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 ABSTRACT 

In this work, the influences of dielectrics with light absorption on the photonic

bandgaps (PBGs) of porous alumina photonic crystals (PCs) were studied.

Transmittance spectra of porous alumina PCs adsorbing ethanol showed that all

the PBGs positions red-shifted; however, the transmittance of the PBG bottom

showed different trends when the PBGs were located in different wavelength 

regions. In the near infrared region, liquid ethanol has strong light absorption,

and, with the increase in adsorption, the PBG bottom transmittance of porous

alumina PCs first increased and then decreased. However, in the visible light 

region, liquid ethanol has little light absorption, and thus, with the increase in

adsorption, the PBG bottom transmittance of porous alumina PCs increased

gradually all the time. Simulated results were consistent with the experimental 

results. The capillary condensation of organic vapors in the pores of porous

alumina accounted for the change in the PBG bottom transmittance. The non-

negligible light absorption of the organic vapors was the cause of the decrease

in the transmittance. The results for porous alumina PC adsorbing methanol,

acetone, and toluene further confirmed the influences of light absorption on the

PBG bottomed transmittance. 

 
 

1 Introduction 

The interaction between incident light and matter  

in photonic crystals (PCs) [1, 2] can lead to various 

phenomena, so changes in the characteristics of 

materials depend on differences in light–matter 

interactions [3–9]. 

A porous alumina-based PC is composed of 

alternating layers with different porosities and has a 

large specific surface area [10–12]. One of the unique 

optical features of PCs is the propagation inhibition of 

incident light, which is known as a photonic bandgap 

(PBG). Generally, the bandgap position, bandwidth, 

and gap to midgap ratio are the main parameters to 

characterize the properties of the forbidden gaps of 

PCs. According to the Bragg equation, the location of 
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the PBG is related to the effective refractive index 

and thickness of each layer. In porous alumina PCs, 

changing the effective refractive index, diameter, and 

length of the alumina holes can lead to variations in 

the PBG position [12–18]. Therefore, substances in the 

pores can lead to change in the effective refractive 

index of each layer and result in a change in the PBG 

position, which is promising for applications in novel 

sensors [12–17]. However, researchers mainly focus 

on the real part of the refractive index during the 

adsorption of volatile organic compounds (VOCs);  

in other words, they usually ignore the light losses. 

These assumptions will not induce significant errors 

in the case of organic gases with very weak light 

absorption. Nevertheless, the weak light absorption 

will be amplified because of the enhanced properties 

of the PBG [8–10]. Thus, photonic bandedge lasers [10] 

and fluorescence enhancement [19] can be realized. 

However, when VOCs are adsorbed by porous 

materials, the capillary condensation (CC) effect may 

occur [20–27]. If the VOCs have non-negligible light 

absorption [28–30], they can also have a significant 

impact on the PBG. Thus, studying the influences  

of dielectrics with light absorption on the PBG is 

necessary, especially for introducing dielectrics into 

porous materials to achieve novel properties [31, 32]. 

In this work, we studied the interactions between 

various adsorbates and PCs experimentally and 

theoretically. It was found that the light absorption of 

VOCs adsorbed in the holes of porous alumina PCs 

plays a vital role in the characteristics of the PBG. If 

the adsorbates have non-negligible light absorption, 

the transmittance at the bottom of the PBG shows   

a dramatic decrease when the adsorbate reaches a 

certain extent in the pores. These findings are of great 

importance to better understand the light–matter 

interactions in PCs and broaden the application fields 

of PCs. 

2 Experimental 

2.1 Synthesis of alumina PCs with a narrow photonic 

bandgap 

Porous alumina PCs with narrow PBGs were fabricated 

by anodizing high-purity aluminum foils (99.999%) 

using a compensation voltage method, which is also 

described in our previous studies [11, 17, 32]. In detail, 

for the first period, the applied voltage increased from 

23 to 53 V in the form of a quarter-sinusoidal wave 

within 30 s and then linearly decreased to 23 V within 

3 min. From the second period, a step-compensation 

voltage was introduced. Each period of the voltage 

waveform was overall higher than the previous one 

by 0.055 V for the remaining 99 periods. All the anodic 

oxidations were controlled by a computer program 

and carried out in a water tank with a constant 

temperature of 16 °C. Finally, the remaining aluminum 

was removed by chemical etching in saturated CuCl2 

solution, and the barrier layer was removed with 

phosphoric acid (3 wt.%) at 40 °C. 

