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Abstract: Photonic crystals based on titanium oxide are promising for optoelectronic applications, 
for example as components of solar cells and photodetectors. These materials attract great research 
attention because of the high refractive index of TiO2. One of the promising routes to prepare 
photonic crystals based on titanium oxide is titanium anodizing at periodically changing voltage or 
current. However, precise control of the photonic band gap position in anodic titania films is a 
challenge. To solve this problem, systematic data on the effective refractive index of the porous 
anodic titanium oxide are required. In this research, we determine quantitatively the dependence of 
the effective refractive index of porous anodic titanium oxide on the anodizing regime and develop 
a model which allows one to predict and, therefore, control photonic band gap position in the visible 
spectrum range with an accuracy better than 98.5%. The prospects of anodic titania photonic crystals 
implementation as refractive index sensors are demonstrated. 

Keywords: anodic titanium oxide; anodizing; effective refractive index; photonic crystals; photonic 
band gap; porous film 

 

1. Introduction 

Photonic crystals (PCs) have been a research focus since their discovery [1] due to the unusual 
interaction of electromagnetic waves with spatially-ordered structures they exhibit. Photonic crystal 
is a structure with a periodic dielectric constant [2] which forms a photonic band gap (PBG)—a certain 
range of wavelengths where light cannot propagate through matter. This feature has found many 
applications in photodetection [3], sensing [4], solar energy conversion [5], and waveguides [6]. 
Titanium oxide is a perspective material for creating PCs due to its transparency in a visible spectrum 
range and high refractive index (nTiO2 = 2.6 at λ = 600 nm [7]), which allows one to achieve a wide 
PBG. 

Among the variety of approaches to the preparation of photonic crystals (e.g., self-organization 
of colloidal particles [8,9] and holographic lithography [10]), the most promising method for synthesis 
of titanium oxide photonic crystals is the anodizing of titanium under periodic anodizing conditions 
[11–18]. Such an approach allows one to prepare a one-dimensional PC by varying the anodizing 
voltage or current density leading to the change of porosity, p, and as a result, modulation of an 
effective refractive index [19], neff, throughout the film thickness. 
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Fabrication of high-quality photonic crystals requires strict periodicity of neff as a function of the 
optical path length (OPL), which is the product of layer thickness, d, and neff of the medium through 
which light propagates. Earlier, a new anodizing regime with voltage versus electric charge density 
modulation U(q) was proposed for the fabrication of high-quality one-dimensional photonic crystals 
[14]. The key advantage of this regime over the voltage versus time U(t) [11,20] and current density 
versus time j(t) [17,21] anodizing regimes is highly precise control of the layers thickness due to the 
in situ measuring of charge. However, values of neff are required for the precise control of the OPL. 
The position of the photonic band gap, λ0, at the normal incidence of light is determined by 𝑚𝜆 = 2 𝑑 𝑛 + 𝑑 𝑛 , (1) 

where m is the order of PBG, and d1 and d2 are the thicknesses of the successive layers inside the 
anodic titanium oxide (ATO) PC porous structure with the effective refractive indices n1 and n2, 
respectively [21]. To the best of our knowledge, there are no works demonstrating the possibility of 
prediction and precise control of photonic band gap position of ATO PCs. 

Here, a new technique for the precise control of the thickness and neff of the layers of ATO PCs 
is developed. It has been shown that neff of anodic titanium oxide depends on the anodizing regime 
(constant or modulating voltage). Moreover, the suggested model takes into account the dissolution 
of ATO in electrolyte, usually resulting in the wider pore diameter at the top part of the oxide film in 
comparison with the bottom part [22–24]. 

2. Materials and Methods 

2.1. Anodizing Conditions 

The chemicals were purchased from Chimmed (Moscow, Russia) unless otherwise indicated. 
Before anodizing, titanium foils (99.6% purity, 0.15 mm thick, Auremo, Moscow, Russia) were 
electrochemically polished in the solution containing 15.6 M acetic acid and 1.0 M perchloric acid. 
Electropolishing was conducted at temperature below 25 °C for 4 min under square-wave applied 
voltage: 40 V for 10 s and 60 V for 10 s [14]. 

Ti was anodized in a two-electrode electrochemical cell (Figure S1 in Supplementary Materials). 
Electrolyte containing 0.08 M NH4F (Sigma-Aldrich, St. Louis, MO, USA) and 1.11 M H2O (obtained 
by water purification system MilliQ Integral 5, Millipore, Burlington, MA, USA) in ethylene glycol 
was chosen for anodizing because it allows one to prepare long and smooth titania nanotube arrays 
[25,26]. In electrolytes with higher concentration of NH4F ATO films with rough surface are formed 
[27]. The electrolyte was intensively stirred (480 rpm) using overhead stirrer and its temperature was 
kept constant at 30 °C. The distance between Ti cathode and anode was 1.1 cm in all experiments. 
The ATO films were prepared at constant voltages of 40 and 60 V and at modulating voltage. After 
synthesis, the ATO films were washed by ethanol and dried in air. It is worth noting that the as-
prepared ATO porous films are amorphous [28,29]; thus, all characteristics of the samples given 
below demonstrate the properties of non-crystalline anodic titanium oxide. 

