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Abstract

:

In this study, uniform and ordered nanostructured arrays of pure tin (Sn) were produced by the chemical pulse plating method in potentiostatic mode. Bottom metalized anodic aluminium oxide templates were used as the substrates for holding nanostructures during deposition. The plating bath consists of stannous sulfate (SnSO4), sulfuric acid (H2SO4), polyethylene glycol (PEG), and glutaraldehyde as a surfactant. The effect of potentiostatic potential ranging from −0.5 to −3.2 V vs. Ag/AgCl electrode was studied on the growth morphology of nanostructures that were formed. The characterization studies were accomplished by X-ray diffraction (XRD), field emission electron microscopy, and energy dispersive spectroscopy. It was found that several nanostructures were of different shapes and size when the potential was varied. Nanorods were prominent at the deposition potentials of −0.5 and −1.1 V, while a combination of nanostructures (nanorods, nanoplates, and nanoparticles) was predominant at −3.2 V. XRD results show that the nanostructures that were obtained consisted of tetragonal (Sn) structure with a crystallite size of about 20 nm. This process is economically viable and it can be scaled to produce various nanostructures through a careful control of deposition parameters.
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1. Introduction


Materials that were prepared on the nanoscale often exhibit many different properties as compared to the same material in their bulk-state. As a result, there has been a tremendous amount of research activities on nanocrystalline materials among engineers and scientists in the past few decades, and the synthesis of bulk nanocrystalline materials is an important topic of recent research on nanocrystalline materials. For example, wire-shaped one-dimensional (1D) nanostructures in microelectronics as chip interconnections as well as fundamental units in functional devices. Especially, the excellent magnetic properties of metallic (Ni-, Fe-, and Co-based) nanostructures have opened new dimensions for next-generation memory devices with a high information storage capacity [1,2,3,4]. The production and the development of metallic or nonmetallic nanostructures are of significant interests due to their advanced application areas, such as microelectronics, optics, sensors, catalysis, fuel cells, solar cells, water purification, thermoelectrics, and bio-implants [5,6,7,8,9,10]. Various nanostructures, 1D or two-dimensional (2D) are synthesized by different routes, such as physical evaporation methods, atomic layer deposition, sonochemical treatment, chemical precipitation methods, polyol methods, ion implantation, and template assisted chemical plating methods [11,12,13,14,15,16,17,18,19,20]. Chemical plating methods where nanostructures are grown in a supporting membrane kind of structure, called templates, are the most popular and simplest methods. The size of the nanowires is generally predetermined by the diameter of the pores inside the templates. In addition, the template-based approach is one of the direct and quick methods to produce nanostructures at the industrial scale [21,22,23]. When compared to chemical methods, physical methods require a great deal of care and handling because they are operated at a fixed temperature and sensitive environment [24,25,26,27]. They are, therefore, not suitable to fill the channels of the templates. In addition, the top-down approach, like physical evaporation or chemical vapor deposition and physical vapor deposition are not desirable to fill up the template pores. This is because of the fact that as soon as the thickness of sputtered atoms rises over the channel openings, most of the pores of the template get blocked. Therefore, a chemical plating method where the nucleation and growth occur from inside the pore walls and bottom is the most suitable for the template based techniques to avoid any kind of pore blockage and high filling efficiency. Among the chemical method, and pulse plating offers many advantages. The pulse plating method is most suitable in view of its various benefits, such as simple and economic procedure as compared to other popular precipitation and sol-gel methods that require processing at high temperatures. The efficiency of plating process can be achieved up to more than 95–99% [12,23]. However, there is a scarcity of literature on Sn nanostructure formation by template-assisted pulse deposition. This may be due to the lack of database and understanding of the various roles of pulse and bath parameters inside the template pores. In addition, high aspect ratio nanostructures can be achieved by changing the template-assisted plating parameters at our will [10,21,22,23,24,25]. Among nanostructures, a more convincing impact of wire-shaped 1D nanosystems is in microelectronics, especially, in chip interconnections and as elemental building blocks in advanced functional devices. Particularly, the remarkable properties of Sn-based nanowires have opened new perspectives to fabricate the next generation of packaging devices [4,5,26,27,28]. For example, the optical transparency of Sn nanowires lies in the range 85–90% and it can be applied as transparent electrodes in electronic devices [28]. Double side tin nanowire arrays have already been tried as advanced thermal interface materials and have possibility for use in future electronic packaging materials [29]. Nanowire-based Sn and Sn-3.5Ag solders have been shown to have better joining characteristics at the nanoscale [30,31]. Therefore, in this work, we have fabricated Sn nanostructures (nanowires, nanorods, nanoplatelets, nanoparticles) in view of their potential applications in recent microelectronic packaging devices. We have used the pulse plating method for nanostructure fabrication using aqueous sulfate bath and an anodic aluminium oxide (AAO) template membrane as cathodic substrate. Further, the effect of varying potential from −0.5 to −3.2 V vs. Ag/AgCl on Sn nanostructure morphology during potentiosatic deposition has been also addressed.




