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Abstract: Photonic crystals based on anodic aluminum oxide films are examined as refractive index 
sensors for controlling the composition of water-alcohol liquid mixtures. The position of the 
reflectance maximum corresponding to the first photonic stop band is used as the analytical signal. 
Impregnation of a photonic crystal with water-ethanol and water-glycerol mixtures results in a 
redshift of the reflectance maximum. A fairly high refractive index sensitivity, sufficient to determine 
the composition of water-ethanol and water-glycerol mixtures with an accuracy of about 1 wt.%, is 
observed. The detailed dependencies of the analytical signal on the composition of mixtures are 
experimentally investigated and compared with numerical calculations. Prospects and limitations of 
the refractive index sensors based on anodic alumina photonic crystals are discussed. 
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1. Introduction 

A visually-recognizable chemical sensing 

or bio-sensing is a promising application of photonic 

crystals (PCs) [1–3]. The analytical signal may be 

caused by changing the effective refractive index 

[4–11] and the diffracting-plane spacing [12–15] 

(see also in [2]) or both the parameters 

simultaneously [16, 17] under the influence of 

certain analytes. Over the past decade, much 

attention has been devoted to sensors based on 

anodic aluminum oxide (AAO) one-dimensional 

PCs [18]. AAO PCs with the special 

functionalization can be applied to detect heavy 

metals, biomolecules, and drugs [19–24], whereas 

non-functionalized AAO PCs can be used to 

determine the refractive index of liquids filling the 

pores in their structures [23–29]. For instance, 

changes in the transmittance and stop band position 

for AAO PCs soaked in water, ethanol, ethylene 

glycol, and glycerol have been reported in [26]. The 

advantages of AAO PCs are low cost and 

reproducibility of fabrication process. The refractive 

index of aluminum oxide, nAO ≈1.76, is high enough 

to work with impregnating liquids without fear of 

coincidence of the refractive indices and the 
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associated loss of the analytical signal (such 

situation was considered in [30] for SiO2 PCs). 

However, the authors in [23, 25−27, 29] have 

demonstrated only the fundamental possibility of 

AAO PCs utilization as refractive index sensors, but 

have not shown the results of testing of any liquid 

mixtures. More detailed studies have been carried 

out in [24, 28]: the applicability of AAO PCs 

refractive index sensors for the detection of the 

composition of ethanol-isopropanol mixtures 

has been demonstrated [24], and linear 

correlation between the stop band spectral position 

and glucose concentration has been established [28]. 

Except in [28], other authors did not perform a 

numerical comparison of the experimental results 

with the expected effect of impregnating liquids on 

the stop band position. It is worth noting that the 

discrepancy between the experimental and 

calculated data may indicate both an incomplete 

filling of the pores and a wrong theoretical model of 

the PC structure. 

Here, we demonstrate prospects and limitations 

of the use of anodic alumina photonic crystals for 

determining the composition of liquid mixtures on 

the examples of water-glycerol and water-ethanol 

solutions. Experimental results on the stop band 

shift are compared with numerical calculations. 

2. Materials and methods 

Anodic aluminum oxide films exhibiting the 

properties of one-dimensional photonic crystals 

were obtained by cyclic anodization as described in 

[31, 32]. High-purity aluminum foil (99.99%,    

0.1 mm thickness) with an electropolished surface 

was used as the starting material. The anodization 

was carried out in 1.0 M sulfuric acid electrolyte 

under square-wave current oscillation. The 

anodization area (5.7 cm2) was restricted by o-ring. 

The electrolyte was continuously stirred and the 

environment temperature was kept constant at    

(2 ± 1) ℃. The initial charge of the low current  

stage (2.2 mA) and high current stage (12.3 mA) was 

1.22 C, which corresponded to the duration of 555 s 

and 100 s for the low-current stage and high-current 

stage, respectively. The charge of each subsequent 

anodizing cycle was reduced by 0.1% to compensate 

for the effect of chemical etching of upper porous 

oxide layers in the acidic electrolyte. The scanning 

electron microscopy image of a sample cross section 

is shown in Fig. 1. The structure consists of 

alternating layers with different porosities. Optical 

properties of AAO PCs films obtained under similar 

conditions were described previously in [32, 33]. 

