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The reflection spectra of the microstructures with different AAO thickness, different AAO pore size and different kinds of 

liquids in AAO films were obtained experimentally and simulated based on COMSOL at the perpendicular incidence of 

450-1150 nm. The results show that the variation of reflection spectra of the Ag-AAO-Al microstructure depends on the 

thickness, pore size of the AAO films, and effective refractive index of liquids. There is a good agreement between the 

experimental and simulated results, which can help to promote the application of metal-AAO-metal microstructure in 

reflection filters, images and liquid sensors etc. 
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1. Introduction 

 

Metal-AAO-metal microstructure has a wide range of 

promising applications in areas such as surface plasmon 

resonance [1-2], wavelength absorbers [3-4], RGB display 

[5-6], optics [7-8], biology [9], chemical sensors [10] and 

enhanced Raman scattering
 
[11-12]. They exhibit some 

unique physical and optical properties in the visible 

spectrum. AAO films display bright structural colors in the 

visible range when light is incident, and similar 

phenomena can be observed in nature. For example, both 

butterflies and insects produce bright structural colors 

when illuminated by natural light [13-14], which is mainly 

produced by the interaction between light and matter.  

In recent years, ones have finished more experiments 

[15-17] which were related to optical properties to make a 

deep understanding of metal-dielectric-metal structure. 

The Plasmonic microstructure can be used for Coloration 

of Plastic Consumer Products [18]. Variable interference 

colors could be achieved by porous alumina-metal layered 

nano coatings [19]. Many experiments of the color-tuning 

methods were reported, and the physical mechanism of 

interference also was analyzed [20-22]. Choi et al. [23] 

thought optical interference could be effectively coupled 

with surface plasmon resulting in enhanced optical 

absorption. However, there are rarely reports about 

nalyzing the optical reflection from the perspective of 

simulation and experimental results.  

In order to gain a deeper understanding of the 

interaction between light and matter, AAO films were first 

prepared using aluminum foil by a two-step anodic 

oxidation method, followed by vapor deposition of Ag 

films to obtain Ag-AAO-Al microstructures. A model of 

the Ag-AAO-Al microstructure was developed using 

COMSOL to analyze the reflection spectra for different 

AAO films thicknesses, pore sizes and different kinds of 

liquids in AAO films. The results show that reflection 

spectra variations observed in the Ag-AAO-Al 

microstructure are related to the thickness, pore size and 

liquids effective refractive index of the AAO films. 

 

2. Experimental 

 

2.1. Sample preparation 

 

Al foils (99.99% purity, 0.20 mm thickness) were first 

degreased in acetone and ethanol for 5 min and then 

annealed at 500 ℃ under vacuum ambient for 2 h to 

remove the mechanical stress. The first anodization was 

carried out using a constant voltage of 40 V in 0.3 M 

oxalic acid at 0 ℃ for 12 h. The oxide layer formed was 

then chemically removed by immersing it in the mixed 

solution of 6.0 wt% H3PO4 and 1.8 wt% H2Cr2O4 at 60 ℃ 

for 24 h. The second anodization was carried out in the 

same condition. The thickness of AAO films depends on 

the second anodization time, and the pore size is varied in 

5% phosphoric acid. A 15 nm Ag film was then vapor 

deposited on the samples. The morphology of AAO films 

was investigated by a field-emission scanning electron 

microscope (SEM). UV-Vis diffuse reflection spectra of 

samples viewed at nearly vertical incidence were recorded 

on a UV-3010 spectrophotometer. Fig. 1 shows the SEM 

images of the AAO films. Fig. 2 shows the SEM images of 

the Ag-AAO-Al microstructure.  
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Fig. 1. SEM images of the AAO films 

 

 

Fig. 2. SEM images of the Ag-AAO-Al microstrure 

 

3. Results and discussions 

 
3.1. Influence of Ag nanolayers on its reflection  

    properties 

 

In order to study the influence of the top Ag 

nanolayers on the optical properties of the Ag-AAO-Al 

microstructures, the optical roperties of the Ag-AAO-Al 

microstructures with or without the Ag nanolayer were 

studied by COMSOL. The AAO layer has a thickness of 

100 nm, a pore spacing of 75 nm, a pore size of 30 nm, 

and a layer of 15 nm Ag is vapor deposited on the top 

layer of the AAO-Al microstructure. Fig. 3(a) and Fig. 3(b) 

show the 3D structure diagram of the AAO-Al 

microstructure and the Ag-AAO-Al microstructure 

respectively. The plane wave is incident vertically to the 

surface of the simulated structures. Their reflection spectra 

are shown in Fig. 4. The electric field distribution 

enhancement is observed in the Ag-AAO-Al 

microstructure because the destructive interference pattern 

(corresponding to the constructive interference in the 

reflective spectrum) matches with Ag layer, resulting in 

the weakening of the local surface plasmon resonance 

compared with that in Ag-AAO-Al microstructure shown 

in the top panel. 