2.2. Experiments at Constant Voltage 

A number of samples were prepared at constant anodizing voltage of 40 and 60 V and the charge 
density of 2.33 C∙cmS−2. To investigate the chemical etching effect, the samples were exposed to the 
electrolyte under open circuit conditions for a different additional etching time (≤5 h) after the end of 
the anodizing. 

The Fabry-Perot optical interference analysis of peak’s maxima [23,30] was used to determine 
the influence of the anodizing voltage (U), the etching time in the electrolyte solution (te), and the 
charge density increment (Δq) on the effective refractive index neff(U, te) and on thickness increment 
Δd(Δq, U) of ATO films. These dependencies were taken into account for the preparation of ATO PCs 
with precise PBG position by anodizing with voltage versus OPL modulation. 

2.3. Fabrication of Photonic Crystals 
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Fabrication of PCs was carried out using voltage versus optical path length (L) modulation [31] 
by applying square-wave U(L) profile. The voltage was modulated between 40 and 60 V according 
to the following algorithm: 
1. The OPL of one structure period, L0, was chosen with respect to the desired position of PBG at 

normal incidence of light on sample surface (λ0 = 2L0). Thus, the OPL of the whole ATO film is 
Ltotal = N∙L0, where N is the number of structure periods. 

2. The OPL of the layers obtained at 40 and 60 V was chosen equal to 0.5L0 unless otherwise 
indicated. 

3. Total duration of synthesis, t0, was set before anodizing as a parameter. The value of t0 is the 
time between beginning of anodizing and the rinsing of the sample. 

4. At the initial stage (L = 0 nm, t = 0 h), the anodizing voltage was set to 40 V. 
5. After a short time-interval Δt (ca. 30 ms), the charge density increment ∆𝑞 =  𝑗 𝑡 𝑑𝑡 Δ was 

calculated, where j(t) is current density in the electrical circuit. 
6. The increment of the OPL of ATO at wavelength λ0 is computed as a function of the charge 

density increment (Δq), anodizing voltage (U), and the time of etching in the electrolyte (te = t0 – 
t): ΔL = OPL(Δq, U, te) = Δd(Δq, U)∙neff(U, te). 

7. A new value of the OPL is calculated as: L(t) = L(t – Δt) + ΔL. Then, the voltage was set to the 
new value U(L(t)) which corresponds to the value of OPL in accordance with the required 
voltage—OPL profile. 

8. Steps 5–7 were repeated until L(t) became higher than Ltotal. After that, the power supply was 
switched off and the sample was exposed to the electrolyte under open circuit conditions until t 
> t0. 
It should be noted that the OPL of the ATO film during anodizing means the OPL of the 

corresponding part of the ATO film with empty pores (filled by air) after the end of the synthesis. 

2.4. Samples Characterization 

The morphology of the ATO films was characterized by scanning electron microscopy (SEM) 
using an LEO Supra 50 VP instrument (Carl Zeiss SMT, Oberkochen, Germany). A Lambda 950 
spectrophotometer (PerkinElmer, Waltham, MA, USA) was used for recording reflectance spectra in 
the range from 550 to 890 nm with the step of 1 nm at incident angles from 8° to 60°. The size of the 
light spot was 2 × 2 mm2. QE65000 spectrophotometer (Ocean Optics, Largo, FL, USA) was used for 
recording reflectance spectra of PCs at normal incidence of light in the range of 400–950 nm. 

3. Results and Discussion 

Optical interference fringes can be clearly seen on the reflectance spectra of the samples anodized 
at constant voltages (Figures S2 and S3 in Supplementary Materials). Thus, Fabry-Perot optical 
interference analysis [23,30] could be applied for determination of the dispersion of neff and thickness-
to-charge density ratio, which are required for the developing of a quantitative model for the 
calculation of the OPL of ATO films. 

