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Abstract. 
A multi-electrolyte-step (MES) anodic aluminum oxide (AAO) method was used to achieve nanochannel arrays with good circularity and periodic structure. The nano-channel array fabrication process included immersion in a phosphoric acid solution with a 120–150 bias voltage. Bowl-shaped structures were then formed by removing the walls of the nano-channel arrays. The nano-channel arrays were grown from the bottom of the bowl structure in an oxalic solution using a 50 V bias voltage. A comparison of this new MES process with the one-step and five-step AAO process showed a 50% improvement in the circularity over the one-step process. The standard deviation of the average period in the MES array was 25 nm which is less than that of one-step process. This MES method also took 1/4 of the growing time of the five-step process. The orderliness of the nano-channel arrays for the five-step and MES process was similar. Finally, Cu nanoparticle arrays with a 200 nm period were grown using an electroplating process inside the MES nano-channel arrays on fluorine doped tin oxide glass. Stronger surface plasmon resonance absorption from 550 nm to 750 nm was achieved with the MES process than was possible with the one-step process.


1. Introduction
In recent years, surface plasmon resonance (SPR) in nanoparticle array has attracted a lot of attention because of the adjustable absorption band [1, 2]. SPR assisted energy conversion in dye-sensitized solar cell has also been studied [3]. The SPR effect is dependent on the shape and the arrangement of the nanoparticles but it is not easy to achieve good circularity and periodicity in metallic nanoparticle arrays. It has been shown that carbon nanotubes, nanoparticles, quantum dots, and nanopillars can be grown in nanochannel arrays utilizing various methods for their fabrication [4]. The use of the anodic aluminum oxide (AAO) method for the fabrication of nanochannel arrays to nanoparticle arrays has matured [5]. However, the positioning of the nanochannel arrays grown using the AAO method is random making it very difficult to control the hole quality and to form orderly arrays. There have been some methods for growing good quality AAO nanochannel arrays developed. They require either an increase in circularity or improvement in the period of the channels, so it becomes a long process [6]. For example, in the multistep AAO process [7], channels are repeatedly grown and removed to achieve periodic arrays. The problem is the thickness of the raw material, Al, has to be greater than 1 μm, which is too thick for the deposition of a good quality of film. Another method involves using mixed electrolytes to improve the circularity of the nanochannel arrays. The limitations of this method are that the period of the arrays that can be grown is less than 150 nm and the arrangement of the arrays is irregular [8, 9]. A nanoimprinting method can be applied to control and regularize the positions of the nanochannel arrays [10], but the imprinting mold is easily broken during the imprinting process. The use of an atomic force microscope (AFM) for prepatterning [11] is good, but the working area is very small. In this study a multi-electrolyte-step (MES) method was applied to improve the circularity and period of the arrays. The goal was to grow orderly nanochannel arrays in a simpler and more useful fashion. A nanochannel template was applied for the masking of antireflectance structures on a large area [12] for the production of omnidirectional reflectors [13]. Finally, periodic copper particles with larger periods were grown in the MES nanochannel arrays on fluorine doped tin oxide (FTO) glass and the absorption of the spectrum was in the visible region due to SPR.

2. Definition and Simulation
Nanochannel arrays for periodic structure applications have to be precisely ordered with a regular period and good circularity [14, 15]. The circularity 
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 is its area. When the circularity is 1, the hole is a perfect circle. When the hole flattens, the circularity approaches 0. In the past, AAO nanochannel arrays were grown in phosphoric or oxalic acid. The results of analysis of the circularities of the holes produced from one-step AAO processes [16–27] are shown in Figure 1. It can be seen that it is difficult to grow good quality arrays with a period in the range from 150 to 300 nm in phosphoric acid using the traditional AAO method. It has also been proven that better quality arrays can be produced using an AAO process with oxalic acid, with most holes being in the upper 0.8 range in circularity. We devise an MES method designed to grow orderly nanochannel arrays in a simpler and more useful fashion, which produces arrays with improved circularity and periodicity. We first simulated a 200 nm bowl structure and applied an added bias of 50 V to see if the AAO process could be applied theoretically. The simulation results obtained by finite element analysis are shown in Figure 2. Parkhutik and Shershulsky [28] and Houser and Hebert [29] proposed a model that can suitably describe the charge characteristics of an AAO electrode. This model [30] was also used to analyze the potential distribution inside the anode. The results in Figure 2 show the distribution of the potential and gradient of the potential, where A indicates the position at the top of curve S, B at the middle, and C at the bottom. The value of the gradient of the potential at A is higher than that at B or C. The results indicate that the maximum oxidation reaction rate occurs at A, due to the geometrical symmetry effect. According to the simulation results, the highest bias occurred at the central position of the bowl structure, with a new channel growing there due to the electrochemical reaction. Thus, we could design a process for the growth of large-period nanochannel arrays at lower voltages.


































