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Abstract

:

A robust and reliable method for fabricating porous anodic alumina (PAA)-based distributed Bragg reflectors (DBRs), operating in mid-infrared (MIR) spectral region, is presented. The method relies on application of high (UH) and low (UL) voltage pulse sequence repeated in cycles. PAA-based DBR consists of alternating high-(dH) and low-porosity (dL) layers translated directly into periodically varied refractive index. Two anodization modes were used: time- and charge density-controlled mode. The former generated dH + dL pairs with non-uniform thickness (∆d) and effective refractive index (∆neff). It is supposed, that owing to a compensation effect between the ∆d and ∆neff, the photonic stopbands (PSBs) were symmetrical and intensive (transmittance close to zero). Under the charge density-controlled mode dH + dL pairs of uniform thickness were formed. However, the remaining ∆neff provided an asymmetrical broadening of PSBs. Furthermore, it is demonstrated that the spectral position of the PSBs can be precisely tuned in the 3500–5500 nm range by changing duration of voltage pulses, the amount of charge passing under subsequent UH and UL pulses, and by pore broadening after the electrochemical synthesis. The material can be considered to be used as one-dimensional transparent photonic crystal heat mirrors for solar thermal applications.
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1. Introduction


Distributed Bragg reflectors (DBRs) are one-dimensional (1D) photonic structures that consist of dielectric layers of different refractive indices which are regularly and alternately arranged into a stack to modulate the light waves [1,2,3]. Photonic crystals (PCs) can be fabricated through plenty of methods but among them, the electrochemical process stands out as an excellent way to the cost-effective and precise fabrication of porous PCs. Porous anodic alumina (PAA) is a well-known template with a honeycomb-like structure formed by arrays of uniform and parallel pores [4]. It has already shown a great promise as a material that can be used in several photonic devices [5,6,7], energy conversion/storage [8] and sensors [9,10,11] technologies. An enormous amount of applications in different areas of human development, PAA owes to its high thermal stability, chemical inertness and high reproducibility. The low cost of large-scale production arises from nanoscale-ranged control of the arrangement and shape of the pores, as well as an interpore distance by the simple change of anodization conditions [12,13].



Lee et al. [14] first demonstrated the approach to fabricate PAA with periodically modulated pores. The approach combines the application of low (UL) and high voltage (UH) anodization pulses that are sequentially repeated in many cycles. The pulse anodization produces PAA-based 1D photonic crystals via modulation of porosity and thickness of dielectric layers. Porosity (P) of a given layer is inversely proportional to its refractive index and depends on various anodization parameters, such as anodizing temperature or electrolyte concentration [15]. The thickness of layers can be controlled by the duration of the UL and UH pulses. The refractive index profile in PAA-based PCs follows the shift of voltage (or current density) pulse profiles such as sinusoidal [16], pseudo-sinusoidal [13], sawtooth [17] or Gaussian [18]. The precise tailoring of the refractive index and thickness of porous layers allows to design photonic stop-band (PSB) across the spectral regions from ultraviolet to infrared wavelengths [19].



PSB is a band of frequencies in which the propagation of light is forbidden through a photonic crystal’s interior [20,21]. This phenomenon is manifested in the reflection peak or transmittance dip in optical spectra. The PSB depends essentially on periodicity (lattice constants) and refractive index contrast (∆n) of PCs [21]. Periodicity determines the spectral position, whereas ∆n influences mostly the width and intensity of PSB. For large ∆n broad and intensive resonance peaks can be generated. In PAA produced by pulse anodization, ∆n can be increased by for instance enlarging contrast between UH and UL pulses or by chemical pore-widening of as-anodized PAA [22]. In the latter approach, the pore radius is increased by wet etching in, for example, CuCl2/HCl mixture [23] or diluted H3PO4 solution [24]. The PSB width and intensity can be also optimized by increasing the number of high and low refractive index segments in a DBR stack. In PAA-based DBR, the optical characteristics of PSB can all be modulated by rational design of anodizing pulse sequence, electrochemical conditions (anodizing temperature, type and concentration of electrolyte, etc.) and by post-synthesis treatments (pore-widening).