2. Experimental Details


2.1. AAO Template Preparation


Anodic aluminium oxide (AAO) templates (Anodiscs, 60 µm height, Whatmann, Sigma Aldrich, St. Louis, MO, USA) having average pore diameter of 100 nm were used as templates. Prior to deposition, the template was cleaned with distilled water and ethyl alcohol to remove any dirt and grease that is present in the pores, and dried in open air.




2.2. Bath Preparation


The plating bath was prepared for the deposition process by adding the following chemicals procured from Sigma Aldrich (St. Louis, MO, USA) in the composition:




	
Stannous Sulfate, SnSO4 (50 g/L, 99.9% pure);



	
Sulfuric Acid, H2SO4 (170 g/L, 99.999% pure);



	
Polyethylene glycol (PEG), H–(O–CH2–CH2)n–OH, n = 10,000 (g/L, 99.99% pure);



	
Glutaraldehyde, OCH(CH2)3CHO (0.025 g/L, 99.99% pure).








The sulfuric acid acts as a supporting electrolyte in the plating bath, while PEG acts as a bath stabilizer. The glutaraldehyde acts as a surfactant additive to provide uniform current distribution and deposition throughout the channels. The surfactant also minimizes the internal stresses in the nanostructures inside the template pores. The bath pH was determined by using a digital pH meter. The bath pH value was around 0.6 ± 0.1 and was operated at room temperature (~26 °C) using an infra-red (IR, ST652, Qingdao Tlead International Co, Ltd., Qingdao, China) thermometer. The plating bath was also kept on stirring at 200 rpm during deposition to have a more uniform distribution of ions in the solution by a SPINOT magnetic stirrer.




2.3. The Plating Cell


The plating cell was composed three-electrode cell configuration (Figure 1a). AAO template was used as a cathode substrate. Platinum rod was used as a non-consumable anode and an Ag/AgCl that was stabilized with 1 M KCl was used as a standard reference electrode in the plating cell. AAO template was metallized with a thin Au seed layer (150 nm) followed by a Cu layer (500 nm) by a magnetron sputtering inside the channels of the template on one side, as shown in Figure 1b.



The electrode contacts were made by using an Al foil (10 mm) and a conducting silver paste through the template Cu layer. A small area of the Al foil (20 mm × 20 mm) was exposed to the bath solution to complete the circuit among the three-electrode cell.




2.4. The Pulse Plating Experiment


Pulse plating experiment was carried out using the plating bath and immersing the electrodes in it. The electric potential was supplied through Pulse Plater (EPP-4000, Biologic Science Instruments, Seyssinet-Pariset, France). The deposition was carried out under varying potential from −0.5 to −3.2 V vs. Ag/AgCl electrode for a duration of 3 h. Typical current profiles at various potentiostatic potentials are shown in Figure 2, and the corresponding electrical parameters are presented in Table 1. The non-vanishing current at 0 V is due to the side reactions, like hydrogen evolution and/or dissolution of the nanostructures, the current may not reach exactly zero during the off-cycle.




2.5. Recovery of Nanostructures


The AAO template was taken out of the plating bath and was rinsed with distilled water and alcohol and dried. After that, the AAO template was immediately immersed into a 6 M hot solution of KOH for a few minutes. In due course of time, the AAO template was preferentially etched and dissolved out, leaving behind the free-standing array of nanostructures.





3. Microstructural Characterization


3.1. Phase Analysis


The phase analysis of nanostructure arrays was done by X-ray diffraction (XRD) instrument (D2 Phaser Benchtop XRD System, Bruker AXS GmbH, Karlsruhe, Germany) with Co-target operating at 40 kV and 40 mA current. The various peaks obtained in the XRD spectrum were identified by comparison of the peaks with the International Center for Diffraction Data (ICDD) database using TOPAS software module (Version 6, Bruker-AXS, Karlsruhe, Germany) under Pseudo-Voigt profile fitting.




3.2. Nanostructure Morphology


The structure and evolution of Sn nanostructures inside the AAO template were examined using field emission scanning electron microscope (FESEM) (Hitachi 4800, Tokyo, Japan). The compositional analysis was accomplished by using energy dispersive X-ray spectrometer (EDS) that was attached to the FESEM instrument, which was used to identify the elemental compositions that were present in the sample.