2.2 Adsorption measurement of as-prepared PC 

Transmittance spectrum measurements were carried 

out with a spectrophotometer (CARY 5E) in normal- 

incidence mode in a wavelength range of 300–2,000 nm. 

The as-prepared PC was fixed in a sealed quartz cuvette 

with sufficient liquid VOC at the bottom to produce a 

saturated ethanol vapor ambiance. The transmittance 

spectrum of the sample was recorded repeatedly from 

when the sample was placed in the sealed quartz cuvette 

with sufficient liquid ethanol until the transmittance 

spectrum no longer changed. Two adjacent measure-

ments had a time interval of 50 s. 

2.3 Characterization of the structure 

Morphologies of samples were observed with a field 

emission scanning electron microscope (FE-SEM, Sirion 

200). 

3 Results and discussion 

Figure 1 shows SEM images, a diagram, and a 

transmittance spectrum of an as-prepared sample. As 

shown in Fig. 1(a), the thickness of the sample was 

about 47 μm. Similar to our previous works [11, 17, 32], 

the as-prepared samples had stem and branch channels 

along the pore growth direction. According to effective 

dielectric theory, the as-prepared sample can be seen 

as stem (layer I) and branch (layer II) channel layers 

alternating in space, as shown in Figs. 1(b) and 1(c). 
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The measured thicknesses of layer I and layer II 

were about 320 and 140 nm, respectively, and the 

corresponding pore diameters were 50 and 25 nm, 

respectively. This type of periodic structure exhibits 

PBGs along the pore growth direction. As shown in 

Fig. 1(d), there are three PBGs located at 440 (III),  

652 (II), and 1,290 nm (I), and the corresponding full 

widths at half maximum of the PBGs were 8 (III), 10 (II), 

and 30 nm (I), respectively. However, the as-prepared 

PCs were a typical porous material and thus had a 

large specific surface area and good performances in 

adsorbing organic molecules. Meanwhile, the intrinsic 

properties of introduced materials (such as the dielectric 

constant [12–17], light absorption [27–29], and so on) 

can affect the characteristics of PBGs significantly. 

Figure 2(a) is the transmittance spectra of saturated 

gaseous ethanol (G-ethanol, dashed line) and liquid 

ethanol (L-ethanol, solid line) in the visible light region. 

The shaded region indicates a shift region of the PBG 

from the position of the PBG before any ethanol was 

introduced to the position after the PC was saturated 

with ethanol. In Fig. 2(a), one can see that the tran-

smittance of G-ethanol and L-ethanol both remain at a 

constant value of ~100%. Figure 2(b) shows the variation 

in the minimum transmittance of the PBG (denoted as 

the bottom transmittance) and the position of PBG-II 

with gradual adsorption of G-ethanol, which demon-

strates that the PBG position red-shifted with time. 

When the adsorption time reached 15 min, the position 

of PBG-II no longer changed, which indicated that 

the PCs were saturated by G-ethanol. Meanwhile, the 

transmittance of the PBG bottom increased gradually 

and remained almost constant after about 15 min. 

Figure 2(c) shows the transmittance spectra of G-ethanol 

and L-ethanol within the infrared region. In this region, 

the transmittance of G-ethanol remained a constant 

value of ~100%; however, the transmittance of L-ethanol 

remained below 80%. Figure 2(d) shows the variation 

of the bottom transmittance and positions of PBG-I as 

the sample gradually adsorbed ethanol vapor. The PBG 

position red-shifted gradually at first, and then no 

longer changed as the adsorption time was extended 

to about 16 min. However, the bottom transmittance of 

PBG-I increased gradually with time and then exhibited 

a dramatic decrease after about 12 min. 