Recently, we have analyzed the photonic properties of PAA based DBRs synthesized under relatively high anodizing temperature (30 °C) [25]. Selected DBRs demonstrated distinct peak in 3500–6000 nm spectral range which was ascribed to the first order PSB (λ1). There, the influence of various anodizing parameters (voltage, time duration of UH and UL pulses, etc.) on the optical response of the DBRs was studied and it was proved that controlling the duration of voltage pulses resulted in the production of multilayer stacks with continuously thinner segments as the anodization time extended. Moreover, the problem with upper layers’ delamination and exfoliation was encountered. In this work, we deal with those problems. The first problem is solved by the application of the pulse anodization method that relies on controlling the amount of charge passing under each and subsequent UH and UL pulse. The DBRs produced under the charge density-controlled mode are compared with the DBRs synthesized under the time-controlled mode. The two optical materials demonstrated significant differences in their optical behavior, which are systematically analyzed and discussed. After a proper design of electrochemical parameters, the porous DBRs seem to be interesting candidates for one-dimensional transparent photonic crystal heat mirrors (TPCHMs) in solar thermal applications. Solar thermal power system is constructed of two main components—the reflectors that capture and focus sunlight onto a receiver [26]. The optical characteristics of the reflector must be well adjusted to the working conditions of the receiver, that is the TPCHM should reflect exactly the thermal energy that can be efficiently intercept and absorb by the receiver [27]. The thermal energy is further converted to electricity that can be used immediately or stored. Therefore, there is a need to engineer the TPCHM with PSB tunable in a wide, infrared range. Our approach paves the way to production of the PSB-tunable TPCHM by simple and affordable electrochemical method for the receivers implemented to different types of solar thermal power technologies.




2. Materials and Methods


High-purity aluminum foil (99.9995% Al, Puratronic, Alfa-Aesar, Haverhill, MA, USA) with a thickness of about 0.25 mm was used to synthesize the PAA-based distributed Bragg reflector (DBR) structures. The Al foil was divided into small specimens (2 cm × 1 cm). Before the anodization process, the Al specimens were annealed for 2 h, at 400 °C, under an argon atmosphere. Next, the samples were carefully washed in acetone and ethanol and successively electropolished under constant voltage of 25 V, for 2.5 min, at 0 °C, using a 1:4 mixture of 60% HClO4 and ethanol. After the electropolishing, the samples were rinsed several times in distilled water and then in ethanol. Subsequently, the dried Al specimens were protected (the back and the edges) with acid resistant paint and were used as the anode. A Pt grid was served as a cathode. The distance between both electrodes was kept constant (ca. 5 cm). In the anodization processes, 1L electrochemical cell was used with a powerful low-constant-temperature bath (with temperature stability ±0.01 °C) and vigorous stirring (250 rpm). Programmable DC power supply, model 62012P-600-8 Chroma, was employed to control the electrochemical parameters such as the applied voltage and the pulse duration. The first anodization was conducted at 40 V, at 5 °C, for 20 h, in 0.3 M C2H2O4 water-based solution. The resulted oxide was chemically removed in a mixture of 6 wt% phosphoric acid and 1.8 wt% chromic acid at 65 °C for 3 h. Next, pulse anodization was carried out at the temperature of 30 °C. The pulse sequence involved the following three steps: (1) a constant high voltage step (UH = 50 V) (2) a gradual reduction of the UH to low voltage at the 0.234 V/s; and (3) the anodization at a constant low voltage (UL = 20 V). The sequence was repeated 20 times (20 cycle). In Figure 1, a scheme of the applied pulse sequence and the resulted pore architecture is presented (Figure 1b).



In the pulse anodization two modes were applied: time- and charge-controlled mode. In the first mode the duration of UH = 50 V and UL = 20 V pulses was fixed to T = tH + tL = 660 s (where tH = 180, 140, 100, 60 s and tL = 480, 520, 560, 600 s), whereas the charge passing under each and subsequent UH and UL pulse was allowed to vary. In the second mode the charge density under each and subsequent UH and UL pulse was fixed (CH = 5017, 3661, 2598, 1535 mC/cm2 and CL = 2989, 3309, 3469, 3653 mC/cm2) and the duration of the UH and UL pulses (tH and tL, respectively) was allowed to vary. When the pulse anodization was accomplished, the remaining aluminum substrate was selectively detached from the PAA-based DBRs using a saturated solution of HCl/CuCl2. To avoid contact of PAA with the acid solution, the Al foil was removed only partially in the area limited by O-ring (Figure 2).