4. Results and Discussion


4.1. Phase Evolution


The various phases that are present in the Sn nanostructure arrays after the deposition was analyzed from the XRD spectrum, as shown in Figure 3. The intense peak was noticed at 37.4°, which matches with the (200) plane of the β-Sn lattice. There is another peak at 65.2°, which corresponds to the (301) β-Sn plane. No other peaks of any impurity elements were found in the XRD spectrum, further indicating no contamination from either contact electrodes (Cu, Au, or Al) of the AAO templates.




4.2. Compositional Analysis


The elemental composition of the nanostructures was estimated by the EDS analysis, as shown in Figure 4.



The EDS analysis shows that un-etched sample contains O, Al, and Sn in the spectrum. Al and O are coming from the adhering AAO template while Sn is from the nanostructures inside and on the walls of the AAO (Figure 3a,c,d). The presence of Au is also noticed, which may be from the metalized layer at the bottom that is used as a seed layer. After etching of the AAO template in KOH, there was no trace of elements from metallization layer Cu or Al (Figure 3b,e). This confirms the purity of the obtained free-standing nanostructures by template deposition.




4.3. Morphology of Nanostructures


We divided the range of potential investigated into three categories: (−0.5, −1.1, and −3.2 V), and observed the change in the shape and size of the nanostructures formed. Figure 5 shows the SEM image of the surface morphology of Sn nanostructures that were formed at different potentiostatic potentials. Various types of nanostructures of different shapes and sizes were formed, as shown.



4.3.1. Formation of Short Nanorods (−0.5 V)


Following SEM images show the type and morphology of the Sn nanostructures that were plated at very low potential −0.5 V (Figure 5). The bright nanostructures are visible inside the template pores (Figure 5a–d).



Most of the pores were not filled completely and uneven filing was noticed (Figure 5a). Some of the template pores were half filled and random filling was observed. It can be easily correlated to the very small amount of potential that was fed to the template channels, causing a weaker deposition rate. As a consequence, poor filling of the pores and non-uniform nanorods were produced into the pores. The network of short and fine nanorods was obtained, being aligned along the large axis (Figure 5b). After etching, most of the template material was dissolved, leaving behind few standing nanorods, as shown in (Figure 5c,d). The average diameter of these rod-shaped nanostructures lie within 140–160 nm and the length is rather short in the range of 1–2 µm. This may be due to the poor deposition at this condition rate, as most of the pores are not utilized [21,22,23,24].




4.3.2. Formation of Large Nanorods/Nanowires (−1.1 V)


The formation of thicker and larger nanorods was noticed when the potential was −1.1 V. Figure 6 shows the well-defined nanorods, which are fully occupied within template pores (Figure 6a,b). A top view of the templates shows the maximum filling of the pores, the white region represents the filled up pores and black spots show the empty pores (Figure 6a). The diameter and length of the nanorods lie in the range of 200 nm and 4–7 µm (Figure 6b–d). The pores are densely filled in most of the cases. The mean diameters of nanorods are larger than the pore diameters of the AAO. This may be due to the fact that these AAO membranes can be slightly dissolved in highly acidic or basic medium solutions [32,33]. Most of the plating baths are highly acidic or basic; the walls of the AAO can be slightly dissolved at higher potentials that are used by electroplating baths.



In addition, the population density of nanostructures also rises with an increase of potential from −0.5 to −1.1 V. The full-fledged nanorods obtained in this potential region are due to the fact that the deposition thickness is enhanced at higher potentials [21]. The nucleation density and the growth rate of nanorods are in proper balance.




4.3.3. Formation of Nano-Rods, Nanoparticles, and Nanoplates (−3.2 V)


In this case, the deposition potential was further extended to −3.2 V and the morphology was observed, as shown in Figure 7. It can be noticed that a network of various types of nanostructures was formed, being oriented in different directions. We can see nanoparticles, nanoplates, and nanorods (Figure 7a–f) in this case. This can be explained in view of the fact that, an increase in potential to a sufficiently high value, the cathodic polarization increases due to a greater electron movement and reduction in the vicinity of the cathodic layer. A localized deposition triggers the formation of dendrite structures, which may result in fine nanoparticles and nanoplates. The size of the nanoparticles lays around 20–30 nm. The nanorods are 1 μm long and 20 nm wide. At this stage, the electron transfer rate is severe and random, causing a loss of orientation and shape. The nucleation rate rises quickly as compared to growth rate, and multiple nanostructures are noticed.