	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	















































	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	
	




	
	
	
	
	
	
	
	
	
	
	
	
	
	




	
	
	


	
		
	


	
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
			
			
			
			
			
			
		
		
			
			
		
	


	
		
			
			
			
			
			
			
		
		
			
			
		
	


	
		
			
			
			
			
			
			
		
		
			
			
		
	


	
		
			
			
			
			
			
			
		
		
			
			
		
	


	
		
			
			
			
			
			
			
		
		
			
			
		
	


	
		
			
			
			
			
			
			
		
		
			
			
		
	


	
		
			
			
			
			
			
			
		
		
			
			
		
	


	
		
			
			
			
			
			
			
		
		
			
			
		
	


	
		
			
			
			
			
			
			
		
		
			
			
		
	


	
		
			
			
			
			
			
			
		
		
			
			
		
	


	
		
			
			
			
			
			
			
		
		
			
			
		
	


	
		
			
			
			
			
			
			
		
		
			
			
		
	

Figure 1: The analysis of circularity produced by AAO processes in oxalic acid and phosphoric acid.




	
		
	

















































































	
		
		
	


	
		
		
	


	
		
	


	
		
	
	
		
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	


	
		
	
	
		
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
	
	
		
	


	
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
		
	


	
		
		
	


	
		
		
	

Figure 2: Distribution profiles of the potential with an applied voltage of 50 V.


3. Experiments
In the experimental process, 99.5% aluminum foils were used as the substrates which were electropolished in an H3PO4/H2SO4/di water (2 : 2 : 1) solution; the roughness of the substrate surface could range from 30 to 13.1 nm. After substrate cleaning, the MES process was used to grow large-period nanochannel arrays in a 10 wt% phosphoric acid at 4°C with the application of a bias voltage of 120–150 V for 10 minutes. The process design and its images are illustrated in Figure 3. The size of the holes was increased by chemical dissolution in a 0.5 M NaOH solution until the walls of the nanochannels were very thin, and bowl-shaped structures were formed by removing the walls of the nanochannel arrays. Nanochannel arrays were grown from the bottom of the bowl structure using a 50 V bias voltage in an oxalic acid solution for 30 minutes. It was easier to obtain nanochannels similar in shape to the circular holes in the oxalic acid solution than in the phosphoric acid solution. The results of the one-step AAO process were compared with the MES AAO results. The one-step process involved growth in a 10 wt% phosphoric acid with a voltage of 120–150 V for 30 minutes. The holes increased in size to 0.5 M when the NaOH solution was used. The one-step process was repeated five times (five-step process); the results are also discussed in our study. It should be noted that these are the usual methods that have been used for the orderly growth of arrays in other studies. After this comparison, 300 nm Al films were coated onto FTO glass after cleaning it with alcohol and acetone, and nanochannel arrays were grown using the one-step and MES process. Cu particles with a 200 nm period were grown at a bias voltage 1V in the 0.05 M CuSO4 solution utilizing an electroplating process, after which the AAO nanochannel arrays were removed by chemical dissolution. Finally, the spectra of the Cu nanoparticle arrays were measured by an integrating sphere spectrometer, where the scattered light could be collected by the integrating sphere. Then the absorption would be calculated. All of the chemicals used in the experiments were obtained from the Echo Chemical Co.






	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	








	
		
			
			
		
		
			
			
			
		
		
			
		
		
			
			
		
		
			
		
		
			
			
			
			
			
		
	













Figure 3: Nanochannel arrays with a large period growing at 120–150 volts and the second growing at 50 volts.


4. Results and Discussion
Analysis of the scanning electron microscope (SEM) images of nanochannel arrays grown through the traditional one-step and five-step processes and the MES AAO process was carried out. Figures 4(a)–4(d) show the nanochannel arrays produced after only 30 minutes of growth with the one-step process, with voltages of 120 V to 150 V. The positions of the channels in the arrays thus grown are nonuniform, and the hole sizes are not orderly. It can be seen in Figures 4(e)–4(h) that the nanochannel arrays grown by the five-step process are more orderly than those grown with the one-step process, but the process took about 3 hours. Figures 4(i)–4(l) show the nanochannel arrays grown with the MES process at voltages of 120–150 V. The interpore distance of the nanochannel arrays increased following an increase in the bias voltage from 120 to 150 V. The hole sizes of the nanochannels produced during the five-step and MES processes were larger than those produced in the one-step AAO process. The interpore distance also increased slower with the MES process than with the five-step process, being similar to that obtained from the one-step AAO process, as can be seen in Figure 4. We compared the circularity obtained with the MES, one-step, and five-step AAO methods, as determined by (1). The distribution curves for the circularity are shown in Figure 5. Analysis shows that the highest peak in Figure 5 is obtained for a circularity of 0.85–0.9 obtained with 120–150 volts in MES. It was found that the circularity in the nanochannel arrays grown using the one-step AAO process (120–140 V) was less than 50% (ranging from 0.8 to 1.0) of that obtained with the five-step or MES methods. Using the MES AAO process, we were able to produce larger numbers of nanochannel arrays with good circularity at 120–150 V. Furthermore, the MES AAO process could grow more passable nanochannel arrays than with the one-step AAO process at 120–140 V. As a result, we could achieve a high ratio of circularity and uniform nanochannel arrays with the MES AAO process. In addition, the MES arrays had good circularity with a larger period compared to those obtained with the other methods, as can be seen (triangle dots) in Figure 1.















