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Supplementary Materials 

Optical Properties of Porous Alumina Assisted Niobia 
Nanostructured Films—Designing 2-D Photonic Crystals Based 
on Hexagonally Arranged Nanocolumns 

S1. Determination of Anomalous Dispersion Areas 

Firstly, the wavelengths λ according to the well-known equation from ref. [1] 

1.24
λphE =         (S1) 

were recalculated in the photon energy Eph, eV, and plotted the dependence ( )phn f E= , 
shown in Figure 5b. Using the OriginPro program for the dependence (λ)n f= , the 
baseline was first built automatically, then manually adjusted so that the resulting 
baseline was as “smooth” as possible. The number of points on the baseline was chosen 
to be 50 also in order to increase the number of baseline segments and reduce their 
length. Then the baseline was automatically built for the dependence ( )phn f E= and the 
coordinates of the previously obtained baseline for the baseline dependence, which were 
appropriately recalculated along the abscissa axis, were added to the data table for the 
baseline in these coordinates. A manual adjustment (operation "modify") of the thus 
obtained ( )phn f E= baseline was also carried out. Then, after recalculating the 
coordinates along the abscissa axis of the fitted data, they were again entered into the 
table for constructing the baseline for the dependence ( )n f λ= and re-fitted. Several 
iterations of the same kind were carried out so that the resulting curves in both 
coordinate systems (λ)n f= and ( )phn f E= looked perfectly smooth. After that, the 
“subtract” of the baseline was performed from the real graphs for both 
dependences (λ)n f= and ( )phn f E= , and the results are shown in Figure 5c and 5d, 
respectively. As can be seen when considering Figures 5c and 5d, in both plots obtained 
after the “subtract” operation, areas of "normal" and "anomalous" dispersion coexist. 

S2. Analysis for Oxide Absorbance Bands 

When analyzing the literature data on the oxide electrical properties of interest, it 
should be borne in mind that the PA and niobia, which are parts of the formed 
nanostructured films, have a defective structure. In disordered materials, the boundaries 
of the allowed bands are blurred due to the appearance in the forbidden band of a large 
number of localized states, which leads to significant differences in the electronic 
structure of crystalline and disordered materials. A number of models exist and are 
being developed that describe the electronic structure of disordered materials [2–7]. This 
blurring of boundaries is often referred to as Urbach tails. Urbach tail is almost a 
universal property of disordered solids and Urbach tails in optical absorbance near band 
edges are observed and investigated in a wide variety of materials having disorder of 
several origins [8–11]. The assignment of absorbance bands is not an easy task due to the 
fact that comparison of data related to crystalline materials with structures obtained as a 
result of anodization is not entirely correct. The data on the optical characteristics and 
oxide band structure of interest are extremely inconsistent. This can be explained by the 
fact that, firstly, the position and width of the zones are determined by the crystalline 
modification of the oxide, and secondly, the degree of structural perfection, depends on 
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the amount of impurities and defects. All these features are determined by technologies 
and specific methods for the oxide formation, which are briefly discussed in the 
introduction. The variety of methods for the formation of oxide materials leads to a 
significant difference in properties that cannot be neglected. Quite a lot of works are 
known devoted to determining the band gap of amorphous metal oxides, including 
anodic ones (unfortunately, there are very few recent works [12,13]), which will be 
considered below. Let briefly consider the results known to the authors, grouped by the 
nature of the oxides. 