A comparison of Figs. 2(b) and 2(d) shows that the 

bottom transmittance of the PBGs located in different 

regions exhibited clearly different trends, which should 

be considered. To gain physical insight into the tran-

smittance decrease shown in Fig. 2(d), simulations 

were performed. For a one-dimensional PC at normal 

incidence, the PBG position λm can be derived from the 

Bragg equation, Eq. (1) [13, 15], and the transmittance 

TN of a PC with N periods can be obtained from the 

 

Figure 1 (a) SEM image of the as-prepared porous alumina PC and (b) the enlarged SEM image. Inset is the enlarged SEM of the
branched and stem channel. (c) Diagram of the as-prepared sample. (d) Transmittance spectrum of the as-prepared sample. I, II and III
denote the three PBGs. 
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transfer matrix method (TMM, Eq. (2)) [33] 
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where nI and nII are the effective refractive indexes  

of layer I and layer II, respectively, dI and dII are the 

corresponding thicknesses, m stands for the diffraction 

order, M1 is the transfer matrix of a period, and tN 

and rN are the transmission and reflection parts of a 

PC with N periods, respectively. The superscript star 

(*) represents conjugation of the corresponding terms. 

Herein, we have |tN|2+|rN|2 = TN + RN = 1 for a lossless 

medium, in which TN and RN are the transmittance 

and reflectance, respectively. 

Herein, dI and dII can be derived from Fig. 1(b).  

The porosities of layer I and layer II were estimated 

to be 50% and 15% based on experimental results, 

respectively. The volume fraction of alumina ( fAl2O3
) 

and air (fair) have the relationship fAl2O3
 = (1 – fair) within 

a layer. As a result, the corresponding effective 

dielectric constant (εeff) of air-filled pores for layers I 

and II can be calculated based on the Bruggeman 

formula (Eq. (3)), which gives the effective dielectric 

constant of mixture of different dielectrics [34] 
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Here, the dielectric constants (ε = n2, where n is the 

refractive index) of alumina, air, and ethanol are εAl2O3
 = 

2.89, εair = 1, and εethanol = 1.85. Based on these con-

siderations, the characteristics of the PBG with adsorbed 

volume fraction of ethanol can be calculated using 

Eqs. (1)–(3). Since the transmittance of G-ethanol 

remains at a constant value of about 100% (dotted 

line in Figs. 2(a) and 2(c)), indicating that there is no 

light absorption, the effective refractive index of G- 

ethanol can always be considered as a real value. The 

PBG variation when the PC adsorbs different volume 

fractions f of ethanol vapors was simulated, and the 

results are shown in Fig. 3. Figure 3(a) shows that the 

PBG had a red shift; meanwhile, the bottom tran-

smittance of the PBG located in visible light region  

 

Figure 2 Transmittance spectra of gaseous ethanol (dashed line) and liquid ethanol (solid line) within the visible (a) and near infrared
(c) light regions, respectively. (b) and (d) show the bandgap positions (solid triangles) and gap bottom transmittance (transmission minimum
of the PBG, hollow squares) of PBGs-II and I changing with adsorption time, respectively. The shaded regions in (a) and (c) indicate the
spectral region of the PBG shift from the position of the PBG before any ethanol has been introduced to the position when the PC was 
saturated with ethanol. 
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increased gradually with adsorbed ethanol vapor. In 

addition, this can be seen intuitively in Fig. 3(b), which 

was derived directly from Fig. 3(a). Similarly, in the case 

of PBGs located in the infrared region, the simulated 

results shown in Figs. 3(c) and 3(d) exhibit the same 

trend. Compared to Fig. 2, the simulated variation of 

the PBG is consistent with the experimental results 

when the PBG is located in the visible light region 

(Fig. 2(b)) but quite different from the bottom tran-

smittance when the PBGs are located in the infrared 

region (Fig. 2(d)). Therefore, the simulation results 

without light absorption could match the experimental 

results well in the visible light region. However, in 

the infrared region, the results are deficient. Thus, 

introduction of light absorption becomes critical for 

physical insight into the decrease in transmittance. 