The thickness-to-charge density ratio increases with anodizing voltage: the values of 876 ± 25 
and 1054 ± 73 nm∙cm2∙C−1 were found for the samples anodized at 40 and 60 V, respectively. It is worth 
noting that the thickness-to-charge density ratios calculated from SEM images (Figure S4 in 
Supplementary Materials) are equal within the measurement accuracy to those obtained by the 
analysis of the reflectance spectra. The independence of the thickness-to-charge density ratio on time 
during anodizing of Al and Ti has been empirically proved earlier [14,23,32]. Consequently, assuming 
the linear increase in thickness-to-charge density ratio with anodizing voltage, the thickness 
increment of ATO films forming at constant voltage can be found as ∆𝑑 ∆𝑞, 𝑈 = ∆𝑞 ∙ 𝑑 + 𝑑 ∙ 𝑈 , (2) 

where Δq is the charge density spent for anodizing, U is the anodizing voltage, 𝑑  = 520 nm∙cm2∙C−1, 𝑑  = 8.9 nm∙cm2∙C−1∙V−1. Here and below, the parameters for the case of constant voltage are marked 
by superscript index c. 
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Figure 1 shows the wavelength dispersion of neff for the samples obtained at 40 and 60 V without 
additional etching in electrolyte solution. The effective refractive index of ATO is lower than the 
refractive index of crystalline form of titania (nTiO2 = 2.6 at λ = 600 nm [7]) because neff decreases with 
porosity [19]. Experimental points are fitted well with the Cauchy dispersion: 𝑛 𝜆 = 𝐴 +  , (3) 

This is usual for the region of transparency of semiconductors [33]. The fitting parameters are as 
follows: Ac = 1.732, Bc = 28200 nm2 for the ATO film obtained at 40 V; Ac = 1.617; Bc = 33840 nm2 for the 
sample prepared at 60 V. It should be noted that 𝑛  of ATO decreases with anodizing voltage, 
whereas 𝑛  of anodic aluminium oxide shows the reverse behaviour [22,31]. Such an opposite 
behaviour may be caused by weak dependence of the distance between centres of neighbouring pores 
in ATO on anodizing voltage (see Supplementary Materials “On ATO porosity” for additional 
information). 

 

Figure 1. Wavelength dispersions of the effective refractive index of the anodic titanium oxide films 
obtained at 40 V (green squares) and 60 V (blue circles) without additional etching in electrolyte 
solution. Solid lines represent the fitting of experimental points by Cauchy dispersion. 

The effective refractive index of ATO decreases with the additional etching time (Figure 2) due 
to chemical pore widening and, as a consequence, growth of porosity [22,24]. The dependence of the 
effective refractive index of ATO films on time is fitted using the following equation (see dashed lines 
in Figure 2): 𝑛 𝑈, 𝑡 = 𝑛 − 𝑛 ∙ 𝑈 − 𝑛 ∙ 𝑡 + 𝑛 ∙ 𝑈 ∙ 𝑡 , (4) 

where 𝑛  = 1.962; 𝑛  = 5.75∙10−3 V−1; 𝑛  = 10.8∙10−3 h−2; and 𝑛  = 7.5∙10−5 V−1h−2. 

 
Figure 2. Dependences of the effective refractive index of the anodic titanium oxide at a wavelength 
of 800 nm on additional etching time in electrolyte solution. Experimental data for the samples 
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obtained at 40 V (green squares) and 60 V (blue circles) are shown. Dashed lines represent the fitting 
of experimental data by empirical function (Equation (4)). 

Dependences of 𝑛 𝑈, 𝑡  and ∆𝑑 ∆𝑞, 𝑈  (Equations (2) and (4)) were used for the fabrication 
of the ATO photonic crystals via the algorithm described in the experimental section. The spectrum 
of the obtained PC (sample PC_1) is shown in Figure 3 (see green line). As can be seen, PBG is in 
shorter wavelength region than it has been expected. The average value of the ratio between the 
expected and experimentally observed PBG position is 1.34 (Figure 3). Thus, to achieve the 
consistency of the suggested model, for the layers fabricated at 40 and 60 V the values of OPL, 
calculated as a product of Equations (2) and (3), were divided by this factor to obtain more precise 
OPL* values: OPL∗ ∆𝑞, 𝜆, 𝑈 = 40𝑉  =  ∆𝑞 ∙ 𝐴∗ +  ∗

, (5) 

OPL∗ ∆𝑞, 𝜆, 𝑈 = 60𝑉  =  ∆𝑞 ∙ 𝐴∗ +  ∗
, (6) 

where 𝐴∗  = 1132 nm∙cm2∙C−1, 𝐵∗  = 1.844∙107 nm3∙cm2∙C−1, 𝐴∗  = 1272 nm∙cm2∙C−1, 𝐵∗  = 2.662 107 
nm3∙cm2∙C−1. 