The PAA-based photonic structures were studied by a field-emission scanning electron microscope FE-SEM (AMETEK, Inc., Mahwah, NJ, USA). The layer thickness of a given PAA sample was measured three times at different areas in the secondary electrons (SE) image and an average of the three measurements was used to calculate the dL (the layers formed under UL pulses) and the dH (the layers formed under UH pulses) thickness. The simulation of optical spectra was performed using the EPITAXYproject® epitaxy supporting software [28].



The transmission spectra were measured using the Fourier-transform infrared (FTIR) spectrometer Alpha II from Bruker Corp., Billerica, MA, USA. Each sample was measured in three spots through 2 mm diameter diaphragm. The spectra (16 scans per spectrum) were recorded in the range 1.66–25 um with spectral resolution of 2 cm−1




3. Results and Discussion


In our previous works [25,29], free-standing DBR structures were prepared by immersion entire samples in the CuCl2/HCl solution to remove remaining Al foil after the electrochemical process. This method most possibly resulted in upper layers’ delamination and exfoliation. Moreover, during the time the samples were immersed in the solution pores were subjected to an uncontrolled broadening due to the contact with the acid solution. Therefore, to circumvent these problems and to take a full control over the pore structure of the PAA-based DBRs after the synthesis, in this work the underlying Al substrate was removed only locally, while the other side of the sample (PAA) was protected by O-ring and had no contact with the CuCl2/HCl solution. Figure 2 shows a scheme of the procedure to prepare the samples and a free-standing DBR supported by the Al frame that was used to further analysis.



Anodizing parameters to synthesize the DBR structures were selected so that the spectral position of the first order PSB band (λ1) was in the 3500–5500 nm range (between the peak related with adsorbed water and the absorption bands associated with Al-O bond vibrations [29]). The following parameters were applied to fulfil this condition: UH = 50, UL = 20 V, UH- > UL rate = 0.234 V/s, 20 cycles and T = tH + tL = 660 s (the samples PAA tL–tH). At first, the influence of the immersion time in the CuCl2/HCl solution (tp) on optical properties of the PAA- based DBR structures was studied. To perform this analysis, this time a front side of the free-standing DBRs (top view in the Figure 2) was exposed to the contact with the solution, allowing the acid to penetrate to the open pores and react with Al2O3. In Figure 3, the transmittance (T) spectra of the PAA_600-60 sample are shown for different tp. The vertical, red, dotted line in all transmittance spectra denotes the OH group vibrations coming from adsorbed water [25,29]. As can be seen, the λ1 shifts towards blue part of the spectrum as the immersion time of the PAA_600-60 increases. At the same time, the peaks become more intensive and symmetrical (Figure 3). It is well known that the intensity of resonant peaks is optimized by increasing both the number of periods and the refractive index contrast between the low and high refractive index segments (∆n) [30,31,32,33]. Since in this case the number of pairs is constant (20-cycle processes), it can be concluded that lower transmittance is caused by the enhancement of the latter parameter. The ∆n, in turn, is induced by the tp, which via pore widening increases the layer porosity contrast. Owing to the obvious improvement of the optical characteristics (distinct and regular resonance peaks) with tp, the samples were immersed in the acid solution for 60 min before an optical comparison of the PAA-based DBRs anodized under time- and charge density-controlled modes.



Four PAA-based DBRs were produced under the time-controlled mode, where the duration of UH and UL pulses was varying while maintaining the tH + tL = 660 s. In Figure 4, the U(t) and ia(t) curves for the first three cycles and the corresponding transmission spectra of the PAAtL–tH samples (after tp = 60 min) are shown. First of all, it can be noted that the λ1 peaks in the MIR spectral range (>3000 nm) are very symmetrical and intensive (transmittance at the center of the λ1 is close to zero). Moreover, a simultaneous increase of the tL and decrease of the tH by 40 s makes the λ1 band to shift from ca. 5000 nm to 4000 nm.