S2.1. Alumina 

It is known that Al2O3 can exist both in an amorphous state and in several crystal-
line modifications. All modifications differ in the ratio of tetrahedral and octahedral co-
ordination of aluminum ions [14]. Regardless of the polymorphic modification, in ref. 
[15] for alumina, the range of values of the band gap of 7–9.5 eV is given. The most con-
venient for use in microelectronic technology are the amorphous phase (α-Al2O3) and 
the γ-phase (γ-Al2O3) [16]. Each modification is characterized by its own band gap: for 
the γ phase, the band gap lies in the range 7.1–8.7 eV [17], and for the amorphous phase, 
5.1–7.1 eV [17]. It should be noted that the band gap depends on the synthesis method. 
Molecular layering (ML) allows one to obtain amorphous films with a band gap of 6.2 
eV [18], while α-Al2O3 films grown by chemical vapor deposition (CVD) have a band 
gap of 5.6 eV [19]. In ref. [20], the value of band gap for amorphous alumina obtained by 
the ALD method is indicated, 7.0±0.1 eV, and in ref. [21] the results indicate that amor-
phous anodic Al2O3 formed in 20% sulphuric acid has a direct band gap of 7.3 eV, which 
is about 1.4 eV lower than its crystalline counterpart (single-crystal Al2O3). The optical 
band gap of sputter-deposited films was found to be in the range of 5.4–5.55 eV and that 
of evaporated film is 5.75 eV [22]. Anodic alumina investigated in [13] was obtained un-
der the closest conditions in 0.3 M oxalic acid, but the band gap found for it is only 3.7 
eV, which seems to be an extremely low value, even despite the obvious blurring of the 
boundaries of the allowed bands due to the emergence of Urbach tails. In the same 
work, for anodic alumina anodized in 0.3 M sulfuric acid, a band gap value of 4.3 eV is 
given. For PA elaborated on glass substrate there is no numerical data in ref. [23], only 
graphs. The potentiostatically anodizing of aluminum foil was carried out in a 10% sul-
furic acid solution at 15 V at 288 K. Apparently, this is precisely the effective refractive 
index of the PA film, and it varies quite significantly for different films and wavelengths. 
The main thing is that anomalous dispersion is not observed on the graphs (λ)n f=  
built for the interval 250–900 nm. Consequently, there are no absorption bands in this 
gap. 

S2.2. Niobia V 

The review [24] states that the band gap energy of niobia has been described to be 
within the ranges of 3.1 to 5.3 eV (semiconductor to insulator with conductivity). How-
ever, it is feasible to adjust the Nb2O5 band gap and variables like stoichiometry, heat 
treatment, crystallinity, and integrated external ions may be able to unusually impact the 
band gap energy, but source [15] gives a slightly narrower interval values 3.4–5.3 eV. In 
ref. [25] Nb2O5 thin films were deposited onto heated glass substrates by RF magnetron 
sputtering using a Nb2O5 target. The films were annealed in air at temperatures between 
400 and 700 °C for 6 h. As the annealing temperature is increased from 400 to 700 °C the 
band gap of the film decreases to 3.60 from 3.74 eV. This trend contradicts the ref. [26]. 
For Nb2O5 films, the optical band gap is observed to increase from 4.35 eV when the 
films are in amorphous state to 4.87 eV on crystallization [26]. Authors ref. [27] as a re-
sult of optical studies of niobia films prepared by the reactive DC magnetron sputter 
process, the band gap changes from 3.58 eV for amorphous to 3.97 eV for crystalline 
Nb2O5 films at thicknesses of about 300 nm and the band gap changes from 3.51 to 3.86 
eV for amorphous and crystalline films, respectively, for thicknesses of the order of 50 
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nm. In the literature review [28], Nb2O5 is indicated to be an n-type semiconductor with 
a band gap of about 3.4 eV, while, according to the results of the authors' own research 
for powders Nb2O5, were prepared by two different synthesis method, Sol-Gel and 
polymeric precursors (Pechini) ultraviolet-visible diffuse reflectance spectroscopy indi-
cated a variation in the optical band gap values 3.32–3.40 eV in crystal growth process. It 
was measured in ref. [29] that the indirect optical band gap is ~ 3.65 eV for Nb2O5 films 
with a thickness of tens to several hundred nanometers, obtained by annealing deposit-
ed Nb films in an Ar flow and without oxygen plasma in a quartz case. According to ref. 
[30], the band gap values were between 3.15 and 3.25 eV. A band gap energy of 3.42 eV 
has been determined for polycrystalline Nb2O5 films, and 3.50 eV for amorphous Nb2O5 
films [31]. This scatter of parameters is explained, in particular, by the fact that the opti-
cal properties of Nb2O5 are highly dependent on the sintering temperature [32]. In ref. 
[33], in detail the optical properties of Nb2O5 thin films by the sputtering method under 
different deposition parameters were investigated and the band gap takes values in the 
range 3.73–3.91 eV depending on the film deposition temperature and the oxygen con-
tent in the plasma, with the maximum value of band gap energy corresponded to the 
lowest (room) temperature and the maximum concentration (20%) of oxygen. Nb2O5, an 
important n-type oxide semiconductor, has a band gap in the range from 3.2 to 4 eV [34] 
depending on oxygen stoichiometry. In ref. [12], the spectral characteristics of the pho-
tocurrent for amorphous anodic Nb2O5 were estimated: the long-wavelength absorbance 
edge equal to 4.1 eV and the absorbance edge for direct dipole transitions with a value of 
3.45 eV. The absorbance edge shift is related to the Urbach absorbance edge for amor-
phous oxides. As far as the authors know, this is the only work devoted to the study of 
the electronic structure of anodic niobia. 

