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Abstract


This study investigates the fabrication of anodic aluminum oxide (AAO)/Al bilayer films using a two-step aluminum anodization process and explores the perception and prediction of structural colors through these films. A composite AAO film with an AAO/Ni/Al structure was fabricated by electroplating an AAO/Al bilayer film with an AAO/Al structure. The fabricated composite AAO film was used to produce structural colors through changes in optical characteristics caused by Ni nanoplugs. Constructive-interference wavelengths resulting from variations in the pore diameter and interpore distance of AAO/Al bilayer films and composite AAO films were predicted using the Bragg–Snell law, with a maximum error margin of 9%. Additionally, the composite AAO film exhibited RGB colors within the predicted constructive-interference wavelength range. These results demonstrate that structural colors can be reliably predicted by estimating the constructive-interference wavelengths of composite AAO films. The approach provides a practical design rule for target colors in AAO-based coatings under normal incidence. The key advance is a single closed-form rule that links Dt, Dint, DP, and Dni to λ_peak at normal incidence, enabling forward and inverse color design without numerical optimization.
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1. Introduction


Anodic aluminum oxide (AAO) films fabricated via aluminum anodization consist of alumina with a nanoporous structure on an aluminum surface [1,2,3,4]. The two-step aluminum anodization process is widely used to form aligned nanoporous structures [5,6,7]. The aluminum anodization process employs acidic electrolytes, such as sulfuric [8,9,10], oxalic [9,10], and phosphoric acids [9,10,11,12]. The pore diameter and interpore distance in AAO films can be controlled by adjusting the applied voltage during the formation of aligned nanoporous alumina via electrochemical reactions. The thickness of the nanoporous alumina formed during aluminum anodization is proportional to the amount of available charge [13,14,15]. The high oxidation resistance of nanoporous alumina films formed on aluminum surfaces and the ease of realizing structural colors enable their application in several electronic devices [16,17]. Recent reviews emphasize large-area scalable fabrication and geometric control, positioning AAO as an optical dielectric, a nanoscale template, and a functional membrane [18,19]. In optics, AAO enables structural color via thin-film interference guided by effective-medium theory [20]. Maxwell–Garnett-type models have been benchmarked against numerical and experimental data for dense cylindrical-pore media under normal incidence (or polarization orthogonal to the pore axis) [21]. Applications span optical and chemical sensing and SERS, anti-counterfeiting, membranes/filtration, and template growth of one-dimensional nanostructures [22]. Coloring aluminum involves the use of dyes based on organic chemicals [23,24] or the nanoporous alumina structure formed through aluminum anodization [25,26,27,28,29,30]; however, the former method is rarely used because dyes exhibit discoloration when exposed to direct sunlight. The perception of colors by modifying the structural characteristics of the nanopores formed after aluminum anodization can address this discoloration issue. Structural characteristics of nanopores significantly affect the nature of light reflected from their surface [4]. Recent studies optimized structural color in Al/AAO/metal stacks by coupling effective-medium modeling with thickness tuning [20]. These reports motivate a closed-form link from nano-geometry to visible reflectance for rapid design [31]. Here, “closed-form” denotes an explicit design formula that analytically combines the effective refractive index and the interference condition from AAO pore geometry and material constants, yielding optical responses such as λ_peak directly without iterative numerical procedures.



Constructive and destructive interference occur in AAO/Al bilayer films with a nanoporous structure after aluminum anodization owing to the refraction and reflection of incident light at the AAO/Al interface [32]. The wavelength of the reflected light that produces constructive interference in the visible-light region of an AAO/Al bilayer film can be predicted using Bragg’s law [33,34,35]. Significantly, Ag [36,37,38], Cu [39], and Ni [40,41,42] nanoplugs can be produced by electroplating AAO/Al bilayer films [43]. Composite AAO films with AAO/metal/Al structures fabricated using nanostructured metals exhibit optical properties that are different from those of the existing AAO/Al bilayer film structures, including the production of specific colors [32,44,45]. Therefore, predicting the light reflected in the visible-light region from the composite AAO films will facilitate the prediction of structural colors of the composite AAO film.