It was demonstrated before that the time-controlled mode leads to a continuous reduction of the total amount of charge taking part in the anodization reaction that occurs under each UH and UL pulse [25,29]. As an effect, the dH and dL layers formed under the UH and UL pulses, respectively, become thinner with the anodization cycles. To avoid this problem, a program was written to control the total amount of charge passing under each UH and UL pulse (CH and CL, respectively) and the duration of the subsequent UH and UL pulses was regulated so that the same CH and CL was reached in every cycle (charge density-controlled mode). To compare the effect of changing the pulse anodization from time- to charge density-controlled mode, the CH and CL was determined from the ia(t) curves recorded for the PAA_tL–tH samples (Figure 4). Owing to the diffusion-limited processes which cause the increasing problem with the irregular development of dH + dL pairs, only the first three cycles were taken into account. Then, the mean of the three CH and CL values was calculated and used to design the pulse sequence under the charge density-controlled mode.



In Figure 5, the U(t) and ia(t) curves for the first three cycles recorded during pulse anodization under the charge density-controlled mode and the corresponding transmission spectra of the PAA_CL-CH samples (after tp = 60 min) are shown. It can be seen that upon switching the modes the λ1 peaks in the MIR spectral range became broader and asymmetric (blue edge of the peaks is split). Furthermore, the center position of the λ1 bands are red-shifted with respect to the corresponding peaks recorded for the PAA_tL–tH samples. In the transmittance spectrum of the sample PAA_2989-5017 the λ1 peak is presumably shifted above 6000 nm and thus is not visible, whereas the peak at around 3500 nm is the second order the PSB (λ2).



In Figure 6, CH (the charge density for each UH pulse in the 20-cycle process) as a function of the number of cycles for both modes are demonstrated. It is seen that whereas CH decreases with increasing the number of cycles in the time-controlled mode, it is perfectly stable in the charge density-controlled mode. Since the thicknesses of anodized layers is determined by the amount of charge generated under a given anodization potential, this analysis strongly indicates that the dH + dL pairs grow uniformly in the PAA_CL-CH samples, in contrast to the pairs formed in the PAA_tL-tH samples.



In Figure 7, SEM images of the upper dH and dL pairs (the layers grown in the last 16–20 cycles) from the PAA_tL-tH samples are juxtaposed with the images of the corresponding dH and dL pairs from the PAA_CL-CH samples. The morphological analysis shows that the upper dH and dL layers in the PAA_CL-CH samples are thicker than the ones in the corresponding PAA_tL-tH samples, which is in agreement with the higher CH values (and CL values—not shown in Figure 7) that were reached in the last anodizing cycles performed under the charge-controlled mode (Figure 7).



For better visualization, the first order PSBs generated by the DBRs prepared in time- and charge density-controlled modes are shown in a narrower spectral range (Figure 8). In Table 1, transmittance at λ1 central position (T0) and the full width-half maximum (FWHM) of the λ1 peak determined for the PAA_tL-tH and PAA_CL-CH DBRs are gathered (except the PAA_2989-5017 sample, for which the λ1 peak was out of the detection range). The FWHM of the first order PSB was determined from the experimental transmittance curves at T = (Tmax − T0)/2 (Figure 8). In the calculation, Tmax was taken as the highest value of T in the range of 3500–5500 nm. Despite some uncertainty in determination of the FWHM for the PAA_CL-CH DBRs caused by the wavy blue side of the λ1 peaks, it can be seen that the FWHM is comparable for the DBRs fabricated by the time-controlled mode (a slight decrease in FWHM can be noticed for the PAA_600-60 sample) and it tends to increase in the corresponding DBRs produced by the charge density-controlled mode.