S2.3. Niobia IV 

In ref. [35] the NbO2 energy gap between the valence and conduction bands is 0.86 
eV. In ref. [36] for epitaxial NbO2 (110) films, 20 nm thick, were grown by pulsed laser 
deposition on Al2O3 (0001) substrates, an indirect band gap of 0.57 eV for NbO2. Spec-
troscopic ellipsometry performed on a 36.8 nm thick epitaxial film of NbO2 shows that 
the lowest direct gap occurs at 1.3 eV. An indirect gap may exist below 1 eV. A theoreti-
cal calculation of the dielectric function including matrix element effects shows that ab-
sorption on set and peak placement are consistent with an indirect band gap of 0.95 eV 
[37]. In ref. [38], the value of the NbO2 films band gap has already been slightly corrected 
and was determined to be at least 1.0 eV using a combination of XPS and IPS in conjunc-
tion with hybrid density functional calculations of the density of states. The stoichio-
metric NbO2 film showed an indirect band gap of 0.7 eV and direct gap of 1.24 eV [36]. 
The optical gaps of NbO2 samples are 0.34, and 0.36 eV for 54 and 57 nm films [39]. Ex-
tremely doubtful, taking into account all the previously cited information, is the message 
that the band gap determination for NbO2 films is less reliable due to light scattering, 
but a value of 3.5 eV was estimated [31], unless we assume that there is kind of direct 
transition. Comparing these data with the results given in ref. [40], then in Figure 3 from 
ref. [40], according to the results of spectroscopic ellipsometry, there are two absorption 
bands, and one of the transitions (obviously, a straight line) corresponds approximately 
to energies, even higher than 4.5 eV. An energy of 0.76±0.1 eV at room temperature was 
with absorbance spectra for indirect band gap determined, which is in good agreement 
with the spectroscopic ellipsometry data. It turns out that the absorbance band corre-
sponding to the indirect transition in pure niobium dioxide does not fall into the wave-
length range studied or is at its very beginning. The ratio of oxygen and metallic niobi-
um in thin films Nb2O5 and NbO2 deposited by plasma-enhanced atomic layer deposi-
tion is 80:20 to 40:60, and the values of the forbidden width of the optical band gap de-
creased from 3.91 to 2.19 eV, respectively [41]. In the case NF, PF and CF, perhaps, one 
can talk about an even higher proportion of niobium dioxide in the mixture of oxides in 
a continuous oxide layer under the columns of Nb2O5 and even the presence of other 
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sub-oxides with niobium in an even lower oxidation state (NbO). In the Nb–O system 
there exist numerous metastable oxides NbOx with 0<x<1 and 2.0<x<2.5 as well as a mul-
titude of Nb2O5 polymorphic modifications [42,43]. 