    100 nm 

 
Fig. 1 Scanning electron microscopy image of the AAO PC 

cross section. 

The samples were impregnated with liquids 

inside a closed plastic vessel completely isolated 

from the environment. The local reflection spectra 

were recorded at close-to-normal incidence of light 

on the AAO surface at the room temperature (20 ℃) 

using a halogen lamp as the broadband light source 

(working spectral range of 400 nm – 900 nm), the 

100-μm quartz optical fibers, and the FSD8 

spectrometer with a working spectral range of   

200 nm – 1000 nm and a registration step of about   

0.25 nm. The measurement scheme with a vertical 

light probe (see the inset in Fig. 2) was similar to 

that described in [5], but we recorded the spectra 

through the bottom of the vessel. In the case of the 

absence of AAO PC sample, the reflectance of 

the bottom of the vessel was less than 2% without 

sharp variations in its spectral dependence at 

wavelengths of exceeding 510 nm. 
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Fig. 2 Time dependencies of the wavelength of the first  
stop band of AAO PC during impregnation with water-ethanol 
(42.5 wt. %) mixture (squares) and subsequent drying (circles). 
The size of the symbols corresponds to the size of error bars. 
Lines 1 and 2 are given just for eye guide. The measurement 
scheme (1 – optical fiber probe; 2 – mounting platform; 3 – 
sample; 4 – analyte; 5 – plastic vessel) is given in inset. 

The recorded spectra for AAO PCs were 

averaged over five different points of the sample. To 

obtain the spectral dependence of the sample 

reflectance, the averaged spectrum of the reflected 

light was divided into the same spectrum obtained 

for a silver mirror PF10-03-P01 (THORLABS), 

whose reflectance in the visible range was (99 ± 1)%. 

We did not analyze the height of the reflectance 

peak connected with the first order photonic 

stop band because of its point-to-point variations 

observed in local measurements [33]. In contrast, the 

wavelength of the peak was a much more stable 

parameter. The reflectance peak was approximated  

by a cubic function for determination of its position 

with an accuracy of the order of 0.1 nm. 

The transmittance in the normal direction and 

the specular reflectance in the angular range from  

8° to 65° were recorded with a Lambda        

950 spectrophotometer (Perkin Elmer). 

In order to study the performance of AAO PCs 

optical sensors, glycerol (≥ 99.7%, Oleon), ethanol 

(≥ 99.9%, Himsintez), and their mixtures with 

deionized water were used as analytes. Impregnation 

of the samples with water-ethanol mixtures and 

further drying were carried out at a temperature 

of 70 ℃ by using drying oven FED 53 (Binder). The 

time-evolution of the spectral position of the 

reflectance peak during impregnation with     

42.5 wt. % ethanol mixture and further drying are 

shown in Fig. 2. It can be seen that the impregnation 

leads to a redshift of the photonic stop band position, 

whereas the drying results in its recovering. Both 

processes are completed after 20 minutes. 

Accordingly, the duration of the impregnation and 

drying was chosen equal to 20 minutes in further 

experiments with water-ethanol mixtures. However, 

such process was not sufficient to impregnate with 

glycerol due to its high viscosity (see Fig. 3). In 

order to reach the complete impregnation of the 

samples with water-glycerol mixtures, 5 days     

– 7 days of soaking in corresponding liquid at the 

room temperature were added to 20 minutes of 

soaking at 70 ℃. 
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Fig. 3 Results of glycerol impregnation: (a) normalized reflectance spectra of 1D PhC based on AAO in the dry state (black line), 

after 20 minutes impregnation with glycerol at 70 ℃ (red line) and after additional impregnation with glycerol for 5 days at room 
temperature (blue line) and (b) reflectance peaks after different impregnation methods, shown in close-up. The spectral positions of the 
maxima (609.5 nm and 611.4 nm for red and blue curves, correspondingly) are indicated by arrows. 
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3. Results and discussion 

Photonic crystals based on anodic aluminum 

oxide films demonstrate clear stop band shift with 

the impregnation by different liquids. Figure 4 shows 

examples of normalized reflectance spectra of the 

AAO PC sample infiltrated by water, glycerol, and 

their mixture with 46 wt.% of glycerol. Detailed data 

for the reflectance peak position for water-glycerol 

and water-ethanol mixtures are given in Fig. 5(a) in 

comparison with the calculations based on Bragg 

diffraction formula: 

eff2dn λ= .    (1) 