It can also be noted that the template pores are of fixed dimension and are rigid. Theoretically, the deposition parameters should not affect the size and shape of nanostructures inside the template. The nanostructures are supposed to be confined to the wall surface of the template pores. According to Asli et al. when the pore diameter is below a critical size, layer by layer growth of nanorods occurs, regardless of current density due to a smaller surface area at pore bottom as compared to pore wall [34,35]. Shin et al. commented that, under diffusion limited conditions, the growth of nanowires is independent of system parameters. As the nanowires length increases, the metal ions diffusion into the template pores rises, which make the unstable growth front causing over-deposit and blockage of pores [36,37,38]. Thierry et al. have described that unstable growth of these nanostructures occurs on account of the “tip effect”. The “tip effect” at a higher deposition potential leads to a very high current flow at the tip of the Sn nuclei, which promotes the rapid growth of nanostructures [19].



It is to be noted that, though the deposition takes place inside the pores of AAO template, yet the evolution of hydrogen gas is not prevented in chemical baths during plating. At such higher potential, the inherent hydrogen gas screens the AAO template pores, and hence a number of nanostructures are generated. Top view of the AAO template is shown in Figure 7a, which shows that a maximum amount of pores are filled and the top surface is coated with a Sn layer at higher deposition potential. This is related to the high rates of deposition as well as hydrogen evolution combined to produce the tip effect, and hence multiple nanostructures are formed [19,20,21,36,37,38].






5. Conclusions


There are various conclusions drawn from this study as summarized below:




	
1D Sn nanostructures arrays were produced successfully via the template assisted plating approach from aqueous sulfate bath.



	
It was found that the nanostructure shape, size, and morphology were severely affected in response to various deposition potential.



	
Low deposition potential of −0.5 V causes formation of very short nanowires (1–2 µm, dia 140–160 nm) and incomplete filling of the AAO template pores is found.



	
At a medium deposition potential, −1.1 V, the growth rate of nanostructures was further increased to (4–7 µm length, dia 200 nm). Most of the template pores were filled completely



	
As the deposition potential was raised to a sufficiently high value, −3.2 V, multiple nanostructures were formed. The nanoparticles were formed due to the dendritic deposition of Sn inside the AAO template pores (20 nm).



	
The multiple nanostructures (nanoplates, nanorods, and nanoparticles) were formed on account of the tip effect of Sn nuclei inside the AAO template. It can be suggested that an optimum deposition potential is needed to exploit the use of each kind of nanostructure and can be potentially controlled for mass production.
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Figure 1. (a) Pulse plating experimental set up and (b) schematic illustration for template assisted plating. 
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Figure 2. The current profile used for the various potentiostatic potential (a) −0.5 V; (b) −1.1 V; and (c) −3.2 V. 
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Figure 3. X-ray diffraction (XRD) spectrum of the free-standing Sn nanostructure arrays. 
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Figure 4. Energy dispersive X-ray spectrometer (EDS) Spectrum of Sn nanostructures array (a) secondary electron (SE) image of the top view of the template before etching; (b) SE image of the side view of the nanostructure after template etching; (c) EDS spectrum with anodic aluminium oxide (AAO) template with empty pores before etching; (d) EDS spectrum of the AAO template where the pores were filled before etching; (e) EDS spectrum of the nanostructure after template etching. 
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Figure 5. Field emission scanning electron microscope (FESEM) micrograph of random oriented nanorods at potential of −0.5 V (a) top view of the AAO template; (b) cross section of the AAO template; (c) cross-section of AAO template at another location; and (d) higher resolution image of (c). 
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Figure 6. FESEM micrograph of highly ordered nanorods at potential of −1.1 V (a) top view of the AAO template; (b) Another top view of un-even deposits of nanostructures; (c) cross-section of the AAO template showing dense array of nanorods; and (d) a higher resolution image of the (c). 
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Figure 7. FESEM micrograph of randomly oriented multiple nanostructures at potential of −3.2 V (a) top view of the AAO template; (b) high resolution of the (a); (c) high resolution image of (b) showing a cluster of nanoparticles; (d) formation of nanoplates and nanoparticles inside the template at few locations, tilted view of (d); (e) a close view of the nanoplates in (d); and (f) formation of random nanorods of uneven thickness. 
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Table 1. Experimental conditions and pulse parameters.






Table 1. Experimental conditions and pulse parameters.





	Parameters
	Values





	pH
	0.6



	Applied potential
	−0.5 V, −1.1 V, −3.2 V



	Off time potential
	0



	On-time, Off-time
	0.001 s, 0.01 s



	Temperature
	26 °C



	Duty Cycle
	10%



	Frequency
	100 Hz
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