As can be seen, most of the analyzed results relate to oxides characterized by suffi-
cient purity and the absence of impurities. The variety of properties is mainly due to the 
crystalline modification, the degree of crystallinity and deviations in the stoichiometry 
of the films. As for the anodic oxides of valve metals, they are X-ray amorphous 
[13,43–46], and are characterized not only by short-range order, but also by the presence 
of impurities embedded from the electrolyte [43,46–48], moreover, in some cases their 
content can be extremely high [49]. There is no consensus regarding the localization of 
impurities. Duplex [50–54], and triplex [54,55] structures of PA cell-walls are considered, 
but in any model of impurity distribution, the volume of anodic oxide located at the in-
terface between adjacent oxide cells is practically free from contamination. In addition, 
during the formation of the described films, mutual contamination of the oxides addi-
tionally occurs. For example, in ref. [43,46], it was unambiguously shown that the film 
surface is mainly composed of niobium pentoxide mixed with a small portion of alumi-
na (niobia nanocolumns contain aluminum ions). It is logical to assume that in anodic 
alumina, the pore walls in contact with niobia nanocolumns growing in them may con-
tain niobium ions dissolved in it. Niobia themselves are not strictly stoichiometric, and 
in the nanocolumns, and even more so in the sublayer of niobium dioxide, there is an 
oxygen concentration gradient [43,46]. All this testifies to the fact that the systems under 
study are characterized by a high defective structure, which will cause an even more 
dramatic smearing of the band edges and the appearance of numerous electronic states 
in the band gap than occurs in conventional defective or amorphous materials. Features 
of the structure and composition of anodic oxides of valve metals, which are a conse-
quence of the method of their formation, on the one hand, and a significant scatter of the 
above data and significant differences in most of the materials described in the literature 
from the systems studied, on the other hand, make it difficult to make a final and unam-
biguous decision on the assignment absorbance bands. 

S3. Selecting Refractive Index of FDTD Simulation 

When selecting the parameters of the model, the reference data from ref. [56] and 
the scarce literature data on niobia V and niobia IV were taken into account. In ref. [25] 
the film refractive index varied between 2.09 and 2.22 at the wavelength of 550 nm de-
pending on the annealing temperature – with an increase in the annealing temperature, 
the refractive index also increases. It is also indicated in ref. [27] that the refractive index 
of Nb2O5 films has the maximum value of n=2.37, which is almost equal to the reported 
value for niobia single crystals. In ref. [57] Nb2O5 prepared by plasma enhanced chemi-
cal vapor deposition films exhibited a refractive index of 2.26 at 550 nm. In ref. [33] it 
was shown that the Nb2O5 refractive indices n=2.4 for 559 nm turned out to be highly 
correlated to the stress values. In ref. [58], the dependences of the refractive index and 
extinction coefficient were also investigated and it was shown that the refractive index 
values of the Nb2O5 thin films at 550 nm increased from 2.14 (2.18) to 2.34 (2.44) when 
the O2 ratio was 10% (20%) and the refractive index values also increased with the in-
crease of the deposition temperature. The refractive index at the same wavelength in-
creased as the deposition temperature was increased from room temperature to 200 °C 
and slightly increased as the deposition temperature was further increased. The refrac-
tive index at a photon energy of 2 eV (620 nm) is approximately 2.21 for Nb2O5 films [31] 
and also states that the refractive index at a photon energy of 2 eV (620 nm) is approxi-
mately 2.38 for NbO2 films. Reference [40] provides graphical dependences of the refrac-
tive index and extinction coefficient for NbO2. 
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S4. Calculation of Native Film Refractive Index 

Initial data and calculation results are presented in Table S1. 

Table S1. Initial data and calculation results of the native film effective refractive index. 

Direct measured data from morphology 

Native film total thickness, nm 1.408∙103 Empty pore diameter, nm 2.000∙10 

PA thickness with empty pores, nm 9.680∙102 Column diameters, nm 6.500∙10 

Niobia V filled PA thickness, nm 3.250∙102 Interpore distance, nm 1.250∙102 

Thickness of сontinuous niobia layer, nm 1.150∙102   

Literature data 

Niobia V refractive index 2.10 Air refractive index 1.00 

Alumina refractive index 1.58 Niobia IV refractive index  2.41 

Calculated results 

Filling factor (porosity) of empty alumina 2.322∙10-2 Filling factor of Niobia V filled PA 2.45∙10-1 

Empty PA effective refractive index 1.56 PA effective refractive index filled with Niobia V 1.72 

Native film effective refractive index 

(electric field is along the direction of the 

structure stratification) 

1.63 Native film effective refractive index (electric field is 

orthogonal to the direction of the structure 

stratification) 

1.68 

The upper layer with respect to the incident beam is PA with a thickness of 968 nm 
with pores filled with air, 20 nm in diameter and an interpore distance of 125 nm, the 
second (middle) layer is also PA 325 nm thick, but its pores are embedded with columns 
of Nb2O5 with a diameter 65 nm. The bottom layer is 115 nm thick continuous niobium 
dioxide. As a result, native film is a laminar structure, i.e., a structure formed by alter-
nating layers with differing refractive indices, which turns out to be the simplest case of 
a composite medium [59], the two upper layers (empty PA and filled PA) of which are 
themselves nanocomposites, the effective refractive index of each of which is determined 
refractive indices of the components. 

