one minimum around 300 nm and another one around 250 nm. The average 

reflectance diminishes as potential increases for the evaluated wavelengths. It is 

observed a pronunced absorption tail for the 60 V sample, starting around 600 nm. 

The amplitude of the fringes intensity diminishes with applied potential and is higher 

at longer wavelengths.  

Figure 4.5b shows the simulated NAA reflectance spectra for samples anodized at 

distinct potentials. Simulations reproduced the behavior observed in the measured 

spectra; the spectra exhibit the Fabry-Pérot oscillations and the drop in reflectance 

is observed for shorter wavalengths. As anodized potential increases, the amplitude 

of the oscillations decreases, and the range of the spectrum where the oscillating 

behavior is observed, becomes smaller. It is also observed a red shift in the minimum 

reflectance with anodizing potential. Total reflectance at 200 nm is around 10% for 

all NAA evaluated potentials. The observed number of fringes is the same for all 

simulated conditions. The average reflectance is constant in the visible zone.  
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Including the absorption originated by three centers located at 200 nm, 250 nm and 

295 nm and considering an increment in the intensity of the absorption centers with 

anodizing potential, it was possible to reproduce the anodizing potential effect 

observed in the measured reflectance. In the simulated spectra, the number of 

fringes is the same for all samples due to the samples were considered with equal 

thicknesses [13,235]. The higher number of fringes observed for the measured 40 V 

sample is caused due to the sample was probably thicker than the others increasing 

the number of reflected light inside of pores and the simultaneous decrease in light 

intensity governed by multiple reflections of the light [205]. The measured reflectance 

bahavor is reproduced in the UV zone with a red shif of the second munimum 

reflectance wavelength with anodizing potentital and 10% of reflectance at 200 nm. 

The simulated samples present almost the same average reflectance in the visible 

zone although the measured spectra exhibit lower reflectaneces for higher anodizing 

potentials apparently, the absorption tail becomes more pronunced with potential. 

This can be explained due to the lack of inclusion of absorption tails in the extintion 

coefficient model. Some authors have observed the appearance of band tails in NAA 

compared to the pure alumina are attributed to the existence of unoccupied defect 

states in the band gaps, which can be originated from the oxygen vacancies and 

oxalic impurities [201].  
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Figure 4.5 Measured and simulated UV-Vis reflectance spectra of Al/NAA. The NAA was 

obtained by anodization at 40 V, 50 V, 55 V and 60 V in 0.3 M oxalic acid. a) measured 

total reflectance (RT) and b) modeled specular reflectance with effective medium 

approximation (E.M.A.) using NKDGen software. The inset corresponds to the anodization 

current vs time plot for each potential. 
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4.4.2 Optical properties of Al/NAA/TiO2 

 

Figure 4.6 shows top SEM images of NAA obtained by anodization at different 

potentials with 0, 4, 16 and 32 spayed TiO2 layers corresponding to 18 nm, 88 nm 

and 196 nm of TiO2 respectively. A zoom-in of the hexagonal pore cell is shown 

at the lower right of each image. From the SEM images on the left hand side of 

Figure 4.6 and Table 4.2 it is observed that pore diameter (dp) and interpore distance 

(dint) increase with anodization potential. The dependence of dint with anodizing 

potential was studied before, indicating that dint anodized in oxalic acid under mild 

anodization conditions is linearly dependent on the applied voltage [102,103] as well 

as dp is directly proportional to voltage [103] supporting the observations of the 

increasing cell size (dint) and dp from the left images of Figure 4.6 and according to 

the reported values in Table 4.2.  