The reflectance spectrum of the photonic crystal PC_2 prepared using Equations (5) and (6) for 
the OPL calculation is shown in Figure 3. A photonic band gap near 800 nm is clearly seen. The 
difference between the expected and experimentally observed positions of the PBG is only 3 nm 
(<0.4%). It proves the correctness of Equations (5) and (6) for the calculation of L0 of the ATO photonic 
crystal for the case of equal assigned OPL of the layers formed at various voltages.  

 
Figure 3. Reflectance spectra of anodic titanium oxide photonic crystals recorded at normal incidence 
of light. (Green line) PC_1 (PC—photonic crystal) was synthesized using Equations (2) and (4) for the 
optical path length (OPL) calculation. Parameters of the synthesis: t0 = 50 min; Ltotal = 20000 nm; L0 = 
400 nm. (Red line) PC_2 was prepared using Equations (5) and (6) for the OPL calculation. Parameters 
of the synthesis: t0 = 50 min; Ltotal = 16000 nm; L0 = 400 nm. Vertical cyan dashed line and solid lines 
show the expected and experimental photonic band gap positions, respectively. 

Close values of the measured and assigned position of the PBG of PC_2, obtained taking into 
consideration the OPL* values testify that in the case of cyclic voltage modulation neff and/or the 
thickness-to-charge density ratio differ from the corresponding values which have been found for 
anodizing at constant voltages. This behaviour is caused by the difference in morphology of ATO 
structures prepared at constant and periodically changing voltage. To reveal the correlation between 
morphological parameters of ATO porous structure and anodizing conditions, photonic crystal PC_3 
was produced with one thick layer prepared at 60 V in the middle of the periodic layered structure 
formed at 40 and 60 V. An SEM image of a cleavage of the sample PC_3 is shown in Figure 4a. The 
cell boundary oxide is weaker than titania nanotubes walls [34]; thus, the fracture propagates mainly 
through the cell boundaries. Although we cannot see the section of the pores to perform direct 
measurement of the pore’s diameter, we can draw conclusions about the porosity of the ATO layers 
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formed at various voltages using Z-contrast in SEM images. Assuming that electron density in ATO 
produced at various voltages is the same, it is clear that the higher brightness in SEM image 
corresponds to the lower porosity of ATO. Taking into account that the thick layer in the sample PC_3 
was formed at 60 V and it appears darker than nearest layers, we can conclude that the porosity of 
ATO producing at 60 V is higher than porosity of the layers forming at 40 V. Moreover, it becomes 
evident that other dark layers were formed also at 60 V. It is worth noting that a distance between 
centers of pores, 𝐷 , does not change from the top (Figure S5a) to the bottom (Figure S5b) of the film 
and pore branching is not observed for ATO obtained in both potentiostatic and cyclic anodizing 
regimes. In the case of anodizing at constant voltage, 𝐷  increases with voltage (𝐷 = 82 and 97 
nm for 40 and 60 V, respectively, see Figure S6), whereas in the case of periodic voltage modulation 
interpore distance is close to 84 nm for both types of the layers prepared at 40 and 60 V. Taking into 
account that interpore distance is constant, the variation of porosity, which is experimentally 
observed as modulation of Z-contrast in SEM images along the long axis of the pores, is caused by 
modulation of pores diameter. The same morphology of ATO porous films was observed earlier in 
[14], whereas a different morphology is common for one-dimensional photonic crystals produced by 
aluminium anodizing [31,35]. Most likely, the difference in the morphologies of anodic alumina and 
titania photonic crystals is caused by variation of anodizing regimes. Although anodic alumina 
porous films can be obtained in both kinetic and diffusion regimes [36], up to now all the anodic 
alumina photonic crystals were formed in the kinetic regime. In this regime voltage decrease of more 
than √2 times results in swift pore branching [31,35]. Thus, the effective refractive index of anodic 
alumina layers formed at a certain voltage during cyclic anodizing is close to neff of anodic alumina 
layer formed under constant conditions at the same voltage. This behaviour of aluminium anodizing 
allows one to predict optical properties of photonic crystals on the basis of the properties of samples 
anodized at constant voltages [31]. In contrast, the diffusion-controlled regime is realised during 
titanium anodizing in viscous ethylene glycol electrolytes [14,37]. In this case the variation of the 
voltage of ca. √2 times is not sufficient for porous structure rearrangement (at least at the thickness 
of transition layer comparable with 1 μm). As a consequence, the morphology and the effective 
refractive index of the anodic titanium oxide depends on the anodizing regime (constant or 
modulating voltage). It should be noted that in the case of sufficient thickness of the transition layer, 
the porous structure of ATO rearranges and pore branching occurs [38]. 
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Figure 4. Morphology of porous anodic titanium oxide PC. (a) SEM image of a cleavage of the sample 
PC_3 with one thick layer obtained at 60 V. (b) An example of brightness profile of randomly selected 
nanotube from the panel in (a). 

