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The development of new nanomaterials with controlled characteristics for nanophotonics is of great
relevance. In this work, photonic crystals with re°ectance at the wavelength of 690 nm and the value
of 28% were formed by porous-alumina-assisted-anodizing of system Al/Ta on Si wafer. By selecting
improved anodizing modes of system Al/Nb on glass, the re°ectance was increased to 42% at the
wavelength of 340 nm. This result shows the high promise of the proposed methods and in
the future will signi¯cantly improve the result by trying two- or three-stage methods of porous-
alumina-assisted-anodizing, nanoimprint stamps and optimization of the anodizing modes for any
wavelengths.

Keywords: Tantalum oxide; niobium oxide; porous anodic alumina; optical re°ectance; nanos-
tructured materials; anodization; anodic aluminum oxide.

1. Introduction

Tantalum- and niobium-oxides are promising mate-

rials for optics and photonics.1–5 In work Ref. 6,

photonic crystals (PCs) waveguide structures were

fabricated in Ta2O5 on SiO2 by means of e-beam li-

thography and electron cyclotron resonance etching.

Tantalum pentoxide has the refractive index of 2.08

at the optical wavelength of � ¼ 1550 nm. The PCs

devices were fabricated and investigated in Ref. 6 by

various submicron high aspect ratio air hole patterns

with typical hole diameters of 280–400 nm and the

depth of 1.5 nm. It was shown that the optical prop-

erties of the fabricated PCs structures are strongly

dependent on their geometrical parameters. In the

paper Ref. 7, a silica opal was in¯ltrated by tantalum

(V) ethoxide to deposit Ta2O5 using a metal-organic

chemical vapor deposition process. The obtained in-

verse opal showed a strong re°ectance in the UV-

range (�350 nm) due to the small lattice parameter of

the crystal and the high refractive index of Ta2O5.

The control of this UV-re°ectance is a step towards

the full photonic bandgap in the UV-Visible which is

currently the main challenge in this ¯eld. Fabrication

and characterization of Ta2O5 photonic feedback

structures were presented in Ref. 8. The work

demonstrates that photonic feedback structures from
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Ta2O5 o®er great potential for the fabrication of or-

ganic laser devices in the visible wavelength range.

They are a viable alternative to structured TiO2 with

easier processing and low optical losses.

Bandgap energy of niobium-oxide is 3.4 eV,9,10 the

value close to that of TiO2 (about 3.2 eV Ref. 11) and

is, therefore, suitable for the use as a photocatalyst

under UV-light.5 The work Ref. 12 presents the

results of the formation of PCs with high re°ectance

within photonic bandgap based on porous anodic ti-

tania. The optimization of anodizing parameters

allowed us to prepare anodic titanium oxide PCs with

re°ectance within the photonic bandgap of up to

85%. It can be noted that the methods of forming PCs

by porous-alumina-assisted-anodizing are very

promising due to the e±ciency and high control of

morphological parameters through electrochemical

modes. As known, a PC is a structure with periodi-

cally changing layers with low and high refractive

indexes, and niobium-oxide like tantalum-oxide has

one of the highest refractive indexes.

Summing up, it can be noted that tantalum- and

niobium-oxides are highly promising for the use in

nanophotonics as PCs. However, nowadays econom-

ical and at the same time e®ective methods of struc-

turing these materials under the ultraviolet and

visible wavelengths have not been presented yet.

In this work, two di®erent types of PCs on di®er-

ent substrates were formed by porous-alumina-assis-

ted-anodizing and their re°ectance in UV-VIS-NIR

ranges was measured.

2. Experimental Methods

2.1. Sample preparation

PCs were formed from bilayer Al/Nb (1000/50 nm)

and Al/Ta (1500/500 nm) systems by magnetron

sputter-deposition on rectangular 6� 9 cm2 polished

glass of 1070 �m thickness and on 100mm Si wafer

(n-type, 4", 500 �m thick, 4–40� � cm), respectively.

