[bookmark: _GoBack]A new procedure for the template synthesis of metal nanowires

J.E. Gravesa*, M.E.A. Bowkerb, A. Summerb, A. Greenwoodb, C. Ponce de Leónc, F.C. Walshc

a) Centre for Manufacturing and Materials Engineering, Coventry University, CV1 5FB
b) Faculty of Health and Life Sciences, Coventry University, CV1 5FB
c) Energy Technology Research Group, University of Southampton SO17 1BJ
*Corresponding author E-mail address:  j.graves@coventry.ac.uk
Abstract
A new procedure for the fabrication of metal nanowires by template assisted electrodeposition using porous polycarbonate templates is described. A thin sputtered film of silver (≤15 nm) was deposited onto one side of the template. The silver seed layer was used to catalyse electroless copper deposition and a copper layer was grown on top (300 - 500 nm) in less than 10 min. The copper layer served to seal the pores of the template and to form an electrode of high electrical conductivity. The copper layer was easily removed with a chemical etchant to aid the release of the nanowires from the template mask after growth. To demonstrate the process, copper nanowires were prepared by controlled potential deposition and characterised by SEM and TEM.  This new procedure has the ability to be applied to the preparation of a wide range of metallic nanostructures over a wide range of scales. It avoids the need for an extended vacuum deposition step and has the advantage of using low cost metals in a combined short vacuum / wet chemical process so as to form the critical electrode layer for nanowire growth.
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1. Introduction
Metal nanowires are promising materials for many applications [1-7]. Research into the preparation of metal nanostructures has been ongoing for a number of years and a number of processes have been developed [8-10]. Template assisted electrodeposition of metal nanowires is one such technique and is the focus of this paper. The technique has attracted much attention since its first demonstration in 1970 [11] and is limited only by the size of the pores present in a template film (typically ion tracked etched polymers or porous aluminium oxide templates).
A critical part of the process which is often overlooked is the deposition of an electrode layer onto one side. This layer plays a vital role and should be uniform and highly conductive so as to ensure excellent current or voltage distribution across the template for subsequent electroplating. Two procedures are usually employed; either (a) the electrode layer is prepared by sputtering or using e-beam evaporation to deposit a thick (200 nm – 1000 nm) metal film onto the template [2,12-14]; or (b) a thin film is sputtered onto the template ( < 200 nm)  and the layer is reinforced by plated copper up to 10 µm in thickness [15,16].  This second process is more robust, but it is difficult to make electrical connection to the thin, fragile sputtered film in order to grow the reinforcing layer. Moreover, if the nanowires need to be released it is difficult to remove the electrodeposited layer.
This paper describes for the first time a new procedure for forming the electrode layer.  The key steps of the proposed approach are the deposition of a thin layer of sputtered silver (≤15 nm) which can then be used to catalyse the electroless deposition of copper and grow a copper layer (≈ 300 - 500 nm) on the surface of the template. Other workers have used a non-selective tin / palladium catalysed electroless copper deposition process to form nanotubes [17,18] but, it would seem that  no workers have used a combination of  sputtered silver and electroless copper deposition to form the electrode layer for subsequent bottom-up nanowire growth. This work demonstrates the new procedure for preparing the electrode layer.
 
2. Materials and Methods
Pre-fabricated polycarbonate templates, in pore sizes of 60 nm, 100 nm and 200 nm, thickness 25 µm, were purchased from it4ip or Fisher Scientific.  In a typical procedure, see Figure 1, the template was (a) first washed gently in a 1 v./v. % of Neutracon  at 40 ºC for 5 min, rinsed, air-dried and (b) sputter coated with silver, 3 min (Polaron Range SC7620 Mini Sputter Coater, Ar bombardment gas, 15 mA current). The template was suspended in an electroless copper bath at 46ºC for 10 min (CIRCUPOSIT™ 3350-1, A-GAS Electronic Materials) to form the electrode layer,  (c) rinsed and carefully air dried. Copper electrodeposition (d) was carried out in an adapted PEEK electroplating cell [19]. The electrolyte for copper electrodeposition is described in [12]. A deposition potential of -75 mV vs. saturated calomel electrode (SCE) was applied for 120 min to grow the nanowires using a Voltalab potentiostat in a three-electrode cell.  A titanium/ mixed metal oxide mesh was used as a counter electrode. The template was removed from the plating cell, rinsed and air dried.  The nanowires were freed from the template by etching away the bottom electrode layer (e) with a 3 v./v.% solution of hydrogen peroxide/sulphuric acid and then (f) by dissolving the template in dichloromethane. Micrographs were recorded using a Carl Zeiss 1530 VP field emission gun scanning electron microscope (FEGSEM). ICP-OES (Perkin-Elmer Optima 5300 DV) was used to determine the quantity of silver applied to the template. The thinnest nanowires were analysed by transmission electron microscopy (TEM) with a JEOL JEM 2100.




3. Results and Discussion
3.1 Characterisation of silver seed layer
Silver is known to be an effective catalyst for electroless copper deposition [20,21]. Sputtered silver coatings have a small grain size that should act as an ideal seed layer. 
Polycarbonate templates (100 nm pores) were covered with different thicknesses of sputtered silver by varying the sputtering time between 0.5 and 60 min.  Figure 2 shows high magnification micrographs for sputtering times of 0.5 and 3 min. After 0.5 min (a) the coating is non-continuous and has a ‘cracked-mud’ appearance. As the coating time is increased to 3 min, the breaks in the coating become less apparent, and a more uniform layer is deposited (b). Pores are covered and closed after a full 60 min only of sputter coating.
A deposition rate of ≈ 5 nm min-1 was determined from ICP-OES results. Therefore at 3 min and 60 min; ≈ 15 nm and ≈ 300 nm coatings respectively are being deposited. The latter result confirms the findings in the literature that a  >250 nm film is required to close the pores of a 100 nm template. As a general rule, for the polycarbonate template used, the coating thickness needs to be 2.5 times the pore size. The loading of silver was found to be 0.015 and 0.361 mg cm-2 at 3 and 60 min respectively.