Thus, the calculation of the effective refractive index of this laminar structure falls 
into three stages. The first two should be calculations of the effective refractive indices of 
two nanocomposite layers based on anodic alumina, and then the effective refractive 
index of the entire system should be calculated. 

To calculate the refractive index of composite materials, various models are used, 
based on certain assumptions and having certain limitations. In ref. [59], the optical 
properties of nanostructured semiconductors and insulators are considered based on the 
so-called effective-medium model. The basic idea is that the ensemble of nanoclusters 
can be considered a certain new medium with an effective dielectric permittivity. 

To calculate the effective refractive indices of both layers, the Maxwell-Garnett 
model [60,61] was chosen. Firstly, this model is widely used to calculate the effective re-
fractive index of inhomogeneous media of various kinds [62–66], and secondly, the 
Maxwell-Garnett model is considered valid when one of the materials forms a matrix 
and the other enters it as isolated inclusions whose volume fraction is not large (the 
so-called matrix media) [59]. 

The porosity or filling factor of a hexagonal structure (Equation (S2)) and the effec-
tive refractive index neff of both upper inhomogeneous layers (Equations (S3) and (S4)) is 
calculated according to [63–65] and for anodic alumina with pores filled with air, it was 
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2.32%. Filling factor of the anodic oxide with niobia columns was 24.5%. At the same 
time, the authors conditionally considered the first two layers to be isotropic. 

2
π

2 3
df
a

 =  
 

       (S2) 

where d is the pore (or pore fillers) diameter and a is the interpore distance, nm. 

= 2ε n        (S3) 

where ε is the dielectric coefficient and n is refractive index of material. 

( )
( )

 
=   

 

f mat f mat
eff mat

f mat f mat

ε + 2ε + 2 ε -ε
ε ε

ε + 2ε - ε -ε
f

f
     (S4) 

where εf and εmat are the dielectric coefficients of filler materials and matrix (alumina) 
respectively and f is the filling factor of filler. 

In addition to the morphological parameters, the calculation required the optical 
characteristics of the materials that make up the film. According to [64], the refractive 
index of high purity alumina is 1.65. In ref. [19] thin alumina films formed by the spray 
pyrolysis technique have a refractive index of 1.66. In ref. [22] the Al2O3 films were de-
posited on glass, quartz, and silicon substrates by spray pyrolysis and by electron beam 
evaporation. The refractive index of evaporated Al2O3 film is 1.71 and 1.60 at 300 and 500 
nm, respectively and that of sprayed film is 1.58 at 500 nm. In ref. [65] for all calculations 
the refractive index of the pure alumina was taken to be 1.7, but this value seems some-
what overestimated. For the calculations, the refractive index of aluminum oxide was 
chosen equal to 1.58. Based on the previously considered literature data on the refractive 
indices of niobia Nb2O5 and NbO2, the refractive indices of 2.10 and 2.41, respectively, 
were chosen for the calculations. Then, after substitution, the result for anodic alumina 
with unfilled pores was 1.56, and for a layer with pores filled with Nb2O5 was 1.72. 

Guided by work [59], and taking into account Equation (S3), using Microsoft Excel, 
the authors calculated the effective refractive index neff of the NF. To calculate the effec-
tive refractive index of laminar structures, the work provides two formulas for the cases 
if the electric field is orthogonal to the direction of the structure stratification and electric 
field is along the direction of the structure stratification (Equations (S5) and (S6) 
respectively). For the first case, the calculated refractive index was 1.68, and for the sec-
ond, 1.63. 

=eff 1 1 2 2 3 3ε ε + ε + εf f f       (S5) 

= + + 31 2

eff 1 3 3

1
ε ε ε ε

ff f
       (S6) 

where f1…f3 are the filling factors for each layer. 
Taking into account the laminarity of the layers, the filling factor fi of i-th layer can 

be calculated according to Equation (S7) 

= i
i

H
f

H
       (S7) 

where Hi is the thickness of i-th layer, H is the total thickness of laminar structure. 
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