Substrates were cut into pieces with 6 cm2 area and

anodized in specially designed cylindrical two-elec-

trode cell made of polytetra°uoroethylene (PTFE)

to take account of the design features of spectro-

photometric analysis and exception meniscus e®ect

in the anodizing process. The anodizing cell consists

of an electrolyte bath with a built-in anode, which is

screwed into a base and presses the 22mm Si or glass

piece to the ceramic insert by a PTFE ring. The

cathode is made of stainless metal located in the

electrolyte. Si (glass) piece is individually introduced

in the anodizing cell, was pressed from face sides by a

PTFE ring, so that a circular area of the face side of

the Si (glass) piece, 19mm in diameter — 2.83 cm2,

was in contact with anodizing solution while the

back Si (glass) piece side was fully isolated from the

processing. A Keysight N5751A programmable

power supply controlled by LabVIEW software via

laptop and a general-purpose interface bus cable was

used as the anodizing unit. After the anodizing and

re-anodizing processes, the sample was rinsed in

running distilled water for 10min and dried in warm

air for 5min.

The forming processes of the anodic PCs are out-

lined in Fig. 1. The PCs were formed by porous-alu-

mina-assisted-anodizing the Al/Nb pieces on glass in

0.2mol � dm�3 oxalic acid aqueous solution at 53V

and Al/Ta pieces on Si wafer [Fig. 1(a)] in

0.2mol � dm�3 tartaric acid aqueous solution at

200V, until the aluminum metal was fully oxidized as

displayed in Fig. 1(b). Then the process was sup-

ported into a voltage-stabilization mode, at which the

current began to decay. During this step, the alumina

barrier layer touches the niobium as shown in

Fig. 1(c), local oxidation occurs through the alumina

pores and continues until the array of embryo is

formed at the interface. Next samples were porous-

alumina-assisted high-voltage re-anodizing in the

mixed solution of 0.5mol � dm�3 boric acid and

0.05mol � dm�3 sodium tetraborate in potentiody-

namic mode at increase potential until the voltage of

230V for niobium-oxide nanocolumns and 400V for

tantalum-columns was reached. Re-anodizing current

was maintained in 300�A per cm2 region. Based on

the previous results,13,14 the thickness of niobium ¯lm

was selected so that after re-anodizing it was

completely oxidized. This is possible due to the ability

of a niobium continuous layer NbO2 to conduct

electric current as shown in the works15 in contrast to

a continuous layer of tantalum-oxide which is di-

electric.16 The PCs based on tantalum-oxide nano-

columns were formed on an opaque Si-wafer with a

500 nm thick tantalum underlayer. The anodizing

conditions were such that a continuous consolidation

layer under the tantalum-oxide columns was not

formed. The porous-alumina-cell size was too large.

During each anodization process, the temperature
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was maintained as constant as possible, typically

within þ1�C of the set value. To remove porous-

alumina aqueous solution of 50% phosphoric acid at

50�C within 30min was used.

2.2. SEM observations and optical
measurement

PCs morphology was investigated by scanning elec-

tron microscopy (SEM) in a Hitachi S-4800 operated

at 10–15 kV. A gold layer, about 4 nm in thickness,

was evaporated over the specimens to reduce the

charging e®ects. The metrological certi¯cation of

Hitachi S-4800 showed exactly geometric dimensions

about 7%. The experimental results outlined in

papers Refs. 17 and 18 strongly suggest that the SEM

can be used to make accurate overlay measurements

of actual devices and may be useful for calibration of

optics-based overlay tools.

Optical characteristics were measured on Spec-

trophotometer MC-121 (UV-VIS-NIR) by SOL

instruments Ltd. with single-beam optical design and

dual monochromator. The spectral slit width of the

monochromator was ¯xed and amounted to 2mm.

The spectral scanning step was 2 nm in the range

from 190 nm to 1100 nm at an incident angle of 10�.
PCs formed on a Si (glass) substrate with a 19mm

diameter were placed in the spectrophotometer ex-

perimental chamber. Incidence scheme of an

optical beam on the PCs surface is shown in Fig. 1(d).

The measurements were carried out only in the

re°ectant mode.