The corresponding data for full width at half 

maximum (FWHM) of the peak are shown in    

Fig. 5(b). Here, d is the structure period of the 

photonic crystal, λ is the light wavelength in 

vacuum, 
2 2

eff AO (1 )in n P n P= + −         (2) 

is the effective refractive index of the porous 

structure, ni is a refractive index of the media inside 

the pores (air or infiltrating liquid), nAO = 1.76 is the 

refractive index of aluminum oxide, and P is the 

porosity averaged over alternating layers. Equation 

(2) is valid if we neglect the depolarization factor of 

the pores. Reference data for refractive indices ni 

were taken from [34], and other parameters used in 

calculations were d = 186.1 nm and P = 0.435. 
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Fig. 4 Normalized reflection spectra for the AAO PC sample 

in dry state (1) and immersed in various liquids: water (2), water 
with 46 wt.% glycerol (3), and glycerol (4). 

As can be seen from Fig. 5(a), non-monotonic 

dependence was obtained for water-ethanol 

mixtures because of non-monotonic changes in their 

refractive indices [34], whereas for water-glycerol 

mixtures it was almost linear. All experimental data 

were in good agreement with calculated curves; the 

valid peak position λ = 549.6 nm for dry sample 

(with air in channels, ni = 1) was obtained with the 

same parameters too. Thus, photonic crystals based 

on anodic aluminum oxide could be used for sensing 

of refractive index and composition of various liquid 

mixtures. 

 
(a) 

 
(b) 

Fig. 5 Dependence of the wavelength (a) and the width (b) of 
the first stop band of AAO PC on the composition of immersion 
liquid. Experimental data for water-glycerol (1) and 
water-ethanol (2) mixtures are shown by squares and circles, 
respectively. The size of the symbols corresponds to the size of 
error bars. Black dots connected by lines in (a) are calculated 
data in accordance with (1) and (2) using reference data on the 
refractive indices [34]. Solid lines in (b) are given just for eye guide. 
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In accordance with Figs. 4 and 5(a), the 

reflectance peaks locate at 591 nm for water (ni = 

1.333) and at 611 nm for glycerol (ni = 1.474). Based 

on these data, we could calculate the refractive index 

sensitivity of our samples ∆λ/∆n = 142 nm/RIU. This 

value is greater than ones reported in [25, 26] (see 

Table 1) and comparable with that in [28], but lower 

than the sensitivity demonstrated in [27] by using 

the graded-lattice AAO PCs (441 nm/RIU) and   

the one obtained in [29] by using apodized  

samples (390 nm/RIU). An additional chemical 

etching was applied to enhance the porosity and 

corresponding volume fraction of analyzed liquid in 

[27, 29]. The porosity of our samples was about   

44 vol.%. We could increase the porosity P and 

enhance corresponding refractive index sensitivity at 

least twice by additional etching too, but 

samples became very fragile in this case. On the 

other hand, it is obvious from Fig. 5(a) that even 

without such etching, the achieved sensitivity of 142 

nm/RIU was enough for the detection of the 

composition of water-ethanol and water-glycerol 

mixtures with the accuracy of about 1 wt.%. 

Table 1 Refractive index sensitivities of AAO PCs reported 
in the literatures. 

Preparation technique of 

AAO PCs 

Refractive index 

sensitivity (nm/RIU) 
Reference 

Periodical modulation of 

current density 
71 [25] 

Sine-wave current of 

anodization 
109 [26] 

Multistep pseudosinusoidal 

voltage modulation 
164 [28] 

Graded-lattice anodization 

with additional chemical 

etching 

441 [27] 

Apodization strategy with 

additional chemical etching 
390 [29] 

Square-wave current 

oscillation 
142 Our sample 

The FWHM of the reflectance peak [Fig. 5(b)] 

decreases with an increase in the refractive index of 

water-glycerol mixtures due to the drop in the 

optical contrast of the impregnated sample. For 

water-ethanol mixtures, a non-monotonic character 

of the dependence is similar to that in Fig. 5(a). 