The bandwidth of the PSB depends mainly on the ∆n: the larger the refractive index contrast, the larger the FWHM [34,35]. The ∆n in PAA-based DBR is determined by the contrast in porosity of the dH and dL layers. The porosity, in turn, depends fully on the anodization parameters such as the applied anodizing voltage and temperature, which define both the interpore distance (Dc) and the pore diameter (Dp). Since the PAA-based DBRs were all produced under the same pulse sequence (UH = 50 V, UL = 20 V) and anodizing temperature, the porosity of the dH and dL segments (  P = 0.907        D p     D C       2    [25]) and thus the nH and nL (∆n = (nL2 − nH2)/2nL2 = constant) should not vary. In Table 2, the spectral position of the λ1 and λ2 bands extracted from the simulated spectra are gathered. The optical spectra were simulated taking into account the thickness of the upper dH and dL pairs (Figure 7) and assuming the same ∆n = 0.06 for all samples. As can be seen, both bands are in a good agreement with the observed ones (Figure 4b, Figure 5b and Figure 8). The simulation also confirms that the peak at around 3500 nm in the spectrum of the sample PAA_2989-5017 comes from the λ2. The small discrepancies between the observed and calculated λ1 and λ2 bands as well as the variable PSB broadening can result from the different pulses’ duration and thus the entire process. The longer anodization time will cause a larger pore broadening (larger Dp) and larger the dH and dL layers’ porosity and, as a consequence, the nH and nL will change. The ∆n can be also slightly affected by the Al2O3 refractive index variation itself with the wavelength (the n of Al2O3 is decreasing from 1.67 to 1.62 when the wavelength is increasing from 4 to 5 μm [36]). Owing to the same number of pairs in all studied multilayer stacks, the λ1 intensity (T0) are comparable in both type of samples. A minor difference in T0 is due to the probable slight variation of the ∆n in the real samples.



Since the charge density-controlled mode apparently improves the uniformity of the grown porous layers, the question arises what the reason is for PSB peak asymmetry in the PAA_CL-CH samples. In the transmittance spectra Fabry-Pérot (F-P) interference fringes (low intensity oscillations of increasing spacing with the wavelength) are also visible. The F-P fringes originate from the interference of the beam reflected from the two interfaces between the top and the bottom part of PAA and air [37]. The F-P interference can superimpose the PSBs to some extend depending on the PAA thickness, its uniformity in the measurement area, PBS spectral position and intensity, etc. However, since only the blue edge of the λ1 peak in the PAA_CL-CH samples seems to be affected by this phenomenon, there can be also an alternative explanation for the peak asymmetry in these particular DBRs. As it is well established, the center position of photonic stop bands (PSBs) is governed by the Bragg-Snell law [38]. For the angle of incidence θ equal to 0, the law can be expressed as follows:


  m  λ m  = 2 d   ·    n  e f f    



(1)




where λm is the wavelength of a photonic stop band (PSB), m is the order of the PSB, d is the periodicity (d = dH + dL) and neff is the effective refractive index (neff = (nHdH + nLdL)/(dH + dL)). Thus, for the larger d neff the PSBs will shift toward red part of the spectrum (Figure 9).



Since during pulse anodization the successive dH and dL layers may differ in both thickness and porosity, the right side of the Equation (1) is actually a compilation of different values of the d neff product and can be rewritten as follows:


   m  λ m  =   2    d 1  ·    n  e f f  1  +  d 2  ·    n  e f f  2  + … +  d p  ·    n  e f f  p     p  =   2   ∑  p   d p  ·    n  e f f  p   p    



(2)




where p is the number of dH + dL pairs in a DBR.



In the PAA based DBRs synthesized by the time-controlled mode both d and neff vary with subsequent layers grown upon the following anodization cycles. Owing to the diffusion-limited problems the d becomes successively smaller and therefore, the last layers are thinner than the first ones (d1 > d2 > … > d20). On the other hand, due to the extending time of anodization the layers produced at the beginning of the process are subjected to longer reaction with acidic electrolyte and thus pores in the first dH + dL pairs become wider than the ones in the last dH + dL pairs. Therefore, the neff of the last layers is larger than the neff of the first ones (n1eff < n2eff < …< n20eff). So the smaller d values of the dH + dL pairs produced at the end of the process are counterbalanced by their larger neff. As a consequence, the product dp∙npeff of each dH + dL pair is optically equalized giving symmetric and intensive PSBs. As pore are broadened after the synthesis, the compensation effect is even stronger leading to PSBs with almost zero transmittance. In the PAA based DBRs synthesized by the charge density-controlled mode the d is the same in every cycle (d1 = d2 = … = d20), whereas the neff remains progressively changing due to the different porosity of the dH + dL pairs, namely the n1eff < n2eff < …< n20eff. Therefore, the ∆neff is not counterbalanced by the ∆d resulting in variation of the product dp∙npeff within the multilayer stack. Consequently, the Bragg-Snell relation is fulfilled only for few dH + dL out of the total 20 pairs. The other pairs provide different optical conditions and accordingly the PSB is centered at slightly different spectral position for these specific pairs. As an effect, the resonance band in the MIR region split and broaden. In fact, owing to the inhomogeneous porosity that remained in the subsequent dH and dL layers of equal thickness, a few DBRs can be formed in one multilayer stack. If two DBRs are created, the Equation (2) is divided into two terms:


  m  λ m I  =    2     ∑    p I      d  p I    ·    n  e f f   p I      p I      



(3)




In addition:


  m  λ m  I I    =   2    ∑    p  I I     d  p  I I    ·    n  e f f   p  I I       p  I I       



(4)




where pI and pII (p = pI + pII) comprises the number of dH + dL pairs that makes up DBRI and DBRII, respectively. Each of DBRs are built of alternating double-layers characterized by similar optical thickness (d neff).



Furthermore, during the contact with the CuCl2/HCl solution after the electrochemical synthesis the upper layers are more exposed to the interaction with the acid than the lower ones (close to the barrier layer). As a consequence, the ∆neff increases. This effect holds for both PAA_tL-tH and PAA_ CL-CH samples. However, in the latter samples the increasing ∆neff is not counterbalanced by decreasing d values (∆d = 0), what should be reflected in a different optical behavior of the PAA_ CL-CH samples with increasing tp. To check this assumption, the influence of the tp on the optical spectra of the PAA_3653-1535 sample was studied (Figure 10). As expected, in contrast to the PSBs generated by the PAA_600-60 DBR (Figure 3), the λ1 peaks in the transmission spectra of the corresponding PAA_3653-1535 DBR become wider and more asymmetrical with tp. Upon prolonged contact with the CuCl2/HCl solution refractive index of each and subsequent layer become closer to that of air. Accordingly, the products dp∙npeff acquire smaller and the PSB shifts to shorter wavelengths as tp increases. In the case of the PAA_3653-1535 DBR, the λ1 band centered at the lowest T shifts from ca. 4900 nm to about 4600 nm when tp changes from 0 to 50 min. Moreover, the increasing tp enhances the n1eff < n2eff < … < n20eff inequality (n1eff << n20eff) making thereby the spacing between λmI and λmII larger (Figure 10).



The optical properties of the PAA-based DBRs studied in this work could be attractive for application in transparent photonic crystal heat mirror (TPCHM) [39,40]. In principle, TPCHM works as infrared mirrors that decrease heat losses in the receiver of solar concentrators [36]. Precisely, TPCHM should selectively reflect the infrared spectral region while being transparent towards solar irradiance [35]. Such requirements could be fulfilled by the PAA-based DBR after a proper design of the pulse sequence. To make the DBRs more transparent in the 250–2500 nm region (to remove the higher order PSBs [26]) a pulse sequence with a gradual change of applied voltage/current density can be applied (e.g., Gaussian pulse profile) that will induce periodical and gradual refractive index change within the DBRs. The reflection in the MIR region can be enhanced by increasing the number of refractive layers in a DBR stack. The optimization of the material requires, however, further experimental studies supported by adequate theoretical modelling.