It is also observed that pore diameter decreases with the number of TiO2 layers until 

the NAA structure is completely occluded by the TiO2. The TiO2 is initially deposited 

at the most prominent parts of the pore wall (hexagon corners), then enters a few 

nanometers into the inner part of the pore wall until the TiO2 completely coated the 

NAA pore. After coating the evaluated NAA samples with 18 nm of TiO2 (4 layers) 

the ordered and porous structure is still observed for all NAA produced at different 

potentials and a smooth petal-like morphology is created by the TiO2 [236]. After 

spraying 88 nm of TiO2 a granular structure composed of small grains aggregated 

forming the petal-like morphology is observed. Thicker TiO2 layers generate compact 

layers with some TiO2 spherical aggregates forming bigger spheres of around 

250 nm diameter for the 40V sample and 300 nm diameter for the 60 V sample. The 

40V NAA sample with 4 TiO2 layers has the same porosity than uncovered NAA, 

while for the 50 V NAA sample with 4 TiO2 layers, this factor was reduced by one 

third as compared to the uncoated NAA. The porosity of samples produced at 55 V 

and 60 V with 4 TiO2 layers was reduced by a half as compared to the uncoated 

ones.  

The smooth morphology observed for the NAA samples coated with 4 TiO2 layers is 

the product of having a thin TiO2 layer, agreeing with Oja, I., et al. [237] whom 

observed that between spray pulses the film roughness increases with the number 

of spray pulses. The porosity reduction observed for samples anodized at 50 V or 

more is related to the dp reduction and progressive occlusion. When the dp of NAA 

is 33 nm (40 V sample) the droplet of TiO2 is not able to enter into the pore and then 

it is located at the pore surroundings being the most prominent points of the NAA 

surface. On the contrary, dp ≥ 43 nm allows the TiO2 to go inside the pore and 

spreads on its entrance; the droplet splashes onto the substrate and decomposes 

while the solvent is evaporated due to the sample is heated at 500 °C [179].  
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Figure 4.6 Top SEM images of 9 µm NAA obtained by anodization at 40 V, 50 V, 55 V and 

60 V in 0.3 M oxalic acid with 0, 4, 16 and 32 spayed TiO2 layers corresponding to an 

18 nm, 88 nm and 196 nm of TiO2. The white bars in the lower right corresponds to 200 

nm. 

Table 4.2  Pore diameter dp, interpore distance dint of NAA samples obtained at different 

anodization potentials. 

Potential 
(V) 

dp (nm) dint (nm) 
pNAA 

calculated (%) 
pNAA 

measured (%) 
Average 
pNAA (%) 

40 33 ± 6 112 ± 8 7.94 8.51 8.23 

50 44 ± 11 130 ± 6 9.68 10.24 9.96 

55 51 ± 17 140 ± 9 12.11 10.15 11.13 

60 51 ± 17 154 ± 15 9.95 9.50 9.73 

 

Figure 4.7 shows the measured and simulated reflectance for samples anodized at 

40 V, 50 V, 55 V and 60 V, and coated with 18 nm (4 layers), 88 nm (16 layers) and 

196 nm (32 layers) of TiO2. It can be observed an oscillatory modulated behavior in 

the visible (Vis) and near infrared (NIR) ranges. The oscillations disappear in the 

ultraviolet (UV) range. The frequency of the modulations increases with TiO2 
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thickness. The amplitude of the Fabry-Pérot oscillations is higher for samples with 

thicker TiO2 coatings. A high and almost constant average reflectance is exhibited in 

the Vis and NIR ranges. In the UV range there is a drop in reflectance around 350 nm 

and the minimum point show a red shift with TiO2 thickness. There is a slight increase 

in reflectance around 280 nm for all samples. From Figure 4.7a, c and g it is shown 

a small decrease in average reflectance in the Vis-NIR range with the increase of 

TiO2 thickness for all samples except the 55 V sample (Figure 4.7e) where the 55 V 

sample with 32 TiO2 layers was slightly more reflective than the sample 55 V with 16 

TiO2 layers. 

The simulations on the right of Figure 4.7, reproduced the observed modulated 

oscillatory behavior. The simulated spectra follow the drop in reflectance around 

350 nm and the red shift of that minimum point. The slight increase in reflectance 

observed around 270 nm for the measured spectra is also well reproduced. The 

number of modulations maxima and minima and the location is also properly 

replicated by the simulations. Although the amplitude of the oscillations is higher 

than in the measured spectra the other characteristics of the experimental data were 

correctly imitated by the simulations. 

The observed modulations in the interference spectra of NAA correspond to a bi-

layer system [217] where the interference is due to the air/TiO2, TiO2/NAA and 

NAA/Al interfaces and the increase in modulated behavior with TiO2 thickness 

responds to the augmented number of possible reflections across TiO2 thickness. 