As is well known, for gaseous materials in porous 

materials, CC occurs when vapor molecules are 

adsorbed to a certain extent [19–26]. Since light 

absorption, represented by k, of L-ethanol cannot be 

neglected, as indicated in Fig. 2(c), it should also be 

taken into account [27–29]. When CC occurs, G-ethanol 

changes to L-ethanol; accordingly, the extinction 

coefficient k has a dramatic change owing to the 

dielectric change from gaseous form to liquid form  

(as shown in Fig. 2(c)). That is, we need to introduce 

an imaginary part ki into the effective refractive index, 

where i is the imaginary unit. Herein, the effective 

refractive index of layer I or layer II with adsorbate in 

the pores is expressed as n' = nreal + ki for simplification, 

where n' is the complex refractive index and nreal is the 

real part. Therefore, we adopted the following form for 

k (see the Electronic Supplementary Material (ESM)) 

k = c × e f                  (4) 

where c is a constant value. The dramatic change in k 

expressed by Eq. (4) can indicate the occurrence of CC. 

Based on these assumptions, simulation results found 

by using TMM are given in Fig. 4. The PBG bottom 

transmittance increased gradually with the f of G- 

ethanol, as shown in Fig. 4(a), with k in form of 

Fig. 4(b), herein, c = 10–9, and the corresponding k had a 

magnitude as reported in http://refractiveindex.info. 

However, the transmittance increased gradually at 

first and then had a dramatic drop with f, as shown 

in Fig. 4(c), where k is in form of Fig. 4(d) with c = 10–7. 

Herein, it is believed that the enhancement of light 

absorption by PC played a significant role in the 

larger k in the simulation [5–10, 28, 29]. The exhibited 

 

Figure 3 Simulation results of the PC adsorbing different volume fractions (or f, for short) of G-ethanol for a bandgap located in the 
visible light region ((a) and (b)) and the near-infrared region ((c) and (d)). The step of f is 10%, and N = 20 in these simulations. Arrows 
in (a) and (c) indicate the increase in f of G-ethanol. 
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transmittance decrease is consistent with the exper-

imental result shown in Fig. 2(d). 

Additionally, we investigated the influence of k at  

a constant value of 0, 0.0001, 0.0005, 0.001, 0.003, and 

0.01 on PBG, and the corresponding results are shown 

in Fig. 5. The transmittance of the PBG bottom decreased 

with k, but the bandwidth increased, as shown in the 

insets. These results are in good agreement with the 

previous studies on metallic photonic crystals, in which 

a super-width PBG appears [28] and light absorption 

is enhanced [29, 30]. According to all the above results, 

one possible reason for the decrease in the bottom 

transmission can be explained as follows. The ethanol 

vapor is adsorbed gradually by the alumina pores and 

exists as G-ethanol in the pores initially. Since light 

absorption of G-ethanol can be neglected (Figs. 2(a) 

and 2(c)), the transmittance of the PBG bottom increases 

gradually, as Fig. 3(b) shows. Then, to a certain extent, 

G-ethanol in the alumina pores changes to a liquid 

form owing to the CC effect [19–26]. If light absorption 

of L-ethanol can also be neglected, as shown in Fig. 2(a), 

the transmittance of the PBG bottom will then also 

increase (Fig. 2(b)). However, if light absorption of 

L-ethanol cannot be neglected (k ≠ 0, as represent in 

Fig. 2(c)), the transmittance of the PBG bottom will 

decrease. Therefore, it is reasonable to assume that 

one possible reason for the decrease in transmittance 

(Fig. 2(d)) is light absorption, and the turning point 

may be related to the CC of G-ethanol in alumina 

pores. A comparison of transmittance changes of PBGs 

located at different wavelengths indicates that we may 

observe a phase transition of organic vapors directly 

just by monitoring the transmittance of a chosen PBG. 

According to the above discussion, we believe a 

decrease in transmittance due to CC is a common 

phenomenon. Therefore, we systematically studied 

the relationship between the PBG position (PBG-I) and 

time when PCs adsorb methanol (Figs. 6(a) and 6(b)), 

acetone (Figs. 6(c) and 6(d)), and toluene (Figs. 6(e) 

and 6(f)). Figures 6(a), 6(c), and 6(e) show the tran-

smittance spectra of the gaseous (dashed line) and 

liquid (solid line) forms of methanol, acetone, and 

toluene, respectively. The shaded areas represent change 

ranges of PBG-I when the sample adsorbs different f 

of those organic vapors. The transmittance of these 

three types of vapor all remained at a constant value 

of ~100% within the shaded area. However, the tran-

smittances were different for the liquid forms. 