4. Conclusions


In this work PAA- based DBRs were synthesized by pulse anodization. Two modes were used to design the DBR structures: time- (the PAA_tL-tH DBRs) and charge density-controlled (PAA_CL-CH DBRs) mode. After the electrochemical synthesis the PAAs were immersed in a saturated CuCl2/HCl solution for a given time. The influence of the immersion time (tp) on optical characteristics of the samples was systematically studied. With increasing tp the photonic stopbands (PSBs) became more intensive and shifted towards blue part of the spectrum. In the PAA_tL-tH DBRs, dH + dL pairs of variable thickness (∆d) under each and successive UH and UL pulse were grown. It was suggested that in this type of samples the ∆d was counterbalanced by variable porosity of respective segments (translating into variable effective refractive index, ∆neff) leading to symmetric PSBs. The pore broadening in the acid solution strengthened the compensation effect. As a consequence, the first order PSBs became more symmetrical and intensive (transmission ~0) with increasing tp. The application of the charge density-controlled mode resulted in an uniform formation of dH and dL layers (∆d = 0) under each and successive UH and UL pulses, respectively. Owing to the equalized thickness of the dH + dL pairs, the ∆neff was not counterbalance by ∆d. As a result, the λ1 bands were wider, split on the blue edge side and red-shifted with reference to those of corresponding PAA tL-tH DBRs. Pore widening after the electrochemical synthesis only enhanced this trend: the PSBs became more broadened and split on their blue edge in the PAA_CL-CH DBRs as the immersion time (td) increased.
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Figure 1. A scheme of (a) the PAA-based DBR; and (b) the pore architecture with dH and dL segment thickness resulting from the anodization under UH and UL pulses, respectively (dH–L is the transition layer formed during the gradual voltage decrease from UH to UL). 
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Figure 2. A scheme representing the preparation of a free-standing porous anodic alumina (PAA). 
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Figure 3. Transmission spectra of the PAA_600-60 DBR for different tp. 
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Figure 4. (a) The U(t) (black solid lines) ia(t) (dotted lines) curves recorded during pulse anodization at 30 °C with various tH and tL (the samples PAA_ tL-tH) and other parameters as follows: UH = 50 V, UL = 20 V, UH->UL drop rate = 0.234 V/s, 20 cycles; (b) the corresponding transmission spectra recorded for the samples, after tp = 60 min. 
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Figure 5. (a) The U(t) (black solid lines) ia(t) (dotted lines) curves recorded during pulse anodization at 30 °C with various CH and CL in [mC/cm2] (the samples PAA_ CL-CH) and other parameters as follows: UH = 50 V, UL = 20 V, UH->UL drop rate = 0.234 V/s, 20 cycles; (b) the corresponding transmission spectra recorded for the samples after tp = 60 min. 
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Figure 6. CH as a function of the number of cycles determined for (a) time- and (b) charge density-controlled mode pulse anodization. 
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Figure 7. SEM images of upper dH and dL segments in the PAA_tL-tH DBRs: (a) PAA_480-180, (b) PAA_520-140, (c) PAA_560-100, (d) PAA_600-60; and in the PAA_CL-CH DBRs: (e) PAA_2989-5017, (f) PAA_3309-3661, (g) PAA_3469-2598, (h) PAA_3653-1535. 
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Figure 8. The λ1 peaks in the PAA-based DBRs anodized under (a) time-controlled mode and (b) charge density-controlled mode. 
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Figure 9. A scheme of the PAA-based DBR (a); the reflectance spectra of two DBR structures with the same number of dH + dL pairs (20 periods), ∆n = 0.06 and different optical thickness d neff (b). 
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Figure 10. Transmission spectra of the PAA_3653-1535 for different tp. 






Figure 10. Transmission spectra of the PAA_3653-1535 for different tp.



[image: Energies 14 05149 g010]







[image: Table] 





Table 1. Transmittance at λ1 central position (T0) and the full width-half maximum (FWHM) of the λ1 peak determined for the PAA_tL-tH and PAA_CL-CH DBRs.
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	Sample
	T0
	FWHM [nm]
	Sample
	T0
	FWHM [nm]





	PAA_480-180
	0.11
	489
	PAA_2989-5017
	
	



	PAA_520-140
	0.06
	489
	PAA_3309-3661
	0.12
	499



	PAA_560-100
	0.03
	491
	PAA_3469-2598
	0.08
	595



	PAA_600-60
	0.06
	430
	PAA_3653-1535
	0.07
	572
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Table 2. The spectral position of the λ1 and λ2 bands calculated using EPITAXYproject® software and assuming the same refractive indices (nH = 1.43 and nL = 1.52) for all samples.
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	Sample
	λ1 [nm]
	λ2 [nm]
	Sample
	λ1 [nm]
	λ2 [nm]





	PAA_480-180
	4815
	2450
	PAA_2989-5017
	6880
	3494



	PAA_520-140
	4734
	2410
	PAA_3309-3661
	5548
	2817



	PAA_560-100
	4426
	2240
	PAA_3469-2598
	4910
	2423



	PAA_600-60
	4045
	2000
	PAA_3653-1535
	4394
	2163
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