The actual values for the OPL (neff(U, t, λ)∙Δd(Δq, U)) of the layers in PC structure prepared at 40 
and 60 V are unknown so far. To solve this problem, a sample PC_4 was prepared using Equations 
(5) and (6) for the OPL calculation and U(L) profile with assigned OPL of the layers synthesized at 40 
and 60 V equal to 0.25L0 and 0.75L0, respectively. U(q) and j(q) profiles recorded during synthesis of 
the sample PC_4 are given in Figure 5a. The reflectance spectrum of PC_4 is presented in Figure 5b. 
Two PBGs can be clearly seen: the first at 820 nm and the second at 432 nm. The difference between 
the assigned (800 nm) and obtained (820 nm) PBG positions is attributed to the difference between 
OPL calculated using Equations (5) and (6) and the actual one. The positions of the first and the 
second PBGs of PC_4 were used to determine the actual dispersion of OPL of the layers prepared at 
40 and 60 V in cyclic anodizing regime (see Supplementary Materials “Calculation of OPL” for 
additional information). Finally, we obtain OPL ∆𝑞, 𝜆, 𝑈 = 40𝑉  =  ∆𝑞 ∙ 𝐴 +  , (7) 

OPL ∆𝑞, 𝜆, 𝑈 = 60𝑉  =  ∆𝑞 ∙ 𝐴 +  , (8) 

where 𝐴  = 1057 nm∙cm2∙C−1; 𝐵  = 3.040∙107 nm3∙cm2∙C−1; 𝐴  = 1358 nm∙cm2∙C−1; and 𝐵  = 
1.305∙107 nm3∙cm2∙C−1. Here and below, parameters for the case of modulating voltage are marked by 
superscript index m. 
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Figure 5. Data for PC_4 with OPL of the layers obtained at 40 and 60 V equal to 0.25L0 and 0.75L0, 
respectively. PC_4 was prepared using Equations (5) and (6) for the OPL calculation. Parameters of 
the synthesis: t0 = 70 min; Ltotal = 18000 nm; L0 = 400 nm. (a) Dependences of anodizing voltage and 
current density on charge density. (b) Reflectance spectrum at normal incidence of light. Violet and 
green lines show positions of the first (820 nm) and the second (432 nm) photonic band gaps. Cyan 
line shows the expected position of the first photonic band gap. 

Although the information about the OPL is sufficient for controlling PBG position, neff and Δd 
are of great interest. To obtain them, brightness profiles of the SEM images were used (Figure 4b). 
These profiles allow one to measure the layers thickness and, consequently, to determine Δd. Then, 
dispersion of neff for the PCs layers prepared under different voltages (Figure 6) was calculated by 
dividing the corresponding value of the OPL (Equations (7) and (8)) by the measured thickness (see 
Supplementary Materials “Calculation of neff” for additional information): ∆𝑑 ∆𝑞, 𝑈 = ∆𝑞 ∙ 𝑑 + 𝑑 ∙ 𝑈 , (9) 

where 𝑑  = 247 nm∙cm2∙C−1, 𝑑  = 12.7 nm∙cm2∙C−1∙V−1. 𝑛 𝑈, 𝑡 , 𝜆 = 𝑛 − 𝑛 𝑈 +  − 𝑛 𝑡 + 𝑛 𝑈𝑡 , (10) 

where 𝑛  = 1.505; 𝑛  = 2.65∙10−3 V−1; Bλ = 94920 nm2; and BUλ = 1367 nm2V−1.  It was assumed that 
the rate of decrease in the effective refractive index of anodic titanium oxide in electrolyte solution is 
the same for anodizing at constant and modulating voltage (for the values of 𝑛  and 𝑛  please refer 
to Equation (4)). To confirm that Equations (9) and (10) describe neff and thickness of the PCs layers 
precisely, samples PC_5, PC_6, and PC_7 were prepared with different assigned positions of PBG: 
430, 600, and 800 nm, respectively. The reflectance spectra of these PCs are presented in Figure 7. It 
is apparent that for all samples the assigned PBG position is in a good agreement with the acquired 
one with the accuracy better than 98.5%. Therefore, our method allows one to control PBG position 
at least in the interval from 430 nm to 800 nm. The applicability of the suggested approach in the 
region below 430 nm is limited due to the absorption of light by titanium oxide in ultraviolet spectral 
range [39]. On the other hand, there are no restrictions to use the suggested method to control PBG 
position above 800 nm. To the best of our knowledge, the precise control of the PBG position of ATO 
PCs has never been reported before. 
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Figure 6. Cauchy dispersion (nm(λ) = Am + Bm/λ2) of the effective refractive index of the photonic 
crystal layers obtained at different anodizing voltage: 40 V (green line, Am = 1.399, Bm = 40260 nm2) 
and 60 V (blue line, Am = 1.346, Bm = 12930 nm2). 