The observed variation of the minimum reflectance value around 350 nm (3.44 eV) 

with thickness is related to the reported band-gap for sprayed TiO2 thin films going 

from 3.37 to 3.75 eV depending on grain size and annealing temperature [30,182]. 

The differences between measured and simulated average RT and amplitude of 

fringes are explained as simulations are performed considering ideal coatings but 

the fabricated samples present inhomogeneities and defects. The diminution in 

average reflectance with TiO2 thickness observed for measured spectra can be 

associated with the fact that the thicker the film the higher the number of defects that 

serve as absorption centers and the lower amplitude of the fringes can be related to 

loses related to intrinsic defects in the fabricated samples. Additionally, from Figure 

4.6 it can be observed the presence of clusters of TiO2 particle agglomerates on top 

of NAA that increase in size with anodizing potential, these clusters can also act as 

absorption defects decreasing the measured reflectance. 
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Figure 4.7 Measured and simulated UV-Vis reflectance spectra of Al/NAA/TiO2. Images a, 

c, e and g correspond to the measured spectra, Images b, d, f and h represent modeled 

specular reflectance with E.M.A. including three absorption centers using NKDGen 

software. 
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4.5 Conclusions  

 

The evaluation of the influence of anodizing potential on the optical behavior of 

Al/NAA was presented. Photoluminescence and reflectance measurements were 

carried out to understand the origin of absorption in NAA produced in oxalic acid. 

The reflectance of Al/NAA and Al/NAA/TiO2 samples was modeled by using E.M.A. 

approximation considering three absorption centers into the model of the extinction 

coefficient.  

It was found that the PL of NAA produced in oxalic acid originates from three 

absorption centers. Then, the PL spectra were deconvoluted in three Gaussian 

functions. Based on observations of PL spectra reported in chapter 3 and supported 

by the anodizing potential effect on PL peaks the three absorption centers were 

named. Higher potentials produce thicker barrier layers and thicker pore walls 

generating larger volume of NAA with incorporated impurities acting as optical 

centers and making the low energy peak to become more pronounced. The peak of 

higher energy (420 nm) was assigned to the F+ center, the peak around 450 nm to 

the F center and the peak positioned at 490 nm to the incorporated oxalate 

impurities. 

The UV absorption observed in NAA structures produced in oxalic acid was a key 

point to successfully reproduce the reflectance spectra with simulations. Including 

three absorptions centers into the extinction coefficient model (designated as F+ 

center at 200 nm, F center at 250 nm and incorporated oxalate species at 295 nm) 

and considering an increment in the intensity of the absorption centers with 

anodizing potential the measured reflectance of NAA was correctly reproduced.  

TiO2 was successfully deposited on top of NAA using spray pyrolysis technique. It 

was observed that thinner TiO2 coatings grew up preferentially on top of the hexagon 

edges creating a petal-like morphology and allowing pore diameter modulation. 

Thicker TiO2 coatings completely occluded the NAA structure generating compact 

coatings with spherical morphology and the presence of particles agglomerates. 

The spray of TiO2 on top of NAA generated a modulated behavior in the Fabry-Pérot 

oscillations that can serve as amplifier of the fringes for sensing purposes. The 

simulations of Al/NAA/TiO2 correctly reproduce the reflectance measurement in the 

evaluated UV/Vis/NIR range. 
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5. SUMMARY AND CONCLUSIONS  
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It was possible to modify and control the optical response of multilayer systems 

Al/NAA/TiO2 by tuning the morphological characteristics of the NAA layer in the 

course of this research.  

During this PhD thesis, some electropolishing conditions have been evaluated to find 

the most suitable pretreatment process for anodizing. Afterwards, several 

anodization conditions have been carried out in order to control the morphological 

characteristics of produced nanoporous anodic alumina (NAA) and relate them to 

the optical properties of NAA. Subsequently, bi-layered structures have been 

created by spraying titanium dioxide (TiO2) on top of NAA, and the optical behavior 

has been studied as well.      