Therefore, we fabricated an AAO/Al bilayer film with an AAO/Al structure via a two-step anodization process using sulfuric and phosphoric acids. A composite AAO film with an AAO/metal/Al structure was subsequently formed by electroplating the as-developed AAO/Al bilayer film. Furthermore, we analyzed the optical properties of AAO/Al bilayer films and composite AAO films in the visible-light region and predicted their structural colors. This work provides a closed-form design map linking Dt (pore depth), DP (pore diameter), Dint (interpore distance), and Dni (Ni filling depth) to λ_peak (peak reflectance wavelength), reducing trial-and-error in structural-color fabrication [46]. Unlike prior AAO color studies that relied on effective-medium modeling with case-by-case thickness tuning, our contribution is a closed-form mapping applicable to both AAO/Al bilayer and AAO/Ni/Al, which removes iterative fitting.




2. Fabrication and Measurement Theory


2.1. Fabrication of AAO and Composite AAO Films


A two-step aluminum anodization process was used to fabricate an AAO/Al bilayer film using 0.1 M sulfuric acid and 0.5 M phosphoric acid as the electrolytes. The aluminum plates used herein were composed of 70xx aluminum alloys (thickness: 1 mm), the exact composition per the supplier certificate, including those with aluminum, magnesium, and chromium as constituent elements. In the first step of aluminum anodization, constant voltages of 20 V in sulfuric acid (0.1 M, pH 0.3) and 30 V in phosphoric acid (0.5 M, pH 1.7) were applied for 15 min at 0 °C, respectively. Thereafter, the formed alumina was removed through chemical etching in a mixed solution of 1.8 wt% chromic acid and 6 wt% phosphoric acid at 65 °C for 2 h. The second step was conducted under the same temperature, electrolyte, and voltage conditions as the first step of the aluminum anodization process. Subsequently, to achieve the target pore diameter of the AAO layer, a chemical widening process was performed by etching the pore walls and barrier layer: the AAO/Al bilayer film was immersed in 0.1 M phosphoric acid at 35 °C for approximately 10 min. Figure 1 shows the scanning electron microscopy (SEM, Carl Zeiss(Supra 55VP), Oberkochen, Germany) image and image processing used for AAO structural analysis. Figure 1a shows the actual and three-dimensional (3D) cross-sectional images of the as-fabricated AAO/Al bilayer film. After the second step of the aluminum anodization process, the AAO/Al bilayer film exhibits a honeycomb-like aligned nanostructure, as shown in the 3D cross-section in Figure 1a. The optical properties of the AAO film structure were determined using the pore diameter (DP), interpore distance (Dint), and pore depth (Dt) of the formed porous alumina. Computer-graphic techniques were used to measure the shape of the porous nanostructures. Surface and cross-sectional SEM images of the AAO films were obtained using a scanning electron microscope Ultra-High-Resolution(UHR)-SEM (Carl Zeiss(Supra 55VP), Oberkochen, Germany). The DP and Dint of the AAO films were determined using the SEM images by employing a Python 3.10.0-code-based OpenCV computer-graphic library. The method used to determine these parameters was as follows: From top-view SEM images of AAO films, pores were enhanced as dark features (grayscale → CLAHE → Gaussian blur), binarized by Otsu thresholding, and denoised via morphological cleaning. Touching pores were separated using a distance-transform-based watershed. The resulting masks were analyzed in Python 3.10.0-code-based OpenCV to extract each pore’s area and centroid, from which the equivalent circular diameter was computed as (  D = 2    A  /  π     ). Pore pitch was then obtained by applying a KD-tree nearest-neighbor search to the centroid coordinates. Figure 1b shows the results for the DP and Dint of the AAO film nanostructure obtained using a computer-graphic library, and the processing steps are summarized as follows:



Step 1: Input the scale information as marked on the SEM image.



Step 2: Extract the circular section (gray area) of the AAO film pores.



Step 3: Calculate DP based on the radius of the extracted circular pore.



Step 4: Determine Dint in the AAO film based on the length of the line connecting the center points of the extracted circular pores.



Figure 1c shows the SEM image used to measure the Dt of the as-formed AAO film. The Dt was measured based on the scale information provided on the corresponding SEM image.



Next, electroplating was performed to convert the AAO/Al bilayer film into a composite AAO film. Electroplating was performed with an alternating-current power supply at 50 Hz, for sulfuric-acid AAO/Al bilayer films at 10 V for 20 sec and for phosphoric-acid AAO/Al bilayer films at 15 V for 120 sec, and electrolytes (pH 4.5) based on nickel sulfate (150 g/L), nickel chloride (40 g/L), and boric acid (40 g/L) were used at room temperature.