3. Results and Discussion

SEM images in Figs. 2(a)–2(c) and 3D view in

Fig. 2(d) show an anodic ¯lm derived from the Al/Ta

bilayer on the Si-wafer, after selectively dissolving the

porous-alumina. One can see in Figs. 2(a) and 2(b)

that the nanocolumns have a fairly typical and uni-

form nanomorphology, size and hexagonal arrange-

ment. This can be considered a good result, taking

into account carrying out the formation without

using any methods of increasing nanostructuring and

using nanoimprint stamps. However, larger magni¯-

cation of the SEM image [Fig. 2(c)] displayed fair-

ly signi¯cant nanocolumn-free areas of about

122� 87�m2, showing uneven arrangement of the

columns. This may be either due to the peculiarity of

this population formed in tartaric acid 200V, or due

to an error in the anodization technique and poor

preparation for SEM. In any case, it can be expected

that the nonuniform distribution of the tantalum-

oxide nanocolumns will negatively a®ect the optical

characteristics of the nanomaterial.

Figure 3(a) shows the optical re°ectant spectrum

of the tantalum-oxide nanocolumn sample. Optical

absorption is present throughout the ultraviolet

range. Approximately at the wavelength of 285 nm,

the re°ectance begins to grow and reaches its peak at

the wavelength of 690 nm. However, the arrangement

of the columns is uneven, the re°ectant peak centered

at about 700 nm is strongly stretched with maximum

intensity reaching 28%. At present, a good average

result of re°ecting PCs on titanium-oxide is 60%19–26

(a) (b) (c) (d)

Fig. 1. Schematic diagram showing the main steps for forming niobium- and tantalum-oxide PCs via porous-alumina-
assisted-anodizing of systems Al/Nb and Al/Ta on Si wafer and glass: (a) sputter-deposition of Al/Nb (Ta) bilayer; (b)
anodizing the Al layer to form porous-alumina ¯lm; (c) porous-alumina-assisted-anodizing of the Nb (Ta) layer; (d) porous-
alumina-assisted high-voltage re-anodizing of the Nb (Ta) layer on glass substrate to grow niobium-oxide nanocolumns after
removal porous-alumina and incidence scheme of the re°ectant optical beam on the experimental sample.
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and the value of 85% was reached in Ref. 12. Against

this background, the values obtained in this work

seem rather modest. Therefore, attempts were made

not just to improve the result, but to show that this is

fundamentally possible by varying the anodizing

conditions. For this, anodizing regimes oxalic acid

Fig. 3. (a) Optical re°ectance of PCs formed via porous-alumina-assisted-anodizing bilayer system Al/Nb and Al/Ta.
(b and c) SEM images and (d) schematic 3D view of re°ectant PCs formed via porous-alumina-assisted-anodizing bilayer
system Al/Nb on glass at 53V in 0.2mol � dm�3 oxalic acid with subsequent porous-alumina-assisted high-voltage re-an-
odizing in the mixed solution of 0.5mol � dm�3 boric acid and 0.05mol � dm�3 sodium tetraborate at 230V. The images
demonstrate the samples obtained after the alumina layer dissolution (\alumina-free" samples).

Fig. 2. (a–c) SEM images and (d) schematic 3D view of re°ectant PCs formed via porous-alumina-assisted-anodizing bilayer
system Al/Ta on Si wafer at 200V in 0.2mol � dm�3 tartaric acid with subsequent porous-alumina-assisted high-voltage re-
anodizing in the mixed solution of 0.5mol � dm�3 boric acid and 0.05mol � dm�3 sodium tetraborate at 400V. The images
demonstrate the samples obtained after the alumina layer dissolution (\alumina-free" samples).
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53 V with more reproducible and uniform located