 

First, several electropolishing processes were evaluated in order to obtain flat 

surfaces with low roughness values to be used as proper substrates to grow ordered 

NAA layers: 

 Among the three evaluated electropolishing electrolytes and processes, the 

modified Brytal process generated smooth and flat surfaces. 

 

 The electropolishing process should be preceded by an annealing treatment 

to increase the homogeneity of the surface.  

 

Second, the effect of anodizing parameters on NAA morphology was studied: 

 The anodization potential has a major effect on interpore distance (d int) and 

NAA organization. The higher the potential the larger the dint. As potential 

increases the well-organized NAA structure decreases, the potentials range 

studied was between 40 V and 75 V. 

 

 Between the evaluated temperatures the lower one (5 °C) generated more 

organized NAA structures characterized by larger domains. 

 

 The second anodization time controls the NAA thickness. Longer times 

produces thicker NAA samples, as it is well known. 

 

Third, the effect of NAA thickness, pore diameter (dp) and potential on optical 

properties of NAA and NAA/TiO2 was evaluated: 
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 Pore diameter and anodizing potential had a major effect on reflectance (R) 

and photoluminescence (PL) spectra whereas thickness only had effect on R. 

Regarding to reflectance, increasing dp decreases the number of fringes and 

their amplitude. Increasing the NAA thickness increases the number of fringes 

but decrease their amplitude.  Increasing anodizing potential decreases the 

average reflectance, mainly in the UV range. Regarding to PL, increasing dp 

(increasing the pore widening process) generated a blue shift in the PL peak 

position and increasing potential generated a slight red shift in the PL position. 

 

 It was observed that thin TiO2 layers increase the amplitude of the Fabry-

Pérot fringes improving the possibilities to use this structures as sensing 

platforms. Thick TiO2 layers generated a modulated oscillating behavior 

serving as interference coatings. The modulations can be controlled by TiO2 

thickness control. Thin TiO2 coatings can be employed to modulate the range 

of NAA dp. 

 

 PL emission of NAA samples produced in oxalic acid was successfully 

deconvoluted into three Gaussian spectra. The location of the three peaks 

was around 420 nm, 455 nm and 490 nm attributed to doubly ionized oxygen 

vacancies F, singly ionized oxygen vacancies F+ and oxalate impurities 

incorporated into the oxide layer respectively. 

 

Fourth, the optical properties of NAA and NAA/TiO2 were simulated: 

 

 The NAA reflectance spectra were well reproduced by simulations when a 

non-zero extinction coefficient was introduced in the model. Consequently, 

the absorption in the ultra violet range observed in NAA produced in oxalic 

acid solutions is an important characteristic that should be considered for 

future simulations. 

 

 Considering the effect of the three absorption centers in the model of the 

extinction coefficient a better fitting was achieved for all evaluated reflectance 

spectra of NAA.  

 

 Based on PL and R measurements and R simulations it was observed that 

increasing NAA thickness increases the amount of absorption centers 
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decreasing the average R in the UV range. Increasing the dp by pore widening 

processes dissolves the outer pore wall decreasing the luminescent centers 

and increasing the average R in the UV range. Increasing the anodizing 

potential increases dp, and pore walls, decreasing the reflectance and 

enhancing the third peak of the PL spectra (490 nm).   

 

The results presented on this thesis provide a starting point to fully understand the 

optical bahavior of nanoporous anodic alumina obtained in oxalic acid electrolyte. 

The identification of absorption centers and photoluminescent sites withdraw a path 

for developing new nanodevices for NAA use in optical and optoelectronic 

applications. Unveiling the absorption sites in NAA obtained in oxalic acid also gives 

valuable information to model and simulate more accurate multilayer structures 

including NAA. 

Futhermore, the NAA surface modification by means of spraying titanium dioxide on 

top of it will be a starting point to create optical coatings considering what has been 

mentioned here regarding NAA morphological and optical changes obtained with 

each titanium dioxide coating layer. Bearing in mind the remarkable optical and 

electrical properties of TiO2, the results reported here lead to explore the 

hydrophobic, hydrophilic, self-cleaning properties of the NAA/TiO2 systems to 

improve and fabricate more precise and effective nanodevices. 
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