2.2. Optical Modeling and Theory


The thin-film effect can be used to explain the optical properties of AAO/Al bilayer films and composite AAO films. Figure 2 presents the optical properties of AAO/Al bilayer films and composite nano AAO films. In AAO/Al bilayer films, incident light on the porous alumina surface is refracted after encountering a dense medium. The refracted incident light causes re-reflection at the alumina interface, which results in constructive and destructive interference, owing to the different refractive index of the interface. The wavelength of the reflected light caused by constructive interference in the AAO/Al bilayer film can be determined using the Bragg–Snell law [35]:


  2   d   t     n     A l  2   O 3    = m λ  



(1)




where     d   t     indicates the pore depth at the interface and     n     A l  2   O 3      is the refractive index of alumina, m is the interference order, and λ is the free-space wavelength.



In composite nanostructure AAO films, constructive and destructive interferences occur owing to the difference in the refractive index of the air/AAO, AAO/Ni, and Ni/Al interfaces. The wavelength of the reflected light due to constructive interference is calculated as follows:


  2   d   t     n   e f f ,   A l  2   O 3    = ( m −    1   2    ) λ  



(2)




where     n   e f f ,   A l  2   O 3      indicates the effective refractive index of the AAO film, which can be calculated by applying the Maxwell–Garnett theory and depends on DP (pore diameter) and Dint (interpore distance). The effective permittivity was evaluated using the Maxwell–Garnett model within the long-wavelength approximation for orthogonal polarization under normal incidence in a cylindrical-pore system. Under these conditions, Maxwell–Garnett quantitatively matches numerical eigenmode analyses and experiments up to high porosities and is more accurate than the Bruggeman model [21]. Its applicability to other material combinations comparable to the present AAO system has also been verified [21]. The effective refractive index is expressed as follows [21,35]:


       ε   e f f ,   A l  2   O 3    −   ε     A l   2     O   3         ε   e f f ,   A l  2   O 3    + 2   ε     A l   2     O   3        = f      ε   a i r   −   ε     A l   2     O   3         ε   a i r   + 2   ε     A l   2     O   3         



(3)







Equation (3) shows the calculation formula of the effective dielectric constant (    ε   e f f ,   A l   2     O   3      ). Based on a previous study, the specific dielectric constants of air (    ε   a i r    ) and the AAO film (    ε     A l   2     O   3      ) were 1 and 2.31, respectively [47]. The term ‘  f  ’ in Equation (3) indicates the porosity of the AAO film, which is expressed as follows:


  f =    2 π    3       (      D   P       D   i n t      )   2    



(4)






    ε   e f f ,   A l   2     O   3     =   n   e f f ,   A l   2     O   3     2    



(5)







Equation (5) shows the relationship between the effective dielectric constant (    ε   e f f ,   A l   2     O   3      ) and effective refractive index (    n   e f f ,   A l   2     O   3      ). The effective refractive index (    n   e f f ,   A l  2   O 3     ) of the AAO film was calculated based on the above equations and applied to determine the wavelength of the constructive interference.



The estimated wavelength (λ) was calculated using the following equation.


  2   n   a     d   a   + 2   n   b     d   b   =   m +    1   2      λ  



(6)







Here,     n   a     and     d   a     denote the refractive index and thickness of the AAO/Al bilayer film, respectively, while     n   b     and     d   b     denote the refractive index and thickness of the composite AAO film. The refractive index of the composite AAO films was set to n = 1.72 based on the literature, and the diffraction order was taken as m = 1.



For each condition, N = 5 specimens were measured; data are reported as mean ± s.d.





3. Results and Discussion


Figure 3a shows the resulting composite AAO film and corresponding SEM cross-sectional image. The SEM image confirms that nickel nanoplugs are formed inside the pores of the AAO/Al bilayer film after electroplating (Figure 3b). Crystal structure of Ni nanoplugs in composite AAO film is analyzed from XRD spectra shown in Figure 3c. We observe two peaks at 2θ at 44.8° and 52° which are congruent with (111) and (200) planes. These XRD data confirm that the crystal structure of Ni nanoplugs is face-centered cubic (FCC) based on the peaks. The high peaks at 64.7° and 78.2° represent Al (220) and Al (311) structures, respectively. No peak of Al2O3 structure is found; thus, we suggest that the structure of AAO template is amorphous [48]. The results show that gray and vivid colors are optical in the AAO/Al bilayer films and composite AAO films.