(a)















(b)




	
		
		
		
		
		
		
		
		
	













(c)




	
		
	
	
		
	
	
		
	













(d)















(e)















(f)




	
		
		
		
		
		
		
		
		
		
	













(g)




	
		
	
	
		
	
	
		
	













(h)















(i)















(j)




	
		
		
		
	













(k)




	
		
	
	
		
	
	
		
	













(l)
Figure 4: Nanochannel arrays grown with the one-step process at voltages of (a) 120, (b) 130, (c) 140, and (d) 150 V; five-step at voltages of (e) 120, (f) 130, (g) 140, and (h) 150 V; and the MES process at voltages of (i) 120, (j) 130, (k) 140, and (l) 150 V.
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(d)
Figure 5: Circularity analysis for the one-step, five-step, and MES processes with 120–150 V.


The Fast Fourier Transform (FFT) method was used to analyze the average period and the standard deviation of period which is the distance between the interpore centers. The positional shift for the one-step process was larger than 50 nm at 120–140 V, but less than 25 nm at 120–150 V for the five-step and MES processes, as shown in Figure 6. The results prove that the MES method was able to produce better periodic nanochannel arrays than the one-step method with a shorter growing time, allowing for a large-period design; see Figure 6. The average period for the one-step, five-step, and MES processes was also analyzed. In the five-step AAO process, the period increased slowly from 202 to 280 nm, then more quickly from 213 to 358 nm, while in the MES process the period increased from 233 to 312 nm, as shown in Table 1. This method had the advantage of increasing the period by repeating the growth steps. Figures 7(a) and 7(b) show Cu nanoparticle arrays with a 200 nm period grown on FTO glass by the electroplating process with the one-step and MES nanochannel processes. The diameters of the copper particles were between 100 and 150 nm with 120–150 volts in one-step and between 150 and 225 nm in MES process. We can find that the Cu nanoparticle array has better period and circularity in Figure 7(b) than in Figure 7(a). Figure 8 shows the absorption spectra of the Cu nanoparticle arrays grown with the one-step and the MES AAO processes. The results show that the SPR absorption from 550 nm to 750 nm is stronger for the arrays produced with the MES process than with the one-step process.
Table 1: The standard deviations and periods of nano-channel arrays produced at 120–150 V by the one-step, five-step, and MES processes.
	

	Bias	One-step	Five-step	MES
	

	120 V	
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				9
				2
			

		
	
 nm	
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 nm
	130 V	
	
		
			
				2
				3
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 nm	
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 nm	
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 nm
	140 V	
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 nm	
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 nm	
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 nm
	150 V	
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(b)
Figure 6: Average periods of AAO nanochannel arrays with a standard deviation (s.d.) at 120–150 V for the one-step, five-step, and MES AAO processes.
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(b)
Figure 7: Cu nanoparticle arrays with a 200 nm period produced with (a) the one-step and (b) with MES AAO processes.




	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
	
		
	
		
	
	
	
	
	
	
	
		
	
		
	
		
	
	
		
	
	
		
	
	
		
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
		
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	



Figure 8: Absorption spectra for the Cu nanoparticle arrays produced by the MES and one-step AAO processes.


5. Conclusion
This study proves that more orderly periodic nanochannel arrays can be produced with an MES process combining two electrolytes of phosphoric acid and oxalic acid. The analysis shows better circularity of 0.85–0.9 with 120–150 V in the MES process, with a standard deviation of the average period of less than 25 nm. The advance in the development of orderly nanochannel arrays with the MES method is similar to that achieved with the longer five-step process. Finally, Cu nanoparticle arrays with a period of 200 nm were grown in AAO templates on FTO glass using the MES process. The SPR absorption ranged from 550 nm to 750 nm, stronger than with the one-step process.
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