 

Figure 7. Reflectance spectra at normal incidence of light of PC_5 (a), PC_6 (b), and PC_7 (c) prepared 
by the suggested technique using Equations (7) and (8) for the OPL calculation. The assigned positions 
of photonic band gap are 430 (a), 600 (b), and 800 nm (c). Cyan dash lines and green solid lines show 
the assigned and the measured photonic band gap positions. Parameters of the synthesis: (a) t0 = 50 
min; Ltotal = 10750 nm; L0 = 215 nm; (b) t0 = 60 min; Ltotal = 15000 nm; L0 = 300 nm; (c) t0 = 70 min; Ltotal = 
16000 nm; L0 = 400 nm. 

The obtained PCs were tested as refractive index sensors. It can be seen in Figure 8 that the 
position of PBG is sensitive to the refractive index of the pore filling substance in accordance with 
effective medium theory [19]. Red shift of the PBG position by 137 nm is observed after pore filling 
with isopropanol (nisopropanol = 1.38). The sensitivity of such a sensor is 360 nm/RIU, where RIU is a 
refractive index unit. It is worth noting, that the achieved value of the sensitivity is much higher than 
the corresponding value for ATO refractive index sensors (about 250 nm/RIU) reported earlier [11,15]. 
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Figure 8. Refractive index sensor ability of the anodic titanium oxide (ATO) photonic crystals. 
Reflectance spectra of PC_8 with pores filled with air (red line) and isopropanol (black line). 
Parameters of the synthesis: t0 = 150 min; Ltotal = 21000 nm; L0 = 350 nm. 

4. Conclusions 

Anodizing with voltage versus optical path length modulation was realized for the fabrication 
of anodic titanium oxide photonic crystals with precise PBG position for the first time. The developed 
technique allows one to control the position of the photonic band gap of anodic titanium oxide 
photonic crystal in the range of 430–800 nm with an accuracy better than 98.5%. The effective 
refractive index of anodic titanium oxide films prepared at constant voltage of 40 or 60 V (1.66–1.77 
at 800 nm) is higher than neff of ATO PCs formed under periodic square-wave modulation of 
anodizing voltage between 40 and 60 V (1.37–1.46 at 800 nm). In both cases, ATO layers obtained at 
40 V have higher neff than at 60 V. ATO photonic crystals are promising as the refractive index sensors 
owing to the high sensitivity of the photonic band gap position to the refractive index of a liquid 
filling the pores. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: Scheme of 
electrochemical cell for titanium anodizing, Figure S2: Reflectance spectra of ATO porous films obtained at 40 
V, Figure S3: Reflectance spectra of ATO porous films obtained at 60 V, Figure S4: SEM images of cleavages of 
the ATO porous films prepared at constant voltage of 40 V and 60 V, Figure S5: SEM images of the top and the 
bottom surfaces of the sample PC_3, Figure S6: SEM images of the bottom surfaces of the samples prepared at 
constant voltage of 40 V and 60 V. 

Author Contributions: Conceptualization, S.E.K., N.A.S. and K.S.N.; Formal analysis, G.A.E.; Funding 
acquisition, N.A.S.; Investigation, G.A.E., S.E.K., N.A.S. and K.S.N.; Software, S.E.K.; Writing—original draft, 
G.A.E.; Writing—review and editing, G.A.E., S.E.K., N.A.S. and K.S.N. 

Funding: This work was supported by the Russian Science Foundation under grant No. 17-73-10471. 

Acknowledgments: We would like to thank Prof., Dr. G.A. Tsirlina for fruitful discussions of electrochemical 
experiments. Some experiments were carried out using the scientific equipment purchased by M.V. Lomonosov 
Moscow State University Program of Development. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Yablonovitch, E.; Gmitter, T.J.; Leung, K.M. Photonic band structure: The face-centered-cubic case 
employing nonspherical atoms. Phys. Rev. Lett. 1991, 67, 2295–2298. 

2. Joannopoulos, J.D.; Johnson, S.G.; Winn, J.N.; Meade, R.D. Photonic crystals: Molding the flow of light, 2nd 
ed.; Princeton University Press: Woodstock, Oxfordshire, UK, 2008; ISBN 978-0-691-12456-8. 

3. Furchi, M.; Urich, A.; Pospischil, A.; Lilley, G.; Unterrainer, K.; Detz, H.; Klang, P.; Andrews, A.M.; Schrenk, 
W.; Strasser, G.; et al. Microcavity-integrated graphene photodetector. Nano Lett. 2012, 12, 2773–2777. 