Reflectance spectra were measured under normal incidence using a UV–Vis–NIR spectrophotometer equipped with a deuterium lamp (UV) and a tungsten–halogen lamp (visible–NIR). The beam was collimated and the sample was mounted at 0° on a goniometric stage; alignment ensured |    θ   i    | ≤ 1°. Specular reflectance was recorded against a calibrated reference. The light source automatically switched between deuterium (UV) and tungsten–halogen (visible–NIR). See the normal-incidence setup in Figure 4.



3.1. Characteristics of the Reflected Light in AAO/Al Bilayer Films


The change in the reflected light in the visible-light region was analyzed and predicted based on the structural characteristics of the AAO/Al bilayer film in the AAO/Al structure. Table 1 presents the results obtained for each AAO structure using SEM images of the AAO/Al bilayer films and the measurement and prediction results for the light reflected in the visible-light region. AAO/Al bilayer films with a DP of approximately 25 nm and Dint of 55 nm (AAO#1–AAO#3) and those with a DP of approximately 55 nm and Dint of 85 nm (AAO#4–AAO#6) were produced with Dt values of approximately 300–550 nm. The effective refractive index of the AAO/Al bilayer films was higher for smaller DP and Dint values. These high values are obtained because the porosity of the AAO film, f in Equation (4), is proportional to DP and Dint and affects the effective refractive index calculated using Equations (3) and (5). The effective refractive index of AAO/Al bilayer films AAO#1–AAO#3 was determined to be approximately 1.417 and that for AAO#4–AAO#6 was approximately 1.322, which is close to that of air. We confirmed that the DP and Dint of the AAO structure affect the effective refractive index of AAO/Al bilayer films.



Figure 5 shows the optical properties of AAO/Al bilayer films in the visible-light region. Figure 5a shows the visible-light reflectance spectra measurement and prediction results based on the thickness of the AAO/Al bilayer films with DP and Dint values of approximately 25 and 55 nm, respectively (AAO#1–AAO#3). The wavelength of the reflected light from AAO/Al bilayer films can be calculated using Equation (1), and this value is predicted to be within a maximum error of 4% from the peak value of reflection due to constructive interference under the corresponding conditions. However, gray colors were observed owing to the light-reflecting effect of the aluminum substrate. Figure 5b shows the visible-light measurement and prediction results based on the thickness of the AAO/Al bilayer films with DP and Dint values of approximately 55 and 85 nm, respectively (AAO#4–AAO#6). The wavelength of the reflected light in the visible-light region was calculated using Equation (1), and the measured reflected light wavelength is predicted to be within a maximum error of 4%. However, AAO/Al bilayer films also exhibit greyish colors because most of the light is reflected in the visible-light region, similar to the case of AAO#1–AAO#3.



We validated the accurate prediction of the wavelength of constructive interference by analyzing the optical properties of AAO/Al bilayer films in the visible-light region. However, vivid colors could not be realized, owing to the reflection from the aluminum plate and the substrate component of the AAO/Al bilayer film. For AAO/Al bilayer, the mean relative error was 3.8% (n = 5; error definition: |λ_meas − λ_calc|/λ_meas).




3.2. Characteristics of the Reflected Light in Composite AAO Films


Changes in visible reflectance was analyzed and predicted based on the structural characteristics of the composite AAO film in the AAO/Ni/Al structure [49]. Table 2 presents the results obtained for each AAO structure using the SEM images of the composite AAO films and the measurement and prediction results for the light reflected in the visible-light region. Composite AAO (C.AAO) films with DP and Dint values of approximately 25 and 55 nm, respectively (C.AAO#1–C.AAO#3), and those with a pore diameter of 55 nm and Dint of 85 nm (C.AAO#4–C.AAO#6) were produced with a Dt of approximately 300–550 nm and a nickel nanorod height of 50 nm. The structure of the composite AAO films was the same as that of the AAO/Al bilayer films, yielding effective refractive indices of 1.423 and 1.261 for the C.AAO#1–C.AAO#3 and C.AAO#4–C.AAO#6 films, respectively.