nanocolumns were chosen, and the formation was

carried out on glass substrates. 53 volts oxalic acid

was chosen from the following considerations. Firstly,

this mode of anodic alumina formation on a niobium

sublayer has been studied in detail and in many

ways.13,27–29 The composition and morphological

parameters of niobium-oxide nanocolumns have been

established. Secondly, in this mode, the bases of the

nanocolumns are combined into a continuous oxide

layer due to the small inter-column distance, which

does not occur for a tartaric acid solution. Due to this,

this mode makes it possible to form an array on the

glass surface by completely acidifying the metallic

niobium, which is an important aspect for obtaining

transparent arrays of nanocolumns. Thirdly, tanta-

lum was replaced by niobium due to better optical

characteristics, in particular, higher refractive index

and electrophysical properties. In work Ref. 15, it was

shown that the niobium-oxide nanocolumns have a

semiconducting nature, in contrast to the dielectric

nanocolumns of tantalum-oxide,16 which is of funda-

mental importance, since it does not allow to

completely get rid of the metal due to the interrup-

tion of the current supply during the re-anodizing

process. Besides, the formation of niobium-oxide

nanocolumns in tartaric acid occurs in a goblet-like

shape,13 which reduces their stability and complicates

the control of optical re°ectance.

SEM surface, cross-section and the schematic 3D

view of niobium-oxide nanocolumns are presented in

Figs. 3(b)–3(d). The high uniformity of the columns

on the surface is con¯rmed by Fig. 3(b). On the area

of 122� 87�m2 like tantalum-oxide PC there are no

nanocolumn-free areas, only minor point defects

present. The surface of Figs. 3(b)–3(c) shows a high

reproducibility of the morphological sizes of nanos-

tructures both from column to column and along the

column from the continuous oxide layer to the top,

which should signi¯cantly improve the optical char-

acteristics. Figure 3(a) shows the re°ectance of nio-

bium-oxide nanocolumns. Optical absorbance at the

level of niobium-oxide nanocolumns on glass sub-

strate is present up to 252 nm in the wavelength, after

which it begins to increase sharply to 340 nm where

the re°ectant level is the maximum value of 42%. The

peak is very sharp with the width of 232 nm. Table 1

shows morphological parameter results and optical

re°ectance of niobium- and tantalum-oxide nano-

columns.

Above all, it should be added that the optical

beam falls at an angle of 10� and therefore passes

through alternating regions of nanocolumn-air. The

number of such layers determines the e±ciency of the

PC. Therefore, the higher the columns aspect ratio

(height/diameter), the more quantity of layers the

optical beam will cross and the more e±cient the PC

will be. The niobium-oxide nanocolumns had a sig-

ni¯cantly larger aspect ratio of 5.5 than the 3.15

tantalum-oxide nanocolumns, that can be calculated

according to the data from Table 1, which explains

their greater e±ciency. In addition, the e±ciency

should probably increase with increasing angle of in-

cidence of the optical beam, as in this case the beam

must pass through more layers.

Table 1. Morphological, formational and re°ectant spectra parameters of PCs produced via
porous-alumina-assisted-anodizing of systems Al/Nb and Al/Ta.

Parameters Tantalum-oxide PCs Niobium-oxide PCs

Thickness of initial metal, nm 1500/500 (Al/Ta) 1000/50 (Al/Nb)
Column diameters, nm 172 60
Column heights, nm 542 330
Distance between column centers, nm 500 119
Continuous NbO2 thickness, nm — 112
Column base diameters, nm 383 —
Re-anodizing voltage, V 400 230
Anodizing voltage, V 200 53
Re°ectant maximums (wavelength, nm), % 27.99 (690) 41.63 (340), 18.07 (798)
Re°ectant minimums (wavelength, nm), % 0.39 (285), 14.98 (975) 2.51 (252), 9.48 (484)
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4. Conclusion

In conclusion, two type PCs with controlled position

of the photonic bandgap in the range of 190–1100 nm

were synthesized via porous-alumina-assisted-anod-

izing of systems Al/Nb and Al/Ta. The ¯rst type of

PCs formed by large tantalum-oxide nanocolumns

showed the peak of 28% re°ectance at the wavelength

of 690 nm. The su±ciently low re°ectant value and

the large peak width are associated with a nonuni-

form distribution of nanocolumns on the surface and

opaque substrate – Si wafer. The second type of

re°ectant PCs of smaller morphological sizes was

formed from niobium-oxide nanocolumns. The high

natural uniformity of the location and morphology of

such nanostructures made it possible to achieve the

re°ectant value of 42% at the wavelength of 340 nm,

which is a good initial result and shows signi¯cant

prospects of such nanostructures for nanophotonics.
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