However, the full correlation of the FWHM with the 

refractive index is missing (liquids with different 

refractive indices may give the same peak width), so 

this parameter, as well as the peak height, is not 

suitable for sensing. It is worth noting that the peak 

width is highly sensitive to the structure 

imperfection and inhomogeneity. The mismatch of 

the stop bands for the front and back sides of   

AAO PC should also be taken into account [33]. 

Such mismatch can lead to not only the broadening 

of the reflectance peak, but also the appearance of 

an additional maximum on its left side, as shown by 

Curve 4 in Fig. 4. 

The data shown in Fig. 5 were obtained for the 

same sample repeatedly impregnated with different 

liquids, and the good reproducibility in the spectral 

position of the stop band was observed. After the 

last impregnation with 24 wt.% glycerol solution, the 

sample was kept in a dry state for 2 months. Then, 

additional measurements were undertaken for 

reproducibility control. It was established that the 

optical properties of the sample changed: the 

stop band shifted by about 5 nm to longer 

wavelengths, both in the dry state and with water. 

It is known that AAO produced in a highly 

concentrated sulfuric acid electrolyte has a low 

chemical stability [35] and undergoes structural 

alterations when heated in water-based solutions 

[36]. So we decided to test the stability of our 

samples. To do this, we took a new sample and 

carried out with it 10 cycles, consisting of water 

impregnation during 20 minutes at 70 ℃ and further 

drying during 20 minutes at the same temperature. 

Corresponding changes in the transmittance 

spectrum are shown in Fig. 6. 

It can be seen that after 4 cycles, the changes in 

the spectrum were negligible, and the position of the 

spectrum minimum was unchanged. However, after 

10 cycles of the impregnation and drying, the 
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redshift of the minimum of about 5 nm appeared 

(from 555 nm to 560 nm). Even greater shift of 

about 7 nm (from 554 nm to 561 nm) was seen for 

the reflectance peak (see the inset in Fig. 6). It means 

that the effective refractive index became higher. On 

the other hand, the period of the Fabry-Perot fringes 

observed in the long wavelength region of both 

transmittance and reflectance spectra (Fig. 6) was 

reduced by about 1%. This fact points out that some 

materials were washed out, so a decrease in the 

effective refractive index averaged over the entire 

sample thickness was observed. Such contradictive 

results can be explained if we assume that during 

repeated impregnation of pores by water and drying, 

some species were redistributed from the bottom 

part of AAO PC film to the sample volume and/or 

partially removed from the porous structure by the 

water flow. In such a case, the averaged refractive 

index would decrease, whereas the effective 

refractive index of the upper layers, forming the 

reflectance peak, would increase. Thus, the sample 

stability is an essential limitation in the present state 

of the technology. The degradation of anodic 

alumina in pure water can be caused by the 

dissolution of water-soluble [Al13O4(OH)24(H2O)12]
7+ 

po lyhydroxocomplexes  and  the i r  fu r ther 

redeposition in the form of [Al(OH)4]
− [37]. In order 

to improve the chemical stability of porous anodic 

 

Fig. 6 Transmittance and reflectance (see the inset) spectra 
of initial AAO PC (1) and the same sample after 4 (2) cycles and 
10 (3) cycles of impregnation and drying.  

alumina, various approaches have been suggested, 

such as the modification of the pore walls [37] and 

the crystallization of initially amorphous AAO at 

high temperatures [38]. 

4. Conclusions 

It has been shown that the impregnation of 

photonic crystals based on anodic aluminum oxide 

films with water-ethanol and water-glycerol 

mixtures results in a substantial redshift of the 

reflectance maximum, which can be calculated with 

the same PC parameters for all cases without taking 

into account the depolarization factor of the 

structural pores. A fairly high refractive index 

sensitivity ∆λ/∆n = 142 nm/RIU has been achieved. 

The possibility of precise control of the composition 

of liquid mixtures using photonic crystal films has 

been demonstrated. Such control can be very fast in 

the case of water-ethanol mixtures, whereas in the 

case of highly viscous liquids, such as glycerol, 

soaking AAO PCs for several days for complete 

infiltration is required. Besides that, a long-term 

practical application of AAO PCs as refractive index 

sensors requires that the problem of the stability of 

the samples with respect to multiple water 

impregnation should be solved. 
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