 

 
Fig. 3. (a) 3D structure diagram of AAO-Al microstructure  

(b) 3D structure diagram of Ag-AAO-Al microstructure  

(color online) 

 

Fig. 4. (a) Simulated reflectance spectrum of Ag-AAO-Al 

microstructure, (b) Simulated reflectance spectrum of AAO-Al 

microstructure (color online) 

 

The simulated electric field intensity distribution of 

the AAO-Al microstructure and Ag-AAO-Al 

microstructure in the X-Z plane at the center of the 

nanopore at a specific wavelength is shown in Fig. 5(a) 

and Fig. 5(b). The electric field distribution enhancement 

is observed in the Ag-AAO-Al microstructure because of 

surface plasmon resonance in the thin-film interference. 

  

 

Fig. 5. (a) Electric field distribution (x-z direction) of AAO-Al 

microstructure at different wavelengths. (b) Electric field 

distribution (x-z direction) of Ag-AAO-Al microstructure at 

different wavelengths (color online) 
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3.2. Effect of different AAO films thicknesses on  

    their reflection properties 

 

The experimental samples with pore size of about 15 

nm, pore spacing of about 100 nm, and AAO thickness of 

about 300 nm and 400 nm were produced by a two-step 

anodic oxidation method. Then a 15 nm Ag film was vapor 

deposited on surface of the sanples. The experimental and 

the simulated reflection spectra of different AAO 

thicknesses of the Ag-AAO-Al microstructure are shown 

in Fig. 6(a). Color gamut for structural color display based 

on the reflection spectra for Ag-AAO-Al microstructure. 

The photograph show each color according to the 

thickness of the AAO films, as shown in Fig. 6(b). 

We can observe in Fig. 6(a) that the two results agree 

well, and the interference peaks are red-shifted as the 

template thickness changes from 300 nm to 400 nm. For a 

300 nm thick AAO film, we also found that the 

interference peaks occur at 471 nm and 717 nm that the 

band that corresponds to blue and red, respectively. So 

they will end up showing a mixture of them as a purple 

spectrum.  

 

Fig. 6. (a) Experimental and simulated reflection spectra of different AAO thicknesses (b) Representation of Ag-AAO-Al  

microstructure with different thickness in the CIE 1931color diagram (color online) 

 
 

3.3. Effect of different pore size of AAO films on  

    their reflection properties 

 

The experimental samples with pore size of about 15 

nm and 35 nm, pore spacing of about 100 nm, and AAO 

thickness of about 300 nm were produced by a two-step 

anodic oxidation method. Then a 15 nm Ag films was 

vapor deposited on top. The calculated porosities of these 

as-prepared AAO films are approximately 0.0816 and 

0.4444. The experimental and the simulated reflection 

spectra of different AAO pore sizes of the Ag-AAO-Al 

microstructure are shown in Fig. 7(a). Color gamut for 

structural color display based on the reflection spectra for 

Ag-AAO-Al microstructure, as shown in Fig. 7(b). We can 

observe in Fig. 7(a) that the two results agree well, and the 

interference peaks are red-shifted as the template pore size 

changes from 15 nm to 35 nm with a shift of up to 89 nm, 

the reflectance increases from 0.57 to 0.68.  

 
Fig. 7. (a) Experimental and simulated reflection spectra of Ag-AAO-Al microstructures with different pore sizes, (b) Representation 

 of Ag-AAO-Al microstructure with different pore size in the CIE 1931color diagram (color online) 
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3.4. Effect of different liquids on their reflection  

    properties 

 

Besides changing the structure to tune the color of 

AAO films, we also use an organic-assisted method to 

tune the color. In our experiments, the as-prepared AAO 

films are organophilic for some lower viscosity organics. 

Therefore, by dripping a series of lower viscosity organics 

with different refractive indexes into the pores of AAO 

films with pore size of about 30 nm, pore spacing of about 

100 nm, AAO thicknesses of about 400 nm and 15 nm Ag 

films, we obtained different color of AAO films. The 

experimental and the simulated reflection spectra of 

different AAO thicknesses are shown in Fig. 8(a). The 

color gamut for structural color display is based on the 

reflection spectra for Ag-AAO-Al microstructure. Fig. 8(b) 

shows the color gamut diagram of AAO films with an 

organic infusion. From which we can obviously see that 

the change of reflection spectra of AAO films. The peak of 

the interference band shifts from 540 nm to 555 nm after 

the drop of methanol (n=1.33), the structure color becomes 

bright green, the peak of the interference band shifts from 

540 nm to 579 nm after the drop of acetone (n=1.36), and 

the structure color changes from blue-green to yellow. 