3.2 Formation of electroless copper electrode layer
With an understanding of the morphology and loading of the sputtered layers an investigation of electroless copper plating parameters was undertaken. It was anticipated that the largest pore size would take the longest time to cover, and so 200 nm pores were chosen for this study. Sputtering (0.5 – 3min) and electroless immersion (5 – 10 min) times were varied. 
Figure 3(a) shows micrographs of a template after 0.5 min of sputter coating and (b) and (c); 5 min immersion in an electroless copper bath. Patchy coverage of the template and voids in the coating are observed after plating. After 3 min in the sputter coater (d) and a 10 min electroless copper immersion full coverage is observed; the pores are sealed (e) and (f) and the coverage is excellent. However, it should be noted that extended times (>10 min) in the plating bath can lead to blistering of the copper layer. 
The reverse side of the electrode layer was also examined after dissolving the template.  Figure 3(g) shows the electroless copper layer starts to fill the bottom of the pores and thus forms the base of the nanowire. The electroless copper structures are ≈1µm in height (h). Clearly, the sputtering process also directs silver atoms into the pores where they adhere to the side wall and trigger copper deposition. This structure provides an ideal base for the subsequent electroplating step where the nanowires are extended in length. Plating into the pores also has the additional advantage of mechanically keying the electrode layer to the smooth surface of the template. 
In summary, excellent coverage has been achieved with a thin, low loading of silver.

3.3 Nanowire growth with electroless copper electrode layer
Templates sputter coated for 3 min and plated in electroless copper for 10 min were prepared and used to grow copper nanowires. Figure 4 shows typical I-t curves for copper deposition at an applied potential of -75 mV vs. SCE (low to avoid side reactions). All curves show typical behaviour as described in [15]. Curve (i) shows the response observed from a template with the pores sealed on both sides using the new procedure. The average plating current between 20 and 120 min is 3.65 mA, which corresponds to a plating current density of  2.1 mA cm-2 and a plating rate of   ≈ 3 µm h-1 of copper. Curves (ii) and (iii) show the I-t curves for 200 nm and 100 nm pores respectively.  Reduced currents in the growth phase are observed, 0.63 mA for the 200 nm pores and 0.27 mA for the 100 nm pores, which is as expected due to the significantly reduced electrode surface.  
Calculating surface area porosities [22], values of 18 % (200 nm) and 7% (100 nm) are obtained for the two templates.  Using the average plating current of 3.65 mA observed for the fully sealed template; currents of 0.66 mA and 0.26 mA would be expected. The averaged experimental values observed are in good agreement and suggest that uniform nanowire growth is taking place.

Figure 5(a) shows a typical SEM image of nanowires illustrating uniform growth of the wires from the electrode layer.  Figure 5(b) shows the electroless copper and sputter coated silver layers, and the bottom of the nanowires.  The interconnection between the electroless copper and electroplated copper layer is good. If required, the electrode layer at the bottom of the template can be removed using a chemical etchant by flipping the template in the electroplating cell and exposing the fine grained electroless Cu face to the etchant.  The template can then be dissolved to free the nanowires. 
The thinnest wires were characterised by TEM, see Figure 5(c).  A Fast Fourier Transform (FFT) image (d) confirms the polycrystalline nature of the nanowire in the analysed area, as observed in previous work [15], and corresponds to the (111) plane of FCC copper. Images (e-f) confirm the good bond between the electroless and electrodeposited copper layers.

4. Conclusions
A new, simple procedure is described for preparing the electrode layer for template assisted electrodeposition of nanowires.  Using a thin (≤15 nm) low cost silver seed layer, it is possible to initiate electroless copper deposition and apply a thicker (300-500 nm) uniform, highly conductive copper layer for subsequent nanowire growth.  The advantages of this new procedure include; reduced vacuum processing times; low precious metal consumption; and the ability to remove the electrode layer easily using a chemical etchant.  The electrodeposited nanowires show uniform growth; good adhesion of the electroless layer to the electroplated layer; and structure similar to that grown by standard techniques. 
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Figure Captions
Figure 1. Schematic of the new procedure. 
Figure 2. SEMs of polycarbonate templates (pore size 100 nm) after sputtering times of (a)  0.5 min and (b) 3 min.
Figure 3. SEMs of 200 nm pore templates after (a) Ag sputter coating 0.5 min; (b) and (c) after electroless Cu deposition, 5 min; (d) Ag sputter coating 3 min; (e) and (f) after electroless Cu deposition, 10 min; (g) reverse and (h) side view.
Figure 4.  I vs t curves for Cu deposition for (i) fully coated (ii) 200 nm (iii) 100 nm pore templates,  step potential -75mV vs. SCE. 
Figure 5. SEM and TEMs of Cu nanowires (a) fixed to the electrode layer (b) magnified image (c) TEM of wire (d) FFT image (e,f) electroless / electrodeposited Cu interconnect.









Figure 1.
(a) Polycarbonate template			(b) Application of sputtered Ag 
     [image: ]                [image: ]

(c) Electroless Cu deposition			(d) Cu electrodeposition
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(e) Electrode removal				(f) Dissolution of membrane
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Figure 2. 
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Figure 5. 
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