Nanomaterials 2019, 9, 651 11 of 12 

 

4. Fenzl, C.; Hirsch, T.; Wolfbeis, O.S. Photonic crystals for chemical sensing and biosensing. Angew. Chem. 
Int. Ed. 2014, 53, 3318–3335. 

5. Guldin, S.; Hüttner, S.; Kolle, M.; Welland, M.E.; Müller-Buschbaum, P.; Friend, R.H.; Steiner, U.; Tétreault, 
N. Dye-sensitized solar cell based on a three-dimensional photonic crystal. Nano Lett. 2010, 10, 2303–2309. 

6. Goban, A.; Hung, C.-L.; Hood, J.D.; Yu, S.-P.; Muniz, J.A.; Painter, O.; Kimble, H.J. Superradiance for atoms 
trapped along a photonic crystal waveguide. Phys. Rev. Lett. 2015, 115, 063601. 

7. DeVore, J.R. Refractive indices of rutile and sphalerite. JOSA 1951, 41, 416–419. 
8. Luo, W.; Ma, H.; Mou, F.; Zhu, M.; Yan, J.; Guan, J. Steric-Repulsion-Based Magnetically Responsive 

Photonic Crystals. Adv. Mater. 2014, 26, 1058–1064. 
9. Zhao, Q.; Finlayson, C.E.; Snoswell, D.R.E.; Haines, A.; Schäfer, C.; Spahn, P.; Hellmann, G.P.; Petukhov, 

A.V.; Herrmann, L.; Burdet, P.; et al. Large-scale ordering of nanoparticles using viscoelastic shear 
processing. Nat. Commun. 2016, 7, 11661. 

10. Li, J.; Liang, B.; Liu, Y.; Zhang, P.; Zhou, J.; Klimonsky, S.O.; Slesarev, A.S.; Tretyakov, Y.D.; O’Faolain, L.; 
Krauss, T.F. Photonic crystal formed by the imaginary part of the refractive index. Adv. Mater. 2010, 22, 
2676–2679. 

11. Wang, G.; Wang, J.; An, Y.; Wang, C. Anodization fabrication of 3D TiO2 photonic crystals and their 
application for chemical sensors. Superlattices Microstruct. 2016, 100, 290–295. 

12. Lin, J.; Liu, X.; Zhu, S.; Chen, X. TiO2 nanotube structures for the enhancement of photon utilization in 
sensitized solar cells. Nanotechnol. Rev. 2015, 4, 209–238. 

13. Wang, K.; Liu, G.; Hoivik, N.; Johannessen, E.; Jakobsen, H. Electrochemical engineering of hollow 
nanoarchitectures: Pulse/step anodization (Si, Al, Ti) and their applications. Chem. Soc. Rev. 2014, 43, 1476–
1500. 

14. Sapoletova, N.A.; Kushnir, S.E.; Napolskii, K.S. Anodic titanium oxide photonic crystals prepared by novel 
cyclic anodizing with voltage versus charge modulation. Electrochem. Commun. 2018, 91, 5–9. 

15. Kim, W.-T.; Choi, W.-Y. Fabrication of TiO2 photonic crystal by anodic oxidation and their optical sensing 
properties. Sens. Actuators Phys. 2017, 260, 178–184. 

16. Zheng, L.; Cheng, H.; Liang, F.; Shu, S.; Tsang, C.K.; Li, H.; Lee, S.-T.; Li, Y.Y. Porous TiO2 photonic band 
gap materials by anodization. J. Phys. Chem. C 2012, 116, 5509–5515. 

17. Lin, J.; Liu, K.; Chen, X. Synthesis of periodically structured titania nanotube films and their potential for 
photonic applications. Small 2011, 7, 1784–1789. 

18. Yip, C.T.; Huang, H.; Zhou, L.; Xie, K.; Wang, Y.; Feng, T.; Li, J.; Tam, W.Y. Direct and seamless coupling 
of TiO2 nanotube photonic crystal to dye-sensitized solar cell: A single-step approach. Adv. Mater. 2011, 23, 
5624–5628. 

19. Choy, T.C. Effective medium theory: Principles and applications; 2nd ed.; Oxford University Press: Great 
Clarendon Street, Oxford, UK, 2016; ISBN 978-0-19-870509-3. 

20. Albu, S.P.; Kim, D.; Schmuki, P. Growth of aligned TiO2 bamboo-type nanotubes and highly ordered 
nanolace. Angew. Chem. Int. Ed. 2008, 47, 1916–1919. 

21. Liu, Y.; Chang, Y.; Ling, Z.; Hu, X.; Li, Y. Structural coloring of aluminum. Electrochem. Commun. 2011, 13, 
1336–1339. 