 

 

Fig. 8. (a) Experimental and simulated reflection spectra of Ag-AAO-Al microstructure when different organics infused, (b) 

Representation of Ag-AAO-Al microstructure with different organics infused in the CIE 1931color diagram (color online) 

 

 

3.5. Discussions 

 

When a beam of light is shining on the AAO films, 

part of the light will be reflected from the air-Ag interface, 

the other part will refract into the AAO and be reflected on 

the AAO-Al interface. The interference between the two 

beams results in the production of particular colors which 

correspond to AAO structures. Here the sputtered Ag 

nanolayer on the AAO surface will enhance the reflectivity 

of the air-AAO interface. The light reflected from the 

air-Ag and AAO-Al interfaces will form an effective 

interference enhancement, and the wavelength (λ) at the 

maximum reflectance in each interference peak shown in 

the reflection spectra can be obtained using the Bragg 

reflector equation [24-25]: 

 mdn iii  cos2          (1) 

 

where ni is the effective refractive index for every layer i  

(i = 1, 2, 3, corresponding to the Ag nanolayer, AAO pores, 

and Al substrate layer separately), di is the thickness, and 

θi is the reflection angle of studied layer, m and λ are the 

order number and reflective peak wavelength, respectively. 

In our experiments, the morphology and reflection spectra 

of AAO films investigated are viewed at nearly normal 

incidence. Hence, the value of θi is a constant, and the 

color (corresponding to wavelength λ) of AAO films is 

related to the thickness di and influential refractive index ni 

for every layer. 

For a series of AAO films prepared under the same 

conditions except for anodization time, the pore depths of 

AAO films (d2) are the only variable parameter
 
which 

means that it is straightforward to tune the wavelength of 

reflection spectra by precisely controlling the pore depth 

(the anodization time), as described in section 3.2. 

Moreover, from Fig. 6(a), we can see that the interference 
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peaks in the visible region red-shift from a short 

wavelength to a long one with increasing pore depth. The 

skipping appeared between the pore depth of 300 nm and 

400 nm indicates that the new red-shift started which is 

determined by the order number m, i.e., red-shift occurs in 

every the same m value and skips when the m changed. So 

the reflection spectra of the microstructure is sensitive to 

the pore depth, and this influence will be stronger when 

the m is small, which is also consistent with Bragg’s 

equation. 

According to Eq. (1), the color of AAO films is 

affected by the influential refractive index ni of every layer. 

So the parameters which affect the effective refractive 

index will affect the reflection spectra of the AAO films. 

Based on the Maxwell-Garnett theory [26-28], the porous 

structure can be considered as a homogeneous medium, 

and the relationship of effective permittivity of AAO layer 

(εeff) to the refractive index can be expressed as follows:  

),,( 32OAlaireffeff fFn  
      

(2)
 

where εair is the permittivity of air (nair = 1), εAl2O3 is the 

effective permittivity of alumina (nAl2O3 = 1.76), and  f is 

the porosity of the AAO films. According to Eq. (2), the 

refractive index of AAO layer (n2) can be replaced as 

follows: 

)1(32 fnfnn OAlair 
       

(3)
 

Thus, the effective refractive index n is determined by 

f. So it is possible to tune color by precisely controlling the 

f of AAO films which has the following porosity equation 

[29-30]: 

2

int)/(3

π2

Dr
f 

           
(4)

 

After the preparation of AAO films, the pore-widen 

process will enlarge the pore diameters while it cannot 

affect the interpore distance so that the porosity will 

change after this process, and the color will change 

according to the eq. (1) and Eq. (2). The changes of color 

of AAO films caused by pore diameter on AAO color 

shown in Fig. 7(b) confirm this point. According to the Eq. 

(3) it can be concluded that the increase of porosity will 

decrease the effective refractive index n, so the 

interference peaks decrease with the porosity increasing. 

This is called blue-shift in the same m value. At the same 

time, the effective refractive index of the membrane 

system is more sensitive to porosity and pore depth than 

the Ag layer. Therefore the fine-tuning color can be 

realized by only adjusting the widened process time, and 

the interference peaks of AAO films in the visible region 

show a blue-shift with increasing porosity, which follows 

the Bragg’s equation. 

As for the different colors of AAO films by diverse 

organics infusion, the shift of interference peaks can be 

ascribed to the increase of effective refractive 

index n according to Eq. (3). As described in Fig. 8, the 

changes of interference peaks are different for different 

structural AAO films with organics infusion according. In 

addition, the color of AAO films with large pore depth and 

porosity is obviously changed when absorbed organics 

with different refractive index.  

 

4. Conclusion 

 

In summary, the experimental samples were prepared 

by the two-step anodic oxidation method and vapor 

deposition. The reflection spectra of different AAO film 

thicknesses, pore sizes, and organics infused were studied. 

The results show that the experimental and simulation 

results were in good agreement, which fully verified the 

experimental results from the simulation point of view. 

The interference peaks of AAO films in the visible region 

shift from a shorter wavelength to a long one by increasing 

the pore depth, decreasing the porosity, and increasing the 

refractive index of organics absorbed into their porous. We 

believe that this work can not only lead to a better 

understanding of the optical interference mechanism of 

this microstructure and improve the interaction between 

light and matter. This vivid microstructure may apply 

reflection filters, RGB displays, liquid sensors, etc. 
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