Figure 6 presents the optical properties of the composite AAO films in the visible-light region. Figure 6a shows the visible-light reflectance spectra measurement and prediction results based on the thickness of the composite AAO films with a DP of approximately 25 nm, Dint of approximately 55 nm, and nickel nanorod height of 50 nm (C.AAO#1–C.AAO#3). The reflected light wavelength of the composite AAO films was calculated using Equation (2) and was predicted to be within a maximum error of 9% from the peak value of reflection due to constructive interference under the corresponding conditions. Vivid colors are realized in the composite AAO films (C.AAO#1–C.AAO#3), as shown in Figure 6a. This is because the Ni nanoplugs in the AAO/Ni/Al structure block the reflection from the aluminum base plate, absorb a specific wavelength of light, and cause destructive interference. The colors implemented in the composite AAO films based on the RGB spectrum in the visible-light region were orange, red, and green for C.AAO#1, C.AAO#2, and C.AAO#3 with maximum peak wavelengths of 627, 757, and 593 nm, respectively. These results confirm that a composite AAO film with an effective refractive index higher than 1.4 can exhibit vivid colors. The desired vivid colors can be achieved by creating a specific composite AAO film structure using the predicted maximum peak wavelength.



Figure 6b shows the visible-light reflectance spectra measurement and prediction results based on the thickness of the composite AAO films (C.AAO#4– C.AAO#6) with a DP of approximately 55 nm, Dint of 85 nm, and nickel nanorod height of 50 nm. The peak point of reflection due to the constructive interference of the corresponding sample was predicted to be within a maximum error of 8%. Vivid colors are not generally realized in these composite AAO films (C.AAO#4–C.AAO#6), as shown in Figure 6b. Additionally, the difference in reflectivity between the highest and lowest wavelengths of the composite AAO films (C.AAO#4–C.AAO#6) was up to 15%, indicating that the reflectivity was insufficient for identifying the colors of the peak wavelengths. The change in porosity, f, determined using the DP and Dint values, causes the effective refractive index of the AAO film to approach 1, and this phenomenon is not optimal for realizing vivid colors. For composite AAO, the mean relative error was 8.7% (n = 5; same definition). Here, the reported errors validate the rule; the novelty is the closed-form, stack-agnostic design expression linking nano-geometry to λ_peak.





4. Conclusions


We produced porous alumina films with aligned nanostructures using a two-step aluminum anodization process. Ni nanoplugs were fabricated via electroplating to modify the optical properties of AAO/Al bilayer films with an AAO/Al structure. The optical properties in the visible-light region were analyzed for the nanostructures of AAO/Al bilayer films with an AAO/Al structure and composite AAO films with an AAO/Ni/Al structure. For AAO/Al bilayer films, we compared the predicted results of the reflected light caused by constructive interference with the measured values and estimated the wavelength of the constructive interference within a maximum error of 4%. Similarly, for composite AAO films, we predicted the wavelength of the constructive interference within a maximum error of 9% by comparing the predicted results of the reflected light caused by constructive interference with the measured values. The gray color was realized in AAO/Al bilayer films, whereas RGB colors were realized in the measured wavelength region of the constructive interference in the composite AAO films. These results indicate that aluminum alloy materials of various colors can be produced using the predicted wavelength of constructive interference and the structural colors of the composite AAO films. Also, we derived a closed-form design rule that mapped AAO nano-geometry and interface phase to λ_peak; this rule was validated at normal incidence for AAO/Al and AAO/Ni/Al and enables forward and inverse color targeting without numerical optimization. The present validation is limited to normal-incidence optics, a Maxwell–Garnett effective-medium model for neff, and a single fill metal (Ni); angular dispersion, EMT validity bounds, and cross-metal comparisons require further quantification. Accordingly, the closed-form, non-iterative design rule proposed for AAO/Al and AAO/Ni/Al platforms could enable rapid perception of chip-free, material-integrated structural-color coatings with outdoor durability [50]. Leveraging AAO as a template for plasmonic and sensing metals could also enable applications including Ni-filled surface-enhanced Raman scattering (SERS) and plasmonic color elements. Potential practical uses could include tamper-evident or brand-specific color markings, passive colorimetric sensors in which λ_peak shifts with pore filling or environmental changes, long-life architectural and consumer finishes, and printable high-resolution color features [51]. The model can guide target-color design in the visible range under normal incidence with a mean absolute error of ≈21 nm.
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Abbreviations


The following abbreviations are used in this manuscript:



	AAO
	Anodic Aluminum Oxide



	SEM
	Scanning Electron Microscopes



	DP
	Pore Diameter



	Dint
	Interpore Distance



	Dt
	Pore Depth



	Dni
	Ni filling Depth



	λ_peak
	Peak reflectance wavelength



	    n   e f f ,   A l  2   O 3     
	Effective refractive index o



	    ε   e f f ,   A l   2     O   3      
	Effective dielectric constant



	    ε   a i r    
	Specific dielectric constants of air



	    ε     A l   2     O   3      
	Specific dielectric constants of AAO film



	    n   a    
	The refractive index of the AAO/Al bilayer film



	    d   a    
	Thickness of the AAO/Al bilayer film



	    n   b    
	The refractive index of the composite AAO film



	    d   b    
	Thickness of the composite AAO film
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Figure 1. Structure analysis of AAO using image processing: (a) optical image of AAO and schematic of the 3D cross-section view of the AAO structure, (b) calculation of pore diameter and interpore distance via OpenCV analysis using SEM image, and (c) measurement of AAO thickness using the SEM image. 
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Figure 2. Optical characteristics of AAO/Al bilayer and composite AAO films. 
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Figure 3. Results of composite AAO film: (a) optical and SEM images, (b) EDX spectra of the composite AAO films, (c) X-ray diffraction spectra of Ni nanoplugs. 
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Figure 4. Schematic of the normal-incidence reflectance setup. 
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Figure 5. Optical characteristics of the AAO/Al bilayer film: (a) results for AAO formed using sulfuric acid with an average pore diameter of 25 nm and depths of 350, 480, and 559 nm, (b) results of AAO formed using phosphoric acid with an average pore diameter of 55 nm and depths of 300, 423, and 529 nm. 
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Figure 6. Optical characteristics of the composite AAO film: (a) results of AAO formed using sulfuric acid with an average pore diameter of 25 nm, nickel rod diameter of 50 nm, and depths of 382, 453, and 562 nm; (b) results of AAO formed using phosphoric acid with an average pore diameter of 55 nm, nickel rod diameter of 50 nm, and depths of 273, 382, and 511 nm. 
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Table 1. Structural characteristics of the as-fabricated AAO/Al bilayer films.
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AAO/Al Bilayer Film




	
I.D.

	
AAO#1

	
AAO#2

	
AAO#3

	
AAO#4

	
AAO#5

	
AAO#6






	
SEM images

of front view

	
[image: Coatings 15 01260 i001]

	
[image: Coatings 15 01260 i002]

	
[image: Coatings 15 01260 i003]
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SEM images

of cross-section
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Pore diameter

(DP, nm)

	
25 ± 8

	
25 ± 8

	
25 ± 8

	
57 ± 19

	
56 ± 19

	
50 ± 17




	
Inter pore distance

(Dint, nm)

	
57 ± 11

	
57 ± 11

	
56 ± 10

	
91 ± 20

	
87 ± 20

	
85 ± 19




	
Pore depth

(Dt, nm)

	
350

	
480

	
559

	
300

	
423

	
529




	
Effective refractive

index (    n   e f f ,   A l  2   O 3     )

	
1.418

	
1.418

	
1.414

	
1.319

	
1.308

	
1.341




	
Wavelength

(nm)

	
     λ _   c a l . 1     

	
496

	
454

	
395

	
396

	
553

	
473




	
     λ _   c a l . 2     

	
-

	
681

	
527

	
-

	
-

	
710
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AAO/Al Bilayer Film




	
I.D.

	
AAO#1

	
AAO#2

	
AAO#3

	
AAO#4

	
AAO#5

	
AAO#6






	
SEM images

of front view
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SEM images

of cross-section
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Pore diameter

(DP, nm)

	
25 ± 7

	
26 ± 8

	
20 ± 5

	
51 ± 20

	
48 ± 18

	
55 ± 16




	
Inter pore distance

(Dint, nm)

	
53 ± 11

	
55 ± 11

	
51 ± 11

	
81 ± 18

	
85 ± 20

	
78 ± 18




	
Pore depth

(Dt, nm)

	
382

	
453

	
562

	
273

	
382

	
511




	
Nickel thickness

(Dni, nm)

	
53

	
48

	
50

	
44

	
50

	
61




	
Effective refractive

index (    n   e f f ,   A l  2   O 3     )

	
1.430

	
1.402

	
1.438

	
1.317

	
1.354

	
1.112




	
Wavelength

(nm)

	
     λ   _ c a l . 1     

	
369

	
454

	
421

	
402

	
599

	
457




	
     λ   _ c a l . 2     

	
615

	
757

	
589

	
-

	
-

	
-
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