22. Rahman, M.M.; Garcia-Caurel, E.; Santos, A.; Marsal, L.F.; Pallarès, J.; Ferré-Borrull, J. Effect of the 
anodization voltage on the pore-widening rate of nanoporous anodic alumina. Nanoscale Res. Lett. 2012, 7, 
474. 

23. Kushnir, S.E.; Napolskii, K.S. Thickness-dependent iridescence of one-dimensional photonic crystals based 
on anodic alumina. Mater. Des. 2018, 144, 140–150. 

24. Ghicov, A.; Schmuki, P. Self-ordering electrochemistry: A review on growth and functionality of TiO2 
nanotubes and other self-aligned MOx structures. Chem. Commun. 2009, 0, 2791–2808. 

25. Kojima, R.; Kimura, Y.; Bitoh, M.; Abe, M.; Niwano, M. Investigation of influence of electrolyte composition 
on formation of anodic titanium oxide nanotube films. J. Electrochem. Soc. 2012, 159, D629–D636. 

26. Liu, Y.; Wang, D.; Cao, L.; Chen, S. Structural engineering of highly ordered TiO2 nanotube array by 
periodic anodization of titanium. Electrochem. Commun. 2012, 23, 68–71. 

27. Galstyan, V.; Vomiero, A.; Comini, E.; Faglia, G.; Sberveglieri, G. TiO2 nanotubular and nanoporous arrays 
by electrochemical anodization on different substrates. RSC Adv. 2011, 1, 1038–1044. 

28. Varghese, O.K.; Gong, D.; Paulose, M.; Grimes, C.A.; Dickey, E.C. Crystallization and high-temperature 
structural stability of titanium oxide nanotube arrays. J. Mater. Res. 2003, 18, 156–165. 



Nanomaterials 2019, 9, 651 12 of 12 

 

29. Lee, C.-Y.; Schmuki, P. Engineering of Self-Organizing Electrochemistry: Porous Alumina and Titania 
Nanotubes. In Advances in Electrochemical Science and Engineering; Alkire, R.C., Bartlett, P.N., Lipkowski, J., 
Eds.; John Wiley & Sons, Ltd: Hoboken, NJ, USA, 2015; pp. 145–192 ISBN 978-3-527-69063-3. 

30. Young, L. Anodic oxide films; Academic Press: NY, USA, 1961; 
31. Kushnir, S.E.; Pchelyakova, T.Yu.; Napolskii, K.S. Anodizing with voltage versus optical path length 

modulation: A new tool for the preparation of photonic structures. J. Mater. Chem. C 2018, 6, 12192–12199. 
32. Lin, Y.; Lin, Q.; Liu, X.; Gao, Y.; He, J.; Wang, W.; Fan, Z. A highly controllable electrochemical anodization 

process to fabricate porous anodic aluminum oxide membranes. Nanoscale Res. Lett. 2015, 10, 495. 
33. Singh, J. Optical properties of condensed matter and applications; John Wiley & Sons: The Atrium, Southern 

Gate, Chichester, West Sussex, UK, 2006; ISBN 978-0-470-02193-4. 
34. Macak, J.M.; Tsuchiya, H.; Ghicov, A.; Yasuda, K.; Hahn, R.; Bauer, S.; Schmuki, P. TiO2 nanotubes: Self-

organized electrochemical formation, properties and applications. Curr. Opin. Solid State Mater. Sci. 2007, 
11, 3–18. 

35. Sadykov, A.I.; Kushnir, S.E.; Roslyakov, I.V.; Baranchikov, A.E.; Napolskii, K.S. Selenic acid anodizing of 
aluminium for preparation of 1D photonic crystals. Electrochem. Commun. 2019, 100, 104–107. 

36. Roslyakov, I.V.; Gordeeva, E.O.; Napolskii, K.S. Role of electrode reaction kinetics in self-ordering of 
porous anodic alumina. Electrochimica Acta 2017, 241, 362–369. 

37. Macak, J.M.; Hildebrand, H.; Marten-Jahns, U.; Schmuki, P. Mechanistic aspects and growth of large 
diameter self-organized TiO2 nanotubes. J. Electroanal. Chem. 2008, 621, 254–266. 

38. Chen, B.; Lu, K. Hierarchically branched titania nanotubes with tailored diameters and branch numbers. 
Langmuir 2012, 28, 2937–2943. 

39. Lim, S.L.; Liu, Y.; Li, J.; Kang, E.-T.; Ong, C.K. Transparent titania nanotubes of micrometer length prepared 
by anodization of titanium thin film deposited on ITO. Appl. Surf. Sci. 2011, 257, 6612–6617. 

 

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