 

Figure 4 (a) Transmittance of the PBG bottom when the extinction coefficient (k) has the form shown by (b) (n' = nreal + ki, k = 10–9 × ef ).
(c) Transmittance of the PBG bottom when k has the form shown by (d) (n' = nreal + ki, k = 10–7 × ef ). Insets are the corresponding images
viewed at different angles. 
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The bottom transmittance exhibited a dramatic 

decrease in cases of methanol (Fig. 6(a)) and acetone 

(Fig. 6(c)), while the variation of the bottom tran-

smittance for toluene (Fig. 6(e)) was much less noticeable. 

Figs. 6(b), 6(d), and 6(f) show the variation in the PBG 

positions and gap-bottom transmittance with time. The 

PBG positions red-shifted for all these vapors. The 

transmittance shown in Figs. 6(b) and 6(d) had an 

obvious decrease with time greater than 12 and 5 min, 

respectively. However, the transmittance in Fig. 6(f) 

retained an upward trend with time, which is consistent 

with the simulation results in Fig. 3(a). We think the 

reason that the minimum in the transmittance spectra 

for the PCs did not change with the residence time of 

toluene vapor is that liquid toluene does not absorb 

light significantly (compared to methanol, ethanol, or 

acetone) in the 1,300–1,350 nm region. A comparison 

of all the experiment results in Fig. 6 suggests that the 

transmittance will have a turning point only when the 

light transmittance spectra of the vapor and liquid 

forms are quite different. 

Based on all these experimental and simulated results, 

we believe the turning points of the transmittance 

when organic vapors are adsorbed by the alumina pores 

are related to the CC of VOCs. In our experiments, 

organic vapors (with k ≈ 0) initially cause a variation 

in the effective refractive index, thus leading to a red 

shift of the PBG and a gradual increase in the PBG- 

bottom transmittance (shown as Figs. 2(b), 2(d), 3(b), 

3(d), 4(a), 4(c), 6(b), 6(d), and 6(f)). However, when the 

volume of organic vapor adsorbed by pores increases 

to a certain extent, organic vapor liquefies because of 

the CC effect. If light absorption of gaseous and liquid 

adsorbates is negligible, the bottom transmittance of 

the PBG will increase gradually over time (Figs. 2(b), 

3(b), 3(d), 4(a), and 6(f)). Otherwise, the transmittance 

of the PBG bottom will increase gradually and have a 

dramatic decrease with time (Figs. 2(d), 4(c), 6(b), and 

6(d)) when the light absorption of the adsorbates is 

negligible for the gaseous form but non-negligible for 

the liquid form. 

 

Figure 5 (a)–(f) Simulated transmittance spectra with k of 0, 0.0001, 0.0005, 0.001, 0.003, and 0.01, respectively. The insets are the
corresponding three-dimensional images observed at a certain angle. 
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4 Conclusions 

In this work, we studied interactions between PCs 

with narrow PBGs and various VOCs (such as ethanol, 

methanol, acetone, and toluene) adsorbed in the pores 

of alumina PCs. When the light absorption of gaseous 

adsorbates is negligible and the counterpart liquid 

has strong light absorption, the transmittance of the 

PBG bottom first increases and then decreases with 

increasing adsorption of organic vapor. However, 

when the light absorption of the gaseous and liquid 

adsorbates is negligible, the adsorbates have little 

impact on the transmittance. Thus, with an increase 

in adsorption, the transmittance of the PBG bottom 

increases gradually. The results indicate that the turning 

point in the gap-bottom transmittance is related to 

the CC of organic vapor adsorbed by porous alumina 

pores. These results are helpful to better understand 

light–matter interactions in PCs, the adsorption and 

phase transition of organic vapor, and further insight 

into the kinetics of CC. Furthermore, these findings 

may have potential applications for in situ monitoring 

the phase change of materials. 
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